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A caquexia associada ao câncer é uma síndrome multifatorial caracterizada pela 

perda progressiva de massa muscular esquelética, resistente à reversão por suporte 

nutricional convencional. Este estudo investigou os efeitos dos quimioterápicos docetaxel 

e metotrexato, emulsificados em nanopartículas LDE, em associação ao exercício 

aeróbico, em um modelo de ratos com caquexia do câncer. No Capítulo 1, a análise dos 

efeitos de um protocolo de exercício moderado revelou que a atividade aeróbica agravou 

a caquexia, aumentando a massa tumoral, promovendo significativa atrofia muscular e 

alterando vias metabólicas como o ciclo do TCA, fosforilação oxidativa e 

gliconeogênese. Observou-se também ativação de vias de neurodegeneração no músculo 

esquelético e modificação na expressão gênica tumoral relacionada à organização da 

matriz extracelular, sugerindo que o exercício após a instalação do tumor pode resultar 

em sobrecarga e piora nos desfechos. O Capítulo 2 avaliou a combinação de LDE-

docetaxel com exercício, que não foi eficaz na preservação do músculo tibial anterior. A 

redução da tolerância ao exercício e a regulação negativa de genes críticos para a 

regeneração muscular, como Cdk2, Nr4a1 e Atf3, indicaram comprometimento na 

recuperação muscular, evidenciando a complexa interação entre massa tumoral, o 

tratamento e a integridade muscular. No Capítulo 3, a investigação dos efeitos de LDE-

metotrexato com exercício demonstrou que, embora houvesse redução no peso corporal 

total, a atrofia muscular foi acentuada, com desregulação de genes envolvidos na 

organização do citoesqueleto e na função mitótica, comprometendo a capacidade de 

regeneração muscular. Esses resultados indicam que, apesar da redução tumoral, as 

intervenções terapêuticas combinadas ao exercício impactaram negativamente a saúde 

muscular, ressaltando os desafios na gestão da caquexia em contextos oncológicos. 

Palavras-chave: caquexia; exercício aeróbio; LDE; docetaxel; metotrexato; 

transcriptômica. 
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Cancer cachexia is a multifactorial syndrome characterized by progressive 

skeletal muscle loss that remains unresponsive to conventional nutritional support. This 

study investigated the effects of the chemotherapeutic agents docetaxel and methotrexate, 

emulsified in LDE nanoparticles, in combination with aerobic exercise in a rat model of 

cancer cachexia. In Chapter 1, the analysis of a moderate exercise protocol revealed that 

aerobic activity exacerbated cachexia, increasing tumor mass, inducing significant 

muscle atrophy, and disrupting metabolic pathways such as the TCA cycle, oxidative 

phosphorylation, and gluconeogenesis. Neurodegenerative pathways were also activated 

in skeletal muscle, and tumor gene expression related to extracellular matrix organization 

was altered, suggesting that exercise following tumor onset may lead to overtraining and 

worsening outcomes. Chapter 2 evaluated the combination of LDE-docetaxel with 

exercise, which failed to preserve the tibialis anterior muscle. The observed reduction in 

exercise tolerance and downregulation of key genes involved in muscle regeneration, 

such as Cdk2, Nr4a1, and Atf3, indicated impaired muscle recovery, highlighting the 

complex interplay between tumor mass, treatment, and muscle integrity. Chapter 3 

explored the effects of LDE-methotrexate combined with exercise, showing that while 

overall body weight decreased, muscle atrophy was pronounced, with significant gene 

dysregulation affecting cytoskeleton organization and mitotic function, thereby 

compromising muscle regenerative capacity. These findings suggest that although tumor 

reduction was achieved, the combined therapeutic and exercise interventions negatively 

impacted muscle health, underscoring the challenges in managing cachexia in oncological 

contexts. 

Keywords: cachexia; aerobic exercise; LDE; docetaxel; methotrexate; transcriptomics. 
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Cancer is one of the leading causes of death today [1]. It is estimated that in the 

period 2026-2030, 690,394 new cases will be diagnosed among women, while men will 

account for 757,806 new cases [2]. Worldwide, lung cancer is the most diagnosed type of 

cancer, accounting for around 12.4% of all cases globally (2.5 million new cases in 2022 

alone), followed by breast cancer (11.6%), colorectal cancer (9.6%), prostate cancer 

(7.3%) and stomach cancer (4.9%) [3]. Risk factors for the development of cancer can be 

divided into 3 categories, namely 1) behavioral risks (smoking and alcoholism), 2) 

environmental and occupational risks (environmental pollution and occupational 

exposure to asbestos), and 3) metabolic risks (obesity and high glycemic index) [4]. 

Approximately 80% of patients with advanced cancer have cancer cachexia (CC) 

[5,6]. CC can manifest itself through weight loss, muscle weakness, anorexia, fatigue, and 

other multifactorial symptoms [7,8]. CC is defined as a multifactorial syndrome 

characterized by continuous loss of skeletal muscle mass (with or without loss of adipose 

tissue) that is not fully reversed by conventional nutritional support [9]. CC promotes a 

decrease in functional capacity, reduced quality of life and survival, constituting one of 

the main prognostic factors in the advanced stage of cancer [10]. It is estimated that 22-

30% of causes of death from cancer are related to cancer cachexia [10]. However, due to 

the severity of each type of cancer, different incidences of cancer cachexia can be found, 

with 45% of lung cancer patients developing cachexia [11] and 25% with breast cancer 

[12], 28-80% of people with kidney disorders [13] and 85% for pancreatic cancer [14]. 

Nowadays, cachexia is an underestimated and under-researched muscle disease 

when compared to its causes. In general, it is estimated that 50% of cancer patients 

develop cachexia [6]. The etiology of cancer-induced cachexia is linked to metabolic 

disorders originating from the tumor, causing increased muscle catabolism and decreased 

protein synthesis [15]. The syndrome presents with 3 stages of severity, namely: 1) pre-

cachexia, where there is a loss of body mass of up to 5% resulting from factors such as 

anorexia and insulin resistance; 2) cachexia characterized by a loss of body mass greater 

than 5% in the last 6 months; 3) refractory cachexia, a result of very advanced cancer 

(preterminal) associated with active catabolism, low-performance status and a life 

expectancy of fewer than 3 months [9]. However, there is still no consensus on the exact 

distinction between non-cachectic and pre-cachectic individuals [16,17]. 

The use of nanoemulsions has become an alternative in the biomedical field for 

the transport of drugs [18]. The encapsulation of drugs in their lipid interior protects them 

from degradation and reduces toxicity, as well as favoring their internalization into target 
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cells [19]. In this sense, Maranhão et al [20,21] developed a lipid nanoemulsion like LDL 

called LDE with impregnation in solid tumors after its administration into the 

bloodstream [20,21]. It was also successfully demonstrated by the group of Professor 

Maranhão, RC., that the use of the chemotherapy drug docetaxel (DTX) associated with 

LDE promoted significant reductions in aortic atheroma in rabbits [22], without 

demonstrating cytotoxic effects [22]. In this regard, the LDE nanoemulsion associated 

with DTX has also been shown to be effective in reducing prostate cancer [23]. Due to 

the versatility of LDE in drug delivery, the use of methotrexate associated with LDE has 

already been shown to be effective [24,25]. Methotrexate is indicated for the treatment of 

autoimmune diseases and chemotherapy for the treatment of cancer [26]. However, when 

used alone, it presents high cytotoxicity [27]. On the other hand, Maranhão et al. showed 

that the administration of LDE-MTX presents lower hematologic cytotoxicity [28]. It was 

found that the use of LDE associated with MTX reduces approximately 67% of 

macrophage infiltration in atherosclerotic plaques in rabbits [25]. However, we still do 

not know the effects of the use of LDE associated with chemotherapeutics (DTX and 

MTX) in cancer cachexia. 

Physiological responses induced by physical exercise can mitigate the effects 

caused by senility and comorbidities, as well as minimize the impact of progressive loss 

of muscle mass associated with loss of strength and reduced physical performance, 

characterized as a syndrome called sarcopenia [29]. Furthermore, it is known in the 

current literature that physical exercise is useful for patients who develop cancer cachexia 

[30,31]. Skeletal muscle, an organ affected by cancer cachexia, improves with physical 

exercise, as it increases protein synthesis and mitochondrial biogenesis [32]. Moderate 

physical exercise (50 to 70% max HR) promotes physiological and muscular adaptations 

that are well described in the literature [33,34], inducing the release of anti-inflammatory 

cytokines derived from muscle contraction [35,36]. These cytokines are involved in 

inhibiting inflammation and regulating muscle energy metabolism [37,38]. These are the 

foundations that support the Exercise Anti-Cachectic Hypothetical – EACH [39], since, 

due to the endocrine characteristic of skeletal muscle during exercise [40,41] and the 

release of anti-inflammatory myokines, such as IL-1ra, IL-4, and IL-10, exercise becomes 

a tool against the progression of cachexia [42]. 

 Given the advanced development of cancer and traditional treatments 

(chemotherapies, surgeries, and radiotherapy), attenuating cachexia in cancer patients has 

become an essential challenge. In this sense, studies that focus on the discovery of new 
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therapies are of utmost importance. In addition, studies on the efficacy and safety of 

physical exercise as a strategy associated with pharmacological action in the prevention 

of cancer cachexia are still inconclusive. To identify new paths for the treatment of 

cachexia, the present study characterized the genetic, molecular, and biochemical effects 

of LDE nanoemulsion carrying the chemotherapeutic agent docetaxel and methotrexate, 

associated with aerobic physical training. These results shed light on cancer cachexia and 

establish possible mechanisms of tumor action.  
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HISTORICAL FACTS ABOUT SKELETAL MUSCLE AND CANCER 

CACHEXIA 

Within the anatomical context, striated skeletal muscles have gained prominence 

over the centuries, starting with the publication of “De humani corporis fabrica libri 

septem” by Andreas Versalius in 1543 and then in “Nomina Anatomica” published in 

1895, where most muscles received their Latin nomenclature [43]. Studies on muscle 

tissue were first described in Renaissance Italy, where artists such as Leonardo da Vinci 

(1452-1519) and Michael Angelo (1475-1564) and scientists such as Giovanni Borelli, 

Francis Glisson, and Francis Galvani drove this field of knowledge, sometimes in the 

artistic context, sometimes in the scientific context, such as in the search for the 

physiological explanation of muscle contraction and hypertrophy [44]. 

In 1954, at Cambridge University, Sir Andrew Fielding Huxley (1917-2012) and 

Hugh Huxley (1924-2013) published two major works in the respected scientific journal 

Nature [45,46], where they demonstrated the shortening of sarcomeres during contraction, 

especially Band I [45], and the possible mechanisms of contraction and relaxation, such 

as the interaction between actin and myosin, in addition to discussing the elastic capacity 

of the muscle [46]. 

In 1961, Alexander Mauro first demonstrated the satellite cell (SC) using electron 

microscopy [47]. Since then, numerous studies have been conducted to determine the 

biology of these cells. A major discovery was the postulation of the quiescent state of the 

satellite cell [48], given the low quantity of cellular organelles in adult muscle when 

compared to young muscles [49], indicating that these cells are metabolically inactive 

[48]. During the embryogenesis process of vertebrates, muscle tissue originates from 

somite, more specifically from the dermomyotome [50], as do satellite cells [51,52]. 

During the postnatal period in the rat, the number of SCs gradually decreases until 

reaching adulthood, while the diameter of muscle fibers increases in the same proportion 

and period [53]. Thus, it is possible to highlight its fundamental role in the initial 

formation of muscle tissue.  

SCs remain in a quiescent state, characterized by a state of equilibrium that gives 

the cell the ability to re-enter the cell cycle when faced with physiological stimuli [54]. 

To initiate their differentiation and fusion with myotubes and repair them, cytokines such 

as interferon-gamma (IFN-γ) and interleukin-4 (IL-4) and insulin-like growth factor-1 

(IGF-1) synthesized by resident M1 and M2 macrophages initiate the differentiation and 

fusion of SCs to new muscle fibers, repairing the injured site [55]. Immediately after 
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repair and/or regeneration, vascular endothelial cells are responsible for vascularization 

of the repaired/regenerated site through the secretion of some factors, such as endothelial 

growth factor (VEGF), promoting angiogenesis [56]. In the absence of satellite cells, the 

cell nucleus is responsible for translocating to the site of injury and synthesizing proteins 

locally to repair the initial injury [57]. 

The muscular diseases responsible for causing atrophy have been cataloged for a 

long time, as in 1850, when a French neurologist, Aran, diagnosed 11 patients with 

weakness and atrophy in the legs, calling it progressive muscular atrophy [58]. In the 

PubMed database, the presence of a type of muscular atrophy, called cachexia, appears 

in the literature in 1831 [59]. The term “cachexia” derives from the Greek words “kakos” 

– bad condition and “hexis” – to have, which means “bad physical condition” [60]. 

Interestingly, this condition had already been described by the Greek Hippocrates (460 

BC to 370 BC), who clearly described a patient in a cachectic state, let's hear him: 

“The flesh is consumed and becomes water, the 

abdomen fills with water; the feet and legs swell, the 

shoulders, clavicles, chest, and thighs melt away. The 

regimen of food, drink, exercise, and walking 

will be until the patient becomes thin and dry, but only until 

the flesh becomes as strong as possible. This illness is 

fatal” [61]. 

Cancer cachexia has had remarkable achievements and important moments in the 

past years [62]. In 1983, Baracos et al, showed the first evidence that inflammatory 

mediators involved protein breakdown and muscle wasting by incubating muscle cells 

with human leukocytic pyrogen (or Interleukin-1, IL-1) [63]. Two years later, a 

macrophage factor of 17 kDa known as a cachexia inductor was isolated and called 

“cachectin” [64], and today we know it as TNF-α [65]. Subsequently, Zimmers, et al show 

that the systemic overexpression of Myostatin, a normal suppressor of muscle growth, 

can also induce cachexia [66]. It indicates that external and circulating factors can induce 

muscle wasting in cachexia, and the intrinsic muscle proteins can also contribute to 

cachexia development. Recognizing the complexity of the problem, in 2010 a journal was 

created specifically for studying cachexia, called the Journal of Cachexia, Sarcopenia, 

and Muscle [14,67]. Over time, especially in the last two decades, our knowledge about 

the biology and pathophysiology of cachexia has evolved greatly [8,10,14,68,69] (Figure 

1). 
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Figure 1. Summary of cancer cachexia. Source: Own authorship. a) The cachexia word origin and actual 

definition of cancer cachexia were based on previous studies [8,60]. b) The incidence graph of cachexia in 

different types of cancer was used with the previous reference [7]. c) The arrow representing the three 

stages of cancer cachexia was based on the drawing presented previously [8,72]. d) The cachexia sex 

differences in the table were based on previous references [71–74]. e) The mechanisms governing cachexia 

were based on previous reviews [8,10,14,68,69]. 

 

CLASSICAL MOLECULAR PATHWAYS IN CACHEXIA 

Cancer cachexia is multifactorial, with anorexia [75,76], insulin resistance [77], 

increased TGB-β (Transforming Growth Factor-β), myostatin, and activin [78], oxidative 

stress [79], hypogonadism [80] and hepatic [81] and systemic inflammation [82,83]. 

Anorexia, when present, precedes muscle loss and is one of the symptoms of pre-

cachexia. Some cytokines produced by the tumor, such as IL-1 and TNF-α, act on the 

central nervous system, causing loss of appetite [84]. IL-1 increases serotonin activity 

and increases the production of hypothalamic corticotropin-releasing factor (CRF), 

leading to anorexia [84]. There is also evidence that lactate produced by tumor cells can 

lead to anorexia. Lactate crosses the blood-brain barrier via monocarboxylate transporters 

(e.g., MCT4) [86]. This increase in lactate interferes with the sensitivity of glucose sing 

neurons, reducing food intake [84]. Laviano, A. et al, described this as the condition in 

which “all that anorectic–cachectic patients can eat is themselves” [85]. 

The cachectic state promotes the release of pro-inflammatory cytokines secreted 

by the immune and adipose systems in response to cancer cells. Among them, there is an 

increase in interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α 
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(TNF-α), as well as its analog TNF-related weak inducer of apoptosis (TWEAK), which 

are indicators of cancer-induced cachexia, inducing muscle catabolism [8,30,86]. In 

addition to NF-κB, other mediators can activate other transcription factors such as 

FOXO3a (Forkhead box O3a), STAT3 (signal transducer and activator of transcription 

3), and AP-1 (activator protein 1) or inhibit mitochondrial biogenesis factors such as 

PGC-1a (Proliferator-activated receptor gamma coactivator-1a). The response to these 

cytokines varies between the sexes, and men are more likely to develop cancer cachexia 

[71–74,87]. 

Inside the muscle cell, we can synthesize the mechanisms behind muscle loss in 

two major processes: less synthesis and more protein degradation, leading to a negative 

protein turnover, resulting in muscle wasting (Figure 2). All those ligands mentioned 

above can bind a specific receptor in the muscle membrane and lead to a downstream 

cascade. The pro-cachectic cytokines, such as IL-1 and TNF-α, bind the muscle tyrosine 

receptor and induce activation of the p38 MAPK pathway, releasing caspases and 

producing muscle cell apoptosis. Also, the NF-κB pathway is activated, inducting IκB 

degradation and translocation of NF-κB to the nucleus [68] (Figure 2). Furthermore, 

cytokines produced by the muscle cell itself (myokines) also contribute to protein 

catabolism, such as Activin-A and Myostatin [88,89], sharing the same receptor ActRllB. 

Binding the receptor, Myostatin, and Activin-A block protein synthesis by inhibition of 

AKT through SMAD2 activity, and at the same time contributing to FOXO nuclear 

translocation and the induction of atrophic genes. Still, the decrease in IGF-1 levels, a 

known anabolic factor, suppresses muscle protein synthesis by decreasing IGF1R 

downstream (PI3k/AKT/mTOR pathways). AKT activity inhibits FOXO by 

phosphorylation, stopping the FOXO nuclear translocation and improving protein 

synthesis.  
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Figure 2. Cachexia canonical pathways. (adapted from Argilés, et al, 2024 [68]).  

 

Because of the events mentioned, the nuclear translocation of NF-κB and FOXO 

causes an upregulation of the key E3 ligases muscle RING finger containing protein 1 

(MuRF1, also known as TRIM63) e F-Box Protein 32 (FBXO32, as known as Atrogin-

1) [69,90]. This event requires a coordinated action of three amounts of proteins: Ub-

Activating Protein (E1), Ub-Carrier Proteins (E2), and Ub-Protein Ligases (E3) [91]. In 

summary, E1 generates a highly reactive form of Ub and transfers it to E2. Once activated, 

E2 serves as a Ub-Carrier in a process catalyzed by E3. The E3 is responsible for binding 

both a substrate and an E2, bringing them in proximity so that the ubiquitin is transferred 

from the E2 to the lysine residue of a substrate [92]. The proteins marked by Ub are sent 

to the proteasome and digested into small peptides and amino acids [91] (Figure 3). In 

healthy, the ubiquitin-proteasome system is vital to maintain the correct balance of 

synthesis and protein degradation [93]. However, the aberrant stimulation of the 

ubiquitin-proteasome system causes severe muscle proteolysis, and when associated with 

the reduction of protein synthesis by growth factors, muscle wasting is inevitable. 
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Figure 3. Ubiquitin-proteasome system. (Original figure from Deshaies and Joazeiro, 2009 [92]). 

 

Plus, metabolic modulation induced by inflammatory mediators generated in CC 

promotes muscle energy dysfunction. This metabolic alteration is induced by lower 

mitochondrial content and lower oxidative phosphorylation capacity, promoting greater 

use of the glycolytic pathway as an energy source [94]. Thus, there is an increased 

production of UCP-3 (uncoupling proteins) in patients with cancer cachexia [95], 

resulting from mitochondrial dysfunction that triggers an exponential increase in reactive 

oxygen species (ROS) generating greater proteolytic activation [79,94]. The alteration of 

metabolic changes promotes a greater accumulation of lactate and an increase in the 

number of amino acids from muscle catabolism. Both the amino acid and lactate are 

resynthesized into glucose by the liver and offered for tumor growth [96,97].  

Tumor-released cytokines can affect muscle cell antioxidant defense [79]. The 

main cellular targets of pro-cachectic factors are the enzymes SOD, CAT, and GPx, 

causing an increase in ROS in the muscle cell, such as O2·
- and H2O2, resulting in 

oxidative stress [79]. In this scenario, ROS participates in cellular signaling that is 

responsible for inducing the translocation of NF-κB to the cell nucleus and activating 

muscle atrophic pathways, such as the atrogenes MuRF1 and Atrogin-1 [98,99] (Figure 

4). This results in activation of the ubiquitin-proteasome system, apoptosis, autophagy, 

and mitochondrial dysfunction [100]. Together, all these processes contribute to muscle 

loss and its functional capacity [100]. In some cases, exogenous antioxidant 

supplementation can decrease tumor proliferation [101]. In others, this administration 

increases proliferation, since there is a decrease in ROS in the tumor tissue, and, therefore, 

less induction of apoptosis and, consequently, cachexia [102]. 
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Figure 4. Activation of proteolysis by ROS. Cytokines from tumors can activate intracellular pathways 

using ROS, such as H2O2, and contribute to protein breakdown through the ubiquitin-proteasome system. 

(Original figure from Assi and Rébillard, 2016 [100]). 

