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Résumé (French abstract) 

L’obesité est un problème de santé en soi et c’est aussi un facteur de risque pour de 

nombreux autres problèmes de santé. Outre le contrôle de l’alimentation et l’activité 

physique, les options pharmacologiques contre l’obésité restent limitées et de nouvelles 

options thérapeutiques sont nécessaires. Dans ce contexte, la génomique fonctionnelle peut 

identifier de nouvelles options pour gérer et étudier l’obésité. Notre groupe de recherche a 

identifié deux gènes liés aux deux principaux facteurs ayant un impact sur le 

développement de l’obésité : La diète, principalement riche en gras (HFD) et l’exercice. 

Ces deux gènes clés sont le trefoil factor family member 2 (Tff2) et la secreted protein 

acidic and rich in cysteine (SPARC). Alors que Tff2 a été identifié comme un gène induit 

par la HFD, SPARC a été caractérisé comme un gène induit par l’exercice. Notre groupe de 

recherche a également constaté que les souris Tff2 knock-out (KO) sont protégées contre 

l’obésité induite par la HFD. Par conséquent, ma thèse explore Tff2 et Sparc dans le 

contexte de l’obésité et le métabolisme énergétique. Tff2 est principalement exprimé dans le 

système digestif où elle a une propriété de protection des muqueuses, tandis que Sparc est 

plus largement distribué et s’exprime principalement lors de remodelage tissulaire dans des 

situations telles que les blessures et la croissance. Les parties théoriques de cette thèse 

décrivent diverses propriétés de Tff2 et Sparc décrites dans la littérature telles que le 

métabolisme et les rôles cellulaires ainsi que les implications et les applications potentielles 

des données que j’ai générées. Pour mes données de recherche rapportées dans cette thèse, 

elles sont divisées en trois publications.   

La première, explore des souris Tff2 KO pour expliquer leur protection contre 

l’obésité induite par la HFD.  Les souris Tff2 KO avaient des taux plus faibles de glucose, 

de triglycérides et de glycérol. Leurs niveaux d’expression génique et protéique indiquent 

moins de stockage de graisse et une dépense énergétique accrue en améliorant l’utilisation 

des lipides et du glucose via la phosphorylation oxydative. Nos données mettent en 

évidence les voies liées à Tff2 comme potentielles cibles pour les thérapies contre l’obésité. 

Via une expérimentation animale, la deuxième étude vise à identifier des 

implications de SPARC principalement dans le muscle dans les contextes de l’exercice. Les 

souris ont été divisées en huit groupes en fonction de trois variables (âge, génotype et 

exercice). Les effets du Sparc KO sur la composition corporelle, l’adiposité et le 

métabolisme sont vers une réduction du tissu adipeux blanc et du poids corporel, mais avec 

un phénotype métabolique et fonctionnel musculaire négatif. Alors que ces effets négatifs 

s’aggravent avec le vieillissement, ils sont relativement améliorés par l’exercice. Nos 

données suggèrent aussi que les changements induits par l’exercice dans le phénotype du 

muscle squelettique (métabolisme, force et développement), y compris les changements 

induits par le lactate, dépendent de SPARC. 
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Le troisième article à deux parties. Tout d’abord, j’explore les conséquences du 

Sparc KO et les compare aux effets du vieillissement. J’observe également les effets de 

l’exercice. Dans la deuxième partie, j’étudie les effets de la surexpression de Sparc et les 

compare aux avantages de l’exercice. Les mesures étaient principalement liées au poids des 

tissus, à l’adiposité, au métabolisme et à la force musculaire. Collectivement, ces résultats, 

et les données de la deuxième étude, montrent que les souris Sparc KO développe un 

phénotype semblable au vieillissement, tandis que la surexpression de SPARC et l’exercice 

génèrent des avantages similaires. Ces avantages visent à contrer à la fois le phénotype du 

vieillissement induit par le déficit en SPARC et à améliorer les changements liés à l’âge. 

Les applications potentielles de ces résultats sont de construire/optimiser des modèles 

d’animaux basés sur Sparc KO et, d’autre part, de développer des thérapies contre l’obésité, 

les troubles métaboliques ou liés à l’âge basées sur l’introduction de SPARC ou le ciblage 

des voies liées à SPARC pour imiter l’exercice. 

 L’exploration de telles voies moléculaires permettrait à la fois d’élucider certains 

mécanismes et de développer une nouvelle génération d’options thérapeutiques pour 

l’obésité et les troubles métaboliques, y compris les troubles liés à l’âge. De telles 

approches seraient basées sur le ciblage de TFF2, SPARC ou de leurs voies connexes. 
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Abstract 

 Obesity represents a challenge for health professionals. It is a health problem itself 

and it is also a risk factor for numerous health problems. Beside diet control and physical 

activity, the pharmacological options against obesity remain limited and novel therapeutic 

options are required. Within this context, functional genomics represents an emerging 

approach to identify novel options to manage and study obesity. Our research group has 

previously conducted functional genomics explorations to identify genes related to the two 

main factors impacting obesity development: Diet (mainly high fat) and exercise. Indeed, 

both diet, especially high-fat diet (HFD), and exercise are at the center of obesity 

management. Those functional genomics studies identified two key genes: Trefoil factor 

family member 2 (Tff2) and secreted protein acidic and rich in cysteine (SPARC). Whereas 

Tff2 was identified as a HFD-induced gene, SPARC was characterized as an exercise-

induced gene. Following that, our research group has also found that Tff2 knock-out (KO) 

in mice protects them from the HFD-induced obesity. Therefore, my thesis explores Tff2 

and Sparc within the context of obesity and energy metabolism. Tff2 is mainly expressed in 

the digestive system where it has mucus protection property, whereas Sparc is more widely 

distributed and is expressed mainly during tissues remodeling in situations such as injuries 

and growth. The theoretical parts of this thesis describe various properties of both Tff2 and 

Sparc reported in the literatures such as metabolism and cellular roles as well as 

implications and potential applications of the data I generated. For the research parts 

reported in this thesis, they are divided into three publications.   

The first one, explores Tff2 KO-related pathways of mice at the genomic, proteinic 

and biochemical levels to elucidate the processes behind their protection from the HFD-

induced obesity. Tff2 KO mice had lower levels of serum glucose, triglycerides and 

glycerol. Western blotting and Q_RT-PCR revealed that the expression levels of selected 

genes and proteins are toward less fat storage and increased energy expenditure by 

enhancing lipid and glucose utilization via oxidative phosphorylation. The data highlight 

Tff2-related pathways as potential targets for obesity therapies. 

Via an animal experiment, the second study aims to identify selected implications of 

SPARC mainly within the muscle in the contexts of exercise. Mice were divided into eight 
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groups based on three variables (age, genotype and exercise): Old or young × Sparc KO or 

wild type × sedentary or exercise. The exercised groups were trained before all mice were 

sacrificed. Sparc KO effects on body composition, adiposity and metabolic patterns are 

toward a reduced white adipose tissue and body weight, but with a negative metabolic and 

functional phenotype of the skeletal muscle. Whereas such negative effects on skeletal 

muscle are worsened with ageing, they are relatively improved by exercise. Importantly, 

our data suggest that the exercise-induced changes in the skeletal muscle phenotype, in 

terms of increased performance (metabolic, strength and development) including lactate-

induced changes, are SPARC-dependent. 

The third paper studies and compares both Sparc KO and Sparc overexpression in 

male and female mice. First, I explore the consequences of Sparc KO and compare them to 

the ageing phenotype. I also observe the effects of exercise. In the second part, I study the 

consequences of SPARC overexpression and compare them to the exercise benefits. The 

measurements were mainly related to tissue weights, adiposity, metabolism, and muscle 

strength. Collectively, these findings and data show that Sparc KO mice manifest an 

ageing-like phenotype, whereas SPARC overexpression and exercise generate similar 

benefits. These benefits are towards counteracting both SPARC deficiency-induced ageing-

like phenotype as well as reversing the age-related changes. The potential applications of 

these findings are to build/optimize Sparc KO-based animal models of various health 

conditions and, on the other hand, to develop therapies based on introducing SPARC or 

targeting SPARC-related pathways to mimic exercise against obesity, age-related and 

metabolic disorders. 

 Exploring such molecular patterns would allow both mapping some underlying 

mechanisms and developing a new generation of therapeutic options for obesity and 

metabolic disorders, including age-related disorders. Such approaches would be based on 

targeting TFF2, SPARC or their related pathways.   
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Introduction 

 Imbalances in energy homeostasis and metabolic biofunctions represent the origins 

of diverse health problems and diseases including obesity. Obesity can result from the 

accumulated effects of minor imbalances between energy intake and expenditure [1]. World 

Health Organization defines overweight and obesity as abnormal or excessive fat 

accumulation that presents a risk factor for diabetes, cardiovascular disease, cancer and 

other chronic diseases [2]. The prevalence of this public health burden increased in the last 

years in Canada [3, 4] which made its prevention and management strategies a public 

health concern [5, 6]. The fat accumulation is the consequence of energy imbalances related 

to complex factors such as food intake, genetics, and environment, resulting is an energy 

intake higher than energy expenditure. The modern lifestyle, characterized by both limited 

physical activity and increased caloric intake (due to both the quantity as well as the quality 

of diet), made obesity a health problem with an epidemic proportion [7] requiring 

developing new therapeutic approaches with improved efficacy. 

 As obesity management mainly focuses on diet and exercise, my thesis explores two 

key genes related to these two important factors. The two genes have been identified via 

functional genomics methods as related to both diet (high fat) and exercise. For the diet, I 

have focused on high-fat (HF) diet since HF food promotes weight gain through the high 

caloric density, low satiety effect and high palatability of HF nutrients, as well as the weak 

potency for fat oxidation and energy expenditure that are associated to fat ingestion [8-10]. 

Indeed, both limiting caloric intake and exercise are at the center of the approaches to 

manage obesity. Therefore, finding genes related to both diet, mainly HF diet, and exercise 

and exploring their metabolic and energy homeostasis implications would represent a 

starting point to identify novel molecular therapeutic targets for obesity in addition to 

deepen our knowledge about obesity-related underlying mechanisms. Functional genomics 

represents one of the strong tools for such genes characterization via exploring genes-

related energy metabolism variations. 

 Functional genomics allows the study of gene expression under the influence of 

dynamic conditions such as HF diet and exercise. Our research team has already identified 

two genes specifically expressed after HF diet and exercise respectively. Trefoil factor 
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family member 2 (Tff2) has been identified as a newly found HF-specific gene [11, 12] for 

which its deficiency in mice leads to a protection from HF diet-induced obesity [13]. 

Secreted protein acidic and rich in cysteine (SPARC/Sparc) was characterized as an 

exercise-induced gene, both in vivo [14] and in vitro (electrical pulse stimulation; 

considered as the in vitro form of exercise) [15]. These represent key steps toward 

understanding the underlying mechanisms of obesity and identifying potential therapeutic 

targets. As HF diet and exercise are two key pillars of energy homeostasis and obesity 

research, the laboratory work of my PhD studies explored the roles of the HF diet-induced 

gene Tff2 and the exercise induced gene Sparc in the contexts of energy balance and 

metabolism. For the Tff2, I explored changes in Tff2 knock out (KO) mice challenged with 

either HF or low-fat diets with fasted mice as the control group (which is novel). The 

research focused on explaining how Tff2 KO mice were protected from HF diet-induced 

obesity. For the Sparc exploration, it had two parts. One explored Sparc KO effects with 

exercise (Vs sedentary mice) and age (old Vs young mice) as variables. The second part 

explored the Sparc overexpression impacts on the metabolism of both male and female 

mice. An analytic interpretation that combines Sparc KO and Sparc overexpression as 

compared to ageing and exercise is also presented. Changes in Tff2 KO, Sparc KO and 

Sparc-overexpressing mice, were mainly evaluated by mapping the metabolic profiles and 

the related phenotypes via selected parameters related to adiposity, metabolism and energy 

homeostasis in selected tissues mainly related to energy expanditure. 

The thesis starts with an overview and generalities about obesity (chapters 1 to 5). 

After that I present a review (chapter 6) that highlights the importance of functional 

genomics in identifying diet-related and exercise-related genes, such as our two genes of 

interest, in obesity research before I move to the chapters related to both Tff2 and Sparc 

respectively. Chapters 7 to 9 introduce animal models of obesity and TFF2. Chapter 10 is 

my research exploring energy and metabolic pathways in Tff2 KO mice beyond the 

protection from HF diet-induced obesity. This is followed by chapters 11 to 13 that provide 

outcomes and potential applications of those Tff2-realted findings.  

The remaining chapters are related to Sparc parts of my thesis. I start by introducing 

diverse aspects of SPARC (chapters 14 to 19) before presenting my research paper showing 
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that exercise training of Sparc KO mice suggests that exercise-induced muscle phenotype 

changes are SPARC-dependent (chapter 20). Then, I introduce relevant information about 

exercise and ageing (chapters 21 to 23) before presenting the second research paper about 

Sparc in which I show that Sparc KO leads to an accelerated ageing phenotype which is 

improved by exercise whereas SPARC overexpression mimics exercise effects in mice 

(chapter 24). I finally present perspective in terms of how to apply SPARC-related 

properties in biomedical research and therapeutics (chapters 25 to 27).  

The key objectives and hypotheses of the research articles (chapters 10, 20 and 24) 

cover various aspects. For chapter 10 (Tff2 part), since Tff2 KO mice are protected from HF 

diet-induced obesity although they have an increased food intake, this chapter aims to 

answer the question of how Tff2 KO mice are protected from HF diet-induced obesity. The 

hypothesis is that Tff2 KO mice have increased energy expenditure and metabolic activity. 

In addition, Tff2 KO mice would also have increased uptake of biochemical fuels (glucose, 

free fatty acids, triglyceride and glycerol) by the key metabolic tissues such as adipose 

tissue, skeletal muscle and liver. For chapters 20 and 24 (Sparc parts), since SPARC is 

overexpressed with exercise and declines with ageing, we aim to investigate SPARC 

implications (including metabolic implications) and mechanisms within the contexts of 

both exercise and ageing. The first hypothesis is that SPARC is required for exercise 

benefits which would mean that whereas Sparc KO would limit exercise benefits, SPARC 

overexpression would generate an exercise-like phenotype. The second hypothesis is that 

SPARC decline is involved in ageing process which would mean that whereas Sparc KO 

would speed up ageing, SPARC overexpression would counteract ageing.  

The final goal of my research work is to both contribute to the elucidation of 

obesity-related pathways and mechanisms as well as to identify potential therapeutic 

targets. These targets would represent starting points towards a new generation of 

molecular approaches in obesity-related pharmacology. Such therapeutic advances would 

also be of benefits in other related diseases and health problems such as ageing, sarcopenia, 

diabetes and metabolic disorders. The results related to both Tff2 and Sparc highlight the 

importance of functional genomics as a molecular tool to identify genes of interest in 

obesity and its related diseases.   
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1.1 Résumé (French abstract) 

L’obésité représente une accumulation anormale de graisse résultant de déséquilibres 

énergétiques. Définir et classer l’obésité est le premier défi pour comprendre ce problème 

de santé multifactoriel. Dans cette revue, nous rapportons des exemples illustratifs 

sélectionnés de mécanismes liés à l’obésité. Nous discutons également de l’axe intestin-

cerveau et des hormones en tant que contrôleurs de l’homéostasie énergétique et les 

impacts de l’obésité sur des tissus métaboliques clés. Le concept de « équilibre énergétique 

brisé » est détaillé comme une étape clé dans l’obésité. Le manque de sommeil et les 

facteurs psychologiques ont également un impact sur le développement de l’obésité. La 

description de telles voies mécanistiques permettrait aux cliniciens, aux biologistes et aux 

chercheurs de développer et d’optimiser des approches et des méthodes pour le diagnostic, 

la classification, l’évaluation clinique, le traitement et le pronostic de l’obésité. 

1.2 Abstract 

Obesity represents an abnormal fat accumulation resulting from energy imbalances. 

It represents a disease with heavy consequences on population health and society economy 

due to its related morbidities and epidemic proportion. Defining and classifying obesity and 

its related parameters of evaluation is the first challenge toward understanding this 

multifactorial health problem. Therefore, within this review we report selected illustrative 

examples of the underlying mechanisms beyond the obesity pathogenesis which is systemic 

rather than limited to fat accumulation. We also discuss the gut-brain axis and hormones as 

the controllers of energy homeostasis and report selected impacts of obesity on the key 

metabolic tissues. The concepts of “broken energy balance” is detailed as the obesity 
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starting key step. Sleep shortage and psychological factors are also reported with influences 

on obesity development. Importantly, describing such mechanistic pathways would allow 

clinicians, biologists and researchers to develop and optimize approaches and methods in 

terms of diagnosis, classification, clinical evaluation, treatment and prognosis of obesity. 

Keywords: obesity; pathogenesis; homeostatic mechanisms; energy misbalance; “broken 

energy balance”; therapy 

1.3 Defining and Classifying Obesity: Fat Distribution Rather Than Fat 

Accumulation 

The World Health Organization defines overweight and obesity as abnormal or 

excessive fat accumulation that presents a risk factor for diabetes, cardiovascular disease, 

cancer and other chronic diseases [1]. The fat accumulation towards adipogenesis and 

adipocytes expansion is the consequence of energy imbalances related to complex factors 

(genetics, environment, etc.) and results from an energy intake higher than energy 

expenditure. The modern obesogenic environment, characterized mainly by limited 

physical activity and increased caloric intake, due to both the quantity (theoretically 

limitless availability) and the quality (high-fat and high-sugar) of diet, has significantly 

contributed to making obesity a health problem of epidemic proportions [2] worldwide. 

Therefore, there is a need to better understand, define and classify obesity according to 

updated parameters (biological, physiological, etc.). Body mass index (BMI) is used to 

evaluate the obesity status at a population level [1]. Although BMI is not accurate to 

characterize obesity at the individual level nor a body fat measure, it is still used in the 

daily clinical practice due to the fact that it is simple to measure and with almost no cost. 

However, the clinical and biological information about the patient profile that BMI 

provides remain limited.  

Therefore, additional parameters have been suggested to classify obesity and, more 

importantly, to evaluate the associated risks depending on factors beyond simple 

anthropometric measures. Indeed, taking into consideration more parameters, such as the 

hypertriglyceridemic-waist phenotype [3], waist-hip ratio (WHR) and waist circumference 

(WC) [4,5], has allowed a certain categorization of obese patients. However, the limits of 

such parameters have been shown through the history of obesity classification [6], which 

has encouraged researchers to continuously develop more optimized classification systems 

with measures that would reflect the impact that obesity has on both individual and 

population health. Indeed, the addition of measures, such as lipidic blood profile and fat 

distribution, allowed a more optimized characterization of obese patients. The first step 

toward establishing an accurate obesity classification system is a precise understanding of 

the molecular mechanisms behind its development. This requires looking at obesity as 

complex metabolic misbalances in key cell types including adipocytes, hepatocytes and 
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myocytes with different etiologies (genetics, biological stress, unhealthy diet, etc.), leading 

to a variety of clinical outcomes (diabetes, hypertension, atherosclerosis, metabolic 

syndrome, insulin resistance, etc.) [7,8], rather than a simple fat accumulation that develops 

once adiposity increases beyond a “normal” level of development (Figure 1.1). Moreover, 

obesity-related metabolic patterns are not specific nor limited to some organs or 

tissues but rather impact all the biological systems such as endocrine functions as well as 

physiological homeostasis which makes obesity management treatment more challenging. 

 

 
Figure 1.1. Different fat distribution patterns with diverse outcomes. 

 

 Indeed, obesity represents a systemic molecular and cellular homeostatic 

dysfunction. For instance, diverse illustrative examples of molecular-level impacts of 

obesity could be given and correlated with clinical features of obesity. Indeed, insulin 

resistance observed in obese patients is associated with lipid levels [9] and the palmitate 

lipotoxicity link with selective insulin resistance in hepatocytes put a spotlight on the lipid 

effects [10]. In addition, phenomena such as atherosclerosis are related to high-fat diet and 

levels of blood lipids [11,12]. On the other hand, reducing weight, which is mainly the loss 

of adiposity, leads to significant improvement in different health indicators especially 

cardiovascular risk factors [13,14]. Moreover, exercise and healthy diet even without 

weight loss still improve the cardiometabolic profile of obese individuals [15], suggesting 

that reducing lipid mass percentage (increasing muscle mass percentage in the case of 

exercise intervention) rather than the whole body weight is behind these observed 

beneficial effects. Therefore, the amelioration in the risk factors profile would be attributed 

to changes in WHR and WC, which are also two parameters that reflect both cardio-

metabolic risk and fat distribution [4,5]. Thus, WHR and WC represent good parameters to 

optimize obesity definition, classification and the evaluation of the related risks. These 
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observations further suggest that the underlying causes of obesity-related health disorders 

are lipid accumulation and distribution, rather that body weight. This is important too, 

precisely because some individuals have the same BMI but different body fat mass and, 

especially, different forms of adiposity distributions [16], indicating the importance of fat 

distribution types (central, ectopic, subcutaneous, etc.) (Figure 1.1) in pathogenesis and 

clinical diversity [17]. 

 Understanding obesity through the underlying pathway changes will allow us to 

overcome the main challenge facing obesity studies, which includes explaining the 

etiologies and mechanisms of obesity linking molecular and cellular modifications to the 

clinical outcomes. Therefore, enabling a better understanding of this health problem is the 

first step toward developing efficient therapies for this medical challenge. 

1.4 Gut-Brain Axis and Energy Homeostasis Hormones: Is This Neuro-

Endocrine System Inefficient in Obesity? 

 Factors leading to or protecting from obesity, such as food intake, energy 

expenditure, lipids storage and glucose usage, are under the control of different neuro-

endocrine systems. The gut-brain axis and metabolic hormones represent the best 

illustrations. Gut-brain axis refers to the signals (including gastrointestinal hormones) 

exchanged between selected neuroanatomical structures and the digestive system to control 

those factors leading to or protecting from obesity [18]. Therefore, to fully map the 

pathways beyond the metabolic changes, we need a description of the central mechanisms 

controlling energy homeostasis via gastrointestinal hormones, such as ghrelin, glucagon 

like peptide 1, peptide YY 3–36, cholecystokinin and amylin, which have modified levels 

in obese patients compared to non-obese individuals [18]. These hormonal signals are 

messengers from the gastrointestinal tract, and provide the brain with a “report” about the 

ingested food so that the energy homeostasis centers can adjust signals toward balancing 

the energy metabolism (food intake and energy expenditure). However, these 

gastrointestinal hormones, in addition to insulin, are secreted mainly following the 

ingestion of carbohydrates, rather than lipids, showing that the brain may remain “blind” 

when lipids are ingested. This fact could be one of the significant causes of why lipids 

accumulate easily, since there might not be strong signals sent to the brain when lipid 

transit through the gastrointestinal system to limit the food intake. Moreover, dietary lipids, 

which are more available and more accessible than ever in the modern diet, have high 

caloric density and are associated with high palatability, but have a limited effect on satiety 

[19], which further contributes to increasing the energy intake toward developing obesity. 

 Importantly, further elucidation of the modifications at the gut-brain axis represents 

also a key concept to understanding obesity from a neuroendocrine perspective. The 

“deregulation” of the gut-brain axis might be the starting point for obesity pathogenesis, 

rather than an adaptive consequence. Indeed, once obesity is established, the mechanisms 

controlling energy balance that are governed by central neural networks (mainly with 
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receptors of gastrointestinal hormones), are blunted and are not able to protect from the 

diet-induced obesity [20,21], nor are they able to reverse it anymore (Figure 1.2). 

Following this, the brain sets a new increased body weight “reference” and biological 

regulation acts toward maintaining it. This makes losing weight, or maintaining body 

weight after weight loss, difficult [22] due to different mechanisms. These mechanisms 

include metabolic slowing [22] as an adaptation ability to compensate the decreased food 

energy intake and/or the increased energy expenditure, along with a modification in the 

reward system, creating an addiction-like situation via reward circuits involving diverse 

neurological structures including the brain areas of the melanocortin, opioid and 

endocannabinoid networks in addition to the dopamine mesolimbic system [23]. Therefore, 

clarifying changes seen among obese patients in these brain networks would allow us to 

identify the related central pathways and understand the physiopathology beyond this 

abnormal accumulation of stored energy. An accumulation that is caused by an inefficiency 

of the neuro-endocrine system supposed to control energy metabolism. 

 

 
Figure 1.2. Theory of obesity establishment despite the existence of mechanisms balancing the energy 

homeostasis. An unhealthy lifestyle (inactivity, unhealthy diet, sleep shortage and psychological disorders) 

puts pressure on the energy homeostasis balance and breaks it, which leads to obesity development. Once 

obesity established, the mechanisms of energy balance are blunted, and the brain sets an increased body 

weight as a new reference, which makes correcting obesity difficult (biological pathways resist weight loss). 

 

Following the same line of thought, elements in food such as glutamate and fatty 

acids stimulate signals leading to modifications in energy metabolism that are towards 

weight loss [18]. Therefore, we suggest that the biological perception (and therefore the 

response in terms of energy balance control) of such signals would be modified in obese 

subjects, and with limited signaling effects. In addition to the gut-brain axis, other 
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hormones influence the energy homeostasis. For instance, adipokines modulate various 

metabolic functions such as glucose and lipid metabolism, energy expenditure, insulin 

sensitivity and satiety [24], which makes adipokines among the key hormones in energy 

homeostasis. Leptin, probably the key hormone in obesity, is produced by adipose tissue 

[25] and controls both energy expenditure and food intake [26]. The production of this 

hormone correlates with the body fat mass which highlight it as modified in obesity and 

thus, worth exploring for a potential “molecular description” of obesity at the central level 

as well (central control, rather that direct peripheral metabolic effects). 

 Importantly, since a neuro-endocrine system that controls energy homeostasis 

exists, how can some individuals still develop obesity? This is probably explained by the 

limits of resistance of this system. Although this system tends to balance energy 

expenditure and intake, putting “biological pressure” on this system via an unhealthy 

lifestyle such as high-fat diet and inactivity will overcome the efficiency of this system and 

exceeds its regulatory ability. Once the energy homeostatic balance is “broken”, the neuro-

endocrine system will fail to establish energy balance due to the inefficiency of this system 

(Figure 1.2). Importantly, the role played by gut microbiota within the context of obesity 

and the gut-brain axis [27] makes it worth exploring, as well. However, at this stage, it 

seems essential to ask an important question: is this neuro-endocrine system equilibrium 

broken after obesity develops, or does obesity represent a consequence of the loss of the 

efficiency of this system? Answering this question would be a major step towards 

understanding obesity pathogenesis, and therefore, how it should be treated. 

1.5 Metabolic Tissues Undergo the Energy Misbalance and the “Modified 

Paradigm” of Signaling Molecules in Obesity 

 Biology gave humans the ability to store energy as a tool to face situations of 

hunger and food shortage. From an evolutionary viewpoint, and compared to modern 

societies, humans who lived decades ago did not have limitless access to food, nor did they 

follow the modern unhealthy lifestyle [28]. Thus, the tissues and organs under the modern 

obesogenic environment, which represents a biological pressure, undergo changes that 

could be adaptive to this imbalanced energy homeostasis. 

 Adipose tissue has the ability to store energy, but once the balance of the gut-brain 

axis is broken (Figure 1.2), the expansion of adipose tissue both in size and cell number 

becomes important, obesity is established and adiposity spreads toward ectopic locations 

[16], which results in different fat distribution patterns (Figure 1.1). The starting point of 

metabolic consequences of obesity is mainly due to increased fat storage with the visceral 

adiposity as the most deleterious form. For instance, a study aiming to map the visceral 

adipose tissue metabolism pattern in obese subjects has shown increased oxidative stress 

and markers and markers of elevated glucose levels, in addition to elevated levels of 

plasmalogens and changes in various lipidic molecules (including glycerol 

phosphorylcholine, ceramides and sphingolipids) [29]. Such observations fit with and 
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explain some of the clinical aspects seen among obese patients or epidemiologically linked 

to obesity. As an illustration, the increase in oxidative stress-produced free radicals 

correlates with the epidemiological links between obesity and some cancers [30–32]. 

 In addition, variations in various lipidic molecule patterns observed in obese 

patients show that the problems associated with lipids in obese patients is not limited to an 

accumulation in adipose tissue, but are rather exported to other tissues and systems (Figure 

1.1) such as the liver (non-alcoholic steatohepatitis) [33], blood vessels walls 

(atherosclerosis) [34], and muscles (insulin resistance) [35]. This illustrates the systemic 

character of obesity consequences. Within this context, the known effects of hormones like 

insulin and leptin on the metabolism of lipids and glucose/glycogen act mainly on the 

muscle and adipose tissue [36]. Changes seen in these two key hormonal systems in obese 

subjects allow us to predict the impact of obesity on the main metabolic organs as a 

consequence of modified insulin sensitivity for example, especially with the interactions 

between leptin and insulin [37] and the distribution of leptin receptors [38]. These lead to 

important metabolic imbalances in lipid and glucose metabolism so that these two energy 

substrates become “biotoxic” rather than just biofuels. Indeed, diabetes complications 

illustrate the consequences of a deregulated glucose metabolism and cardiovascular disease 

points to those of lipid metabolism imbalances. 

 In obesity, we have increased adiposity with greater adipocyte size and number, 

leading to a higher leptin concentration, but without reduced food intake (leptin resistance 

[39]), which is an example of the consequences of altering the neuro-endocrine system 

controlling energy homeostasis. Moreover, the increased body weight of obese patients 

suggests an increased need for muscle to carry extra weight, which would require more 

energy usage that could also be affected by insulin resistance (resulting from unhealthy 

lifestyle [40]) and deregulation of the metabolism of both glucose and lipids. Metabolic 

syndrome [41] could be seen as the most significant manifestation of these metabolic 

disorders, where systems and tissues become metabolically unhealthy, with insulin 

signaling being at the center of the syndrome [7]. Importantly, the implication of both leptin 

and insulin in diverse homeostatic functions (not only energy metabolism) [39, 42] makes 

the development of insulin and leptin resistance a physiological problem beyond energy 

metabolism. Furthermore, since brown adipose tissue (BAT) is not only under the influence 

of the sympathetic nervous system but is also controlled by factors such as adipokines and 

metabolites [43], the balance and metabolic properties of this adipose tissue may be 

modified in obese patients following the hormonal deregulation as well. 

 These selected examples highlight some of the effects of obesity on key metabolic 

tissues (adipose tissue, liver and muscle), placing obesity among the top metabolic 

disorders and further support the need for a “metabolic classification” for obesity. 

Moreover, our illustrations highlight the concept of the “broken homeostatic system” 

(Figure 1.2), within which signaling molecules properties and metabolites affect the 

physiological systems differentially during obesity compared to a healthy status. Such a 

concept of a “modified paradigm” of hormones and signaling molecule effects on metabolic 
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functions of obese individuals is extremely important, since it indicates how the same 

hormone, for instance, could have different properties (for example insulin resistance or 

sensibility) depending on whether it is under physiological (healthy) or pathological 

(obesity) conditions, and could therefore explain possible “contradictory” results of studies 

comparing healthy individuals with obese patients beyond which we can find that gut-brain 

axis hormone levels in obese patients are different from those in non-obese individuals 

[18]. 

1.6 Beyond the Energy Balance: Sleep Shortage and Psychological Effects 

as Examples of “Non-Caloric Factors” 

 Obesity cannot be reduced to a biochemical balance or a mathematical model of 

energy homeostasis. It is, indeed, a complex consequence with a variety of influencing 

factors, including “non-caloric” representing factors other than food intake and physical 

activity. For instance, sleep shortage has been linked to obesity [44–46], and the literature 

also reports how circadian rhythms regulate diverse metabolic functions [47]. The studies 

of Spiegel et al. indicated lower glucose tolerance, decreased leptinemia, increased cortisol 

and ghrelin plasma concentrations, and higher hunger and appetite in cases of sleep 

deprivation [48,49]. Additionally, sleep restriction, via a variety of pathways, also increases 

insulin resistance with risk of diabetes and modifies appetite-related hormones such as 

glucagon-like peptide 1 and leptin [50]. These alterations allow us to map a metabolic link 

between restricted sleep duration and obesity via selected hormonal (leptin, cortisol, 

glucagon-like peptide 1 and ghrelin) functions and the metabolism of lipids and 

carbohydrates. Indeed, such biological changes toward increased food intake and energy 

storage lead to fat accumulation (Figure 1.3). The fact of staying awake could send “wrong 

signals” to the brain to indicate the need for staying active, and thus a need for energy, 

which leads to an increased appetite combined with energy storage (fat accumulation) as an 

“adaptation” to this energy need which is, in fact, due to the control mediated by hormones 

(cortisol, ghrelin, etc.) that are also deregulated under such sleep shortage conditions. Thus, 

a regulated circadian rhythm should remain a part of a healthy lifestyle, as well as an 

approach to obesity management and metabolism regulation [51]. Additionally, it is worth 

mentioning that both psychological outcomes and sleeping quality are improved following 

weight loss [52,53], which would reduce obesity risk and improve metabolic profile. This 

also indicates that not only do sleeping and psychological status affect obesity 

development, but obesity also has an impact on these two parameters, as well (Figure 1.3). 

 On the other hand, different studies have also linked psychological disorders and 

mental health problems such as depression and anxiety [54] to obesity [55–58] (Figure 1.3). 

Such problems could either be directly related to obesity or rather be a consequence of how 

society - including healthcare professionals - behaves toward obese patients [59], and thus 

could be described as a sociopsychological consequence. In both cases, assistance could be 

required in the form of psychotherapy, social help or even economic assistance for obese 
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patients. Moreover, psychotherapy [60] will not only assist the obese patients in dealing 

with the psychological consequences related to obesity, but it could also further stimulate 

them and strengthen their will to adhere to weight loss programs [61] - via sports 

psychology, for instance [62] - to changes behavior [63], which is key to initiating obesity 

therapy. 

 Within this context, it would seem acceptable to assume that sleep shortage and 

psychological factors contribute to the status of a “broken homeostatic system” described 

previously (Figure 1.2), leading to inefficient energy metabolism control. Moreover, sleep 

quality and psychological factors are two concepts that are often associated with each other. 

Thus, having a problem with either would affect the other and increase the probability of 

developing obesity or worsen the prognosis when obesity or overweight are already 

present. Moreover, obesity association with mood disorders (depression and anxiety risk) 

and cognitive deficiency (in learning and memory) [27] would create a vicious circle. 

Importantly, the possible interactions between the different neuronal networks involved in 

energy balance, sleep control and psychologic (and psychiatric) regulation would not only 

explain the effects of sleep shortage and psychology, as “non-caloric factors”, on obesity 

but also require an increased pharmacovigilance for pharmacotherapies targeting any of 

these systems to prevent the effects on the other neuronal networks [64]. 

 

 
Figure 1.3. Sleeping, psychology and obesity. 
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1.7 Toward an Optimized Obesity Management 

 The BMI and different anthropometric measures represent the most commonly used 

parameters to classify individuals as overweight, obese or “normal”-weight. However, 

evaluating the biological disorders (glucose metabolism disorders, lipid accumulation, etc.) 

and mechanistic imbalances seen in obese patients at various levels (hormonal, 

metabolisms, psychology, signal resistance, etc.) should be used as supplementary elements 

in diagnosis and classification. This description would explain the underlying mechanistic 

origins of the clinical manifestations of obesity such as hyperlipidemia and hyperglycemia, 

rather than just report them. In addition, establishing a mechanistic link between the 

pathogenesis of obesity and molecular biochemical variations (hormonal levels, glycemia, 

triglycerides, fatty acids, etc.) could make it possible to either add or exclude biological 

variables from the classification parameters of obesity, diagnosis and therapeutic targets. 

Also, putting a spotlight on the molecular mechanisms of obesity may strengthen the 

available diagnostic tools by adding new biological parameters to the standard measure of 

BMI. Moreover, it clarifies the links between obesity and other metabolic-related diseases 

such as diabetes, inflammation and metabolic syndrome [41]. 

 Importantly, these same parameters could be used as tools to establish prognosis, 

follow the clinical evolution and evaluate obesity therapies during laboratory research as 

well as clinical trials. Measuring such parameters will also represent strategic tools for 

prognosis and evaluation of the therapeutic approaches, although it might have a high cost. 

For instance, measuring different intestinal hormone levels may be a good indicator of the 

gut-brain axis interaction acting in terms of energy storage, food intake and appetite. 

 The mapping of such mechanistic pathways in metabolic and energy homeostasis in 

overweight and obese patients, leading to obesity-related disorders, would allow a more 

optimized definition and classification of obesity by taking into consideration more 

parameters among those described within this review. Considering these mechanistic 

changes and their clinical consequences in obese patients makes the pathways related to 

them potential therapeutic targets for obesity or at least for one of the symptoms or even 

other diseases that involve one or more of the metabolic changes seen in obesity. Indeed, 

exploring factors related to the metabolism of energy and appetite control, such as 

hormones of the neuro-endocrine system, represents an emerging path for the treatment of 

obesity [18] and the related disease, including adipokine-based strategies [65]. More 

importantly, the existence of an adrenergic-independent possibility to activate the BAT 

represents strong hope of losing weight via increased energy dissipation [43]. This 

approach exploits the high capacity of the BAT to uncouple the oxidative phosphorylation 

from the production of adenosine triphosphate (ATP) and dissipate energy in heat form 

rather than synthesizing ATP, which makes BAT a biological calory-burning engine. This 

principle could be combined with the white adipose tissue (WAT) beiging promotion [65] 

to both reduce WAT and increase energy expenditure. 
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 On the other hand, the complex interactions of the homeostasis control centers and 

the various implicated neurotransmitters could allow us to consider obesity as a 

consequence of a deregulation at the nervous system and thus similar to a neurological 

disorder. Such an approach could be a starting point towards a more sophisticated 

neuropharmacological treatment of obesity that targets the neurological structures and 

neurotransmitters involved in energy homeostasis control. Moreover, the reward system 

underlying hedonic stimulation could be targeted, via an approach that mimics drug 

addiction therapies. However, the side effects and the related pharmacovigilance would be 

a challenge due to the complexity of the neuroendocrine system. Following the same line of 

thought, and due to the strong hormonal component in obesity, hormonal pathways (such as 

leptin and insulin-related) still deserve further investigations to identify novel molecular 

targets within the obesity-related pathways of these hormones. 

 Importantly, studying the metabolic effects of obesity might make some diseases 

considered as chronic (such as type 2 diabetes) “reversible” [66]. Indeed, since type 2 

diabetes results in part from insulin resistance, treating obesity would increase insulin 

sensitivity and lead to a remission of type 2 diabetes [67], especially with the emerging 

concept of adipose tissue targeting to treat obesity-associated diabetes [65] with increased 

clinical hopes. 

 Moreover, the ability of the adipose tissue to store elements such as persistent 

organic pollutants and the important biological functions governed by adipose tissue 

(metabolic, protective, etc.) [68] reminds us about the importance of this tissue and, more 

importantly, increases the pharmacovigilance associated with obesity therapies and adverse 

effects including those related to the liberation of organic pollutants stored in the 

adipocytes. Such side effects demonstrate that further development of new therapeutic 

approaches and combining therapies with those existing is required in order to optimize 

them. 

 New research strategies, such as functional genomics and the development of novel 

animal models [69], would further clarify the molecular pathogenesis of obesity and map 

the links with the clinical aspects along with the therapeutic consequences. Importantly, the 

clinical consequences of developing obesity represent a bigger challenge than obesity itself. 

Therefore, the objective of clinicians and health care professional should not be exclusively 

weight loss but rather assisting the patients to establish a healthy lifestyle that balances diet, 

physical activity, sleep cycle and psychological status. Such an approach would not only 

lead to weight loss and fat mass reduction, but also improve the clinical factors related to or 

affected by obesity such as insulin resistance, lipid metabolism disorders, cardiorespiratory 

fitness, cardiometabolic conditions and chronic inflammation. Furthermore, this same 

approach of balancing lifestyle is beneficial even without weight loss, since many 

individuals who follow specific diets or exercises do not lose weight. Thus, weight loss 

should be seen as one single result among the benefits of a healthy life style prescribed for 

obese individuals rather than the unique objective especially that the risks are about the 

location and the distribution of the adipose tissue (mainly visceral adipose tissue) rather 
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that the adiposity that could be subcutaneous for example, reflecting the need to redefine 

obesity [70], how we assess it, treat it and establish the prognostic of the obese patients in 

order to further link the underlying mechanisms to the clinical outcomes and prognosis. 
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2.1 Résumé (French abstract) 

L’obésité peut être définie comme une accumulation anormale ou excessive de 

graisse qui peut nuire à la santé. Néanmoins, il existe un débat sur la classification de 

l’obésité en tant que maladie. Deux positions émergent, dont une qui considère l’obésité 

comme une maladie compte tenu des complications et des pathologies liées à l’obésité. 

L’autre position décrit l’obésité comme une adaptation à notre mode de vie moderne. La 

mise à jour de la définition de l’obésité permettra de concilier ces deux positions qui 

peuvent être considérées comme complémentaires plutôt que contradictoires. Une telle 

redéfinition de l’obésité, basée sur plus de critères, va remodeler notre vision de l’obésité et 

va avoir des impacts sur différents aspects tels que l’assurance maladie, les politiques de 

financement de la recherche scientifique et même le bien-être social et psychologique des 

patients souffrant d’obésité. 

2.2 Abstract 

 Obesity can be defined as abnormal or excessive fat accumulation that may impair health. 

Nevertheless, there is a debate around classifying obesity as a disease. Two positions are emerging, 

including one which considers obesity as a disease given the obesity-related complications and 

pathologies. The other position describes obesity as an adaptation to our modern lifestyle. Updating 

the definition of obesity will make it possible to reconcile these two positions; that can be seen as 

complementary rather than contradictory. Such redefinition of obesity, based on more criteria, will 

reshape our vision of obesity and impact different aspects such as health insurance, policies of 
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funding scientific research and even the social and psychological well-being of patients suffering 

from obesity. 

Keywords: Obesity; Disease 

2.3 Introduction 

 Obesity has been pointed since the medical diagnosis and scientific observation was 

developed and according to the World Health Organization, it has an epidemic evolution 

nowadays [1]. The simple definition of obesity is the accumulation of an excess of energy 

stored in form of excess body fat. This excess results from the fact that the energy ingested 

from diet is superior to the energy expenditure, such as physical activity, resulting in an 

energy balance dysregulation, which is due to complex and multifactorial aetiologies [2]. 

Beyond body dissatisfaction and aesthetic issues for obese individuals, many studies have 

linked obesity to numerous health problems and comorbidities [3,4]. However, debates are 

still taking place among health professionals, decision makers, politicians, biological 

researchers and public health professionals on whether obesity should be redefined as a 

disease. 

 Such debate finds its importance in the fact that depending on its answer many 

decisions and policies would be affected. Indeed, whether to consider obesity as a disease 

would have impacts at different levels such as whether health insurance companies should 

cover expenses related to anti-obesity therapies for obese individuals, amounts of grants 

given for obesity research, how important it is to train health professionals to be specialized 

in obesity and provide an improved and personalized healthcare, whether considering 

bariatric surgery as aesthetic or therapeutic, how preventive measures against obesity 

should be undertaken and how far can we consider obese individuals responsible for being 

obese. Therefore, it is important to put obesity within an appropriate context since whether 

to consider it as a disease or not is not just a medical question, but it is an issue that has 

consequences on diverse domains including politics, finance, ethics and therapeutics. Thus, 

we can understand that doctors, politicians, psychologists, insurance companies, obese 

individuals, etc. would have different opinions and positions regarding this issue based on 

their knowledge, their positions or interests, their experience with obesity, and the side 

from which they look at and consider obesity. 

2.4 Obesity as a disease 

 Obesity epidemic in industrialized countries brings obesity as a very 

critical risk factor for chronic diseases [1,5]. For instance, since the 

beginning of the 21st century, more than 50% of Canadians are overweight and 15% are 

obese [6,7]. This epidemic has a tremendous impact on public health since obesity, 

especially intra-abdominal fat mass, is associated with a dysregulation of lipoprotein-lipid 

metabolism and several pathologies including coronary heart disease, type 2 diabetes, liver 
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disease, cancers [8–14], sleep disordered breathing conditions (including both obesity 

hypoventilation syndrome and obstructive sleep apnea) [15], gastroesophageal reflux 

disease [16], gallstones, pancreatitis [17] and osteoarthritis [18] as well as respiratory 

system disorders [19]. Indeed, the visceral obesity, which could be considered as the most 

dangerous form of obesity, is at the center of the metabolic syndrome that both includes 

hyperglycemia, hypertension, and dyslipidemia and also increases the risks of developing 

metabolic disorders and disease such as insulin resistance leading to type 2 diabetes, in 

addition to cardiovascular disease [20–22]. Therefore, visceral obesity is clinically 

described as cardiometabolic risks enhancer which correlates with the improvement of most 

of cardiovascular risk factors with weight loss [23,24]. All these diseases illustrate the 

impact obesity has on diverse physiological systems and highlight it as a systemic disease 

affecting sleep, digestion, cardiovascular functions, inflammatory profile etc. rather than a 

simple aesthetic problem combined to a dysregulation of several metabolic functions. 

 Importantly, regardless of diseases risks increase in obese patients, morbid obesity 

represents a serious health condition where the individual has an increased mass to carry 

which represents a mechanical challenge affecting muscles, junctions and the respiratory 

system. Therefore, morbid obesity can interfere with essential physical and physiological 

functions such as breathing or walking which impacts the quality of life via limiting the 

mobility, encouraging the sedentary lifestyle and reducing the participation in diverse 

activities. These could lead to worsen the cardiometabolic and cardiorespiratory profiles 

and to a social isolation and eventually socio-psychological problems. Thus, would worsen 

the obesity-related disorders and the likelihood of exercise, which is among the most 

prescribed solutions for obese individuals, will reduce especially with the lack of social 

interaction that is usually a stimulus for an active lifestyle. These effects of morbid obesity 

on the locomotor and respiratory system make weight loss more challenging and the patient 

enters a vicious circle. Morbidly obese are at higher risk for illnesses including sleep apnea, 

high blood pressure, diabetes, heart disease, gastroesophageal reflux disease, gallstones, 

osteoarthritis, and several types of cancer [10,15–18,22,25,26]. Moreover, several studies 

have reported that obesity independently impacts mortality [8,9,27,28] indicating a heavy 

impact of obesity itself regardless of the pathologies or disorders caused by obesity or for 

which it represents a risk factor. 

 The strongest argument supporting that obesity should be classified as a disease [29] 

is the heavy impacts it has on health, life quality and life expectancy [1,30]. Indeed, the 

morbidity and mortality related to obesity make it a disease since obesity affects the life 

quality of individuals through numerous health problems and biological disorders both at 

the physical and psychological levels. More important, obesity increases independently the 

risk of mortality. 

 In healthy individuals, the physiological regulatory process in the body involves 

diverse signals, such as those controlled by hormones and nervous system, that regulate the 

body weight via controlling the input and the output of energy (diet, exercise, activities, 

body temperature control, metabolisms, etc.) and such control is governed by diverse 
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molecular and cellular signals. However, once the obesity is established, those mechanisms 

protecting from obesity are blunted [31] so that the signals that control body weight (energy 

and metabolism balance) are not effective anymore and disorders/dysregulations are seen 

among factors such as satiety feeling and biochemicals metabolic profile. Such 

dysregulations and disorders not only worsen the obesity but are also behind many of the 

morbidities and complications developed in obese individuals. Such pathological profile 

represents another pattern of a disease. 

 In addition, obesity has complex and diversified aetiologies, pathophysiology, 

influencing factors and mechanisms including, but not limited to, genetics and 

environments [2]. Therefore, it is, as many other diseases, a consequence of an unhealthy 

lifestyle in terms of diet, sleeping, physical activity in addition to a genetic component and 

the existence of an obesogenic environment. Such concepts related to obesity further 

support defining obesity as a disease. A supplementary argument is that obesity has a 

chronic character in term of persistence. In fact, it is hard for an individual who lost weight 

to keep the body weight for a long period since it seems that once obesity is established, the 

body sets a new “reference” for the body weight and the regulatory mechanisms act toward 

gaining an amount of their lost weight [32] in order to go closer to that reference body 

weight that was before the weight loss which is the one considered as reference by the 

brain. Therefore, more obesity is morbid, more difficult it is to “reverse” it which could 

require pharmacotherapeutic interventions [33] thus, is toward classifying obesity as a 

chronic disease with a clear pathological pattern: Obesity starts as an energy imbalance 

leading to lipids accumulation. These fat depots will have impact at the metabolic, 

mechanical, hormonal, physiological and functional levels via numerous molecular 

disorders, cellular dysfunctions and systemic perturbations. The reversibility of obesity 

depends on how morbid it is, the associated pathologies, the type of prescribed therapeutic 

approached such as diet, physical activity, pharmacological approaches and bariatric 

surgery, and the general lifestyle of the obese patient as well as their medical conditions in 

term of associated pathologies and syndromes. 

2.5 Obesity as an adaptation 

 On the other hand, obesity could also be seen as an adaptation of the body to our 

modern lifestyle which is toward habits requiring less efforts (technology assistance) yet 

with an increased food, especially with high caloric density, availability and accessibility. 

The extra fat that the body accumulates represents energetic reserves kept for situations 

such as fasting or hunger thus, the biological process of accumulating fat storage in diverse 

parts of the body is a part of the human physiology as a function that allows the human to 

survive if he faces situations when he has limited access to food. Moreover, lipids are not 

just an element we should avoid and be afraid of, but rather elements of high biological and 

physiological importance for homeostatic functions. Indeed, in addition of being a form of 

energy storage, lipids have diverse important roles in numerous functions of the body and 
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at different levels, such as immunology, cell structure, transport of molecules and the 

remarkable beneficial functions of the adipose tissue in detoxification [34]. 

 Nowadays, we have more available food and thus, more energy to store and 

therefore the ability of the individuals to store fat increased accordingly. The existence of 

both metabolically healthy obese [35] and the metabolically unhealthy and normal weight 

individuals [36] represents maybe the strongest argument of those refusing to classify 

obesity as a disease since such evidence shows that not all obese have health problems 

whereas health issues reported as related to obesity are seen among non-obese individuals. 

Therefore, leading to a dissociation of obesity from the health problems reported as caused 

or increased by obesity. However, metabolically healthy obese might still have higher risks 

of cardiovascular diseases [37] which indicates that debates around the metabolically 

healthy obese still require further discussion mainly on how to define a “metabolically 

healthy” especially with the known links between metabolic disorders and the 

cardiovascular diseases. 

 Furthermore, gluteal-femoral adipose tissue was even associated with 

cardiometabolic benefits supporting that obesity is not about storing excess fat but rather 

about which form of obesity and depending on which fat distribution is observed [38]. This 

indicates that some forms of obesity could even be beneficial rather than leading to 

morbidities. Such concepts could change our ‘classical” approaches of understanding the 

nature of obesity and its consequences. 

 Obesity is a condition that can be prevented or corrected by behavioral habits in 

term of lifestyle such as regular physical activity and dietary management before a need of 

any pharmacological and surgical approaches [1]. This supports the understanding of 

obesity as an adaptation of the body to the “unusual” lifestyle because the body is 

“programmed” to be active and spend energy on daily tasks including searching food which 

is nowadays available for individuals in almost limitless amount especially in industrialized 

countries. 

2.6 Redefined obesity: Toward reconciliating the two positions 

 The origin behind such debate, whether obesity is a disease, is mainly due to both the non-

existence of a precise and an international scientific definition of obesity as well as the lack of a 

clear understanding of the obesity-related molecular pathways. Shall we define obesity according to 

the body mass index? According to the risk of developing disease related to obesity? Or based on 

other criteria? Answering such questions comes before and would be the starting point to answer 

the question: Is obesity a disease? 

 Considering the previous “contradictory” arguments, there is a need to reconciliate 

them and put them within suitable medical contexts. Therefore, we would support a more 

precise approach through categorizing the obesity and redefining it. Indeed, the option is to 

classify obesity as a disease but before that we need to redefine it within an appropriate 

precise context. Such a way of thinking fits the scientific and medical facts and also 

considers the arguments of both those considering obesity as a disease and those saying it is 
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not. This will reconciliate the two positions and what seems to be contradictory arguments 

would rather be complimentary justifications. 

 Therefore, we first need a novel innovative detailed definition of obesity that 

considers new research such as those mentioning that the body mass index is not enough to 

evaluate the health risks of obese individuals and add new parameters including the waist 

circumference, triglycerides and the associated metabolic abnormalities [39]. However, 

herein another challenge comes out, numerous biological mechanisms explaining how 

obesity leads to health problems or influences other diseases developments still unclear. 

 Furthermore, many links established between obesity and other diseases have been 

concluded based on epidemiologic studies and statistical observations of populations which 

might not be very precise because the choice of the populations studied are different in 

terms of ethnicity, environment and lifestyle. For instance, if we observe that many obese 

individuals in Europe develop certain types of cancer, this does not mean that obese 

individuals in Korea will also develop the same types of cancer. If we had a better 

understanding of obesity, a better pathophysiological classification would have been 

possible. Indeed, we have a poor molecular understanding of how obesity accrues and how 

it leads to metabolic and health disorders and we need clear descriptive pathways linking 

the underlying molecular causes to the clinical outcomes and on which we can build a logic 

for both a diagnosis and treatments to support a potential classification of obesity as a 

disease. 

 As a conclusion, the first step remains to elucidate the mechanisms of how obesity 

develop and affects the human health. After we have precise details of such processes we 

could classify obese individuals as patients for which obesity affects or generates health 

problems. Importantly, by “effects of obesity on the human health” we need to take into 

consideration the psychological effects [14] that can result from the self-vision of the obese 

individuals or from how the society judges or behaves toward them which would have deep 

impacts on their psychosocial well-being. In this latter case, although the health problem 

might not be caused by the obesity itself, but rather coming from the society behaviour 

toward the obese person, it could be considered as a factor further supporting the 

classification of obesity as a disease and justify a psychosocial therapy for example. 
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3.1 Résumé (French abstract) 

 L’élucidation des voies moléculaires et cellulaires derrières l’établissement de 

l’obésité reste le principal défi qui limite les progrès réalisés dans la compréhension de 

l’obésité. Ici, on présente l’obésité comme une reprogrammation neurologique et 

endocrinienne qui permet de s’adapter au déséquilibre métabolique que représente 

l’obésité. En effet, lors du développement de l’obésité, le bilan énergétique est déplacé vers 

un stockage accru de l’énergie. Cela nécessite des changements sous le contrôle des 

systèmes neuroendocriniens correspondant aux changements accompagnant le phénotype 

induit par l’obésité. Une telle reprogrammation neuroendocrinienne peut expliquer 

pourquoi il est difficile de perdre du poids une fois l’obésité établie, car cela signifierait 

aller à l’encontre de nouvelles « références » endogènes. L’études des concepts entourant la 

classification de l’obésité en tant que reprogrammation neuroendocrinienne pourraient 

optimiser notre compréhension des mécanismes sous-jacents et, surtout, révéler certains des 

mystères entourant la pathogenèse moléculaire de l’obésité. 

3.2 Abstract 

 Obesity represents a health problem resulting from a broken balance between 

energy intake and energy expenditure leading to excess fat accumulation. Elucidating 

molecular and cellular pathways beyond the establishment of obesity remains the main 

challenge facing the progress in understanding obesity and developing its treatment. Within 

this context, this opinion presents obesity as a reprogrammer of selected neurological and 

endocrine patterns in order to adapt to the new metabolic imbalance represented by obesity 

status. Indeed, during obesity development, the energy balance is shifted towards increased 

energy storage, mainly but not only, in adipose tissues. These new metabolic patterns that 

obesity represents require changes at different cellular and metabolic levels under the 

control of the neuroendocrine systems through different regulatory signals. Therefore, there 



 

28 

are neuroendocrine changes involving diverse mechanisms, such as neuroplasticity and 

hormonal sensitivity, and, thus, the modifications in the neuroendocrine systems in terms of 

metabolic functions fit with the changes accompanying the obesity-induced metabolic 

phenotype. Such endocrine reprogramming can explain why it is challenging to lose weight 

once obesity is established, because it would mean to go against new endogenous metabolic 

references resulting from a new “setting” of energy metabolism-related neuroendocrine 

regulation. Investigating the concepts surrounding the classification of obesity as a 

neuroendocrine reprogrammer could optimize our understanding of the underlying 

mechanisms and, importantly, reveal some of the mysteries surrounding the molecular 

pathogenesis of obesity, as well as focusing the pharmacological search for antiobesity 

therapies on both neurobiology synaptic plasticity and hormonal interaction sensitivity. 

 

Keywords: obesity; neurology; endocrinology; neuroendocrine; reprogramming 

3.3 Obesity as a Neuroendocrine Reprogramming 

 The nervous and the endocrine systems are the main regulators of the various 

homeostatic functions, including digestion, energy metabolism, cellular replication, tissues 

renewal, and fluids circulations. However, following selected factors (diet, intoxications, 

etc.) or internal changes (pathogens, cancer, etc.) related to both environmental impacts and 

genetic factors, these regulatory properties might lose their efficiency, or their balancing 

pathways may be reshaped. Within this context, energy homeostatic patterns are governed 

by diverse signals exchanged mainly between the control centers and the metabolic tissues 

(mainly adipose tissues, muscles, and the liver). This results in a balance between the 

energy intake and energy expenditure. However, under the influence of exogenous stimuli, 

such as an increased caloric intake, combined with a sedentary lifestyle (reduced energy 

expenditure) or certain therapeutic interventions, these regulatory mechanisms lose their 

ability to maintain the balance, and, therefore, the energy homeostasis is broken [1]. Such 

broken balance results in the development of obesity, with all its consequences on health at 

different tissular levels [2], following the accumulation of the excessive energy storages 

within specific tissues and locations.  

It is widely accepted that biology gave to mammals the ability to store energy as an 

advantage to make full usage of the available calories during the period of food abundance 

in order to survive the periods of food shortage and hunger. Hibernating animals (a status of 

deep physiological and metabolic changes [3–6]) are among the best illustrative examples 

of this property, as they store enough lipids within their adipose tissues prior to the 

hibernating period. Lipids are the nutritive elements with the highest caloric density, 

making them the best form of energy biostorage. This last property is confirmed by the fact 

that, unlike glucose, the lipids represent a weak stativity signal (“undetected” by centers 

sending signals to stop food intake), which increases their ratio within the food amount. 

Lipids are extremely important for biological functions, such as thermoregulation, energy 
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productions, cellular membrane structures, and caloric storages. Therefore, the negative 

impacts of lipids seem to start only with excessive fat accumulations or abnormal locations, 

such as ectopic deposits [7], leading to the known obesity consequences, including 

cardiovascular diseases, inflammation, and metabolic syndrome [2]. 

 Obesity, as a health problem, is an extreme form of fat storage. This fat storage was 

initially an ability reflecting a biological adaptation to food availability in the surrounding 

environment. Obesity pathogenesis and mechanisms are full of mysteries, and most studies 

on obesity focus on its basic definition as excessive abnormal energy storage resulting from 

having an energy intake superior to energy expenditure. However, this metabolic broken 

balance [1] could be the outcome of obesity rather than its underlying mechanism, and the 

starting point could result from numerous neurological and endocrine changes. Indeed, the 

implications, effects, and interactions of the nervous and endocrine systems with the 

diverse organs and tissues involved in both obesity development and energy balance 

indicate a possible classification of obesity as a neurological disease combined with 

endocrine abnormalities. 

 Starting with the nervous system, the existence of brain centers that both receive 

signals form the digestive system (where the nutritive elements are detected) and 

controlling food intake support such a neuroendocrine approach. These signals include 

ghrelin [8], glucagon-like peptide 1 [9], and peptide YY [10], which act on centers 

including the hypothalamic melanocortinergic system [11]. These signals have been 

associated with diseases and complications linked to obesity such as diabetes [12], and they 

represent promising therapies for neurological diseases due to properties such as 

neurotrophic and neuroprotective actions [13]. This again shows the “neurological” 

character of these energy metabolism signals. The concept of food addiction [14,15] in the 

context of obesity [16], with the neurobiological mechanism similar to drug abuse with the 

dopaminergic rewarding system [17], further highlights the neurological reprogramming 

that results from a neuroplasticity [18] of the involved neurons through functional and 

structural adaptation [19]. This aims to meet the novel neuronal activities required to adapt 

to obesity status. In addition, the existence of pharmacological approaches targeting the 

nervous system to treat obesity, such as utilization of the glucagon-like peptide-1 receptor 

[9,20], go beyond the usage of the classical obesity-related pillars; exercise and diet [21] 

further indicate that the nervous system’s involvement in obesity development. Coming 

back to the endocrine system, both insulin resistance [22] and leptin resistance [23] 

illustrate best how obesity status reprograms hormonal functions during obesity via 

modifying the interaction quality of energy balance-control hormones with their target 

tissues.  

 Biology provides organisms (mainly mammals) with the ability to store energy as a 

mechanism to face possible hunger periods or adapt to a lack of food resources. However, 

with an increase in food resources, this biostorage ability, initially vital, could transform 

into a leading cause of obesity development. This ability of organisms to store energy (fat) 

makes it difficult to lose weight afterwards. Indeed, once an increased body weight/fat 
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stores level is reached, it becomes the “new reference” toward which the metabolism and 

energy homeostasis are shifted in order to maintain or return to the newly set up point of fat 

storage level, thereby hindering weigh loss attempts. Within the context of brain 

involvement in energy control, this central new “reference” of body/fat weight could be 

explained through a neuroplasticity related to the centers controlling food intake and energy 

expenditure. This neuroplasticity could also occur in the peripheral neurons and, therefore, 

impact the innervations or the peripheral metabolic tissues. This is another illustration of 

the reprogramming of the neurological control of energy balance and how it contributes to 

obesity. For instance, the liver [24] and adipose tissues [25] are innervated by neurons that 

modify their metabolic activities. These properties explain the observed decrease in the 

basal metabolic rate seen with weight loss [26]. This decrease in the basal metabolic rate 

occurs to compensate for the reduced food intake or, more generally, the energy balance in 

order to prevent or limit weight loss, thereby predisposing individuals to weight regain. 

This property is a consequence of the setup of the new body/fat level reference, as 

described above, and is representative of the survival ability provided by biology to store 

energy to endure food shortage periods. Similar to neuroplasticity, the modifications of 

receptor sensitivity, such as that of insulin receptors, indicates endocrine reprogramming 

that makes receptors in need of the strongest stimulations. This may also represent the need 

to store more energy to adapt to the obesity status of requiring more energy storage and, 

therefore, more insulin (and also more leptin, for which a resistance also develops during 

obesity). These calorie- and hormonal-centric explanations (neuroendocrine) also extend to 

the regulation of metabolic diseases like obesity. Indeed, it fits, for instance, with the 

hypothesis linking a high-fat diet with trefoil factor 2 (TFF2) as a lipid-induced signal for 

which the corresponding gene (Tff2) is induced by the high-fat diet [27], whereas its 

knockout provides protection from obesity [28] by leading to an antiobesity metabolic 

phenotype [29]. 

 This concept of neuroendocrine reprogramming has as a particular outcome: the 

establishment of a novel energy balance status for optimum energy storage rather than 

limitation of caloric intake. Indeed, before obesity develops, satiety signals are strong 

enough to limit food intake, whereas once obesity is established, the hunger becomes 

“chronic” (reduced/inefficient satiety signals), leading to an increased food intake and more 

energy storage with less energy expenditure (metabolic slowing). Therefore, this 

reprogramming is the process via which the organisms shape their metabolic phenotype as 

an adaptation to the new status that obesity represents in terms of the need for increased 

energy intake and storage capacity. These neuroendocrine changes could explain obesity 

outcomes such as regeneration impairment [30] as well as the beneficial effects of exercise 

[31–33] and the molecules induced by exercise (e.g., [34–36]), beyond which there is 

exercise-induced neuroendocrine reprograming that shapes the metabolic phenotype and 

explains the importance of regular exercise in obesity therapy. 

 Elucidating the concepts surrounding the classification of obesity as a 

neuroendocrine reprogrammer could optimize the understanding of its underlying 



 

31 

mechanisms and, importantly, reveal some of the mystery surrounding the molecular 

pathogenesis of obesity, as well as focusing the pharmacological search for antiobesity 

therapies on neurobiology synaptic plasticity and hormonal interaction sensitivity. 
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4.1 Résumé (French abstract) 

 La régénération représente les processus biologiques qui permettent aux cellules et 

aux tissus de se renouveler et de se développer. Avec l’obésité, une variété de changements 

et de réactions sont observés. Cela inclut l’inflammation et les troubles métaboliques. Ces 

changements induits par l’obésité ont un impact sur les processus de régénération. De tels 

impacts qu’a l’obésité sur la régénération affecteraient le développement des tissus et des 

organes et auraient également des conséquences sur les résultats des thérapies qui 

dépendent de la régénération cellulaire (comme les brûlures, la radiothérapie et la leucémie) 

administrées aux patients souffrant d’obésité. Par conséquent, une attention particulière doit 

être accordée aux patients souffrant d’obésité dans des contextes biologiques, 

thérapeutiques et cliniques qui dépendent de la régénération. 

4.2 Simple Summary 

 Regeneration represents the biological processes that allow cells and tissues to 

renew and develop. During obesity, a variety of changes and reactions are seen. This 

includes inflammation and metabolic disorders. These obesity-induced changes do impact 

the regeneration processes. Such impacts that obesity has on regeneration would affect 

tissues and organs development and would also have consequences on the outcomes of 

therapies that depend on cells regeneration (such as burns, radiotherapy and leukemia) 

given to patients suffering from obesity. Therefore, a particular attention should be given to 

patients suffering from obesity in biological, therapeutic and clinical contexts that depend 

on regeneration ability. 

4.3 Abstract 

 Obesity is a health problem that, in addition to the known morbidities, induces the 

generation of a biological environment with negative impacts on regeneration. Indeed, 
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factors like DNA damages, oxidative stress and inflammation would impair the stem cell 

functions, in addition to some metabolic and development patterns. At the cellular and 

tissulaire levels, this has consequences on growth, renewal and restoration which results 

into an impaired regeneration. This impaired homeostasis concerns also key metabolic 

tissues including muscles and liver which would worsen the energy balance outcome 

towards further development of obesity. Such impacts of obesity on regeneration shows the 

need of a specific care given to obese patients recovering from diseases or conditions 

requiring regeneration such as burns, radiotherapy and leukemia. On the other hand, since 

stem cells are suggested to manage obesity, this impaired regeneration homeostasis needs 

to be considered towards more optimized stem cells-based obesity therapies within the 

context of precision medicine. 

 

Keywords: obesity; regeneration; homeostasis 

 

4.4 Graphical abstract 

 

4.5 Regeneration during Obesity: An Impaired Homeostasis 

 Endogenous processes and biological homeostasis require a proper regeneration 

ability summarized in the biological capacity to restore, renew and grow different cells and 
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tissues. This regeneration ability (governed by complex cellular functions and molecular 

processes) requires optimum conditions defined by biological environments in terms of pH, 

cytokines, growth factors and diverse signals and messenger activities. 

 Within this context, obesity, as a pathological status of broken homeostasis [1,2], 

induces the generation of a negative regeneration environment, which, biologically, means 

conditions that limit or reduce the ability of cellular and tissular restoration, renewal and 

growth. Indeed, diverse works throughout the literature report direct and indirect impacts of 

obesity on regeneration in different cells and tissues. Stem cells are key players for 

regeneration and these cells are impacted by obesity. For instance, data indicate that stem 

cells-based hematopoietic and osteogenic regeneration is impaired during obesity [3], 

probably as a consequence of bone marrow adipose tissue expansion that leads to a 

deterioration within the skeleton [4], the obesity-induced bone marrow microenvironment 

modifications [5] and the increased endoplasmic reticulum stress in bone marrow 

mesenchymal stem cells [6]. In addition, proliferative and migratory abilities of adipose 

derived mesenchymal stem cells derived from obese subjects are reduced [7]. Obesity also 

alters the stem cells’ differentiation potential [8]. These obesity impacts on stem cells might 

result from different mechanisms, including the reshape of stem cell extracellular vesicles 

[9], inflammation promotion [5] and the resulting surrounding microenvironment 

modifications resulting from obesity [10,11]. Within this context, it is worth mentioning 

that during obesity, inflammatory-related balance is impaired. Indeed, M1 macrophages 

(promote pro-inflammation) are enhanced and M2 macrophages (anti-inflammatory factor) 

are down regulated [12]. Such macrophage polarization supports the classification of 

obesity as a chronic pro-inflammatory disease [12] leading to metabolic dysfunctions, 

including insulin resistance [13]. To further understand the critical balanced roles of 

inflammation, it is essential to state that although obesity-induced inflammation might 

impair regeneration, inflammatory-related processes such as those mediated by 

macrophages are required for damaged tissue elimination as a step preparing the 

regeneration as explored by Varga T et al. [14–16]. 

 Regarding skeletal muscles, which form the locomotor system with the skeleton, 

their regeneration is also impaired by obesity [17]. Importantly, satellite cells (muscle stem 

cells) are reduced in obese mice (post trauma [18]) with a diminished fusion capacity [19], 

showing the deep impacts of obesity on muscle regeneration starting at the stem cell level. 

Moreover, this obesity senescence has also been said to affect satellite cells and skeletal 

muscle in the context of obesity [20], which indicates the worsening effect ageing has on 

regeneration. 

 Within the metabolics of skeletal muscle, the expression of the mitochondrial 

glycerol 3-phosphate dehydrogenase (which promotes skeletal muscle regeneration) is 

reduced in animal models of obesity [21]. Such mitochondrial implications are in 

correlation with the suggested regulatory role mitochondrial biogenesis plays during muscle 

regeneration [22,23]. These illustrations of the close links between obesity, mitochondria 

and skeletal muscle provide a piece, among others [24–26], of the mechanistic puzzle of 
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obesity impacts on skeletal muscle regeneration from a metabolic perspective. Furthermore, 

the deficiency of vitamin D, which plays a role in skeletal muscle regeneration [27], is 

associated with obesity [28] as well. 

 The other important element linking obesity to the generation of an environment 

leading to reduced regeneration ability is inflammation detected within different tissues, 

including skeletal muscle [29], adipose tissue [30,31] and liver [30], which are the key 

metabolic tissues governing most of the energy balance homeostasis. Inflammation impairs 

the regeneration of the skeletal muscle [32], and these impacts, among others, that obesity 

has on muscle regeneration are of particular importance since muscle is the key tissue for 

energy expenditure. Therefore, reduced metabolic performance of the muscle would reduce 

the energy expenditure and worsen obesity by shifting the metabolic balance towards 

further energy storage. Importantly, the impact obesity has on skeletal muscle in terms of 

regeneration could worsen sarcopenic obesity and explain a part of its pathogenesis [33], 

including that shared with obesity and leading to commune outcomes such insulin 

resistance and cardiometabolic impacts [34], through reducing muscle regeneration in an 

obesity developing environment. Exploring an example from liver’s regenerative 

properties, the other key metabolic organ, indicates that hepatic steatosis (which develops 

during obesity [35,36]) impairs liver regeneration through diverse mechanisms, including 

oxidative stress [37], which could worsen the existent energy balance status as well. 

 Selected growth and metabolic factors are also modified during obesity. For 

instance, insulin [38] and leptin [39] increase during obesity. Since such factors are related 

to cellular growth and metabolism [40–44], these changes could impact regeneration 

ability. Indeed, insulin roles within both adipocytes and bone stromal stem cells of the bone 

marrow [45] suggest an impact of increased insulin on both regeneration and metabolism, 

as illustrated by the obesity-associated hypermetabolism leading to bone fragility [46], 

especially with the important roles that marrow adipocytes play in bone homeostasis [47] 

and remodeling [48]. This fits with the findings that obese db/db (mice lacking leptin 

receptor) have their postnatal regenerative osteogenesis compromised [49]. More extensive 

investigations linking growth and homeostatic factors (hormones, neurotransmitters, 

metabolic mediators, etc.) changes during obesity to regeneration impairment would 

provide molecular links allowing better clarification of the mechanistic pathways and 

identify molecular targets to correct these effects on regeneration homeostasis. 

 In addition, obesity represents a risk factor for cancer [50], which represents a 

pathological cellular replication and therefore indicates a “wrong” direction of renewal and 

growth of cells. This could be the result of a loss of the regeneration balance resulting from 

obesity-induced environment impacting the regeneration or the cancer, depending on the 

situation, as illustrated by the links between the liver cancer progression and an abnormal 

microenvironment [51] or the effect of neurostimulation in both cancer and regeneration 

contexts, respectively [52]. Thus, understanding key differences between the physiological 

regeneration process and obesity-induced regeneration impairments combined with an 
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understanding of obesity-associated cancer growth could contribute to a better 

understanding of carcinogenesis pathways. 

 Looking into subcellular and molecular pathways allows one to identify more 

mechanistic links between obesity and its negative impacts on regeneration. These include 

a reduced level of growth factors [53], altered DNA repair [54], induced DNA damage [55] 

and epigenetic changes [56]. This could explain the other important facts supporting the 

negative impacts obesity has on regeneration: reduced healing ability associated with 

obesity, as illustrated by the example of the slow bone fracture healing in obese mice [53], 

and increased risk of neurodegenerative diseases with obesity [57]. This shows the need to 

take particular care of obese patients recovering from diseases or conditions requiring 

regeneration, such as burns, radiotherapy, and leukemia, because of compromised 

regeneration ability. 

 Since stem cells are suggested to manage obesity [6,58,59], the negative 

environment generated by obesity could limit the efficacy of such an approach and 

therefore would first, as a preliminary step, reduce obesity (by diet, exercise or 

pharmacological tools) prior to stem cell administration, similarly to patients being 

prepared for bariatric surgery, in order to improve the biological environment receiving the 

stem cells and therefore optimize the therapeutic outcomes. In addition, since the negative 

impacts obesity has on regeneration are worsened by factors such as age [3], stem cell 

application to manage obesity should consider such factors towards more personalized stem 

cells-based therapies. Moreover, it is important to highlight the need for further studies to 

understand molecular players and allow one to define personalized treatments. The 

diversity of the available animal models of obesity could lead to differences in the results of 

obesity–regeneration interaction investigations. For instance, the use of diet-induced 

obesity animal models [60] would mimic obesity’s general effects, whereas the use of more 

specific models such as db/db or ob/ob animal models [61] would generate data closer to 

the effects of leptin in the obesity context. 

 The effects that an obesity-induced environment has on diverse regeneration 

patterns at different levels impact the development of different tissues as well as related 

metabolic, biochemical and physiological functions. Such impaired regeneration will have 

clinical, therapeutic and research applications and implications. 
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5.1 Résumé (French abstract)    

 

Avec la pandémie de la maladie à coronavirus 2019 (COVID-19), les gouvernements 

ont imposé des mesures qui peuvent aggraver le problème de l’obésité. Le confinement 

réduit l’activité physique, est susceptible d’augmenter l’apport alimentaire et entraîne des 

troubles du sommeil, des problèmes de santé mentale et même de l’alcoolisme, qui 

contribuent tous au développement de l’obésité. La crise économique réduit le pouvoir 

d’achat et incite à acheter des aliments à haute densité calorique (peu couteux). D’autre 

part, la COVID-19 pourrait avoir un impact sur les fonctions pulmonaires, ce qui limiterait 

la capacité du patient à faire de l’activité physique. Ces effets conduisent au développement 

de l’obésité qui, avec ces complications, rend la personne plus vulnérable à la COVID-19 

(cercle vicieux).  Par conséquent, nous nous demandons si les mesures prises pour freiner la 

propagation de la COVID-19 feront que la pandémie de COVID-19 sera remplacée par 

celle de l’obésité. 

 

5.2 Abstract 

 

With the coronavirus disease-2019 (COVID-19) pandemic, governments have imposed 

measures that can worsen the obesity problem. First, the confinement of individuals reduces 

their physical activity (sedentary lifestyle) and is likely to increase their food intake. 

Confinement can also lead to sleep disorders, mental health problems and even alcoholism, 

all of which contribute to the development of obesity. In addition, accessibility to 

healthcare is reduced because health system is saturated with COVID-19 patients. 
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Furthermore, the economic crisis that accompanies COVID-19 crisis reduces the 

purchasing power of individuals who switch to the cheapest available options which are 

high-caloric density diets. On the other hand, COVID-19 might impact lungs functions 

which would limit the patient ability to perform physical activity and thus, accentuates the 

sedentary lifestyle.  

These effects of the confinement, the economic crisis and COVID-19 (pathology) lead 

to the development of obesity. Moreover, obesity and the complications associated with it 

(diabetes, cardiovascular diseases, etc.) will make the persons more vulnerable to COVID-

19 (vicious circle).  Therefore, we ask ourselves whether the measures taken to curb the 

spread of COVID-19 will increase the portion of the population that suffers from obesity 

and therefore we could be replacing COVID-19 pandemic with that of obesity. 

 

Keywords: Coronavirus disease-2019 (COVID-19); Obesity 

5.3 Graphical abstract 
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 With the current outbreak of coronavirus disease-2019 (COVID-19) [1], debates are 

taking place around the consequences this pandemic would have on different aspects of the 

human health including obesity. This virus has the ability to spread in a way, so far, too fast 

to be easily controlled. Thus, in order to avoid the overload of the health system, many 

governments and public health authorities worldwide have imposed (among other 

implemented measures) home confinement and general lockdown that led to a variety of 

consequences. Among these consequences, we put a spotlight on those well-known to be 

related to obesity epidemiology through selected illustrations. 

 During this critical period of COVID-19 pandemic, the mental health is among what 

health professionals are most concerned about. Mental health complications including 

depression, anxiety, stress, and diverse psychological problems can result from isolation 

and reduced social activities, human connection and physical interaction [2–4] due to home 

confinement, closed parks and gymnasiums, etc. Such mental problems can also result 

from, lead to or be associated with disturbed sleeping cycle and sleep shortage (that can 

also result from home confinement [5]) and vice versa [6–12]. Both psychological status 

and sleeping disorders could lead to increased food intake and obesity risk [13,14]. In 

addition, mental health and sleep disorders may require prescribing medicines that impact 

the energy balance and increase weight [15], which would further contribute the 

development of obesity. Indeed, obesity is basically defined as resulting from an increased 

energy intake compared to the energy expenditure, the physical activity and the food intake 

are two important pillars in obesity-related energy balance [13]. Within this context, home 

confinement combined to the related mental problems (like anxiety and depression) would 

lead to increased food intake, especially that many individuals have important food storages 

at home cumulated prior and during the lockdown. Following the same logic, confinement 

and its impact on mood could incite to higher alcohol consumption which can further 

contribute to weigh gain [16,17]. For the energy expenditure part, the home confinement 

(absence of work out equipment) and the disturbed mental health (lack of sufficient 

motivation) would lead to a physical inactivity (sedentary lifestyle). Therefore, these result 

in an energy balance towards an obesity establishment. 

 Within the context of diet choice, the socioeconomic crisis expected to develop 

during and after the current COVID-19 crisis [18,19] would lead to inflation of different 

products prices. Therefore, less individuals will afford to buy healthy food (expensive) 

especially knowing that millions lost their jobs and have seen their incomes significantly 

decreased. Therefore, the consumption of junk food (unhealthy and with a high caloric 

density), which is more affordable, more available and easy to store, will increase and lead 

to increased risk of obesity among other health problems [20]. Moreover, patients who get 

the respiratory illness of COVID-19 might have reduced lung function [21,22] (possibly 

even after they recover), which would limit their ability to perform physical activity due to 

the respiratory failure. These would further switch the energy balance towards developing 

obesity following the decrease of physical activity-related energy expenditure. 
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 Importantly, individuals avoiding public places or keeping away from health care 

facilities (to protect themselves from contracting COVID-19), via limiting the number of 

times they leave home, may neglect seeking medical assistance to take care of their health 

problems for which they would have visited health professionals under normal 

circumstances. Furthermore, individuals that have had their incomes reduced may not be 

able to afford medical services (especially those not covered by insurances). Finally, the 

saturation of health systems because of COVID-19 made that numerous medical services 

(mostly non urgent) have been suspended is certain health care facilities. All these elements 

will reduce the quality of health care that populations receive and would worsen the pre-

existing health conditions towards more serious diseases. These are additional factors 

strengthening the establishment and the persistence of obesity, diabetes and divers other 

metabolic disorders and chronic diseases in our societies. 

 Herein, we have illustrated how selected COVID-19 pandemic-related concepts do 

increase obesity risk and therefore multiple obesity-related morbidities including 

cardiovascular diseases, diabetes, etc. [23]. Obesity and those morbidities resulting from 

measures implemented to prevent COVID-19 spread and limit its mortality would, 

ironically, make the individuals more vulnerable to COVID-19 [24]. Importantly, it is of an 

extreme importance to make sure we do not replace COVID-19 pandemic with another 

pandemic(s) such as obesity which is already epidemic [25]. This can be achieved by 

implementing a variety of complimentary approaches to compensate the lost healthy 

practices and habits of the daily life. This could be reached, for instance, via the use of 

online tools to organise social activities, medical appointments, psychotherapies along with 

economic measures to reduce the heavy socioeconomic impacts on individuals as well. 
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6.1 Résumé (French abstract) 

 Les approches anti-obésité actuelles sont principalement le régime alimentaire 

contrôlé et l’exercice. Comme ces approches pourraient avoir des limites, des alternatives 

thérapeutiques sont nécessaires. Ici, nous mettons en lumière des cibles thérapeutiques 

potentielles pour l’obésité identifiées à la suite d’études basées sur l’expression 

différentielle de gènes dans diverses conditions en fonction de l’activité physique et de la 

diète riche en gras, deux facteurs clés influençant le développement de l’obésité. De telles 

approches de génomique fonctionnelle contribuent à élucider les mécanismes moléculaires 

qui contrôlent le développement de l’obésité. Nous pensons que cette exploration liée à la 

génomique fonctionnelle conduira non seulement à l’identification de nouveaux 

mécanismes, mais aussi à une nouvelle génération de thérapies pour l’obésité et les troubles 

métaboliques connexes, en particulier avec les progrès en pharmacologie et les techniques 

de génomique fonctionnelle. 

6.2 Abstract 

 The heavy impact of obesity on both the population general health and the economy 

makes clarifying the underlying mechanisms, identifying pharmacological targets, and 

developing efficient therapies for obesity of high importance. The main struggle facing 

obesity research is that the underlying mechanistic pathways are yet to be fully revealed. 

This limits both our understanding of pathogenesis and therapeutic progress toward treating 

the obesity epidemic. The current anti-obesity approaches are mainly a controlled diet and 

exercise which could have limitations. For instance, the “classical” anti-obesity approach of 

exercise might not be practical for patients suffering from disabilities that prevent them 

from routine exercise. Therefore, therapeutic alternatives are urgently required. Within this 

context, pharmacological agents could be relatively efficient in association to an adequate 
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diet that remains the most efficient approach in such situation. Herein, we put a spotlight on 

potential therapeutic targets for obesity identified following differential genes expression-

based studies aiming to find genes that are differentially expressed under diverse conditions 

depending on physical activity and diet (mainly high-fat), two key factors influencing 

obesity development and prognosis. Such functional genomics approaches contribute to 

elucidate the molecular mechanisms that both control obesity development and switch the 

genetic biochemical, and metabolic pathways toward a specific energy balance phenotype. 

It is important to clarify that by “gene-related pathways”, we refer to genes, the 

corresponding proteins and their potential receptors, the enzymes and molecules within 

both the cells in the intercellular space, that are related to the activation, the regulation, or 

the inactivation of the gene or its corresponding protein or pathways. We believe that this 

emerging area of functional genomics-related exploration will not only lead to novel 

mechanisms but also new applications and implications along with a new generation of 

treatments for obesity and the related metabolic disorders especially with the modern 

advances in pharmacological drug targeting and functional genomics techniques. 

 

Keywords: obesity; differential genes expression; exercise; high-fat diet; pathways; 

potential therapeutic targets 

6.3 Graphical abstract 
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6.4 Obesity as a Health Problem in Need of Novel Approaches 

 Obesity is defined as an abnormal or excessive fat accumulation [1] resulting from a 

broken energy homeostasis [2]. It has an epidemiological profile with a continuously 

increasing trend worldwide [3–5]. In the United States of America, at least 78.6 million 

people suffer from obesity [6]. Obesity is also linked to diabetes development (diabesity) 

[7]. In addition, not only many risk factors can increase obesity prevalence [8–10] but the 

obesity epidemic has also a major impact on health due to the complexity of its 

mechanisms, pathophysiology, and metabolic consequences [11]. Obesity has also been 

reported to increase risks and incidence of diseases and disorders such as advanced 

colorectal neoplasm [12], malnutrition [13], and mortality risk [14] in addition to 

decreasing life expectancy [15] among other diverse health impacts that could justify 

classifying obesity as a disease [16]. 

 Diet control (caloric restriction), exercise, or the combination of both are the main 

anti-obesity approaches. For persons with morbid obesity, bariatric surgery can be an 

option [17] and medications are prescribed in some cases [18,19] as well. Although body 

weight management is a multibillion-dollar market, there are only few Food and Drug 

Administration-approved drugs available for long-term obesity treatment, but all have 

undesirable side effects [20,21]. 

 In addition, some disabilities or heart diseases might limit the ability of individuals 

with obesity to exercise. In spite of the efforts of the diverse local, national, and 

international organizations in collaboration with health professionals and decision makers, 

obesity remains a major challenge with heavy consequences on life quality of the 

population and on healthcare budgets [22,23] especially that patients with obesity might 

require a specific or an adapted therapeutic care for some diseases compared to patients not 

suffering from obesity. 

 Therefore, there is an urgent need to further explore the obesity-related pathways in 

order to understand the underlying mechanisms and identify potential therapeutic targets. 

Herein, we focus on exercise and high-fat (HF) diet as they represent key factors for obesity 

prevention, development, and treatment area. We highlight how functional genomics allows 

exploring these factors via illustrative examples along with the research, pharmacological 

and clinical possible outcomes, and implications. 

6.5 Exercise-Related Genes and Pathways: Towards an Exercise Pill  

6.5.1 Exercise and Health 

 Along with resting energy expenditure, exercise-induced energy expenditure 

represents a key component of the total energy expenditure [24]. In addition to its place 

within the energy balance as the most variable part [24], exercise has benefits at different 

levels even for the older population [25]. Regular exercise contributes to reduced body 

weight, blood pressure, low-density lipoprotein, and total cholesterol and increases high 
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density lipoprotein cholesterol, muscular function, and strength as well as insulin sensitivity 

[26,27]. This makes exercise an important therapy both to prevent and manage obesity [28]. 

Although the purpose remains to create an accumulative negative caloric balance leading to 

weight loss [29], intensity, regularity, and duration of an exercise defines its type and the 

related outcomes and benefits. 

 The choice of exercise types depends on what we want to achieve in terms of 

muscle strength, fat mass loss, mitochondrial function enhancement, etc., as well as the 

ability of the individual depending on factors like age, cardiovascular health, and disability. 

For instance, an elderly person with cardiovascular disease would go for a walk to burn 

calories because of their limited exercise capacity [30]. The key metabolic tissue used 

during exercise is the skeletal muscle and its health represents a key factor for both an 

improved metabolic performance as well as a healthy ageing [31] which are two risk factors 

of obesity. 

 Exercise has a crucial role in maintaining skeletal muscle homeostasis [32] 

especially for the older population [33]. Biochemical profile of muscles is highly 

determined by protein synthesis (muscle contraction) and energy metabolism (energy 

expenditure) that govern the ability of energy usage via locomotion, which is a principal 

component of anti-obesity therapy involving exercise. Importantly, both body size and 

body composition, which are shaped by exercise, are determinants of resting energy 

expenditure. This shows that the benefits of exercise in terms of caloric use goes beyond 

the exercise-related energy expenditure. In addition, the benefits of exercise are not limited 

to energy metabolism, lipoprotein profile, or obesity treatment. Indeed, studies have shown 

how exercise could help to improve the prognosis, therapy, or prevent (reduce the risk) the 

onset of diverse diseases and conditions such as cancers [34,35], cancer-induced cardiac 

cachexia [36], multiple sclerosis [37], stroke [38], breast cancer-related lymphedema [39], 

as well as to counteract some treatments side effects [40] and can even be prescribed as a 

complimentary therapy (e.g., exercise oncology) [41]. 

6.5.2 Exercise Impacts Gene Expression 

 Identifying genes that are regulated by exercise (exercise-induced genes, especially 

in the skeletal muscle) has been among the focus of different research groups that have 

already identified a number of key exercise-related transcriptomes. For instance, numerous 

studies have obtained data that defined the effects of exercise on genes that are related to 

exercise benefits at the biochemical and metabolic levels. Indeed, they have shown that 

exercise induces the expression of genes that regulate or are related to mitochondrial 

biogenesis [42], oxidative phosphorylation (OXPHOS) [43], antioxidant defense 

mechanism [44], cell proliferation [45], and the amelioration of insulin resistance [46] 

which indicates links between exercise outcomes and transcriptome modifications. 

 Furthermore, other gene expression-based studies, mainly comparative [47] and 

under different conditions including exercise [48] and resting [49] have allowed the 

collation of data and increase our understanding of the skeletal muscle transcriptome and 
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functions in diverse contexts and depending on the population category. This contributes to 

a more precise mechanistic understanding of the genetic and biochemical changes at the 

molecular level. Thus, could guide to a muscle-targeting therapy development for obesity 

by defining the pathway associations with genes to optimize other therapies and even 

improve the pharmacovigilance based on genetic profiling. Beyond that, identifying 

exercise-induced genes would support further progress in understanding and treating 

different diseases other than those only depending on energy homeostasis which would 

expend the benefits of “exercise pills”. 

6.5.3 Gene Expression Patterns Underlie Muscular Adaptation to Exercise 

 Exploring such exercise-induced genes and pathways contributes to understand the 

molecular profiles that govern the adaptive responses of muscles to exercise. In addition, 

advances in epigenetics of muscle [50] in relation to exercise [51,52], diet [52], and aging 

[53] would further strengthen this field beyond genomics and put each of these pillars 

within a complementary network of data via which we can investigate potential therapies. 

For instance, exercise during pregnancy induces offspring changes [54,55], indicating that 

mother physical activity (intensity and frequency) impacts the health of the unborn child 

which opens an area in molecular pediatrics research. 

 Our team has also focused on gene expression in the skeletal muscle of endurance 

athletes compared to sedentary men and identified 33 genes that are differentially expressed 

[56]. This study, which supports the data reported above, highlight the global muscle gene 

expression including genes mostly related to muscle contraction and energy metabolism 

(two parameters improved by exercise). Moreover, these data further support our previous 

characterization of the global gene expression profile of sprinter’s muscle, that shows 

transcripts mainly involved in contraction and energy metabolism as the most expressed in 

muscles of sprinters [57]. Such genetic expression pattern reflects a functional and 

metabolic adaptation of athletes toward an increased muscle contractile function along with 

an enhanced energy expenditure in the context of exercise training-induced muscle 

adaptations [58]. Furthermore, another study, involving healthy men, shows that moderate-

intensity exercise at the lactate threshold induces the expression of transcriptomes involved 

in the tricarboxylic acid cycle, β-oxidation, antioxidant enzymes, contractile apparatus, and 

electron transport in the skeletal muscle [59]. 

 Following the same line of thought, it was demonstrated that after 6 weeks of 

endurance training at lactate threshold intensity, the regulation of skeletal muscle 

transcriptome in elderly men includes increased expression of genes related to oxidative 

OXPHOS [60]. All these changes reflect an increase in the energy expenditure ability via 

an enhanced mitochondrial activity with an increased usage of biofuels which would be 

combined to reduced energy storage and lead to protection from obesity. This study [60] 

has also highlighted the importance of mitochondrial OXPHOS and extracellular matrix 

(ECM) remodeling in the skeletal muscle adaptation which correlates with a previously 

reported work in which genes of both ECM and calcium binding are upregulated and those 
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related to diabetes are modulated in human skeletal muscle following a 6 wks aerobic 

training [61]. We note that the exercise-induced genes are associated with a profile that 

counteracts the ageing process. Indeed, whereas ageing (risk factor for obesity) decreases 

metabolic performance (e.g., mitochondrial dysfunction [62]) and the strength of the 

muscle [63] and increases oxidative stress [64], exercise improves those biological patterns 

in the muscle. 

 One of the mild endurance training induced genes that draws particular attention is 

the secreted protein acidic and rich in cysteine (SPARC). This gene was characterized as an 

exercise-induced gene [60] as well as electrical pulse stimulation (considered as the in vitro 

form of exercise)-induced gene in C2C12 myoblasts [65]. In addition, studies have shown 

that SPARC increased in the skeletal muscle during training [66–68]. This same protein 

plays diverse roles in energy metabolism especially in the muscle [69,70], ECM remodeling 

and myoblast differentiation [71–74], inflammation [75], and cancer development [76], 

which would indicate that SPARC plays a role in exercise-induced benefit related processes 

involving inflammation, cancer, and tissue remodeling. 

 All these gene expression changes help to understand, at least in part, exercise 

induced pathways of mitochondrial biogenesis [77] and mitochondrial biochemistry [78] as 

well as muscle adaptation [79] and how exercise can reverse ageing impacts on skeletal 

muscle [80]. Such genomics studies are supported and complemented by proteomics 

studies that have explored the variations in protein expression in muscle depending on the 

physical activity [66,81–83] and reflects an adaptation of the proteinic profile, comparable 

to the transcriptomic changes, as well. This includes the increase in the expression of a 

peroxisome proliferator-activated receptor γ coactivator 1 α isoform PGC-1α4 that is 

involved in the regulation of skeletal muscle hypertrophy [84] which reflects an aspect 

from the correlation and complementarity between the functional genomics and functional 

proteomics. 

 Moreover, studies of exercise-related genes can be categorized depending on 

exercise type, e.g., endurance-based exercise and resistance-based exercise [85]. The 

transcriptomic signature of exercised muscle is also variable depending on muscle fibers 

and age [86]. This indicates a need of a classification strategy depending on the variables 

(age, muscle fibers, exercise type, etc.) that modify gene expression response to exercise. 

Such classification could also be extrapolated to the therapeutic target identification 

depending on the suitable pharmacological effects (enhance the metabolism, increase 

muscle strength, etc.). 

6.5.4 Implications 

 Such exercise-related gene expression patterns explain some of the exercise 

benefits, including those seen even after detraining [87], including increased muscle 

contraction and energy metabolism improvement, thereby providing molecular and 

mechanistic links between the exercise benefits and the genes (over) expressed with or 
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following exercise which could potentially be used for drug development towards an 

“exercise pill” (Figure 6.1). 

 Importantly, the exercise benefits and their clinical outcomes are precisely what 

clinicians hope to observe in their patients (with obesity, diabetes, etc.) such as an 

improved blood lipoprotein profile [88,89], increased usage of lipids and glucose, 

ameliorated insulin resistance, as well as an enhanced energy expenditure. Obtaining these 

effects is exactly what functional genomics-based therapies aim to achieve via 

pharmacological agents. Indeed, identifying exercise-specific genes and exploring the 

pathways they control would allow the development of exercise pills. Such pills could 

therapeutically mimic the effects of exercise via targeting these “exercise-genes” pathways 

through pharmacological agents and thus, obtain the benefits of exercise without intensive 

training. This is of a particular importance for old (and suffering from heart diseases) or 

disabled individuals who have limited ability to exercise but who therapeutically require the 

benefits of exercise. Therefore, such “exercise pill” would allow to overcome this limitation 

of applying exercise as a therapy for obesity. 

 

 
Figure 6.1. The implications of identifying genes differentially expressed during exercise training: 

exercise-induced genes. 
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6.6 Diet-Related Genes: A Focus on High-Fat Diet to Identify a Lipid-

Specific Signal  

6.6.1 High-Fat Diet Particularities in Obesity Context 

 As diet is the other pillar in obesity research and represents the energy intake and a 

key part of anti-obesity therapy, it is also an important factor for gene expression studies in 

the context of obesity. The diverse properties and impacts the diet has on metabolism 

pattern and biochemical adaptations made the identification and the exploration of 

associated specific gene expression patterns an important element in obesity molecular 

research. The effect of diet on obesity development is well known especially for HF diet 

[90–92]. The reason behind the focus on fat, beyond the concept of excess caloric intake, is 

that this nutrient, compared to both carbohydrates and proteins, has limited effect on 

satiety, is associated with high palatability, and has a high caloric density [93]. In addition, 

the lipid content in the modern Western diet increases fat consumption and is part of the 

unhealthy lifestyle. Indeed, following a HF meal ingestion, both caloric intake and energy 

expenditure favor weight gain because of the palatability, high caloric density, and low 

satiety effect of HF nutrients, as well as the weak potency for fat oxidation and energy 

expenditure associated with elevated fat intake [94–96]. The other pattern associated with 

HF diet is that the offspring have obesity risk and gene expression alterations [97] as a 

consequence of the maternal HF diet. This highlights the need to focus on HF diet 

especially as it impacts gene expression and epigenetics profile [98] as exemplified by 

studies showing that epigenetic changes can be consequences of the maternal HF diet [99–

101]. 

 The control of food intake represents a major determinant in the etiology of obesity 

especially with HF meals which acutely disrupt energy balance [102,103]. Feeding 

behavior is controlled by short-term circulating nutrients and hormones as well as signals 

derived from peripheral tissues in response to a meal and changes in energy stores. Within 

this context, the hypothalamus is a key brain center upon which all these peripheral signals 

converge to regulate feeding behavior and energy intake, thus it controls short-term as well 

as long-term energy balance and steady-state body weight [104,105]. Therefore, screening 

the changes in gene level following acute HF meal ingestions would reveal new elements 

within the gut brain axis leading to the development of novel approaches for the 

understanding and the control of energy homeostasis. In particular, the identification of 

transcriptomic changes induced by HF diet both in digestive and peripheral tissues as well 

as within the central energy metabolism control centers in the brain. 

6.6.2 Digestive System (First Food “Receptors”) 

 Differentially expressed genes in the stomach and intestine are key elements since 

these two tissues represent the sites of most of the digestive processes and where the 

nutrients are first available in the simplest forms (that interact with endocrine system and 
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different receptors). Thus, stomach and intestine represent the starting point of signals 

controlling energy balance (including food intake). Importantly, variations (gene 

expression) within the digestive system may reflect changes at the digestive process that 

could impact the availability, the absorbance ratio, as well as the biochemical and 

endocrine effects of the diet nutrients. Since HF diet-induced transcriptomes would require 

more attention than the low-fat (LF)-induced genes, it is of a great importance to identify 

and more precisely distinguish between HF and LF specific genes. Therefore, the 

particularity of selected studies we report first herein is that fasting status was the reference 

(control) to study both HF and LF-specific genes. In fact, numerous previous studies that 

investigated HF-specific changes used LF conditions as a reference, therefore, were not 

able to characterize LF-specific genes nor to distinguish HF-specific from LF-specific 

transcriptomes. We first report a transcriptomic study that identified the peripheral signals 

of appetite and satiety from mice duodenum by investigating the transcriptomic changes in 

the duodenum mucosa 30 min, 1 h, and 3 h (to explore acute impact rather than chronic 

gene expression modifications) following HF and LF meal ingestion [106]. This study 

reveals that energy, protein, and fat intake transcriptome expression changes were higher in 

the HF groups compared to LF groups [106,107]. These data correlate with an intestinal 

mucosal mRNA analysis that demonstrates changes in the expression of genes related to 

anabolic and catabolic lipid metabolism pathways [108] and a recent paper shows that the 

expression of genes related to the uptake and transport of lipid and cholesterol as well as 

glucose storage are upregulated in the duodenum [109]. This changes specific patterns of 

HF-diet compared to LF-diet. Digestive mucosa is the first tissue that interacts with 

nutrients during the first digestive processes and has the ability to produce signal molecules 

that can act as hormones within the gut–brain axis [110]. Therefore, the key concept 

beyond identifying digestive mucosal diet-induced genes is to eventually identify new 

signals and responses to nutrient ingestion controlling food intake and energy expenditure. 

As an example of a potential signal molecule, the trefoil factor 2 (Tff2) has been identified 

as a newly found HF-specific gene [106] for which its deficiency in mice leads to a 

protection from HF diet-induced obesity [111,112]. Among the hundreds of genes that are 

modulated after HF or LF meal ingestion [106,113–116], we put a spotlight on the Tff2 and 

its pathway as a potential targetable pathway for obesity molecular therapies. Indeed, this 

gene is upregulated by HF (and not LF) diet [106] which suggests it is a specific acute HF 

induced signals that may impact food intake regulation. At the peripheral level, HF-diet 

decreases the expression of genes involved in metabolizing glucose in porcine perirenal and 

subcutaneous adipose tissues [116] which would indicate the switch (as an adaptation) of 

the metabolism toward less glucose usage in the presence of lipid intake, probably to 

increase lipid metabolism following a LF-diet intake. In addition, it has been shown that in 

mesenteric adipose tissue, only LF meal upregulated transcripts implicated in lipid 

biosynthesis, whereas transcripts involved in lipid utilization and glucose production were 

downregulated in both HF and LF meals following 3 h of meal ingestion [114], also 
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pointing a metabolic adaptation of lipid metabolism depending on lipid ratio within the 

diet. 

6.6.3 Adipose Tissue (Energy-Stocking Tissue) and Skeletal Muscle (Energy-Usage 

Tissue) 

 HF diet induces an increase in the expression of genes related to inflammation, 

whereas it downregulates genes related to lipid metabolism, adipocyte differentiation 

markers, and detoxification processes, and cytoskeletal structural components in mouse 

adipose tissue [117]. These observations highlight how the metabolic function reacts to HF 

diet in terms of adaptation and at the same time emphasizes health problems associated 

with obesity such as inflammation. These results, further indicate that the metabolism is 

shifted toward the usage of lipids rather than glucose, are in agreement with other studies 

showing that HF diet enhances the expression of genes related to lipid catabolism in the 

skeletal muscle [118]. Such data illustrate how the metabolic cellular system can adapt to 

the type and the quantity of nutrients received through different diets and the activated 

metabolic processes are chosen depending on such factors. Exploring such “diet-oriented” 

metabolic pathways might allow the development of pharmacological approaches that 

could mimic such pathways in order to increase lipid store usage by tissues as a part of anti-

obesity therapies. Importantly, knowing the metabolism-related genes regulated by diet 

could optimize pharmacotherapies and diet-based therapies by selecting the type and the 

quantity of specific nutrients that could act towards a suitable metabolic phenotype for a 

specific patient. Herein, it is worth emphasizing that in order to correctly design a study, 

selecting the control group remains critical. Indeed, to study HF or LF diet, it is important 

to define the reference whether it is fasting status or fed control. In case of fed control, not 

only the caloric content but also the fat type and its chemical nature are also to be taken into 

account when reaching conclusions. 

6.6.4 Brain (Energy Balance-Control Centers) 

 Besides identifying diet-related peripheral signals, changes induced by the diet at 

the central level have also been studied. For instance, the study of HF and LF meal 

ingestion induced changes in the hypothalamic transcriptome reveals that 3 h after the 

beginning of meal ingestion, 12 transcripts were regulated by food intake including two 

involved in mitochondrial functions [115]. This work also reveals the increased expression 

of the major urinary protein 1 (Mup1) gene in the hypothalamus of LF fed mice compared 

to fasting mice. MUP1 is a protein involved in metabolic profile improvement including 

energy balance toward skeletal muscle with increased mitochondrial function and energy 

expenditure in diabetic mice [119]. These MUP1 effects on metabolism regulation [120] 

including glucose and lipid metabolism [121], might explain the benefits of the LF diet. 