 

CHOLESTEROL-RICH LIPID NANOEMULSION (LDE), CARRIER OF 

CHEMOTHERAPY DRUGS DOCETAXEL (DTX) AND METHOTREXATE 

(MTX) 

The idea of nanotechnology was presented by Richard P. Feynman in 1959 in a 

lecture entitled “There’s Plenty of Room at the Bottom” to the American Physical 

Society, saying it was “an invitation to enter a new field of physics” that would produce 

materials on a nanoscopic scale [103]. Nanoparticles (NP) are small materials that range 

from 1 nanometer (nm) to 100 nm [104]. NPs can be classified according to their 

chemical, morphological, and size properties [104]. In general, they are divided into 3 

layers, namely: 1) the surface layer, 2) the shell layer, and 3) the core layer [104]. All of 

these layers differ from each other in their composition, always varying depending on the 

type of NP. 

Nanoemulsion drug delivery systems represent a promising tool for the 

bioavailability of hydrophobic drugs in the blood. Most drugs are hydrophobic 

(lipophilic) resulting in problems of low solubility and bioavailability [105]. 

Nanoemulsion is a thermodynamically unstable solution composed of colloidal 

dispersion of two immiscible liquids [106]. In nanoemulsion, one of the liquids forms the 

dispersed phase, and the other liquid forms the dispersing medium [106]. Nanoemulsion 

comprises droplets with diameters ranging from 10 to 200 nm and each droplet has a 

protective coating of emulsifying molecules. 
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In the medical context, lipid NPs can be used as drug carriers [107], with the 

advantage of protecting drugs against degradation, directing them to the exact site of 

action, and reducing the cytotoxic effects of drugs [104]. A good example is the 

application of the chemotherapy drug Docetaxel (Taxotere®), which is normally 

administered diluted in Tween 80 (polysorbate 80; P80) and 13% alcohol [108,109], 

causing cytotoxic effects in the patient [110,111], but when applied in conjunction with 

a lipid NP, its solubility increases, in addition to an increase in permeability in the passage 

through biological membranes, thus reducing its cytotoxicity [112].  

Emulsions on the nanometric scale are called nanoemulsions and can have a size 

of up to 500 nm (called miniemulsions). For definition purposes, nanoemulsions are those 

with less than 100 nm [18]. Their hydrophobic characteristic makes nanoemulsions a 

convenient tool for encapsulating components that must travel in an aqueous medium 

such as the bloodstream [18]. The main components of nanoemulsion are emulsifying 

agents and water [19]. When used to transport drugs, nanoemulsions are degraded by 

hydrolysis or oxidation, in addition to increasing their bioavailability [19]. Due to their 

lipid characteristics, nanoemulsions are not toxic to the body, favoring their use [19]. 

In pioneering experiments worldwide in the field of Nanotechnology applied to 

Biomedical Sciences, Maranhão et al [113,114] showed that solid nanoparticles 

manufactured in the laboratory can concentrate on malignant tumors after injection into 

the bloodstream. The nanoparticles, called LDE (cholesterol-rich lipid emulsion) are 

spherical, have a diameter in the range of 40-60 nm, and mimic the lipid structure of low-

density lipoprotein (LDL) [115]: they have a core formed of cholesterol esters with a 

small proportion of triglycerides surrounded by a monolayer of phospholipids and free 

cholesterol [116]. LDE nanoparticles are manufactured without protein, but upon 

injection into the bloodstream, they acquire various apolipoproteins (apo) from plasma 

lipoproteins [114,116]. Among them is apoE (apolipoprotein-E), which adheres to the 

surface of LDE particles and allows the particles to bind to LDL receptors on the cell 

surface. In this way, the nanoparticles are taken into the cell through receptor-mediated 

endocytosis [20,117], just like LDL [118]. In malignant neoplasms, they present greater 

proliferative activation leading to an increase in the expression of LDL receptors [119]. 

The increase in receptors is necessary for cells to increase the uptake of cholesterol and 

phospholipids, present in LDL, to supply the continued duplication of cell membranes, 

which are made up of these lipids, in the process of uncontrolled cell proliferation that 

characterizes cancer [120] (Figure 5). 
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Figure 5. LDE nanoemulsion. When injected into the bloodstream, LDE incorporates ApoE, and now is 

allowed to bind the LDLR in the cancer cell carrying the drug. (Original figure from Perez, et al, 2024 

[121]) 

 

When injected into cancer patients, LDE nanoemulsions are concentrated in 

neoplastic tissues with low toxicity to the organism  [20,114]. Maranhão et al. showed 

that the uptake of LDE associated with the chemotherapy drug carmustine by cancer cells 

of the H-292 lineage did not alter the cell death-inducing capacity of carmustine when 

compared to its administration without conjugation with LDE [21]. When applied to 

humans, carmustine associated with LDE accumulated in the tumor tissue of patients with 

breast and ovarian cancer compared to non-cancerous breast tissue from the same 

patients, and adverse effects such as diarrhea and neuromotor disturbances were not 

observed [21]. Furthermore, it was demonstrated that all the effects of LDE were 

mediated by the LDLR receptor [21]. 

In ovarian cancer cells, there is greater expression of LDL receptors (LDLR), with 

greater uptake of the LDE nanoparticle [122]. Subsequently, it was demonstrated that the 

association of 175 mg/m2 of paclitaxel with LDE presented a longer half-life of the drug 

and tumor tissue absorption with minimal cytotoxic effects in patients with breast cancer 

[123]. Furthermore, it has been shown that even after conventional chemotherapy, LDLRs 

continue to be expressed in breast neoplastic tissues, showing that LDE treatment can be 

infused after conventional chemotherapy [124]. Furthermore, in patients in a palliative 
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state, the association of paclitaxel with LDE, minimal cytotoxic effects were observed, in 

addition to an increase in patient survival [125]. 

The mechanism of action of the LDE system is based on the overexpression of 

LDL receptors that occurs in neoplastic cells, enabling the vectorization of drugs carried 

in LDE to the site of action [126,127]. A clear strategy to enhance the anti-cancer action 

of LDE would be to increase the expression of LDL receptors in cancer, thus optimizing 

tumor uptake of LDE and its drug load. Indeed, this was achieved by Kretzer et al, [128] 

administering simvastatin to mice with melanoma and treated with the LDE-paclitaxel. 

Statins are known to increase the expression of LDL receptors. Thus, mice with cancer 

treated with simvastatin and LDE-paclitaxel showed a greater tumor regression response 

[128]. Another possible way to increase the expression of LDL receptors in cells without 

the addition of drugs is through regular physical exercise [129,130]. Recently, it was 

shown that in athletes who practice cycling, the plasma clearance of LDL is much faster 

compared to that of sedentary individuals [131]. In subjects undergoing resistance 

training, it was found that the increase in clearance was due to increased expression of 

LDL receptors [132]. In normolipidemic individuals, four months of physical training 

were able to increase LDL clearance [130]. 

Docetaxel (DTX) is a first-line chemotherapy drug in the treatment of prostate 

cancer [133]. DTX is from the Texan family with antitumor action, inhibiting the 

formation of the mitotic spindle through the depolymerization of microtubules, 

preventing the tumor cell from going beyond the G2 phase of the cell cycle [134] (Figure 

6). Another action of DTX is the blocking of the BCL-2 protein and increased expression 

of the BAX protein, initiating the caspase cascade and inducing cellular apoptosis [135] 

(Figure 6). Although it can promote a modest increase in the survival of patients treated 

with docetaxel, patients present cytotoxic effects such as fatigue, nausea/vomiting, 

diarrhea, neuropathies, dyspnea, and peripheral edema [136]. Thus, toxic effects limit 

dosage and disease progression is inevitable. 
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Figure 6. Mechanisms of docetaxel in cancer cells. (Original figure from Mikuła-Pietrasik, et al, [137]). 

 

The dosage of DTX used is 75 to 100mg/m2, with an average of 75mg/m2 due to 

myelosuppression prohibiting higher dosages [138,139]. In patients with breast and 

prostate metastases, a dosage of 100mg/m2 is used, presenting a higher response rate when 

compared to those who received 60mg/m2. However, toxicity is very high, with patients 

presenting a drop in neutrophils and leukocytes, diarrhea and fever [138]. DTX has low 

solubility and needs to be diluted in Tween 80 and ethanol causing hypersensitivity 

reactions as well as cumulative fluid retention [140]. Phase I studies using DTX in 24 

patients with advanced solid tumors using liposomes, a clinical benefit of 41% was 

observed in patients with doses of 85mg/m2 [141]. Mahalingam et al [142] tested the 

liposomal DTX formulation with doses of 15-100mg/m2 in solid tumors and found that 

with the dose of 110mg/m2 six patients with grade 3 presented fatigue, nausea, and 

neutropenia.  

Muscle fatigue is one of the most important cytotoxic effects of docetaxel. Patients 

with lower muscle mass index had lower survival rates after docetaxel treatment 

compared to patients with higher muscle mass [136]. Chaillou et al. [143] analyzed the 

muscular effects of an acute administration of 20 mg/kg of docetaxel in healthy rats and 

found no changes in the total muscle mass of the animals, however, the soleus muscle 
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significantly reduced its mass. Little is known about the effects of the chemotherapy drug 

docetaxel as a direct cause of loss of muscle functionality [143]. Therefore, it remains to 

be seen whether the long-term effects of docetaxel use may cause greater cytotoxic 

effects. 

Another drug with immunosuppressive potential is methotrexate (MTX), used as 

a second-line treatment for rheumatoid arthritis [144]. Due to its anti-inflammatory effect, 

it has been used in the treatment of cancer [145]. MTX belongs to the class of antifolate 

compounds that inhibit dihydrofolate reductase (DHFR), a key enzyme in folate 

metabolism [27] (Figure 7). MTX inhibits the activity of 5-aminoimidazole-4-

carboxamide ribonucleotide formyltransferase (ATIC) and thereby promotes the release 

of adenosine by a variety of cell types and tissues [146]. Extracellular adenosine released 

by the action of MTX acts as an anti-inflammatory agent by activating A2 receptors [147]. 

MTX inhibits the proliferation of neoplastic cells, preventing the de novo synthesis of 

purines and pyrimidines because of the irreversible inhibition of dihydrofolate reductase, 

responsible for producing tetrahydrofolate [145,147].  
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Figure 7. Mechanisms of methotrexate in cancer cells. (Original figure from Zarou, et al, 2021 [27]). 

 

Furthermore, MTX is shown to be efficient in increasing GLUT4 expression in 

skeletal muscle, even in diabetic animals [148]. This action occurs through the indirect 

activation exerted by MTX on the insulin-independent glucose uptake activity of AMPK 

[149], an important protein in glycolytic metabolism [150]. MTX pharmacologically 

targets ATIC, promoting the conversion of ZMP (5-aminoimidazole-4-carboxamide-1-β-

D-ribofuranosyl-5’-monophosphate) to inosine monophosphate via the purine synthesis 

pathway [149,151]. Therefore, ZMP mimics AMP, activating AMPK through its binding 

to the AMPK-γ3 subunit [152,153], the same subunit phosphorylated during physical 

exercise [154].  

In muscle, when phosphorylated, AMPK regulates glycolytic energy metabolism, 

mitochondrial function, and fatty acid oxidation [155]. Recent evidence has shown that 

muscles composed predominantly of glycolytic fibers are the most affected by cancer 

cachexia [156], suggesting that the intrinsic oxidative capacity of muscles composed of 

oxidative fibers offers a protective effect due to their high content of antioxidant enzymes, 
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such as SOD and CAT. Thus, we hypothesized that the use of MTX carried by the LDE 

molecule may help glycolytic fibers to suppress tumor-derived muscle inflammation and, 

thus, decrease oxidative stress, mitigating muscle mass loss. All these previous findings 

led us to the hypothesis that LDE+MTX may have a favorable impact on subsequent 

events in cancer and reduce cancer cachexia by decreasing the inflammatory state 

originating from the tumor and, thus, corroborating the mitigation of cachexia.  

 At this time, to identify new paths and international trends in cancer cachexia 

studies, enabling muscle rehabilitation, we will verify the effects on cachexia of LDE 

treatment carrying chemotherapeutics used for various types of cancer. Thus, we can 

compare the molecular and biochemical effects of LDE nanoemulsion carrying the 

chemotherapeutic drug docetaxel, as well as the immunosuppressant methotrexate 

associated with aerobic physical training in cancer cachexia induced in rats, as well as 

establish possible mechanisms of tumor action involving cellular repair pathways and 

antioxidant enzymes. Furthermore, it is worth mentioning that there are no scientific 

studies relating the effects of LDE associated with docetaxel and methotrexate in cancer 

cachexia, as well as its relationship with physical exercise. Therefore, we are certain that 

the development of this research project will contribute to understanding the 

cachexia/sarcopenia process and the study of new therapeutic approaches. 

 

AEROBIC PHYSICAL EXERCISE 

The first evidence of physical exercise being prescribed for health dates back 

2,423 years ago (600 years before the common era - BCE), in Benares, India, by a 

physician named Susruta [157]. He was the first physician on record to prescribe 

moderate-intensity exercise as a means of preventing and treating disease, indicating that 

this practice “should be taken every day,” but “only to half extent of his capacity,” 

otherwise “it may prove fatal,” and, in addition, this prescription should take into account 

the patient’s age, strength, diet, and other variables [157]. The Greek Hippocrates (460-

370 BCE) also gave us important contributions, being the first to provide the first written 

exercise prescription for a patient with tuberculosis [157]. Over the centuries, our 

knowledge about the use of physical exercise has increased exponentially, which led Peter 

Karpovich to suggest, in 1968, that “in the not too distance future, physical education will 

become a part of medicine” [157]. 

Physical exercise is defined as a planned, structured, and repetitive activity 

intended to improve or maintain one or more components of physical fitness [158]. The 
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term physical exercise is a subcategory of physical activity, which can be conceptualized 

as any bodily activity produced by skeletal muscle that requires energy expenditure. 

However, physical exercise is distinguished from physical activity in that it is applied in 

a planned manner and with a focus on specific skills [159]. Primarily, physical exercise 

can be divided into aerobic and anaerobic physical exercise. Aerobic physical exercise 

can be characterized as an activity involving large muscle groups, which can be 

maintained continuously in a rhythmic manner [160]. Aerobic physical exercise uses 

aerobic metabolism as its primary source of energy, i.e., it depends on the skeletal 

muscle's ability to use oxygen, especially through mitochondrial energy production routes 

of adenosine triphosphate (ATP) [160,161]. On the other hand, anaerobic physical 

exercise can be defined as a short-term activity that requires energy input from sources 

within the skeletal muscle itself [160], and, therefore, independent of oxygen, that is, it 

uses energy in the form of ATP from anaerobic glycolysis [160,161]. 

Regular physical exercise has benefits for all populations [162,163]. Adopting a 

healthy lifestyle through physical exercise can bring individual benefits such as 

preventing metabolic disorders, cancer, and mood and mental aspects, in addition to 

promoting physiological and epigenetic changes that will reduce the accumulation of 

visceral fat and improve physical abilities, such as aerobic capacity and muscle strength 

[164]. Previously, our research group has already demonstrated the benefits of physical 

exercise in arterial hypertension [165], prostate microenvironment [166,167], urinary 

bladder [168], prostate cancer [23,169], and liver [170], among others.  

Aerobic physical exercise can also be classified according to its intensity, using 

maximum oxygen consumption as a criterion (VO2 Max) [171], a physiological 

characteristic that represents the ability of the pulmonary, cardiovascular, and muscular 

systems to capture, transport, and utilize oxygen (O2) [171,172]. Therefore, we can divide 

aerobic physical exercise into low intensity (<40% VO2 Max), moderate (40-69% VO2 

Max), vigorous (70-85% VO2 Max), and very intense (>85% VO2 Max) [173]. 

Furthermore, the Physical Activity Guide for the Brazilian Population recommends that 

for the adult population, at least 150 minutes of moderate activity should be done per 

week to ensure health benefits [174]. 

During moderate aerobic physical exercise, the use of carbohydrates and lipids by 

muscles as an energy source through oxidative metabolism is increased [175]. In this 

scenario, muscle glycogen (through glycogenolysis), glucose from the circulation 

(through hepatic gluconeogenesis), and intramuscular lipids are oxidized [176]. The final 



   50 

 

product of this process will be a cytoplasmic increase in ADP and Pi, substrates necessary 

for the aerobic production of ATP by mitochondria [176]. In turn, the respiratory and 

cardiovascular systems ensure the appropriate supply of O2 to the contracting muscles. 

The combination of substrates (O2, ADP, and Pi) by the electron respiratory chain will 

produce ATP that will meet the energy demand of physical exercise [180]. Furthermore, 

the increased Ca+ concentration in the contracting muscle cell activates key enzymes in 

aerobic metabolism, such as glycogen phosphorylase and pyruvate dehydrogenase 

(PDH). PDH is essential for catalyzing the conversion of pyruvate to Acetyl-CoA in the 

mitochondria, which will enter the tricarboxylic acid cycle (TCA cycle) and generate ATP 

[176]. 

With chronic exercise, intracellular mechanisms are responsible for the 

individual's adaptation to this stimulus. One of the adaptations promoted by physical 

exercise in skeletal striated muscle is the increase in the number of muscle mitochondria, 

known as mitochondrial biogenesis [177]. Increased ATP utilization and consequent 

accumulation of intracellular ADP and AMP during physical exercise can activate AMP-

activated protein kinase (AMPK), which in turn affects the DNA binding activity of some 

transcription factors that increase the synthesis of PGC-1α, which interacts with nuclear 

respiration factors such as Nuclear Respiratory Factor 1 and 2 (NRF-1 and NRF-2) [177]. 

NRF-1 and NRF-2 bind to specific regions of DNA to induce the production of 

mitochondrial proteins, such as cytochrome c, mitochondrial transcription factor A 

(Tfam), and mitochondrial transport proteins [177]. As a result, more mitochondria are 

available, thus increasing aerobic capacity and the ability to utilize O2 and produce ATP. 

Figure 8 summarizes the effects of exercise on skeletal muscle. 
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Figure 8. Extramuscular and intramuscular energy resources in skeletal muscle during physical 

exercise. (Original figure from Hargreaves and Spriet, 2020 [176]). 

 

Regarding other physical training protocols [178–180], and the maintenance and 

improvement of body function in cancer treatment, there is little discussion regarding 

type, intensity, and volume applied. Individuals who practice aerobic physical training 

performed in a moderate manner of 55 to 60% of VO2max increase HDL-c levels and 

lower LDL-c and circulating triglyceride values compared to sedentary individuals [181]. 

We know that these lipid changes occur in positive correlation with VO2 and increased 

apoE in the blood of men and women who practice regular physical exercise. Physical 

training is related to LDL clearance [130]. Increased LDLR on the surface of tumor cells 

is associated with increased cell proliferation and higher levels of circulating LDL [182]. 

Thus, physical exercise can promote an increase in apoE in cells with a high density of 

LDLR, causing the LDE nanoparticle to be easily internalized in tumor and/or cachectic 

cells. Vinagre et al., [131] found that in athletes, physical exercise promotes greater 

uptake of LDE by the muscle and less uptake by the liver, which probably occurs due to 

increased expression of LDL receptors in muscle tissue. Whether these redirections of 

LDE flow in the body, caused by physical exercise, will result in greater therapeutic 

action is difficult to predict. Physical exercise influences the expression of LDL receptors 
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and may thus become an important adjunct in cancer therapy based on delivery by LDE 

nanoparticles. 

In recent years, the discussion about the endocrine capacity of skeletal muscles 

has gained notoriety in the scientific literature [40,41], making physical exercise a “pill” 

for various diseases [36]. A clear protocol for treating cancer cachexia has not yet been 

established, most likely due to tumor variability, different incidences of cachexia, and the 

variety of muscles and models studied [183]. After chemotherapy treatment, good results 

were found on mitochondrial parameters and decreased fatigue in animals undergoing 

aerobic training [184], accelerating post-treatment recovery and improving muscle 

function. However, the best scenario for preventing cancer cachexia is to exercise before 

the tumor is diagnosed [185], or in its initial stage [186]. Some protocols are 

recommended for cachectic patients, as they have shown good results in clinical trials, 

reversing the inflammatory state and muscle catabolism through various cellular 

pathways [183,187] (Figure 9).  

 

 

Figure 9. Effects of physical exercise on cancer cachexia. (Original figure from Halle, et al, 2020 [183]) 

 

As mentioned, there is much debate currently about the best time to start exercise 

treatment for cachexia. Before the onset of muscle loss itself, patients experience fatigue 

and anorexia and can therefore be classified as pre-cachexic [8]. That said, it is worth 

considering that the best time to start the intervention protocol also occurs before muscle 

loss, in addition to better control of physical training variables, such as intensity and 
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frequency, always considering the cachectic stage [188]. A preliminary study showed that 

the practice of physical exercise before tumor induction, even though it did not prevent 

the increase in the expression of the atrogenes atrogin-1 and MuRF1, limited tumor 

progression, and several factors, such as protein degradation (protein carbonylation) and 

mitochondrial dysfunction (increased SIRT1 and oxidative phosphorylation) were 

preserved when compared to the sedentary group  [189]. 

Under the influence of aerobic physical exercise, skeletal muscle can release into 

the bloodstream factors called myokines, which are myokines derived from skeletal 

muscle [190]. Some of them, such as IL-8, act locally in the muscle itself, finding its 

CXCR2 receptor in the muscle endothelial microvasculature, thus acting locally in 

stimulating post-exercise angiogenesis [191]. In the cachectic condition, myokines have 

an important role in controlling muscle loss and tumor regression [192,193], as in prostate 

cancer [194] and pancreatic cancer [195]. In general, physical exercise is a good tool in 

the treatment of cancer, influencing the tumor microenvironment through anti-

inflammatory cytokines, and reducing tumor mass. Some myokines are involved in the 

control of muscle mass, such as myostatin and activin-A, and can also be released by the 

tumor and act as a negative regulator of muscle mass [83]. Blockade of the activin 

receptor type 2 (ActRIIB), a receptor for both mentioned myokines, can counteract the 

development of cachexia [5], showing their importance in tumor progression. 