Such benefits are not only explained by the limited caloric intake in LF diet compared to 

HF diet but results from the switch of the metabolic profile toward more fuel usage and 

energy expenditure. In addition, we might also suggest that Mup1, with biochemical effects 
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protecting from obesity, is involved in the pathways that are blunted during obesity which 

would further increase energy storage and decrease energy expenditure. Indeed, in another 

study, a 8–12 d dietary restriction in LF-diet groups of mice led to a downregulation of 

Mup1 in adipose tissue [122] which could be an adaptation to the dietary restriction in order 

to conserve energy stores and limit energy usage since the organism is under caloric 

privation. This further highlights the importance of Mup1 in energy balance, both in energy 

expenditure and energy conservation, and presents its function as a potential molecular 

target for obesity as well. 

 Furthermore, regarding the hypothalamic (center of energy homeostasis control) 

transcriptome, high-fructose diet fed to Wistar rats throughout development lead to the 

remodeling of 966 genes and enhanced both depressive-like and anxiety-like behaviors 

[123] which could lead individuals to manifest either increase or loss of their appetite. In 

addition, the hypothalamic transcriptome pattern under HF diet condition (over 2 wks) 

exploring the neuropeptides involved in energy balance explains how ingesting a HF meal 

contributes to remodeling the expression of neuropeptide Y, agouti-related protein, and 

proopiomelanocortin over time [124]. This last element is extremely important to 

understand the establishment and the development of obesity by studying key molecular 

signals at different steps and reveal the underlying paths. Importantly, the data generated on 

preferentially expressed genes in the hypothalamus and pituitary gland [125,126] improve 

the understanding of the central control of energy metabolism and diet impact on gene 

expression. 

6.6.5 Potential Applications 

 The characterization of novel fat-specific genes may contribute to the development 

of new therapeutic targets for appetite and satiety controls. Herein, it is worth mentioning 

that the existence of two levels of diet-dependent energy metabolism control (peripheral 

and central) provides wider therapeutic options and further choices depending on the 

patient’s physiological or pathophysiological status. For instance, a patient with obesity 

suffering from a functional gastrointestinal disease might not respond well for an obesity 

therapy targeting the peripheral signals and would require targeting the central pathways. 

Mapping how the metabolic profiles (governed by selected genes) change according to the 

type of diet and the time between meal ingestion and gene expression analysis (and 

eventually at which time the meal is ingested) would allow the identification of selected 

signals that are specific and/or time dependent (Figure 6.2). Such data could allow to 

improve precise personal therapies for individuals. 

 Additional studies have examined the interaction between diet and gene expression 

regulation. HF and high-cholesterol (HFHC) diet, and HFHC plus high-sucrose diet [127] 

have been explored within the context of differentially expressed genes. Unlike the 

previous examples, blood RNA analysis was performed and revealed differential 

hyperlipidemia gene expression profiles even though levels of fasting plasma lipids and 

glucose corresponding to these two diets was similar [127]. This indicates that gene 
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expression might not reflect phenotypic changes and that corresponding in vivo metabolic 

and biochemical exploration is required to understand gene expression modifications. In 

addition to studying the effects of diet itself, it is highly relevant to explore the impacts of 

drugs that modify the effects and distribution of nutrients in vivo. For example, Salomäki et 

al. (2014), showed that administering metformin (prescribed to regulate glucose blood 

levels [128]) to pregnant female mice that were on a HF diet resulted in transcriptome 

related to mitochondrial ATP production and adipocytes differentiation of the offspring 

[129] resulting in an improved metabolic phenotype. From a therapeutic viewpoint 

(pharmacology and nutrition), understanding the pathways stimulated or deactivated 

depending on the type of diets would allow nutritionists and clinicians to adapt the diet for 

their patients based on the therapy they are following or based on their lifestyle to avoid 

possible adverse interactions between the diets, therapies, and activated pathways (genes, 

enzymes, etc.). This would help mitigate therapeutic failure, or pharmacotoxicity by 

reducing the drug clearance (metabolism) that could lead to a toxic accumulation. The goal 

herein remains to reach and adapt to the clinical and therapeutic needs. 
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Figure 6.2. Studying the effects (expressed genes and the associated pathways) of different types of diets 

on the different organs/tissues involved in energy balance at different times allow to identify time-

dependent specific signals (such as lipid-specific signals) regulating metabolism homeostasis. 

  

 Finally, the main potential application beyond focusing on HF-diet-induced genes 

remains the fact that lipid metabolism-related feedback hormones (mainly leptin) do not 

have an acute effect. In fact, their effects develop after a relatively long period of time 

compared to carbohydrate-induced hormones (for instance insulin) that are stimulated 

immediately following a carbohydrate intake. This highlights the importance of elucidating 

changes that are both acute and specific to HF diet intake in order to identify acute signals 

of lipid intake; based on which therapies (hormonal or pharmacological) can be developed. 

In addition, HF diet changed the expression of genes related to neurogenesis, calcium 

signaling, and synapse, in the brain cortex [130]. Such ability of the diet to impact 

neuronal-specific gene patterns could explain how diet and obesity establishment affect the 

ability of the brain to control energy balance and would require comparable studies in the 

hypothalamic region, the center of metabolic homeostasis control. Combining the study of 

changes in the intestinal mucosa (first tissue that comes in contact with the food) with those 

in the brain (centers that receive peripheral signals and control food intake) would provide 

the best combination to identify acute HF-specific signals of food intake regulation and, 

therefore, optimize the therapies based on these axes. 

6.7 Conclusions, Discussion, and Perspectives 

 Overall, identifying such differentially expressed genes related to exercise and high-

fat diet and their related pathways could suggest potential novel therapeutic targets for 

obesity treatments after elucidating the mechanisms linking those genes to the diverse 

energy metabolism phenotypes. Functional genomics would, therefore, lead to a new 

generation of therapeutic approaches that would, through targeting selected energy balance 

pathways, mimic the benefits and outcomes of physical activity, suitable diets, or even 

hormones. 

 For the diet, due to the properties of lipids (high caloric density, low satiety effect, 

etc.), we believe that one of the best strategies to develop pharmacotherapies for obesity 

would be to target HF intake at the appetizer time. Therefore, one of the primary strategies 

is to identify and study the HF diet-induced satiety hormone; usually transcriptionally 

regulated 30 min to 3 h after HF meal and to deliver it at the time of appetizer in order to 

control HF intake, obesity, and the related complex diseases and conditions. Herein, it is 

important to emphasize that adequate diet control is the key solution for obesity (especially 

if combined with exercise [131,132]) and that pharmacological options remain 

complementary in selected cases. Regarding identifying pathways of the exercise-induced 

genes is important for development of exercise pills (long-term objective) that could 

therapeutically mimic the effects of exercise via targeting these “exercise-genes” pathways 

through pharmacological agents and, thus, obtain the benefits of exercise without intensive 
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training. This is of a great importance for individuals who are not able to perform exercise 

because of physical handicap or diseases like heart failure. 

 Importantly, data generated by functional genomics, especially if combined with 

functional proteomics and the dynamic-dependent studies of the diverse related pathways 

will not only provide new insight into therapeutic options and research applications but also 

into clinical implications. Such implications will cover exercise, HF diet, but also other 

obesity-related factors such as hormones which are worth exploring within the functional 

genomics context. 
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7.1 Résumé (French abstract) 

 Une variété de modèles animaux ont été développés pour étudier l’obésité. De tels 

animaux nous permettent non seulement d’explorer l’obésité, mais représenteraient 

également des modèles pour étudier les maladies et les conditions qui se développent avec 

l’obésité ou où l’obésité représente un facteur de risque. En effet, les sujets obèses, comme 

les modèles animaux d’obésité, développent des pathologies telles que les maladies 

cardiovasculaires, le diabète, l’inflammation et les troubles métaboliques. Bien que ces 

maladies et conditions puissent être induites chez les animaux par des produits chimiques 

ou des médicaments sans développement de l’obésité, les avoir développées comme 

conséquences de l’obésité présente de nombreux avantages. Ces avantages comprennent 

l’imitation des processus naturels de pathogenèse, l’utilisation de diverse modèles animaux 

d’obésité pour étudier les variabilités connexes et l’exploration de l’intensité et de la 

réversibilité de la maladie en fonction du développement et des traitements de l’obésité.  

7.2 Abstract 

 With the advances in obesity research, a variety of animal models have been 

developed to investigate obesity pathogenesis, development, therapies and complications. 

Such obese animals would not only allow us to explore obesity but would also represent 

models to study diseases and conditions that develop with obesity or where obesity 

represents a risk factor. Indeed, obese subjects, as well as animal models of obesity, 

develop pathologies such as cardiovascular diseases, diabetes, inflammation and metabolic 

disorders. Therefore, obese animals would represent models for numerous diseases. 

Although those diseases can be induced in animals by chemicals or drugs without obesity 

development, having them developed as consequences of obesity has numerous advantages. 

These advantages include mimicking natural pathogenesis processes, using diversity in 

obesity models (diet, animal species) to study the related variabilities and exploring disease 



 

71 

intensity and reversibility depending on obesity development and treatments. Importantly, 

therapeutic implications and pharmacological tests represent key advantages too. On the 

other hand, obesity prevalence is continuously increasing, and, therefore, the likelihood of 

having a patient suffering simultaneously from obesity and a particular disease is 

increasing. Thus, studying diverse diseases in obese animals (either induced naturally or 

developed) would allow researchers to build a library of data related to the patterns or 

specificities of obese patients within the context of pathologies. This may lead to a new 

branch of medicine specifically dedicated to the diseases and care of obese patients, similar 

to geriatric medicine, which focuses on the elderly population. 

 

Keywords: obese; animal; model; disease; obesity; pathogenesis 

7.3 Graphical abstract 

 

7.4 Introduction 

 Obesity remains one of the most challenging health problems worldwide, with 

increasing prevalence [1]. It impacts both public health and the economy [2], and it has 

even worsened within the ongoing context of COVID-19 [3]. In health science, obesity 

is defined based on body mass index (BMI), which represents a clinical measure of body 

composition using weight over height-squared [4,5]. Obesity involves abnormal fat 



 

72 

accumulation, initiated with adipocyte expansion via numerous underlying pathways as a 

result of an unhealthy lifestyle pattern (diet, physical inactivity, sleeping) combined with 

genetic factors, microbiota and psychology [6]. Obesity has even been hypothesized to 

have neuroendocrine reprogramming [7] that would make obesity hard to “reverse” once 

established. The medical danger of obesity is not limited to the increased body weight nor 

the social and psychological impacts on life quality [8]. In fact, the comorbidities and risks 

for health associated with obesity represent important and relevant medical problems [6]. 

Indeed, obesity is associated with a variety of diseases and health disorders. These include 

heart and cardiovascular diseases [9,10], inflammation [11,12], respiratory disease [13,14], 

stroke [15,16], diabetes [17,18], psychological disorders such as depression [19,20], iron 

deficiency [21], bone disorders [22] and even neurodegenerative diseases [23–25], cancer 

[26,27] and regeneration impairment [28]. In addition, the metabolically active tissues, 

including liver and adipose tissue and skeletal muscle, are also impacted during obesity. 

Indeed, obesity impacts on the liver can include portal inflammation, fibrosis and cirrhosis 

[29]. In a key tissue of energy expenditure, modified metabolic properties of muscle 

during obesity [30] can contribute to the development of sarcopenic obesity [31] and 

accumulate triacylglycerol in the lipid droplets that cause a lipotoxicity state [32]. 

Regarding adipose tissue, which is the main energy storage tissue, lipids are stored 

following the conversion of extra glucose into triglycerides [32]. Such impacts on these 

metabolically active tissues would worsen obesity-induced metabolic imbalances and lead 

to further metabolic disorders, including mitochondrial dysfunction [30] and insulin 

resistance [33], among other manifestations of metabolic syndrome during obesity [34]. 

Since obesity itself represents a status of imbalanced energy metabolism following broken 

homeostasis with a modified neuroendocrine profile [6,7], impacts on the main metabolic 

tissues worsen the metabolic phenotype. Other important changes are seen via the disturbed 

pattern of bioactive molecules produced by these metabolic tissues during obesity, 

including hormones, growth factors, cytokines and other adipokines [35] that impact a 

variety of tissues and biologically functional homeostasis. Within this context, whether to 

classify obesity as a disease represents a hot topic, with diverse medical and legal 

consequences [36–40]. 

 Therefore, it is urgent to deepen our biological understanding of obesity. Within this 

perspective, different animal models have been developed through approaches aiming to 

induce obesity within a determined period of time. Once the obesity status is established, a 

variety of measures are conducted in order to explore diverse patterns, including obesity 

pathogenesis, obesity development and antiobesity therapy efficacy. These measures could 

be with or without exogenous interventions, including diet control, physical exercise and 

bariatric surgery. 

 Most importantly, the development and prognosis of obesity-related comorbidities 

and associated health problems such as strokes, metabolic disorders, lipid profile 

abnormalities, inflammations and cancer are key elements to explore as well. These animal 
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models aim to mimic the obesity status and allow the exploration of the related clinical and 

therapeutic outcomes along with their implications and applications. 

 On the other hand, an obese animal could develop (depending on numerous factors) 

one or more obesity-associated diseases and disorders. In this obese animal, those diseases 

and disorders are considered biological consequences or comorbidities associated with 

its obesity status. Therefore, obese animals would represent “natural models of choice” 

compared to the known obesity animal models to study the different aspects of those health 

problems using "naturally" conditioned animals over "artificially" induced ones. Below, we 

briefly expose the key reasons beyond such a statement.  

7.5 In vivo mimicking of obesity-induced comorbidities and changes  

 Obesity is associated with various comorbidities and biological consequences. 

These same comorbidities can also be induced by exogenous treatments in addition to being 

the result of obesity. For instance, rather than inducing disease-like inflammation via 

lipopolysaccharides [41] or administering streptozotocin to induce diabetes [42], we would 

rather have these diseases “naturally” triggered by obesity and developed in obese animals. 

Compared to such chemically generated models of these conditions (inflammation and 

diabetes induced by lipopolysaccharides and streptozotocin, respectively, in these 

examples), obese animals are models that could develop these same conditions but in a 

naturally occurring manner. Importantly, the process occurs through pathogenic pathways 

similar to the in vivo mechanisms. Therefore, obese animals have the advantages of not 

only mimicking the status and the symptoms but also mimicking the biological processes 

leading to these outcomes and comorbidities (e.g., inflammation, diabetes) within obesity. 

This makes these models (obese animals) more “natural”. Indeed, the conditions would be 

the result of molecular and cellular processes caused by the obesity-generated environment, 

representing biochemically broken homeostasis [6,28] rather than an exogenous 

intervention (“artificial” model). Indeed, the “artificial” models lead only to the same final 

outcome but without all the underlying pathways. Therefore, we will miss the pathogenic 

patterns and links by only studying the comorbidities dissociated from obesity. 

7.6 Diversity of animal models 

 Many animal models exist for obesity [43,44], and they vary in both species and the 

method of inducing obesity. The availability of different animals (e.g., mouse [45,46], rat 

[47], pig [48], rabbit [49]), allows diverse animal species choices for the development of an 

obese model. The choice is based on factors including genetics, size, life expectancy and 

generation time. This diversity facilitates the study of each obesity-related condition (e.g., 

brain modifications [50], epigenetics [51], impacts on pregnancy [52], metabolic phenotype 

[53]) in the most suitable animals. For instance, large mammals such as pigs would be 

closer to humans for studying the impacts of bariatric surgery due to size, whereas mice, 

also used to study bariatric surgeries [54], would be more suitable to study maternal diet 
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impact on offspring due to the short generation time as well as the important litter size. 

However, in many cases, financial reasons (animal cost) and the available animal care 

facilities would limit the choices and explain the wide usage of mice models rather than 

pigs, for example. The usage of more expensive models (for instance, pigs rather than mice, 

as well as monkeys) would be justified by practical design, including anatomical or 

physiological similarities (and fat cell size) to humans [55] or specific genetic patterns 

within some defined contexts, such as pathogenesis. 

 Some of the used approaches to generate obese animals in different studies are diet 

(mainly high-fat diet) [56–59], modified genes such as ob/ob [60,61] and db/db mice 

[62,63], and castration-induced obesity [64,65]. Even within the same method, variety can 

exist. For instance, diet-induced obesity is among the most widely used. However, the type 

of diet used in different studies [66–70] could be different from one model to another in 

terms of percentage of lipids, protein and carbohydrate as well as type of lipids, total 

calories and carbohydrate source. Therefore, these lead to diverse biological and 

pathological outcomes, especially where there is no standard protocol [71]. Having many 

choices is of particular importance when we want to (1) build an obesity model reflecting 

the diet of a specific region or population in order to mimic the obesity patterns that are 

developed by that population, and, therefore, (2) study geography-specific or population 

specific obesity patterns, such as the Western-style diet [72]. Within the context of diet, the 

role of the hypothalamus in the pathogenesis of obesity, pointed out even before leptin 

discovery [73], would contribute to the regulation of energy balance signals [74–76]. 

Indeed, the hypothalamus, particularly in rodent models of diet-induced obesity, is 

impacted by obesity and plays an important role in the pathogenesis of obesity [74,77–80]. 

This has critical importance for the development of neuropharmacological therapies for 

obesity [81,82] involving the hypothalamus [83–86]. 

 This animal model diversity does significantly extend the possible choices in terms 

of animals, animal strains and types of diet. However, it remains important to mention the 

drawbacks to this diversity of animal models. For instance, there are the issues of whether 

we can make comparisons across studies and also the possible limited reproducibility (even 

when two studies use the same high-fat diet, would both use the same standard chow diet 

as a control?). This means that studies with similar designs can have different outcomes 

due to differences in animal strain, age, and diet content. Moreover, some studies use 

only male animals, neglecting to include both sexes, which represents another drawback 

that also requires optimizations towards standard parameters to further include sex- and 

gender-related variations. In addition, different designs might lead to different findings 

based on animal choice (e.g., genetics, age). Furthermore, it is also critical to consider the 

impacts of parameters external to the animal, such as temperature, housing conditions, 

and sacrifice time. Importantly, it is also worth stating that obesity impacts social and 

psychological well-being [87]. Such parameters might be hard to evaluate in animal 

models, which are among the limitations that animal models of obesity have. Differences 

between humans and mice represent the basis of most disadvantages and limitations of such 
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models, which includes the need for months of a high-fat diet to produce the full symptoms 

of type 2 diabetes mellitus [71]. This is why a struggle persists when extrapolating the 

results from animal studies to clinical applications. 

7.7 Disease intensity and reversibility 

 Following the initial line of thought, presenting obesity as the inducer of specific 

diseases, it seems acceptable to say that disease developmental stage and severity scale are 

dependent on obesity intensity [88]. Therefore, we can compare the development of 

conditions such as inflammation, prediabetes and even psychological consequences [89] in 

obese animals based on different obesity intensity measured by selected parameters such as 

lipid percentage, body fat [90,91] and body weight [4]. Importantly, the ability to reverse 

obesity [92,93]-at least a short-term reversion by reducing body weight-would allow us to 

observe how the other diseases and disorders evolve. Most importantly, we would observe 

whether those diseases and disorders are also reversible once obesity is “treated”. For 

instance, we can monitor diabetes or inflammation [94] marker changes following obesity 

treatment, which would be of great importance from clinical and therapeutic perspectives. 

Moreover, these changes may also be recorded depending on the approaches used to treat 

or reverse obesity (e.g., diet, physical activity [95], pharmacology [96], bariatric surgery 

[97]). This could be a methodology to evaluate and compare the different therapeutic 

approaches and add new evaluation and clinical tools for research. Importantly, this will 

allow us to establish pathological and mechanistic links between obesity and its associated 

comorbidities, which are among the most important missing patterns that limit our 

molecular and cellular understating of obesity. 

7.8 Monitoring therapeutic implications 

 We can target-with antiobesity therapy-one disease among those existing in obese 

animals (such as diabetes) and see how the other related disease prognoses (such as stroke) 

evolve. This goes beyond therapeutic evaluation and could point to the chronological order 

of appearance of the different obesity-related disorders. Herein, it can also show whether a 

disorder (such as inflammation [98]) is a direct consequence of obesity or the indirect result 

of one of the diseases induced by obesity. This can be clarified by targeting the conditions 

of a pathway and then monitoring another condition to find out whether this second 

condition belongs to or is impacted by the same pathway as the first one. This will elucidate 

the mechanistic pathways and pathogenesis in chronological order. Recent molecular data 

characterizing gene activation in the context of obesity as well as diet and exercise [99–

104] will also help the mapping of the chronology of such pathways, ultimately building 

bridges between gene activation and obesity-related comorbidities through identified 

molecular and cellular pathways in chronological order. Illustrative examples of obese 

animals that produce disease or health condition models have been reported in the literature 

(Table 7.1). This illustrates how complex health conditions and biological consequences of 
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obesity can be explored in obese animals. Therefore, these animals would be considered 

models for these specific health conditions or diseases as well. 

 

Table 7.1. Examples of obese mice that are used or could be used as disease/health condition models. 

 
 

 Expanding the explored conditions to cover the remaining obesity-related 

comorbidities in different obese animals will complete the puzzle of both obesity-induced 

disease pathogenesis and the underlying mechanistic steps. Importantly, diseases such as 

cancer and COVID-19 include obesity among their risk factors (rather than causes) 

[26,114,115]. Therefore, an explorative comparison of obese animals that develop a disease 

such as cancer and the obese animals that do not could allow a better understanding of the 

mechanisms that convert a risk factor into a cause. This requires investigating key patterns 

of metabolism, physiology, gene expression and diet in both animal groups. This can, for 

instance, solve some mysteries beyond cancer, one of the leading causes of death [116,117] 

that is related to obesity. Among the emerging obesity-related research fields, microbiota 

has great potential for both understanding obesity pathogenesis and developing innovative 

therapeutic approaches [118]. Diet, an important factor in both obesity development and the 

building of obesity animal models, can modify the microbiota composition [119]. In 

addition, obese subjects have been reported to have a microbiota composition different 

from that seen in lean subjects [120]. Microbiota composition may modify the metabolism 

and energy balance of the host [67] via pathways suggested to either lead to obesity 

[67,120] or positively improve the metabolic profile [120]. Thus, scientists are exploring 

the use of fecal (microbiota) transplants as well as probiotics as therapies to improve 

obesity, among other diseases [121–127], through beneficially modifying microbiota 

composition. Importantly, we can also consider obese animals as models of dysbiosis since 

this microbiota composition change occurs naturally as a consequence of obesity. 

7.9 Perspectives 

 These perspectives, presenting obese animals as models for a variety of diseases, 

could be extrapolated to other conditions that - like obesity - have multiple comorbidities 

such as diabetes [128–131]. Furthermore, obese animals can be used as starting models 

to build more complex models by inducing some disorders (such as infections) in obese 

animals and observing how a disease would evolve or how therapy efficacy would be 

affected in an obesity-induced environment compared to a nonobese environment. Such 
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studied control groups would be both obese animals not suffering from that disease (or 

not receiving the treatment) and nonobese animals suffering from that same disease (or 

receiving the treatment). Such experimental design will allow us to explore obesity as 

well as the induced disease or the applied treatment as variables and investigate their 

interactions. For clinical (and preclinical aspects), the properties linking obesity to its 

related diseases, explored in obese animals, can be extrapolated to humans, within the 

known limits [132], during clinical studies. Obesity prevalence [133] is continuously 

increasing. Thus, the likelihood of having a patient that is simultaneously suffering from 

obesity and another disease increases accordingly, especially during these times of the 

COVID-19 epidemic [3]. Therefore, studies within this context, supported by the results 

obtained from obese animals, as described above, would allow researchers to build a 

library of data related to the patterns or specificities of obese patients within the context of 

pathologies. Importantly, we look forward to a new branch of medicine that deals with 

the diseases and care of obese patients, similar to geriatric medicine, which focuses on the 

elderly population. 
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8.1 Résumé (French abstract) 

Alors que la diète riche en gras (HF), par divers mécanismes, entraîne des 

dommages à médiation immunitaire, le trefoil factor family member 2 (Tff2) représente un 

gène induit par la diète HF. D’autre part, TFF2 favorise à la fois la réparation des tissus et 

réduit l’inflammation. Ces propriétés viseraient à contrer les dommages résultant de la diète 

HF. Ces observations suggèrent que l’induction du Tff2 par la diète HF pourrait être une 

voie de régulation visant à contrer les dommages à médiation immunitaire résultant de la 

diète HF. En plus, puisque l’expression du Tff2 augmente avec la diète HF et que Tff2 est 

aussi exprimé dans le cerveau, nous émettons également l’hypothèse que TFF2 pourrait être 

un signal de contrôle de l’apport alimentaire induit par la diète HF pour réduire l’appétit et 

donc l’apport en diète HF.  

8.2 Simple Summary 

 High-fat (HF) diet induces both immune-mediated damage and trefoil factor family 

member 2 (Tff2) expression. As TFF2 has tissue repair and protection properties, this 

suggests that HF diet-induced Tff2 production and the resulting TFF2 mucosal protective 

effects would be a mechanism to counteract the HF diet-induced tissue damage. On the 

other hand, the induction of Tff2 by HF diet could indicate that TFF2 is a food intake 

regulator (appetite control) since Tff2 is also expressed in the brain. This highlights the 

importance of exploring TFF2-related pathways in the context of obesity management 

towards potential therapies. 
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8.3 Abstract 

 Physiological homeostasis requires a balance between the immunological functions 

and the resulting damage/side effects of the immunological reactions including those 

related to high-fat (HF) diet. Within this context, whereas HF diet, through diverse 

mechanisms (such as inflammation), leads to immune-mediated damage, trefoil factor 

family member 2 (Tff2) represents a HF diet-induced gene. On the other hand, TFF2 both 

promotes tissue repair and reduces inflammation. These properties are towards 

counteracting the immune mediated damage resulting from the HF diet. These observations 

suggest that the HF diet induction of Tff2 could be a regulatory pathway aiming to 

counteract the immune-mediated damage resulting from the HF diet. Interestingly, since 

Tff2 expression increases with HF diet and with Tff2 also expressed in the brain, we also 

hypothesize that TFF2 could be a HF diet-induced food intake-control signal that reduces 

appetite. This hypothesis fits with counteracting the immune damage since reducing the 

food intake will reduce the HF intake and therefore, reduces the HF diet-induced tissue 

damage. Such food intake signaling would be an indirect mechanism by which TFF2 

promotes tissue repair as well as a pathway worth exploring for potential obesity 

management pharmacotherapies. 

 

Keywords: trefoil factor family member 2 (TFF2); high-fat diet; immunity; damage; mice 
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8.5 High-Fat Diet-Induced Trefoil Factor Family Member 2 (TFF2) to 

Counteract the Immune-Mediated Damage in Mice 

 Animal physiological homeostasis requires a balance between the immunological 

functions and the damage/side effects of those immunological reactions. Knowing that 

immunological reactions can be triggered by diverse factors, the homeostasis supposes 

that parallel or secondary pathways are activated or stimulated with these immunological 

reactions to repair the damage. The immune system is a complex network of cells and 

circulating fluids that is modulated by the nervous system [1], endocrine system [2], 

infections [3], and even diet. Indeed, different types of diets, such as high-sucrose and high-

fat (HF) diets, have been shown to impact immune functions [4,5], among other factors 

and genes [6,7]. HF diets characterize our modern life and are associated with diverse 

diseases and health problems, such as obesity, dyslipidemia, diabetes, fatty liver disease 

and cardiovascular diseases [7–10]. However, such HF diet-induced immune modulations, 

which could be implicated in the HF diet-induced risks and diseases, are yet to be fully 

understood. Within this context, the molecules and signals that are either upregulated or 

downregulated with HF diets could be the mechanistic answer, as per the examples we 

provide below from studies on mice. 

 For instance, trefoil factor family member 2 (TFF2), known as spasmolytic peptide 

[11], is well involved in mucosal repair, protection and proliferation, as it represents an 

important stabilizer of the gastric mucus, with roles in tissue remodeling [12]. Herein, we 

go beyond its mucosal protective role to explore the hypothesis linking this diet-induced 

molecule, TFF2, to the diet-induced immunomodulation. Indeed, whereas Tff2 has been 

reported as a gene that is specifically induced by HF diets in mice [13,14], its knockout 

protected mice from HF diet-induced obesity [15] through a metabolic phenotype that 

contributes to more energy expenditure and reduced energy storage [16]. The importance of 

the studies that identified Tff2 as a gene specifically induced by HF diets is that the control 

groups were, unlike in other studies, fasted mice [13,14]. Based on the HF induction of 

TFF2, we notice a correlation between the HF diet-induced immunological changes and the 

TFF2 related immunological effects and benefits (as illustrated below). This correlation 

suggests that TFF2 would be involved in mediating the protective effects against such HF 

diet damage. 

 On one side, a HF diet has important immunological impacts. For instance, a HF 

diet increases TNFα and IL1β in young mice’s hippocampus [17], and leads to chronic 

systemic inflammation [18]. Moreover, a chronic HF diet is also associated with obesity 

[19,20], which also affects the immunity [21] and might explain some of the impacts 

obesity has on regeneration impairment through diverse processes, including inflammation 

[22], which is important in the context of TFF2's roles in tissues repair. 

 On the other hand, TFF2, beyond its well-known roles in injured mucosa healing 

[23–25], has a noticeable role in the immune response [25,26], as suggested by its 

expression in immune organs [27] and its expression during inflammations [12]. Indeed, 
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Helicobacter infection upregulated it in gastric tissues, macrophages and lymphocytes [11], 

whereas Helicobacter pylori eradication decreased TFF2 level in patients’ sera [28]. 

Furthermore, TFF2 deficiency leads to a deregulation of macrophages’ and lymphocytes’ 

proliferative responses [11], and an accelerated gastritis progression [29] during 

Helicobacter infection. This correlates with both the ulceration role of Helicobacter pylori 

[30] and the tissue repair/protections roles of TFF2 in animal selected tissues [12]. 

 TFF2 expression during such immunological changes seems to be an attempt to 

limit the negative impacts of these immune reactions, such as inflammation [12], due to 

the HF diet. For instance, TFF2 could both limit the recruitment of leukocytes and the 

monocyte production of nitric oxide [25], and decrease macrophage responsiveness [27], 

which would contribute to promoting the tissue repair environment. Therefore, this TFF2- 

induced downregulation of selected immunological responses would be a step required to 

accomplish the healing and protecting effects TFF2 governs. 

 These illustrative examples present TFF2 as a mediator of the HF diet-triggered 

mechanisms attempting to correct the HF diet’s negative impacts, mediated through the 

immune system. Interestingly, unlike glucose, which causes insulin as a hormone to be 

secreted immediately following meal ingestion [31], there is no equivalent hormone for 

lipid ingestion. TFF2 could be that missing signal within animal endocrinology, since in 

the studies in which Tff2 was shown to be unregulated at 3 h following a low-fat meal 

ingestion, it was upregulated with a HF meal [13,14]. The acute character of this expression 

indicates an immediate effect of the HF diet on Tff2 expression. Therefore, TFF2 could 

be a short-term lipid-specific signal that controls lipid intake by limiting lipid ingestion 

through a TFF2-dependant feedback acting on food intake centers. This is supported by 

the differential Tff2 expression in the hypothalamus of fasted, and low-fat and HF diet-fed 

mice (lipid ratio-dependent expression) [15]. This hypothesis is further supported 

by the increase in the drive to consume a HF meal, as well as the appetite enhancement 

as a consequence of TFF2 deficiency [15]. This would suggest that TFF2 counteracts HF 

diet-induced damage indirectly through reducing the HF intake. The other remarkable 

link is that TFF2 is mostly expressed in the digestive system [32,33], which represents the 

site whereat the animal’s neuroendocrine receptors first interact with the ingested 

food, including HF meals; this further suggests the acute responsiveness of the HF diet’s 

induction of TFF2 in the mouse intestine. Always within the digestive system, the HF diet 

impacts the local microbiome [34,35], which could be another key link between the diet 

and the immunological changes, especially with the known interactions between the 

immune system and the microbiome [36–38], the microbiota richness reduction [39], and 

dysbiosis, in all of which the HF diet has been implicated [40]. In addition, since several 

effects of a HF diet are mediated by microbiota [18] with probiotics that upregulate TFF2 

[41], these microbiota-mediated effects of the HF diet could be through TFF2 expression 

changes. 

 These elements highlight TFF2 expression (HF diet-induced) as a feedback aiming 

to counteract the immune-mediated HF diet-induced damage. However, the correcting 
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potential and efficacy of TFF2 would depend on the severity and the chronic or acute 

character of such a HF diet. This explains why during obesity (such as in HF diet-induced 

obesity in animal models), those TFF2-correcting mechanisms are less efficient due to the 

strong immune-mediated damage that overcomes the TFF2-counteracting ability. Further 

explorations of diets’ impacts on TFF2 expression, such as high-salt diets [42], within an 

immunological context would expand this emerging field linking the type of diet to the 

immunological changes via identifying the linking factors. Importantly, combining these 

metabolic and immunological properties of TFF2 would allow us to further understand 

how mice immunologically react to a HF diet, and elucidate more diet-induced effects on 

immunology, infections and inflammation. Importantly, extrapolating these concepts from 

mice to humans and building clinical trials based on animal experiments could lead to 

developing novel TFF2-based therapies for diseases and conditions, such as inflammation, 

and, most importantly, a potential control for lipid intake (appetite control) towards a better 

obesity management strategy, which requires urgent solutions due obesity’s 

epidemiological profile and its impacts on health and the economy [43–46]. 
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9.1 Résumé (French abstract) 

 Le trefoil factor family member 2 (TFF2) est connu pour son implication dans la réparation 

des muqueuses. Alors qu’il est surexprimé pendant les processus inflammatoires, l’ajout de TFF2 

conduit à un effet anti-inflammatoire qui contribuerait à créer un microenvironnement nécessaire à 

la réparation des tissus. Ces propriétés présentent TFF2 avec des propriétés homéostatiques au cours 

des processus inflammatoires, comme l’illustrent des exemples sélectionnés. 

9.2 Abstract 

 Trefoil factor family member 2 (TFF2) is known for its involvement in mucosal 

repair. Whereas it is overexpressed during inflammatory processes, adding TFF2 leads to 

an anti-inflammatory effect that would contribute to create the microenvironment required 

for tissue repair. These properties present TFF2 with a homeostatic pattern during 

inflammatory processes as illustrated by selected examples. 

 

Keywords: trefoil factor family member 2 (TFF2); inflammation; tissue repair 
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9.3 Graphical abstract 

 
 

9.4 Trefoil Factor Family Member 2 (TFF2) as an Inflammatory-Induced 

and Anti-Inflammatory Tissue Repair Factor 

 

 Compared to the diverse physiological entities, digestive and respiratory systems 

represent the tissues that interact the most with exogenous organisms and molecules, as 

they represent the two “entrances” of the body. This anatomical property exposes these 

systems to diverse stimuli and injuries leading to inflammatory reactions, especially with 

their rich blood flow and close interactions with the immune system. In addition, their 

mucosa has a relatively high regenerative and repair activity. Within the context of mucosal 

repair, trefoil factor family member 2 (TFF2), also known as spasmolytic polypeptide and 

isolated in 1982 [1], is a biological factor known for its involvement in mucosal repair, 

protection and proliferation especially within both digestive and respiratory systems [2–8]. 

TFF2 represents an important component and a stabilizer of the gastric mucus with the 

property of binding to the mucin MUC6 [9] and is also involved in tissue remodeling 

[2,10]. It is expressed in different species such as mouse [11], cow [12], rat [13], pork [9] 
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and human [14]. In veterinary science, the animal models of TFF2-modified expression 

illustrate the importance of this protein in animal health as shown by studies investigating 

obesity, gastric secretion, asthma, etc [2,3,10,11]. 

 These TFF2 properties are reflected by the increased susceptibility to injury seen in 

TFF2-deficient mice. Indeed, TFF2-deficient mice have an increased gastric ulceration 

degree compared to wild-type mice following indomethacin administration [3]. Since there 

are numerous inflammatory diseases [4,15–17] that develop in the digestive and respiratory 

systems, we would like to summarize hypothetic links between the TFF2 and selected 

inflammatory-related processes [2,18–20]. 

 TFF2 has been shown to be overexpressed (or upregulated) following 

inflammations or inflammatory conditions [18] such as in asthma [2], gastrointestinal 

ulcerative disease [19] and allergic airway inflammation [20]. Furthermore, knowing that 

some interleukins (IL) have been linked to tissue repair [21–23], such regulation could also 

be under the control of selected cytokines since, for instance, IL-4 and IL-13 induce TFF2 

in the lung [20]. Other treatments, also leading to cell damage, upregulate TFF2 or TFF2 

expression, such as hypoxia [24] and aspirin in which the damages are also associated with 

hypoxia [24,25]. This suggests that the upregulation would be a response of the 

inflammation-induced damage rather than the inflammation itself, which correlates with 

aspirin damage-induced activation of Tff2 gene in rats [13]. This would mean that TFF2 

would not be required to develop the inflammation but would rather increase with 

inflammation, either induced by inflammation or the factor triggering the inflammation. 

This TFF2 induction would initiate the healing and repairing process that counteracts the 

inflammation-induced damage, which could be a protective mechanism such as during 

chronic superficial gastritis [26]. 

 Interestingly, other studies have pointed TFF2 with a potential anti-inflammatory 

effect. For instance, a recombinant human TFF2 was shown to reduce colitis inflammation 

in a rat model; it increases the colonic epithelial repair rate [27]. Within the same line, 

applying TFF2 does reduce inflammatory indexes in a hapten colitis rodent model and has 

even been suggested as a therapeutic scaffold for inflammatory bowel disease treatment 

[28]. Importantly, TFF2 treatment reduces fibrosis (subepithelial collagen deposition) in a 

murine model of chronic allergic airways disease [2], which could indicate a reduced 

fibrogenesis in tissues undergoing inflammation [29,30]. Thus, TFF2 effects are not limited 

to an anti-inflammatory effect but would also reduce the tissue fibrosis. Both effects are 

towards tissue repair and counteract the deteriorating inflammatory consequences (damage 

and fibrosis) as well. This could explain the TFF2 beneficial effect on intestinal 

inflammation in animal models, which would involve reducing both macrophage 

responsiveness [28] and leukocyte recruitment [31], regulating the NO-mediated 

inflammation (monocyte) [32] and blocking inflammatory cell recruitment [28] within its 

mechanism. On the same path, TFF2 is also expressed during gastric cancer [33,34]. This 

could indicate that the presence of TFF2 aims to limit the cancer-induced inflammatory 

damages. It cold also represent an attempt to limit cancer growth as suggested by an in vitro 
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study that shows the inhibition of the growth of gastric cancer cells by TFF2 expression 

[35]. 

 It is worth precising that the anti-inflammatory effect or fibrosis reduction have 

been observed when exogenous TFF2 was added in different conditions [2,27,32] rather 

than when the inflammation-related endogenous TFF2 was overexpressed (since 

inflammation develops although the inflammation-induced upregulation of TFF2 

expression [2,18–20]). This highlights TFF2 overexpression as an attempt to limit the 

inflammation and its consequences (such as fibrogenesis). Such an anti-inflammatory effect 

or fibrosis reduction would be among the main mechanisms underlying the pathways via 

which TFF2 mediates its mucosal protection. Although the inflammatory-induced TFF2 

overexpression (not its exogenous addition) would not lead to a measurable effect on 

inflammation or fibrosis, inflammatory related TFF2 expression would probably contribute 

to create the biological environment required for tissue repair, but not only through 

recruiting selected factors and interacting with biomolecules such as mucins [18,36]. 

 Interestingly, probiotics have been shown to increase the production of TFF2 in the 

mouse stomach [37]. Probiotics also have, in addition to roles in tissue repair [38], anti 

inflammatory effects especially in the intestine [39], which is one of the key tissues of 

TFF2 expression. Thus, TFF2 might be among the pathways linking probiotics to the anti 

inflammatory and tissue repair effects, probably involving immunological mechanisms 

impacted by probiotics [40]. In addition, the reported antibiotic activity of TFF2 [14] could 

be complimentary in both inflammation and immunological regulation towards reducing 

inflammation-related damages. 

 Tff2 has been recently characterized as a high-fat diet-induced gene in the intestinal 

mucosa [41] and the knockout of this gene lead to a protection from high-fat diet-induced 

obesity [11,42]. Both these facts could be further considered for the future exploration of 

the links between inflammation and metabolics. Indeed, obesity, for which a high-fat diet 

increases its development, also represents a risk factor for both inflammation and cancer 

development. Therefore, the metabolic implications of TFF2 could be behind a part of the 

inflammatory and cancer processes, especially based on known links between metabolic 

activities and the factors related to inflammation and cancer [43–45]. Within this context, 

IL could complete TFF2 roles during tissue repair. For instance, tissue injuries induce IL-6 

production [46], which is required for gastric homeostasis [47] and has been shown to play 

metabolic roles [43]. This would indicate complementarity roles between TFF2 and IL 

during tissue repair by contributing to create the microenvironment as well as the metabolic 

conditions required for post-injury repair and counteracting the tissue damages. Within the 

context of diet, it is also worth mentioning that a diet rich in antioxidants would have a 

beneficial effect on inflammation development [48]. Moreover, the high-fat diet-induced 

Tff2 gene expression could be related to counteracting inflammation damages, since high-

fat diet induces oxidative stress [49] and is usually associated with obesity [50,51] which 

has both oxidative stress [52] and inflammation [53,54] in its context. 
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 Moreover, the other TFFs (TFF1 and TFF3) would require additional exploration 

within the context of inflammation because of their implication in the inflammation process 

[4] as well as the possible expression interdependence linking TFF2, TFF1 and TFF3 

[55,56]. Furthermore, the inflammatory properties of TFFs correlate with their 

immunological roles [28]. This could also justify the expression of TFFs (minute amounts) 

in the immune and central nervous systems [57] as well as in cancers [12,58] as regulatory 

factors. Deeper understudying of TFF2 implications in inflammation or inflammatory-

related diseases and conditions would allow developing new methods to confirm diagnosis, 

make prognosis or follow a therapy efficiency based on TFF2 expression variation as a 

biological marker, such as in tumors [33]. Moreover, these implications of TFF2 in 

inflammation would suggest the potential usage of TFF2 or targeting TFF2-related 

pathways to develop novel therapies or optimize those in usage for diseases and conditions 

involving an inflammatory component. The “homeostatic property” of TFF2 exposed is 

similar to the one we reported for the secreted protein acidic and rich in cysteine (SPARC) 

during inflammation [59] and cancer [60]. Interestingly, SPARC is also involved in 

response to injury and tissue remodeling [61,62]. Such opposing effects may broaden the 

application horizons and these two examples of TFF2 and SPARC illustrate mechanistic 

links between the need to control inflammation as well as adapting cellular patterns 

(metabolism, structural shape, etc.) during tissue repair and regeneration processes. 

Elucidating these links will expand therapeutic perspectives based on molecular pathways 

of diseases in animals and humans. 
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10.1 Résumé (French abstract) 

 Une étude de notre laboratoire avait démontré que les souris ayant une déficience en 

trefoil factor family member 2 (Tff2) sont protégées contre l’obésité induite par une diète 

riche en gras. Donc, on souhaitait explorer les mécanismes expliquant cette protection aux 

niveaux génomique, protéique et biochimique. 

On a utilisé du sang prélevé des souris pour mesurer les taux sériques d’acides gras 

libres, glucose, glycérol et triglycérides. Les niveaux d’expression de gènes et de protéines 

liés au métabolisme énergétique dans le muscle squelettique, le foie ainsi que le tissue 

adipeux ont aussi été mesurés.    

Nos résultats révèlent un métabolisme orienté vers moins de stockage des lipides et 

plus de dépense énergétique, de phosphorylation oxydative et d’utilisation des lipides et du 

glucose. Ces observations présentent les voies liées au gène Tff2 comme de potentielles 

cibles thérapeutiques moléculaires pour le traitement l’obésité et les syndromes et maladies 

qui y sont associés.  

Highlights 

• Trefoil factor family member 2 (TFF2) is involved in high-fat diet-induced obesity. 

• Tff2 KO mice are protected from the high-fat diet-induced obesity. 

• We showed molecular mechanisms behind this protection. 

• We mapped Tff2 KO-related energetic and metabolic pathways. 

• Our data point Tff2-Related pathways as potential therapeutic targets for obesity. 
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10.2 Abstract 

 Aims: Trefoil factor family member 2 (TFF2) is a small gut peptide. We have 

previously shown that Tff2 knock out (KO) mice are protected from high-fat (HF) diet-

induced obesity (De Giorgio et al., 2013a). Thus, exploring Tff2 KO-related pathways of 

mice at the genomic, proteinic and biochemical levels would allow us to elucidate the 

processes behind this protection from obesity. 

Main methods: To explore the metabolic and energetic effects related to Tff2 

deficiency, we used sampled blood from the previous study to measure levels of free fatty 

acids, glucose, glycerol and triglycerides in serum. Expression levels of selected genes and 

proteins related to energy metabolism in the skeletal muscle, liver and adipose tissue were 

also studied. 

Key findings: Following the 12-wk challenging of Tff2 KO and WT mice with both 

HF and low-fat diet, Tff2 KO mice had lower levels of serum glucose, triglycerides and 

glycerol. Importantly, western blotting and Q_RT-PCR revealed that the expression levels 

of selected genes and proteins are toward less fat storage and increased energy expenditure 

by enhancing lipid and glucose utilization via oxidative phosphorylation. 

Significance: We mapped a part of the metabolic and biochemical pathways of 

lipids and glucose involving the adipose tissue, liver, skeletal muscle and sympathetic 

nervous system that protect Tff2 KO mice from the HF dietinduced obesity. Our data 

highlight Tff2-related pathways as potential targets for obesity therapies. 

 

Keywords: Energy metabolism; High-fat diet; Obesity protection; Trefoil factor family 

member 2 

 

Abbreviations: β-AR, β-adrenergic receptor; ADRB2, β2-adrenergic receptor; BAT, 

brown adipose tissue; CAPS, N-cyclohexyl-3-aminopropanesulfonic acid; CD36, fatty 

acids translocase; CNS, central nervous system; DF, density of each lane on the film; DM, 

density of each lane on the membrane; FFA, free fatty acids; GLUT2, glucose transporter 2 

(solute carrier family 2); GLUT4, glucose transporter type 4; HF, high-fat; KO, knockout; 

LF, low-fat; NUR77, nerve growth factor IB or NGFIB; OXPHOS, oxidative 

phosphorylation; PC, positive control; PPARA, peroxisome proliferator-activated receptor 

alpha; Q_RT-PCR, quantitative real-time PCR; SNS, sympathetic nervous system; TFF2, 

trefoil factor 2; TG, triglyceride; Ucp1, mitochondrial uncoupling protein1; WAT, white 

adipose tissue; WT, wild type 

10.3 Introduction 

 Obesity can result from the accumulated effect of minor imbalances between energy 

intake and expenditure [2]. In functional genomics, exploring genes-related energy 

metabolism variations represents a key step to understand the underlying mechanisms of 

obesity and identify potential therapeutic targets. Within this context, trefoil factor family 
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member 2 (TFF2), also known as spasmolytic polypeptide (SP) [3], is expressed in the 

gastrointestinal mucosa [4,5], where it plays a protective role [6], as well as in other tissues 

such as the central nervous system (CNS) [1,7]. TFF2 represents, beyond its roles in divers 

biological functions, a peptide which has been linked to food intake [8], specifically high-

fat (HF) intake, in mice [9]. Thus, TFF2 may regulate feeding behavior and energy 

metabolism as a peripheral signal to the CNS. 

 Indeed, our previous study highlighted Tff2 knock out (KO) mice as protected from 

HF diet-induced obesity and that Tff2 expression in hypothalamus is modulated by HF and 

low-fat (LF) meal [10]. Although Tff2 KO mice had higher energy intake, they had less 

body weight and fat mass but a higher percentage of lean mass. This study demonstrated 

that TFF2 is involved in all components of energy balance: energy intake (+650 kJ in Tff2 

KO mice compared to wild type (WT) mice during the 12-wks feeding), expenditure (+608 

kJ) and excretion (+129 kJ) [1]. Importantly, energy loss from energy excretion in Tff2 KO 

mice accounted only for 17.5% whereas the majority (82.5%) of the energy loss resulted 

from energy expenditure [1]. 

 The pathways beyond this specific energy metabolism pattern are yet to be 

identified. Herein, to characterize the metabolic mechanisms via which TFF2 is controlling 

energy balance and the implication of Tff2 deficiency in the protection form the HF diet-

induced obesity, the current work explores selected energy metabolic parameters via genes 

and proteins expression combined to biochemical measures. 

10.4 Materials and methods 

10.4.1 Experimental design and diet specifications 

 Our study has been carried out on male mice of our previous work involving both 

WT and Tff2 KO mice fed HF (Research Diets #D08121503M) or LF diet (Research Diets 

#D12450CM) [1]. Briefly, at the age of 16 wks, the mice, divided into four groups: WT-LF 

(n = 7), WT-HF (n = 7), KO-LF (n = 7), KO-HF (n = 9), were fed with the corresponding 

diets and provided tap water ad libitum for 12 wks. Blood was collected from the 

mandibular vein at the 8th wk. of diet using a needle stick. Mice were sacrificed at the end 

of the 12-wk diet by cardiac puncture after being anesthetized with a commensurate dose of 

ketamine- xylazine. The blood and tissues were collected. The selected tissues were the 

adipose tissue, skeletal muscle and liver which are important targets for metabolic therapies 

[11]. 

10.4.2. Quantitative real-time PCR (Q_RT-PCR) 

 Total RNA was extracted from the skeletal muscles and the improved Q_RT-PCR 

method, with the technical specifications previously described [10,12], was used for the 

quantification of mRNAs corresponding to the following genes: nerve growth factor IB 

(Nur77), fatty acids translocase (Cd36), glucose transporter type 4 (Glut4), peroxisome 

proliferator-activated receptor gamma coactivator 1 alpha (Ppargc1α), uncoupling protein 3 
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(Ucp3) and mitochondrially encoded cytochrome C oxidase I (Mtco1). See the Appendix 

10.1 for the related information on GenBank accession numbers, sizes and regions used for 

primers pairs and primers sequences. 

10.4.3 Western blotting 

 Total proteins were extracted from the skeletal muscles, liver and adipose tissue 

using a radio-immunoprecipitation assay (RIPA) buffer and protease inhibitors cocktail 

(Sigma Aldrich Canada Co., Oakville, ON, Canada) and followed by a protein 

quantification of each protein extract. Five to thirty micrograms of proteins were separated 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the TGX 

Stain-Free FastCast acrylamide solutions (Bio-Rad Laboratories Ltd., Mississauga, ON, 

Canada), and trihalo compound in the gels was activated under UV. Then, total proteins 

were transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories 

Ltd.), and gels (before and after the transfer) and membranes were visualized under UV by 

using the AlphaImagerTM 1220 (Alpha Innotech Co., San Leandro, CA, USA). Appendix 

10.2 represents examples of images of gel (before and after the transfer) and membrane 

visualized under UV. 

 Membranes were blocked using the Pierce™ Protein-Free (TBS) blocking buffer 

(Life Technologies Inc., ON, Canada), incubated with 1/ 100–1/400 dilution of primary 

antibodies (Santa Cruz Biotechnology Inc., Dallas, Texas, USA) and secondary antibodies 

(sc-2004 or sc-2005, 1/10000 dilution: Santa Cruz Biotechnology Inc.), and finally 

visualized with the Clarity™ Western ECL Blotting Substrate on a film (BioRad 

Laboratories Ltd.). The visualized total proteins on the membranes and target proteins on 

the films were quantified using the ImageJ software [13]. In order to optimize the western 

blot experimental conditions for each protein and before measuring its expression levels, 

pooled sample (constituted of a mixture of equal proteins amount of all the samples) were 

used to determine both the quantity of proteins to load (tested quantities: 0–40 μg) as well 

as the primary antibody dilution (tested dilutions: 1/100–1/800) for the incubation. The 

same pooled sample was loaded in each gel and used as a positive control (PC) to 

normalize the differences between membranes/films. The density of each lane on the 

membrane (DM) (loading control) and film (DF) was expressed as a ratio to each PC on the 

same membrane/film. Finally, the quantity of protein loaded was normalized via dividing 

DF by DM, as previously suggested [14,15]. Results are expressed as mean ± standard error 

of the mean (SEM) of the ratio DF/DM. Whereas the images of the membrane and the film 

were used to calculate the DM and the DF, respectively, the images of the gel (before and 

after the transfer) reflects the quality of both the electrophoresis and the transfer. 