In the context of muscle endocrine capacity induced by physical exercise, there is 

an increase in the secretion of extracellular vesicles [196]. Within the classification of 

extracellular vesicles, we have a group called exosomes (50-100 nm) that are released by 

the entry of Ca+ into the cell [197] mediated by muscle contraction. After the entry of 

Ca+, the cytoskeleton is remodeled and the vesicles fuse with the membrane and are 

released into the extracellular space. Vesicles can carry proteins and RNAs into the 

bloodstream. Within exosomes, miRNAs, called myoRNA, can also be found [198]. 

Approximately 24 hours after physical exercise, we can observe an increase in muscle 

damage markers, such as Creatine Kinase (CK), concomitantly with a decrease in 

myoRNA-31. This myoRNA targets Myf5, an important myogenic factor. With the lower 

release of myoRNA-31, there is also less inhibition of Myf5, reducing the activation of 

satellite cells and consequent post-exercise tissue repair [199].  

Immunologically, physical exercise mediates its effects on tumor development 

through CD8+ T cells [200]. Transfer of T cells from trained animals to sedentary animals 

causes a positive effect on the tumor microenvironment, however, depletion of CD8+ T 
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cells cancel the positive effects of physical exercise [200]. It has been demonstrated that 

in animals with breast cancer, the release of epinephrine and IL-6 during physical exercise 

aids in the mobilization and redistribution of NK cells, inducing apoptosis in tumor cells 

through canonical (BAX and BCL-xL) and non-canonical (Fas receptor and FADD) 

pathways, with the final product being the release of caspase-3 and consequent cell death 

[201,202]. Therefore, aerobic physical exercise induces marked systemic changes that are 

dependent on the immune system. 

However, under strenuous physical exercise conditions, it is possible to observe 

some symptoms that characterize the “overtraining” syndrome, such as weight loss and 

loss of muscle mass [203]. Overtraining promotes a reduction in aerobic capacity and 

resistance to fatigue induced by strenuous physical stimuli [204]. This occurs due to the 

loss of genes important to producing intracellular energy, such as COX-2, and also genes 

important for the repair of skeletal muscle after exercise, such as MyoD [203], in addition 

to the increase in oxidative stress [204]. Overtraining occurs when the training volume is 

too high, and the post-exercise recovery time is shorter than necessary [205]. It is 

identified by excessive fatigue, loss of muscle mass and strength, sleep disorders, 

decreased muscle glycogen, hormonal disorders (testosterone and cortisol), emotional 

stress, anorexia, decreased immune system functionality, or even by measuring blood 

factors, such as plasma levels of creatine kinase (CK) and C-reactive protein [205,206] 

(Figure 10). 

 

 

Figure 10. Intramuscular mechanisms of overtraining. (Original figure from Cheng, et al, 2020 [207]). 

 

Regarding the modulation of nanoemulsion and the effect of physical exercise, 

previous studies have shown the ability of physical exercise to decrease blood 
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concentrations of LDE through its increased absorption and cellular oxidation [130]. 

Thus, we hypothesize that the increase in LDLR (low-density lipoprotein receptor – LDL) 

in skeletal muscle induced by physical exercise will capture more LDE nanoemulsion 

carrying anti-inflammatory and anti-oxidative drugs, minimizing the effects of cancer-

induced cachexia, with less cytotoxicity to skeletal muscle. This project proposes an 

innovation by applying nanotechnology to the treatment of cancer and cachexia, 

combining chemotherapeutic agents encapsulated in nanoemulsion with physical 

training. This approach can enhance the cellular internalization of nanoparticles and 

reduce toxicity. However, we do not know about the real effect on skeletal muscle. On 

the other hand, the impact of this new methodology has the potential to reduce the costs 

of medications and hospitalizations related to cancer treatment, in addition to contributing 

to a better quality of life for patients with cancer-induced cachexia. 

 

ANIMAL MODELING FOR CACHEXIA AND CARCINOGEN 

 Muscle function is of great importance for life expectancy in cancer patients with 

cachexia. Understanding the mechanisms involved in muscle atrophy and metabolic 

dysfunction in cachexia during the cancer treatment process is of paramount importance. 

Studies with preclinical animal experiments associated with tumor treatment with 

chemotherapy allow us to distinguish the positive or deleterious effects of treatment on 

cachexia. 

Cancer cachexia models currently use the application of tumor cells, genetic 

modifications, and chemically induced cancer models. In this study, we used the 

carcinogen 7,2-Dimethylbenz(a)anthracene (DMBA) to induce cachexia. DMBA belongs 

to the family of Polycyclic Aromatic Hydrocarbons (PAHs) and is a potent carcinogen 

used to induce several types of cancer, such as breast  [208,209], ovarian [210], prostate, 

and pancreatic [211]. Its carcinogenic effect is due to its ability to break microtubules and 

degrade DNA (deoxyribonucleic acid) [212,213]. DMBA induces marked immunological 

changes in the tumor microenvironment [214]. When applied intravenously, DMBA 

induces tumors in the thoracic and abdominal region, developing tumors such as 

fibroadenomas, fibromas, and epithelial [215]. A few hours after intraperitoneal 

application, DMBA can be found in the blood, liver, thyroid gland, kidneys, and pancreas 

[216], also forming tumors in the application region, such as peritoneal cancer and 

peritoneal sarcoma [217]. In many studies, animals are dosed with DMBA at around 50 

days of age [215,217–219], age where there is the greatest susceptibility to the carcinogen 
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[208]. DMBA acts through the AhR (Aryl hydrocarbon receptor) receptor causing cancer-

inducing oxidative stress and inflammation [220,221]. Second, DMBA causes DNA 

damage and causes a mutation in the Hras and Erk genes, promoting excessive growth 

and development of cancer [222]. 

The literature provides several methodologies applied for tumor induction. 7,12-

Dimethylbenz[a]anthracene (DMBA) is an incomplete carcinogen that requires metabolic 

activation for its neoplastic activity and is considered a crucial mediator contributing to 

human cancer [223]. In this metabolic activation, DMBA is converted to its final 

carcinogen, the diol epoxide, via cytochrome P-450 [224]. Increased frequency of 

micronucleus and chromosomal abnormalities have been reported in DMBA-induced 

genotoxicity [225]. When the dose level is reduced, the promoting activity is first reduced, 

while its initiating activity is retained, until the promoting property has completely 

disappeared, and only the initiating property remains [226]. Katayama [226] and Shirai 

[227] reported that repeated injections of DMBA resulted in proliferative epithelial 

lesions of the ventral prostate classified as adenocarcinoma in situ at an incidence of 33%.  

Our project used male Sprague-Dawley (SD) rats obtained from the Animal 

Center of the University of Campinas (CEMIB/UNICAMP). This model is docile, with 

an albino color, an elongated head, and a tail that is longer than the body [228]. 

Furthermore, this lineage is easy to handle and has a good reproductive rhythm, living for 

around 2 years [228,229] and having a growth peak at ~12 months for males and ~6 

months for females [230]. SD rats originated in 1925 through a cross between a rat of 

unknown origin and an albino Wistar female [231]. In the PubMed database, this animal 

modeling was first used in the year 1952 [232]. In our project, the animals were received 

at 28 days (4 weeks) of age. At this age, the plasma levels of several metabolites in healthy 

SD rats have already been reported [233]. 

The use of mice for oncological biomedical research is common [234,235]. SD 

rats exhibit spontaneous tumors, such as pituitary and mammary adenocarcinomas [229]. 

However, these occurrences generally occur at the end of life [230]. The reasons for 

choosing this model were due to the purity of the species and its ease of handling. 

However, SD rats are not the only rats used to mimic human cancer cachexia. Due to the 

complexity and variety of cancer types [236], several tumor induction methodologies and 

experimental models are used, such as the NSG rat [195], C57BL/6 [237], Wistar [156], 

and the SD itself [238]. To mitigate the lack of a gold standard model for cancer cachexia, 

animals used for this purpose must meet certain criteria to be considered cachectic [239]. 
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Problems with reproducibility can be encountered when experimental animals in 

a project come from different vendors, as has been shown in Sprague-Dawley modeling 

[231,240]. Therefore, since our animals were acquired from only one location, we are 

confident in their reproducibility. With the information mentioned above, the advantages 

of our experimental model lie in its genetic purity, easy handling, growth, and body 

development within the expected range. We believe that our study has no species-specific 

limitations. Its limitations are inherent to any other animal species, such as the possibility 

that the results may not be the same in humans [241]. 

The organ chosen for the cachexia analyses was the Tibialis Anterior muscle, 

which is widely used in studies of cancer cachexia [242,243] for several reasons, such as 

its metabolism and fiber composition. This muscle is composed mainly of glycolytic 

fibers [244] and, as these fibers are the most affected in cancer cachexia [156], this muscle 

is suitable for analysis. Furthermore, the Tibialis Anterior Muscle originates from the 

superior and lateral surface of the tibia and the adjacent part of the interosseous membrane 

and inserts into the medial cuneiform bone and first metatarsal, being innervated by the 

deep peroneal nerve [245]. Its actions are dorsiflexion and inversion of the foot, and 

together with its antagonists and agonists, during walking and exercise, it stabilizes the 

ankle during the ground contact phase and lifts the foot during the swing phase [245]. 

These functions are also the same in rats [246]. Functionally, the Tibialis Anterior Muscle 

is ideal for study and has been used in other studies for the same reasons [247]. 
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JUSTIFICATION 
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The standard treatment for solid cancers, using chemotherapeutics, although 

presenting clinical indications, presents undesirable and often deleterious side effects to 

the patient, such as cancer cachexia and/or sarcopenia. In addition, the use of 

biotechnology for the development of various therapies has become a valuable 

therapeutic option. Given the strategic role of nanotechnology and the need for new 

pharmacological associations, the LDE nanoemulsion stands out, which opens a new 

perspective for the fight against some types of cancer, as well as the recovery of muscle 

loss. Recently, studies of lipoperoxidation and antioxidant enzymes have signaled new 

paths and perspectives for the understanding of carcinogenesis. The current failure of 

cancer therapies may be related to the low effects of current therapies on muscle repair 

mechanisms and antioxidant enzymes, among other poorly restored inflammatory 

processes. 

To identify new paths and international trends in studies on the treatment of 

cachexia, this research project aims to characterize and compare the molecular and 

biochemical effects of LDE nanoemulsions carrying the chemotherapy agent docetaxel 

and methotrexate associated with aerobic physical training, shedding light on cancer 

cachexia induced in rats, as well as establishing possible mechanisms of tumor action 

involving cellular repair pathways and antioxidant enzymes. Furthermore, it is worth 

mentioning that there are no scientific studies relating the effects of LDE associated with 

docetaxel in cachexia, as well as its relationship with physical exercise. Thus, the central 

theme of this proposal is the use of a translational approach, contributing to improving 

the quality of life of a portion of the population that is constantly growing. 
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General aim 

To verify the effects of chemically induced cancer cachexia in Sprague-Dawley 

rats and to evaluate the effects of aerobic physical training in the skeletal muscle with the 

association of chemotherapy drugs docetaxel and methotrexate emulsified in LDE 

nanoparticles. 

 

Chapter 1, specific aims: 

• Characterize the DMBA carcinogen as a model of cancer cachexia in rats. 

• Evaluate the morphometric alteration in tibialis anterior muscle weight of DMBA 

carcinogen model rats and the influence of moderate aerobic exercise. 

• Evaluate the effects of moderate aerobic exercise protocol in late-stage cancer on 

tibialis anterior muscle transcriptome using a bulk RNA-seq.  

• Identify crosstalk between muscle and tumor signaling using a bulk RNA-seq. 

 

Chapter 2, specific aims: 

• Analyze the LDE uptake by tibialis anterior muscle and tumor tissue and its 

change by moderate aerobic exercise. 

• Evaluate the effects of docetaxel conjugated to LDE nanoparticle in tibialis 

anterior weight and transcriptome using a bulk RNA-seq. 

• Identify crosstalk between muscle and tumor signaling using a bunk RNA-seq. 

• Characterize the bioelectrical impedance as a monitor for cancer and cancer 

cachexia development. 

 

Chapter 3, specific aims: 

• Evaluate the effects of methotrexate conjugated to LDE nanoparticle in tibialis 

anterior weight and transcriptome using a bulk RNA-seq. 

• Analyze the most altered pathways in tibialis anterior muscle with the treatment 

of methotrexate conjugated to LDE nanoparticle and moderate aerobic exercise. 
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Abstract 

Background: Cancer cachexia is a complex condition characterized by body weight loss 

which negatively impacts the quality of life and survival of cancer patients. Moderate 

exercise is a powerful stimulus for inducing beneficial skeletal muscle adaptations in 

healthy individuals and many chronic disease conditions. This study aimed to investigate 

the effects of a moderate exercise protocol on cachexia endpoints in animals with cancer 

and to interrogate molecular crosstalk among tumor, serum, and skeletal muscle. 

Methods: Sprague-Dawley (SD) male rats (n=10 animals per group) were subjected or 

not to cancer induction and divided into Non-Cancer, Cancer, and Cancer+Exercise (Ex). 

Cancer was induced via intraperitoneal injection of 65 mg/kg of 7,12-

dimethylbenz[a]anthracene (DMBA). The Cancer+Ex group was subjected to an aerobic 

exercise protocol over eight weeks, which consisted of daily consecutive treadmill 

running at 60% of the maximum speed capacity for five days, followed by two rest days 

each week. At euthanasia, the tibialis muscle, serum, and tumor tissue were collected, and 

RNA sequencing and serum and tumor protein analyses were performed. 

Results: DMBA treatment produced tumors with features consistent with sarcoma. 

Cancer produced lower body weight with elevated circulating inflammatory mediators 

and a cachexia gene program (Fbxo32 and Trim63) in muscle without overt muscle 

wasting. The Cancer+Ex group showed progressively reduced exercise tolerance 

(p=0.0015). The Cancer+Ex group reduced body weight (p=0.0006), decreased muscle 

weight (p=0.0001), and increased tumor weight (p=0.0177) versus Cancer group alone. 

Cancer+Ex muscle revealed a cachexia transcriptome with further reductions in genes 

involved in energy production, including oxidative phosphorylation and glycolysis, and 

downregulated gene markers of overtraining syndrome, such as Cox2, and Ckm. 

Interrogation of serum proteins against the tumor and tibialis transcriptomes revealed pro-

tumorigenic (CXCL6_CXCR2) and pro-cachexia (CCL19_CXCR3, CCL5_CCR3, and 

CXCL11_CXCR3) autocrine and paracrine communication, mainly through enhanced 

chemokine-chemokine receptor signals.  

Conclusion: These results using a late-onset, moderate, forced-exercise protocol suggest 

that cancer promotes a systemic inflammatory context predisposed to overtraining 

syndrome, with exercise promoting tumor growth and cachexia. Thus, specific exercise 

protocols could be harmful in the context of cancer.  
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Keywords: Cancer cachexia; overtraining; skeletal muscle; tumor; muscle wasting; 

transcriptomics; chemokines. 

 

INTRODUCTION 

Cancer cachexia is a complex, multifactorial metabolic syndrome produced by a 

tumor that leads to weight loss through systemic loss of muscle and body fat, and 

inflammation [9]. Cancer cachexia is a type of energy balance disorder in which energy 

intake is decreased and/or energy expenditure is increased. In general, it is estimated that 

50% of cancer patients develop cachexia, and 30% die from cachexia consequences[6]. 

Weight loss and wasting result from multi-organ crosstalk in cancer, leading to reduced 

function, reduced response to anti-cancer therapy, and increased mortality[8].  

Various physical exercise protocols have been tested in pre-clinical models and 

patients with cancer cachexia and shown to have beneficial effects, including increasing 

protein synthesis, mitochondrial content, and decreasing cellular autophagy[32]. 

Moderate aerobic physical exercise (50 to 70% HR max) is well-described to produce 

positive physiological and muscular adaptations in health and in cancer cachexia, 

decreasing tumor mass, improving muscle mass, and improving survival[237,248]. 

Clinical exercise protocols have been shown to reduce inflammation and muscle 

catabolism through various cellular pathways[183,187]. A uniform physical exercise 

protocol for treating patients with cancer cachexia has not yet been established, most 

likely due to tumor variability, different incidences of cachexia, and the variety of muscles 

and models studied [183]. Thus, the effect of exercise on cachexia remains unclear. 

Cachexia induces systemic inflammation to produce muscle dysfunction and 

wasting. Similarly, overtraining syndrome (OTS) is characterized by impaired recovery 

from exercise due to elevated levels of pro-inflammatory cytokines such as TNF-α, IL-6, 

and IL-1β[249]. In OTS, fatigue induced by intense training followed by inadequate post-

exercise recovery periods can lead to a decline in physical performance. Prolonged 

periods of such imbalance may result in extended performance impairment, known as the 

state of overreaching, which can progress to overtraining syndrome and weight loss[205]. 

Elevations of blood creatine kinase (CK) and downregulation of essential muscle genes, 

such as the myogenic transcription factor Myod1 and oxidative phosphorylation protein 

Cox2, are biomarkers of OTS[203]. It is unclear whether tissue inflammation and elevated 

cytokines might predispose to overtraining syndrome in cancer cachexia.  
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This study aimed to investigate the effects of a moderate exercise protocol in 

animals with cancer cachexia, evaluate both the benefits and the risks of overloading and 

overtraining, and identify potential crosstalk between tumor and muscle. We 

hypothesized that moderate aerobic exercise could reduce tumor-induced muscle atrophy, 

inflammation, and mitochondrial dysfunction and restrain tumor growth. However, our 

results reveal increased tumor growth and enhanced cachexia with further loss of muscle 

oxidative capacity coincident with increased autocrine and paracrine chemokine 

signaling. 

 

METHODS 

Animals and Experimental Design 

Thirty male Sprague-Dawley (SD) rats aged four weeks, weighing on average 130 

grams, were obtained from the Biotherism Center of the State University of Campinas 

(CEMIB/UNICAMP). The animals received water and a solid diet ad libitum (Nuvilab, 

Colombo, Paraná, Brazil).  Animals were housed in polypropylene cages with a solid 

bottom lined with shavings, accommodating 3-4 rats each. They were kept in a room with 

controlled lighting (12 hours of light and 12 hours of darkness) and temperature (20 to 

25ºC). The animals were divided into three experimental groups: Non-Cancer (Group 

without tumor, n=10); Cancer (DMBA-induced cancer, n=10), and Cancer+Ex (Cancer 

induced by DMBA and subjected to 8 weeks of aerobic physical training, n=10). During 

the experimental protocol, some of the animals died or did not develop tumors. These 

animals were removed from all statistical analyses: 3 in the Cancer group and 4 in the 

Cancer=Ex group. Only the animals with tumors successfully developed in the 

retroperitoneal area that survived until the day of euthanasia were added to the analysis, 

the Cancer group (n=7) and the Cancer+Ex group (n=6) (Figure 1a). The research was 

conducted according to national and international ethical standards; the animal protocol 

was approved by the Ethics Committee on Animal Use (CEUA) of the School of 

Technology and Sciences (FCT/UNESP), under protocol number 02/2020. 

 

Chemical cancer induction 

DMBA (7,12-dimethylbenz[a]anthracene) is a potent carcinogen commonly used 

in cancer research. At 50 days of age (week 0), the Cancer groups received a single 

intraperitoneal injection of DMBA (Sigma Aldrich, Missouri, USA®) at a dose of 65 

mg/kg of body weight, dissolved in sesame oil (Figure 1 a). 
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Incremental Load Test and Aerobic Physical Training Protocol 

At week 13, the Cancer+Ex group was acclimated to aerobic exercise using an 

Inbramed® treadmill (Presidente Prudente, São Paulo, Brazil). The animals were 

submitted to an incremental load test to determine each animal’s maximum power. The 

incremental load test began at 6 m/min with a 0% incline, increasing by 3 m/min every 3 

minutes until the rats reached voluntary exhaustion, defined as touching the end of the 

treadmill five times within one minute. The maximum power (Pmax), representing the 

speed at exhaustion (m/min), was used to tailor the training intensities. Animals were 

subjected to three tests during the protocol period to adjust for overload: first at pre 1st 

week of physical training (week 13, second at 4th week (week 17) of physical training 

(midpoint), and 8th week (week 21) of physical exercise (endpoint). Using this 

personalized data, we set an overload of 60% of the maximum speed, deemed moderate 

in intensity for aerobic physical exercise performance. The running time was reduced by 

20 minutes when the animal failed to exercise the total target duration. Most animals ran 

only 20 minutes in the last three weeks due to reduced exercise tolerance. The chronic 

aerobic exercise protocol was based on the study by Ferreira et al.[250] and consisted of 

8 weeks. Each experimental week consisted of 5 consecutive training sessions and two 

rest days. The first week consisted of 15 minutes of exercise duration, and it was increased 

to 20 minutes in the second week, 30 minutes in the thirty week, 35 minutes in the fourth 

week, 40 minutes in the fifth week, 45 minutes in the sixth week, 50 minutes in the 

seventh week, and 60 minutes in the eighth week.  

 

Tissues collection 

At week 21, the rats were weighed with an analytical balance (Bell, Piracicaba, 

São Paulo, Brazil). Subsequently, the rats were euthanized via decapitation, in strict 

adherence to CONCEA Normative Resolution number 37/2018 - Euthanasia Practice 

Guideline of the National Council for the Control of Animal Experimentation. After 

euthanasia, the muscles liver, pancreas, kidney, serum, adipose tissue, and tumor were 

dissected and weighed. All sample weights (except tumor) were normalized to the initial 

body weight (IBW) to control differences in body size at the start of the study. Tumor 

weight was normalized to the final body weight and presented as a relative weight (%). 