 For the oxidative phosphorylation (OXPHOS)-related proteins, some different 

western bloating conditions were applied. Indeed, we used a pre-casted ready Tris-HCl gel 

(161-1124, Bio-Rad Laboratories Ltd.) for the proteins separation. After the 

electrophoresis, gel was soaked in the N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) 

transfer buffer (C2632, Sigma-Aldrich Canada Co.) for 30 min before assembling the 
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transfer sandwich. Following the transfer, the membrane was soaked in CAPS transfer 

buffer then in TrueBlot enhancer solution before being placed in 5% TrueBlot Blocker (in 

TrueBlot Assay Buffer) overnight at 4 °C. For the primary antibodies, we used the 

OXPHOS rodent western blot antibody cocktail (Abcam Inc., Toronto, ON, Canada) at a 

dilution of 1/250. 

 The changes in the expression levels of one or more of the following proteins: β2-

adrenergic receptor (ADRB2), NUR77, CD36, GLUT4, glucose transporter 2 (GLUT2) and 

peroxisome proliferator-activated receptor alpha (PPARA) and selected mitochondrial 

OXPHOS-related enzymes and proteins were studied for each of the three key metabolic 

tissues. 

10.4.4 Blood and serum analysis 

 Serum for free fatty acids (FFA) measurement was collected at the 8th wk. of diet 

(following 12-h fasting), whereas the collection of the serum for insulin, triglyceride (TG) 

and glycerol measurement were performed at wk 12 of the diet, following a 4-h fasting 

(postprandial period) at sacrifice. Blood glucose measurement was performed both at the 8th 

wk. (following 12-h fasting) and at wk 12 (following a 4-h fasting at sacrifice) of the diet. 

 Serum insulin levels were measured by immunoassay ELISA kits (ALPCO, Salem, 

NH, USA). Glucose was measured with a glucometer (Accu-Chek® Aviva, Roche, Basel, 

Switzerland). Serum TG and glycerol concentrations were measured by a colorimetric 

enzymatic method, using the Triglyceride Quantification Kit (BioVision, Inc., CA, USA). 

Measurement of FFA was performed by a colorimetric kit (Abcam Inc.). 

10.4.5 Statistical analyses 

 The data were analyzed by the two-way (genotype and diet) ANOVA (p < 0.05). 

When the ANOVA revealed a significant interaction between two variables, the Tukey 

Kramer post-hoc test was performed to identify the significant difference between the two 

groups (p < 0.05). A trend corresponds to 0.05 ≤ p < 0.1. 

10.5 Results 

10.5.1 Increased expression of genes and proteins related to glucose and lipids uptake 

and utilization in the skeletal muscle of Tff2 KO mice 

 Following the 12 wks of diet, both gene and protein expressions levels have been 

studied in the skeletal muscle. The obtained results (Figure 10.1), put together, indicate an 

increase in both glucose and lipid metabolism. Indeed, compared to WT mice, KO mice 

had an increased expression of Cd36, Nur77 (trend), NUR77, CD36, NADH 

dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8 (NDUFB8) as well as GLUT4 

(trend). The HF diet (compared to the LF diet) resulted in an increased expression of Cd36. 

In addition, the Tukey Kramer post-hoc test revealed that in HF-fed mice, Nur77, Cd36 and 

Glut4 are more expressed in KO mice compared to WT. 
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Figure 10.1. Effect of Tff2 deficiency on genes (A) and protein (B) expressions in the skeletal muscle 

after 12 wks of HF or LF diet.  

[A] For the muscular genes expression, the two-way ANOVA revealed a significant effect of genotypea (KO 

> WT) for Cd36 and a trend effect of genotypea (KO > WT) for Nur77. Significant effects of dietb (HF > LF) 

for Cd36 and diet × genotypec for Nur77, Cd36 and Glut4 (KO > WT in HF-fed mice by the Tukey-Kramer 

post-hoc test) were also revealed. 

[B] For the protein expression in the skeletal muscle, the same statistical approach showed a significant effect 

of genotypea (KO > WT) for NUR77, CD36 and NDUFB8, in addition to a trend effect of genotypea (KO > 

WT) for GLUT4. 

All data are mean ± SEM. Number of mice: WT-LF (7), WT-HF (6), KO-LF (7) and KO-HF (9). 

Abbreviations: ADRB2, β-2 adrenergic receptor; Cd36/CD36, fatty acids translocase; Glut4/GLUT4, glucose 

transporter type 4; HF, high-fat, KO, knockout; LF, low-fat; MtCo1, mitochondrially encoded cytochrome c 

oxidase I; NDUFB8, NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8; Nur77/NUR77, nerve 

growth factor IB; Ppargc1a, peroxisome proliferator-activated receptor γ coactivator 1α; Tff2, trefoil factor 2; 

Ucp3, mitochondrial uncoupling protein 3; WT, wild type. 
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10.5.2 Decreased expression of energy metabolism related proteins in the liver and 

adipose tissue of Tff2 KO mice 

 The two-way ANOVA analysis of the western blotting data of liver (Figure 10.2A) 

and adipose tissue (Figure 10.2B) revealed the impact of Tff2 deficiency and diet type on 

these two tissues. Data indicate a decrease in the proteins involved in the energy 

metabolism of these two tissues in Tff2 KO mice compared to WT mice (Figure 10.2). 

Indeed, the KO decreased the expression of both PPARA and ADRB2 (trend) in the liver 

and the NUR77 (trend) in the adipose tissue. The HF diet, compared to LF diet, increased 

the expression of PPARA and CD36 (trend) in the liver. In HF fed mice, the KO decreased 

the expression of PPARA and ADRB2 in the liver and of NUR 77 in the adipose tissue. 

Additionally, in WT mice, the HF diet compared to LF diet increased the expression of 

NUR77 in the adipose tissue and of PPARA in the liver. 

 



 

109 

Figure 10.2. Effect of Tff2 deficiency on proteins expression in the liver (A) and adipose tissue (B) after 

12 wks of HF or LF diet.  

[A] In the liver, we report significant effects of genotypea (KO < WT) and dietb (HF > LF) for the protein 

PPARA along with significant effects of diet × genotypec (KO < WT in HF fed mice by the Tukey-Kramer 

post-hoc test) for the PPARA and ADRB2. In addition, trend in effects of genotypea (KO < WT) for the 

ADRB2 and of dietb (HF > LF) for CD36 were also observed.  

[B] For the adipose tissue, our data point a trend in effect of genotypea (KO < WT) and significant effect of 

genotype × dietc (KO < WT in HF-fed mice and HF > LF in WT mice by the Tukey-Kramer post-hoc test) for 

the NUR77. All data are mean ± SEM. Number of mice: WT-LF (7), WTHF (7), KO-LF (7) and KO HF (9). 

Abbreviations: ADRB2, β-2 adrenergic receptor; CD36, fatty acids translocase; GLUT2, glucose transporter 2 

(solute carrier family 2); GLUT4, glucose transporter type 4; HF, high-fat; KO, knockout, LF, low-fat; 

NUR77, nerve growth factor IB; PPARA, peroxisome proliferator-activated receptor alpha; Tff2, trefoil factor 

2, WT, wild type. 

10.5.3 Tff2 KO mice have decreased gastrocnemius muscle, mesenteric adipose tissue, 

brown adipose tissue and liver mass whereas increased percentage of gastrocnemius 

muscle mass 

 Mice were sacrificed at the end of the 12-wk diet and after 4-h fasting and tissues 

weights were analyzed via the two-way ANOVA (Table 10.1). The analysis revealed 

significant effects of genotype for both gastrocnemius muscle mass (KO < WT) and mass 

percentage (KO > WT) and an effect of diet (HF < LF) for the gastrocnemius muscle mass 

percentage. For the mesenteric adipose tissue (both mass and masse percentage), we 

noticed significant effects of both genotype (KO < WT) and diet (HF > LF). The statistics 

showed also significant effects of genotype (KO < WT) for the liver weight, diet (HF < LF) 

for the liver mass percentage. Significant effects of genotype × diet interaction were also 

revealed for both mesenteric adipose tissue and liver masse (HF: KO < WT). Other 

significant effects of genotype × diet interaction (trends) were revealed for the mass 

percentages of the mesenteric adipose tissue (HF: KO < WT), the liver (LF: KO > WT) and 

the gastrocnemius muscle (HF: KO > WT). Finally, a genotype effect (KO < WT) for both 

brown adipose tissue (BAT) mass and mass percentage was noticed (Table 10.1). 

 

Table 10.1. Tissues weights of Tff2 KO and WT mice fed LF and HF diet. 

 
Data are mean ± SEM. Number of mice: WT-LF (7), WT-HF (7), KO-LF (7) and KO-HF (9). 

ns: No significant effect. ⁎ Trend (p < 0.09). 

Abbreviations: HF, high-fat, KO, knockout; LF, low-fat; Tff2, trefoil factor 2; WT, wild type. 

 

Genotype Diet Genotype×Diet

Body weight (g) 32.4 ± 1.0 41.9 ± 2.1 28.0 ± 0.5 31.6 ± 1.2 KO<WT HF>LF HF: KO<WT

Mesenteric adipose tissue (g) 0.40 ± 0.05 1.15 ± 0.20 0.27 ± 0.03 0.50 ± 0.06 KO<WT HF>LF HF: KO<WT

Mesenteric adipose tissue (%) 1.20 ± 0.14 2.68 ± 0.45 0.96 ± 0.10 1.42 ± 0.17 KO<WT HF>LF  HF: KO<WT*

Brown adipose tissue (g) 0.21 ± 0.03 0.25 ± 0.03 0.13 ± 0.02 0.16 ± 0.02 KO<WT ns ns

Brown adipose tissue (%) 0.62 ± 0.06 0.59 ± 0.05 0.46 ± 0.06 0.50 ± 0.05 KO<WT ns ns

Liver (g) 1.27 ± 0.03 1.55 ± 0.19 1.21 ± 0.05 1.06 ± 0.05 KO<WT ns HF: KO<WT

Liver (%) 3.90 ± 0.08 3.60 ± 0.26 4.30 ± 0.20 3.40 ± 0.18 ns HF<LF  LF: KO>WT*

Gastrocnemius muscle (g) 0.141 ± 0.004 0.144 ± 0.007 0.126 ± 0.004 0.133 ± 0.002 KO<WT ns ns

Gastrocnemius muscle (%) 0.44 ± 0.02 0.35 ± 0.02 0.45 ± 0.01 0.43 ± 0.02 KO>WT HF<LF HF: KO>WT*

Abbreviations: HF, high-fat, KO, knockout; LF, low fat; Tff2,  trefoil factor 2; WT, wild type.

Data are mean ± SEM. Number of mice : WT-LF (7), WT-HF (7), KO-LF (7) and KO-HF (9).

ns : No significant effect.

*Trend (p<0.09).

Table 1  Tissues weights of Tff2  KO and WT mice fed LF and HF diet 

2-way ANOVA
WT-LF WT-HF KO-LF KO-HF
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10.5.4 Tff2 KO mice have lower blood glucose as well as serum FFA, TG, glycerol and 

insulin levels 

 The analysis of the blood and serum (sampled at the 8th wk. of diet and following 

12-h fasting) by the two-way ANOVA was shown in Table 10.2. The data showed a trend 

in effect of genotype (KO > WT) for the FFA but no effect on glucose. At 12-wks diet (4-h 

fasting), it revealed significant effects of genotype (KO < WT) for glucose, TG and 

glycerol levels. The glucose levels were higher in HF groups. A genotype × diet interaction 

(LF: KO < WT) was observed for TG levels. A trend in the effect of genotype (KO < WT) 

was also showed for insulin levels at the wk 12 of the diet (Table 10.2). 

 

Table 10.2. Serum analysis of selected energy metabolism-related biochemicals of Tff2 KO and WT 

mice depending on the type of diet. 

 
Data are mean ± SEM. Number of mice: WT-LF (7), WT-HF (7), KO-LF (7) and KO-HF (9). 

ns: No significant effect. ⁎ Trend (p < 0.1). 

Abbreviations: HF, high-fat, KO, knockout; LF, low-fat; Tff2, trefoil factor 2; WT, wild type. 

10.6 Discussion 

 From a biochemical viewpoint, obesity is mainly related to both lipidic and glucidic 

metabolism. Therefore, the current study selected genes, proteins, tissues and biochemicals 

that are specifically involved within the lipidic and/or glucidic metabolic pathways. In 

addition, selected tissues have been weighed to further map the Tff2 deficiency-related 

pathways in mice. Therefore, our discussion focuses on the variations seen in Tff2 KO mice 

compared to WT mice as well as their significance in term of energy metabolism. 

10.6.1 Elevated energy expenditure 

 Leptin enhances energy expenditure and decreases food intake [16]. This explains 

why Tff2 KO mice, with decreased leptin levels, had higher food intake [1]. However, 

despite the decreased leptin concentration [1], Tff2 KO mice had a higher energy 

expenditure which is due to leptin-independent energy expenditure pathways, including 

mitochondrial uncoupling protein1 (Ucp1)-dependent energy expenditure. Indeed, the 

higher expression of Ucp1 gene in the BAT [1] indicates that the mitochondrion oxidation 

is uncoupled from ATP production and suggests that the energy is dissipated as 

thermogenesis resulting from the sympathetic nerves system (SNS) activity after β- 

Genotype Diet Genotype×Diet

8 wks of feeding: 12-h fasting

Glucose (mmol/L) 6.10 ± 0.44 6.40 ± 0.56 5.33 ± 0.36 6.43 ± 0.49 ns ns ns

Free fatty acids (mmol/L) 0.02 ± 0.01 0.08 ± 0.05 0.15 ± 0.05 0.10 ± 0.05  KO>WT* ns ns

12 wks of feeding: 4-h fasting

Glucose (mmol/L) 8.03 ± 0.59 9.36 ± 0.57 6.64 ± 0.18 7.84 ± 0.40 KO<WT HF>LF ns

Insulin (pmol/L) 214 ± 46 667 ± 326 81 ± 10 172 ± 26   KO<WT* ns ns

Triglyceride (mmol/L) 1.18 ± 0.13 0.60 ± 0.08 0.94 ± 0.13 0.79 ± 0.13  KO<WT ns LF: KO<WT

Glycerol (mmol/L) 0.64 ± 0.11 0.54 ± 0.12 0.33 ± 0.07 0.44 ± 0.05 KO<WT ns ns

Abbreviations: HF, high-fat, KO, knockout; LF, low fat; Tff2,  trefoil factor 2; WT, wild type.

Table 2  Serum analysis of selected  energy metabolism-related biochemicals of Tff2  KO and WT mice depending on the 

type of diet 

Data are mean ± SEM. Number of mice : WT-LF (7), WT-HF (7), KO-LF (7) and KO-HF (9).

ns: No significant effect.

*Trend (p<0.1)

2-way ANOVA
WT-LF WT-HF KO-LF KO-HF
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adrenergic receptor (β-AR) stimulation [17]. This explains the higher energy expenditure 

observed in Tff2 KO mice [1] following the excessive caloric intake probably detected by 

the brain. Indeed, the higher expression of agouti-related protein in the hypothalamus of 

Tff2 KO mice [1] indicates an increased feeding stimulation rather than an obesity pattern 

[18,19] because Tff2 KO mice were lean although they had a higher energy intake [1]. 

These changes highlight the involvement of the central regulation in the energy metabolism 

of Tff2 KO mice. Herein, we mention that since leptin is produced by adipose tissue [20], 

the lower fat mass of Tff2 KO mice also correlates with their decreased leptin level. 

 The increased Ucp1 expression leading to diet-induced thermogenesis involves 

pathways similar to cold-response in BAT [21,22]. Importantly, this activity in BAT 

includes an increased uptake of glucose [23] as well as an accelerated plasma clearance of 

TG [24]. The higher BAT Ucp1 expression seen in Tff2 KO mice correlates with the lower 

glycemia and TG level in the postprandial serum of Tff2 KO mice and the higher glucose 

uptake (higher GLUT4 expression) in skeletal muscle despite the lower insulin concertation 

indicating an improvement in insulin sensitivity. Within this context, it seems logic to 

suppose that energy consuming components of adipose tissue are similar or higher in Tff2 

KO mice, although the decreased body fat, white adipose tissue (WAT) and BAT masses 

were seen. Indeed, Tff2 KO mice had higher total RNA contents in BAT (both μg/tissue 

and μg/mg tissue) and protein contents percentage in WAT (mesenteric), whereas no 

difference of total protein contents was found in WAT (data not shown). Moreover, Tff2 

KO mice had less abdominal WAT [1], probably due to the increased metabolic activity 

within the BAT that uses lipids as a fuel and thus, limit the depot of energy storage in 

WAT. 

 Stimuli such as diet, including long-chain fatty acids, induce UCP1 expression in 

BAT [25]. Therefore, upregulation of Ucp1 expression observed during increased caloric 

intake can stimulate BAT thermogenesis, since BAT represents a key tissue of energy 

conversion into heat [26]. On the other hand, during fasting, FFA increases in serum 

following increased SNS activity (β-AR stimulation) [27,28], which correlates with the 

FFA elevation and the non-modification of glucose level following the 12-h fasting (wk 8). 

These indicate enhanced metabolic switch toward the use of lipids rather than glucose as an 

energy source during fasting in Tff2 KO mice. 

10.6.2 Increased glucose and lipid uptake and utilization in the skeletal muscle 

 The increased expression of Cd36/CD36 and Glut4/GLUT4 show the important 

uptake of the fatty acids and glucose, respectively. The increased expression of the 

mitochondrial protein NDUFB8 (Complex I of the mitochondrial respiratory chain) reflects 

a higher OXPHOS and therefore, a higher utilization of the imported glucose, lipids (FFA 

and TG) and glycerol within the mitochondrion. This is confirmed by the decreased 

concentrations of glucose, TG (in LF condition) and glycerol in postprandial serum as well 

as fasting serum FFA indicating that these “fuels” are imported into the skeletal muscle in 

addition to the BAT. This elevated energy production is required to cover, among other 
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needs, the energy required for the enhanced spontaneous locomotor activity observed for 

the Tff2 KO mice [1]. Especially that the skeletal muscle accounts for an important ratio 

(50%) of resting energy expenditure of the body and around 40% of the body mass and is 

responsible for around 70% to 80% of insulin-stimulated postprandial glucose uptake 

[29,30]. Although Tff2 KO mice had decreased body weight and gastrocnemius muscle 

mass, muscle protein content was similar (data not shown). When we calculate protein 

expression in whole gastrocnemius muscle, KO mice had an increased expression of CD36, 

GLUT4 (trend) and NDUFB8 as well as succinate dehydrogenase complex, subunit B 

(trend) was seen (data not shown). These indicate that Tff2 KO mice had a higher 

mitochondrial energy production in the skeletal muscle as well as an important energy 

utilization, which further contribute to increase energy expenditure. These metabolically 

active and energy consuming alterations in muscle might compensate the excess energy 

ingestion (HF condition), and led to the higher percentage of muscle mass in HF-fed Tff2 

KO mice. 

 The muscular metabolic activity is confirmed by the higher expression of both the 

gene Nur77 and its protein NUR77 in the skeletal muscle of Tff2 KO mice. Indeed, this 

represents a higher lipolysis [31] as well as an enhanced oxidative metabolism in the 

skeletal muscle [32] with a regulation of expression of genes linked to glucose metabolism 

[33]. This is further supported by the increased expression of both CD36 and Glut4 (in HF-

fed mice)/GLUT4 in the skeletal muscle due to its role in both fatty acid oxidation and 

glucose utilization. Importantly, in the skeletal muscle, Nur77, whose protein plays roles in 

glucose [33] and lipid metabolism [31], can be induced by the exercise [34]. Thus, the 

increased locomotor activity of Tff2 KO mice might result in increased Nur77/NUR77 

expression. 

 Although Tff2 KO mice had a lower insulin concentration, they had a higher uptake 

and utilization of the glucose in muscles which indicates a higher insulin sensitivity. Such 

fact might be of a significant importance for a possible Tff2-targeting therapy for diseases 

involving insulin resistance. The decreased insulin concentration in Tff2 KO mice could be 

the consequence of the implication of TFF2 in pancreatic β- cells proliferation [35]. 

10.6.3 Decreased lipids uptake and increased lipolysis in adipose tissue 

 Whereas adipocyte differentiation is inhibited by NUR77 [36], the inhibition of 

Nur77 expression has no effect on the adipogenesis [37]. This correlates with the decreased 

NUR77 expression in the mesenteric adipose tissue as well as no difference in 

retroperitoneal adipocytes number (data not shown) and protein contents in the mesenteric 

adipose tissue of Tff2 KO mice (data not shown). In addition, the lower serum insulin 

concentration of Tff2 KO mice is also in accordance with this observation due to the facts 

that insulin was shown to induce Nur77 in adipocytes [38] in addition to the role of insulin 

in the stimulation of adipogenesis [39] and the uptake and storage of lipids [40]. Put 

together, these observations correlate with the reduced WAT (reduced lipid storage). In 

addition, increases in NUR77 expression of WAT and serum insulin levels in WT mice fed 
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HF diet are supported by the data showing an upregulation of nuclear receptors (including 

NUR77) in human obesity [11]. 

 In order to map the pathways, it is important to describe the role that SNS plays in 

controlling TG metabolism [41] especially in the adipose tissue [42]. Indeed, the effects of 

the SNS on the adipose tissue, such as the lipolysis of stored TG [42] and the release of 

FFA [43], explains the increased fasting FFA in Tff2 KO mice serum. The innervation of 

BAT by the SNS is incontrovertible and represents the main stimulator of BAT 

thermogenesis via UCP1 activation [44]. Increased expressions of Ucp1 in BAT and 

NUR77 in skeletal muscle of Tff2 KO mice indicate increased activity of the SNS in these 

mice. 

 On the other hand, during a postprandial period, there is no change in the FFA 

uptake (CD36) in the adipose tissue whereas an increase was observed in the skeletal 

muscle of Tff2 KO mice, indicating that lipid uptake and utilization is shifted toward the 

muscles and BAT rather than the adipose tissue. This would cover the metabolic needs of 

the muscles especially with the increased locomotor activity of Tff2 KO mice [1]. These 

results, put together, suggest no effect on postprandial adipogenesis as well as increased 

fasting lipolysis in the adipose tissue of Tff2 KO mice leading to reduced fat storage as well 

as the adjustment of the excessive uptake of the FFA by the skeletal muscle and BAT. This 

would explain the reduced body fat mass and the smaller retroperitoneal fat cell diameter in 

the Tff2 KO mice [1]. Additionally, the elevated lipolysis followed by an increased 

liberation of FFA from the adipose tissue into the blood rather than a beta-oxidation of fatty 

acids (no difference in PPARA) explains the high serum FFA concentration. 

 Importantly, GLUT4 is involved in the glucose uptake in the adipose tissue [45]. In 

addition, the glucose is an important source of fat storage via insulin-induced lipogenesis. 

However, in this study, GLUT4 expression in the adipose tissue was not modulated in Tff2 

KO mice, which indicates that the contribution of postprandial adipogenesis in the adipose 

tissue is minimal. 

10.6.4 Decreased lipolysis and glycolysis in the liver 

 The decrease of the PPARA expression, a transcription factor involved in the lipid 

metabolism [46], indicate a reduced lipid metabolism (β-oxidation) in the liver during a 

postprandial period. In addition, unaltered expression of CD36 involved in importing FFA 

into hepatocyte in Tff2 KO mice indicate that there is no difference of the FFA uptake. 

Although Tff2 KO mice hepatocytes had reduced β-oxidation rate for fatty acids, both the 

non-increase of FFA uptake in the liver and the reduced TG and glycerol serum levels 

would limit the liver lipid accumulation. This makes Tff2 deficiency worth exploring to 

understand metabolic syndromes such as nonalcoholic fatty liver disease for which obesity 

is one of the main risk factors [47]. 

 It has been shown that hepatic β-AR play a key role in the stimulation of both 

gluconeogenesis and glycogenolysis [48], which result in an elevated glycemia. In our 

study, Tff2 KO mice showed a decreased expression of ADRB2 in the liver especially in 
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HF-fed condition, whereas no change has been seen in the skeletal muscle. This correlates 

with a work which has shown that a mechanism of downregulation of the β-AR is observed 

following agonist stimulation [49]. Furthermore, injection of β-AR agonists stimulates the 

expression of Nur77 in the liver [50]. Importantly, Nur77 induction in the liver increases 

the gluconeogenesis [51]. Such facts explain our observed data in term of decreased 

expression of ADRB2 and no change in NUR77 expression in the liver of the Tff2 KO 

mice. Indeed, these suggest reduced gluconeogenesis and glycogenolysis in the hepatocytes 

that also contributes to maintain the low glycemia in Tff2 KO mice during a postprandial 

period. In addition, there is no difference in glucose uptake by GLUT2, which further 

contributes to the glycemia maintenance. 

 While the reduced postprandial gluconeogenesis correlates with the limited uptake 

of FFA, that are mainly imported and used by the skeletal muscle and BAT, the reduced 

glycogenolysis corresponds well with the lower glycemia. The lower weight of liver and no 

difference in liver protein contents (data not shown) in Tff2 KO mice could indicate a lower 

hepatic storage of glycogen [52] as well as water in hydrated glycogen [53] in addition to 

limited lipid accumulation, which further support that Tff2 KO mice had less tendency to 

store energy. 

10.6.5 Mapping Tff2 deficiency-related pathways and conclusive perspectives 

 Our results, combined with our previous study [1], allow us to suggest pathways 

(Figure 10.3) behind the metabolic variations seen in Tff2 KO mice compared to WT mice. 

This highlights the impact of Tff2 deficiency on energy balance leading to anti-obesity 

effect, which could be either controlled by Tff2 genes or influenced by pathways affected 

by Tff2 related pathways. Indeed, although Tff2 KO mice had a higher energy intake [1], 

they also had an increased energy utilization and expenditure and a lower energy storage. 

Tff2 KO mice had an increased uptake and utilization of cell “fuels”, mostly lipids and 

glucose, mainly by the skeletal muscle and BAT which explains the decreased level of 

glucose, TG and glycerol levels in the serum. Moreover, the high TG fecal concentration 

[1] explains, in part, the de lower serum TG concentration in Tff2 KO mice. In addition, 

since TFF2 is expressed in the gastrointestinal mucosa [4], the high TG fecal concentration 

[1] in Tff2 KO mice may suggest that TFF2 plays a role in the digestion and absorbance of 

lipids at the gastrointestinal level especially that Tff2 is a gene for which the expression is 

specifically increased following the ingestion of a HF meal [9]. 
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Figure 10.3. Suggested metabolic pathways variations seen in Tff2 KO mice, compared to WT, and 

explaining the protection from high-fat diet-induced obesity.                                                                                                                                                                                                                                                                                             

 Tff2 KO mice had a higher energy intake (+650 kJ) compared to WT mice, which was remarkably 

accompanied by a concomitant increase in energy expenditure (94% of energy intake) and to a smaller extent 

energy excretion (20% of energy intake), which resulted in a smaller body fat gain [1]. Lower serum leptin 

levels [1] and higher Agrp expression in the ARC [1] contributed to the increased energy intake which will 

leads to higher diet induced thermogenesis. On the other hand, increased Ucp1 expression contributed to BAT 

thermogenesis, which indicates a higher SNS activity in Tff2 KO mice. The higher SNS activity will further 

contribute to produce energy needed for increased locomotion activity by inducing muscle Nur77/NUR77. 

This led to increase in glucose (Glut4/GLUT4) and FFA (Cd36/CD36) uptakes, lipolysis and oxidative energy 

production (NDUFB8), which will improve insulin sensitivity. Thus, the decreased serum insulin levels 

limited TG uptake and adipogenesis in the white adipose tissue, which resulted in less fat storage and thus less 

leptin secretion. In addition, reduced intestinal mucosal length in Tff2 KO mice will limit TG absorption, thus, 

increased TG (energy) excretion, which led to reduced serum TG levels and further contributed to the reduced 

fat storage. 

*12-h fasting. 

Abbreviations: ADRB2, β-2 adrenergic receptor; Agrp, agouti-related protein; ARC, arcuate nucleus of the 

hypothalamus; BAT, brown adipose tissue; CD36, fatty acids translocase; CNS, central nervous system; FFA, 

free fatty acids; GLUT2, glucose transporter 2 (solute carrier family 2); GLUT4, glucose transporter type 4; 

HF, high-fat; KO, knockout; NDUFB8, NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8; 

NUR77, nerve growth factor IB or NGFIB; OXPHOS, oxidative phosphorylation; PPARα, peroxisome 

proliferator-activated receptor alpha; SNS, sympathetic nervous system; Tff2, trefoil factor 2; TG, 

triglyceride; Ucp1, mitochondrial uncoupling protein1; WAT, white adipose tissue; WT, wild type. (For 
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 

 

 The effects of Tff2 deficiency could result from the fact that Tff2 acts as a signaling 

molecule (probably HF-specific) acting on the central system to regulate the energy 

homeostasis at different levels. Moreover, the fact that no glucose concentration difference 

was seen after 12 h fasting but a significant difference was seen after 4 h fasting (KO < 

WT) (Table 10.2) strengthens the hypothesis of TFF2 acting as a signaling peptide 

regulating energy balance following meal ingestion (short-term regulating signal). Such 

hypothesis is further supported by the expression of this peptide in both gastrointestinal 

mucosa [4,5] and the CNS [7,54] and its specific modulation by HF intake [55,56] (lipid-

induced signal). Importantly, knowing the effects TFF3 has on metabolism [57,58], the 

Tff2-deficiency effects could also result from modifications in the expression of TFF1 or 

TFF3 due what seems to be an interdependence of expression between TFF1, TFF2 and 

TFF3 [59,60]. Proceeding to similar investigations of the other trefoil factors could also 

lead to novel metabolic findings especially that they are also related to food intake and 

share similar biological functions with TFF2 [57,58]. 

 Interestingly, the fact that Tff2 KO mice had less fat mass and higher muscle mass 

percentage (similar muscle protein contents) whereas WT mice had less lean mass 

percentage [1] might highlight a role of Tff2 is muscle development and could indicate a 

possible involvement of Tff2 is sarcopenia which makes this gene worth exploring within 

the context of sarcopenia especially that sarcopenia is related to age [61] and in elderly, an 

age-related weight loss due to anorexia of aging was reported [62]. Additionally, Tff2 KO 

mice showed increased appetite and food intake [1] which is also worth looking into for the 

anorexia. 

 In addition to contributing to our knowledge about TFF2 via studying Tff2-defecient 

models, this work provides new elements to better understand and develop novel therapies 

for obesity and the related diseases, including diabetes, metabolic syndrome and 

hyperlipidemia, and hopefully overcome the undesirable side effects known for the long-

term obesity treatments. Our data would be strengthened by a further exploration of Tff2 

KO metabolic profile through analyses such as oral glucose tolerance test, insulin tolerance 

test and VO2-VCO2 exchange measurements that would provide substantial in-depth 

information about the respective role of metabolic organs to the phenotype of these Tff2 KO 

mice. 

 Supplementary data to this article can be found online at https:// 

doi.org/10.1016/j.lfs.2018.11.006.   
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10.8 Appendix 10.1. Q_RT-PCR primers information 

 

AGCCTCCTTTCCACCTTTTGTTA/

ATTCTGGAGGGGTGATGCAAAG

TATGGGTCCTTACGTCTTCCTTCTAT/

TTTGCCCCTCAGTCATTCTCATC

CCTCCAGATGCCTCCCCTACC/

TCCAGGAACCAGAGAGCAAGTC

GACCCCAGAGTCACCAAATGA/

GGAGGAGTTGTGGGAGGAGTTA

TCCCCTGTCACTTTGTCTCTGC/

GACGCAGAAAGGAGGGCACAA

TTCCCATTATTTTCAGGCTTCACCC/

TGTGGTGTAAGCATCGGGTAGTCT

Abbreviations: Cd36,  fatty acids translocase; Glut4,  glucose transporter type 4; MtCo1, 

mitochondrially encoded cytochrome c oxidase I; Nur77,  nerve growth factor IB; Ppargc1a, 

peroxisome proliferator-activated receptor γ coactivator 1α; Ucp3,  mitochondrial uncoupling 

protein 3.  

Mtco1 NC_005089 159 6516-667

Appendix 1  Q_RT-PCR primers information.

Ppargc1a NM_008904 177 922-1038

Gene name
GenBank 

Accession 
Size

Region used for 

primer pairs
Primer sequence

Cd36 NM_007643 199 1216-138

Ucp3 NM_009464 198 835-1032

Glut4 NM_009204 207 1571-174

Nur77 NM_010444 179 1203-138
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10.9 Appendix 10.2. Example of gel and membrane images 

 

Abbreviations: STD, molecular weight standard; CON, pooled sample (positive control); 

WT, wild type; KO, knockout; LF, low-fat; HF, high-fat. 
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11.1 Résumé (French abstract) 

 Le trefoil factor family member 2 (Tff2) a été caractérisé comme spécifiquement 

induit par la diète riche en gras (HFD). TFF2 a également été lié à divers mécanismes 

neurologiques et propriétés métaboliques suggérant son rôle dans l’équilibre énergétique. 

L’hypothèse est que TFF2 serait un signal induit par la HFD qui régule le métabolisme, 

principalement lipidique. Dans le cadre de cette revue, nous mettons l’accent sur les 

principales conclusions mettant en évidence cette hypothèse. Il est important de noter que 

les mécanismes hypothétiques mis en évidence sont que TFF2 est un contributeur important 

du développement de l’obésité via l’augmentation de l’absorption intestinale des lipides et 

de l’anabolisme. Par conséquent, une perspective pour les activités expérimentales futures 

et l’évaluation du potentiel thérapeutique de l’inhibition de TFF2 est donnée. En effet, son 

renversement ou sa régulation négative contribuerait à un phénotype d’anti-obésité.  

11.2 Abstract 

 Obesity has its epidemiological patterns continuously increasing. With controlling 

both diet and exercise being the main approaches to manage the energy metabolism 

balance, a high-fat (HF) diet is of particular importance. Indeed, lipids have a low satiety 

potential but a high caloric density. Thus, focusing on pharmacologically targetable 

pathways remains an approach with promising therapeutic potential. Within this context, 

trefoil factor family member 2 (Tff2) has been characterized as specifically induced by HF 

diet rather than low-fat diet. TFF2 has also been linked to diverse neurological mechanisms 

and metabolic patterns suggesting its role in energy balance. The hypothesis is that TFF2 

would be a HF diet-induced signal that regulates metabolism with a focus on lipids. Within 

this review, we put the spotlight on key findings highlighting this line of thought. 

Importantly, the hypothetical mechanisms pointed highlight TFF2 as an important 
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contributor to obesity development via increasing lipids intestinal absorption and 

anabolism. Therefore, an outlook for future experimental activities and evaluation of the 

therapeutic potential of TFF2 inhibition is given. Indeed, its knockdown or downregulation 

would contribute to an antiobesity phenotype. We believe this work represents an addition 

to our understanding of the lipidic molecular implications in obesity, which will contribute 

to develop therapies aiming to manage the lipidic metabolic pathways including the 

absorption, storage and metabolism via targeting TFF2-related pathways. We briefly 

discuss important relevant concepts for both basic and clinical researchers. 

 

Keywords: trefoil factor family member 2; high-fat; metabolism; obesity 

 

11.3 Focusing on Lipids in Obesity and Metabolic Disorders 

 Since lipid metabolism is the main component of energy balance, we can expect that 

humans will have hormone(s) which are specific sensors for high-fat (HF) intake in order 

to command the brain to stop eating. Still, no such hormone has been identified. The best 

strategy to develop a treatment for fat intake is to target the time before meal ingestion [1]. 

Based on this principle, our idea is to identify the HF-diet induced satiety hormone/peptide 

differentially regulated between 30 min to 3 h after HF compared to low-fat/high-

carbohydrate (LF) meal and fasting in order to develop a potential drug given before the 

meal as a part of antiobesity therapy. Obesity, metabolic syndrome, cardiovascular disease 

(CVD) and type 2 diabetes (T2D) are complex multifactorial clinical conditions with 

altered energy balance and potentially similar candidate genes and therapeutic factors, 

involving complex gene–gene and gene–environment interactions [2–18]. Dietary lipids are 

among the most important environmental factors in all these diseases [19–21]. Obesity, 

considered as a disease [22] and epidemic in industrialized countries brings obesity as a 

very critical risk factor for various diseases, [23] including the ongoing COVID-19 

pandemic [24,25]. For instance, in 2015, there were over 600 million adults and over 100 

million children that were obese worldwide and the numbers are continuously increasing 

[26]. This epidemic has a tremendous impact on public health, since obesity, especially 

intra-abdominal fat mass, is associated with a dysregulation of lipoprotein-lipid metabolism 

and several pathologies and health problems including CVD, T2D, liver disease, impaired 

regeneration, and cancers [8,27–33]. Studies have shown that obesity also independently 

impacts mortality [28,29,34,35]. Weight loss based on either caloric restrictions or 

pharmacological agents simultaneously improves most CVD risk factors [36–38]. 

However, limited FDA-approved drugs are available, and all of them have important 

drawbacks. Moreover, body weight management represents a growing and multibillion 

dollar market [39]. 

 Obesity, also suggested to be a neuroendocrine reprogramming combined to a 

broken energy homeostasis [40,41], can result from the cumulative effect of a repeated 
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energy imbalance, with minor excesses in energy intake (EI) over energy expenditure (EE) 

[42]. HF food promotes weight gain through both EI and EE, according to the high caloric 

density, low satiety effect and high palatability of HF nutrients, as well as the weak potency 

for fat oxidation and EE that are associated to fat ingestion [19–21]. Thus, the acute control 

of fat intake is a major determinant in the etiology of obesity. Feeding behaviour is 

controlled by short-term circulating nutrients and hormones, as well as signals derived from 

the peripheral tissues in response to a meal and changes in energy stores. The hypothalamus 

is a key brain center upon which all these peripheral signals converge to regulate feeding 

behaviour and EI [43]. Therefore, as a preliminary step to discover the peripheral factor 

controlling fat intake and other determinants of energy balance, we previously used 

functional genomic strategy to investigate gastric, intestinal, fat, and hypothalamic genes 

differentially regulated by the ingestion of HF and LF meals [44–47]. 

 Importantly, whereas we have insulin as a signal triggered by glucose that 

contributes to balancing metabolism and glycemia, there is a need to further explore lipids 

specific signals. This would represent an additional step toward controlling/influencing the 

energy balance with a focus on the HF diet and its related signals. 

11.4 Trefoil Factor 2 (Tff2) as a High-Fat-Induced Gene 

 Functional genomics have been proved as a strong tool to characterize many 

genes specifically induced by different conditions including those related to obesity and 

within the context of diet and exercise [48–50]. For instance, we have identified hundreds 

of genes modulated after HF or LF meals using the serial analysis of gene expression 

(SAGE) method [44–47]. 

 In our previous study [51], the differentially expressed transcripts after LF or HF 

meals compared to fasting condition were classified into one of the three following 

patterns: Meal responsive (commonly modulated by both meals), LF-specific (modulated 

only in LF condition) and HF-specific (modulated only in HF condition). Then, using the 

following 

criteria, we have selected new candidate genes for controlling appetite and satiety: (1) HF 

or LF-specific genes, since lowering fat appetite or increasing satiety could lead to efficient 

and safe therapies for obesity compared to the interventions decreasing the overall food 

intake. (2) Genes coding for secreted proteins. Feeding behaviour is controlled by short-

term circulating nutrients and hormones as well as signals derived from the peripheral 

tissues in response to a meal and changes in energy stores. In addition, when the facility 

of drug delivery method is taken into account, it is reasonable to target secreted proteins. 

(3) Genes not coding for nutrient’s digestion and absorption. The characterization of 

proteins involved in lipid digestion and absorption has already been studied for decades. 

Since the lipase inhibitor Orlistat has undesirable side effects [39], new drugs targeting 

different pathways or functions are needed. (4) Gene not coding for known appetite/satiety 

signals, since new candidates are of interest. (5) Genes with potential interest based on 
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published literature. These include genes whose relationship with known appetite/satiety 

genes have been reported, as well as genes whose involvement in energy balance has 

been reported but not in feeding behaviour. (6) Patterns and magnitude of expression. 

These include genes strongly modulated by LF or HF meal, genes showing modulation 

at interesting time points, and groups of genes showing similar pattern of expressions. 

(7) Genes with their expression levels confirmed by other methods, such as quantitative 

real-time PCR (Q_RT-PCR) and Western blot. As a result, trefoil factor 2 (Tff2) was the 

top ranked new candidate gene. Since we found no work focusing on TFF2 implications 

within either obesity or HF diet, it was important to focus our next exploration on the 

mechanisms of TFF2 involvement in energy balance from in vitro to in vivo. 

11.5 TFF2 Metabolic Properties and Implications 

 TFFs constitute a family of polypeptides with a distinctive structural module 

characterized by six cysteine residues [52]. This structural feature has a stabilizing effect 

via intramolecular disulfide bridges which are responsible for the remarkable protease 

resistance of TFFs [53], resulting in a distinct and unusual supersecondary structure clearly 

identifying the trefoil polypeptide domain as a unique growth factor-associated module, 

structurally unrelated to other highly disulfide-linked modules such as those in epidermal 

growth factor and insulin-like growth factor-I [54–57]. TFFs are small secreted proteins 

involved in protection of the mucosal lining of the gastrointestinal tract [58,59]. They 

protect against gastrointestinal damage by stimulating the migration of adjacent epithelial 

cells, a process termed “restitution”, and by virtue of their interaction with mucins and 

other proteins [60–62]. 

 Tissue localization analyses show the highest expression of TFF2 (also known as 

SP; SML1) in stomach/duodenum [63]. TFF2 has structural homology with growth 

hormone and has been detected in blood streams [54,64,65]. Moreover, Tff2 is specifically 

upregulated by HF meals in gastrointestinal mucosa, whereas downregulated in 

hypothalamus [44,66]. This is in agreement with the expression pattern of a peripheral 

signal secreted to inform the brain to stop eating fat. We have shown that Tff2 knockout 

(KO) mice have increased EI, EE, and excretion, as well as lower abdominal adipose tissue 

[66]. 

 Studies with Tff2-deficient mice have not only shown the evidence of decreased 

gastric cell proliferation, increased acid secretion, and increased susceptibility to gastric 

mucosal injury [67], but have also revealed new aspects of Tff2’s role in the immune 

response such as changes in the expression of diverse crucial genes involved in innate and 

adaptive immunity [68,69], including defensins which regulate the composition of the 

intestinal bacterial microbiome [70]. The innate and adaptive immunity as well as 

microbiota are dysregulated in obesity and metabolic disorders such as insulin resistance 

[71,72]. Moreover, TFF2 secretion can be regulated by both pro-inflammatory and anti-

inflammatory cytokines including tumor necrosis factor alpha (TNF-α), interleukin 4 (IL-
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4), and IL-13, and in turn influence cytokine release and activation (i.e., IL-1, IL-6) [69], as 

well as immune cell recruitment [73]. This correlates with its suggested roles both as anti-

inflammatory [74] and in reducing immune-mediated damage [75]. 

 Furthermore, expression of apolipoprotein A-IV (Apoa4) which has an anti-

inflammatory effect and inhibits gastric motility, emptying and acid secretion [76,77], has 

been shown to be upregulated in the stomach and duodenum of Tff2-deficient mice [68,69]. 

Importantly, Apolipoprotein A-IV (apoA-IV) is a satiety signal induced by lipid ingestion 

[78]. Moreover, the circadian rhythm of pancreatic polypeptide expression, which is known 

to regulate food intake, is negatively correlated with gastric Tff2 circadian rhythm [79]. Tff2 

expression has been shown to be regulated by peroxisome proliferator-activated receptor 

(PPAR) γ [80], which is established as an important target for the treatment of T2D and 

other disorders associated with HF intake [81]. Finally, the repression of Apoa4 was 

followed by Tff2 whose modulation was concomitant with fat intake [44]. Therefore, this 

evidence suggest that Tff2 might be a novel candidate gene for fat satiety control. However, 

the roles of this protein in the regulation of feeding behaviour, energy balance and 

development of obesity are yet to be fully understood. Therefore, the characterization of the 

mechanisms will be the first step to understand its roles, as well as to develop new 

therapeutic targets to control food and fat intakes. 

 It is widely accepted that TFFs exert their biological action through a cell surface 

receptor [82]. Concordantly, several membrane proteins are found to interact with TFF2 

[83–86]. Recently, Dubeykovskaya et al. demonstrated an ability of TFF2 peptide to 

activate Ca2+-Akt-ERK1/2 (for extracellular-signal-regulated kinases 1/2) signaling 

pathway via chemokine (C-X-C motif) receptor 4 (CXCR4). Interestingly, CXCR4 was 

first reported as bovine neuropeptide Y (NPY) Y3 receptor [87]. Moreover, following 12 

weeks of feeding, Tff2 KO mice exhibited lower abdominal adipose tissue and diameter of 

retroperitoneal adipocytes compared to the wild-type mice [66]. Furthermore, the Tff2 KO 

mice showed increased EE and excretion, whereas higher EI were observed. Digestive 

energy efficiency, duodenum mucosal length, glycemia, as well as insulin and leptin levels, 

were lower in KO mice [66]. Appetite signal, agouti-related protein (Agrp), expression was 

higher in the hypothalamus [66]. Thus, TFF2 seems to be a mastermind regulator of overall 

energy balance. Consequently, it is important to investigate the various mechanisms of 

action of TFF2 on energy balance corresponding not only to new, but also multiple 

opportunities to eventually prevent and treat obesity, which remains to this day a major 

challenge to public health providers. 

 In order to identify the mechanisms whereby TFF2 regulates feeding, we need to 

explore the pathways of TFF2 action on feeding. Tff2 KO mice showed HF-specific 

increase in meal intake [66]. Any satiety signal induced by food intake (FI) may reach the 

central nervous system (CNS) either through blood circulation or vagal nerve afferences 

relaying gastrointestinal stimuli. Since Tff2 is expressed in the gastric mucosa, and that 

oral/systemic administration of radioactive TFF2 was found in blood, digestive tracts, and 
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brain, TFF2 might act as a peripheral signal to the CNS [64]. It is worth noting that no 

adverse metabolic effect has been reported with oral/systemic administration of TFF2 [64]. 

 On the other hand, regarding the biological links, there are connections between 

CXCR4 and appetite/satiety signals (possibly involving TFF2, Figure 11.1). Indeed, TFF2 

receptor, CXCR4, is localized within areas rich in dopaminergic (DA) neurons [88]. 

Mesolimbic/mesocortical DA neurons are essential for reward and motivational behaviours 

[89]. Thus, there would be an important addition to elucidate whether CXCR4 is expressed 

in the same neurons expressing appetite (Npy/Agrp)/satiety (proopiomelanocortin, 

Pomc/cocaineamphetamine regulated transcript, Cart and corticotrophin releasing 

hormone, Crh) signals. We have shown higher Agrp expression in the hypothalamus of Tff2 

KO mice [66]. To elucidate how TFF2 modulates energy expenditure, there is a need to 

focus on energy expenditure since there are evidence that a regulatory control on EE is 

exerted through the sympathetic nervous system, especially on BAT thermogenesis by 

uncoupling protein 1 (UCP1) [90]. The TFF2 receptor, CXCR4 is involved in 

mesolimbic/mesocortical DA system to modulate locomotor activity and our data showed 

higher locomotion activity in Tff2 KO mice [91]. These suggest the involvement of 

mesolimbic/mesocortical DA system in the modulation of locomotion activity in Tff2 KO 

mice via CXCR4. Therefore, behavioural activity after TFF2 injection with or without pre 

infusion of CXCR4 is to be investigated as well [66,91]. Importantly, expression of 

CXCR4 in other tissues including digestive tract and metabolic tissues [92–100], could 

suggest a metabolic action of TFF2 via CXCR4 within these tissues. 

 Regarding the EE during HF or LF feeding, we have demonstrated that Tff2 KO 

mice exhibited higher locomotor activity and total EE than WT animals [66]. The metabolic 

exploration of Tff2 KO mice revealed interesting patterns for the lipid intake and excretion 

as well as the energy balance within the key metabolic tissues, as well the body and tissue 

weights [101]. Briefly, the Tff2 KO in mice resulted in lower glucose, triglycerides (TG), 

and glycerol serum levels with a metabolism towards less fat storage and increased EE by 

enhancing lipid and glucose utilization via oxidative phosphorylation in the key metabolic 

tissues (muscle, liver and adipose tissues) [101]. The Tff2 KO also led to reduced body and 

adipose tissues weights [101]. 
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Figure 11.1. Possible connection between CXCR4 and appetite/satiety signals.  

Meal-modulated hormonal and neuronal signals from the gut are received via the blood in the area postrema 

(AP) and through vagal afferent fibers in the nucleus of the solitary tract (NTS), respectively. These sensory 

inputs are transmitted via the ventral tegmental area (VTA) to other centers, including the amygdala (AMY) 

and nucleus accumbens (Nac), where dopaminergic (DA) and other signals act in reward processes. Inputs 

from these pathways are integrated with circulating signals of nutritional state which are detected in the 

arcuate nucleus (ARC) via the median eminence. Within the ARC, the activity of neurons expressing 

proopiomelanocortin (POMC) is stimulated, while that of neurons expressing neuropeptide Y (NPY) is 

inhibited by leptin. Axons from both types of neurons project in parallel to the paraventricular nuclei (PVN) 

and lateral hypothalamus (LH). Release of α melanocytestimulating hormone by POMC-expressing neurons 

leads to activation of the melanocortin receptor 4 (MC4R), which lowers food intake and increases energy 
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expenditure (EE). By contrast, release of NPY activates Y1 and Y5 receptors, which increases food intake and 

reduces EE. NPY-expressing neurons also release agouti-related protein (AgRP), an antagonist of MC4R. 

This dual innervation within the PVN modulates EE via the thyroid and adrenal axis and the sympathetic 

nervous system. Abbreviations: CART, cocaine–amphetamine regulated transcript; CXCR4, chemokine (C-

X-C motif) receptor 4; PFC, prefrontal cortex; TFF2, trefoil factor family member 2; VMN, ventromedial 

nuclei. 

11.6 Experimental Perspectives 

 In order to complete the puzzle surrounding the molecular mechanisms and 

pathways of the multifunctional TFF2 in the context of lipid-related signals along with a 

possible connection between fat sensing in gut and the satiety signals in hypothalamus, 

further studies can be suggested. 

 Following fat digestion by lipases, the lipolytic products are absorbed by the 

enterocytes where chylomicrons are formed and secreted. The assembly of these TG-rich 

lipoproteins within the enterocyte is a multistep pathway including: (1) the uptake (CD36 

and FA transport protein 4, FATP4) and translocation of lipolytic products from the brush 

border membrane to the endoplasmic reticulum by FA binding protein 1/2 (FABP1/2); (2) 

TG synthesis via monoacylglycerol pathway (monoacylglycerol acyltransferase 2, MGAT2 

and diglyceride acyltransferase 2, DGAT2) and phosphatidic acid pathway; (3) the 

packaging of lipid and apolipoprotein components into lipoprotein particles (apoB-48 and 

apoA-IV); (4) the transport into the Golgi for secretion (microsomal TG transport protein, 

MTP) [102]. We have already reported that many genes listed above have been modulated 

by HF and LF meal ingestion [44]. Thus, the expression levels of such key genes and 

proteins involved in lipid absorption are important to understand. 