Anatomical data were analyzed and clustered using Morpheus (Morpheus 

https://software.broadinstitute.org/morpheus/
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(broadinstitute.org)), and PCA was plotted using the web tool ClustVis (ClustVis: a web 

tool for visualizing clustering of multivariate data (BETA) (ut.ee)). 

 

Histological analysis 

Tumors were collected, weighed, and fixed in 10% buffered formalin for 24 hours. 

After fixation, the tissues were washed in 70% ethyl alcohol, with subsequent dehydration 

in an increasing series of alcohol, embedded in paraffin and plastic polymer (Paraplast 

Plus ST. Louis, MO, USA) and sectioned to a thickness of 5 μm and stained with 

hematoxylin-eosin (H&E) for general morphology. Images were photographed using an 

Axiophot photomicroscope (Zeiss, Munich, Germany), and AxioVision Rel software. 4.8, 

at 400x magnification. 

 

Biochemical analyses of CAT, SOD, GSH, FRAP, TBARS, Protein Carbonylation 

and Total Protein 

The tibialis anterior muscle was thawed on ice and washed in ice-cold saline (0.9% 

NaCl, m/v). A Rotor-stator TH homogenizer (Omni International, Georgia, USA) at 

medium speed for 90 s was used to prepare 5% muscle homogenates in 50 mmol/L 

sodium phosphate buffer (pH 7.4) containing 0.2% (v/v) Triton X-100, 10 mmol/L 

diethylenetriaminepentaacetic acid (DTPA) and 2 mmol/L phenylmethanesulfonyl 

fluoride (PMSF). Homogenates were centrifuged at 10,000 rpm for 10 min at 4 °C using 

an Eppendorf R 5810 centrifuge (Eppendorf, Hamburg, Germany). The supernatant was 

collected, aliquoted, and stored at 80 °C for later analysis of Total Protein (TP), Protein 

Carbonyl (PC), Total Oxidant Capacity (TBARs), Total Antioxidant Capacity (FRAP), 

Superoxide Dismutase (SOD), Catalase (CAT) and Reduced Glutathione (GSH). The 

supernatants used for GSH determination were prepared in 5% (m/v) trichloroacetic acid 

(TCA) containing 2 mmol/L diethylenetriaminepentaacetic acid (EDTA), centrifuged at 

4000 rpm for 10 min at 4 °C. All analyses were performed at the Saliva Biochemistry 

Laboratory (LABIQS), School of Dentistry, Araçatuba – FOA/UNESP. 

 

RNA Sequencing 

RNA was isolated from ~50 mg of frozen tibialis anterior muscle and tumor tissue 

via the RNeasy Mini Kit (Qiagen). The concentration and quality of total RNA samples 

were assessed using Agilent 2100 Bioanalyzer, and an RNA Integrity Number (RIN) of 

eight or higher was required to pass the quality control. We isolated RNA from four 

https://software.broadinstitute.org/morpheus/
https://biit.cs.ut.ee/clustvis/
https://biit.cs.ut.ee/clustvis/
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animals per group. We sent it for library preparation and sequencing to Massively Parallel 

Sequencing Shared Resource at Oregon Health & Science University (OHSU) using the 

Illumina NovaSeq6000. 150ng of total RNA was used for each sample. cDNA library 

preparation includes mRNA purification/enrichment, RNA fragmentation, cDNA 

synthesis, and ligation of index adaptors using the KAPA mRNA Hyperprep Kit prep 

(KK8581). Each resulting indexed library was quantified, and its quality was accessed by 

NovaSeq 6000. 5µL of 2nM pooled libraries per lane was denatured, neutralized, and 

applied to the cBot for flow cell deposition and cluster amplification before loading to 

100bp paired-end sequencing (Illumina, Inc). Approximately 30-50 million reads per 

library was generated. A Phred quality score (Q score) was used to measure sequencing 

quality. The reads were mapped to the UCSC Rattus norvegicus (rn7) reference genome 

using STAR (Spliced Transcripts Alignment to a Reference). To evaluate the quality of 

the RNA-seq data, the number of reads that fall into different annotated regions (exonic, 

intronic, splicing junction, intergenic, promoter, UTR, etc.) of the reference genes was 

determined with bamUtils 0.5.9. Low-quality mapped reads (including reads mapped to 

multiple positions) were excluded, and featureCount 1.5.1 was used to quantify the gene-

level expression. Differential gene expression analysis was determined using DESeq2. 

Those proceedings were performed using Partek® Flow. The PCA for all expressed genes 

was built using R (www.r-project.org) and RStudio 

(www.posit.co/download/rstudio/desktop/), using the packeges ggplot2, dplyr, 

factoextra, ggpubr, FactoMineR, and matrixStats. Differentially expressed genes (those 

with fold change >|2| and false discovery rate (FDR) <0.05) were visualized with 

Morpheus (Morpheus (broadinstitute.org). Volcano plots were generated with 

VolcaNoseR (VolcaNoseR - Exploring volcano plots (uva.nl)). All enrichment analysis 

was performed using EnrichR, filtering on two libraries (GO Biological Process 2023 and 

Reactome 2022) (Enrichr (maayanlab.cloud)). The differentially expressed genes (DEGs) 

were also uploaded to the web tool Intervene to perform an UpSet Plot (Intervene - an 

interactive Shiny app for UpSet plots, Venn diagrams and Pairwise heatmaps 

(shinyapps.io)). Meta-analysis of tibialis DEGs was made using the Illumina BaseSpace 

Correlation Engine. To interrogate the possible autocrine and paracrine communication 

between the tumor and tibialis anterior, we first filtered the genes for ligands and 

receptors[251], selected all with FC>2 and p value<0.05, and calculated the 

communication score[252]. The alluvial plot was generated using SankeyMATIC 

(http://sankeymatic.com/). 

http://www.posit.co/download/rstudio/desktop/
https://huygens.science.uva.nl/VolcaNoseR/
https://maayanlab.cloud/Enrichr/
https://asntech.shinyapps.io/intervene/
https://asntech.shinyapps.io/intervene/
https://asntech.shinyapps.io/intervene/
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Tumor identity 

To characterize the tumor type caused by I.P. injection of DMBA, we ranked the 

1,000 most expressed genes by mean expression. Subsequently, we performed an 

enrichment analysis using EnrichR (Enrichr (maayanlab.cloud)), employing the 

ARCHS4 Tissues and Azimuth Cell Types 2021 libraries for ranking. We interrogated 

markers of sarcoma as described in Parham et al.[253], including Acta1 (Actin Alpha 1, 

Skeletal Muscle), Ckm (Creatine Kinase, M-type), Des (Desmin), Mb (Myoglobin), Myh1 

(Myosin Heavy Chain 1), Myh10 (Myosin Heavy Chain 10), Myh11 (Myosin Heavy 

Chain 11), Myh2 (Myosin Heavy Chain 2), Myh3 (Myosin Heavy Chain 3), Myh4 

(Myosin Heavy Chain 4), Myh7 (Myosin Heavy Chain 7), Myh9 (Myosin Heavy Chain 

9), Myl1 (Myosin Light Chain 1), Myl11 (Myosin Light Chain 11), Myl12a (Myosin Light 

Chain 12A), Myl12b (Myosin Light Chain 12B), Myl3 (Myosin Light Chain 3), Myl4 

(Myosin Light Chain 4), Myl6 (Myosin Light Chain 6), Myl9 (Myosin Light Chain 9), 

Myod1 (Myogenic Differentiation 1), Myog (Myogenin), to confirm the classification of 

rhabdomyosarcoma. 

 

Proteome profile array 

A total of 79 cytokines were analyzed using the Proteome Profiler Rat XL 

Cytokine Array Kit (ARY030; R&D systems) according to the manufacturer’s 

instructions. We used five animals per group, pooling 50 µl of serum from each animal, 

totaling 250 µl per group in duplicate. We homogenized the tumor in liquid nitrogen and 

extracted proteins 100 l RIPA buffer (89900; Thermo Fisher) with Protease Inhibitor 

(1861280; Thermo Fisher) to 10mg of tissue. Protein concentration was measured by 

Pierce BCA Protein Assay Kit (23225; Thermo Fisher). In each group (Cancer = 4 tumors 

and Cancer+Ex = 5 tumors), we pooled 200 µg of protein and analyzed it in duplicate. 

The dot of each blot was analyzed by densitometry using ImageJ-Fiji software (National 

Institute of Health). 

 

Statistical analysis 

Results are expressed as mean ± standard deviation. Upon validation by the 

Shapiro-Wilk normality test, we used One-Way ANOVA, followed by Tukey's post-test. 

We used paired t-tests for comparisons of baseline to 8-week endpoints. Correlations 

were calculated using Pearson's correlation coefficient test. Significance was determined 

https://maayanlab.cloud/Enrichr/
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as p<0.05. Analyses were performed using GraphPad Prism 8 software for Windows 

(version 8.0.2). 

 

RESULTS 

DMBA-cancer model does not present a complete cachexia phenotype 

Rats were acclimated to housing conditions then tumors were induced with 

DMBA (Cancer groups) and a subset was subjected to a moderate-intensity exercise 

protocol for 8 weeks (Cancer+Ex group) (Figure 11 a). Initial body weights were not 

different between the Non-Cancer and Cancer groups at week 13 (Figure 11 b). Rats grew 

throughout the study (Figure 11 b, however, body weights at euthanasia demonstrated 

lower tumor-free body weight in the Cancer group versus Non-Cancer (p=0.038), with 

body weight further reduced in the Cancer+Ex group compared to Cancer (p=0.006) and 

Non-Cancer (p<0.0001, Figure 11 b). Food intake was not changed over time (Figure S1 

a). Aerobic exercise exacerbated tumor growth (p=0.0177) (Figure 1 c). Extensor 

Digitorum Longus (EDL) and soleus weights were increased in the Cancer group 

compared to the Non-Cancer and the Cancer+Ex group (p<0.0001 for all comparisons) 

(Figure 11 d). Tibialis anterior and gastrocnemius weights were decreased in the 

Cancer+Ex group compared to Non-Cancer (p=0.0005 for tibialis anterior, p<0.0001 for 

gastrocnemius) and Cancer (p=0.0001 for tibialis anterior, p=0.0003 for gastrocnemius) 

groups (Figure 11 d). The raw data is also provided in Table S1. Tibialis anterior muscle 

weights were reduced proportionately to tumor mass in Cancer (Pearson r=-0.7180, 

p=0.0692) and significantly in Cancer+Ex (r=-0.9063, p=0.0156) (Figure S1 b). Muscle 

mass reduction is also correlated to reduced kidney and adipose tissue mass (Figure S1 

c). These phenotypic variables demonstrated clustering and separation of groups by 

principal component analysis (Figure S1 d). 

The Cancer group did not present evidence of atrophy or fibrosis when compared 

to the Non-Cancer group, suggesting that this model was not enough to induce cancer 

cachexia (Figure 11 f). Interestingly, the Cancer+Ex group presented more collagen 

deposition when compared to the Non-Cancer group (p=0.061), and also a reduction of 

CSA compared to the Non-Cancer group (p=0.0038) and Cancer group (p=0.0157) 

(Figure 11 f). Finally, no differences were found in oxidative damage among the groups, 

except by the increase of SOD levels in the Cancer+Ex group compared to the Cancer 

group (Figure S1 e). Taken together, those results suggest that the DMBA-cancer model 

presented body weight loss and adipose tissue loss but did not present muscle loss. On 
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the other hand, moderate aerobic exercise exacerbated body weight loss, muscle loss, 

adipose loss and increased tumor weight. 

 

 

 

Figure 11. Aerobic exercise exacerbated body weight loss, muscle loss, adipose tissue loss, and 

increased tumor weight. a) Experimental design. b) Body weight over time, initial body weight, and 

tumor-free body weight at euthanasia. c) tumor weight as a fraction of total body weight. d) skeletal muscle 

weight normalized to IBW. e) adipose tissue weight. f) tibialis anterior histology. # = Significant difference 
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between the Cancer+Ex and Cancer groups using paired t-test. Non-Cancer (n=10); Cancer (n=13) until the 

week 13. After that, the cancer group was divided into two groups: Cancer (n=7); and Cancer+Ex (n=6). 

 

The muscle cachexia response was exacerbated by aerobic exercise 

Expression profiling of the tibialis anterior identified 18,939 transcripts across all 

groups. An unsupervised principal component analysis of all transcripts revealed some 

heterogeneity within groups but overall separation among groups (Figure 12 a). Filtering 

for differentially expressed genes with fold change >|2| and adjusted p-value <0.05 

revealed 523 upregulated and 30 downregulated genes between Cancer and Non-Cancer 

(Figure 12 b). The Cancer+Ex vs Non-Cancer contrast showed 1276 upregulated and 744 

downregulated genes (Figure 12 c). Despite the significant difference in muscle mass, 

contrasting Cancer+Ex group vs Cancer directly presented only ten upregulated and 16 

downregulated genes due to sample heterogeneity (Table S2).  

To further interrogate similarities and differences, unsupervised clustering of all 

differentially expressed genes and samples revealed two clusters with 1405 (first cluster) 

and 752 genes (second cluster) (Figure 12 d - top and bottom). Pathway enrichment 

analysis of the first indicated upregulation of immune, innate immune, platelet activation, 

and cytokine response, including Interleukin-6, all of which tended to increase from Non-

Cancer to Cancer to Cancer+Ex samples (Figure 12 e). The second cluster revealed 

downregulation of energy-producing pathways, including the Citric Acid (TCA) Cycle, 

respiratory electron transport, and oxidative phosphorylation, which tended to decrease 

from Non-Cancer to Cancer to the Cancer+Ex (Figure 12 f). Meta-analysis of Cancer+Ex 

vs Non-Cancer and Cancer vs Non-Cancer revealed an overlap of 395 genes (Figure 12, 

Table S3). Pathway enrichment analysis of the overlap revealed the upregulation of 

hallmark pathways related to inflammation, wound healing, and innate immune response 

as the most common pathways between the comparisons while energy-producing 

pathways such as mitochondrial inner membrane, mitochondrial respiratory chain, 

generation of precursor metabolites and energy were disproportionately downregulated 

in the Cancer+Ex group (Table S3). A few unique pathways were identified among genes 

upregulated exclusively in Cancer+Ex; rather, the same pathways were enhanced over 

Cancer alone. 
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Figure 12. The tibialis transcriptome revealed activation of inflammation, inhibition of oxidative 

metabolism, and induction of known cachexia markers. a) Muscle transcriptome principal component 

analysis. Volcano plots of tibialis gene expression in b) Cancer vs Non-Cancer, and Cancer+Ex vs Non-

Cancer. c) Heatmap of differentially expressed genes. d) Functional Enrichment Analysis of the first cluster 

found in the heatmap showing altered pathways ranked by significance. e) Functional enrichment analysis 

of the second cluster in the heatmap ranked by significance. f) Meta-analysis of the transcriptome between 

Cancer and Cancer+Ex and contrast of Gene Ontology pathway differences. Non-Cancer (n=4); Cancer 

(n=4); Cancer+Ex (n=4). 
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Figure 13. Cancer-induced cachexia pathways in non-wasted muscle generally enhanced by exercise. 

a) Cancer cachexia-related genes according to the Skeletal Muscle Wasting in Cancer Cachexia dataset 

provided by the Elsevier_Pathway_Collection library. b) Autophagy-related genes according to the 

Reactome_2022 library. c) Oxidative Stress-related genes according to the BioPlanet_2019 library. All the 

plotted genes are significantly different from the Control for both Cancer and Cancer+Ex. Non-Cancer 

(n=4); Cancer (n=4); Cancer+Ex (n=4). 

 

The classical cachexia biomarkers and mediators, including the pro-atrophic 

transcription factors Foxo3 and Cebpd, skeletal muscle ubiquitin ligases Fbxo32 and 

Trim63, and IL-6 signaling pathway members Il6r and Il6st were upregulated in the 

Cancer and Cancer+Ex groups compared to Non-Cancer (Figure 13 a). Furthermore, 

genes involved in Autophagy (Figure 13 b) and Oxidative Stress (Figure 3 c) were also 

upregulated in the Cancer and Cancer+Ex groups. This data indicates that the DMBA rat 

cancer model produces a pre-cachexia condition before overt muscle wasting, which is 

amplified by exercise accelerating the decline in muscle mass. 
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Moderate exercise reduced exercise tolerance and promoted disruption of genes 

involved in energy production 

During the eight weeks of exercise intervention, we verified the time of exercise 

tolerance in three assessments over time, in the 1st, 4th, and 8th week of exercise, and 

observed a decline in time of exercise tolerance in Cancer+Ex on the last assessment 

(321.67±223.13s) compared to the second (1227.00±280.94s, p=0.0015) and first 

assessment (841.40±170.26s, p=0.0076), suggesting development of severe fatigue 

(Figure 14 a). Loss of exercise tolerance was reflected in the dysregulation of genes 

involved in the Glycolysis pathway (Figure 14 b) and oxidative phosphorylation genes 

(Figure 14 c). Significant loss of these genes was nearly exclusive to Cancer+Ex, 

suggesting that aerobic exercise downregulated genes responsible for energy generation 

by mitochondria and harmed energy resources. Together with evidence of enhanced 

inflammation, these results suggest that aerobic exercise in cancer results in an 

overtraining syndrome.  
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Figure 14. The reduction of exercise tolerance time was associated with the disruption of energy 

resource pathways and evidence of overtraining. a) Decreasing exercise tolerance in the Cancer+Ex 

group over time. b) Heatmap of Oxidative Phosphorylation (KEGG_2019_Mouse library) and c) 

Glycolysis/Gluconeogenesis (KEGG_2019_Mouse library) genes in tibialis. Non-Cancer (n=4); Cancer 

(n=4); Cancer+Ex (n=4). 

 

 

The tumor transcriptome reveals the identification as a rhabdomyosarcoma and a 

small amount of gene alteration by aerobic exercise 

The I.P. injection of DMBA resulted in tumors attached to the peritoneal cavity 

wall. Histology revealed tumors with pronounced extracellular matrix and spindled cells 

with vesicular nuclei and occasional mitoses (Figure 15 a). Although tumors in the 

Cancer+Ex group were larger, no differences were notable by histology. A total of 19,146 

transcripts were identified in tumors. Enrichment analysis of the top 1,000 genes by mean 

expression revealed that myoblasts and myofibroblasts' signatures were the most over-

represented (Figure 15 b). Furthermore, we confirmed the presence of 

rhabdomyosarcoma markers [253] (Figure S2 a). This data suggests that the DMBA-

induced rhabdomyosarcoma-like tumors. 

Aerobic exercise resulted in a few differentially expressed genes, with 132 

downregulated and 24 upregulated genes compared to the Cancer (Figure 15 d, Table S4). 

We performed an enrichment analysis to explore the two distinct clusters found in the 

heatmap (Figure 15 d). Physical exercise increased genes in the ERBB2-EGFR Signaling 

Pathway (driven in part by a 10.6-fold increase in Tgfa, p=0.0002) and Collagen 

Biosynthesis and Modifying Enzymes (Figure 15 e) and reduced genes involved in 

Chemokine/Chemokine Receptor (including reduced Ccl19, Ccl11, Ccl21 and Cxcl14) 

and Regulation Of The ERK1 And ERK2 Cascade pathways (Figure 15 f). Although the 

ERBB2-EGFR Signaling Pathway was upregulated, exercise decreased serum EGF (a 

classical EGFR ligand) compared to the Cancer group (Figure S3 a), suggesting the 

involvement of an additional gene in this critical pathway for tumor growth. To further 

investigate the influence of overtraining on the tumor environment, we performed an 

antibody assay and verified the most altered proteins (FC>2) in the tumor of the 

Cancer+Ex compared to the Cancer group (Figure S2 b, c). Although we found a 

downregulation of the chemokine pathway in the tumor transcriptome, some chemokines 

were more abundant in the Cancer+Ex, such as Ccl3, Cxcl2, and Lix. Corroborating the 

upregulation of genes involved in Collagen Biosynthesis Modifying Enzymes, and 

Extracellular Matrix Organization biological processes, we found more abundance of 
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proteins that may be involved in the regulation of extracellular matrix organization, 

including Vegf, Mmp3, and Mmp9. Among differentially present tumor proteins, only 

Pref-1/DLK1/FA1 was differentially expressed in the tumor transcriptome (Figure S2 d).  

 

 

 

Figure 15. Tumor identity analysis suggests a rhabdomyosarcoma with transcriptome only modestly 

affected by exercise. a) Histology of tumors. Bar=20µm, 400x magnification. b) Tumor top 1000 genes 

enrichment for cell type. c) Volcano plot and d) heatmap for all genes FC ≥ |2| and FDR ≤0.05. e) Functional 

enrichment analysis of the first gene cluster of the heatmap. f) Functional enrichment analysis of the second 

gene cluster of the heatmap. Cancer (n=4); Cancer+Ex (n=4). 

 

Serum proteins and potential crosstalk in the macroenvironment of cachexia 

From 79 analyzed proteins in the serum, 40 were changed >2 fold, and all were 

increased by Cancer and similar in Cancer+Ex (Figure S3 a). Many chemokines were 

increased, including CCL2, CCL5, CCL11, CCL17, CCL20, CCL21, and LIX (Figure 16 

a). Among them, the Ccl2, Ccl5, Ccl11, Ccl17, Ccl20, and Ccl21 were more expressed in 
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tumors than in tibialis (Figure 16 b). Little data support the enhanced expression of these 

serum proteins from tibialis with Cancer or Cancer+Ex, suggesting the tumors are the 

source of many differentially present serum proteins. Moreover, Cxcl5 was expressed 

neither in the tumor nor the tibialis anterior, suggesting that cancer elicited expression of 

these factors from different tissues. 

 

 
Figure 16. Alterations in serum proteins versus tumor and tibialis transcriptomes. a) Cytokine array 

of serum chemokines with more than 2-fold change. b) Respective gene expression in tumor and tibialis. 

The values were log-transformed for plotting. Non-Cancer (n=4); Cancer (n=4); Cancer+Ex (n=4). 

 

The chemokine pathway was activated in both tissues, and it is a candidate to 

mediate muscle wasting in tumor-muscle crosstalk 

We performed an interaction analysis using differentially expressed genes to find 

a possible interaction between the tumor secretome and the tibialis anterior muscle. First, 

we performed an autocrine analysis, looking for ligands and receptors in the same tissue. 

In the tibialis, five strong interactions were found: Ccl19_Cxcr3, Ccl5_Ccr3, 

Cxcl11_Cxcr3, F2_F2rl2, and GDNF_Slc44a5; in the tumor we identified 

Bmp2_Bmpr1b, and Cxcl6_Cxcr2 (Figure 17 a). Enrichment analysis of those genes 

presents the Chemokine Receptors Bind Chemokines as the most involved ontology 
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(Figure 17 b). We performed the same analysis using only the FC>2 filter to query 

potential paracrine communication. The tumor to tibialis presented 12 interactions 

(Figure 17 c). The enrichment analysis of the tibialis receptors showed that those are 

mainly involved in the Receptor-Mediated Endocytosis biological process and GPCR 

Ligand Binding pathway (Figure 17 d). The tibialis to tumor presented 24 interactions 

(Figure 17 e), and tumor receptors were mostly involved in the Extracellular Matrix 

Organization biological process and Integrin-Mediated Signaling Pathway (Figure 17 f). 
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Figure 17. Interactome analysis reveals possible crosstalk within and among tumor and tibialis. a) 

Possible involved pathways in autocrine communication in the Cancer+Ex vs Cancer comparison for tumor 

and tibialis anterior tissues. b) Functional enrichment analysis of the genes presented in a. c) Possible 

pathways involved in paracrine communication in the Cancer+Ex vs Cancer comparison from tumor to 

tibialis. The node thickness represents the communication score. d) Functional enrichment analysis of the 

genes presented in c as an Alluvial Plot. The node thickness represents the communication score. e) Possible 

involved pathways in paracrine communication in the Cancer+Ex vs Cancer comparison from tibialis to 

tumor. The node thickness represents the communication score. f) Functional enrichment analysis of the 

genes presented in f as an Alluvial Plot. Cancer (n=4); Cancer+Ex (n=4). 
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DISCUSSION  

This study aimed to investigate the effect of physical exercise in the treatment of 

cancer cachexia. In contrast to reports of the beneficial effects of physical exercise on 

cachexia and muscle phenotypes in models and patients with cancer, our late-onset 

moderate exercise protocol resulted in reduced exercise tolerance, increased tumor 

growth, and accelerated muscle wasting. The inflammatory and catabolic pathways 

present in rats with tumors were enhanced by exercise, while energy production pathways 

were impaired. Moderate exercise promoted pro-tumorigenic and pro-cachectic 

chemokine signaling pathways within and between the tumor and muscle. Thus, physical 

exercise enhanced autocrine and paracrine interactions in the tumor microenvironment, 

driving tumor growth and muscle wasting (Figure 18). 

The Cancer+Ex group presented a significant reduction in the exercise duration. 

Although aerobic exercise generally enhances oxidative capacity in muscle, surprisingly, 

genes involved in oxidative phosphorylation and glycolysis pathways were reduced by 

exercise. Some critical genes in glycolysis, such as Pdhb (that encodes the enzyme 

pyruvate dehydrogenase), were downregulated, although Pck1 (phosphoenolpyruvate 

carboxykinase 1)—the first rate-limiting enzyme in gluconeogenesis was upregulated. 

Pck1 upregulation is suggested to be a compensatory mechanism associated with 

endurance capacity and could provide a catabolic advantage during cachexia [254]. 

Regardless, the running stimulus led to tissue loss, increased mitochondrial degradation, 

and evidence of heightened inflammation, indicating the presence of overtraining 

syndrome [207]. 

The downregulation of Myom3 further suggests overtraining and muscle damage 

(Table S2), a structural gene responsible for encoding the protein Myomesin, located in 

the M-line of the sarcomere in the muscle [255]. In serum, creatine kinase and Myomesin 

fragments are markers of muscle and sarcomere damage [256] and physical exercise-

induced damage [257]. However, both are downregulated by exercise at the mRNA level 

and other overtraining biomarkers, such as COX2, Ldha, and Pdhb. Moreover, we observe 

upregulation of the C3 gene (Table S2), which is involved in chemotaxis and autophagy 

and is necessary to remove the protein debris from sarcomere destruction. The 

downregulation of the Atf3 gene (Table S2), a negative regulator of chemokines and 

cytokines in healthy skeletal muscle [258], is consistent with enhanced chemotaxis and 

muscle inflammation. The absence or downregulation of the Atf3 gene causes 

overexpression of the genes involved in chemotaxis after exercise and impairment in 
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muscle adaptation to exercise [258]. At the same time, the downregulation of Atp8 and 

Cytb genes (Table S2), which are involved in mitochondrial energy production, might 

contribute to a decrease in the energy resources that supply aerobic exercise demand.  

The complement and chemotaxis systems are important in muscle regeneration 

after injury. C3 is a member of the innate immune system and is responsible for initiating 

the alternative pathway of the complement cascade [259], present in an early stage of 

muscle regeneration. Its absence results in impaired muscle regeneration, and its presence 

results in macrophage infiltration, restoring the ideal muscular regeneration [260]. Once 

in the muscle, the resident macrophage can release CCL2 after tissue damage, causing 

chemotaxis, and attracting more infiltration of macrophages; this is necessary to remove 

cell debris through phagocytosis and restore the tissue [261]. However, the chemokine 

pathway was exacerbated in exercised muscle, suggesting that chronic exercise 

exposition with the short recovery time of our protocol impaired muscle recovery and 

regeneration, contributing to the wasting observed in the tibialis anterior and 

gastrocnemius muscles. These results indicate that exercise was a stressful stimulus in 

cancer.  

Exercise can have different effects on tumor development depending on exercise 

variations. We are not the first to report that exercise can increase tumor growth. Using a 

C26 mouse treated with chemotherapy plus moderate aerobic exercise, Ballarò et al. 

reported improvement in tibialis anterior weight and reduction of Fbxo32 and Trim63 

atrogene expression. Still, these effects were accompanied by more significant tumor 

growth, even when initiating the protocol before tumor implantation [262]. Moreover, 

mortality was accelerated in the exercised group, and the authors suggest that in the late 

stages of cachexia, exercise is no longer tolerated [262]. A suppressive effect of exercise 

on tumor growth has been observed in studies that initiate exercise fourteen to twenty 

days before tumor induction [200,201], and this effect was attenuated when physical 

exercise was initiated at the same time as tumor induction [263]. Exercise exerts anti-

tumor effects through epinephrine and IL-6-dependent natural killer (NK) mobilization, 

eliminating tumor cells after injection [202]. It remains unclear whether pre-training rats 

before DMBA tumor induction might be protective through similar or other mechanisms. 

Our study followed the recommendations of exercise intensity for cancer patients, 

using 60% of the intensity of exercise (moderate) [58,59], but it led to poorer outcomes, 

including greatly increased tumor growth. The ERBB2-EGFR Signaling Pathway was 

upregulated by exercise. Erbb2 and Egfr gene overexpression is correlated with poor 
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clinical outcomes and large tumor size in several cancer types [266,267]. Ligand binding 

to EGFR causes a heterodimerization formation with ERBB2, inducing phosphorylation 

and activation of downstream effectors, such as PI3K/Akt and STAT3 signaling, to 

promote tumor cell survival and proliferation [268,269]. Exercise decreased the 

abundance of serum EGF. Accattatto et al. [270] also reported reduced EGF serum levels 

after physical exercise. However, exercise increased tumor expression of Tgfa encoding 

TGF-, which acts as a tumor promotor and accelerates mammary neoplasia in previous 

DMBA-cancer models [271]. TGF-α is also an EGFR ligand; thus, Tgfa may promote 

tumor growth via autocrine signaling [272,273]. Collagen biosynthesis and formation 

pathways and extracellular matrix organization were also increased by exercise and could 

contribute to tumor growth.  

Our results suggested exercise increased CXCL6-CXCR2 autocrine 

communication in tumors and from tumors to muscles. CXCL6-CXCR2 is a known axis 

in tumor development, regulating the tumor microenvironment and promoting growth, 

migration, and invasion [274]. The CXCR2 receptor is implicated in skeletal muscle 

atrophy in pancreatic cancer cachexia models [275] and was upregulated in muscle by 

exercise in this study. Furthermore, there is evidence that increased CXCR2 mRNA after 

exercise induces angiogenesis in healthy individuals [191]. Thus, exercise could promote 

CXCR2 signaling in muscle downstream of CXCL6 expression from tumors to enhance 

muscle loss. 

Exercise itself causes acute muscle cell damage. In healthy animals/individuals, 

this damage provokes a transient immunological response to resolve damage and restore 

the skeletal muscle tissue through mitochondrial biogenesis, myogenesis, and structural 

protein synthesis, promoting strength, function, and mass over subsequent bouts of 

exercise [276]. During cachexia initiation, the muscle becomes poised to waste through 

an unrelieved expression of inflammatory mediators and genes involved in muscle 

proteolysis and autophagy, increasing with cachexia progression [277]. This suggests that 

the damage caused by exercise could go unresolved and exacerbate skeletal muscle 

decline during the late stage of cachexia. 

Taking this into consideration, Pigna et al. [186] initiated exercise treatment on 

the same day of tumor transplantation in the C26-bearing mice model, and, to avoid 

exercise damage in muscle caused by forced exercise protocol, mice were allowed to run 

on individual voluntary wheels in their cages. Results were positive, showing controlling 
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autophagy markers and atrogenes in muscle. Here, we used an imposed, forced exercise 

protocol applied not during the tumor initiation, but three months later, which accelerated 

cachexia rather than reducing it. Pereira et al. [204], using a very similar aerobic exercise 

protocol, found an initial improvement in exercise tolerance in healthy mice, but 

overtraining by increasing the volume, decreasing the recovery time between sessions, 

and applying grade to the treadmill, caused a decrease in exercise tolerance in the same 

mice. We also observed an initial positive response to training (but not significant) and a 

significative decline consistent with overtraining. 

In conclusion, a single injection of DMBA in rats causes tumor induction with 

a rhabdomyosarcoma-like signature and myoblast and myofibroblast cell population. The 

tumor weight was increased by moderate aerobic exercise. The presence of cachexia 

phenotype was present in weight and adipose tissue loss, but not skeletal muscle loss. The 

skeletal muscle loss was exacerbated by moderate aerobic exercise, accompanied by 

muscle collagen deposition and smaller CSA. At the transcriptome level, the classical 

cachexia genes, such as Fbxo32, and Trim63, as well as the autophagy and oxidative 

stress-related genes were also upregulated in both groups compared to the Non-Cancer 

group. Moderate aerobic exercise running time decreased over time due to 

the downregulation of muscle energetic sources, such as Glycolysis and Oxidative 

Phosphorylation. The tumor was the source of chemokines in serum, causing local effects 

both in skeletal muscle and the tumor itself, which was also exacerbated by moderate 

aerobic exercise. Future studies are necessary to better comprehend  the effect of exercise 

on cancer cachexia, and also the appropriate protocol initial time to avoid unwanted 

outcomes. 

This study has limitations. Only male rats were used, limiting the applicability of 

results by sex. A single training study design does not allow for differential effects of 

exercise timing, dose, or type. Analyses of proteins in serum and tumor were not 

sufficiently powered to define significance, and gene expression and pathway analyses 

are suggestive but do not provide definitive evidence of molecular mechanisms. 

Furthermore, the enhanced muscle loss seen with exercise might be due to increased 

tumor growth at the expense of muscle recovery due to shunting of nutrition and energy 

stores. Despite these limitations, our data definitively demonstrate a deleterious effect of 

exercise in this model of cancer and cachexia. 
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Figure 18. Graphical abstract of the tumor-muscle crosstalk. This figure illustrates the interactions 

between chemokines, cytokines, and growth factors between tumor and skeletal muscle. This interaction 

was efficient in inducing a cachexia phenotype by upregulation of cachexia canonical genes, such as 

Fbxo32, and Trim63. Aerobic exercise exacerbated the cachexia phenotype, increasing the tumor weight 

and accelerating muscle wasting. The autocrine communication in tumor and tibialis was mainly mediated 

by chemokines. In tumors, the Cxcl6 and Cxcr2 receptor cascade were candidates to mediate the effects. In 

tibialis, Ccl19 and Cxcl11 ligands were candidates for binding the Cxcr3 receptor, as well as the Ccl5 ligand 

to binding the Ccr3 receptor. 
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Supplementary Figure 1. Food intake, correlations, and oxidative stress. a) Food intake over time. b) 

Correlation of muscle wasting and tumor mass in the Cancer group, and Cancer+Ex group. c) heatmap of 

IBW, final body weight (FBW), and normalized TA, Liver, Kidney, Pancreas, GAS, EDL, SOL, epididymal 

adipose tissue (AT), and tumor weights (gray bars). d) The principal component analysis plot for 

morphometric data is presented in the heatmap. e) Biochemical assay of oxidative stress related enzymes. 

# = Significant difference between the Cancer+Ex group and the Cancer group using paired t-test. Non-

Cancer (n=10); Cancer (n=13) until the week 13. After that, the cancer group was divided into two groups: 

Cancer (n=7); and Cancer+Ex (n=6).   
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Supplementary Figure 2. Tumor identity, protein, and gene expression. a) Dot plot of 

rhabdomyosarcoma marker genes. b) Localization of proteins in the tumor tissue protein array. c) Bar plot 

of tumor proteins increased >|2| FC with exercise. d) Dot plot of tumor Dlk1 gene expression, the only 

differentially expressed gene with a corresponding protein in d). e) MA plot of tumor genes differentially 

expressed between Cancer and Cancer+Ex. Cancer (n=4); Cancer+Ex (n=4). 
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Supplementary Figure 3. Serum proteins versus tumor and tibialis transcriptomes. a) Cytokine array 

of serum proteins with more than 2-fold change. b) Respective gene expression in tumor and tibialis. The 

values were log-transformed for plotting. Non-Cancer (n=4); Cancer (n=4); Cancer+Ex (n=4). 
 

 

SUPPLEMENTARY TABLES 

 

Supplementary Table 1. Body weight raw data. 

 
Body 

weight - 

week 0 

Body 

weight - 

week 13 

Final body 

weight (without 

tumor) - week 21 

TA 

weight 

(/IBW) 

GAS 

weight 

(/IBW) 

EDL 

weight 

(/IBW) 

Soleus 

weight 

(/IBW) 

AT 

weight 

(/IBW) 

Tumor 

weight 

(%) 

Liver 

weight 

(/IBW) 

Pancreas 

weight 

(/IBW) 

Kidney 

weight 

(/IBW) 

Non-

Cancer 

316.

1± 

18.7

2 

477.8± 

47.60 
527.9±39.66 

0.1000

± 

0.0133

3 

0.3350± 

0.04743 

0.02700

± 

0.00674

9 

0.02500

± 

0.00527

0 

3.356± 

0.8953 
- 

3.201± 

0.3056 

0.1820± 

0.04917 

0.3550± 

0.04197 

Cancer 

281.

9± 

14.4

7 

454.1± 

30.99 
463.5±34.28 

0.108± 

0.0219

3 

0.3243± 

0.05473 

0.04857

± 

0.00690

1 

0.04286

± 

0.00488

0 

1.914± 

0.4670 

15.82± 

4.486 

3.451± 

0.1419 

0.3100± 

0.07303 

0.4314± 

0.02734 

Cancer

+Ex 
- - 375.6±27.05 

0.0616

7± 

0.0116

9 

0.2017± 

0.02714 

0.01167

± 

0.00408

2 

0.02000

0±0.000 

0.7450

± 

0.4332 

15.82± 

8.558 

3.420± 

0.5399 

0.1633± 

0.04227 

0.3117± 

0.02787 

Raw data of the Non-Cancer group (n=10), Cancer (n=13 until week 13, then n=7), and Cancer+Ex (n=6). 

The muscle and organ weight were normalized to body weight in week 13. Data expressed in mean ± 

standard deviation.  

 

Supplementary Table 2. Complete list of DEGs 

https://tinyurl.com/DEGs-Tibialis-and-Tumor 
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Abstract  

Background: The skeletal muscle is an important organ responsible for many functions 

and comprehends around 30-40% of the human adult body mass. Cancer Cachexia is 

involuntary skeletal muscle loss during cancer development. LDE is a nanoemulsion that 

mimics the original LDL as a drug delivery. Docetaxel (DTX) is an anti-cancer drug used 

as a chemotherapeutic agent. Several exercises protocol was tested recently, but still, no 

standard protocol was approved as a treatment for cancer cachexia. This study aimed to 

investigate the effects of a moderate exercise protocol in animals with cancer cachexia 

treated with LDE carrying DTX on skeletal muscle transcriptome and morphology. We 

also aimed to evaluate the capacity of electrical bioimpedance as a monitor for cachexia 

over time. 

Methods: Fifty Sprague-Dawley (SD) rats were used. The tumor was induced using a 

single I.P. injection of DMBA (65 mg/kg of body weight) at 50 days of age. After 91 days 

of induction time, they were divided into five groups: CA, CA+LDE, CA+LDE+Ex, 

CA+LDE-DTX, and CA+LDE-DTX+Ex. The CA+LDE+Ex and CA+LDE-DTX+Ex 

groups were submitted to 8 weeks of aerobic exercise, 5 days per week. After 8 weeks of 

exercise, the animals were euthanized, and several organs were collected. The frozen 

tibialis anterior muscle was used for biochemical assay, histochemical analysis, and RNA 

sequencing. The paraffin-embedded tibialis anterior was used for histological analysis. 

The bioelectrical impedance was used to monitor cancer and cancer cachexia over time. 

Results: The CA+LDE-DTX and CA+LDE-DTX+Ex groups presented a reduction in 

TA weight when compared with the CA group (p=0.0152, and 0.0316, respectively). The 

decrease of TA in the docetaxel-related group was accompanied by a reduction in its 

cross-section area (CSA), mainly in fibers with low enzymatic activity. The CA+LDE+Ex 

and CA+LDE-DTX+Ex groups presented a decrease in time to exercise tolerance. At the 

transcriptome level, the CA+LDE-DTX+Ex group presented downregulation of genes 

involved in Mitotic G1/S Transition Checkpoint Signaling, and Endothelial Cell 

Chemotaxis compared to the CA group. Over time, the reduction of Phase Angle (PhA) 

represented the reduction of TA and other muscle weight in CA+LDE-DTX, and 

CA+LDE-DTX+Ex groups. 

Conclusion: In summary, the LDE carrying DTX plus aerobic exercise did not avoid the 

tibialis anterior wasting. Plus, PhA presented a correlation with the reduction of muscle 

and/or tumor weight over time. 

Keywords: cachexia; docetaxel; LDE; transcriptomics, aerobic exercise 
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INTRODUCTION 

The skeletal muscle is an important organ responsible for many functions, such as 

locomotion, heat production, and posture maintenance, and comprehends around 30-40% 

of the human adult body mass [278]. Cancer is a major health problem in the world, with 

611,720 deaths projected to occur in the United States in 2024 [279]. The cancer cell can 

release atrophy mediators into the blood flow responsible for inducing muscle wasting, a 

condition called cachexia. Around 80% of advanced cancer can develop cachexia [5], 

presenting muscle weakness, anorexia, and fatigue [6,7]. When cachexia is installed, 

around 30% of the patients can die from cachexia-related outcomes [9].  

Previously, Maranhão et al showed an accumulation of a nanoemulsion called 

LDE in solid tumors after its administration in the blood flow, making LDE an interesting 

method of drug delivery in cancer [20,21]. Docetaxel (DTX) is a member of the taxane 

family with antitumor action, inhibiting the formation of the mitotic spindle by stopping 

the depolymerization of microtubules, preventing the tumor cell from going beyond the 

G2/M phase of the cell cycle [134,137,139]. When conjugated to LDE the DTX (LDE-

DTX) reduces the inflammatory cytokines in rabbits' atherosclerotic lesions without 

cytotoxic effects [22]. Also, LDE-DTX reduces prostate lesions in prostate cancer 

chemically induced with aerobic exercise protocol [23]. Even though there is no approved 

exercise protocol for cancer cachexia treatment [280], exercise can change the blood LDE 

concentration by increasing its cellular uptake [130]. So, since tumor cells increase their 

LDL receptors (LDLR) [119,122] (the same ones used by LDE nanoemulsion [21]), we 

hypothesize that the change in LDE distribution caused by physical exercise associated 

with increased LDE expression in the tumor may cause positive effects in reducing tumor 

mass and consequently reducing muscle loss in skeletal muscle. 

Several factors, such as loss of appetite, body mass, and function impairment made 

the management of cachexia patients complicated [280]. Monitoring cachexia in these 

patients over time could be difficult, and non-invasive methods are useful and convenient. 

Bioelectrical impedance (BIA) is non-invasive, has high reproducibility, and is cheaper 

[281]. Normally, the aging process is accompanied by a decrease in Phase Angle (PhA) 

over time due to the loss of soft tissue, such as skeletal muscle [282]. Also, 12 weeks of 

resistance training increased the PhA, and it was associated with a reduction of 

inflammatory, and oxidative stress biomarkers in older women [283], suggesting that a 

higher PhA is an indicator of health. Previously, BIA presented good short-term precision 
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in monitoring the body mass in advanced cancer patients, with a close to 1% coefficient 

of variation [284]. However, there is no clear protocol to measure or monitor cachexia 

patients or animal models using BIA. Even so, the BIA's capacity to monitor cachexia or 

cancer in the long term remains unclear.  