 There are several practical steps that would also allow further exploration of TFF2 

metabolic implications. These include injection of this secreted (recombinant protein) 

protein to mice orally, intravenously and intracerebroventricularly [103–113]. Brain 

sections can be processed for immunocytochemical detection of CXCR4 [88], and in situ 

hybridization of Npy, Agrp, Pomc, Cart and Crh in mice either fasted or refeeding with HF 

or LF meal to make a link between the expression of the molecules and the corresponding 

Tff2 expression depending on the status (fasting, LF feeding and HF feeding). Along with 

the expression of other peripheral appetite/satiety signals (ghrelin, cholecystokinin, PYY, 

and apoA-IV) [114] combined with c-Fos expression that is particularly reliable to assess 

brain activations in response to feeding [103], an in situ hybridization of Npy, Agrp, Pomc, 

Cart and Crh mRNA can be performed to determine whether NPY/AgRP, POMC/CART 

and CRH cells will be activated [103,105,106]. It has been shown that c-Fos expression is 

induced by refeeding [103], and the subcutaneous injection of peptide YY (PYY) in the 

nucleus of the solitary tract (NTS) [115] which represents an additional molecular link. In 

addition, an in vitro model such as Caco-2 cells, used as a valid model of study for 

lipid/lipoprotein homeostasis [114,116], would allow us to study the lipid synthesis, 

secretion, and metabolism variations with both Tff2 knockdown and overexpression. 
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Similar studies can be conducted in the diverse existent animal models of obesity as well 

[117].  

11.7 Conclusion 

 The functional genomics studies that revealed Tff2 as a HF-induced gene combined 

with the observations of the metabolic implications of TFF2, as well as the metabolic 

phenotype of Tff2 KO mice allow us to build a hypothetic path regarding a TFF2 

mechanism as a response to HF diet (Figure 11.2). The HF diet induces an overexpression 

of TFF2 which acts not only towards energy balance centers, (Figure 11.1) but would also 

facilitate the lipids intestinal absorption. This explains that the Tff2 KO mice had an 

increased energy excretion in form of TG (lipids not absorbed). In addition, the Tff2 KO 

resulting in an increased metabolic activity of both lipids and glucose in the mice (that 

ultimately led to the protection from the HF diet-induced obesity) points TFF2 as a lipid 

anabolic (and possibly a carbohydrates conversion into lipids) factor and explains the 

reduced adiposity in Tff2 KO mice. On the other hand, the other properties associated to 

TFF2 such as anti-inflammatory [74] and reducing immune-mediated damage [75] would 

indicate roles that would balance some of the HF diet consequences, such as inflammation 

and immune induction. This correlates with the protective roles TFF2 plays in the digestive 

mucosa as well. Since during fat absorption apoA-IV is secreted into intestinal lymph 

[118], the upregulation of Apoa4 in Tff2-deficient mice [68,69] could be a regulatory 

mechanism aiming to compensate the reduced lipid absorption resulting from the absence 

of TFF2. Taken together, these elements highlight TFF2 as a molecule induced by HF diet 

in order to facilitate the absorption of the lipids, their storage, as well as their anabolism, 

along with the induction of mechanism that would correct or reduce the negative impacts of 

HF diet in terms of inflammation and immune impacts. Ultimately, we would conclude that 

TFF2, as a lipid anabolic factor and a lipid absorption facilitator, would contribute to 

obesity establishment. Such important molecular implication in obesity pathogenesis fits 

well and explains the reported protection from HF diet-induced obesity seen in Tff2 KO 

mice. 

 Within this context, there is a potential to develop new treatments for obesity and 

related diseases by characterizing the molecular mechanisms by which TFF2 controls 

energy balance and target the related pathways. The next objectives are to identify the 

mechanisms by which TFF2 regulates feeding, EE, and energy excretion, as well as explore 

the roles of TFF2 in obesity and related diseases. Future studies will allow the 

characterization of potential therapeutic targets which can be used for the treatment of 

obesity and related diseases by the administration of the pharmaceutical inhibitors of TFF2 

pathway among other options. The ultimate goal is to develop a novel generation of 

treatments and therapeutic targets for obesity and metabolic disorders that would 

pharmacologically target TFF2 pathways to mimic the antiobesity effects of Tff2 KO 

(Figure 11.2). The putative advantages of interference with intestinal lipid absorption in 
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course of TFF2 blockade compared to the well-established therapeutic option of lipase 

inhibition by orlistat could be summarized within several points. Unlike orlistat [119,120], 

the Tff2 KO mice did not have diarrhea, although they had an increased TG excretion [66]. 

TFF2 blockade would also lead to an increased EE. In addition, targeting TFF2 pathway 

would lead to an antiobesity effect not only via the interference with intestinal lipid 

absorption but also through the energy metabolism control center as well as the key 

metabolic tissues. However, the involvement of TFF2 in different functions [86,121–123], 

such as mucosa protection, imposes a specific pharmacovigilance for such potential 

pharmacological approaches such as prioritizing targeting the peripheral (intestinal) TFF2 

pathways rather than the central (brain) pathways, such as using a CXCR4 antagonist.  

 

 
Figure 11.2. TFF2 hypothetic implications in obesity development and its potential therapeutic 

targeting. The high-fat diet increases TFF2 expression. This would lead to the facilitation of the intestinal 

lipid absorption, as well as the increase in lipids storage in part, at least, via increasing anabolism. All these 

contribute to obesity development. Thus, inhibiting or reducing the expression or the action of TFF2 would 

reduce the lipid intestinal absorption as well as the adiposity. That points targeting TFF2 and its related 

pathways as a potential antiobesity therapeutic approach. Both TFF2 action and inhibiting TFF2 mechanisms 

would involve CXCR4 pathways. Abbreviations: CXCR4, chemokine (C-X-C motif) receptor 4; TFF2, trefoil 

factor family member 2. 

 

Importantly, since intestinal villi increase the absorptive area and the surface area of 

the intestinal wall and the implication of TFF2 in the mucosa, possible morphological 

changes of such pharmacological targeting could affect nutrients absorption as well. In 

addition, an assessment of metabolic markers in the key metabolic tissues including those 

revealed by the metabolic exploration of Tff2 KO mice [101] would be important for such 
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pharmacological agents. That includes the fatty acids translocase in the skeletal muscle, as 

well as the nerve growth factor IB (NGFIB, also known as Nur77) that both coordinately 

regulates the expression of genes linked to glucose metabolism, including insulin sensitive 

glucose transporter type 4 (Glut4) [124] and regulates lipolysis and gene expression of 

Ucp2/3, Pgc1a, Cd36 [125,126]. In the liver, Nur77 stimulates glucose production and 

induces expression of genes involved in gluconeogenesis [126]. Adiponectin, which is 

exclusively secreted from adipose tissue, also affects these insulin-sensitizing processes by 

stimulating fatty acids oxidation in the skeletal muscle and repressing hepatic-glucose 

production [127]. PPARγ is a master regulator of adipocyte differentiation and function 

[128]. Thus, along with leptin and adiponectin, these elements are at the heart of the 

molecular explorations required towards developing “lipid metabolism-controlling pills”. 
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12.1 Résumé (French abstract) 

Le développement de mesures exploratrices de l’obésité est un élément clé dans la recherche 

sur l’obésité.  Le trefoil factor family member 2 (Tff2), connu pour son rôle dans la protection des 

muqueuses, a été caractérisé comme un gène induit par une diète riche en gras (HFD). Par 

conséquent, TFF2 représenterait un lien mécanistique moléculaire entre la HFD et le 

développement de l’obésité. Nous décrivons une application potentielle du modèle d’expression 

TFF2/Tff2 lié à la HFD. Nous suggérons que la mesure de l’expression du TFF2/TFF2/Tff2 dans des 

échantillons biologiques après l’ingestion d’une HFD peut refléter la « réactivité » biologique à 

l’ingestion de lipides et refléterait la gravité de l’obésité qui en résulte. Une telle propriété pourrait 

être exploitée, par exemple, pour dépister des modèles d’animaux d’obésité, évaluer la 

prédisposition à l’obésité induite par une HFD, ainsi que dans des domaines biomédicaux et 

cliniques de la recherche sur l’obésité. 

12.2 Abstract 

Trefoil Factor Family Member 2 (TFF2) belongs to TFF family peptides that includes TFF1, 

TFF2, TFF3. TFF2 is mainly known for its roles in the mucosal protection. In the context of obesity 

and high-fat diet (HFD), Tff2 has been characterized as a HFD-induced gene. The knock-out of Tff2 

in mice lead to the protection from HFD-induced obesity with a metabolic profile towards a 

negative energy balance. Such HFD-specific expression gives Tff2 a pattern worth exploring in 

biomedical research. Indeed, measuring TFF2/TFF2/Tff2 expression in biological samples 

following the ingestion of high-fat diet reflects the biological “responsiveness” to the lipids 

ingestion and would reflect the severity of obesity establishment afterwards. Such property could be 

explored for instance to screen animal models, evaluate the predisposition to HFD-induced obesity 

as well as in biomedical and clinical applications. Results might advance obesity research especially 

in terms of understanding lipid-induced signals, appetite control and adiposity storage. 
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12.3 Trefoil Factor Family Member 2 Expression as an Indicator of the 

Severity of the High-Fat Diet-Induced Obesity 

 Obesity represents a growing challenge for health professionals and officials which 

represents a risk factor for a variety of diseases (including during the ongoing COVID-19 

crisis [1–4]) and various diseases [5–8]; and it is also considered a disease itself [9]. It also 

represents a huge economic burden [10,11]. The main challenging pattern facing the 

development of obesity research and therapies is the limited understanding of its molecular 

and cellular pathways [12,13]. Therefore, providing new molecular tools to explore obesity, 

its development and its pathogenesis remains of a high importance. Within this piece of 

writing, we describe a potential application of trefoil factor family member 2 (TFF2/Tff2) 

expression pattern related to high-fat (HF) diet (HFD). 

 TFF2 belongs to TFF family peptides that includes TFF1, TFF2 and TFF3 [14,15]. 

TFF2 is mainly known for its roles in the mucosal protection including in the 

gastrointestinal tracts [15–17], but it is also implicated in a variety of functions including 

anti-inflammatory process [18], tissue repair [19] and cancer [20]. Interestingly, recent 

studies have highlighted metabolic implications of TFF2 especially in the context of 

obesity and HFD. Indeed, using functional genomics approaches [21], Tff2 has been 

characterized as a HF-induced gene in mice intestinal mucosa. The HF specificity has been 

revealed through an experimental design that used fasted status (instead of low-fat) as a 

control to which both HF and low-fat fed mice have been compared [22,23]. Indeed, the 

gene expression, studied based on serial analysis of gene expression and confirmed with 

microarray analysis, revealed that in the intestinal mucosa the Tff2 is overexpressed 

following the ingestion of a HF meal and not a low-fat meal [22,23]. Therefore, highlights 

Tff2 as a HF specifically-induced gene. 

 In order to elucidate the implications of TFF2 in the context of obesity, and more 

specifically in the HF-diet obesity, Tff2 knock-out (KO) mice were challenged with HFD 

[24]. The study has shown that the Tff2 KO mice, compared to the wild-type (WT) mice, 

are in fact protected from HFD-induced obesity with an increased lipids excretion as well 

[24] which correlates with the exacerbation of weight loss by TFF2 deficiency shown by 

Judd et al. [25]. Moreover, the metabolic exploration of key metabolic tissues of these mice 

revealed mechanisms that explain such protection. Indeed, Tff2 KO mice have a metabolic 

phenotype towards an increased energy expenditure with reduced energy storage [26]. In 

our recent review [27], we have detailed a hypothesis that aims to explain how HFD 

induces Tff2 overexpression and at the same time the KO of this same gene, Tff2, lead to 

the protection from the HF-diet-induced obesity via metabolic changes. Briefly, the TFF2 

expression would be a signal leading to metabolic adaptation, which facilitates the lipid 

digestion, anabolism and storage. Therefore, HFD would induces its overexpression to 

facilitate the digestion and the anabolism of lipids coming from such HFD, whereas Tff2 

KO would deprive the metabolic machinery from molecular tools required to use the 

ingested lipids through an increased lipid absorption and storage, which leads to a 
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protection from the HFD-induced obesity. It is worth pointing that gut microbiota, which 

contributes significantly to metabolic disorders [28] including obesity [29], impaired 

glucose [30] and lipid metabolism [31], can also be altered by diets [32,33] including HFD 

[34,35]. In the obesity context, the interactions between TFF2 and gut microbiota [36] 

could be involved in the mechanisms of HFD-induced obesity. Therefore, TFF2 would 

represent a molecular mechanistic link between HFD and obesity development [27]. 

 Based on such properties of Tff2 induction by HDF and its implications in HFD 

induced obesity, potential applications can derive from and range from biomedical research 

to clinical practice (Figure 12.1). The concept would be to challenge biological systems 

(animals, cell cultures, isolated tissues, etc.) with HFD followed by the measure of Tff2 or 

TFF2 expression in the intestinal mucosa [22,23], blood [37] or other tissues [38–40]. This 

could allow for instance to evaluate the “predisposition” to develop HFD-induced obesity 

based on the expression intensity of TFF2/Tff2 following HFD. Obesity animal models are 

diverse [41], among them different species have been used to generate animal models of 

HFD-induced obesity. Within this context, measuring Tff2 expression following the 

ingestion of a HFD could represent a standard approach to compare the different animal 

models and therefore optimize the selections of the one(s) suitable to build the obesity 

model for the experiments depending on the experimental contexts and goals. The same 

principle can be applied to select, following genetic modifications (KO, overexpression, 

etc.), the animals to be used for breeding and used for the obesity-related studies. 

 For clinical perspectives, we can estimate the risk of HFD-induced obesity in 

individuals by the same approaches. For the pharmacological studies and research 

applications, obesity drugs can be tested as a purpose to reduce Tff2 expression and 

therefore mimic Tff2 KO and lead to a metabolic profile similar to the one seen in Tff2 KO 

mice described above (protection for HFD-induced obesity) [24,26]. Therefore, adapt the 

individuals’ diet, not only in terms of lipids content but even depending on lipids types. 

Indeed, for the pharmacological studies and research applications such measures can be 

used also to adapt a diet, test a drug or evaluate a treatment in the context of HFD-induced 

obesity. This might be achieved by measuring TFF2/Tff2 expression depending on the type 

of lipids that can also be tested in cells to study the molecular changes. Therefore, the 

studies would go deeper by comparing, among the HFD, the different types of lipids and 

test a variety of combination to gain new knowledge on links between diets composition 

and its ability to induce obesity (through Tff2 expression) especially while comparing diets 

that have similar number of calories. Within this context, the variety of functional genomics 

methods [42,43] allowing to measure the Tff2 expression are molecular tools that provide a 

flexibility to such applications as well. 

 We believe that the measure of TFF2/TFF2/Tff2 expression level in response to 

HFD could expand our cellular and molecular understanding of obesity and strengthen 

therapeutic research especially that TFF2 could be a lipid-specifically induced signal we are 

yet to confirm to complete the puzzle of fat-induced signals, appetite control and adiposity 

storage; all key elements in energy homeostasis and obesity development. 
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Figure 12.1. Measuring Trefoil Factor Family Member 2 (TFF2/TFF2/Tff2) expression in biological 

samples following the ingestion of high-fat diet reflects the biological “responsiveness” to the lipids 

ingestion and would reflect the severity of obesity establishment. Such property could be explored for 

instance to screen animal models, evaluate the predisposition to high-fat diet-induced obesity as well as in 

biomedical and clinical applications. 
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13.1 Résumé (French abstract) 

 

La gestion de l’obésité est principalement basée sur l’exercice et l’alimentation. Au-

delà de la contribution à l’apport calorique, les éléments de l’alimentation ont des 

propriétés indépendantes du bilan énergétique et des effets métaboliques indirects. Alors 

que les propriétés indépendantes du bilan énergétique sont proches des effets 

« pharmacologiques » et comprennent des effets tels que celles des antioxydants et des anti-

inflammatoires, les effets métaboliques indirects comprennent le contrôle de l’apport 

alimentaire et les changements métaboliques. À titre illustratif, nous avons également décrit 

l’implication métabolique et les voies hypothétiques du gène induit par la diète riche en 

gras, le trefoil factor family 2. Les propriétés du régime alimentaire peuvent avoir une 

variété d’implications principalement en pharmacologie et en nutrition et encouragent à 

explorer davantage les aliments « pharmacologiquement » actifs vers de potentielles 

applications thérapeutiques. 

13.2 Abstract 

 Obesity is a health problem with increasing impacts on public health, economy and 

even social life. In order to reestablish the energy balance, obesity management focuses 

mainly on two pillars: exercise and diet. Beyond the contribution to the caloric intake, the 

diet nutrients and composition govern a variety of properties. This includes the energy 

balance-independent properties and the indirect metabolic effects. Whereas the energy 

balance-independent properties are close to “pharmacological” effects and include effects 



 

148 

such as antioxidant and anti-inflammatory, the indirect metabolic effects represent the 

contribution a diet can have on energy metabolism beyond the caloric contribution itself, 

which include the food intake control and metabolic changes. As an illustration, we also 

described the metabolic implication and hypothetical pathways of the high-fat diet-induced 

gene Trefoil Factor Family 2. The properties the diet has can have a variety of applications 

mainly in pharmacology and nutrition and further explore the “pharmacologically” active 

food towards potential therapeutic applications.  

 

Keywords: obesity; diet; calories; energy metabolism; trefoil factor family member 2; high-fat diet 

13.3 Obesity and the Ongoing Coronavirus Disease 2019 Crisis 

 Obesity, as an epidemic health problem [1], represents a topic of a continuously 

increasing number of studies surrounding different fields, ranging from obesity 

development and pathogenesis to the related diseases and health problems, at different life 

stages and physiological or pathological statuses. The basic definition of obesity is a lost 

balance between energy intake and energy expenditure that leads to an accumulation 

of excessive calories, mainly as lipid storage within the adipocytes in a distribution pattern 

that depends on genetic and environmental factors [2,3]. Such energy imbalance 

results from the superiority of the energy intake represented by the food intake compared 

to the energy expenditure represented mainly by the basal metabolic rate [4], physical 

activity/exercise [5,6] and thermogenesis [7–9]. Obesity can also develop as results of 

gene disruption or deficiency, such as the Brd2 gene [10,11] and the leptin gene [12,13], 

both leading to metabolic pathways towards an obesity-related phenotype. In addition, 

obesity has also epigenetics factors [14–17]. The related adiposity distribution depends on 

many factors and also impacts the pathological outcomes of obesity [18]. The pathogenesis 

of obesity has been discussed from a variety of perspectives, including broken energy 

homeostasis [18], microbiota contribution [19], neuroendocrine reprogramming [20] and 

even toward considering obesity as a disease [2,21]. The complexity of the molecular and 

cellular mechanisms governing obesity establishment, development and pathogenesis 

are poorly understood, which limits its research advances and therefore the development 

of efficient molecular therapies. The danger of obesity and increased adiposity results from 

their various impacts on health in terms of diseases risks and disturbed biological 

functions [22]. That includes metabolic disorders [23], cardiovascular diseases [24,25], 

dyslipidemia [26], impaired regeneration [27], inflammation [28], kidney disease [29], 

cancer [30], diabetes [24], impacts on immunity and antibodies [31–34], age-related 

cognitive decline [35], respiratory complications [36,37] and infertility [38,39]. 

 It is worth noting that the ongoing coronavirus disease 2019 (COVID-19) crisis has 

increased the importance of obesity research because of both the impact of the COVID-19 

pandemic (and the related measures [40,41]) on obesity development [42] as well as the 

obesity-induced increased vulnerability to COVID-19 [43–45]. The measures imposed 



 

149 

by the governments and health authorities, including confinement and its consequences 

(sedentary lifestyle, reduced physical activity, increased food intake, disturbed sleeping, 

etc. [41,42,46]) are towards worsening obesity rates worldwide. This includes the 

greater stress that was related to a higher body mass index, an increased working time, a 

higher anxiety level and less time to spend on weight management efforts [47] during this 

COVID-19 crisis. On the other hand, obesity consequences on the prognosis of patients 

with COVID-19 include increased hospitalization, intensive care unit admission and 

mortality [48]. The mechanisms beyond such increased vulnerability are diverse and 

include the chronic inflammatory character of obesity [49], immune dysregulation [50], 

excessive oxidative stress [51] and probably metabolic dysfunction and endothelium 

imbalance as well [52]. Furthermore, in addition to the direct impact of obesity on COVID-

19 severity, obesity would also have indirect impacts on COVID-19. Obesity-related 

diseases and health conditions represent risk factors toward increasing the vulnerability to 

COVID-19. Diabetes, one of the most known diseases associated with obesity [53,54], 

represents a risk factor for severe COVID-19 [55–57]. Cardiovascular diseases, which have 

their risks increased in obese patients [25,58,59], also represent risk factors for COVID-19 

[60]. Other obesity-related health problems, such as hypertension and kidney and liver 

diseases [57], do represent risk factor for the severe forms of COVID-19. In addition, 

studies have also explored the fact that COVID-19 could also worsen or lead to other health 

problems, including diabetes [56,61], and possibly lead to a post-COVID-19 multi-level 

health crisis [62]. That would lead to a vicious cycle involving obesity, diabetes and 

COVID-19, among other pathologies that also increase COVID-19 severity. Moreover, the 

impacts of obesity on immunity [31–34] threaten to reduce the efficacy of anti-COVID-19 

vaccines [63] that represent the best hope for humans to see an end of this pandemic. 

 The heavy consequences of obesity on health as well as on economy [64] and 

society [65,66] have led to the development of various pharmacotherapies [67] for obesity 

and the necessity to have other medications in development [68]. However, the main 

approaches to manage obesity remain exercise [69,70] and diet [71]. Along with the energy 

expenditure (exercise [6], thermogenesis [72], etc.), the diet represents the energy intake 

part of the caloric balance. Therefore, it is important to describe the nutritional aspects 

of the diet. Thus, the main focus of the nutritional research in obesity emphasizes the 

caloric density and the need to limit the caloric intake [73] to create a caloric deficiency 

leading to adiposity reduction and weight loss. Within this context, high-fat diet (HFD) and 

high-sugar diet have a high importance. HFD diet is characterized by both its high caloric 

density and a limited satiety. In addition, sugar consumption has even been described in 

the context of addiction [74] that contributes to obesity development [75]. Furthermore, the 

combined effect of high fat and high sugar has the most deleterious effects, as suggested 

by the work of Ghosh et.al. [76]. This gives both HFD and high-sugar diet a special status 

within nutrition research in the context of obesity and weight management. 
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13.4 Diet and Calories-Independent Patterns 

 The important diet caloric contribution to obesity is well documented, and various 

diets have been studied and compared in the context of prevention and treatment of 

obesity [77–83]. The research “obesity-diet” mainly focuses on controlling/limiting the 

caloric intake to manage obesity or reduce the adiposity. We describe fat and sugar diets as 

key contributors to the caloric intake. However, sugar and lipids cannot be seen only 

as caloric resources or “fuel”; they also play important biological roles within the cellular 

and subcellular structures, biochemical pathways, heat insulation, etc. Similarly, and in 

addition to the important direct impacts diet has on obesity, the in vivo diet consequences 

include two main patterns, energy balance-independent and those indirectly impacting 

the energy metabolism. In these two, the diet not only directly impacts the energy balance 

by increasing the caloric intake. The energy balance-independent diet benefits are close 

to “pharmacological” effects in which the diet elements can be described as functional 

foods or nutraceuticals [84–89]. Indeed, diet contents have been reported with a variety of 

properties that can be pharmacologically explored, including antioxidant pattern [90,91], 

anti-inflammatory [92,93], anti-microbial, anti-fungal, anti-diabetic and anti-atherosclerotic 

activity [94], anticancer properties [95,96], antiviral effects [97], body weight lowering 

fibers [98], protection against endogenous exposure to persistent organic pollutants [99] 

and gut microbiota changes [99]. In addition, consumption of elements, such as calcium 

(calories-free), has also been shown to impact obesity development [100,101]. Furthermore, 

some compounds from vegetables and fruits can be converted to hormone-like active 

substances with biological actions [102]. All these elements illustrate how the diet impacts 

on obesity go beyond the caloric density (quantity) but also include the diet composition 

(quality) as exemplified in Figure 13.1. Thus, a balanced diet within an anti-obesity 

approach should not be limited to a caloric intake control but needs also to make use of 

such “pharmacological” properties to both optimize the anti-obesity effects and also obtain 

effects such as anti-inflammation that will counteract outcomes seen during obesity 

(inflammation, increased risk cancer, etc.). Within this context, some concepts reported in 

the literature, such as “eat to treat” [103] would find their explanatory mechanisms and 

underlying pathways in those calorie-independent impacts of diet. Some of these properties 

(potential antimicrobial, antioxidant and anti-inflammatory) have also led researchers to 

suggest the Mediterranean diet as a nutritional approach for COVID-19 [104]. 

 



 

151 

 
Figure 13.1. The energy balance-independent diet benefits are close to pharmacological effects. The 

diverse benefits related to food include properties that counteract consequences of obesity, such as 

inflammation, cancer risk and metabolic damages. 

 

 On the other hand, the second perspective is that dietary elements can indirectly 

impact the energy metabolism. Among the good examples are: (i) the red pepper decreases 

appetite [105], reduces fat intake [106] and increases satiety [107], (ii) oligofructose 

reduces hunger [108], (iii) dietary fiber potentiates weight regulation [109] and (iv) 

fenugreek fiber reduces energy intake and increases satiety [110]. In addition, the increased 

insulin resistance following the ingestion of a protein source mirroring western diet 

(compared to provision of casein) [111], prevention of obesity-related glucose intolerance 

by the salmon peptide fraction [112], the benefits of fish oil on diet-induced insulin 

resistance [113], the fish oil diet induced both reduction in body weight gain in ob/ob mice 

[114] and improvement of glucose intolerance in HFD-fed mice [115], the role of n-3 

polyunsaturated fatty acid in insulin resistance prevention [116] that involve controlling 

adipose tissue inflammation in its mechanism [117], HFD effects on gut hormones 

production [118], the HFD-induced reduction of the sensitivity to satiety signals [119], 

blood lipid profile and body fat distribution improvement with fish oil [120], and appetite 

control [121] and food intake modification [122] of coffee/caffeine are also important 

illustrative properties mediated by diet and represent an indirect energy balance 
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management. All these paths represent illustrations of how selecting diet can impact the 

energy balance and the metabolism beyond the simple caloric intake related to the diet 

(Figure 13.2). These properties can be explored to optimize nutritional approaches and 

therapeutic development. This field is well supported by functional genomics studies 

exploring the transcriptomic changes depending on the diet [123] which highlight the links 

between the regulated genes and the related underlying metabolic pathways. 

 
Figure 13.2. Indirect impacts diet has on energy metabolism. Some diets have the ability to impact the 

energy metabolism through insulin sensitivity improvement, appetite control, microbiota changes-related 

metabolic changes and improving the lipids profile. These properties are independent from the caloric intake 

that comes with such diets due to caloric-independent patterns. 

 

 Moreover, the key consequences of the diet on microbiota composition, which has 

a significant metabolic importance, reflects another indirect impact diet has on energy 

balance. Indeed, some diets rich in or with a supplementation of probiotics, prebiotics 

or synbiotics can modulate the microbiota [124]. For instance, a pro-inflammatory gut 

microbiota development is promoted by HFD [125], and no microbiota composition pattern 

was associated with vegan or vegetarian diets [126] which reflects some microbiota effects. 

The microbiota changes result in adaptations, including metabolic improvement [127,128] 

and even improving/treating obesity [19,124,129]. Importantly, the fact that different diets 
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lead to different changes in gut microbiota composition [130] and that different diets also 

lead to different transcriptome expression [123] both suggest a diet-specific metabolic 

phenotype. Beyond the aspects of potential therapeutic effect and the impacts a diet has on 

biological processes, including genes and metabolic pathways represents a growing area 

that could lead to therapeutic applications. 

 In addition to obesity, ageing also represents an important risk factor for a variety of 

diseases and health problems including cardiovascular disease [131], loss of neuroplasticity 

[132], cerebral ischemia [133], osteoporosis [134], pulmonary disease, cancer [135] 

and neurodegenerative disease [136]. Therefore, healthy ageing will contribute to reducing 

the risk and the severity of various diseases. For that, a healthy lifestyle that includes, in 

addition to exercise [137–139], sleep quality [140] and metal health [141], optimized diets 

choice is a key to achieve healthy ageing. Within this context, and based on the ageing-

related pathways, mainly the oxidative stress [142] and redox regulation [143] involving 

reactive oxygen and nitrogen species [135] and free radicals [144,145], a diet of selected 

properties would contribute to healthy ageing. Indeed, food and beverages with properties 

ranging from antioxidant [146] and anti-inflammatory to anticancer and metabolic benefits 

will reduce the risks associated with ageing. For instance, diet choice toward white meat 

and fish can reduce the risk of age-related cognitive decline [147], and dietary antioxidants 

contribute to healthy ageing [148]. Such impacts of diet management in ageing [146] will 

lead to further development of geriatrics and elderly care beyond pharmacology. 

13.5 Diet and Trefoil Factor Family: From Gastrointestinal Protection to 

Metabolic Implications 

 Following the same line of thought highlighting the indirect impacts of the diet, 

we provide an illustrative example of the indirect impacts of diet on energy balance 

mediated by trefoil factor family (TFF). Indeed, the indirect effect on metabolism can 

also be illustrated by the diet consequences on selected metabolic patterns related to 

the energy balance through the TFF. The TFF is a family of secreted protease-resistant 

peptides [149] with intramolecular disulfide bonds [150], trefoil domain(s) [151] and C-

terminal dimerization domain, and which have important roles in mucosal protection and 

post-injury mucosal repair [152], epithelial migration promotion [153] and mucosal 

healing [154]. Whereas Tff1, Tff2 or Tff3 knock-out (KO) in mice led to gastrointestinal 

impairment [155], TFF have a therapeutic potential to treat gastrointestinal disorders [156]. 

While TFF1, or pS2, is expressed mainly in the stomach [152] without a known receptor 

(although a basolateral binding site in the gastrointestinal epithelial was suggested for the 

three TFFs [150]) or detailed metabolic implications, TFF3, or ITF, expressed in both the 

small (duodenum, jejunum and ileum) and large intestine [152] and in other tissues, such as 

the liver [157] and the nervous system [158], is still without a validated receptor [159,160], 

but its expression is regulated by food intake [161]. The metabolic implications of TFF3, 

although not well known, are also worth exploring as it has been shown to regulate the 
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glucose metabolism in the liver [157], and its deficiency leads to an affected hepatic lipid 

metabolism but with an improved glucose utilization [162]. On the other hand, TFF3 

improves HFD-induced hepatic steatosis [163] and, in a diet-induced obesity mouse model, 

TFF3 improved glucose tolerance [161]. 

 On the other hand, TFF2, known as spasmolytic peptide (SP), is a very stable small 

protein [164] expressed in the duodenum [152], the stomach, the colon, immune organs, 

leucocytes [164], macrophages, spleen cells [165], lymphocytes [165] hypothalamus [166] 

and the kidneys [167]. Unlike TFF1 and TFF3, it has been further studied in diverse 

context, including the energy metabolism. Indeed, TFF2 has been shown/suggested to play 

roles in anti-inflammatory pathways [165,168], counteracting the immune-mediated 

damage resulting from the HFD [169] and immune response [165,170]. Among the TFFs, 

TFF2 has been shown to play a role in obesity and metabolic disorders, mainly after its 

characterization as an HFD-induced gene and the work that explored its metabolic 

implications. Briefly, functional genomics studies characterized Tff2 as an HFD-induced 

gene [171,172]. Thus, TFF2/Tff2 expression has been suggested as an indicator of the 

severity of the HFD-induced obesity with a variety of potential applications [173]. 

Importantly, Tff2 KO protected the mice from the HFD-induced obesity [166], which was 

explained by a metabolic phenotype toward an increased energy expenditure [174]. As an 

attempt to explain all these findings, we have hypothesized that the HFD-induced 

overexpression of TFF2 would represent a mechanism of adaptation to the HFD ingestion 

leading to an increased lipid absorption and storage via TFF2-stimulated receptors, as we 

previously reviewed [175]. This correlates with the exacerbated weight loss resulting from 

TFF2 deficiency [164]. 

 Regarding the molecular and cellular pathways beyond such TFF2 metabolic roles, 

we highlight the receptor chemokine (C-X-C motif) receptor 4 (CXCR4), that belongs to 

the important family of G protein-coupled receptor [176,177], which is a known TFF2 

receptor, including in cancer cell lines [178]. For instance, during development, the 

embryonic insulin-producing cells are maintained by the TFF2/CXCR4 axis [179]. This 

could indicate an insulin-mediated metabolic implication of TFF2, especially that cell 

proliferation in pancreatic β-cells is promoted by TFF2 through CXCR-4-mediated 

phosphorylation [180], and the Tff2 KO reduced insulin serum levels in mice [166]. 

Furthermore, the expression of CXCR4 in key metabolic tissues, such as the liver [181], 

adipose tissue [182] and muscles [183] as well as the central nervous system [184] and the 

digestive tract [185], correlates with the metabolic changes observed in Tff2 KO mice. 

Moreover, the increased expression of CXCR4 in situations in which TFF2 is also 

overexpressed, such as cancer [181,186], further supports such molecular links. 

Importantly, the CXCR4-defeciency in adipocytes leads to exacerbated obesity and impairs 

the brown adipose tissue thermoregulatory process [182]. This correlated with our previous 

hypothesis in which TFF2 would be a signal aiming to limit the food intake and obesity 

development since CXCR4 deficiency would prevent TFF2 from playing the related 

metabolic roles in limiting obesity and thus, explains the exacerbated obesity. 
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 In addition, the fact that Tff2 KO mice have an increased expression of agouti-

related protein (AgRP) in the arcuate nucleus of the hypothalamus [166] may suggest that 

the HFD-induction of Tff2 [171,172] could limit the expression (or at least prevent the 

increased expression seen in Tff2 KO mice) of AgRP and thus limit its orexigenic and 

energy expenditure reduction effects [187], thus supporting the hypothesis that TFF2 could 

be a lipid-induced signal aiming to shift the energy balance towards counteracting the 

HFD-related excessive caloric intake. On the other hand, the melanocortin system, involved 

in the control of energy balance [188–190], receptors have AgRP as their antagonists [191]. 

Thus, suggesting a possible molecular link between TFF2 and the melanocortin system via 

the AgRP. The underlying molecular pathways are yet to be elucidated, and other works 

pointed out the need to clarify the roles of miRNAs in the TFF2-related processes 

[149,155]. 

 The interesting part of TFF is that they are mainly expressed in the gastrointestinal 

system [152,192–194] which is the location in which the nutrients are fully digested into 

their basic forms to be absorbed [195,196]. Thus, there would be potential pathways 

according to which there is a detection of those nutrients [197] in the gastrointestinal 

system resulting in regulatory signals sent to the energy metabolism tissues (both 

regulatory as well as the key metabolic tissues) to trigger biological processes toward a 

metabolic adaptation [198] to such energy intake depending on the detected nutrients. This 

explains that stomach and intestine represent the starting point of energy balance regulatory 

signals as candidates for pharmacological targeting of TFF. Regarding TFF2 perspectives, 

the ultimate goal would be to identify a targetable lipid-specific signaling pathway(s) in 

order to control the food intake as well as other metabolic patterns. Unlike glucoses, for 

which we have the insulin as an induced acute regulatory metabolic signal, we are yet to 

identify a lipid-specifically induced acute signals equivalent to insulin. Identifying such 

signal(s) would allow researchers to target the food intake and control the appetite. The 

rationale beyond the potential targeting of TFF2 is that Tff2 expression is induced by HFD 

within 30 min from the meal intake, a perfect therapeutic timing. Although we have the 

leptin concertation that changes with adiposity/obesity development [199–201] as well as 

fasting and re-feeding [202–204], identifying acute appetite/metabolic signals specific for 

lipids would still represent a key breakthrough with various therapeutic and mechanistic 

potential applications and implications. 

13.6 Perspectives  

 The traditional approach of measuring the impact of diet on energy metabolism and 

obesity was limited to the mathematical evaluation of the caloric intake as compared to the 

energy expenditure. Now, the new advances on food chemistry and the related biological 

impacts allow researchers to expand the approach of diet impacts on obesity development 

beyond the direct caloric input. The diet can directly influence the energy balance toward 

certain metabolic phenotypes or can induce signals, such as TFF2, that would modify 
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metabolic pathways (indirect impact of the diet). These concepts related to the non-caloric 

patterns of the diet would allow a deeper exploration of how diet choices affect the energy 

balance. Therefore, allowing an optimization of the diet in order to target specific pathways 

depending on the metabolic needs. Within this context, we can think about a dietary 

“metabolic enhancer” as a potential approach within an anti-obesity therapy. 

 There is also a need to consider the potential pharmacotherapies that might be 

prescribed at the same time with a specific diet. For instance, a specific diet could activate 

a pathway or a biochemical reaction that deactivates a pharmacological agent and thus 

results in therapeutic inefficacy. Therefore, related pharmacovigilance [205] to map the 

line between the pharmacology and the toxicology [206,207] both in vivo and in vitro [208] 

remains required. However, the interaction between diet and pharmacology could be 

positive as shown by the omega-3 polyunsaturated fatty acid that improve the 

responsiveness to ursodeoxycholic acid during autoimmune liver diseases and cholestatic 

[209]. Thus, a specific diet choice could turn into a therapeutic adjuvant. 

 The education and the culture of the lifestyle habits related to diet should not be 

limited to the caloric balance and nutritional needs, such as vitamins and minerals, but 

should go beyond that toward the concept of “nutraceutical” [87,210] as a 

pharmacologically active food with potential therapeutic applications. Such approaches will 

provide additional tools to manage diseases, such as obesity, ageing and metabolic 

disorders and thus, optimize medical care. 
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14.1 Résumé (French abstract) 

La matrice extracellulaire joue un rôle important dans le remodelage des adipocytes 

et dans le métabolisme du muscle squelettique (SM). La secreted protein acidic and rich in 

cysteine (SPARC) est exprimée dans divers tissus, y compris le tissu adipeux et le muscle 

squelettique où elle a un impact sur une variété de fonctions. De nombreuses recherches ont 

tenté d’élucider les implications de SPARC dans ces deux tissus métaboliques clés. Alors 

que la déficience en SPARC a tendance à remodeler les adipocytes, cette déficience 

diminue les propriétés métaboliques du SM. D’autre part, SPARC semble être un 

amplificateur du métabolisme et un médiateur de l’adaptation induite par l’exercice dans le 

SM ainsi qu’un inhibiteur de l’adipogenèse. Ces propriétés représenteraient un point de 

départ pour un ciblage thérapeutique des voies liées au SPARC dans l’obésité, la sarcopénie 

et le diabète. 

Highlights 

• SPARC is a glycoprotein that provides ECM with metabolic and functional properties. 

• The ECM remodeling plays important roles in adipocytes shape/expansion remodeling. 

• SPARC is involved in adipose tissue and skeletal muscle metabolism and remodeling. 

• Specific therapeutic targeting of SPARC for diseases such as obesity. 

14.2 Abstract 

The extracellular matrix (ECM) remodeling plays important roles in both adipocytes  

shape/expansion remodeling and the skeletal muscle (SM) metabolism. Secreted protein 

acidic and rich in cysteine (SPARC) is expressed in divers tissues including adipose tissue 
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(AT) and SM where it impacts a variety of remodeling as well as metabolic functions. 

SPARC, also known as osteonectin or BM-40, is a glycoprotein associated with the ECM. 

Numerous researches attempted to elucidate the implications of SPARC in these 

two key metabolic tissues under different conditions. Whereas SPARC deficiency tends to 

shape the remodeling of the adipocytes and the fat distribution, this deficiency decreases 

SM metabolic properties. On the other hand, SPARC seems to be an enhancer of the 

metabolism and a mediator of the exercise-induced adaptation in the SM and as well as an 

adipogenesis inhibitor. 

Some findings about the SPARC effects on AT and SM seem “contradictory” in 

terms of tissue development and energy profile therefore highlighting the mechanistic role 

of SPARC in both is a priority. Yet, within this review, we expose selected research and 

compare the results. We conclude with explanations to “reconcile” the different 

observations, hypothesize the feedback and regulatory character of SPARC and put its roles 

within the energetic and structural maps of both adipocytes and myocytes in homeostasis 

and in situations such as obesity or exercise. 

These properties explain the modifications and the remodeling seen in AT and SM 

undergoing adaptive changes (obesity, exercise, etc.) and represent a starting point for 

precise therapeutic targeting of SPARC-related pathways is conditions such as obesity, 

sarcopenia and diabetes. 

 

Keywords: Secreted protein acidic and rich in cysteine; Extracellular matrix; Adipose tissue; 

Skeletal muscle; Energy metabolism homeostasis 

14.3 Secreted protein acidic and rich in cysteine (SPARC): from 

biological remodeling to energy balance 

Disorders in energy homeostasis and metabolic biofunctions represent the origins of 

divers health problems and diseases such as obesity and diabetes. Obesity can result from 

the accumulated effects of minor imbalances between energy intake and expenditure 

(Jequier, 2002). Overweight and obesity are defined by the World Health Organization as 

abnormal or excessive fat accumulation that presents a risk factor for diabetes, 

cardiovascular disease, dyslipidemia, cancer and other chronic diseases (Health topics, 

2019; Ghanemi and St-Amand, 2018; Kilov and G, 2018). These energy imbalances are the 

consequence of the modern unhealthy diet characterized by an increased intake of food, 

mainly with high caloric density, combined to a sedentary lifestyle, in addition to factors 

such as psychological impacts and sleep shortage (Ghanemi et al., 2018a). Creating a 

deficiency in the energy balance is the basis of anti-obesity approaches. It is achieved either 

via a caloric restriction (limit the food intake), exercise (increase energy expenditure) or the 

combination of both. 

 Studying the dynamic expression of genes related to factors involved in obesity 

development and therapies such as diet, mainly highfat (HF) diet (Yoshioka et al., 2008; 
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Mucunguzi et al., 2017; Ghanemi et al., 2018b) and exercise (Nishida et al., 2010; St-

Amand et al., 2012) would allow a better understanding of the underlying mechanisms and 

lead to the identification of new molecular therapeutic targets in key tissues such as adipose 

tissue (AT), skeletal muscle (SM) and digestive mucosa. Functional genomics represents 

one of the strong tools for such genes characterization and allows exploring genes 

expression changes/ adaptations under dynamic conditions including exercise. For instance, 

gene-encoding SPARC was characterized as an exercise-induced gene (Riedl et al., 2010). 

This represents one of the key steps toward understanding underlying molecular 

mechanisms implicated in the SM adaptation and adiposity modification during exercise 

and identify potential therapeutic targets not only for obesity but also for diabetes, 

sarcopenia and related metabolic disorders. 

 SPARC (known as osteonectin or BM-40) is a 32-kDa glycoprotein expressed 

mainly when tissues undergo changes such as tissue renewal, remodeling and repair 

(Termine et al., 1981). It is made of three domains (Lane and Sage, 1994; Bradshaw and 

Sage, 2001; Brekken and Sage, 2000) and is encoded by the gene SPARC in the 

chromosomal site at 5q31-q33 in human (Swaroop et al., 1988) and localized to the central 

region of chromosome 11 in mouse (Mason et al., 1986a). SPARC is a calcium binding 

matricellular glycoprotein secreted by several types of cells in many organisms, and it is 

associated with extracellular matrix (ECM) organization and remodeling, growth, cellular 

differentiation, wound repair and tissue response to injury (Bradshaw and Sage, 2001; Tai 

and Tang, 2008; Basu et al., 2001; Rosset  and Bradshaw, 2016). SPARC binds to matrix 

proteins and controls cellular interaction with the ECM (Brekken and Sage, 2000). ECM 

represents a network of macromolecules including fibronectin, collagens and 

glycosaminoglycans that control a variety of biological functions such as signals 

transduction and allow cellular adhesion to form tissues and organs (Theocharis et al., 

2016). This implication of SPARC in ECM functions suggest that alterations, including the 

deficiency and over expression, of SPARC would have an impact on the ECM remodeling, 

thus, influences how the cells receive surrounding signals and respond to them and also 

impact the divers cellular functions and properties such as cell shape  and polarity, growth, 

tissue expansion pattern and energy metabolism such as those reported in studies linking 

SPARC and cancer (Naczki et al., 2018; Said et al., 2007; Neuzillet et al., 2013). 

 It is worth mentioning that in spite of these important functions modulated by 

SPARC, SPARC-deficient mice have similar growth, fertility, and viability compared to 

wild-type (WT) mice (Norose et al., 1998). This allows reproducing, observing and, most 

importantly, studying this genetically modified model and learn more about this gene and 

its encoded protein. In addition, results obtained from studying SPARC in mice could be 

reasonably extrapolated to humans due the high homology between mouse and human 

SPARC (Norose et al., 1998). Herein, we focus on how changes in SPARC expression 

impact two keys metabolic tissues, AT and SM, mainly through the ECM remodeling and 

the metabolic changes involving the mitochondria. These two tissues represent the main 
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site of energy storages and energy expenditure, respectively and have the highest 

importance within obesity and metabolic homeostasis research. 

14.4 SPARC and adipocytes: ECM impacts adiposity distribution 

 Development of obesity is known to be under the influence of diver factors such as 

genetics, environment (including diet), exercise, sleep shortage and psychology (Ghanemi 

et al., 2018a). Obesity is considered as a status in which cells undergo selected modification 

in order to adapt to the new energetic status. Within this context, describing the ECM 

remodeling implication in both adipocytes development and fat distribution represents the  

key to understand the role of SPARC in obesity development. AT is the main tissue of 

energy storage and the key tissue in obesity pathogenesis (Ghanemi et al., 2018a). 

 Different studies and observations linking gene-encoding SPARC to adiposity and 

adipogenesis have been reported in the literature. However, not all results have similar 

conclusions. These differences seen among the effects of SPARC deficiency could be due 

to different factors such as the mice age, genetic background, investigated tissues, their 

localization and diet (type and composition). For instance, the work of (Bradshaw et al. 

(2003a)) have reported SPARC-deficient mice with increased fat deposition in epididymal 

and dermal (with increased-diameter adipocytes) but not in major organs including liver, 

lung, and kidney with a HF diet but not with a low-fat (LF) diet although the food intake 

was similar (Nie et al., 2011). This suggests that a reduced energy expenditure is, at least in 

part, beyond this enhanced HF diet-induced weight gain. Especially that when handled, 

SPARC deficient mice have been reported as passive and with reduced physical activity 

(lower mobility-related energy expenditure) compared to WT mice (Norose et al., 1998). 

Importantly, the differences in the ECM between subcutaneous AT of WT and SPARC 

deficient mice could be explained by the adaptive properties of the adipocytes ECM (Mori 

et al., 2014; Lin and Kang, 2016) and indicate why SPARC-deficient mice fed with HF-diet 

had more fat deposit within the dermal AT compared to WT. Indeed, since SPARC is an 

important component of the ECM, its deficiency reduces the ECM (mesangial cells) 

(Taneda et al., 2003) and would reduce the “rigidity” of the ECM (SPARC-deficiency-

induced ECM remodeling) and thus, increases the expansion ability of the adipocytes 

(Figure 14.1) especially in the subcutaneous AT in which SPARC expression is 

predominant compared to visceral AT (Kos et al., 2009). Therefore, the subcutaneous AT 

would be more affected by SPARC deficiency and develop a greater ability to expand and 

store fat compared to the visceral AT (whereas the opposite is seen WT mice). 

Obesity development is not only about the fat tissue percentage, but also about the 

ability of adipocyte to expand both in number (hyperplasia) and size (hypertrophy) 

(Ghanemi et al., 2018a). Thus, histological studies of adipocytes remain an essential 

element. Bradshaw et al. showed that although SPARC-deficient mice had increased fat 

accumulation and total number of adipocytes in epididymal pads, those adipocytes were 

bigger and thus the number of fat cells per gram of epididymal pads tissue was lower 



 

171 

(Bradshaw et al., 2003b). These suggest that this tissue expansion resulted from the 

increase of adipocyte size, likely due to the decrease of collagen I (Francki et al., 1999) in 

the same reported tissue (Bradshaw et al., 2003a). This is similar to what was seen in the 

dermis of SPARC-deficient mice of another study as well (Bradshaw et al., 2002) and 

which is also similar to what has been reported by Mansergh et al. (increased in bone 

marrow adipocyte size and not number in SPARC deficient mice at the age of 4 months) 

(Mansergh et al., 2007). Therefore, this indicates that in this situation, SPARC-deficient 

mice have an increased size of adipocytes rather than increased differentiation of 

preadipocytes into adipocytes in the epididymal AT (hypertrophic fat accumulation). 

Importantly, the fact that in SPARC-deficient mice the increased adiposity was observed in 

epididymal and subdermal AT but not in liver, lung or kidney (Bradshaw et al., 2003a), 

further supports that this enhanced adiposity affects more subcutaneous AT rather than the 

ectopic localizations. Interestingly, the increased adipocytes size rather than preadipocytes 

differentiation into adipocytes reported in SPARC-deficient mice further emphasize the 

importance of SPARC. This highlights SPARC in cell differentiation as a macromolecule 

expressed specifically when tissues undergo changes which explains why the SPARC-

deficient adipocytes have limited differentiation. Therefore, points once again obesity-

developing status as a biological change requiring cell differentiation and ECM remodeling. 

 

 
Figure 14.1. The difference in ECM between subcutaneous and other adipocytes localizations makes 

that only an extra energy intake “reveals” a significant difference in adiposity development 

(development ability) pattern between different localizations.  
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*: Compared to WT mice. 

Abbreviations: ECM: Extracellular matrix; SPARC: Secreted protein acidic and rich in cysteine; WT: Wild 

type.  

 The ECM remodeling phenomenon, involving different enzymes and factors, is not 

limited to AT. It has been reported in different tissues such as cardiac tissue (McCurdy et 

al., 2010), lung (Tomos et al., 2017), brain (Miyata and Kitagawa, 2017), peripheral 

neurons (Moustafa et al., 2018), and in conditions including tumors (Erdogan and Webb, 

2017; Despotovic et al., 2017) some of which undergo a SPARC-dependent ECM 

remodeling (Tanaka et al., 2019) which further point the implication of SPARC in ECM 

remodeling. Importantly, therapeutic targeting of ECM remodeling has also been described 

(Agarwal and Agrawal, 2017; van der Steen et al., 2017; Ito and Ohno, 2018; Islam et al., 

2018). The ECM remodeling properties and its implications both in maintaining 

homeostasis and in pathological conditions (Ford and Rajagopalan, 2018) provide 

explanations on how adipocytes are modified in terms of expansion and tissue 

differentiation during a developing obesity which accrues when the energy balance is 

switched from a balanced status into a broken homeostasis (Ghanemi et al., 2018a). Thus, 

cellular and functional properties of remodeled adipocytes would require ECM remodeling 

that also depends on the adipocytes localization as well as on the ECM properties of each 

type of adipocytes (subcutaneous or visceral). Following the same line of thoughts, the 

SPARC deficiency would have an impact on the adipocyte ECM remodeling occurring 

during obesity and therefore, govern fat distribution. Such conclusion would be explained 

by the property of SPARC to bind and interact with different component of the ECM such 

as collagen type IV, vitronectin and fibrillar collagens (types I, II, III, and V) (Brekken and 

Sage, 2000) and thus affect adipocytes “rigidity” and expansion ability when compared to 

the adipocytes under balanced homeostasis. 

 Therefore, when fed with a HF diet, SPARC-deficient mice would store the extra 

energy in the subcutaneous AT rather than in the visceral AT. Such adiposity distribution 

pattern is towards a better metabolic profile because cardiometabolic benefits have been 

associated to subcutaneous AT (Tran et al., 2008a; Chen et al., 2018; Hocking et al., 2008; 

Tran et al., 2008b), whereas the visceral AT is associated with a variety of health problems 

including metabolic syndrome (Despres and Lemieux, 2006), cardiometabolic risk (Smith 

et al., 2012), coronary artery diseases and dysregulation of lipoprotein-lipid metabolism 

(Despres, 1992). However, this difference in fat storage between the subcutaneous AT and 

visceral AT is not seen in LF-fed mice. Indeed, although there is an increased adipocyte 

expansion in subcutaneous adipocytes compared to visceral adipocytes, the LF diet does 

not provide enough extra energy intake to create a positive energy balance (Figure 14.1) (as 

in the HF diet) to reveal such differential ability to store fat between these two locations of 

AT. Therefore, no such difference is seen in LF-fed mice. This explains the contrast of the 

results reported above and point that links between SPARC and the fat distribution (visceral 

vs subcutaneous) which is in fact more important than the body weight in terms of health 

prognosis (Ghanemi et al., 2018a; Park and Lee, 2005; Neeland et al., 2019). The previous 
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critical analysis of the works linking SPARC to adiposity allows us to hypothesize that 

SPARC-deficient mice will not become obese nor develop increased adiposity compared to 

WT mice when fed with a LF diet (Figure 14.1). This is supported by a recent study 

showing that whereas both SPARC-deficient and WT mice fed with regular laboratory 

chow have similar body weights, SPARC-deficient mice fed with high-calorie diet (HF 

chow and sucrose added to drinking water) had an increased body weight compared to WT 

mice fed with the same high-calorie diet (Atorrasagasti et al., 2019). 