The aim of this is to determine the effect of docetaxel carried by LDE 

nanoemulsion on skeletal muscle mass and transcriptome in cancer cachexia. We also 

evaluate the BIA parameters, such as the PhA to monitor cachexia over time and the effect 

of aerobic exercise on it. 

 

METHODS 

Animals and Experimental Design 

Fifty Sprague-Dawley (SD) rats were used, aged 4 weeks, weighing on average 

130 grams, obtained at the Biotherism Center of the State University of Campinas 

(CEMIB/UNICAMP). The animals received water and the same solid diet ad libitum 

(Nuvilab, Colombo, Paraná, Brazil). They were housed in boxes with a solid bottom, lined 

with shavings, in a room with controlled lighting (12 hours of light and 12 hours of 

darkness) and temperature (20 to 25ºC). The animals were divided into 5 experimental 

groups: CA (DMBA-induced cancer, n=7); CA+LDE (DMBA-induced cancer cachexia 

and LDE uptake, n=9); CA+LDE+Ex (DMBA-induced cancer cachexia and exposed to 

aerobic exercise training and LDE uptake, n=8); CA+LDE-DTX (DMBA-induced cancer 

cachexia treated with LDE conjugated to docetaxel 2mg/kg, weekly totaling 6 doses, 

n=8); CA+LDE-DTX+Ex (DMBA-induced cancer cachexia treated with LDE conjugated 

to 2mg/kg docetaxel, treated for 8 weeks of exercise training and 6 doses of LDE+DXT, 

n=8) (Figure 19 a); The study protocol was approved by the Council for Ethics in Animal 

Use (CEUA) of the School of Technology and Sciences - FCT/UNESP, under protocol 

number 02/2020. 

 

Chemical cancer induction by 7,12-dimetilbenz [a] antraceno (DMBA) 

DMBA was introduced into rats with a single dose of 65 mg/kg of body weight, 

dissolved in sesame oil at 50 days of age (week 0), via intraperitoneal injection (Figure 

19 a).  

 

Artificial Lipid Nanoparticle (LDE) 
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The LDE lipid nanoemulsion was prepared according to the method described by 

Maranhão et al, 1993 [285], and a lipid mixture composed of 135mg of cholesterol oleate 

(Alfa Aesar, Harverhill, USA), 333mg of egg phosphatidylcholine, 6mg of free 

cholesterol, 132mg of migliol (degree of purity≥99%), 60mg was used of docetaxel 

(Shanghai Pharmaceuticals, China). To prepare LDE-DTX, DTX was added to the lipid 

mixture at a drug:lipid ratio of 1:10 that was then centrifuged at 1800×g for 15 min to 

separate the unbound DTX that precipitates upon centrifugation. The particle size of both 

preparations was 60 nm, as measured by the dynamic light scattering method at a 90° 

angle, using the ZetaSizer Nano ZS90 equipment (Malvern Instruments, Malvern, UK). 

The efficiency of the association of DTX to LDE was measured by HPLC. The 

nanoparticles were sterilized by passing through a 0.22 μm pore polycarbonate filter 

(EMD Millipore, Billerica, MA, USA) and kept at 4 °C until it was used. The 

quantification of docetaxel associated with LDE was determined by high-pressure liquid 

chromatography (HPLC) (Shimadzu, Kyoto, Japan). The final concentration of docetaxel 

incorporated into the LDL particle was calculated using the calibration curve (1μg/mL). 

 

Aerobic physical training protocol 

At week 13, the adaptation protocol to aerobic physical training began, and at 147 

days of age, aerobic physical training began, using methods based on current literature 

[286]. The animals were submitted to a single exercise session without inclination with 

an intensity corresponding to 60% of the Pmax until exhaustion, which will occur when 

they touch the bottom of the treadmill 5 times the interval of 1 min. The total load of the 

acute session was obtained through the product between the intensity (60% Pmax) and 

the time the animals remained on the treadmill. The chronic aerobic exercise protocol was 

based on the study by Ferreira et al. [250] and consisted of 8 weeks. The intensity was 

reduced by 20% when animals failed to exercise at the previous intensity—each 

experimental week consisted of 5 consecutive training and 2 days’ rest. The first week 

consisted of 15 minutes of exercise duration, which was increased to 20 minutes in the 

second week, and it (20 minutes of duration) continued until the last week. 

 

Bioelectrical Impedance  

Bioimpedance was performed before the DMBA induction protocol (at 45 days of 

age), at the end of the induction protocol (at 130 days of age), and after the treatment 

period (at 186 days of age); the information from the BIA was be extracted using the 
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tetrapolar bioelectrical impedance equipment with a frequency of 50kHz (BIA Analyzer, 

The Nutritional Solutions Corporation, Harrisville, MI, USA). The equipment expressed 

the resistance values (R), a low-frequency electric current flow that permeates tissue cells 

and evaluates the fluid resistance, and the reactance (Xc), the high electric current flow 

frequency penetrating the cell membrane. The Phase Angle (PhA) was calculated from 

the arctangent (Xc/R) x (180°/π) [287–289]. 

 

NADH-Tetrazolium Reductase (NADH-TR) and Cross-Sectional Area (CSA) 

The tibialis anterior muscle was frozen in nitrogen and kept in a freezer at -80ºC. 

For analysis and fiber typing, the sections were incubated with 0.05 M Tris buffer (pH 

7.2) containing NADH (Sigma-Aldrich) and nitroblue tetrazolium (NBT) for 30 minutes 

at 37ºC [290], washed and fixed in 37% formalin for 5 minutes. They were then mounted 

on histological slides with glycerinated gelatin for subsequent microscopic observations. 

NADH-TR staining allowed us to distinguish the fiber types (I, IIa, and IIb) [291]. The 

area was quantified in at least 1000 fibers per animal, 5 animals per group. The 

quantification of the cross-sectional area was calculated using the ImageJ software 

(Image Processing and Analysis in Java, National Institutes of Health, v. 1.8.0 for 

Windows) with the Wand Tool to adjust the image to its appropriate size. The images 

were magnified at 100x. 

 

Uptake of LDE 

After the euthanasia of the animals, samples of the glycolytic muscle were 

subjected to radioactive uptake for analysis of LDE uptake [292]. The application of 

labeled LDE was performed to verify the uptake of the particle by skeletal striated muscle 

and tumor, and the effect of physical exercise on the uptake of LDE. For analysis and 

uptake of the LDE particle, radioactive labeling was performed in animals from the 

CA+LDE and CA+LDE+Ex groups and we evaluated the toxicity and internalization of 

the particle. The labeled LDE was prepared according to the technique described by 

Maranhão et al., [20]. In vials, 40 mg of phosphatidylcholine, 20 mg of cholesterol oleate, 

1 mg of triolein, and 0.5 mg of cholesterol were pipetted. From stocks prepared in 

chloroform/methanol (2:1). 130 kBq of OC-14C and 158 kBq of CL-3H were added. Then 

the mixture remained in the vacuum dryer for 16 h, at 4ºC. 10 mL of TRIS-HCL buffer, 

0.01 M, pH 8.0, was added, and the lipid mixture was then emulsified by ultrasonic 
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irradiation, 125 watts power, for 3 h, at a temperature between 51 and 55ºC. Then the 

emulsification was centrifuged at 200,000 x g for 30 minutes at 4ºC. Potassium bromide 

(kBr) was added to the remaining material to adjust its density to 1.21 g/mL, and the 

material was centrifuged again for 2 hours at 4°C, 200,000 x g. Excess kBr was removed 

by dialysis against 2 changes of 1,000 volumes of Tris-HCL buffer and finally sterilized 

by filtration through a Millipore membrane (0.22u porosity) and then stored at 4°C for up 

to 30 days. The radioactivity in the TLC bands corresponding to the cholesteryl ester, 

which was used in the composition of the LDE, was measured using a liquid scintillation 

analyzer (Packard beta spectrometer, model 1600 TR). After this, the liver uptake was 

considered 100% of the uptake, while the muscle and tumor uptake were related to the 

liver. Only 2 groups were used for the LDE absorption analysis, namely: CA+LDE and 

CA+LDE+Ex. These two groups were used for the quantification analysis of nanoparticle 

internationalization. 

 

Biochemical analyses of CAT, SOD, GSH, FRAP, TBARS, Protein Carbonylation 

and Total Protein 

On the day of biochemical analysis, the tibialis anterior muscle was thawed on ice 

and washed in ice-cold saline (0.9% NaCl, m/v). A Rotor-stator TH homogenizer (Omni 

International, Georgia, USA) at medium speed for 90 s was used to prepare 5% muscle 

homogenates in 50 mmol/L sodium phosphate buffer (pH 7.4) containing 0.2% (v/v) 

Triton X-100, 10 mmol/L diethylenetriaminepentaacetic acid (DTPA) and 2 mmol/L 

phenylmethanesulfonyl fluoride (PMSF). Homogenates were centrifuged at 10,000 rpm 

for 10 min at 4 °C using an Eppendorf R 5810 centrifuge (Eppendorf, Hamburg, 

Germany). The supernatant was collected, aliquoted, and stored at 80 °C for later analysis 

of Total Protein (TP), Protein Carbonyl (PC), Total Oxidant Capacity (TBARs), Total 

Antioxidant Capacity (FRAP), Superoxide Dismutase (SOD), Catalase (CAT) and 

Reduced Glutathione (GSH). The supernatants used for GSH determination were 

prepared in 5% (m/v) trichloroacetic acid (TCA) containing 2 mmol/L 

diethylenetriaminepentaacetic acid (EDTA), centrifuged at 4000 rpm for 10 min at 4 °C. 

All analyses were performed at the Saliva Biochemistry Laboratory (LABIQS), School 

of Dentistry, Araçatuba – FOA/UNESP. 

 

Determination of oxidative damage 
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PC concentration was quantified using the alkaline 2,4-dinitrophenylhydrazine 

(DNPH) method [293]. The carbonyl content was calculated using the molar extinction 

coefficient (ε450 = 22.308 M-1 cm-1). Lipid peroxidation was assessed by the 

concentration of Thiobarbituric acid reactive species (TBARs) [294]. The number of 

aldehydes formed was calculated by the molar extinction coefficient (ε532 = 1.56 × 105 

M-1 cm-1). 

  

Determination of non-enzymatic antioxidant defense 

Total antioxidant capacity was determined spectrophotometrically by the iron 

reduction method (FRAP) as previously described by Benzie and Strain  [295].  The 

results were calculated using a standard curve with different concentrations of FeSO4 

solutions. The concentration of reduced glutathione (GSH) was measured using 5,5'-

dithiobis(2-nitrobenzoate) (DTNB) according to the spectrophotometric method 

described by Beutler, Duron, and Kelly (1963) [296]. The amount of GSH was 

determined by the known molar extinction coefficient of GSH (1.36×104 M−1cm−1). 

GSH levels were expressed per gram of total protein. 

 

Determination of enzymatic antioxidant defense 

Superoxide dismutase (SOD) activity was determined spectrophotometrically 

(420 nm) by measuring the rate of inhibition of pyrogallol autoxidation in 50 mmol/L 

Tris-HCl buffer (pH 8.2) containing 1 mmol/L diethylenetriamine pentaacetic acid 

(DTPA). One unit of SOD was defined as the amount of enzyme required to inhibit the 

rate of pyrogallol autoxidation by 50% [297]. 

 Catalase (CAT) enzyme activity was determined spectrophotometrically (240 nm) 

by measuring the decomposition rate of hydrogen peroxide in 50 mmol/L potassium 

phosphate buffer (pH 7.0) [298]. The units of enzyme activity were determined using the 

molar extinction coefficient of H2O2 (ε240 = 0.0394 mM-1 cm-1). One unit of CAT 

activity was defined as the amount of enzyme required to decompose 1 mmol of hydrogen 

peroxide in 1 minute. 

 

Histological and morphometric analyses 

Animals from each group were euthanized by decapitation. The tibialis anterior 

muscle of all animals was collected, weighed, and fixed in 10% buffered formalin for 24 
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hours. After fixation, the tissues were washed in 70% ethyl alcohol, with subsequent 

dehydration in an increasing series of alcohols. Subsequently, the fragments were 

embedded in paraffin and plastic polymers (Paraplast Plus, ST. Louis, MO, USA). Then, 

it was sectioned to a thickness of 5 μm and stained with Toluidine Blue to verify the 

presence of mast cells.  

For morphological analysis, the tibialis anterior was frozen in liquid nitrogen after 

the euthanasia and storage in a -80 C freezer for subsequent analysis. After that, we 

stained the tissues with hematoxylin-eosin (H&E) for analysis of general morphology and 

picro-sirius red, which was used to identify collagen fibers. We used 12 fields per group 

with 400x magnification to quantify collagen expression using the ImageJ-Fiji software 

[299] with the IHC Toolbox plugin. All techniques were photographed using an Axiophot 

photomicroscope (Zeiss, Munich, Germany), along with the AxioVision Rel software. 

4.8, at 400x magnification. 

 

Morphometric data analysis 

We normalized all the organ weights using the final body weight without tumor 

(FBW) and presented it as a heat map. In the same heatmap, only the tumor weight is 

presented as an absolute weight, while in the graph, it is a relative weight. We performed 

an initial analysis with all anatomical data available the inserted it into the tool Morpheus 

[300]. The heatmap provided presented clear clusters with skeletal muscle and organ 

weight. The unsupervised PCA of the anatomical data (Supplementary Figure 4 a) was 

performed in R using ggplot2, dplyr, factoextra, ggpubr, FactoMineR, and matrixStats 

packages.  

  

RNA-Sequencing 

RNA was isolated from ~50 mg of frozen tibialis anterior muscle and tumor tissue 

via the RNeasy Mini Kit (Qiagen). The concentration and quality of total RNA samples 

were assessed using Agilent 2100 Bioanalyzer, and an RNA Integrity Number (RIN) of 

eight or higher was required to pass the quality control. We isolated RNA from four 

animals per group. We sent it for library preparation and sequencing to Massively Parallel 

Sequencing Shared Resource at Oregon Health & Science University (OHSU) using the 

Illumina NovaSeq6000. 150ng of total RNA was used for each sample. cDNA library 

preparation includes mRNA purification/enrichment, RNA fragmentation, cDNA 

synthesis, and ligation of index adaptors using the KAPA mRNA Hyperprep Kit prep 
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(KK8581). Each resulting indexed library was quantified, and its quality was accessed by 

NovaSeq 6000. 5µL of 2nM pooled libraries per lane was denatured, neutralized, and 

applied to the cBot for flow cell deposition and cluster amplification before loading to 

100bp paired-end sequencing (Illumina, Inc). Approximately 30-50 million reads per 

library was generated. A Phred quality score (Q score) was used to measure sequencing 

quality. The reads were mapped to the UCSC Rattus norvegicus (rn7) reference genome 

using STAR (Spliced Transcripts Alignment to a Reference) [301]. To evaluate the 

quality of the RNA-seq data, the number of reads that fall into different annotated regions 

(exonic, intronic, splicing junction, intergenic, promoter, UTR, etc.) of the reference 

genes was determined with bamUtils 0.5.9 [302]. Low-quality mapped reads (including 

reads mapped to multiple positions) were excluded, and featureCount 1.5.1 [303] was 

used to quantify the gene-level expression. Differential gene expression analysis was 

determined using DESeq2. Those proceedings were performed using Partek® Flow. 

 

Analysis of different expressed genes 

The PCA for all expressed genes was built using R (https://www.r-project.org/), 

and RStudio (https://posit.co/download/rstudio-desktop/). Differentially expressed genes 

(fold change >1.5, and FDR<0.05) were visualized using the web tool Morpheus [300]. 

Using these differently expressed genes, we performed the volcano plots using the web 

tool VolcaNoseR [304]. The VolcaNoseR provided the 10 top-hit genes for each 

comparison, and we selected the top 10 for each of them to run the enrichment analysis. 

All enrichment analysis was performed using the EnrichR tool [305–307]. Plus, the 

different expressed genes were uploaded to the web tool Intervene to perform an UpSet 

Plot [308]. The functional enrichment analysis was performed by selecting two libraries 

(GO Biological Process 2023, and Reactome 2022) provided by EnrichR tool for each 

comparison. So, we used the pathway names and combined scores of each of them to 

perform the analysis using R. The tumor secretome analysis was made using the tumor 

secretome gene list from The Human Protein Atlas. 

 

Statistical analysis 

The results are expressed as mean ± mean standard deviation following current 

recommendations [309–311]. According to the Shapiro-Wilk Normality test, for 

comparison between the means of the groups, we used the statistical treatment of One-

https://www.r-project.org/
https://posit.co/download/rstudio-desktop/
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Way ANOVA, followed by Tukey's post-test. For the baseline period and after 8 weeks 

of experimental protocol, the data will be analyzed by the paired t-test, for the comparison 

between the periods and fixing the groups. Correlation coefficients were calculated using 

Pearson's correlation coefficient test. The p-value adopted was p<0.05 or p = 5% of 

significance. Analysis was performed using GraphPad Prism 10 software for Windows 

(version 10.4.0). 

 

RESULTS 

Administration of docetaxel conjugated with LDE and associated with aerobic 

exercise reduces tumor weight but causes skeletal muscle wasting 

There is no difference between the groups regarding the IBW (Figure 19 c) and 

FBW (Figure 19 d). However, is possible to verify a reduction in some of the organ weight 

(such as kidney, pancreas, EDL, and soleus (SOL) in the CA+LDE-DTX+Ex group, such 

as kidney, pancreas, EDL, and soleus muscles (Figure 19 b). Plus, the CA+LDE-DTX+Ex 

group (p=0.0316) and the CA+LDE-DTX group (p=0.0152) presented a reduction of 

tibialis anterior weight compared to the CA group (Figure 19 e). Interestingly, even 

though not statistically significant, the CA+LDE-DTX+Ex group presented tumor weight 

loss (Figure 19 f). We also verified the cancer cachexia genes involved, but no clear 

cluster was found, except for the Igf1, and Trpv2, which were upregulated in the 

CA+LDE-DTX+Ex group (Supplementary Figure 4 b), suggesting that the classical 

cachexia pathway may not involve the muscle wasting in the CA+LDE-DTX, and 

CA+LDE-DTX+Ex groups. The PCA plot reveals high heterogeneity among the groups 

(Supplementary Figure 4 a). 

We also verify the influence of LDE-docetaxel in some specific genes resulting 

from the LDE uptake in the skeletal muscle. First, using radioactive methods, we 

measured the uptake of LDE nanoparticles in the muscle and tumor using the CA+LDE 

and CA+LDE+Ex groups (Supplementary Figure 5 c). Aerobic exercise did not affect the 

LDE uptake by muscle cells, but even in the absence of significance (p=0.4671) the 

uptake by tumor was lesser in the CA+LDE+Ex group compared to the CA+LDE group 

(Supplementary Figure 5 c). It suggests aerobic exercise changed the LDE kinetics. To 

verify more deeply, we looked for the LDE receptor genes (Ldlr, and Vldlr), and for 

docetaxel-related genes in the tibialis anterior, but no difference was found 

(Supplementary Figure 5 a, and b), suggesting that the LDE conjugated with DTX was 

not uptake by skeletal muscle. 
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Figure 19. Morphometric analysis. a) experimental design. BIA = bioelectrical impedance. b) heatmap 

for anatomical data of tumor, initial body weight (IBW), final tumor-free body weight (FBW), adipose 

tissue (AT), Liver, Tibialis Anterior (TA), gastrocnemius muscle (GAS), kidney, pancreas, Extensor 

digitorum longus muscle (EDL), soleus muscle (SOL). c) IBW in week 13. d) FBW in week 21. e) TA 

weight. f) relative tumor weight (%). All organs and muscle weights were presented as a relative weight by 

FBW. 
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The differentially expressed genes presented alteration in Cell Junction Disassembly 

and immune system-involved pathways 

A total of 18,664 transcripts were identified, and an unsupervised PCA of them 

shows similarities among the groups (Figure 20 f). To look further into the transcriptome, 

we identified the differently expressed genes (DEG) with FDR <0.05 and FC >1.5. The 

complete list of DEGs is provided in Table 1. The CA+LDE group vs CA group presented 

5 downregulated genes (Figure 20 a). The CA+LDE-DTX group vs CA+LDE group 

presented 3 upregulated, and 1 downregulated gene (Figure 20 b). The CA+LDE-

DTX+Ex group vs CA+LDE-DTX group has 56 upregulated genes and 36 downregulated 

genes (Figure 20 c). The CA+LDE-DTX+Ex group vs CA+LDE+Ex group has 56 

upregulated, and 81 downregulated genes (Figure 20 d). Finally, the CA+LDE-DTX+Ex 

group vs CA group has 6 upregulated and 8 downregulated genes (Figure 20 e). The 

CA+LDE+Ex group vs CA+LDE group has just 1 upregulated gene (Hmox1), so, the 

volcano plot was not shown, but the gene was inserted in the DEG heatmap, together with 

all other DEGs (Figure 20 h).  We divided the heatmap into two clusters and performed 

an enrichment analysis of each of them. In the first, Cell Junction Disassembly 

(GO:0150146), and Humoral Immune Response Mediated By Circulation 

Immunoglobulin (GO:0002455) were the most altered pathways (Figure 11 i), while in 

the second cluster the Ca2+ Activated K+ Channels (R-HSA-1296052), and Regulation 

of Vasculature Development (GO: 1901342) (Figure 20 j). The Venn diagram using the 

DEGs does not identify any genes shared among all comparisons (Figure 20 g) (Table 2). 

Supplementary Figure 6 presents the most altered pathways and biological processes in 

each comparison and the pathways shared between them. 

 

Table 1. Complete list of DEGs 

https://tinyurl.com/DEGsDTX 

 

Table 2. Exclusively expressed genes among the comparisons 

https://tinyurl.com/jVenn-Tibialis-Genes-DTX 
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Figure 20. Tibialis RNA-Sequencing. Using the filter FC>1.5 and FDR<0.05, we identified the DEG for 

CA+LDE vs CA (a), CA+LDE-DTX vs CA+LDE (b), CA+LDE-DTX+Ex vs CA+LDE-DTX (c), 

CA+LDE-DTX+Ex vs CA+LDE-Ex (d), and CA+LDE-DTX+Ex vs CA (e). f) PCA plot representing all 

the 18,664 transcripts. g) Venn Diagram of the DEG. h) heatmap for all DEG. i) functional enrichment 

analysis of all genes into the first heatmap cluster. j) functional enrichment analysis of all genes into the 

second heatmap cluster. All pathways were ranked using the Log10 of the Combined Score, and the libraries 

used were GO_Biological_Process_2023, and Reactome_2022. 
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Pathways distinguished the groups, and the CA+LDE-DTX+Ex group showed 

downregulation of the Atf3-Nr4a1 pathway 

We further analyzed the possible connection between the genes. In the CA+LDE-

DTX+Ex group vs CA+LDE-DTX group comparison, we found three gene network 

connections. The genes Capn3, Cav3, and Scn5a formed a connection involved in 

ventricular Cardiac Muscle Cell Action Potential (GO:0086005) (Figure 21 a). Erbb2 and 

Esr1 formed a connection engaged in ERBB2-EGFR Signaling Pathway (GO:0038134). 

Mt2A and Mt1 genes formed a connection that was involved in Intracellular Copper Ion 

Homeostasis (GO:0006878) (Figure 21 a). Plus, the CA+LDE-DTX+Ex group vs CA 

group comparison showed only one connection between the Atf3 and Nr4a1 genes, which 

were involved in Endothelial Cell Chemotaxis (GO:0035767) (Figure 21 b). 

Supplementary Figure 7 also presents the connection found in the CA+LDE-DTX+Ex 

group vs the CA+LDE+Ex group and the related pathways. 
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Figure 21. Protein-protein interaction. a) Interaction of CA+LDE-DTX+Ex vs CA+LDE-DTX 

differently expressed genes. b) Communication of CA+LDE-DTX+Ex vs CA differently expressed genes. 

The communication was done using the web tool STRING (STRING: functional protein association 

networks (string-db.org)). The minimum required interaction score selected was 0.700 (high confidence). 

The disconnected nodes in the network were hidden for better visualization. The line color indicates the 

type of interaction evidence. Light blue = curated databases, pink = experimentally determined, green = 

gene neighborhood, blue = gene co-occurrence, light green = text mining, black = co-expression, matte blue 

= protein homology. The functional enrichment analysis was made using the web tool EnrichR (Enrichr 

(maayanlab.cloud)), and the biological process involved in each communication was obtained according to 

the GO_Biological_Process_2023 library. 

 

The docetaxel plus exercise groups downregulated the genes involved in oxidative 

phosphorylation and resistance to fatigue parameters 

We also verified the effect of exercise on some of the overtraining parameters. 

The CA+LDE+Ex group presented a significant improvement in resistance to fatigue on 

the 2nd assessment (1208±181.9) compared to the 1st assessment (818.0±96.39, p-

value=0.0118) (Figure 22 a). However, the 3rd assessment (597.6±370.2) presents a 

significant decrease in tolerance to fatigue compared to the 2nd assessment (1208±181.9, 

p-value=0.0002) (Figure 22 a). In the CA+LDE-DTX+Ex group, like in the previous one, 

we verified an improvement in the 2nd assessment (1040±185.8) compared to the 1st 

assessment (833.3±152.7, p-value=0.0461), and once again a decrease in the 3rd 

assessment (488±137.7) compared to the 2nd assessment (1040±185.8, p-value=<0.0001), 

and the 1st assessment (833.3±152.7, p-value=0.0014) (Figure 22 a). 

To investigate the underlying causes of fatigue, we focused on the genes involved 

in oxidative phosphorylation (Figure 22 b). All treatment groups, except for the CA 

group, exhibited downregulation of oxidative phosphorylation-related genes. This 

downregulation was particularly pronounced in the CA+LDE-DTX and CA+LDE-

DTX+Ex groups, suggesting a lack of energy resources necessary for exercise. 

https://string-db.org/
https://string-db.org/
https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
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Furthermore, the absence of oxidative stress at both enzymatic and transcriptome levels 

(Supplementary Figure 8) suggests no definitive evidence of overtraining. 

 

 

Figure 22. Fatigue resistance. a) Exercise maximal capacity test in the CA+LDE+Ex and the CA+LDE-

DTX+Ex group. * = significative difference in the 2nd assessment compared to the 1st assessment. # = 

significative difference in the 3rd assessment compared to the 2nd assessment. $ = significative difference in 

the 3rd assessment compared to the 1st assessment. We used the One-Way ANOVA test followed by the 

Tukey test, and the p-value adopted was p<0.05. b) heatmap showing the oxidative phosphorylation genes 

using the genes available in the GO_Biological_Process_2023 library and applied to our normalized count's 

gene list. 

 

The glycolytic fibers were smaller in the CA+LDE-DTX-Ex group, but the 

distribution was almost restored 

The Tibialis Anterior is a glycolytic muscle, which means that most fibers in the 

muscle must be glycolytic. To verify that, we performed a NADH-TR histochemical 

assay to quantify the CSA of all fibers. As expected, the CA group showed a 

heterogeneous distribution of enzymatic activity, with no predominance of fibers with 

low enzymatic activity (characteristic of glycolytic fibers) (Figure 23 a). Interestingly, 

the CA+LDE group presented the muscle with the most predominant low enzymatic 

activity fibers (Figure 23 b). Further, the CA+LDE-DTX and CA+LDE-DTX+Ex groups 

also show a predominance of low enzymatic activity fibers (Figure 23 d, and e), 

suggesting the treatment with LDE-DTX and LDE-DTX plus exercise can restore the low 
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enzymatic activity fiber distribution in the Tibialis Anterior muscle under cancer 

situation. 

Further, we compared the CSA of the three intensities of enzymatic activity fiber 

types across the groups. Compared to the CA group, the CA+LDE-DTX+Ex group 

showed decreases in intermediate enzymatic activity fiber CSA (p-value=0.0033), while 

the CA+LDE-DTX+Ex group presented a short increase in intermediate enzymatic 

activity fiber CSA, and them the is no longer significant compared to the CA group 

(Figure 23 f). More than that, the low enzymatic activity fibers (characteristic of type IIb) 

were also lesser in CSA in the CA+LDE-DTX, and CA+LDE-DTX+Ex groups compared 

to the CA group (p-value=0.0060; 0.0370, respectively) (Figure 23 h), but there is no 

evidence of fibrosis (Supplementary Figure 9 c). Taken together, those results suggest 

that the combination of DTX and exercise causes muscle wasting in the intermediate 

enzymatic activity fiber and low enzymatic activity fibers in a chemical-induced cancer 

model, but aerobic exercise tends to increase the CSA.  

To better comprehend, we verify the myosin heavy chain (MYH) genes may relate 

to muscle phenotypes (Myh1, Myh2, Myh4, and Myh7), and others involved in fiber-type 

identity (Myod1, Ppargc1a, and Six1) (Supplementary Figure 10 a). The Ppargc1a 

downregulated in the CA+LDE+Ex group compared to the CA group (p=0.0263). 
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Figure 23. CSA analysis. a) distribution of fiber enzymatic activity and the CSA of the CA group. b) 

distribution of fiber enzymatic activity and the CSA of the CA+LDE group. c) distribution of fiber 
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enzymatic activity and the CSA of the CA+LDE+Ex group. d) distribution of fiber enzymatic activity and 

the CSA of the CA+LDE-DTX group. e) distribution of fiber enzymatic activity and the CSA of the 

CA+LDE-DTX+Ex group. CSA across the groups and fiber enzymatic activity, being high enzymatic 

activity (f), intermediate enzymatic activity (g), and low enzymatic activity (h). The One-Way ANOVA 

test was followed by the Tukey test, and the p-value adopted was p<0.05. 

 

The CA+LDE-DTX+Ex presented decreases in resistance and reactance values, and 

the phase angle over time 

We also evaluated a method to measure cachexia and cancer development using a 

bioelectrical impedance machine (Figure 24). The CA group was the only group that 

presented an increase in reactance values in the 3rd assessment compared to the 1st 

assessment (Figure 24 a). All the other groups showed only a decrease in those values 

(Figure 24 b, c, d, and e). Interestingly, the phase angle (PhA) of the CA group increased 

in the 3rd assessment compared to the 1st assessment (p=0.0127) (Figure 24 i). We also 

verified an increase in the 2nd assessment compared to the 1st assessment (p=0.0280) in 

the CA+LDE+Ex group. Finally, the PhA decreased in the 3rd assessment compared to 

the 1st assessment (p-value=0.0231) in the CA+LDE-DTX group (Figure 24 i). Curiously, 

the CA+LDE-DTX-Ex group kept the same decreasing proportion of the CA+LDE-DTX 

group, but it was lesser and not statistically significant (Figure 24 i). 

The PhA correlated with the tumor weight (p-value=0.0502, Figure 24 g), and 

FBW (p-value=0.0582, Figure 24 h) in the CA group at the 3rd assessment. The PhA 

correlated with the tumor weight (p-value=0.0014, Figure 24 k) and the FBW (p-

value=0.0332, Figure 24 l) in the CA+LDE group at the 3rd assessment. The 

CA+LDE+Ex, CA+LDE-DTX, and CA+LDE-DTX+Ex groups did not present statistical 

significance among the groups and assessments. It suggests that the PhA and tumor 

weight were correlated only in the groups without treatment (CA group), and in the group 

in which only the LDE was added (CA+LDE group) which means that when the tumor is 

bigger, PhA was lesser (Figure 24 g, and k). On the other hand, when FBW was bigger, 

PhA was also bigger. After that, adding aerobic exercise and docetaxel, that relationship 

no longer exists, mainly in the CA+LDE-DTX and CA+LDE-DTX+Ex groups, which 

may be showing an effect in the tumor, reflected in a change in the PhA values. 

To confirm if the skeletal muscle membrane was involved in the PhA alterations, 

we used two altered pathways shown in Figure 20, such as Protein Localization To 

Membrane Raft (GO:1903044) and Membrane Raft organization (GO:0031579). There 

was no clear cluster of genes, but is possible to see an upregulation of Naxe, Ppt1, Flot1, 

and Rftn1 genes (Figure 24 v). 
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Figure 24. Bioelectrical Impedance. The paired BIA analysis showing the comparisons from 1st to 2nd 

assessment and 1st to 3rd assessment in the group CA (a), CA+LDE (b), CA+LDE+Ex (c), CA+LDE-DTX 

(d), and CA+LDE-DTX+Ex (e). The y-axes mean the reactance values and the x-axes mean the resistance 

values. We used the PhA values to correlate with TA weight, tumor weight, and FBW in the groups CA (f, 

g, h), CA+LDE (j, k, l), CA+LDE+Ex (m, n, o), CA+LDE-DTX (p, q, r), and CA+LDE-DTX+Ex (s, t, 

u). All of the correlations were made using the Pearson linear correlation. i) PhA value of all groups. v) 

heatmap for genes involved in Membrane Raft Organization (GO:0031579), and Protein Localization To 

Membrane Raft (GO:1903044) and applied to our gene normalized counts list. 
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DISCUSSION  

This study aimed to evaluate the efficacy of LDE as a drug delivery for tumors, 

its interaction with aerobic exercise, and its effect on skeletal muscle. The main results 

are 1) A marked decrease in exercise tolerance in the group subjected to aerobic exercise, 

linked to downregulated of oxidative phosphorylation and genes involved in Mitotic G1/S 

Transition Checkpoint Signaling, indicating a diminished capacity for skeletal muscle 

regeneration; 2) Compared to the CA group, the CA+LDE-DTX+Ex group exhibited 

downregulated the Atf3 and Nr4a1, which are negative regulators chemotaxis; 3) 

Docetaxel-induced toxicity let to a loss tibialis muscle mass, with a corresponding 

decrease in tibialis CSA. The exercise was not capable of restoring the tibialis mass and 

CSA compared to the CA group, but the downregulation of Mt2A and Mt1 compared to 

the CA+LDE-DTX+Ex group indicates an improvement of muscle mass; 4) Both 

docetaxel alone and in combination with aerobic exercise resulted in a decrease in PhA 

values over time. 

Previous studies have shown that LDE is more concentrated in cancer cells than 

in normal cells due to LDLR-mediated uptake [20,119,122]. Additionally, physical 

exercise has been reported to accelerate LDE clearance from the blood by increasing 

LDLR levels in healthy individuals [132]. This suggests that the reduced LDE uptake by 

tumor tissue in the CA+LDE+Ex group compared to the CA+LDE group, may be 

attributed to systemic blood redistribution to meet the demands of aerobic exercise. 

However, no changes were observed in LDE uptake by glycolytic muscle or in Ldlr gene 

expression in the tibialis anterior muscle (Supplementary Figure 5). Furthermore, it is 

known that LDE biodistribution does not differ whether LDE is administered empty or 

loaded with drugs [20]. Taken together, the absence of differential Ldlr expression in the 

tibialis anterior muscle across groups, along with a reduction in tumor weight in the 

CA+LDE-DTX+Ex group, suggests that the administration of empty LDE leads to its 

redistribution. When LDE is loaded with DTX, the tumor cells internalize the LDE, 

allowing DTX to exert its cytotoxic effects, thereby reducing tumor weight without 

altering muscle uptake. 

The combination of LDE nanoparticles carrying docetaxel with aerobic exercise 

results in decreased muscle mass. Interestingly, there was no significant impact of 

docetaxel on the tibialis transcriptomics (Supplementary Figure 5 a), suggesting that 

docetaxel did not interact with the tibialis anterior or contributed minimally to muscle 

atrophy. This aligns with previous studies that, after intraperitoneal injection, docetaxel 
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concentration is much higher in the peritoneal layer and stomach than plasma [312], likely 

resulting in minimal delivery to lower limb muscles of the tibialis anterior. In summary, 

docetaxel conjugated with LDE causes muscle loss, and its combination with aerobic 

exercise did not change this outcome. 

In the groups treated with LDE-docetaxel in combination with physical exercise, 

a significant interaction was observed in intracellular copper ion homeostasis, leading to 

the downregulation of Mt2A and Mt1. Previously, the blockage of MT2A (the protein 

encoded by the Mt2A gene) increases muscle hypertrophy by the Akt/mTOR signaling 

pathway [313]. Plus, the knock-out mice for Mt1 and Mt2 genes in the C2C12 cell line 

enhance myoblast differentiation into myotubes [314]. The MT-null mice increased by 

20% of tibialis anterior relative weight and increased IIb CSA compared to wild-type 

controls, by also activation of the Akt signaling pathway [313]. In our findings, compared 

to the CA+LDE-DTX group, the CA+LDE-DTX+Ex group tibialis anterior softly 

increased the fibers CSA (Figure 23 f, g, h), indicating that this downregulation of Mt2A 

and Mt1 in the CA+LDE-DTX+Ex group induces a recovery of muscle mass. Analysis 

of genes involved in endothelial chemotaxis revealed negative regulation of the Atf3 and 

Nr4a1 genes (Figure 21 b). The downregulation of the Atf3 gene reduces the expression 

of chemokines and cytokines in healthy skeletal muscle [258], supporting the idea that 

daily aerobic exercise induces a vicious cycle of chemotaxis. The negative regulation of 

the Atf3 gene after exercise leads to overexpression of chemotaxis-related genes [258], 

and impairment in muscle regeneration [315]. Additionally, the absence of Nr4a1 caused 

impairment of myoblast adhesion and myotube formation [316]. Together, our findings 

indicate that compared to the CA group, the CA+LDE-DTX+Ex group experienced more 

skeletal muscle loss due to increased chemotaxis and impaired muscle regeneration, 

although there is potential for improvement with increased CSA. Together, our results of 

downregulation of Atf3 and Nr4a indicated that compared to the CA group, the CA+LDE-

DTX+Ex group lost skeletal muscle through more chemotaxis and impairment of muscle 

regeneration. 

Cachexia can lead to fatigue and function impairment [280]. In our exercise-

related groups, we observed a reduction in exercise tolerance over time (Figure 22 a). 

Additionally, the oxidative phosphorylation pathway, a crucial energy source, was 

downregulated (Figure 22 b). Inhibition of CDK proteins can impair proper satellite cell 

differentiation and self-renewal [317]. In our experiment, the downregulation of the Cdk2 

and Fbxo31 genes, which are involved in Mitotic G1/S Transition Checkpoint Signaling, 
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suggests reduced participation of satellite cells in muscle regeneration (Figure 20 j; Table 

1). This was also accompanied by a reduction in the CSA of tibialis low enzymatic 

activity fibers in docetaxel-related groups (Figure 23 h). Interestingly, the CA+LDE-

DTX+Ex group showed improvement in CSA across all fiber types (Figure 23 f, g, and 

h) compared to the CA+LDE-DTX group, indicating a potential protective effect of 

aerobic exercise against muscle loss in cachexia. Overall, these results suggest a state of 

overtraining, although no alteration was observed in the genes typically associated with 

overtraining. Given the reduced CSA and downregulation of satellite cell-related genes 

for muscle regeneration, we expected an increase in connective tissue between muscle 

fibers. While increased muscle connective tissue (collagen) could be linked to a loss of 

muscle force [318], and consequently, loss of muscle function, no significant difference 

was found between the groups (Supplementary Figure 9 a and c). Our findings suggest 

that while exercise may offer some protective benefits against muscle loss in cachexia, 

the downregulation of key genes involved in muscle regeneration and the absence of 

significant connective tissue changes indicate potential limitations in fully countering the 

effects of cachexia, particularly under conditions of overtraining. 

 Changes in bioelectrical impedance (BIA) parameters reflect the remodeling of 

body composition, particularly the distribution of fluids between intracellular and 

extracellular compartments, as well as molecular and cellular adaptations [319]. BIA 

evaluation also provides the phase angle (PhA), a clinically significant parameter derived 

from the relationship between reactance (Xc) and resistance (R) vectors [319]. Lower 

PhA values indicate a low Xc and high R, which may suggest alterations in cell membrane 

permeability, potentially signaling the onset or worsening of a clinical condition or even 

cell death. In our study, we observed a reduction in PhA in the docetaxel-treated groups, 

while PhA increased over time in the CA group, correlating with tumor weight and final 

body weight (FBW). Changes in phase angle suggest that LDE-docetaxel treatment may 

contribute to a reduction in tumor mass, as indicated by the lower PhA values in these 

groups. Conversely, the increase in PhA in the CA group suggests enhanced cellular 

integrity, highlighting the potential impact of treatment on cell membrane stability and 

overall body composition. 

 

CONCLUSIONS 

In conclusion, the combination of LDE-docetaxel and aerobic exercise 

is insufficient to prevent muscle wasting in the tibialis anterior during cancer cachexia. 
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The observed reduction in exercise tolerance and downregulation of key genes involved 

in muscle regeneration, such as Cdk2, Nr4a1, and Atf3, highlight a compromised muscle 

recovery process in the CA+LDE-DTX+Ex group. Additionally, the correlation between 

the phase angle and the reduction in both muscle and tumor weight underscores the 

complex relationship between treatment, exercise, and cellular integrity, suggesting that 

while tumor reduction was achieved, muscle health was adversely affected. 
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Supplementary Figure 4. Morphometric PCA and cachexia genes. a) PCA representing the anatomical 

data. b) genes involved in Skeletal Muscle Wasting in Cancer Cachexia pathway according to the 

Elsevier_Pathway_Collection library. 
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Supplementary Figure 5. DTX-related genes and LDE uptake. a) heatmap for docetaxel-involved genes 

according to the DSigDB library, also added the Ldlr and Vldlr genes. b) dot plot for the Ldlr gene in the 

CA+LDE and CA+LDE+Ex groups. c) table showing the LDE uptake by glycolytic muscles and tumor 

tissue. The CA+LDE and CA+LDE+Ex groups were used to represent the LDE uptake with or without 

exercise. cpm = counts per minute. 
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Supplementary Figure 6. Exclusive and shared pathways. a) Analysis of all altered pathways in all 

comparisons. Red intensities represent the Log10 of the Combined Score. The larger the circles, the bigger 

the -Log10 of the adjusted p-value. 
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Supplementary Figure 7. Protein-protein interaction of CA+LDE-DTX+Ex vs CA+LDE+Ex 

comparison. a) Interaction of CA+LDE-DTX+Ex vs CA+LDE-LDE+Ex differently expressed genes. The 

communication was done using the web tool STRING (STRING: functional protein association networks 

(string-db.org)). The minimum required interaction score selected was 0.700 (high confidence). The 

disconnected nodes in the network were hidden for better visualization. The line color indicates the type of 

interaction evidence. Light blue = curated databases, pink = experimentally determined, green = gene 

neighborhood, blue = gene co-occurrence, light green = text mining, black = co-expression, matte blue = 

protein homology.  
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Supplementary Figure 8. Oxidative stress. a) heatmap for genes involved in Cellular Response To 

Oxidative Stress (GO0034599) according to the GO_Biological_Process_2023 library. Biochemical assay 

for FRAP (b), CAT (c), SOD (d), GPx (e), GSH (f), TBARS (g), and Carbonylated Proteins (h). 
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Supplementary Figure 9. Histological analysis. a) Tibialis Anterior histology. b) mast cells graph. c) 

collagen quantification graph. d) heatmap for genes involved in Muscle-mast Cell according to the 

Tabula_Sapiens library. e) heatmap for genes involved in Mast Cell Degranulation (GO:0043303) and 

Activation Involved In Immune Response (GO:0002279) according to the GO_Biological_Process_2023 

library. f) heatmap for genes involved in Collagen Formation R-HAS-1474290 according to the 

Reactome_2022 library. g) heatmap for genes involved in Collagen-Containing Extracellular Matrix 

(GO:0062023) according to the GO_Cellular_Component_2023 library. 
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Supplementary Figure 10. Muscle fiber genes involved. a) MHC genes. The statistical analysis was made 

using the One-Way ANOVA test followed by the Tukey test, and the p-value adopted was p<0.05. 
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Abstract  

Background: Cancer cachexia is an involuntary muscle loss during cancer development. 