 Moreover, stage of adipogenesis is also affected by the type of expressed collagen 

which would also be affected by SPARC. Indeed, preadipocytes synthesize primarily 

collagen I (fibrillar) but differentiated adipocytes express primarily collagen IV (the 

prevalent collagen in basement membranes) as part of the ECM network (Smas and Sul, 

1995) with the increased secretion of type IV collagen in association with adipocytes 

differentiation (Aratani and Kitagawa, 1988). This is of interest knowing that the 

association between collagen IV and adipocytes differentiation might also be behind the 

difference in adipogenesis between visceral and subcutaneous adiposity based on the 

dynamics of ECM (Mariman and Wang, 2010) leading to a fat distribution toward a 

developed subcutaneous adiposity (rather than a visceral AT) and eventually results in an 

improved insulin sensitivity and a lower metabolic risk (compared to a developed visceral 

adiposity rather than subcutaneous adiposity) (Despres et al., 1990; Després, 2012). In 

addition, SPARC-deficient mice had no significant difference in the circulating amount of 

insulin compared to WT (Bradshaw et al., 2003a). This would further indicate a higher 

insulin sensitivity because these SPARC-deficient mice had increased adiposity (Bradshaw 

et al., 2003a) for which insulin action is required due to the implication of insulin in AT 

development (Dimitriadis et al., 2011; Emanuel Anna et al., 2017). However, the fact that 

SPARC-deficient mice have a developed subcutaneous AT, does not necessary mean less 

visceral AT but could indicate an increased ability to store the extra energy in the dermal 

AT. These SPARC-deficiency induced modifications in the fat distribution could contribute 

to reduce central obesity and thus, resulting in a better metabolic profile with reduced risk 

for the metabolic syndrome and insulin resistance (Figure 14.1). 

 Yet, the expressions of SPARC and the associated proteins (herein, collagens) 

pattern would be different depending on tissues, mouse strain and also age (Mansergh et al., 

2007). For instance, whereas in the study of Norose et al. only 1.5 months were enough to 

observe the first posterior cortical opacities (cataract) in C57BL/6 J × 129 Sv F2 (exon 4 

was targeted) mice (Norose et al., 1998), in the study that used MF1 × 129 Sv F2 

background mouse strain (exon 6 was targeted for disruption) cataract was observed at 

around 6 months of age (Gilmour et al., 1998). These illustrates the effect of mouse strain 

on the effects of SPARC deficiency seen at different ages. This indicates that the degree of 

implication of SPARC in ECM remodeling (effect of SPARC deficiency) is different 

depending on the age (development stage) and thus can explain those “contradictory” 

results seen among the different SPARC deficiency studies (Norose et al., 1998; Gilmour et 

al., 1998). Studies in other species and different tissues have also been carried out and 
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showed the different effects of either SPARC deficiency or SPARC overexpression that can 

be seen. As an illustration, the overexpression of SPARC decreased type IV collagen levels 

in the basement membrane ECM of anchor cells in Caenorhabditis elegans (Morrissey et 

al., 2016) and SPARC-deficient mesangial cells have a reduced expression of collagen type 

I (Francki et al., 1999). Such data further support the involvement of SPARC in cellular 

remodeling. 

 SPARC is known to inhibit adipogenesis, a pathway shown to involve beta-catenin 

signaling enhancement (Nie and Sage, 2009a,b). Following a HF diet, SPARC has been 

shown to be upregulated (epididymal adipose) in three different models of obesity (Tartare 

Deckert et al., 2001). This SPARC upregulation could represent a homeostatic response to 

the HF diet in order to limit adipogenesis as regulatory feedback (Figure 14.3) and maintain 

the energy balance. The possible induction of AT fibrosis resulting from the 

hyperleptinemia induced upregulation of SPARC (Petersson et al., 2013) would also 

participate in limiting adiposity development. However, the existence of factors that are 

also involved in adipogenesis such as collagens and that are also affected by SPARC 

expression (Francki et al., 1999; Bradshaw et al., 2002) could make that although SPARC 

inhibits adipogenesis, SPARC deficiency might not stimulate adipogenesis and could just 

remove the SPARC induced adipogenesis inhibition (Nakamura et al., 2012). Within this 

context, Delany et al. (Delany et al., 2003) indicated that the absence of SPARC might 

influence adipocytes differentiations. However, the adipocytes described in this paper are 

bone marrow AT (BMAT) that have different properties from the adipocytes we focus on in 

obesity research which are white AT (both subcutaneous and visceral) in addition to the 

brown adipose tissue (BAT) as described by Hardouin et al. (Hardouin et al., 2016). In 

addition, the loss of bone due to the SPARC deficiency would affect the BMAT properties, 

which means that the modifications seen in the adipocytes of SPARC-deficient bone 

marrow would be the consequence of the reduced ability of osteoblasts for formation, 

maturation and survival that resulted from the SPARC deficiency. Adipocytes could even 

be a “replacement tissue” due to the fibrosis tissue limited ability to develop because it 

requires SPARC as a fibrosis promoter (Kos et al., 2009) which is absent in those SPARC-

deficient mice. Importantly, (Hardouin et al., 2016) conclude that their finding does fit with 

the idea that SPARC governs and antiadipogenic signal. 

 SPARC is involved in cell differentiation and development (Bradshaw and Sage, 

2001). Since obesity is considered as a status of a “development” and turnover that seems 

to require SPARC, difference in SPARC expression between obese and non-obese models 

requires attention. In addition, SPARC expression should be interpreted differentially 

depending on whether it is expressed during an ongoing tissue development (such as 

adiposity growth during obesity (Tartare-Deckert et al., 2001)) conditions or rather is a non 

developing tissue. Such way of thinking could emphasize that the overexpression of 

SPARC in obesity could be an adaptive feedback attempting to limit the adiposity 

expansion. This both correlates with results associating SPARC expression and AT 

hyperplasia in obese transgenic mice (Chavey et al., 2006) and the inhibitory properties of 
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SPARC toward adipogenesis (Nie and Sage, 2009a,b). In addition, since ageing is a factor 

of body fat gain (St-Onge and Gallagher, 2010), SPARC deficiency effect on adiposity 

would be more noticeable in old subjects. In addition, since SPARC is important in muscle 

functions (as detailed in the next section), especially during exercise, the SPARC-

deficiency could reduce muscular activity-related energy expenditure and therefore, with 

HF diet, would further enhance the positive energy balance and therefore, increase the 

energy storage which explains the increase of the HF diet-induced weight gain and AT 

depots in SPARC-deficient mice. Because of the impact of SPARC on the adipocytes ECM 

remodeling, the SPARC deficiency would increase the expansion ability of adipocytes. 

This ability is different between subcutaneous and visceral adiposity, and the distribution 

pattern would be towards an increased accumulation of the extra energy in the 

subcutaneous AT, thus leading to an improved metabolic profile and a healthier outcome 

compared to an adiposity accumulation within the visceral or ectopic locations. 

14.5 The gene encoding SPARC as an “exercise-induced gene”: a 

metabolic enhancer of the skeletal muscle 

 SM represents a key tissue of energy consumption since it accounts for an important 

ratio (50%) of energy expenditure of the body and around 40% of the body mass (Frontera 

and Ochala, 2015). Moreover, SM is responsible for around 70%–80% of insulin-

stimulated postprandial glucose uptake (DeFronzo et al., 1981; Nuutila et al., 1994). 

Changes observed in the SM following exercise in term of cell differentiation, proliferation, 

mitochondrial functions and ECM remodeling are important to study at the molecular level 

in different ages. It allows to both elucidate the underlying mechanisms of important 

physiological and pathological pathways and the identification of potential therapeutic 

targets especially if we consider changes of muscle mass and metabolic functions 

associated with aging and the link with obesity (Biolo et al., 2014). Indeed, aging leads to 

muscle loss and dysfunction which affects the energy metabolism, including resting 

metabolic rate (St-Onge and Gallagher, 2010). Thus, aging represents an influencing factor 

in obesity development via increasing fat tissue especially for sedentary individuals (Biolo 

et al., 2014). Therefore, genetic factors affecting muscular metabolic performance would be 

easier to observe and evaluate in young subject since this metabolic performance (energy 

usage, contractility, etc.) decreases physiologically with age. Following this line of thought, 

effects of SPARC deficiency would be more significant in young subjects especially that 

SPARC expression in SM decreases with age as well (Scime et al., 2010; Nakamura et al., 

2013). 

 Numerous research teams have shown that exercise enhances the expression of 

mitochondrial genes such as oxidative phosphorylation (OXPHOS) and improves physical 

fitness, lipid profile and insulin sensitivity (Riedl et al., 2010; JM, 1994). A cellular model 

of exercise (electrical pulse stimulation applied in myotubes culture) also showed that gene 

encoding SPARC is an electrical pulse stimulation-induced gene (Melouane et al., 2019). 



 

176 

Its activity in linking mitochondrial properties and ECM would involve interaction with 

integrin-linked kinase/adenosine monophosphate-activated protein kinase (AMPK) 

pathway (Melouane et al., 2019). A study reported genes modulated in SM by mild exercise 

which can easily and safely be performed by elderly individuals (Riedl et al., 2010). This 

study has highlighted the importance of mitochondrial OXPHOS and ECM remodeling in 

the SM adaptation. Importantly, these results showed that the training at lactate threshold 

(LT) induced 3 transcripts related to ECM, namely collagen type III alpha 1 (COL3A1), 

collagen type IV alpha 1 (COL4A1) and gene encoding SPARC, which accounted for 25% 

(3/12) of modulated transcripts in elderly (Riedl et al., 2010). However, in young adults, 

only 2 transcripts in the same function including collagen type I alpha 2 (COL1A2) were 

modulated, which corresponds to approximately 0.5% (Nishida et al., 2010). Although the 

only other study examining the effects of exercise on SM transcriptome in elderly subjects 

has used high-intensity (80% maximal heart rate) exercise, the exercise has also induced 

ECM-related genes such as genes encoding SPARC and COL3A1 (Radom-Aizik et al., 

2005). The ECM associated protein, SPARC, specifically binds several ECM molecules 

including collagen types I, III and IV (Sage et al., 1989), thus influence both fibrous and 

basal lamina organization through growth factors binding, such as insulin-like growth 

factor (IGF), to mediate cell-matrix interactions (Francki et al., 2003; Mason et al., 1986b). 

 A Recent study has confirmed the induction of SPARC mRNA and protein 

expressions after exercise in SM of human and mice (Aoi et al., 2013). More importantly, 

increases in C2C12 myoblasts differentiation and expression levels of myogenin, COL1A1 

and OXPHOS proteins after adding a recombinant SPARC protein have been described 

(Melouane et al., 2018). In addition, an improved collagen maturation was also reported 

following the overexpression of SPARC in WT mice (Schellings et al., 2009). These 

elements strongly suggest that SPARC represents an important factor in exercise-induced 

metabolic benefits and improvement of muscle structure and energy homeostasis profile; 

especially that exercise has been linked to ECM remodeling (Duarte et al., 2017) and an 

upregulation of SPARC has been reported during SM regeneration as well (Petersson et al., 

2013). In contrast, lack of SPARC has been linked to modified expression of actin 

isoforms, led to post-fatigue recover inability (Jorgensen et al., 2017) and myofiber atrophy 

(Nakamura et al., 2013). This further support the concepts defining SPARC as specifically 

expressed according to a ‘temporal” pattern (Petersson et al., 2013) during tissue 

modifications including remodeling and repair (Jorgensen et al., 2009) rather than 

regeneration (SPARC deficiency does not affect SM regeneration (Jorgensen et al., 2017)) 

although there is an upregulation of SPARC during SM regeneration (Petersson et al., 

2013). This could indicate that SPARC would be involved in complementary remodeling 

and repair functions during regeneration. In addition, the inhibitory properties of SPARC 

towards myoblast differentiation (Petersson et al., 2013) could be seen as a regulatory 

effect to control the SM hyperplasia and rather enhance SM metabolic performance instead 

of increasing SM cells number. 
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 All together, these data allow us to map the links between SPARC 

expression and SM modification including during exercise and development (metabolic and 

functional) mediated by ECM and mitochondria as well as cytoskeletal (Figure 14.2) 

because SPARC interacts, at least in part, with SM actin (Jorgensen et al., 2017). Since 

exercise induces the release of SPARC from the SM, considered therefore as a myokine (So 

et al., 2014), it would act, among other tissues, on the SM itself and therefore would be an 

“autocrine” factor. 

 

 
Figure 14.2. SPARC seems to play different roles in these two tissues. Whereas it ameliorates metabolic 

and structural properties of the skeletal muscles, SPARC-deficiency in adipocytes seems metabolically 

beneficial. 

Abbreviation: SPARC: Secreted protein acidic and rich in cysteine 

 

 Moreover, there is a decrease in both collagen type I (increase in AT) and physical 

activity in SPARC-deficient mice (Norose et al., 1998; Delany et al., 2000). In addition, 5-

aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR)-stimulated AMPK 

phosphorylation is reduced by small interfering RNA (siRNA) of gene encoding SPARC 

(Song et al., 2010). This is of interest because AMPK phosphorylation induces 

mitochondrial biogenesis via the activation/induction of the key regulator of mitochondrial 

biogenesis peroxisome proliferator-activated receptor gamma coactivator 1 alpha 
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(PPARGC1A, also known as PGC1α) (Lira et al., 2010; Jager et al., 2007; Wu et al., 1999) 

and thus, siRNA of gene encoding SPARC would reduce the mitochondrial biogenesis. 

This indicates that the deficiency or the down expression of gene encoding SPARC 

negatively affect the mitochondrial biogenesis and thus the OXPHOS capacity of the SM 

(cellular bioenergetics). In addition, the increase of adiposity without an increase in the 

body weight in SPARC deficient mice (compared to WT) (Bradshaw et al., 2003a) could 

indicate a loss of lean mass (SM) as well. This would suggest an implication of SPARC not 

only in the ECM or mitochondrial functions but also in the SM building (myocytoskeletal). 

Whereas exercise is known to increase protein synthesis in aged SM (Reynolds et al., 

2004), myoblasts from endurance-trained men exhibit higher glucose uptake (Berggren et 

al., 2005), probably via the induction of glucose transporter type 4 (GLUT4) expression by 

the training (Neufer and Dohm, 1993). Insulin plays important roles in the SM such as 

protein synthesis and glucose transport, and exercise improves insulin actions, which runs 

counter to aging (Riedl et al., 2010; JM, 1994; Harris, 2005; Drela et al., 2004). SPARC is 

known to modulate the interaction of cells with growth factors as well as to interact with 

AMPK and regulate GLUT4 expression (Francki et al., 2003; Song et al., 2010), which 

establishes more links between SPARC and muscular energy metabolism. 

 Based on the links among SPARC, its expression induction by exercise and exercise 

effects on SM, it seems logic to point SPARC as main factor in the SM remodeling and the 

exercise-induced SM metabolic changes. The implications of SPARC in heart, which is 

increased by β- adrenergic stimulation (Masson et al., 1998), seem to be comparable to 

those in SM. Indeed, following an induced myocardial infarction, prevention of cardiac 

dysfunction with an amelioration in collagen maturation in gene encoding SPARC 

overexpressed mice, whereas the SPARC deficiency leads to an immature collagenous 

ECM and increased cardiac dysfunction (Schellings et al., 2009). 

 Unlike in the AT, the increased expression of SPARC (rather than its deficiency) is 

positive for the SM metabolic performance. Indeed, taken together, the previous reported 

observations show that SPARC is both induced by exercise and also required to mediate 

some of the exercise-induced benefits both in terms of tissue remodeling (adaptation) and 

metabolic functions enhancement (enhanced OXPHOS and glucose usages). Therefore, 

enhance the metabolic ability of the SM. With such SM enhancement properties, SPARC 

could be used therapeutically for diseases such as sarcopenia as well as disorders involving 

energy balances deregulation such as obesity. However, herein the missing link seems to be 

the elucidation of how SPARC affects the SM contractile properties, its mechanic and the 

SM cytoskeletal properties. Completing such aspect, would give a full image of how 

SPARC impact the SM both at the metabolic and structural (mechanic properties) levels. 

14.6 Applications and therapeutic perspective 

 The data we have exposed show that SPARC is a multi-functional glycoprotein that 

has impacts on metabolism which support the theories linking the ECM to the 
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mitochondrial function and metabolic modifications (Melouane et al., 2018). Furthermore, 

ECM remodeling has been reported following exercise training in visceral AT (Duarte et 

al., 2017) as well as with both obesity and exercise in SM as well (Martinez-Huenchullan et 

al., 2017). This reflects the complex interactions between ECM (impacted by SPARC 

modifications) and these two key metabolic tissues, AT and SM, that govern most of the 

energy flow (storage and expenditure, respectively). 

 Whereas the beneficial effects on AT are seen following SPARC deficiency, the 

improvement of muscular metabolisms seems to rather be the result of an overexpression of 

gene encoding SPARC (Figure 14.2). Indeed, the SPARC deficiency would increase the 

adipocytes extension ability (and fat storage) of the subcutaneous AT more than in the 

visceral AT which would reduce the negative impacts of visceral adiposity and increase the 

benefits of a developed subcutaneous AT. However, in the SM it is rather the 

overexpression of SPARC that would lead to an improved metabolic profile with a better 

adaptation to exercise, whereas SPARC deficiency would have negative effects on SM such 

as a disturbed actin cytoskeleton. This indicates that although SPARC expression-induced 

ECM remodeling follow a similar pattern in muscles and adipocytes (especially in terms of 

collagen expression/maturation), it leads to different metabolic outcomes in these two 

tissues. Indeed, the consequences of SPARC deficiency are similar in both AT and SM 

(limit the development). However, SPARC deficiency leads to divergent phenotype in AT 

and SM because the functions of these two tissues are different. A developed muscle does 

increase energy expenditure whereas a developed AT does enhance the energy storage. 

 SPARC is produced by adipocytes into the circulation with concentrations that are 

in correlation with the body mass index (BMI) (Kos et al., 2009; Takahashi et al., 2001). In 

addition, the correlation between AT-derived SPARC with both fat mass and waist 

circumference (Kos et al., 2009) was also reported. This could also be put in the context of 

a correcting/balancing metabolic homeostasis via which adipose cells of obese individuals 

produce SPARC that will migrate (“hormone”) to the SM in order to produce its effect of 

enhancing the metabolism and remodeling of the SM, which would improve muscle 

dependent energy expenditure and thus, counter the increased caloric intake (beyond the 

elevated BMI) as an attempt to reestablish the energy balance. Additionally, the SM 

development is required to carry the excess body weight of obese subjects. This would also 

explain the AT production of SPARC that will increase SM functions. Following the same 

line of thoughts, and within the context of “re-establishing” the energy balance, the 

elevated concentration of SPARC in obese patients would be an attempt to limit the 

adipogenesis (via the adipogenesis inhibition properties of SPARC (Nie and Sage, 

2009a,b)) and would follow similar pattern as leptin which is elevated in obese patients but 

fails to perform its action as an anti-obesity factor (leptin resistance) (Sainz et al., 2015) 

(Figure 14.3). Indeed, the increased serum concentration of leptin can also be seen as an 

attempt to establish the energy balance via the properties leptin to limit food intake and 

increase energy expenditure (Halaas et al., 1995). However, since leptin fails to balance the 

energy homeostasis (leptin resistance (Myers et al., 2012)) in obese patient, the raising 
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question would be whether or not we have a “SPARC resistance” in obesity leading to the 

loss of the adipogenesis inhibition properties of SPARC. This theory is further supported 

by the ability of both leptin and insulin (also elevated during obesity (Wang and Liao, 

2012)) to enhance SPARC production in AT (Kos et al., 2009), whereas glucose decreased 

it (Kos et al., 2009). Thus, these observations put SPARC within the pathways involving 

leptin, insulin (Figure 14.3) and glucose in energy homeostasis regulation especially that 

SPARC is required for both insulin secretion and glucose homeostasis (Atorrasagasti et al., 

2019). 

 

 
Figure 14.3. SPARC as an obesity-induced factor: An attempt to re-establish energy balance. 

Abbreviation: SPARC: Secreted protein acidic and rich in cysteine. 

 

 This could support the concept defining the role of a factor (hormone, transmitter, 

etc.) depending on the status. SPARC would not have the same properties in healthy status 

(balanced energy homeostasis) as it has during broken homeostasis (obesity, diabetes, 

sarcopenia, etc.) 

 In addition, the known implications of mitochondria in ageing, especially within AT 

and SM (Boengler et al., 2017), would justify the need to investigate SPARC roles during 

the ageing process and its eventual interactions with reactive oxygen species (oxidative 

stress) (Aseer et al., 2017) that play roles in diabetes (Panigrahy et al., 2017), ageing 

(Korenevsky et al., 2017), inflammation (Hsu et al., 2018), obesity (McMurray et al., 2016) 

and sarcopenia (Jackson, 2016; Vasilaki et al., 2017). Indeed, ageing (with the free radicals 
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accumulation, decreased biological function, etc.) represents a risk factor for many diseases 

including metabolic disorders. 

 Studying the functional and, more importantly, the metabolic implications of 

SPARC in other tissues and organs, especially other key metabolic tissues such as the liver 

and the brown AT will be the next step to map the metabolic profile of SPARC within the 

homeostatic balance. The hormonal changes (leptin, insulin, etc.) are also another key step 

within this path, since leptin and insulin induce SPARC expression in adipocyte (Kos et al., 

2009). Importantly, mapping these pathways should take into consideration the different 

related influencing factors such as the healthy status (obese or lean), the activity level 

(sedentary or active) and the type of diet (HF, LF, high sucrose, etc.). The effects of 

SPARC on cells does not only depend on tissues (AT and SM in our examples) but also on 

the status (and its stage, whether advanced or early), the factors and the environment to 

which the tissue is exposed (normal, cancer, obesity, development, exercise, etc.). 

 Therapeutic targeting (gene therapy, pharmacological agents, etc.) of SPARC or 

gene encoding SPARC-related pathways in obesity for example would require a precise 

therapy (such as new generations of therapeutic vectors) and an increased 

pharmacovigilance. Precisely, the targeting would require to increase SPARC expression 

(or enhance the pathways it activates) in the SM and/or inhibit (or reduce) the expression of 

these glycoprotein in the AT (preferably the subcutaneous AT so that the adiposity 

accumulation would be towards the subcutaneous AT rather than the visceral AT). Such 

approach could provide efficient therapies for obesity, diabetes, sarcopenia and sarcopenic 

obesity especially that increasing publications describe targeting ECM (Agarwal and 

Agrawal, 2017; van der Steen et al., 2017; Ito and Ohno, 2018; Islam et al., 2018). 

Importantly, the described effects of SPARC-modified expressions in both AT and SM 

leads to discuss the sarcopenic obesity for which age is the main factor and which involves 

these two tissues and combine the loss of muscle mass with an increase in fat accumulation 

(Polyzos and Margioris, 2018). Therefore, put a spotlight on SPARC-based therapy 

(combined with sufficient protein intake) as a good choice to both improve muscle 

performance and reduce adiposity especially for individuals who are unable to perform the 

required exercise. In this last case, we would obtain an “exercise pill” that would 

pharmacologically mimic the exercise benefits at the SM via stimulating the SPARC-

induced effects. 
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15.1 Résumé (French abstract) 

 La matrice extracellulaire (ECM) est un réseau de macromolécules qui représente le 

support structurel cellulaire impliqué dans des biofonctions clés telles que la transduction 

du signal et l’adhésion cellulaire. Les protéines associées à l’ECM interagissent avec 

l’ECM et avec d’autres structures et molécules endogènes pour contrôler la croissance 

cellulaire, les modifications structurelles, la migration cellulaire, etc. Parmi les protéines 

associées à l’ECM, la secreted protein acidic and rich in cysteine (SPARC) est une protéine 

connue pour être exprimée durant le remodelage des tissus. Ici, nous mettons l’accent sur 

des propriétés métaboliques et homéostatiques au-delà des propriétés connues de l’ECM et 

du SPARC. La synchronisation des implications métaboliques et structurelles de SPARC et 

de l’ECM indiquerait une adaptation du métabolisme pour répondre aux besoins liés aux 

changements tissulaires. La mise en évidence de telles propriétés aurait des applications 

importantes dans divers domaines tels que les thérapies, le métabolisme et la pathogenèse. 

15.2 Abstract 

 An extracellular matrix (ECM) is a network of numerous macromolecules that 

represents the cellular structural support involved in key biofunctions such as signal 

transduction and cellular adhesion. In addition, ECM-associated proteins interact with ECM 

and with other endogenous structures and molecules to control cellular growth, structural 

modifications, cellular migration, etc. Among the ECM-associated proteins, secreted 

protein acidic and rich in cysteine (SPARC) is a protein that is known to be expressed when 

tissues change. Herein, we put a spotlight on selected, metabolic and homeostatic properties 

beyond the known properties of ECM and SPARC. Importantly, the synchronization of the 

metabolic and structural implications of SPARC and the ECM would indicate an adaptation 

of the metabolism to meet the needs of the changes that the tissues undergo. Highlighting 
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such properties would have important applications in diverse fields that include 

therapeutics, metabolics, and pathogenesis.  

 

Keywords: secreted protein acidic and rich in cysteine; extracellular matrix; metabolism; 

homeostasis 

15.3 Extracellular Matrix (ECM) and Secreted Protein Acidic and Rich in 

Cysteine (SPARC) 

 The increasing number of pathologies involving structural or functional 

abnormalities, combined with the lack of organ donors, has made developing novel 

approaches in regenerative medicine a necessity. Recent advances in regenerative medicine 

have brought a lot of hope for tissue engineering, as shown by clinical trials that use stem 

cells (both somatic and embryonic and even adipose-derived stem cells) in therapeutic 

applications [1–3]. Within the context of regenerative medicine, the ECM is implicated in a 

variety of processes that include cellular repair and regeneration, remodeling [4], and 

intercellular communication [5] (Figure 15.1). Therefore, ECM products, including 

hydrogels [5], have been used or suggested in clinical practice [6,7]. Such applications 

derive from the structural and functional properties of the ECM and its associated proteins. 

Thus, further understanding these properties could expand the applications in regenerative 

medicine as well as in fields such as pharmacology and in vitro research. 
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Figure 15.1. Example of extracellular matrix (ECM) implications. The extracellular matrix is involved in 

a variety of biological functions, mainly but not only during tissue development under physiological and 

pathological conditions. 

 ECM is a three-dimensional network surrounding cells, and is made of different 

macromolecules, including collagens, elastins, proteoglycans/glycosaminoglycans, 

laminins, and fibronectins [5,8]. It governs a variety of biological functions such as cellular 

differentiation, growth, survival, migration, homeostasis, and morphogenesis [8]. ECM 

remodeling through its components is crucial in both physiology and pathology [9–11]. 

Such remodeling is controlled by epigenetics through the dynamic cellular environment 

(pH, cytokines, etc. [12]) that induces gene expression modulations [9] towards a modified 

proteomic profile required for remodeling. On the other hand, the proteins associated with 

the ECM structurally and functionally complete the molecular network surrounding the 

cells and governing tissue properties. Herein, we mention the SPARC that represents an 

example of an ECM-associated protein expressed, mainly when tissues change [13,14], 

indicating its particular importance during tissue remodeling and suggesting its close 

interaction with the ECM during such a process. SPARC (also known as BM-40 or 

osteonectin) is a glycoprotein with a molecular weight of 32 kDa [15] encoded by a highly 

conserved single gene [16], which reflects the evolutionary importance of this gene. It has a 

single polypeptide chain [17], and its human-matured version has 286 amino acid residues 

[18]. This glycoprotein is made of three domains (N-terminal domain, C-terminal domain, 

and a domain characterized by a follistatin-like domain) [19]. The three domains provide 

SPARC with its biophysical and biochemical properties such as Ca2+-binding, protease 

inhibitor, and collagen binding [19]. These properties allow SPARC to bind to both 

collagen and hydroxyapatite [13]. This binding ability is illustrated by studies showing that 

collagen I and SPARC are both reduced by valproate treatment in cultured bone cells [20], 

the implication of SPARC in stromal mineralization, as well as the adhesion of both 

osteoblasts and platelets to the ECM [21]. In fact, SPARC was first discovered in bones 

[18] and shown to be highly important in osteogenesis [17]. It is also the most expressed in 

the bone compared to the other noncollagenous polypeptides [22]. SPARC was initially 

named osteonectin following its discovery in bones and was even thought to be bone-

specific [13,23] before it was shown to be expressed in most tissues. 

 Beyond the structural implications of SPARC and ECM, it remains important to 

clarify their metabolic and homeostatic properties under different circumstances. Indeed, 

the increasing importance of ECM implications and applications in biological research and 

clinical practice [24–26] makes exploring the ECM metabolic aspects important in order to 

uncover novel roles or identify new possible applications for ECM. For instance, among the 

ECM’s current applications we mention is the use of ECM bioscaffolds (decellularized) in 

clinical tissue remodeling [6] to enhance the functional reconstruction of injured tissues 

(muscle, esophagus, etc.) rather than develop scar tissues at the end of the healing process 

of these tissues [7]. It is worth mentioning that ischemic injuries have been treated using 
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ECM hydrogels [26]. Moreover, these hydrogels are also used to study the ECM effects on 

culture [4] as well as to mimic tumor microenvironments [12]. 

 Elucidating such concepts would both deepen our knowledge of metabolics and 

uncover unknown effects of regenerative medicine approaches. Understating how ECM and 

its associated proteins impact aspects beyond structures such as metabolism and cellular 

biochemistry could lead to the development of novel therapies or optimize those currently 

available. Furthermore, expanding the field of investigation beyond the ECM to include the 

biomolecules associated to the ECM would provide a wider understanding of the 

noncellular entities of tissues within the context of metabolics, biochemical homeostasis, 

and energy balance. SPARC represents an illustration of this concept. It is not only 

involved in tissue response to injury and cellular differentiation [27] but can also shape 

some metabolic patterns, as described below. 

15.4 SPARC: Metabolics and Homeostasis 

 Both ECM and the proteins associated with it have the ability to interact between 

them as well as with cells, other active molecules, and cell receptors under diverse 

physiological and pathological conditions [28–31]. The ECM and its associated proteins 

represent the frame into which cells reside and upon which key tissue properties depend. 

Indeed, what provides tissue with its nature (hard, soft, etc.) and properties is governed by 

the cellular adhesion of cells constituting that tissue and their interactions through the ECM 

and its associated proteins. This explains the need for ECM remodeling and changes to 

adapt to new physiological or pathological conditions [32]. Furthermore, the content in 

other elements like calcium does impact the tissue nature and illustrates this concept as 

well. For instance, bones are known to be of a hard nature, and this is due to their rich 

content in calcium. Within this context, SPARC binds to both hydroxyapatite and collagen 

in a bone matrix [13,33,34], which strengthens the bone hardness. Therefore, the bone 

content in both SPARC and calcium and the binding ability these two components have 

would govern the strength and hardness of bones depending on how strong the adhesion is 

between osteocytes, their ECM, hydroxyapatite, and ECM-associated proteins (SPARC in 

the current example). 

 Regarding the energy metabolism pattern, the two components of energy balance 

are energy storage and energy expenditure. The storage is mainly in the form of lipids in 

adipocytes, whereas the energy expenditure is governed by the muscle’s energy usage (both 

resting metabolic rate and physical activity). As we have described in a recent paper [15], 

the ability of certain cells like adipocytes to expend would depend on the ECM’s “rigidity”, 

which would—in part—depend upon SPARC expression. Indeed, due to the interaction 

between SPARC and collagen, a deficiency in SPARC (such as in a Sparc knock-out 

organism) would reduce collagen maturity and weaken the ECM structure, thereby 

reducing the ECM rigidity. ECM rigidity is defined by how strong the adhesion is between 

ECM and its associated protein and whether this adhesion would limit the cellular 
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expansion of these cells surrounded by such an “elastic” or a “rigid” ECM [15]. Following 

this line of thought, how rigid the ECM of adipocyte is would govern whether the 

adiposity’s development would be towards hyperplasia or hypertrophy. Whereas 

adipocyte’s expansion would result from an “elastic” ECM, a “rigid” ECM would limit 

such expansion and rather direct the adiposity’s development towards hyperplasia [15]. 

This results in different forms of adiposity distribution, which is mainly towards either 

subcutaneous or visceral fat accumulation. These metabolic outcomes control the metabolic 

phenotype [35–37], as well as morbidities and pathological complications [38] seen among 

different individuals with obesity. Studies on SPARC highlight its numerous metabolic 

implications, including energy metabolism in the skeletal muscle [15] and adiposity control 

[39] (Figure 15.2). 

 

 
Figure 15.2. Secreted protein acidic and rich in cysteine (SPARC) metabolic and homeostatic 

implications. SPARC is involved in a variety of metabolic as well as homeostatic processes in diverse 

tissues, which suggest that SPARC simultaneously interacts with metabolism and homeostasis in order to 

synchronize with both of them. 

 

 Regarding the impact that ECM has on muscles, studies conducted on elderly men 

have shown that endurance training increased the expression of gene coding for both ECM 

proteins and SPARC in the skeletal muscles, and also genes related to metabolic functions 

such as oxidative phosphorylation (OXPHOS) [40]. Such results show a potential 
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implication of SPARC in exercise-induced metabolic benefits depending on how strongly 

the Sparc gene is expressed or knocked-out as we have previously described [15]. Herein, 

the differential expression of genes related to the ECM indicates a potential role of the 

ECM (and eventually ECM-associated proteins such as SPARC) within the muscular 

metabolic performance seen after training compared to the baseline. In addition, there is a 

possible link between the ECM and the mitochondrial function [41], which reflects other 

possible metabolic implications. At the molecular level, studies indicated how ECM (or its 

remodeling) regulates lipid metabolism [42] and glucose metabolism [43]. Moreover, the 

ECM-associated protein SPARC has been shown to be implicated in the regulation of the 

glucose transporter type 4 expression (controlling the glucose uptake) [44]. All these 

elements show how targeting the ECM or its associated proteins could impact the energy 

balance and the metabolic paths. Fortunately, cellular and animal models, including those 

of the knock-out of Sparc, shed light on the roles the ECM and its associated proteins (such 

as collagen) have within different contexts [45–48]. These data will contribute to further 

mapping the metabolic puzzle related to the ECM and its associated proteins. 

 More importantly, the implications of SPARC and the ECM in both metabolism and 

functions like growth, differentiation, and morphogenesis could indicate that the ECM and 

SPARC might synchronize diverse cellular functions so that the metabolic needs meet the 

biological changes the tissues undergo (Figures 15.2 and 15.3). This means that the ECM 

remodeling and SPARC expression would simultaneously impact parameters such as cell 

growth and differentiation as well as metabolic and other homeostatic patterns. This would 

result in a cellular profile adapted to the changes that tissues undergo in terms of energy 

usage and storage and homeostatic needs. Moreover, the implications of the ECM [46] or 

SPARC [49–52] in other nonstructural functions such as inflammation, immunity, and cell 

growth would not only emphasize the importance of uncovering more pathways that ECM 

and SPARC govern but would also strengthen knowledge of metabolics, especially of links 

that have been established between cytokine (involved in inflammation and immunity) and 

metabolism [53–55]. Herein, cancer would be an illustrative example of such a “cell 

development–metabolism synchronization”. Indeed, whereas cancer represents a status in 

which ECM remodeling is required and observed [56–58], cancer cells and the tumor 

microenvironment have specific metabolic profiles and unique bioenergetic properties in 

different form noncancer cells [59,60]. Interestingly, SPARC was suggested to play a 

homeostasis–regulatory role in cancer. More precisely, while SPARC is overexpressed 

during cancer development, it inhibits tumor growth without inducing apoptosis in normal 

cells (selective inhibition), indicating a possible feedback effect towards a homeostatic 

regulation of cell growth in the context of cancer [61]. This regulatory role does not seem 

to be limited to development but would also control the metabolic profile of the tumoral 

cells in order to reach a balance/synchronization of both the structural changes and the 

metabolic needs. 



 

195 

15.5 Perspective and Implications 

 These selected examples show numerous metabolic and homeostatic implications of 

both SPARC and ECM at different levels, from cellular metabolism of glucose and lipids to 

both energy usage (muscles) and energy storage (adipocytes), as well as fat distribution 

pattern. It reflects how those biomolecules that form a three-dimensional network could be 

a starting point either to develop novel therapies or to optimize existing treatments for 

obesity and other metabolic disorders. Importantly, such concepts would also have 

applications in tissue engineering and regenerative medicine, including stem cell research 

[62]. 

 Extracellular matrix changes induce cellular adaptation, which leads to structural 

and metabolic modifications in the tissues and organs. This metabolic–structural 

synchronization could suggest an adaptation of the metabolism to meet the energy needs of 

the changes that the tissues undergo. Elucidating such metabolic–structural synchronization 

between the metabolism and the structural changes would produce diverse perspectives 

along with a verity of applications in numerous fields, including therapeutics, cell culture, 

pathogenesis, and regenerative medicine. 

 Indeed, putting a spotlight on these nonstructural implications of the ECM and 

SPARC (as an example of an ECM-associated protein) such as the metabolic properties and 

growth homeostasis would allow us to predict (and potentially reverse) the “metabolic side 

effects” and the side effects related to immunity, inflammation, and cell growth of 

interventions targeting or interacting with matricellular proteins within the context of 

regenerative medicine [63]. Moreover, since metabolic changes are not limited to energy 

balance but can also involve drug metabolism, this would expend the implications to the 

context of pharmacovigilance, among other concepts. 

 In conclusion, we emphasize the importance of further investigations towards 

uncovering how SPARC, ECM, and the other ECM-associated proteins can impact (and be 

influenced by) diverse cellular metabolic, biochemical, and homeostatic pathways. Such 

discoveries will lead to novel yet important applications in a variety of fields, including 

therapeutics, pathogenesis, metabolics, and regenerative medicine (Figure 15.3). 
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Figure 15.3. Metabolic–structural synchronization of the extracellular matrix properties. 
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16.1 Résumé (French abstract) 

 La secreted protein acidic and rich in cysteine (SPARC) est exprimée dans diverses 

situations, y compris celles avec une composante inflammatoire ainsi que lors du 

remodelage et de la réparation des tissus. Ainsi, SPARC contribuerait à l’inflammation et à 

la fibrose associée et jouerait un rôle dans la création d’un microenvironnement pour le 

remodelage et la réparation des tissus. Cependant, si l’inflammation augmente, SPARC 

aurait un effet anti-inflammatoire. Cet effet anti-inflammatoire de SPARC est probablement 

une rétroaction (feedback) négative pour contrôler l’inflammation. De tels effets présentent 

SPARC avec une propriété homéostatique dans les processus inflammatoires par laquelle 

SPARC limite l’inflammation et contribue à la réparation des tissus. Étant donné que 

SPARC est induit par l’exercice, ces propriétés sont également en corrélation avec les 

avantages de l’exercice qui seraient médiés par SPARC.   

Highlights 

• SPARC would contribute to the inflammation and the related fibrosis. 

• SPARC play roles to create the microenvironment for tissue remodeling and repair. 

• Once inflammation increases, SPARC would have an anti-inflammatory effect. 

• This SPARC anti-inflammatory effect is probably a negative feedback. 

• These properties present SPARC with a homeostatic pattern in inflammatory processes. 

16.2 Abstract 

 Secreted protein acidic and rich in cysteine (SPARC) is expressed in various situations 

including those with an inflammatory component as well as during tissue remodelling and repair. 

Thus, SPARC would contribute to the inflammation and the related fibrosis and plays roles in 

creating a microenvironment for tissue remodeling and repair. However, once the inflammation 



 

201 

increases, SPARC would have an anti-inflammatory effect. This SPARC anti-inflammatory effect is 

probably a negative feedback to control the inflammation. Such patterns present SPARC with a 

homeostatic pattern in inflammatory processes via which SPARC both limits the inflammation and 

contributes to the tissue repair. Since SPARC is induced by exercise, these properties also correlate 

with the exercise benefits that would be mediated by SPARC.   

 

Keywords: Secreted protein acidic and rich in cysteine; Inflammation; Homeostasis  

16.3 Graphical abstract 

 

16.4 Secreted protein acidic and rich in cysteine and inflammation: 

Another homeostatic property?   

 The inflammation, described since centuries, is a result of different cellular and 

molecular reactions as a response to stimulus of divers nature including injuries, infections, 

autoimmune processes or cancer development [1–4]. Inflammation is also related to the 

pathogenesis and development of numerous diseases [5–9]. Thus, inflammations can be 

clinically evidenced by numerous inflammatory mediators and indicators that represent 

tools for diagnosis, treatment evaluation and prognosis of a variety of diseases [10–12]. In 

addition, the impacts and implications of inflammation on certain health conditions justify 

the use of anti-inflammatory drugs for which animal models of inflammation have been 
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developed for screening and tests [5]. Although inflammation is associated to well-known 

conditions (obesity, cancer, etc), the inflammatory implications of important molecules that 

have been shown to play key roles in these same conditions remain to be uncovered. 

Therefore, it remains worth looking into how such molecules impact and are modified by 

inflammation as well as the conditions involving an inflammatory component. 

 As an illustration, we put a spotlight on secreted protein acidic and rich in cysteine 

(SPARC) which is an extracellular-associated glycoprotein. The description of SPARC 

roles in the contexts of metabolism [13–15], obesity [14,16,17], diabetes [18], immunity 

[19] and cancer [20–22] makes exploring its inflammatory properties an investigation that 

would add a piece to the puzzle of this glycoprotein. Indeed, not only SPARC plays roles in 

these conditions but inflammation is also associated to metabolism [23,24], obesity [25], 

cancer [26,27], diabetes [28] and other diseases [29] for which inflammation represents a 

shared pattern as well. More importantly, studies have showed links between SPARC and 

inflammation. For instance, SPARC is overexpressed in experimental glomerulonephritis 

[30] and ovarian cancer during which SPARC downregulates the inflammation associated 

to this cancer [31]. This is supported by the impact of the extracellular matrix on the 

inflammation depending on SPARC expression as reviewed by Riley and Bradshaw [32] 

and the fact that Sparc knockout (KO) mice had exacerbated inflammatory cell infiltration 

following lung damage compared to wild type mice [33]. 

 Following this line of thoughts, it seems reasonable to suppose links between the 

involvement of SPARC during inflammatory process and the overexpression of SPARC in 

biological status that involve or lead to inflammation such as obesity and cancer. More 

precisely, SPARC expression could be either a factor via which the inflammatory pathways 

and the conditions (diabetes, metabolic syndrome, etc.) are linked and/ or SPARC 

expression would be an attempt to reestablish homeostasis as a feedback of the 

inflammatory status, similarly to what we have previously suggested for both cancer [20] 

and obesity [16]. Therefore, the anti-inflammatory effect of SPARC would be an addition 

to the puzzle theorizing that SPARC is overexpressed in status like obesity and cancer as an 

attempt to limit the negative effects of such conditions including inflammation (and the 

possible resulting fibrosis [33]) as well as cancer growth, adipocytes expansion, metabolic 

decline, etc. Thus, the expression of SPARC, as a result of obesity, cancer or other 

inflammation involving mechanisms, would be a feedback aiming to limit or balance the 

inflammation progress. On the other hand, and for what seems towards a contradictory 

direction though, some studies indicated that SPARC does play roles in developing and 

accelerating inflammation [34–36] and that Sparc KO could reduce (rather than exacerbate) 

inflammation [37–40]. However, such SPARC-induced inflammation could be required in 

order to repair and remodel tissues via an inflammation-mediated/induced recruitment of 

factors required for tissues repair and remodeling following injuries or during some 

pathological conditions (processes in which SPARC would be both required and 

overexpressed). This theory is supported by the fact that SPARC expression can be 
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influenced by factors like insulin or leptin [14] that are known to impact several tissues 

[41,42] as well as inflammation [43]. 

 To reconcile these two directions, reporting both anti-inflammatory and pro 

inflammatory properties of SPARC, it is essential to attempt to put each property within its 

appropriate context and the biological step (s) of the tissue modification (injury, disease, 

tissue remodeling, etc.). Our hypothetic explanation (summarized by the graphical abstract) 

indicates that at the beginning of the condition development SPARC would contribute to 

the inflammation and the related fibrosis (especially with the known roles of SPARC in 

fibrosis [44,45] and collagen interaction with fibroblast [46]), in order to create the suitable 

microenvironment (factors recruitments, metabolic adaptation, blood flow, etc.) required 

for the tissue remolding and repair. Following that, and once the inflammation increases 

above a “homeostatic” level, the effect of SPARC (overexpressed during such 

inflammatory level) would be shifted towards an anti-inflammatory effect, probably as a 

negative feedback to rebalance the processes. It is also possible that SPARC has 

simultaneously both anti inflammatory and pro-inflammatory effects (through different 

paths). However, it is only after the inflammation increases above a “homeostatic” level 

that either the anti-inflammatory path predominates or the pro-inflammatory effect 

decreases. At this point the pro inflammatory effect is not required anymore because the 

tissue remodeling, for instance, is completed and the inflammatory-induced 

microenvironment required for the remodeling has no role to play at this biological step. 

Furthermore, SPARC represents a fibrosis mediator [44] that is overexpressed during 

hepatic fibrosis [39,47] and its KO attenuates fibrosis [39,40,44]. This fits with both 

SPARC role in fibrillar content accumulation [48–51] (which increases with fibrosis [51]) 

and our hypothesized pattern of inflammation progress and the homeostatic role that 

SPARC plays based on the close links between inflammation and fibrosis in damaged 

tissues [33,52,53]. These implications could involve, depending on the inflammatory stage, 

different pathways in which SPARC has been shown to be involved in like platelet-derived 

growth factor [30] and beta-catenin [51] signaling. These signaling pathways would 

represent starting points towards a deeper investigation of the molecular mechanisms 

linking SPARC to the inflammatory processes. 

 Interestingly, within the examples of both obesity and cancer, inflammation would 

be the bridge between these two pathologies [54]. This could explain that the impact of 

obesity on cancer incidence might be, at least, via an inflammatory-mediated process that 

could also involve SPARC. SPARC is known to be expressed in tissues undergoing 

modifications and is virtually expressed in all tissues [16]. This allows us to expect more 

roles of SPARC beyond what literature indicates about its implications in tissues 

development, metabolism, structure, obesity, cancer and other diseases especially based on 

what is known about matricellular proteins and inflammation [55,56]. Importantly, the 

effects of SPARC (also characterized as exercise-induced gene [57]) on muscles would be 

towards an improved metabolic profile [16,58] that could, via an-exercise related anti-

inflammatory and antioxidant effect [59,60], counteract the inflammatory consequences. 
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This shows one of the indirect mechanisms by which SPARC would counteract the 

inflammatory-induced damages (antioxidant) in addition to the direct anti-inflammatory 

effect. This would, for instance, explain some of the benefits of physical activity (including 

inflammation attenuation) in diseases such as cancer [61] and diabetes [62]. 

 Finally, such involvement of SPARC within the inflammatory process regulation 

and the ability of selected cells to secret SPARC into the circulation [14,63] further 

strengthen its classification as hormone, as we have previously suggested [20], or a 

cytokine, in addition to its classification as a myokine [64] even with an autocrine effect on 

the skeletal muscle [16]. All these properties highlight SPARC as a therapeutic (for 

example through pharmacological approaches or exercise-induced) and a prognostic target 

[65–68] especially for diseases involving both inflammatory and fibrotic components 

[40,69]. SPARC, the extracellular matrix and the other proteins associated to it are further 

shown to be worth investigating beyond their structural roles. 
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17.1 Résumé (French abstract) 

La secreted protein acidic and rich in cysteine (SPARC) est surexprimée lors de la 

croissance des tumeurs. Cette glycoprotéine a une capacité de suppression tumorale mais 

aucun effet apoptotique sur les cellules normales (spécificité). Ces propriétés inhibitrices de 

SPARC vers le développement de cancer pourraient être explorées, ce qui augmenterait la 

sécurité d’un traitement antitumoral basé sur les voies liées au SPARC (amélioration de la 

pharmacovigilance). Cependant, une possible « résistance au SPARC » et/ou d’autres 

changements dans les facteurs de croissance liés au cancer pourraient limiter les effets 

inhibiteurs du SPARC sur les tissus cancéreux. 

Highlights 

• Secreted protein acidic and rich in cysteine (SPARC) is associated to the extracellular 

matrix. 

• SPARC is overexpressed in cancer. 

• SPARC is linked to cancer growth inhibition. 

• SPARC would have a homeostatic effect on cancer growth (feedback?). 

• SPARC-cancer interactions could be explored to develop antitumor therapies. 

17.2 Abstract 

 Secreted protein acidic and rich in cysteine (SPARC) is overexpressed during 

tumoral growth. This glycoprotein has a tumor suppression ability but no apoptotic effect 

on normal cells (specificity). This inhibitory property of SPARC towards cancer 

development could be further explored, especially that SPARC induces apoptosis in cancer 

cells but not in normal cells which would increase the safety of an anti-tumor therapy based 

on SPARC-related pathways (improved pharmacovigilance). However, a possible “SPARC 
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resistance” and/or other changes in cancer-related growth factors could limit the inhibitory 

effects of SPARC towards cancer tissues. 

 

Keywords: Secreted protein acidic and rich in cysteine; Cancer; Hormone; Homeostasis 

17.3 Graphical abstract 

 

17.4 Secreted protein acidic and rich in cysteine and cancer: A 

homeostatic hormone? 

 The implications of the extracellular matrix (ECM) in cell development are critical 

[1]. Such involvements cover processes, including diseases-related pathways [2], 

controlling a variety of biological functions such as signals transduction and cellular 

adhesion [3]. Fibronectin, collagens and glycosaminoglycans are examples of biomolecules 

involved in the dynamics and structure of the ECM [3]. Among the molecules associated 

with the ECM, secreted protein acidic and rich in cysteine (SPARC) is a 32-kDa 

glycoprotein expressed mainly during tissues remodeling [4]. Secreted by different types of 

cells, SPARC is associated with ECM organization and remodeling [5–8], controls cellular 

interaction with the ECM, and binds to matrix proteins [9]. Interestingly, gene-encoding 

SPARC is also induced in muscles by exercise [10] and by electrical pulse stimulation 

(considered as an in vitro model of exercise) in myoblasts culture [11] suggesting that some 

exercise-induced modifications in muscles would be mediated by SPARC [12]. These 

examples of SPARC implications in ECM functions suggest that changes in SPARC 

expression would have an impact on cellular remodeling especially in tissues for which 

changes are of the highest importance to accomplish the related functions or to develop the 
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required biological properties such as adipocytes and skeletal muscles [12] as well as 

cancer cells, as illustrated below. 