Methotrexate (MTX) is an antifolate drug used in cancer treatment causing inhibition of 

folate metabolism. When associated with LDE nanoemulsion, LDE-MTX did not present 

cytotoxicity, increasing the levels of anti-inflammatory proteins. However, the effects of 

MTX on cancer cachexia are uncertain. MTX causes activation of AMPK, a key protein 

in glycolytic metabolism, with the same effect as aerobic exercise. This work aims to 

understand the morphometric and transcriptomics changes in the tibialis anterior muscle 

with an LDE-MTX cancer treatment and with aerobic exercise association. 

Methods: We used 29 Sprague-Dawley rats. At 50 days of age (week 0), the rats received 

a dose of 65 mg/kg of 7,12-dimethylbenz[a]anthracene (DMBA) intraperitoneally. After 

91 days of tumor induction (week 13), the animals were divided into four groups: CA, 

CA+Ex, CA+LDE-MTX, and CA+LDE-MTX+Ex. After group division, the aerobic 

physical exercise consisted of 5 consecutive days of training and 2 days of rest, for 8 

weeks. At the final of 8 weeks, the animals were euthanized and weighed, and the tibialis 

anterior muscle was sent to RNA sequencing.  

Results: The final tumor-free weight (FBW) of the CA+Ex and CA+LDE-MTX+Ex 

groups showed lower when compared to the CA group. The relative weight of the tibial 

muscle of the CA group was higher when compared to the CA+Ex group. Compared to 

the CA group, the CA+LDE-MTX+Ex group downregulated mainly the Positive 

Regulation of Fatty Acid Oxidation and Response to Fatty Acid Oxidation pathways. 

Furthermore, compared to the CA+Ex group, the CA+LDE-MTX+Ex group 

downregulated the Regulation of Attachment Of Spindle Microtubule To Kinetochores 

and Kinetochore Organization pathways. 

Conclusion: In conclusion, aerobic exercise causes body weight loss, while tibialis 

anterior loss was caused by all other treatments compared to the CA group. The 

downregulation of genes involved in the Regulation of Attachment Of Spindle 

Microtubules To Kinetochore in the CA+LDE-MTX+Ex group may explain the muscle 

atrophy.  

Keywords: cachexia, methotrexate, LDE, aerobic exercise, transcriptomics. 
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INTRODUCTION 

Involuntary muscle loss during cancer is known as cancer cachexia. Methotrexate 

(MTX) is an antifolate drug used in cancer treatment causing inhibition of folate 

metabolism [24] by inhibition of dihydrofolate reductase (DHFR) [26]. Physiological 

changes during body mass loss may induce alterations in drug distribution [320]. With 

the use of lipid emulsions as drug carriers, it is possible to target drugs directly to tumor 

cells. Maranhão et al., [24] found that for the treatment of acute myocardial infarction in 

rats, LDE-MTX did not present cytotoxicity, increasing the levels of anti-inflammatory 

proteins, such as IL-10, improving post-infarction clinical conditions. However, the 

effects of MTX on cancer cachexia are uncertain. 

Moreover, MTX has been demonstrated to effectively increase GLUT4 expression 

in skeletal muscle, even in diabetic animals [148]. This effect is achieved through the 

indirect activation of AMPK, a key protein in glycolytic metabolism [150], which 

enhances insulin-independent glucose uptake [149]. MTX pharmacologically also targets 

ATIC, facilitating the conversion of ZMP (5-aminoimidazole-4-carboxamide-1-β-D-

ribofuranosyl-5'-monophosphate) to inosine monophosphate via the purine synthesis 

pathway [149,151]. As a result, ZMP acts as an AMP analog, activating AMPK by 

binding to the AMPK-γ3 subunit [152,153], the same subunit that is phosphorylated 

during physical exercise [154].  

This study aims to investigate the effects of a moderate exercise protocol in 

animals with cancer cachexia treated with LDE carrying MTX on skeletal muscle 

transcriptome and morphological parameters. 

 

METHODS 

Animals and tissues 

We utilized 29 Sprague-Dawley rats, 4 weeks old and with an average weight of 

130 grams, acquired from the Biotherism Center at the State University of Campinas 

(CEMIB/UNICAMP). The animals had unrestricted access to water and a solid diet 

(Nuvilab, Colombo, Paraná, Brazil). They were housed in polypropylene cages with solid 

bottoms lined with shavings, with 3 to 4 rats per cage. The environment was maintained 

with a 12-hour light/dark cycle and a controlled temperature ranging from 20 to 25ºC. At 

50 days of age (week 0), the rats received a dose of 65 mg/kg of 7,12-

dimethylbenz[a]anthracene (DMBA) intraperitoneally. After 91 days of tumor induction 

(week 13), the animals were divided into four groups, being CA (Cancer induced by 
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DMBA, n=7), CA+Ex (Cancer induced by DMBA and treated with 8 weeks of aerobic 

physical exercise, n=6), CA+LDE-MTX (Cancer induced by DMBA and treated with 6 

doses of 1mg/kg of methotrexate conjugated to LDE, n=10), and CA+LDE-MTX+Ex 

(Cancer induced by DMBA and treated with 6 doses of 1mg/kg of methotrexate 

conjugated to LDE and 8 weeks of aerobic physical exercise, n=6). At the end of the 

protocol (week 21), the animals were euthanized, and the tissues were collected for 

morphometric analysis and RNA sequencing. The study protocol was approved by the 

Ethics Committee on Animal Use (CEUA) of the School of Technology and Sciences 

(FCT/UNESP), under protocol number 02/2020. 

 

Aerobic exercise protocol  

The animals underwent an incremental load test to determine their maximum 

power output. The test started at a speed of 6 m/min with a 0% incline, increasing by 3 

m/min every 3 minutes until the rats reached voluntary exhaustion, defined as touching 

the end of the treadmill five times within one minute. The maximum power (Pmax), 

which is the speed at exhaustion (m/min), was used to set the training intensities. The 

animals were tested three times during the protocol period to adjust for overload. Each 

experimental week consisted of 5 consecutive days of training and 2 days of rest on a 

treadmill without inclination at an intensity of 60% of the maximum capacity achieved in 

the maximum capacity test performed in week 13. The sessions of the first week lasted 

15 minutes, and the remaining weeks consisted of daily sessions of 20 minutes. 

 

LDE formulation 

The LDE lipid nanoemulsion was prepared according to the method described by 

Maranhão et al, 1993 [285], and a lipid mixture composed of 135mg of cholesterol oleate 

(Alfa Aesar, Harverhill, USA), 333mg of egg phosphatidylcholine, 6mg of free 

cholesterol, 132mg of migliol (degree of purity≥99%), 60mg was used of docetaxel 

(Shanghai Pharmaceuticals, China). MTX was prepared with a lipid mixture composed 

of 100 mg of cholesterol oleate, 200 mg of egg phosphatidylcholine (Lipoid GMBH, 

Ludwigshafen, Germany), 10 mg of triglycerides, 12 mg of cholesterol, and 60 mg of 

MTX. Then, the lipid mixture was dried under nitrogen flow and kept in a vacuum 

desiccator for 12 hours at 4 ºC. After the addition of 100 mg of polysorbate 80 (Tween 

80) and 10 mL of Tris buffer solution 0.01 mol/L, pH 8.05, the lipid mixture was pre-

emulsified by ultrasonic irradiation and emulsified in a high-pressure homogenizer 
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EmulsiflexC5. At the end of the homogenization cycles, the emulsion formed was 

centrifuged at 3700 rpm for 20 minutes and sterilized by filtration on a Millipore 

membrane (0.22 μm porosity) in laminar flow, analyzed and stored in sterile flasks at 4ºC.  

 

RNA-Sequencing and Differently expressed genes (DEGs) 

RNA was isolated using ~50 mg of frozen tibialis anterior muscle and tumor tissue 

via the RNeasy Mini Kit (Qiagen). We isolated RNA from four animals per group and 

sent it to generation sequencing and library preparation in Massively Parallel Sequencing 

Shared Resource at Oregon Health & Science University (OHSU) using the Illumina 

NovaSeq6000. Approximately 30-50 million reads per library was generated. A Phred 

quality score (Q score) will be used to measure sequencing quality. The sequence reads 

are mapped to the UCSC Rattus norvegicus (rn7) reference genome using STAR (Spliced 

Transcripts Alignment to a Reference). Differential gene expression analysis will be 

determined using DESeq2. The Principal Component Analysis (PCA) for all expressed 

genes was built using R (www.r-project.org), and RStudio 

(www.posit.co/download/rstudio/desktop/)). We used the filter FC>2 and p-value<0,05 

to identify the DEGs. All enrichment analysis was performed using the EnrichR tool 

[305–307], according to the GO_Biological_Process_2023 library, and plotted the graph 

using GraphPad Prism v10. The Venn diagram was made using the web tool jvenn [321]. 

 

Statistics analysis 

The relative tumor weight was calculated using the tumor weight divided by the 

FBW. The relative tibialis weight was calculated using the tibialis anterior weight divided 

by the final tumor-free body weight (FBW). The results were expressed as mean ± mean 

standard deviation (DPM). To compare the means of the groups, we used the statistical 

treatment of One-Way ANOVA, followed by Tukey's post-test. The p-value adopted was 

p<0.05 or p = 5% of significance. 

 

RESULTS 

The initial weight (week 13) of the animals did not show any difference between 

the groups (Table 3). The final tumor-free body weight (FBW) of the CA+Ex group was 

lower when compared to the CA group (p-value=0.0054, Table 3). The FBW of the 

CA+LDE-MTX+Ex group was lower when compared to the CA group (p-value=0.0179, 

Table 3). The relative weight of the tibial muscle of the CA group was higher when 

http://www.posit.co/download/rstudio/desktop/)
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compared to the CA+Ex (p-value=0.0002, Table 3), CA+LDE-MTX (p-value=0.0008, 

Table 3), and CA+LDE-MTX+Ex (p-value=0.0084, Table 3) groups. The relative tumor 

weight was higher in the CA+Ex group compared to the CA group (p-value=0.0246, 

Table 3) and the CA+LDE-MTX group (p-value=0.0417, Table 3). 

 

Table 3. Morphometric data 
 

CA CA+Ex CA+LDE-MTX CA+LDE-MTX+Ex 

Initial weight (g) 456.4±32.63 451.3±31.78 466.1±48.88 438.3±19.07 
Final Body weight (FBW) 463.5±34.28 375.6±27.05 a 436.1±50.64 387.4±48.25 a 

Tibialis anterior (/FBW) 0.1100±0.01291 0.07167±0.01169 a 0.08000±0.01333 a 0.08333±0.01633 a 

Tumor (%) 5.500±4.486 15.82±8.558 a 6.979±5.409 b 10.34±5.679 
Table 1: CA (DMBA-induced cancer, n=7), CA+Ex (DMBA-induced cancer treated with 8 weeks of aerobic exercise, n=6), CA+LDE-MTX (DMBA-

induced cancer treated with 6 doses of 1mg/kg of methotrexate conjugated to LDE, n=10), and CA+LDE-MTX+Ex (DMBA-induced cancer treated with 

6 doses of 1mg/kg of methotrexate conjugated to LDE and 8 weeks of aerobic exercise, n=6). Analyses were performed using One-Way ANOVA 

statistical treatment. Values are presented as mean±SD. Values accompanied by superscript letters indicate a significant difference (p<0,05). a p<0,05 vs 

CA; b p<0,05 vs CA+Ex. 

 

The PCA plot shows that the groups that received some types of treatment were 

similar, and the CA group was the most distinct among them at the transcriptome level 

(Figure 25 a), corroborating what was found with the anthropometric data. No genes were 

shared between all comparisons (Figure 25 b). Table 4 provides a complete list of the 

Venn diagram. Using the Fold Change >2 criterion and p-value <0.05, the CA+LDE-

MTX group vs CA group comparison showed 94 upregulated genes and 145 

downregulated genes (Figure 25 c). The CA+LDE-MTX+Ex group vs CA+LDE-MTX 

group comparison showed 24 upregulated genes and 70 downregulated genes (Figure 25 

c). The CA+LDE-MTX+Ex group vs CA+Ex group comparison showed 43 upregulated 

genes and 607 downregulated genes (Figure 25 c). The CA+LDE-MTX+Ex group vs CA 

group comparison showed 78 upregulated genes and 247 downregulated genes (Figure 

25 c). The complete DEG list is provided in Table 5. After analyzing the differentially 

expressed genes, we were able to identify that in the comparisons of interest such as 

CA+LDE-MTX+Ex group vs CA group and CA+LDE-MTX+Ex group vs CA+Ex group, 

genes were predominantly downregulated. Therefore, using only the downregulated 

genes, we performed a functional enrichment of these genes to obtain the 7 biological 

processes most involved in this downregulation of genes (Figure 25 d, e). Compared to 

the CA group, the CA+LDE-MTX+Ex group downregulated mainly the Positive 

Regulation of Fatty Acid Oxidation and Response to Fatty Acid Oxidation pathways 

(Figure 25 d). Furthermore, compared to the CA+Ex group, the CA+LDE-MTX+Ex 

group downregulated the Regulation of Attachment Of Spindle Microtubule To 

Kinetochores and Kinetochore Organization pathways (Figure 25 e). Finally, we plotted 

a heatmap with all differentially expressed genes and selected the 10 genes with the 
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highest upregulation and the 10 genes with the highest downregulation under the 

influence of aerobic physical exercise (Figure 25 f). That is, we plotted the CA and 

CA+LDE-MTX groups compared with the CA+Ex and CA+LDE-MTX+Ex groups 

(Figure 25 f). Aerobic physical exercise downregulated the genes Pcdhb2, Sox9, 

LOC681177, Cspg5, Actg1, LOC120096929, Dio3, Edar, Alas1, and LOC103691977 

(Figure 25 f). Aerobic physical exercise upregulated the genes Cntd1, LOC103693717, 

LOC120103620, LOC120095090, LOC108352541, LOC102552590, St8sia1, 

RGD1560775, LOC120098896, and Tspan17 (Figure 25 f). 

 

Table 4. Exclusively expressed genes among the comparisons 

https://tinyurl.com/jVenn-Tibialis-Genes-MTX 

 

Table 5. Complete list of DEGs 

https://tinyurl.com/DEGsMTX 
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Figure 25. Effects of MTX on the transcriptome of the Tibialis Anterior muscle. a) Unsupervised PCA 

of a total of 19,134 transcripts. b) Venn diagram of DEGs. c) A total number of DEGs in each comparison. 

d) functional enrichment analysis of downregulated genes in CA+LDE-MTX+Ex vs CA according to the 

GO_Biological_Process_2023 library. e) functional enrichment analysis of downregulated genes in 

CA+LDE-MTX+Ex vs CA+Ex according to the GO_Biological_Process_2023 library. f) heatmap of 20 

gene markers using a comparison to check the effect of aerobic exercise (CA+Ex and CA+LDE-MTX+Ex) 

vs the groups without exercise (CA and CA+LDE-MTX). 

 

DISCUSSION 

The morphometric results suggest that aerobic exercise in animals with DMBA-

induced cancer caused significant weight loss (CA+Ex and CA+LDE-MTX+Ex groups), 
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except in the CA+LDE-MTX group. Furthermore, compared to the CA group, all 

treatment groups showed atrophy of the tibialis anterior muscle. Interestingly, the CA+Ex 

group showed greater tumor weight. Together, these results suggest a state of cancer 

cachexia. LDE-MTX treatment was efficient in maintaining total body weight, but there 

was muscle atrophy, as in both treatment groups. However, physical exercise alone 

without association with MTX (CA+Ex group), in addition to presenting body weight 

loss and muscle atrophy, also had a significant increase in tumor weight. Together, these 

results suggest that all treatment groups increased the severity of cachexia, but only the 

CA+Ex group also presented tumor growth, which did not occur in the CA+LDE-

MTX+Ex group, suggesting that the presence of LDE associated with the chemotherapy 

MTX was efficient in containing the loss of body mass (CA+LDE-MTX group) without 

increasing tumor weight (CA+LDE-MTX group and CA+LDE-MTX+Ex group). 

This is the first study to present the muscle transcriptome under the influence of 

cancer, LDE-MTX, and physical exercise. Together, our results suggest that the CA+Ex 

and CA+LDE-MTX+Ex groups had lower FBW and higher tumor weight compared to 

their respective sedentary groups (CA and CA+LDE-MTX), but only the CA+Ex group 

showed a reduction in the weight of the tibialis anterior, which suggests that MTX was 

able to attenuate the weight loss induced by cancer cachexia. At the transcriptome level, 

the greatest effect on DEG was caused by the downregulation of genes. The enrichment 

of downregulated genes showed that the CA+LDE-MTX+Ex group differentiated from 

the CA and CA+Ex groups through the downregulation of genes involved in the Positive 

Regulation of Fatty Acid Oxidation, and Regulation of Attachment Of Spindle 

Microtubules To Kinetochore, respectively. Interestingly, a previous study reports an 

improvement of lipid oxidation in skeletal muscle cells by MTX administration [149]. 

Our results presented the opposite, showing that under cachexia, MTX plus aerobic 

exercise downregulated genes involved in the Positive Regulation of Fatty Acid 

Oxidation. It suggests that the normal skeletal muscle response to the same drug can be 

affected in cancer compared to healthy conditions. More studies are necessary to further 

comprehend the effect of LDE-MTX on the skeletal muscle. 

In conclusion, aerobic exercise causes body weight loss, while tibialis anterior loss 

was caused by all other treatments compared to the CA group. The CA+LDE-MTX+Ex 

group vs CA+Ex group comparison presented the most dysregulated genes, with 607 

downregulated genes, which were mostly involved in the Regulation of Attachment Of 

Spindle Microtubules To Kinetochore. However, the downregulation of another 
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biological process, such as Microtubule Cytoskeleton Organization Involved in Mitosis 

can indicate a disruption of the capacity of satellite cells to restore the muscle structure 

after injury, causing muscle wasting. 
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This thesis investigated the complex interactions between cancer cachexia, 

aerobic exercise, and chemotherapy drugs (docetaxel and methotrexate) emulsified in 

lipid-based nanoparticles (LDE) on skeletal muscle health in a rat model of cancer. The 

findings across the three chapters provide valuable insights into how these factors 

interplay at the molecular, transcriptomic, and morphological levels. 

In Chapter 1, we demonstrated that while moderate aerobic exercise is often 

considered beneficial for skeletal muscle adaptations, in the context of cancer cachexia, 

it can have detrimental effects. The exercise protocol implemented in this study resulted 

in overtraining, evidenced by reduced exercise tolerance and exacerbated cachexia, as 

seen by decreased tibialis anterior muscle weight and increased tumor weight. 

Additionally, there was notable chemokine-mediated crosstalk between the tumor and 

muscle, particularly involving Cxcl6/Cxcr2 genes, which suggests that exercise under 

these conditions can potentially worsen outcomes by promoting a cachexia-like 

transcriptome and disrupting muscle energy metabolism. 

Chapter 2 expanded on this by investigating the effects of docetaxel (DTX) 

delivered via LDE nanoparticles in combination with exercise. The results showed that 

the LDE-DTX combination was not sufficient to prevent muscle wasting. This was 

accompanied by downregulation of genes critical for muscle regeneration, such as Cdk2, 

Nr4a1, and Atf3, further highlighting compromised muscle recovery. The use of electrical 

bioimpedance as a non-invasive monitoring tool showed promise in tracking the 

progression of cachexia and muscle loss over time, offering a potential clinical application 

for managing cachexia in cancer patients. 

Chapter 3 focused on the effects of methotrexate (MTX) carried by LDE 

nanoparticles in conjunction with exercise. The findings indicated that aerobic exercise 

exacerbated body weight loss, while all treatment groups involving LDE-MTX 

experienced muscle wasting compared to controls. The downregulation of key pathways 

involved in spindle microtubule attachment and organization in the CA+LDE-MTX+Ex 

group further suggests a mechanistic basis for the observed muscle atrophy. These results 

point to the complex and often counterintuitive effects of combining chemotherapy and 

exercise, particularly in the presence of cachexia. 

Overall Conclusion: Collectively, these findings underscore the complexity of 

managing cancer cachexia, particularly about physical exercise and chemotherapeutic 

interventions. Both docetaxel and methotrexate, when delivered via LDE nanoparticles, 

and their combination with moderate exercise appears to compromise muscle health, 
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especially in the context of advanced cachexia. This thesis provides critical insights into 

the biological processes affected by these interventions, revealing potential biomarkers 

and therapeutic targets for better managing cachexia in cancer patients. Future research 

should focus on optimizing exercise protocols and exploring adjunctive treatments that 

can mitigate muscle loss while enhancing chemotherapy efficacy. 
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