 Cancer epidemiology makes it the second cause of death worldwide [13]. Therefore, 

further understanding its biology and processes, especially at the molecular level, is crucial 

to develop and optimize diagnosis approaches and therapies. Within this context, evidence 

from SPARC implications in metabolic and growth patterns of cancer cells is of interest. In 

fact, the developmental properties (proliferation, apoptosis, etc.) and the metabolic patterns 

that are shaped in cancer cells make SPARC (as a hormone) implications under 

carcinogenesis conditions worth exploring to further shine the light on the homeostatic 

effects that SPARC might have on such abnormal cell growth. For instance, both 

bioenergetics and metabolic plasticity in ovarian cancer were shown to involve SPARC via 

paracrine effects leading to tumor suppression [14] which correlates with the metastasis 

inhibitory properties of SPARC shown by Ma et al. [15]. This paracrine inhibition could 

have the same pattern as the adipogenesis inhibition properties of SPARC reported in the 

adipose tissue [12,16,17]. Indeed, the shared pattern between adiposity overdevelopment 

(obesity) [18] and carcinogenesis is that both are towards a pathological status (broken 

homeostasis). Therefore, the inhibitory properties of SPARC towards both adipogenesis 

and tumors would highlight this glycoprotein as a homeostasis regulator (paracrine) acting 

toward limiting an unhealthy cellular development. Within the contexts of the association 

between SPARC overexpression and tumor growth [19], the SPARC expression could 

indicate a possible negative feedback aiming to limit the cancer development and 

metastasis via the tumors inhibitory properties of SPARC. 

 Following this line of thoughts, the expression of SPARC when tissues undergo 

changes (repair, renewal and remodeling) might not only be required during such cellular 

stages of structural and metabolic changes but seems also to be a mechanism to regulate 

growth and bioenergetics balance. As an illustration, whereas SPARC reduces the 

associated inflammation [20], inhibits the proliferation [21] and leads to the apoptosis [22] 

in ovarian cancer cells, inoculation of ovarian cancer cells into the peritoneal cavity of 

Sparc knock-out (KO) mice leads to an increase in tumor proliferation and reduction in 

survival compared to the wild-type (WT) mice that were also injected with ovarian cancer 

cells [23]. The authors of this study even suggested SPARC as a therapeutic candidate to 

treat ovarian cancer [23]. Said et al. considered SPARC as a “normalizer” for the cancer 

microenvironment [21] acting towards moderating the cancer development, which fits with 

the increase of SPARC expression associated with an advanced stage of ovarian cancer 

[24]. It is worth mentioning that these conclusions about the effect of SPARC on tumors 

result from studies in which tumor cells (WT) were injected into hosts (Sparc KO) to 

clearly observe the effect of SPARC absence (in the host) on tumor cells that are not Sparc 

KO. Indeed, due to the implication of SPARC in the ECM maturation, we need to have 

cancer cells that are not Sparc KO (allow normal development) developing within a host 

(Sparc KO) to confirm such observations. If we had both host and cancer cells that are 

Sparc KO (cancer developing within a Sparc KO mice), we would see that the Sparc KO 
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leads to cell proliferation suppression and metastasis inhibition [24]. These results are due 

to the lack of SPARC in the cancer tissue (Sparc KO) leading to a limitation of its 

development. This is different from the situation of cancer cells (WT) inside a Sparc KO 

host, which will remove the inhibitory effect of SPARC and lead to further cancer invasion 

compared to having such cancer cells within a microenvironment rich in SPARC. These 

observations indicate that SPARC acts toward conserving the cell growth homeostasis. This 

is, in part, illustrated by the fact that the treatment of cell cultures with exogenous SPARC 

induced apoptosis in cancer cells but not in normal cells [22]. This understating also 

explains the apparently contradictory SPARC properties of both being overexpressed in 

several cancers and showing the tumor suppression ability (cell growth homeostasis 

regulation) in other tumor types [25]. However, the efficiency of such SPARC related 

regulation (more obviously seen with exogenous SPARC treatment rather than biological 

changes-induced SPARC overexpression) might be limited by the existence of other 

pathways counteracting SPARC effects such as inflammatory processes, tumors induced-

mediators, hormones, etc. These counteracting factors would limit or suppress the 

regulatory ability of SPARC. In addition, a SPARC resistance might also be involved and 

would lead to further cancer development in spite of the SPARC overexpression by tumors 

tissues. Such resistance would follow the same pattern as what we have previously 

suggested for adipocytes development and the effect of SPARC on it [12]. It could explain 

why highly metastatic and most aggressive tumors are associated with increased SPARC 

levels [26] in the sense that the “disabled” SPARC inhibitory properties towards tumors 

(resistance) would be interpreted as a lack of SPARC and thus induces further increase in 

its production. 

 In conclusion, the effects of SPARC on cells and its expression do not only depend 

on tissues types but also on the status (healthy, diseases, etc.), its stage, (advanced or early) 

and on the factors of the microenvironment to which the tissue is exposed (normal, cancer, 

development, etc.). Therefore, SPARC expression was also proposed as a possible 

prognostic marker for resectable pancreatic cancer [27] and nonsmall cell lung cancer [28]. 

The other points that emphasize the importance of SPARC-cancer interactions are the 

distribution of SPARC among divers tissues and the existence of divers cancer types (liver, 

lung, stomach, thyroid, pancreas, etc.) [13]. This expends the applications of such 

interactions. In addition, the inhibitory properties and the effect of SPARC towards cancer 

cells could be further exploited by exploring cancer pathways related to factors shown to 

interact with SPARC such as integrin-linked kinase and β-catenin signaling in diverse 

conditions [11,29,30]. Elucidating molecular pathways linking SPARC and cancer cells 

could lead to a new generation of anti-tumor therapies. These therapies get their 

specificities form the fact that SPARC induces apoptosis in cancer cells but not in normal 

cells [22], which would increase the safety of an anti-tumor therapy based on SPARC-

related pathways. Therefore, it would optimize the selectivity toward the therapeutic target, 

reduce the side effects and improve the pharmacovigilance of such an oncopharmacology. 
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18.1 Résumé (French abstract) 

 Diverse pathologies (inflammation, lésions tissulaires, cancer, etc.) et conditions 

physiologiques (obésité, activité physique, etc.) induisent l’expression/sécrétion de la protéine 

matricellulaire, secreted protein acidic and rich in cysteine (SPARC). SPARC contribue à la 

création d’un environnement adapté à la régénération des tissus via un nombre de propriétés, y 

compris l’homéostasie métabolique, la réduction de l’inflammation, le remodelage de la matrice 

extracellulaire et la maturation du collagène. Un tel environnement homéostatique optimise la 

régénération des tissus et améliore leur capacité à se réparer. Ces propriétés que SPARC a dans les 

contextes de la régénération pourraient avoir une variété d’applications, telles que dans l’obésité, le 

cancer, la sarcopénie, le diabète et le génie biologique. 

18.2 Abstract 

 Diverse pathologies (inflammation, tissues injuries, cancer, etc.) and physiological 

conditions (obesity, physical activity, etc.) induce the expression/secretion of the 

matricellular protein, secrete protein acidic and rich in cysteine (SPARC). SPARC 

contributes to the creation of an environment that is suitable for tissue regeneration through 

a variety of roles, including metabolic homeostasis, inflammation reduction, extracellular 

matrix remodeling and collagen maturation. Such a homeostatic environment optimizes 

tissue regeneration and improves tissues’ repair ability. These properties that SPARC has 

within the regeneration contexts could have a variety of applications, such as in obesity, 

cancer, sarcopenia, diabetes and bioengineering. 

 

Keywords: secreted protein acidic and rich in cysteine; regeneration; homeostasis 
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18.3 Graphical abstract 

 

18.4 Secreted Protein Acidic and Rich in Cysteine as A Regeneration 

Factor: Beyond the Tissue Repair 

 Tissue regeneration is a vital process allowing organisms to overcome biological 

disturbances and adapt to changes and physiological development via the renewal, growth 

and restoration of diverse cells and tissues. The regeneration ability changes throughout the 

lifespan, which leads to diverse tissue malfunctions and diseases [1]. The regenerative 

process could be either normal or limited (abnormal) depending on the biological 

environment. Indeed, under healthy environmental conditions (stem cells growth ratio [2], 

growth factors [3], hormones [4,5], pH [6,7], etc.), the regenerative processes are 

optimized. They allow for regular tissue development and adaptation to the corresponding 

biological functions. However, under physiological (ageing [8,9]) or pathological (cancer 

[10], obesity [11], inflammation [12], etc.) conditions, or when impacted by disturbing 

stimuli or exogenous factors (such as radiations [13]), tissues’ regeneration ability and 

functions could be impaired. To overcome this “negative” regeneration environment, the 

organism has a variety of tools to compensate or reduce the intensity or the impacts. These 

correcting or counteracting mechanisms are mediated through what could be considered 
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regeneration factors. Among these molecules, secreted protein acidic and rich in cysteine 

(SPARC) has a variety of roles and implications. One of the SPARC properties is its ability 

to optimize the regeneration environment with an improved cellular regenerative capacity 

from different perspectives (metabolics, tissue repair, oxidation, inflammation, cancer, 

etc.), as illustrated below. 

 SPARC, also known as BM-40 or osteonectin (32 kDa [14]), is a matricellular 

(extracellular matrix-associated) protein. Unlike its name (osteonectin) might suggest, 

SPARC expression is not limited to bones, but this glycoprotein is also present in diverse 

tissues including nonmineralized tissues, in platelets [15] and in muscles [16]. Such wide 

distribution correlates with SPARC roles during embryogenesis [17] as well as during 

tissue repair, cell turnover, cellular differentiation and remodeling [18–22], which are key 

steps in tissue regeneration. Therefore, SPARC expression or levels increase following 

injuries such as myocardial injury [23], myopathies [24] and in situations (either 

physiological or pathological) where tissues undergo changes (repair, renewal and 

remodeling) such as during obesity [18,25], skeletal muscle regeneration [26], cancer [27], 

systemic sclerosis, hepatic fibrosis [28] and physical exercise. Indeed, SPARC/Sparc 

expression increases in the skeletal muscle during training [29], as well as following 

electrical pulse stimulation in muscle cells (considered to be the in vitro equivalent of 

exercise) [30]. Such situations do represent a disturbance of the homeostasis that leads to a 

“negative” regeneration environment. Therefore, biological processes that overcome such a 

homeostatic disturbance, restore a suitable environment for regeneration and rescue the 

affected tissues to allow better developmental patters are required. Interestingly, the 

situations in which SPARC is overexpressed are mainly those requiring regeneration, either 

to repair tissues (injury) or adapt to tissue changes (obesity, exercised muscle, etc.). These 

specific patterns highlight SPARC as a regenerative factor. In addition, the importance of 

the extracellular matrix in regeneration suggests close interactions between SPARC, the 

extracellular matrix [31] and matricellular protein components such as thrombospondin-2 

[32] during the regeneration process. 

 Tissue regeneration is a process that requires the implication of numerous cellular 

organelles and the use of energy. Thus, regeneration has metabolic and biochemical 

needs to which the cellular machinery has to adapt [33]. In this context, SPARC has been 

shown to be implicated in a variety of metabolic functions, such as glucose tolerance 

improvement [34], while it is also required for both glucose homeostasis maintenance and 

insulin secretion [35]. In the skeletal muscle, SPARC also seems to act towards improved 

metabolic properties and functions [18,24], including mitochondrial functions [30,36,37], 

which is of interest knowing the importance of the mitochondria during regeneration [38, 

39]. Importantly, our latest study suggests that exercise-induced muscle phenotype changes 

are SPARC-dependent [40]. These SPARC properties are also completed by their important 

roles in energy balance and storage. For instance, SPARC inhibits adipogenesis [41] and 

its inactivation leads to an enhancement of high-fat diet-induced obesity [42]. These 

patterns correlate with the role of SPARC in brown adipocyte activation and lipid usage 
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in white adipocytes [43]. Such energy metabolism effects - in addition to optimizing the 

regeneration (synchronization) - also lead to increased energy usage, thus reducing the 

risk of obesity through increased energy expenditure. This represents another illustration 

of how SPARC counteracts the “negative” regeneration environment, since obesity itself 

represents a status of impaired regeneration [44]. Indeed, during obesity, many factors 

lead to such a “negative” regeneration environment due to all the conditions induced by or 

associated with obesity, such as inflammation, insulin resistance, metabolic disorders [45, 

46] and even stem cell changes [47,48], that impact regeneration. SPARC is extremely 

important for bone formation, remodeling and regeneration [14,32,49–51]. This is 

important as well, not only for the structural homeostasis, but also for both locomotion and, 

most importantly, the energy metabolism. Indeed, the skeletal muscle that governs most of 

the energy expenditure [52] is supported by the skeleton with which it forms the locomotor 

(musculoskeletal) system. Therefore, the good metabolic and contractile function (strength) 

of muscles would require homeostatic skeleton development due to the close ties between 

both bones and skeletal muscles, including synchronized development [53]. 

 Furthermore, in addition to such metabolic implications, SPARC is also involved in 

other growth and homeostasis-related patterns, including cancer homeostasis. SPARC 

is overexpressed during cancer [27] and has been reported to have anti-cancer properties 

[54,55]. SPARC has also been shown to have interesting roles within the inflammatory 

processes [56,57]. It has anti-inflammatory properties [56] and can, for instance, protect 

from adverse cardiac inflammation during viral myocarditis [58]. These properties of 

controlling cancer and inflammation development would impact the microenvironment, 

contributing to an improved homeostasis. Moreover, SPARC is required for the immune 

system functions [59], which is relevant, for instance, during immune-modulatory therapy 

to support the regeneration of injured muscles [60] and muscle healing [61]. Importantly, 

more roles are yet to be explored in terms of SPARC contribution at the physiological 

levels, such as in cardiomyocyte contraction [23]. This cardiac role would improve the 

blood circulation for diverse cells, which are vital for tissue regeneration). In addition, the 

therapeutic practice of cardiac regeneration [2,62] could benefit from SPARC properties 

in cardiac regeneration [19,63] as well. Beyond the cardiac properties, SPARC has roles 

in the cardiovascular properties, as suggested by its production by both bone-marrow-

derived cells during myocardial fibrosis (in left ventricular pressure overload) [64] and 

pericytes, with a possible role in postinfarct healing [65], which is supported by the 

possible classification of SPARC as a marker for vascular complications in pre-diabetics 

[66]. 

 All these highlighted properties point to SPARC as a regeneration factor. It not 

only has significant roles in tissue repair or development but contributes directly and 

indirectly to generating a “positive” biological environment that optimizes regeneration, 

as summarized in the graphical abstract. Moreover, other factors that work towards 

reducing the regeneration ability, such as ageing [1,67] and oxidative stress [68,69], are 

also counteracted - at least indirectly - by SPARC effects. For instance, SPARC-induced 
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increased muscle functions (including via interactions with actin in skeletal muscle [24]) 

and metabolism would increase the antioxidant effect induced by exercise [70]. This 

contributes to the improvement in the regeneration environment by decreasing the oxidative 

stress. Furthermore, an improved muscular function (including during exercise) would lead 

to reducing the accumulation of the lactic acid and, therefore, better control of the pH, 

which both impacts muscle fatigue [71,72] and represents another important factor for 

different cellular functions [73], including those related to regeneration [74,75]. In addition, 

ageing-induced collagen loss [76] would be counteracted via the roles of SPARC in 

collagen properties [77–80]. Moreover, many SPARC effects counteract ageing impacts. In 

this context, ageing is a factor that decreases the regeneration ability [67], and with which 

we see an increased risk of obesity [81], sarcopenia [82,83], osteoporosis [84], etc. This 

points to SPARC not only as a regeneration factor that counteracts the ageing-related 

decrease in regeneration ability, but also as a factor with key roles against ageing-induced 

conditions that lead to health problems including sarcopenia, obesity (a health problem 

that could increase with the ongoing COVID-19 crisis [85]) and osteoporosis, through 

metabolic, structural and functional roles, and the impacts SPARC has on the 

corresponding tissues and organs (muscles, adipose tissue, bone, etc.). Therefore, SPARC 

remains worth exploring in the ageing process and geriatric research. These examples 

represent additional illustrations of SPARC’s contribution to creating the optimal 

environment for regeneration, and further point to it as a regenerative factor. 

 These patterns show complimentary roles in terms of the implications of SPARC in 

tissue repair, and the diverse metabolic and homeostatic effects it mediates [86]. 

Importantly, the fact that SPARC is overexpressed during pathological situations such as 

obesity and cancer, as well as during physical activity (physiological adaptation), further 

indicates that it could represent feedback. Rather than a damaging factor, SPARC would 

aim to counteract/correct the negative impacts induced by the pathological situations such 

as inflammation and tissue damage through properties including regeneration ability, as 

illustrated for the skeletal muscle [87]. Indeed, conditions (pathological and physiological) 

that lead to impaired regeneration by creating a negative environment are the same 

conditions under which SPARC overexpression has been reported. Such overexpressed 

SPARC improves the regeneration ability and reduces the negative environment by 

inducing functional and metabolic enhancement at different tissues. These actions reverse, 

correct or reduce the impacts those initial conditions had on regeneration, which will lead 

to a SPARC-induced corrected regeneration ability. 

 This paper presents SPARC as a promising therapeutic tool in a variety of health 

conditions, ranging from metabolism and inflammation to obesity and sarcopenia. 

Importantly, SPARC could also be an option in the area of tissue engineering based on its 

involvement in and impacts on the regenerative processes, especially with the known 

implications of SPARC in the functions of stem cells [88,89], as well as other types of cells 

such as erythroid progenitors [90]. Thus, SPARC-related pathways also represent a 
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potential pharmacological target to optimize therapies in regenerative medicine as an 

adjuvant to optimize the regeneration environment of the targeted tissues and organs. 

 

Author Contributions: A.G. drafted the manuscript; A.G., M.Y. and J.S.-A. critically 

revised the manuscript. All authors have read and agreed to the published version of the 

manuscript. 

 

Funding: This research received no external funding. 

 

Institutional Review Board Statement: Not applicable. 

 

Informed Consent Statement: Not applicable. 

 

Data Availability Statement: Not applicable. 

 

Acknowledgments: Abdelaziz Ghanemi received a merit scholarship for foreign students 

from the Ministry of Education and Higher Education of Quebec, Canada, The Fonds de 

recherche du Québec-Nature et technologies (FRQNT) is responsible for managing the 

program (Bourses d’excellence pour étudiants étrangers du Ministère de l’Éducation et de 

l’Enseignement supérieur du Québec, Le Fonds de recherche du Québec-Nature et 

technologies (FRQNT) est responsable de la gestion du programme). The graphical abstract 

was created using images from: http://smart.servier.com. Servier Medical Art by Servier is 

licensed under a Creative Commons Attribution 3.0 Unported License. 

 

Conflicts of Interest: The authors declare no conflict of interest. 

18.5 References 

1. Yun, M.H. Changes in Regenerative Capacity through Lifespan. Int. J. Mol. Sci. 2015, 16, 25392–25432. 

2. Zhang, Y.; Mignone, J.; MacLellan, W.R. Cardiac Regeneration and Stem Cells. Physiol. Rev. 2015, 95, 

1189–1204.  

3. Sarker, M.D.; Naghieh, S.; McInnes, A.D.; Schreyer, D.J.; Chen, X.B. Regeneration of peripheral nerves 

by nerve guidance conduits: Influence of design, biopolymers, cells, growth factors, and physical stimuli. 

Prog. Neurobiol. 2018, 171, 125–150. 

4. Easterling, M.R.; Engbrecht, K.M.; Crespi, E.J. Endocrine Regulation of Epimorphic Regeneration. 

Endocrinology 2019, 160, 2969–2980.  

5. Wojda, S.J.; Donahue, S.W. Parathyroid hormone for bone regeneration. J. Orthop. Res. 2018, 36, 2586–

2594.  

6. Shen, Y.; Liu, W.C.; Lin, K.; Pan, H.; Darvell, B.; Peng, S.; Wen, C.; Deng, L.; Lu, W.W.; Chang, J. 

Interfacial pH: A Critical Factor for Osteoporotic Bone Regeneration. Langmuir 2011, 27, 2701–2708.  

7. Shen, Y.; Liu, W.; Wen, C.; Pan, H.; Wang, T.; Darvell, B.W.; Lu, W.W.; Huang, W. Bone regeneration: 

Importance of local pH—Strontium-doped borosilicate scaffold. J. Mater. Chem. 2012, 22, 8662–8670.  

8. Pibiri, M. Liver regeneration in aged mice: New insights. Aging 2018, 10, 1801–1824.  

9. Varela-Eirin, M.; Loureiro, J.; Fonseca, E.; Corrochano, S.; Caeiro, J.R.; Collado, M.; Mayan, M.D. 



 

220 

Cartilage regeneration and ageing: Targeting cellular plasticity in osteoarthritis. Ageing Res. Rev. 2018, 42, 

56–71.  

10. Li, H.; Ye, Z.-H. Microenvironment of liver regeneration in liver cancer. Chin. J. Integr. Med. 2017, 23, 

555–560.  

11. Ambrosi, T.H.; Scialdone, A.; Graja, A.; Gohlke, S.; Jank, A.M.; Bocian, C.; Woelk, L.; Fan, H.; Logan, 

D.W.; Schürmann, A.; et al. Adipocyte Accumulation in the Bone Marrow during Obesity and Aging Impairs 

Stem Cell-Based Hematopoietic and Bone Regeneration. Cell. Stem. Cell. 2017, 20, 771–784.e6. 

12. Cooke, J.P. Inflammation and Its Role in Regeneration and Repair. Circ. Res. 2019, 124, 1166–1168.  

13. Korolev, Y.N.; Geniatulina, M.S.; Mikhailik, L.V.; Nikulina, L.A. Intracellular regeneration of 

adrenocorticocytes in response to the prophylactic application of low-intensity electromagnetic radiation 

under the conditions of radiation (an experimental study). Vopr. Kurortol. Fizioter. Lech. Fiz. Kul’tury 2019, 

96, 43–49.  

14. Rosset, E.M.; Bradshaw, A.D. SPARC/osteonectin in mineralized tissue. Matrix Biol. 2016, 54, 78–87. 

15. Maillard, C.; Malaval, L.; Delmas, P. Immunological screening of SPARC/Osteonectin in nonmineralized 

tissues. Bone 1992, 13, 257–264.  

16. Melouane, A.; Ghanemi, A.; Aubé, S.; Yoshioka, M.; St-Amand, J. Differential gene expression analysis 

in ageing muscle and drug discovery perspectives. Ageing Res. Rev. 2018, 41, 53–63. 

17. Motamed, K. SPARC (osteonectin/BM-40). Int. J. Biochem. Cell Biol. 1999, 31, 1363–1366. 

18. Ghanemi, A.; Melouane, A.; Yoshioka, M.; St-Amand, J. Secreted protein acidic and rich in cysteine and 

bioenergetics: Extracellular matrix, adipocytes remodeling and skeletal muscle metabolism. Int. J. Biochem. 

Cell Biol. 2019, 117, 105627.  

19. Bradshaw, A.D. The role of secreted protein acidic and rich in cysteine (SPARC) in cardiac repair and 

fibrosis: Does expression of SPARC by macrophages influence outcomes? J. Mol. Cell. Cardiol. 2016, 93, 

156–161.  

20. McCurdy, S.; Baicu, C.F.; Heymans, S.; Bradshaw, A.D. Cardiac extracellular matrix remodeling: 

Fibrillar collagens and Secreted Protein Acidic and Rich in Cysteine (SPARC). J. Mol. Cell. Cardiol. 2010, 

48, 544–549. 

21. Yan, Q.; Sage, E.H. SPARC, a Matricellular Glycoprotein with Important Biological Functions. J. 

Histochem. Cytochem. 1999, 47, 1495–1505. 

22. Bradshaw, A.D.; Sage, E.H. SPARC, a matricellular protein that functions in cellular differentiation and 

tissue response to injury. J. Clin. Investig. 2001, 107, 1049–1054.  

23. Deckx, S.; Johnson, D.M.; Rienks, M.; Carai, P.; Van Deel, E.; Van der Velden, J.; Sipido, K.R.; 

Heymans, S.; Papageorgiou, A.P. Extracellular SPARC increases cardiomyocyte contraction during health 

and disease. PLoS ONE 2019, 14, e0209534. 

24. Jørgensen, L.H.; Jepsen, P.L.; Boysen, A.; Dalgaard, L.B.; Hvid, L.G.; Ørtenblad, N.; Ravn, D.; 

Sellathurai, J.; Møller-Jensen, J.; Lochmuller, H.; et al. SPARC Interacts with Actin in Skeletal Muscle In 

Vitro and In Vivo. Am. J. Pathol. 2017, 187, 457–474. 

25. Shen, Y.; Zhao, Y.; Yuan, L.; Yi, W.; Zhao, R.; Yi, Q.; Yong, T. SPARC is over-expressed in adipose 

tissues of diet-induced obese rats and causes insulin resistance in 3T3-L1 adipocytes. Acta Histochem. 2014, 

116, 158–166. 

26. Petersson, S.J.; Jørgensen, L.H.; Andersen, D.C.; Nørgaard, R.C.; Jensen, C.H.; Schroeder, H.D. SPARC 

is up-regulated during skeletal muscle regeneration and inhibits myoblast differentiation. Histol. Histopathol. 

2013, 28, 1451–1460. 

27. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Secreted protein acidic and rich in cysteine and cancer: A 

homeostatic hormone? Cytokine 2020, 127, 154996. 

28. Scavelli, K.; Chatterjee, A.; Rhee, U.J. Secreted Protein Acidic and Rich in Cysteine in Ocular Tissue. J. 

Ocul. Pharmacol. Ther. 2015, 31, 396–405. 

29. Ghanemi, A.; Melouane, A.; Yoshioka, M.; St-Amand, J. Exercise and High-Fat Diet in Obesity: 

Functional Genomics Perspectives of Two Energy Homeostasis Pillars. Genes 2020, 11, 875. 



 

221 

30. Melouane, A.; Yoshioka, M.; Kanzaki, M.; St-Amand, J. Sparc, an EPS-induced gene, modulates the 

extracellular matrix and mitochondrial function via ILK/AMPK pathways in C2C12 cells. Life Sci. 2019, 229, 

277–287.  

31. Niklason, L. Understanding the Extracellular Matrix to Enhance Stem Cell-Based Tissue Regeneration. 

Cell. Stem. Cell. 2018, 22, 302–305. 

32. Delany, A.M.; Hankenson, K. Thrombospondin-2 and SPARC/osteonectin are critical regulators of bone 

remodeling. J. Cell Commun. Signal. 2009, 3, 227–238. 

33. Caldez, M.J.; Van Hul, N.; Koh, H.W.; Teo, X.Q.; Fan, J.J.; Tan, P.Y.; Dewhurst, M.R.; Too, P.G.; Talib, 

S.Z.A.; Chiang, B.E.; et al. Metabolic Remodeling during Liver Regeneration. Dev. Cell 2018, 47, 425–

438.e5. 

34. Aoi, W.; Hirano, N.; Lassiter, D.G.; Björnholm, M.; Chibalin, A.V.; Sakuma, K.; Tanimura, Y.; 

Mizushima, K.; Takagi, T.; Naito, Y.; et al. Secreted protein acidic and rich in cysteine (SPARC) improves 

glucose tolerance via AMP-activated protein kinase activation. FASEB J. 2019, 33, 10551–10562. 

35. Atorrasagasti, C.; Onorato, A.; Gimeno, M.L.; Andreone, L.; Garcia, M.; Malvicini, M.; Fiore, E.; Bayo, 

J.; Perone, M.J.; Mazzolini, G. SPARC is required for the maintenance of glucose homeostasis and insulin 

secretion in mice. Clin. Sci. 2019, 133, 351–365. 

36. Melouane, A.; Carbonell, A.; Yoshioka, M.; Puymirat, J.; St-Amand, J. Implication of SPARC in the 

modulation of the extracellular matrix and mitochondrial function in muscle cells. PLoS ONE 2018, 13, 

e0192714. 

37. Melouane, A.; Yoshioka, M.; St-Amand, J. Extracellular matrix/mitochondria pathway: A novel potential 

target for sarcopenia. Mitochondrion 2020, 50, 63–70. 

38. Smith, G.M.; Gallo, G. The role of mitochondria in axon development and regeneration. Dev. Neurobiol. 

2018, 78, 221–237. 

39. Han, S.M.; Baig, H.S.; Hammarlund, M. Mitochondria Localize to Injured Axons to Support 

Regeneration. Neuron 2016, 92, 1308–1323. 

40. Ghanemi, A.; Melouane, A.; Yoshioka, M.; St-Amand, J. Exercise Training of Secreted Protein Acidic 

and Rich in Cysteine (Sparc) KO Mice Suggests That Exercise-Induced Muscle Phenotype Changes Are 

SPARC-Dependent. Appl. Sci. 2020, 10, 9108. 

41. Nie, J.; Sage, E.H. SPARC inhibits adipogenesis by its enhancement of beta-catenin signaling. J. Biol. 

Chem. 2009, 284, 1279–1290. 

42. Nie, J.; Bradshaw, A.D.; Delany, A.M.; Sage, E.H. Inactivation of SPARC enhances high-fat diet-induced 

obesity in mice. Connect. Tissue Res. 2011, 52, 99–108. 

43. Mukherjee, S.; Choi, M.J.; Kim, S.W.; Yun, J.-W. Secreted protein acidic and rich in cysteine (SPARC) 

regulates thermogenesis in white and brown adipocytes. Mol. Cell. Endocrinol. 2020, 506, 110757. 

44. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Regeneration during Obesity: An Impaired Homeostasis. 

Animals 2020, 10, 2344. 

45. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Broken Energy Homeostasis and Obesity Pathogenesis: The 

Surrounding Concepts. J. Clin. Med. 2018, 7, 453. 

46. Ghanemi, A.; St-Amand, J. Redefining obesity toward classifying as a disease. Eur. J. Intern. Med. 2018, 

55, 20–22. 

47. Hermetet, F.; Buffière, A.; Aznague, A.; De Barros, J.-P.P.; Bastie, J.-N.; Delva, L.; Quéré, R. High-fat 

diet disturbs lipid raft/TGF-β signaling-mediated maintenance of hematopoietic stem cells in mouse bone 

marrow. Nat. Commun. 2019, 10, 1–11. 

48. Wilkinson, A.C.; Yamazaki, S. The hematopoietic stem cell diet. Int. J. Hematol. 2018, 107, 634–641. 

49. Ribeiro, N.; Sousa, S.R.; Brekken, R.A.; Monteiro, F.J. Role of SPARC in bone remodeling and cancer-

related bone metastasis. J. Cell Biochem. 2014, 115, 17–26. 

50. Balo˘glu, M.; Özkorkmaz, E.G. Biochemical and immunohistochemical investigations on bone formation 

and remodelling in ovariectomised rats with tamoxifen citrate administration. Folia Morphol. 2019, 78, 789–

797.  



 

222 

51. Delany, A.M.; McMahon, D.J.; Powell, J.S.; Greenberg, D.A.; Kurland, E.S. Osteonectin/SPARC 

polymorphisms in Caucasian men with idiopathic osteoporosis. Osteoporos. Int. 2007, 19, 969–978. 

52. Zurlo, F.; Larson, K.; Bogardus, C.; Ravussin, E. Skeletal muscle metabolism is a major determinant of 

resting energy expenditure. J. Clin. Investig. 1990, 86, 1423–1427.  

53. Di Girolamo, D.J.; Kiel, D.P.; Esser, K.A. Bone and Skeletal Muscle: Neighbors with Close Ties. J. Bone 

Miner. Res. 2013, 28, 1509–1518. 

54. Nagaraju, G.P.; Sharma, D. Anti-cancer role of SPARC, an inhibitor of adipogenesis. Cancer Treat. Rev. 

2011, 37, 559–566. 

55. Chlenski, A.; Guerrero, L.J.; Peddinti, R.; Spitz, J.A.; Leonhardt, P.T.; Yang, Q.; Tian, Y.; Salwen, H.R.; 

Cohn, S.L.; Yang, Q. Anti-angiogenic SPARC peptides inhibit progression of neuroblastoma tumors. Mol. 

Cancer 2010, 9, 138. 

56. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Secreted protein acidic and rich in cysteine and inflammation: 

Another homeostatic property? Cytokine 2020, 133, 155179. 

57. Sangaletti, S.; Tripodo, C.; Cappetti, B.; Casalini, P.; Chiodoni, C.; Piconese, S.; Santangelo, A.; Parenza, 

M.; Arioli, I.; Miotti, S.; et al. SPARC Oppositely Regulates Inflammation and Fibrosis in Bleomycin-

Induced Lung Damage. Am. J. Pathol. 2011, 179, 3000–3010. 

58. Rienks, M.; Carai, P.; van Teeffelen, J.; Eskens, B.; Verhesen, W.; Hemmeryckx, B.; Johnson, D.M.; van 

Leeuwen, R.; Jones, E.A.; Heymans, S.; et al. SPARC preserves endothelial glycocalyx integrity, and protects 

against adverse cardiac inflammation and injury during viral myocarditis. Matrix Biol. 2018, 74, 21–34. 

59. Rempel, S.A.; Hawley, R.C.; Gutiérrez, J.A.; Mouzon, E.; Bobbitt, K.R.; Lemke, N.; Schultz, C.R.; 

Schultz, L.R.; Golembieski, W.; Koblinski, J.; et al. Splenic and immune alterations of the Sparc-null mouse 

accompany a lack of immune response. Genes Immun. 2007, 8, 262–274. 

60. Sass, F.A.; Fuchs, M.; Pumberger, M.; Geissler, S.; Duda, G.N.; Perka, C.; Schmidt-Bleek, K. 

Immunology Guides Skeletal Muscle Regeneration. Int. J. Mol. Sci. 2018, 19, 835. 

61. Muire, P.J.; Mangum, L.H.; Wenke, J.C. Time Course of Immune Response and Immunomodulation 

During Normal and Delayed Healing of Musculoskeletal Wounds. Front. Immunol. 2020, 11. 

62. Ahuja, P.; Sdek, P.; MacLellan, W.R. Cardiac Myocyte Cell Cycle Control in Development, Disease, and 

Regeneration. Physiol. Rev. 2007, 87, 521–544. 

63. Stary, M.; Pasteiner, W.; Summer, A.; Hrdina, A.; Eger, A.; Weitzer, G. Parietal endoderm secreted 

SPARC promotes early cardiomyogenesis in vitro. Exp. Cell Res. 2005, 310, 331–343. 

64. Riley, H.J.; Kelly, R.R.; Van Laer, A.O.; Neff, L.S.; Dasgupta, S.; Baicu, C.F.; McDonald, L.T.; LaRue, 

A.C.; Zile, M.R.; Bradshaw, A.D. SPARC Production by Bone Marrow-Derived Cells Contributes to 

Myocardial Fibrosis in Pressure-Overload. Am. J. Physiol. Heart Circ. Physiol. 2020. 

65. Avolio, E.; Mangialardi, G.; Slater, S.C.; Alvino, V.V.; Gu, Y.; Cathery, W.; Beltrami, A.P.; Katare, R.; 

Heesom, K.; Caputo, M.; et al. Secreted Protein Acidic and Cysteine Rich Matricellular Protein Is Enriched in 

the Bioactive Fraction of the Human Vascular Pericyte Secretome. Antioxid. Redox Signal. 2020. 

66. Benincasa, G.; Franzese, M.; Schiano, C.; Marfella, R.; Miceli, M.; Infante, T.; Sardu, C.; Zanfardino, M.; 

Affinito, O.; Mansueto, G.; et al. DNA methylation profiling of CD04(+)/CD08(+) T cells reveals pathogenic 

mechanisms in increasing hyperglycemia: PIRAMIDE pilot study. Annu. Med. Surg. 2020, 60, 218–226. 

67. West, M.D.; Sternberg, H.; Labat, I.; Janus, J.; Chapman, K.B.; Malik, N.N.; De Grey, A.D.; LaRocca, D. 

Toward a unified theory of aging and regeneration. Regen. Med. 2019, 14, 867–886. 

68. Chen, F.; Liu, Y.; Wong, N.-K.; Xiao, J.; So, K.-F. Oxidative Stress in Stem Cell Aging. Cell Transplant. 

2017, 26, 1483–1495. 

69. Wang, J.; Wang, H. Oxidative Stress in Pancreatic Beta Cell Regeneration. Oxidative Med. Cell. Longev. 

2017, 2017, 1930261. 

70. Brioche, T.; Lemoine-Morel, S. Oxidative Stress, Sarcopenia, Antioxidant Strategies and Exercise: 

Molecular Aspects. Curr. Pharm. Des. 2016, 22, 2664–2678. 

71. Hultman, E.; Spriet, L.L.; Söderlund, K. Biochemistry of muscle fatigue. Biomed. Biochim. Acta 1986, 45, 

S97–S106. 



 

223 

72. Sahlin, K. Muscle fatigue and lactic acid accumulation. Acta Physiol. Scand. Suppl. 1986, 556, 83–91. 

73. Capuano, P.; Capasso, G. The importance of intracellular pH in the regulation of cell function. G Ital. 

Nfrol. 2003, 20, 139–150. 

74. Lönnqvist, S.; Emanuelsson, P.; Kratz, G. Influence of acidic pH on keratinocyte function and re-

epithelialisation of human in vitro wounds. J. Plast. Surg. Hand Surg. 2015, 49, 346–352. 

75. Kruse, C.R.; Singh, M.; Targosinski, S.; Sinha, I.; Sørensen, J.A.; Eriksson, E.; Nuutila, K. The effect of 

pH on cell viability, cell migration, cell proliferation, wound closure, and wound reepithelialization: In vitro 

and in vivo study. Wound Repair Regen. 2017, 25, 260–269. 

76. Shuster, S. Osteoporosis, like skin ageing, is caused by collagen loss which is reversible. J. R. Soc. Med. 

2020, 113, 158–160. 

77. Ramu, I.; Buchholz, S.M.; Patzak, M.S.; Goetze, R.G.; Singh, S.K.; Richards, F.M.; Jodrell, D.I.; Sipos, 

B.; Ströbel, P.; Ellenrieder, V.; et al. SPARC dependent collagen deposition and gemcitabine delivery in a 

genetically engineered mouse model of pancreas cancer. EBioMedicine 2019, 48, 161–168. 

78. Bradshaw, A.D.; Puolakkainen, P.; Wight, T.N.; Helene, S.E.; Dasgupta, J.; Davidson, J.M. SPARC-Null 

Mice Display Abnormalities in the Dermis Characterized by Decreased Collagen Fibril Diameter and 

Reduced Tensile Strength. J. Investig. Dermatol. 2003, 120, 949–955. 

79. Francki, A.; Bradshaw, A.D.; Bassuk, J.A.; Howe, C.C.; Couser, W.G.; Sage, E.H. SPARC regulates the 

expression of collagen type I and transforming growth factor-beta1 in mesangial cells. J. Biol. Chem. 1999, 

274, 32145–32152. 

80. Rentz, T.J.; Poobalarahi, F.; Bornstein, P.; Sage, E.H.; Bradshaw, A.D. SPARC regulates processing of 

procollagen I and collagen fibrillogenesis in dermal fibroblasts. J. Biol. Chem. 2007, 282, 22062–22071. 

81. Jura, M.; Kozak, L.P. Obesity and related consequences to ageing. Age (Dordrecht) 2016, 38, 1–18. 

82. Marzetti, E.; Calvani, R.; Tosato, M.; Cesari, M.; Di Bari, M.; Cherubini, A.; Collamati, A.; D’Angelo, E.; 

Pahor, M.; Bernabei, R.; et al. Sarcopenia: An overview. Aging Clin. Exp. Res. 2017, 29, 11–17. 

83. Melouane, A.; Ghanemi, A.; Yoshioka, M.; St-Amand, J. Functional genomics applications and 

therapeutic implications in sarcopenia. Mutat. Res. 2019, 781, 175–185. 

84. Aspray, T.J.; Hill, T.R. Osteoporosis and the Ageing Skeleton. Subcell. Biochem. 2019, 91, 453–476. 

85. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Will an obesity pandemic replace the coronavirus disease-2019 

(COVID-19) pandemic? Med. Hypotheses 2020, 144, 110042. 

86. Ghanemi, A.; Yoshioka, M.; St-Amand, J. Secreted Protein Acidic and Rich in Cysteine: Metabolic and 

Homeostatic Properties beyond the Extracellular Matrix Structure. Appl. Sci. 2020, 10, 2388. 

87. Jørgensen, L.H.; Petersson, S.J.; Sellathurai, J.; Andersen, D.C.; Thayssen, S.; Sant, D.J.; Jensen, C.H.; 

Schroeder, H.D. Secreted Protein Acidic and Rich in Cysteine (SPARC) in Human Skeletal Muscle. J. 

Histochem. Cytochem. 2008, 57, 29–39. 

88. Cheng, L.; Sun, X.; Guo, J.; Lu, G. SPARC support the expansion of cord blood stem cells in vitro. Cell 

Res. 2008, 18, S49. 

89. Zhu, J.; Wang, L.-Y.; Li, C.-Y.; Wu, J.-Y.; Zhang, Y.-T.; Pang, K.-P.; Wei, Y.; Du, L.-Q.; Liu, M.; Wu, 

X.-Y. SPARC promotes self-renewal of limbal epithelial stem cells and ocular surface restoration through 

JNK and p38-MAPK signaling pathways. Stem Cells 2019, 38, 134–145. 

90. Luo, Z.; Luo, P.; Yu, Y.; Zhao, Q.; Zhao, X.; Cheng, L. SPARC promotes the development of erythroid 

progenitors. Exp. Hematol. 2012, 40, 828–836. 

 

  



 

224 

Chapter 19. Opinion - Secreted Protein Acidic and Rich 

in Cysteine as a Molecular Physiological and Pathological 

Biomarker 

 

Abdelaziz Ghanemi 1,2, Mayumi Yoshioka 1, Jonny St-Amand 1,2 

 
1 Functional Genomics Laboratory, Endocrinology and Nephrology Axis, CHU de Québec-

Université Laval Research Center, Québec, QC G1V 4G2, Canada 

 
2 Department of Molecular Medicine, Faculty of Medicine, Laval University, Québec, QC G1V 

0A6, Canada 

 

Received: 1 November 2021; Accepted: 12 November 2021; Published: 13 November 2021 

19.1 Résumé (French abstract) 

 La secreted protein acidic and rich in cysteine (SPARC) est exprimée dans divers tissus et 

joue un rôle dans diverses fonctions et processus biologiques. Une augmentation des taux sériques 

de SPARC ou de sa surexpression génique a été rapportée à la suite de nombreux changements 

physiologiques et pathologiques, notamment de blessures, de l’exercice, de la régénération, de 

l’obésité, du cancer et de l’inflammation. Une telle corrélation entre ces changements biologiques et 

l’expression/sécrétion de SPARC la désigne comme un biomarqueur. Ces propriétés pourraient 

conduire à une variété d’applications allant des études mécanistiques et la validation de modèles 

d’animaux à l’évaluation clinique et thérapeutique du pronostic des maladies ainsi que des agents 

pharmacologiques. 

19.2 Abstract 

 Secreted protein acidic and rich in cysteine (SPARC) is expressed in diverse tissues 

and plays roles in various biological functions and processes. Increased serum levels of 

SPARC or its gene overexpression have been reported following numerous physiological 

and pathological changes including injuries, exercise, regeneration, obesity, cancer, and 

inflammation. Such expression pattern interrelation between these biological changes and 

the SPARC expression/secretion points to it as a biomarker. This property could lead to a 

variety of potential applications ranging from mechanistic studies and animal model 

validation to the clinical and therapeutic evaluation of both disease prognosis and 

pharmacological agents. 

 

Keywords: secreted protein acidic and rich in cysteine; expression; physiology; pathology; 

biomarker 
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19.3 Secreted Protein Acidic and Rich in Cysteine as a Molecular 

Physiological and Pathological Biomarker 

 Secreted protein acidic and rich in cysteine (SPARC), also called BM-40 and 

osteonectin, is a non-collagenous [1] and collagen-binding [2], plays a non-structural role in 

ECM/bone [3], and has three structural domains with active glycoproteins [4] that was 

initially reported in bones under another name, osteonectin [1]. Additionally, studies have 

highlighted its implications in numerous physiological and pathological contexts at 

different biological levels, including in injuries and wound healing [5–8], exercise and 

exercise induced muscle changes [9–11], glucose homeostasis and insulin secretion [12,13], 

metabolism and energy balance [14,15], regeneration [16], inflammation [17–19], cancer 

[20–25], obesity and diabetes [26], fibrillar collagen assembly and extracellular matrix 

maintenance and remodelling [17,27,28], lipid metabolism [29], immunity [30], myocardial 

repair and fibrosis [2], and vascular biology [31]. 

 Importantly, SPARC protein and gene expression or its serum level changes are 

involved in an increase during a variety of situations. For injuries in the adult rat cerebral 

cortex, cortical brain injury leads to an increased expression of Sparc mRNA in the blood 

vessels [32]. While serum SPARC increases with obesity [33], its levels are reduced 

following bariatric surgery for weight loss [34]. In addition, the fat mass also correlates 

with the human adipose tissue SPARC expression [35], and SPARC mRNA expression 

in the adipose tissue is correlated to body mass index [33], which points to SPARC as a 

molecular indicator of the adiposity percentage. In oncology, many studies have shown 

that SPARC is overexpressed in different forms of cancer, including cervical carcinoma 

[36], colon cancer [37], and hepatocellular carcinoma [38]. Moreover, in patients with 

cervical carcinoma [36] or ampullary cancer [39], such overexpression is associated with a 

poor prognosis, and increased serum SPARC levels have been reported in melanoma 

patients as well [40]. Interestingly, the serum SPARC level has been proposed as a 

pancreatic cancer marker, as it has also been correlated to tumour size [41]. Serum SPARC 

levels also correlate with coronary artery lesion severity in type 2 diabetic patients with 

coronary heart disease [42], and newly diagnosed type 2 diabetes mellitus patients also 

have high plasma SPARC levels [43]. In addition to these illustrative examples, 

SPARC/Sparc overexpression has also been reported in inflammation [44], following 

exercise [45], and during skeletal muscle regeneration [46]. All of these elements highlight 

the molecular importance that SPARC has biologically. Regarding the expression pattern 

and how SPARC is circulated, we have hypothesized that its secretion would be involved in 

controlling or reducing the biological damage that is associated with the processes that 

initially lead to its increase (feedback-like mechanism). This is, for instance, illustrated by 

the increase of SPARC during both obesity and cancer as well as the SPARC properties to 

inhibit both adipogenesis and tumor development [14,21]. Furthermore, SPARC has been 

found both extracellularly and intracellularly [47] in addition to its presence in the blood, a 

distribution and secretion pattern that support classifying it as a biomarker. 
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 The objective of this piece of writing is to introduce the concept of measuring 

SPARC protein or gene expression/level in selected biological samples as a biomarker that 

has potential applications in the diverse fields of biomedical research as well as in clinical 

practice. Indeed, since SPARC/Sparc expression/secretion changes with various diseases 

and physiological status, measuring the expression levels of SPARC (or its genes, 

SPARC/Sparc) or SPARC serum levels could allow the determination of how severely the 

disease has advanced, how efficient the treatment is, or how the pathogenesis evolves. The 

biological significance of such status-dependent expression patterns would lead to 

numerous potential biomedical and clinical applications (Figure 19.1). For instance, 

whereas high SPARC levels would reflect a disease evolution or a poor prognosis, 

decreased SPARC levels would be considered as an indicator of positive disease evolution 

or a reduced severity. The same logic applies to therapeutic evaluation in which reduced 

SPARC expression/level could indicate treatment efficacy. It seems acceptable to assume 

that the precision of such an evaluation would be higher in the tissues that express the most 

SPARC compared to those that express it less. Furthermore, changes during pathological 

phases could allow SPARC expression to be followed throughout different disease stages 

as a marker and thus to build a reference library for diagnosis and prognosis evaluation 

based on SPARC levels. Similarly, it can also be used to evaluate disease treatments since 

it may change with diseases improvement. Therefore, we suggest the use of SPARC as a 

biomolecular evaluation tool either during disease progress, treatment, or during studies 

aiming to evaluate disease pathogenesis. Pathogenesis exploration, mechanism studies, and 

animal model validations represent other applications that can be achieved through the 

expression of SPARC within pathway models and as a validation criterion for animal 

model building. 

 Importantly, with this expression specificity of SPARC within different pathological 

contexts, the potential implications of SPARC in pathogenesis are worthy of further 

exploration in order to identify new therapeutic targets, drugs, or adjuvants for metabolic  

disorders, inflammation, or cancer, especially because SPARC has been shown to play 

roles related to the cytotoxic effect of sorafenib against hepatocellular carcinoma cells [48]. 

To conclude, the interindividual differences in terms of SPARC expression in 

pathophysiological and therapeutic contexts can contribute to the optimization of a 

precision medicine supported by advanced methods in screening and sequencing. These 

perspectives are relevant to various applications ranging from biomolecular medical 

research to clinical applications. There are some challenges that have yet to be overcome. 

The first challenge would be the detection method and whether to use the protein level or 

the mRNA level as a marker. This would mainly depend on the available biological 

samples (sampling would depend on the patient’s physiopathological status) as well as the 

laboratory equipment/budget. If more than one type of sample is available, then the choice 

requires further studies in order to first evaluate whether the protein level and mRNA level 

are equivalently accurate to build standard measurement methods. Overall, we still need 

more in-depth studies and comparative measures to determine SPARC/Sparc measuring 
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protocols for each physiological or pathological condition in order to determine the more 

convenient methods for use in a hospital laboratory. 

 Herein, SPARC/Sparc illustrates how identifying biomolecules and elucidating their 

related expression patterns based on pathophysiological variables could lead to the 

identification novel, yet specific, biomarkers that could be used as parameters for diagnosis, 

prognosis, therapeutic tests, and clinical evaluation. 

 
Figure 19.1. The overexpression of the secreted protein acidic and rich in cysteine gene, protein, or its 

increased blood concentration follow numerous physiological and pathological changes including 

exercise, obesity, cancer, injuries, and inflammation. Such interrelation between these biological changes 

and the secreted protein acidic and rich in cysteine expression/secretion points to it as a biomarker with a 

variety of potential applications, ranging from mechanistic studies to the clinical and therapeutic evaluation of 

both disease prognosis and pharmacological agents. 
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20.1 Résumé (French abstract) 

 Le gène secreted protein acidic and rich in cysteine (SPARC) est induit par 

l'exercice. Pour identifier certaines implications de SPARC, des souris ont été divisées en 

huit groupes en fonction de trois variables (âge, génotype et exercice): Âgées ou jeunes× 

Sparc knock-out ou sauvages × sédentaires ou exercice et des paramètres métabolique et 

fonctionnelles ont été mesurés. Les effets du Sparc KO sur la composition corporelle, 

l'adiposité et les paramètres métaboliques vont dans le sens d'une réduction du tissue 

adipeux et du poids corporel, mais avec un phénotype métabolique et fonctionnel négatif du 

muscle. Alors que ces effets négatifs sur le muscle sont aggravés avec le vieillissement, ils 

sont relativement améliorés par l'exercice. Nos données suggèrent particulièrement que les 

changements induits par l'exercice en termes d'augmentation des performances musculaires 

(métabolisme, force et développement), y compris les changements induits par le lactate, 

dépendent de SPARC. 

20.2 Abstract 

 We previously identified secreted protein acidic and rich in cysteine (SPARC) as an 

exercise-induced gene in young and elderly individuals. Via this animal experiment, we 

aim to identify selected implications of SPARC mainly within the muscle in the contexts of 

exercise. Mice were divided into eight groups based on three variables (age, genotype and 

exercise): Old (O) or young (Y) × Sparc knock-out (KO) or wild-type (WT) × sedentary 

(Sed) or exercise (Ex). The exercised groups were trained for 12 weeks at the lactate 

threshold (LT) speed (including 4 weeks of adaptation period) and all mice were sacrificed 
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afterwards. Body and selected tissues were weighed, and lactate levels in different 

conditions measured. Expression of skeletal muscle (SM) collagen type I alpha 1 chain 

(COL1A1) and mitochondrially encoded cytochrome c oxidase I (MT-CO1) in addition to 

SM strength (grip power) were also measured. Ageing increased the body and white 

adipose tissue (WAT) weights but decreased SM weight percentage (to body weight) and 

MT-CO1 expression (in  WT). Exercise increased SM COL1A1 in WT mice and MT-CO1 

expression, as well as weight percentage of the tibialis anterior muscle, and decreased 

WAT weight (trend). Compared to WT mice, Sparc KO mice had lower body, muscle and 

WAT weights, with a decrease in SM MT-CO1 and COL1A1 expression with no genotype 

effect on lactate levels in all our blood lactate measures. Sparc KO effects on body 

composition, adiposity and metabolic patterns are toward a reduced WAT and body weight, 

but with a negative metabolic and functional phenotype of SM. Whereas such negative 

effects on SM are worsened with ageing, they are relatively improved by exercise. 

Importantly, our data suggest that the exercise-induced changes in the SM phenotype, in 

terms of increased performance (metabolic, strength and development), including lactate-

induced changes, are SPARC-dependent. 

 

Featured Application: This work highlights secreted protein acidic and rich in cysteine (SPARC) 

and its pathways as pharmacological targets/tools for conditions and diseases in which muscle 

properties enhancement would provide therapeutic benefits. 

 

Keywords: secreted protein acidic and rich in cysteine (Sparc); exercise; muscle 

performance; metabolic phenotype; lactate; ageing 

20.3 Secreted Protein Acidic and Rich in Cysteine as an Exercise-Induced 

Gene 

 The modern lifestyle, characterized by the lack of physical activity combined with 

an unhealthy diet, leads to an increase in health problems typical of our era such as obesity 

and diabetes. In addition, the improvement of health care systems increased the life 

expectancy and, therefore, geriatric health problems, such as sarcopenia, are also 

increasing. Interestingly, exercise is considered as a “panacea” for many of these problems 

[1]. Whereas exercise benefits have been widely documented, many exercise-related 

molecular mechanisms are yet to be fully elucidated. In addition to its direct metabolic 

implications, skeletal muscles (SM) represent secretary organs producing myokine, such as 

secreted protein acidic and rich in cysteine (SPARC) [2]. Within the exercise context, 

functional genomics studies (mainly but not only in the energy metabolism context [3]) 

have identified genes related to physical activity among which we have SPARC/Sparc. 

Indeed, beyond the known implications of SPARC in wound healing and tissue repair [4,5], 

this gene was characterized (for the first time) as an exercise-induced gene [6] and also as 

an electrical pulse stimulation (considered as an in vitro model of exercise)-induced gene in 
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muscular cells [7]. Moreover, SPARC secretion is induced by exercise [8–10] after which 

the concentrations of myokines (including SPARC, interleukin 6 and fibroblast growth 

factor) increase in the circulation [11]. Therefore, we hypothesize that at least some of the 

exercise benefits and biological consequences, mainly the muscular phenotype adaptation 

to exercise, would be mediated by SPARC or the pathways it controls. Therefore, in this 

study we aim to explore the implication of Sparc (via it knock-out (KO)) in mice with a 

focus on exercise effects on muscles. In addition, age was also introduced as a variable in 

this study. Therefore, we would find out the combinatory impacts of Sparc KO, exercise 

and age on selected patterns related to SM physiological properties and metabolic 

performance. We explore the lactate levels and their implications with the SM phenotype 

changes (both structural and metabolic) in a SPARC-dependent way.   

  

20.4 Animal Experimental Design, Material and Methods 

 Our study was carried out on male mice and involved both wild-type (WT) mice 

(C57BL/6J, the most commonly used strain for genetic and/or transgenic study that also 

consistently showed the highest level of voluntary wheel-running [12]) and Sparc KO mice 

(129/Sv-C57BL/6J) fed with chow diet (Teklad global 18% protein rodent diets [13]). Mice 

had access to food and water ad libitum during the whole experimental period (except for 

fasting periods during which they had access to water only). WT mice were from the 

Jackson Laboratory (https://www.jax.org/) and Sparc KO mice were generated via in vitro 

fertilization using Sparc KO mice sperm generously provided by Dr. Amy D. Bradshaw. 

Sparc KO mice of Dr. Amy D. Bradshaw were generated as previously described [14,15]. 

Each age-group of mice (young (Y) and old (O)) was divided based on the genotype (KO or 

WT) to obtain 4 groups: Y-KO, Y-WT, O-KO, O-WT. Finally, each of these 4 groups was 

further subdivided into two groups according to whether they were exercising (Ex) or 

sedentary (Sed) mice. Therefore, our experimental design included 8 groups: Y-WT-Sed, 

Y-WT-Ex, Y-KO-Sed, Y-KO-Ex, O-WT-Sed, O-WT-Ex, O-KO-Sed and O-KO-Ex. Each 

group had 11 to 12 mice (n). Mice were housed at the animal facility of the CHU de 

Québec Université Laval Research Center (12-h light/dark cycle) and periodically checked 

by animal care technicians for health and wellness. The exercise groups were trained during 

the dark phase. 

 The exercising mice were trained during 12 weeks (starting at the age of 9 weeks for 

Y mice and 66 weeks for O mice) on running wheels (Lafayette instrument Co, Lafayette, 

IN, USA) placed horizontally (no angle adjustment). Whereas Y mice were sacrificed at the 

age of 21 weeks, old mice were sacrificed at the age of 78 weeks. Mice were sacrificed 

following a 12-h fasting (postprandial period) by cardiac puncture following isoflurane 

inhalation anesthesia. The coming sub-sections detail the measures performed before, 

during and after the training, as well as on and after the sacrifice day. 
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 All animal experimentation was conducted in accord with the guidelines of the 

Canadian Council on Animal Care and approved by the Animal Protection Committee of 

Laval University (Identifications: 2014165 and 2014168). Mice with any type of illness 

were immediately euthanized by cervical dislocation and excluded from the study. Mice 

found with anatomical abnormalities (during the sacrifice) were also excluded from the 

study. 

20.4.1 Mice Exercise Protocol and Running Speed Determination 

 At the beginning of the training, mice had an adaptation period of 4 weeks. During 

those 4 weeks, mice performed the incremental exercise. They were trained through a 

progressive (gradual) increase in both running speed and duration (up to their maximum 

endurance) throughout this adaptation step, at the end of which we determined the speed at 

the lactate threshold (LT). The LT level [16] is a parameter indicating the level of physical 

activity corresponding to the metabolic point at which the muscle production of lactate 

starts to increase and overcome the blood clearance of lactate. This indicates that the energy 

produced via oxidative phosphorylation is insufficient to meet energetic needs and, 

therefore, the muscles trigger anaerobic energy production that generates lactate at a level 

superior to its blood clearance. At the end of the adaptation period, LT levels were 

determined following a measure of running speed-dependent blood lactate level curves, 

based on previously reported protocols [12,17]. Briefly, the mouse run at a determined 

speed for 4 min, after which we immediately measure the blood lactate level (within 1 

min), after that it ran at the next speed (higher) and again the blood lactate speed was 

measured. We repeated this procedure until the mouse was not able to run (cannot maintain 

the speed). At the end, we obtained the curve representing blood lactate levels 

corresponding to the different running speeds, based on which we obtained the speed at the 

LT. The blood lactate levels were measured, as described in the next section (20.4.2). The 

LT speed was chosen as a parameter for our study, based on evidence showing that exercise 

at LT generates metabolic and functional benefits, including improved insulin sensitivity, 

peripheral glucose effectiveness, lipid profile, blood pressure, physiological fitness [18–21] 

and body fat weight percentage decrease [6]. The LT was determined for each mouse of the 

exercise groups. After that, for each set of mice trained at the same period, the running 

speed of the 8 remaining weeks of training was a value chosen among the average values 

(range) of all the mice of that set. 

 The training was at those values close to the LT levels (LT speed) because it was 

the LT level that was the speed used during the study in which SPARC has been 

characterised as an exercise-induced gene [6]. In addition, the exercise frequency of our 

study (60 min/day, five times/week) was also similar to the same study [6]. However, we 

extended the duration from 6 weeks to 12 weeks to be able to easily see the impacts with 

significant differences between groups. The literature reported studies exploring the effect 

of exercise in which mice were both trained for longer periods (over 12 weeks) with the 

same frequency (60 min/day, five times/week) [22] and also at least as young and as old (3 
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and 19 months of age) [23] as the mice in this study. In addition, the life span for C57BL/6 

mice is around 104 weeks (26 months) [24,25]. Therefore, our choices of mice ages, 

exercise speed and frequency were within a range of the mice’s abilities and did not 

damage their muscles, nor were they limited by physiological parameters. Importantly, 

since LT speed was chosen, based on evidence showing that exercise at LT generates 

metabolic and functional benefits, our study will provide additional data for molecular and 

biochemical explanations of such training benefits. 

 During mouse training, and unlike other protocols, no electrical [17] or any 

potentially harmful stimulations were used to force the mice to run. Only a light air 

stimulation (using a small hand air pump) was applied for mice in some cases to ensure, as 

much as possible, that all mice ran during the same period and at the same speed 

throughout the same training period (optimize the protocol for similar exercise amounts). 

Moreover, mice were always handled gently when taken from the cage to the training 

device and vice versa. In addition, sedentary mice were also transported to the exercise 

training room and kept in their cages, while exercising mice were trained so that all mice 

received a similar environmental (light, noise, etc.) stimuli. Thus, any possible impacts of 

stress or environmental stimuli on the performed measures were reduced to minimum. 

 The last training session was 48 h prior to the sacrifice so that the measures we 

obtained during the sacrifice and those performed on tissues afterwards did not reflect any 

possible acute effect of exercise, such as dehydration or neuroendocrine changes that could 

impact gene expression, post-exercise energy intake or expenditure, etc. Our study aimed to 

investigate the effects of the 12 weeks of exercise (chronic). 

20.4.2 Fasting Lactate and Oral Glucose Gavage-Dependant Lactate Levels 

 As a resting metabolic indicator in the muscle, blood lactate levels were measured 

before and after glucose (prepared from 45% solution, Sigma-Aldrich Canada Co., 

Oakville, ON, Canada) oral gavage (2 mg of glucose per 1 g of body weight). Mice were 

fasted for 6 h prior to the glucose gavage. Each measure had 5 time points (0, 15, 30, 60 

and 120 min after glucose gavage) allowing us to obtain a curve and calculate the area 

under the curve (AUC). This test was performed three times (a total of three AUCs) before 

the training, at week 5 and the end of week 12 of the training. In addition, we also 

measured blood lactate (single measure) at the sacrifice day (following 12 h fasting) and at 

the end of the last training session. Blood lactate levels were measured via tail pricking 

with a needle to collect blood samples on lactate test strips that were then inserted into the 

lactate meter (Lactate scout, Sports Resource Group, Inc., Minneapolis, MN, USA). 

20.4.3 Grip Power Test 

 At the end of the training period, the muscle strengths of all the mice were evaluated 

through performing a grip power test with a grip strength meter (Columbus Instruments 

International, Columbus, OH, USA). The grip strength was measured by allowing a mouse 

to grab (with four limbs) pull bar assemblies attached to the force transducer while the 
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mouse was pulled horizontally by the tail away from the bars, similar to what has been 

previously described [26,27]. The peak force applied by the mouse (g) was then shown on a 

digital display. 

 This test was conducted five times (5 min apart) for each mouse, after which the 

forces (both mean and maximum) were calculated both as absolute values as well as being 

normalized to the body weights of the corresponding mice. 

20.4.4 Body and Tissue Weights 

 Body and selected tissues were weighted at the sacrifice day. The selected tissues 

were the brain, pituitary gland, hypothalamus, liver, heart, aorta, white adipose tissue 

(WAT), SMs (gastrocnemius, soleus, tibialis anterior and extensor digitorum longus 

muscles). The values are reported both as tissue weights as well as weight percentages 

(normalized) to the body weights of the corresponding mice. 

20.4.5 Western Blotting 

 We measured the SM (tibialis anterior muscle) expression of two proteins: Collagen 

alpha 1 type I (COL1A1) and mitochondrially encoded cytochrome c oxidase I (MT-CO1). 

Whereas COL1A1 is important in the structure of the muscle [28], MT-CO1 is an indicator 

of mitochondrial oxidative phosphorylation [29]. At the day of sacrifice, the tibialis anterior 

muscle was removed and quickly put in liquid nitrogen (snap frozen) then moved to -80 ◦C 

and kept until the protein extraction procedure. To measure the expression of both COL1A1 

and MT-CO1, total proteins were extracted from the tibialis anterior muscle, using a radio 

immunoprecipitation assay (RIPA) buffer and protease inhibitors cocktail (Sigma-Aldrich 

Canada Co., Oakville, ON, Canada) and followed by a protein quantification of each 

protein extract using Bio-Rad protein assay (Bio-Rad Laboratories Ltd., Mississauga, ON, 

Canada). Fifteen (MT-CO1) or ten (COL1A1) micrograms of proteins were separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the TGX 

Stain-Free FastCast acrylamide solutions (Bio-Rad Laboratories Ltd., Mississauga, ON, 

Canada), and the trihalo compound in the gels was activated under UV light. Then, total 

proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad 

Laboratories Ltd., Mississauga, ON, Canada), and gels (before and after the transfer) and 

membranes were visualized under UV light by using the AlphaImager TM 1220 (Alpha 

Innotech Co., San Leandro, CA, USA). 

 Membranes were blocked using the Pierce™ Protein-Free (TBS) blocking buffer 

(Life Technologies Inc., Burlington, ON, Canada), incubated with 1/400 (sc-8784R for 

COL1A1 and sc-48143 for MT-CO1) dilution of primary antibodies (Santa Cruz 

Biotechnology Inc., Dallas, TX, USA) and secondary antibodies (sc-2004 for COL1A1 and 

sc-2350 for MT-CO1, 1/10000 dilution: Santa Cruz Biotechnology Inc., Dallas, TX, USA), 

and finally visualized with the Clarity™ Western ECL Blotting Substrate on a film (Bio-

Rad Laboratories Ltd., Mississauga, ON, Canada). The visualized total proteins on the 

membranes and target proteins on the films were quantified using ImageJ software (ImageJ 
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bundled with 64-bit Java 1.8.0_172, U. S. National Institutes of Health, Bethesda, MD, 

USA) [30]. The methodology of lane and band quantifications, followed by expression 

evaluations, was performed according to Taylor et al. [31,32] as we have detailed in one of 

our previous works [33]. 

20.4.6 Statistical Analyses and Sample Size Determination 

 The data were analyzed by three-way (age, genotype and exercise) and the four-way 

(for the lactate AUC) ANOVA. When the ANOVA revealed a significant interaction 

between two or three variables, the Tukey Kramer post hoc test was performed to identify 

the significant difference between the groups (p < 0.05). A trend corresponds to 0.05 ≤ p < 

0.1. In the results section, all the effects are significant (p < 0.05), unless mentioned as a 

trend. 

 The number of mice (11–12 mice per experimental condition) was based on the 

results of power analysis by setting the statistical power at 80% (α = 0.05 and β = 0.2) with 

our previous study, which used the same strain of WT mice [34]. 

20.5 Results 

20.5.1 Exercise Patterns, Running Speed and Lactate Concentrations 

 Tables 20.1 and 20.2 report the data collected during the 4 weeks of incremental 

exercise, the weeks of the LT speed training and the day of sacrifice. During the 4 weeks of 

incremental exercise, we have the effect of age on both LT speed (Y > O) and blood lactate 

level at rest (O > Y). However, for lactate at rest, this genotype effect is attributed to the 

Sparc KO mice since, for the WT, there is no difference between Y and O mice, but for the 

Sparc KO mice, O mice have a higher lactate concentration at rest than Y mice (significant 

effects of genotype×age interaction). We also have the effect of age (Y > O) for both the 

mean exercise speed as well as the total exercise distance during the 12 weeks of training. 

The same effect of age (Y > O) is observed during the last training session for both speed 

and lactate concentration, measured at the end of that last running hour (Table 20.1). 

 

Table 20.1. Summary of wheel exercise training. 

 

A G A×G

LT speed m/min 8.7 ± 0.4 7.8 ± 0.5 5.5 ± 0.6 5.4 ± 0.4 Y>O - -

Lactate at rest mM 2.8 ± 0.2 2.6 ± 0.2 3.1 ± 0.4 3.8 ± 0.2 O>Y - KO: O>Y

Lactate at LT mM 3.2 ± 0.2 3.1 ± 0.3 3.4 ± 0.4 3.3 ± 0.5 - - -

Mean exercise speed m/min 7.5 ± 0.2 7.6 ± 0.2 5.5 ± 0.0 5.3 ± 0.0 Y>O - -

Total exercise time min 3332 ± 52 3353 ± 45 3334 ± 1 3335 ± 3 - - -

Total exercise distance m 24903 ± 763 25445 ± 670 18219 ± 41 17811 ± 156 Y>O - -

Speed m/min 7.8 ± 0.2 7.9 ± 0.2 5.5 ± 0.0 5.3 ± 0.1 Y>O - -

Lactate mM 2.7 ± 0.3 2.9 ± 0.3 2.1 ± 0.2 2.5 ± 0.2 Y>O - -

2-way ANOVAOld

Wild-type Knockout Wild-type Knockout

Young

During an incremental exercise test (wk 4)

During LT training (wk 1-12)

During the last LT training (wk 12)
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Data are mean ± SEM. Number of mice: 11-12 mice per experimental condition. Abbreviations: A, age; G, 

genotype; KO, knockout; LT, lactate threshold; m, meter; min, minute; mM, millimolar; O, old; wk, week; Y, 

young. -: No effect. 

 

 In Table 20.2, we notice effect of age (Y > O) for blood lactate level (trend) on the 

sacrifice day (measured after 12 h of fasting). For the curve of post glucose–gavage lactate 

concentrations at different time points (0, 15, 30, 60 and 120 min), we only have an effect 

of the age (Y > O). The value of the AUC was measured three times—before the training 

and at week 5 and the end of the week 12 of the training. Each time, mice had a 6 h fasting 

period prior to glucose gavage. 

 

Table 20.2. Fasting and post glucose-gavage blood lactate levels 

 
Data are mean ± SEM. Number of mice: 11-12 mice per experimental condition. Abbreviations: A, age; 

AUC, area under the curve; Ex, Exercise; G, genotype; h, hour; KO, knockout; mM, millimolar; O, old; wk, 

week; Y, young. *: Trend (0.05 ≤ p < 0.1). -: No effect. 

20.5.2 Body and Tissue Weights 

 Mice were weighed the morning of the sacrifice. During the sacrifice, tissues were 

removed and weighed as well (Table 20.3). Analyzed data are both as absolute values 

(weight) and percentages of the tissues weights to the body weight. 

 We found the effect of age (O > Y) on body weight as well as on the weights of 

pituitary gland, hypothalamus, liver, heart, and WAT, in addition to the weight percentage 

of WAT; the opposite effect of age (Y > O) on the weight percentages (to the body weight) 

of the brain, heart, aorta, SM and tibialis anterior muscle. We also found an effect (trend) of 

age (Y > O) on the weights of both SM and the tibialis anterior muscle. 

 We found an effect of genotype (WT > KO) on the body, aorta, WAT, SM and 

tibialis anterior muscle weights, and another effect (KO > WT) on the brain weight and 

weight percentage, liver and heart (both weight percentage). Coming to the last variable, 

exercise, we also report these exercise effects-Sed > Ex (trend) for body weight and liver 

weight percentage and WAT weight. Ex > Sed (trend) for weight percentages of both the 

brain and the hypothalamus. Ex > Sed for tibialis anterior muscle weight and Sed > Ex for 

liver weight. 

 

Table 20.3. Body and tissue weights. 

A G Ex A×G A×Ex G×Ex A×G×Ex

At sacrifice (12 h fast)

    Blood lactate mM 1.09 ± 0.12 0.88 ± 0.08 1.28 ± 0.38 1.24 ± 0.15 0.89 ± 0.07 0.99 ± 0.13 0.98 ± 0.08 0.75 ± 0.04 Y˃O* - - - - - -

Post glucose gavage (6 h fast)

    Blood lactate AUC Y>O - - - - - -

        Pre 615 ± 35 498 ± 63 479 ± 29 533 ± 44 429 ± 29 424 ± 24 473 ± 39 461 ± 54

        At wk 5 529 ± 32 509 ± 34 503 ± 41 519 ± 38 422 ± 27 450 ± 42 479 ± 44 392 ± 32

        After 12 wks 465 ± 34 391 ± 27 452 ± 22 486 ± 45 440 ± 56 381 ± 20 414 ± 35 371 ± 28

Exercise Sedentary Exercise Sedentary Exercise

3-way

4-way

Young Old
ANOVA

Wild-type Knockout Wild-type Knockout

Sedentary ExerciseSedentary
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Data are mean ± SEM. Number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; Ex, 

exercise; G, genotype; g, gram; KO, knockout; mg, milligram; O, old; Sed, sedentary; WT, wild-type; Y, 

young. *: Trend (0.05 ≤ p < 0.1); **: Inguinal and abdominal adipose tissues; ***: Gastrocnemius, soleus, 

tibialis anterior and extensor digitorum longus muscles. %: percentage to the body weight. -: No effect.  

20.5.3 Muscle Strength (Grip Power Tests) 

 As a measure of muscle strength for the four limbs (simultaneously), the grip power 

tests results (Table 20.4) show effect of the age (Y > O) for the both the mean and the 

maximum grip power as well as for the percentage of each of these two values (mean and 

the maximum grip power) on body weight. We also have an effect of the genotype (WT > 

KO) for both mean and the maximum grip powers. For the effect of exercise, we have a 

trend (Ex > Sed) for the percentage of the maximum grip power to the body weight. 

 

 

Table 20.4. Grip Power at the End of Week 12. 

 

A G Ex A×G A×Ex G×Ex A×G×Ex

Body weight g 29.5 ± 0.7 28.9 ± 1.0 27.8 ± 0.6 25.0 ± 0.8 37.4 ± 2.1 35.2 ± 1.0 31.3 ± 1.5 30.4 ± 0.7 O˃Y WT˃KO Sed>Ex* - - - -

Tissues weights

  Brain mg 430 ± 2 430 ± 6 448 ± 4 445 ± 3 432 ± 7 436 ± 2 451 ± 4 446 ± 4 - KO˃WT - - - - -

% 1.47 ± 0.03 1.50 ± 0.05 1.62 ± 0.04 1.80 ± 0.05 1.18 ± 0.05 1.25 ± 0.03 1.48 ± 0.07 1.47 ± 0.02 Y˃O KO˃WT Ex>Sed* - - - WT-Sed: Y>O, 

WT-Ex: Y>O, KO-

Ex: Y>>O

  Pituitary gland mg 1.52 ± 0.20 1.49 ± 0.10 1.47 ± 0.10 1.33 ± 0.10 1.77 ± 0.16 1.76 ± 0.13 1.78 ± 0.04 1.65 ± 0.12 O˃Y - - - - - -

% 0.0052 ± 0.0007 0.0052 ± 0.0003 0.0053 ± 0.0004 0.0054 ± 0.0004 0.0049 ± 0.0006 0.0050 ± 0.0004 0.0059 ± 0.0003 0.0055 ± 0.0005 - - - - - - -

  Hypothalamus mg 8.7 ± 0.7 9.1 ± 0.6 8.0 ± 0.5 8.9 ± 0.8 10.7 ± 0.9 10.8 ± 0.8 9.4 ± 0.8 11.0 ± 0.5 O˃Y - - - - - -

% 0.030 ± 0.003 0.032 ± 0.003 0.029 ± 0.002 0.036 ± 0.003 0.030 ± 0.003 0.031 ± 0.003 0.030 ± 0.003 0.036 ± 0.002 - - Ex>Sed* - - - -

  Liver mg 984 ± 27 954 ± 33 984 ± 35 899 ± 30 1370 ± 136 1114 ± 28 1174 ± 82 1101 ± 24 O˃Y - Sed>Ex - - - -

% 3.34 ± 0.04 3.31 ± 0.09 3.54 ± 0.09 3.60 ± 0.04 3.59 ± 0.14 3.17 ± 0.04 3.71 ± 0.12 3.62 ± 0.05 - KO˃WT Sed>Ex* - Sed: O>Y* Ex: KO>WT -

  Heart mg 138 ± 3 149 ± 7 146 ± 6 131 ± 4 159 ± 6 135 ± 4 152 ± 5 159 ± 7 O˃Y - -  KO: O>Y - - WT-Sed: O>Y, 

WT-Ex: Y>O*, 

KO-Ex: O>Y

% 0.47 ± 0.01 0.51 ± 0.01 0.53 ± 0.02 0.53 ± 0.01 0.43 ± 0.01 0.38 ± 0.01 0.50 ± 0.02 0.52 ± 0.02 Y˃O KO˃WT - WT: Y>>O - - WT-Sed: Y>O, 

WT-Ex: Y>>O

  Aorta mg 12.8 ± 1.5 12.0 ± 1.5 12.9 ± 1.3 9.0 ± 0.6 13.0 ± 1.5 12.3 ± 1.0 9.7 ± 1.0 9.9 ± 0.7 - WT˃KO - - - - -

% 0.044 ± 0.006 0.042 ± 0.006 0.047 ± 0.005 0.037 ± 0.003 0.034 ± 0.003 0.035 ± 0.003 0.031 ± 0.003 0.032 ± 0.002 Y˃O - - - - - -

  White adipose tissue** mg 1021 ± 206 812 ± 126 955 ± 138 684 ± 125 2913 ± 362 2649 ± 175 1804 ± 226 1505 ± 164 O˃Y WT˃KO Sed>Ex* WT: O>>Y, 

KO: O>Y

- - -

% 3.36 ± 0.58 2.72 ± 0.36 3.36 ± 0.44 2.63 ± 0.38 7.52 ± 0.65 7.44 ± 0.32 5.51 ± 0.50 4.85 ± 0.43 O˃Y WT˃KO - WT: O>>Y, 

KO: O>Y

- - -

  Skeletal muscle*** mg 532 ± 11 524 ± 15 432 ± 8 413 ± 7 508 ± 11 510 ± 6 416 ± 8 417 ± 7 Y˃O* WT˃KO - - - -

% 1.81 ± 0.04 1.82 ± 0.05 1.56 ± 0.04 1.67 ± 0.05 1.39 ± 0.05 1.46 ± 0.05 1.36 ± 0.06 1.38 ± 0.03 Y˃O WT˃KO - WT: Y>>O, 

K: Y>O

- - -

  Tibialis anterior muscle mg 133 ± 3 138 ± 4 117 ± 3 114 ± 2 133 ± 6 127 ± 3 110 ± 4 118 ± 3 Y˃O* WT˃KO - - - - WT-Ex: Y>O

% 0.45 ± 0.01 0.48 ± 0.01 0.42 ± 0.01 0.46 ± 0.01 0.36 ± 0.02 0.36 ± 0.01 0.36 ± 0.01 0.39 ± 0.02 Y˃O - Ex>Sed WT: Y>>O, 

KO: Y>O

- - -

Young Old
3-way ANOVA

Wild-type Knockout Wild-type Knockout

Sedentary ExerciseSedentary Exercise Sedentary Exercise Sedentary Exercise

A G Ex A×G A×Ex G×Ex A×G×Ex

Grip power

g 240 ± 12 248 ± 11 226 ± 10 208 ± 11 216 ± 8 220 ± 8 182 ± 8 203 ± 9 Y˃O WT˃KO - - - - -

g/BW 8.2 ± 0.5 8.6 ± 0.4 8.1 ± 0.4 8.4 ± 0.4 5.8 ± 0.4 6.1 ± 0.2 5.9 ± 0.5 6.6 ± 0.3 Y˃O - - - - -

g 308 ± 12 301 ± 11 277 ± 11 250 ± 9 250 ± 8 257 ± 9 210 ± 8 235 ± 10 Y˃O WT˃KO - - - - -

g/BW 10.5 ± 0.4 10.5 ± 0.4 10.0 ± 0.4 10.1 ± 0.4 6.7 ± 0.5 7.2 ± 0.3 6.8 ± 0.5 7.6 ± 0.3 Y˃O - Ex>Sed* - - - -

    Max

Sedentary Exercise

    Mean

Sedentary ExerciseSedentary Exercise Sedentary Exercise

Young Old
3-way ANOVA

Wild-type Knockout Wild-type Knockout
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Data are mean ± SEM. Number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; BW, 

body weight; Ex, exercise; G, genotype; g, gram; KO, knockout; O, old; Sed, sedentary; WT, wild-type; Y, 

young. *: Trend (0.05 ≤ p < 0.1). -: No effect. 

 

20.5.4 COL1A1 and MT-CO1 Expressions in Tibialis Anterior Muscle 

 Protein expression of both COL1A1 and MT-CO1 was measured in the SM tibialis 

anterior muscle. The results (Figure 20.1) indicate an effect of genotype (WT > KO) on 

both proteins and an effect of exercise (Ex > Sed) on COL1A1 (trend) and MT-CO1. For 

the interactions, we found one between genotype and exercise for COL1A1 (Ex > Sed in 

WT) and one between age and genotype for MT-CO1 (high in Y-WT). 

 

 
Figure 20.1. Expression of both collagen type I alpha 1 chain (COL1A1) (A) and mitochondrially 

encoded cytochrome c oxidase I (MT-CO1) (B) in the tibialis anterior muscle. The results indicate an 

effect of genotypeG (WT > KO) for both proteins and an effect of exerciseEx (Ex > Sed) for COL1A1 (trend) 

and MT-CO1. For the interactions, we have one between genotype and exerciseG×Ex for COL1A1 (Ex > Sed in 

WT) and one between age and genotypeA×G for MT-CO1 (high in Y-WT). All data are mean ± SEM. The 

number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; Ex, exercise; G, genotype; 

KO, knockout; O, old; Sed, sedentary; WT, wild-type; Y, young. *: Trend (0.05 ≤ p < 0.1) 

20.6 Discussion and Interpretation 

 As per Table 20.1, there is no effect in the genotype for the LT speed (in all the 

performed measures both during the 4 weeks of adaptation and during the 8 weeks of LT 

training), exercise speed, exercise time, exercise distance and even lactate concentrations 

during exercise. This has a key importance, since it means that mice of the two different 

genotypes (KO and WT) had equal amounts of exercise training (speed, distance, time and 

frequency) and blood lactate levels. Therefore, genotypes effects seen for the other 

measures will be, indeed, due to the genotype itself (consequence of Sparc KO) rather than 

difference in the exercise amount. 

 SPARC (osteonectin or BM-40) is a three-modular-domain [35,36] calcium binding 

extracellular matrix-associated glycoprotein [37,38]. The Sparc gene localized to the 

central region of chromosome 11 in mice [39] and in the chromosomal site at 5q31–q33 in 
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humans [40]. It is well known for its roles in extracellular matrix (ECM) organization, 

growth, cellular differentiation, cell–matrix communication, wound healing, cell cycle and 

tissue response to injury [35,36,41–43]. SPARC is also implicated in metabolism [44,45], 

cancer [46] and inflammatory [47] homeostasis. Importantly, for the SM, a key metabolic 

tissue and the key organ for the exercise performance, SPARC represents an important 

element for its development [28] and function [7]. 

 Indeed, SPARC is known for its importance is SM development and regeneration 

(satellite cells/myoblasts. myotubes and muscle fibers) [48]. Moreover, whereas during 

embryogenesis SPARC is highly expressed, its expression is mainly restricted to tissues 

undergoing changes and remodeling during adulthood [35,49–51] which indicates its 

importance for exercising muscle; which does undergo remodeling as an adaptation to 

exercise [52,53]. Importantly, SPARC modulates actin cytoskeleton within the SM 

structure which results in defective force recovery following in vitro fatigue stimulation in 

muscle from Sparc KO mice [54]; but in normal and uninjured muscles, SPARC is not 

detectable [48]. This further indicates the importance of SPARC in the context of healing, 

repair, remodeling and development, especially that the ECM (important for the cellular 

remodeling, for instance) repair, disassembly and degradation is mediated by SPARC [55]. 

These impacts on regeneration and during embryogenesis suggest that SPARC deficiency 

could impact some tissue development and growth, as illustrated by the loss of bone mass 

(osteopenia) in Sparc KO mice [56]. 

Another structural importance for SPARC in SM derives from its ability to interact 

with collagens. It interacts with collagen I and procollagen I [57], binds to fibrillar 

collagens [58], maintains SM stiffness (collagen accumulation regulation) [59] and 

specifically binds several molecules, including collagen types I, III and IV [60]. SPARC 

deficiency has also been shown to reduce the expression of different types of collagen such 

as collagen type I in mesangial cells [61], collagen in skin [62] and fibrillar collagen 

accumulation in tibialis anterior muscle [59]. 

Moving from SPARC-related structural muscle properties to metabolic implications, 

SPARC has been shown to be required for the expression of the exercise-induced (in vitro 

model of) mitochondrial enzymes (oxidative phosphorylation) [28] and is suggested to 

enhance the muscle mitochondrial biogenesis [63] as supported by the fact that small 

interfering RNA (siRNA) of SPARC reduces 5-aminoimidazole-4-carboxamide-1-β-

Dribofuranoside (AICAR)-stimulated adenosine monophosphate-activated protein kinase 

(AMPK) phosphorylation [64], which is known to induce mitochondrial biogenesis via the 

activation/induction of peroxisome proliferator-activated receptor gamma coactivator 1 

alpha (PPARGC1A, also known as PGC1α) [65–67], a master regulator of mitochondrial 

biogenesis. Importantly, knowing the importance of the mitochondria during regeneration 

[68,69], SPARC would impact regeneration. In addition, SPARC regulates glucose 

transporter type 4 expression [64] and improves glucose tolerance [70]. These are selected 

illustrations of SPARC importance and implications for the metabolism, mainly for the SM 

that we focus on in our study. 
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For other tissues, the implication of SPARC in tissue regeneration and development 

(including tissue repair, cell turnover, cellular differentiation and remodeling) 

[35,38,44,71,72], especially with the known implications of SPARC in the functions of 

stem cells [73,74] and other types of cells such as erythroid progenitors [74], could indicate 

that SPARC-deficient mice could exhibit impairments in terms of development for certain 

tissues under selected conditions. 

20.6.1 Lactate Concentrations among the Indicators of Muscles Metabolic 

Performance 

 Lactate is not just produced by SM and WAT [75] but it is also consumed by 

muscles [76] with special metabolic patterns [77] and serves as a gluconeogenic precursor 

[78]. Therefore, the blood lactate levels represent the outcome of the balance between the 

production and the consumption (clearance) of lactate [79] mainly (but not only) by SM 

[80]. The production of lactate by SM does not always mean insufficient energy production 

through oxidative phosphorylation, but could also be due to the lack of oxygen [81], as 

illustrated by the production of lactate in the adipose tissue of obese subjects as a 

consequence of hypoxia in this adipose tissue [75]. Importantly, exercise-produced lactate 

both upregulates the expression cytochrome oxidase gene and protein expression and is a 

mitochondrial biogenesis activation signal [79]. All these changes seem to result from 

negative feedback, aiming to increase the oxidative phosphorylation ability and, therefore, 

reduce lactate production and increase its clearance (usage). The liver and heart also 

contribute to lactate clearance and, whereas myocardia oxidases lactate as a fuel, the brain 

also takes it when its levels increase in the blood and the liver uptakes it to form glucose 

[80]. The fact that no genotype effect has been seen for lactate levels, at similar amount of 

exercise indicates that Sparc KO mice are able to maintain the lactate concentrations at a 

homeostatic level (similar to that of WT mice) in spite of the impaired muscular functions 

(compared to WT mice), suggesting a compensatory effect of other tissues to re-balance 

blood lactate (as we detail below). This compensatory pathway highlights the importance of 

lactate blood homeostasis. 

20.6.2 Body and Tissue Weights (Table 20.3) 

 The importance of SPARC is tissue development, embryogenesis, regeneration, its 

interaction with collagen and ECM, in addition to its role in collagen accumulation [59] 

would explain why Sparc KO reduces body weight and SM weights, including the tibialis 

anterior muscle (correlated with what Omi et al. reported [59]) in addition to other tissues 

(aorta and WAT), as a result of regeneration and development deficiency, similar to the 

decrease in bone mass (osteopenia) as a result of SPARC deficiency [56]. However, the 

observed increased weights or weight percentages of other tissues, such as the brain, liver 

and heart in Sparc KO mice, could result from feedback signals. Indeed, the reduced 

development and metabolic deficiency in Sparc KO mice would lead to the production of 

signals aiming to correct this developmental and metabolic deficiency (resulting from 
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muscle low oxidation capacity, myokines secretion reduction, etc). Such signal effects 

would target selected tissues (those increased with Sparc KO, such as the brain, which is 

the center of numerous neuroendocrine signals and in which Compolongo et al., have 

shown that the neuronal activity levels of Sparc KO mice are increased in the brain region 

dentate gyrus [82] which could support the hypothesis of such signals in Sparc KO mice) 

and either be nonspecific or with insufficient impacts on other tissues (those for 

which Sparc KO does not reduce the weights). For instance, the increased heart weight 

percentage in Sparc KO mice could be adaptive to the fact that these mice have reduced 

oxidative phosphorylation ability (as shown by the low MT-CO1 expression) and would 

have more muscle-produced lactate. The developed heart could be an adaptation to the 

increased lactate production in order to increase the circulation and, therefore, increase 

lactate clearance, which could be taken by the liver to form glucose [80], which could also 

explain the increased weight (percentage) of the liver in Sparc KO mice. Therefore, 

although Sparc KO mice SM produced more lactate (weak oxidation capacity), they have 

the same blood lactate levels as WT mice because they would compensate via increased 

lactate blood clearance through enhanced blood circulation (increased heart weight 

percentage) combined to an increased intake by the liver (increased weight percentage), the 

brain (increased weight and weight percentage) and probably other tissues leading to that 

weight/weight percentage increase in those tissues in Sparc KO mice. This correlates with 

the liver weight percentage for which we have Ex-KO>Ex-WT, meaning that, in the 

exercised groups, the liver (weight percentage) of Sparc KO mice is superior to the liver 

(weight percentage) of WT mice (even though both had similar amount of training). This 

could indicate more tissue glycogen storage [83] (in a hydrated form that adds more water 

weight to the liver [84]) built from glucose made of the taken lactate because the Sparc KO 

mice SM would produce more lactate (weak oxidative phosphorylation reflected by the 

decrease in MT-CO1 expression in the Sparc KO mice) but clear it better through an 

increased blood circulation (increased heart weight percentage in Sparc KO) combined 

with lactate uptake (clearance) by the liver [80] and also by the brain [80] (that also 

increased in weight in Sparc KO mice) to compensate the low oxidation ability of the SM 

(supposed to contribute to lactate clearance but remains insufficient in terms of lactate 

clearance in Sparc KO mice). Overall, there is no genotype-related difference in lactate 

level because there would be compensation. Indeed, whereas WT mice have good muscle 

lactate clearance (with low lactate production), Sparc KO mice (although they have higher 

lactate production) have increased lactate clearance via the liver, brain, heart (that have 

increased weight percentage, compared to those in WT mice), etc. 

 Furthermore, the known implications of SPARC in the functions of erythroid 

progenitors [74] could suggest that Sparc KO mice would have reduced hemoglobin (low 

blood cells cancer) and, therefore, reduced oxygen transport ability. This would require one 

to increase the blood supply to different tissues to compensate low blood oxygenation via 

increased blood circulation that would require a developed cardiac pump and, thus, explains 

the increased weight (percentage) of the heart in Sparc KO mice; such low oxygenation 
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further worsens the weak oxidative phosphorylation capacity in SM that Sparc KO mice 

already have. 

 The other tissues patterns (age- and exercise-dependant) are in accordance with the 

known effects of both ageing and exercise on diverse tissues. For instance, the increased 

brain and hypothalamus weight percentages (trend) with exercise fits with the ability of 

exercise to enhance neurogenesis [23,85,86], the exercise also reduces (trend) both body 

weight and liver weight percentage and WAT weight, whereas it increases the tibialis 

anterior muscle weight percentage. All these elements correlate with the ability of exercise 

to increase energy usage (WAT lipids and liver glycogen) as well as muscle weight. 

Regarding the tibialis anterior muscle, in addition to its increase (weight percentage) with 

exercise, it decreases with both age (weight percentage) and Sparc KO (weight). It is for 

these patterns in changes according to genotype, age and exercise that we have chosen the 

tibialis anterior muscle to measure the expression of COL1A1 and MT-CO1; which 

allowed us to make a correlation between the genotype-dependent changes in muscle 

weight and power and the corresponding changes in the expression of these two proteins, 

depending on SPARC expression. Additionally, the decrease in brain weight percentage 

with ageing correlates with age-related neurodegeneration and related diseases [87,88], 

which are improved by exercise [89–91] and that, also, correlate with our data, showing an 

increase (trend) in the brain weight percentage with exercise. 

 Interleukin 6 (among other myokine) is produced by the muscles during exercise 

[92,93], which reduces appetite [94] and WAT [93]. This correlates with our results, 

indicating an effect (trend) of exercise on reducing the body weight and WAT weight 

percentage, but without any interaction effect on genotype and exercise. This indicates that 

SPARC absence would not impact the ability of exercise to reduce adiposity. The 

possibilities could be whether the effect of SPARC is partial since (in Sparc KO mice) the 

WAT weight is lower in Y mice compare to O mice, or there are other SPARC-independent 

pathways linking myokine to adiposity reduction, such as IL-6 or also because both WT 

and Sparc KO mice spent similar amounts of exercise, leading to similar exercise-induced 

energy expenditure (would have similar impacts of reducing the WAT). 

 For the WAT, both for the age and age × genotype (both in WT and Sparc KO 

mice), we always found an increase in adiposity (weight and weight percentage) with 

ageing. In addition, there is also a reduction in the muscle mass (percentage) with age and 

for both WT and Sparc KO mice, which corresponds to the classical ageing profile 

(decreased muscle mass and increased adiposity) along with increased body weight with 

ageing [95–98], as our data show. It is worth noting that, while looking into the effects of 

genotype × age, both for the decrease in SM mass percentage and the increase in WAT 

weight (as well as weight percentage), we notice that these ageing-induced changes 

(musculature decrease and adiposity decrease), are more important in O mice than in Y 

mice. This could be explained by the implication of SPARC in these changes. Indeed, 

since SPARC expression is downregulated by ageing [8], the consequences of its KO would 
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be more important in Y mice compared to O mice, where its expression is already reduced 

by ageing. 

 This ageing effect on SM explains the results of Table 20.1, showing that ageing 

reduces the LT speed (adaptation phase), mean exercise speed, total exercise distance (12 

weeks of training) and both running speed and the lactate concentration of the last running 

session at the end of the 12 weeks training. However, the lactate at rest level (week 4 of the 

adaptation phase), which increases with age, indicates a reduced aerobic metabolic 

performance of the muscle. Importantly, the effect of genotype × age interaction reveals 

that the age effect comes from the Sparc KO mice rather than WT mice, meaning that it is 

the Sparc KO in O mice that leads to an increase in the resting lactate compared to both 

WT mice and KO-Y mice. This also explains, in part, how ageing is both a risk factor for 

numerous diseases and health conditions [99–103]. 

 Since Norose et al. reported that, when handled, Sparc KO mice reduced physical 

activity [104], we deduce that our Sparc KO mice had reduced energy expenditure 

(compared to WT mice), but with a lower body and WAT weights they most probably had 

less food intake compared to the WT mice. This could indicate an effect (direct or indirect) 

of Sparc KO on appetite. This appetite (in addition to the physical activity patter), both 

impacting the body weight, could be explained by the increased levels of anxiety and 

reduced depression-related behaviors in Sparc KO mice [82]. Such variations in mood 

states would impact food intake and energy balance [105,106] and, therefore, body and 

tissue weights. 

20.6.3 Protein Expressions (Figure 20.1) and Muscle Strength (Table 20.4) 

 The reduced expression of COL1A1 in Sparc KO mice fits with what Omi et al. 

reported [59] and confirms the importance of SPARC for COL1A1 expression, as we have 

previously shown [28], and as reported by Norose et al. [104] and Bradshaw et al. [107]. 

 In addition, MT-CO1 decreased expression with Sparc KO highlights the 

implication of SPARC in mitochondrial enzyme expression [28] and mitochondrial 

regeneration [63], whereas MT-CO1 increases expression with exercise, which fits with our 

previous gene expression studies, showing an increase in oxidative phosphorylation genes 

with training at LT intensity [6], which further validates the choice of the exercise speed in 

this study. 

 Sparc KO mice have been reported as passive and with reduced physical activity 

compared to WT mice [104], this would indicate weak muscles and correlates with reduced 

grip power (both mean and maximum) in Sparc KO mice compared to WT mice of our 

study. The importance of SPARC in myoblast fusion [28] and, more important, the 

interaction of SPARC with actin in SM (actin cytoskeleton modulator) [54] also support 

our data, indicating a decrease in muscle strength with SPARC deficiency. This SPARC 

deficiency also reduced COL1A1 expression; indicating an impact on muscle structure (for 

which collage is a key element) and correlated with the Sparc KO-induced muscle strength 

decrease. 
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 The effect of age (Y > O) on the muscle strength and the effect of exercise (Ex > 

Sed, trend of the percentage of maximum grip power) is an additional illustration of how 

ageing worsened the effects of SPARC deficiency (reduce the muscle power) while 

exercise improved it (increase in both SM strength and expression of both COL1A1 and 

MT-CO1 with exercise represents muscle adaptation to exercise). 

20.7 Conclusions and Hypothetical Mechanisms 

 Sparc KO effects are toward a reduced body and WAT weights with a negative SM 

phenotype (metabolism and strength). Such negative effects worsen with ageing but 

relatively improve through exercise (Figure 20.2). While exercise reduces risk factor for 

many diseases, ageing increases those risks [108]. 

 

 
Figure 20.2. SPARC-deficiency impacts. Our data highlight that Sparc KO effects are toward a reduced 

body and white adipose tissue weights with a negative skeletal muscle phenotype (metabolic and 

strength). Such negative effects worsen with ageing but relatively improve through exercise. Abbreviations: 

KO, knockout; SPARC, secreted protein acidic and rich in cysteine. 

 

 Within this context, Aoi et al. reported 24 genes (including SPARC) that are both 

upregulated by exercise and downregulated by ageing [8] suggesting, once more, that some 

of the exercise-induced benefits such as mitochondrial biogenesis [109] could be SPARC-

dependent or partially mediated by SPARC. It is within this perspective that we developed 

our hypothesis. 

 The exercise-produced lactate induces both an up-regulation of the expression of the 

cytochrome oxidase gene and protein, as well as a mitochondrial biogenesis activation 

signal [79], and since Sparc KO did not induce any genotype effect on the different lactate 
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levels we measured (both WT and Sparc KO mice had statistically similar lactate levels) 

but reduced the expression of the MT-CO1 (WT and Sparc KO mice have similar lactate 

levels but WT mice express more MT-CO1 than Sparc KO mice), we hypothesize that the 

exercise-produced lactate-induced cytochrome oxidase upregulation and mitochondrial 

biogenesis activation do require SPARC (Figure 20.3A). This would, at least in part, 

explain why SPARC deficiency reduces tumor growth. Indeed, cancer cells require 

glycolytic energy and produce lactate, leading to lower pH, compared to normal tissue 

extracellular pH [110,111], and lactate would be an attempt to increase oxidative 

phosphorylation capacity via improving mitochondrial biogenesis. However, in the absence 

of SPARC this lactate-induced mitochondrial biogenesis remains limited, which worsens 

the tumor bioenvironment and results in tumor progress inhibition. This concept of lactate-

related signaling correlates with the theory presenting lactate as a signaling molecule 

“lactormone” in the context of lactate shuttle [112,113] of lactate formation, utilization and 

exchange between tissues [114]. 

 

 
Figure 20.3. Hypothetical mechanisms linking SPARC to the exercise-induced SPARC-mediated 

changes in the skeletal muscle phenotype. [A] Exercise induces the secretion and expression of SPARC as 

well as the production of lactate. Our data suggest that, whereas SPARC enhances collagen expression and 

muscle strength, the lactate increases mitochondrial enzyme expression in a SPARC-dependant manner 

(probably via mitochondrial biogenesis induction) and, therefore, the oxidative phosphorylation capacity. [B] 

The similarities between exercise benefits and effects shown to be regulated or modulated by SPARC, such as 

inflammation, cancer growth, metabolic and structural remodeling of the skeletal muscle, and even neurite 

outgrowth and neurogenesis, all suggest that part of exercise benefits would be mediated by or dependent on 

SPARC expression. Abbreviation: SPARC, secreted protein acidic and rich in cysteine. 
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 The results of Figure 20.1B further support our hypothesis that SPARC-dependent 

exercise impacts SM. Indeed, whereas there is a significant effect of exercise (increase in 

COL1A1 expression) in WT mice (WT-Ex > WT-Sed), there is no such effect in Sparc KO 

mice (both KO-Ex and KO-Sed mice have statistically similar expression of COL1A1). 

This also correlates with the genotype-induced decrease in COL1A1 expression (WT > 

KO) although both WT and Sparc KO mice had equal amounts of exercise (as detailed in 

the introduction of Section 20.6), therefore, indicating that exercise-induced COL1A1 is 

SPARC-dependent (Figure 20.3A). Moreover, since exercise-induced COL1A1 seems 

SPARC-dependent, and based on the importance of collagens in the SM structure (and 

fibrillar collagen I is reported to bind SPARC [115]) and development [116], this could also 

explain, in part, the low tibialis anterior muscle weight in Sparc KO mice compared to WT 

mice, even though all mice had similar amounts of exercise. Thus, this also suggests that 

SM development (tibialis anterior weight percentage increase; Table 20.3), as a part to the 

adaptation to exercise, would also be SPARC-dependent (Figure 20.3A). 

 These conclusions are based on the fact that, as per Table 20.1, there is no effect of 

the genotype for LT speed, exercise speed, exercise time, exercise distance and lactate 

concentrations during exercise. This means that mice of two different genotypes (Sparc KO 

and WT) had equal amounts of training (similar speed, distance, time and frequency). 

Therefore, genotype effects seen for MT-CO1, COL1A1 (Figure 20.1) and grip power 

(Table 20.4) are, indeed, due to the genotype itself (Sparc KO) rather than the difference in 

the exercise amount; suggesting that these exercise-induced changes are SPARC-

dependent/mediated. Such exercise-induced effects in the muscle represent a part of the 

adaptation via increasing the respiratory capacity, mitochondrial content [52] and 

contractile properties of the SM [53]. 

 In addition to these SPARC-mediated effects, the similarity of exercise benefits and 

the effects shown to be regulated or modulated by SPARC, such as inflammation [22,47], 

cancer growth [8,46], metabolic and structural remodeling of the SM [53], and even neurite 

outgrowth [117,118] and neurogenesis [85,119], all suggest that some of the exercise 

benefits would indeed be mediated by or dependent on SPARC expression (Figure 20.3B). 

20.8 Implications and Perspectives 

 Our data suggest that the benefits of exercise would also be reduced in Sparc KO 

mice, not only because some of exercise benefits are directly mediated via SPARC, but also 

because physical performance and muscle performance is reduced as a result of Sparc KO 

(indirect effects). As an illustration, Sparc KO increases tumor growth [120,121], loss of 

SPARC increases cancer progression [122] and the tumorigenesis is prevented and 

suppressed by exercise-induced SPARC [8,123,124]. More generally, since SPARC is also 

a myokine secreted during exercise [2,8], exercise benefits including metabolic benefits and 

inflammation regulation would also be reduced with the Sparc KO since SPARC has been 

shown to play roles in metabolism [44], inflammation regulation [47] and cancer 
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homeostasis [46]. Thus, its absence from circulation would impact tissues other than the 

SM. For instance, even some of the mechanisms underlying the beneficial effects of 

exercise that have been shown to involve factors other than SPARC, such as tumor growth 

suppression through interleukin 6 and epinephrine [92], would also be deficient in Sparc 

KO mice, since the absence of SPARC would reduce the ability of SM to correctly secrete 

the other myokines involved in the related pathways. 

 Overall, SM, both as a secretory organ [2] and a metabolic engine, represents the 

key tissue upon which exercise benefits depend. SPARC represents a “booster” of the SM, 

with beneficial effects on some other tissues as well. Therefore, SPARC and the pathways 

it governs would represent good targets to pharmacologically mimic the effects of SPARC, 

including improved muscle strength and metabolic performances. This is of a particular 

importance for individuals suffering from health problems, such as heart failure or physical 

handicap and, therefore, are unable to perform the required physical activity although they 

need it (reduce obesity, treat lipid disorders, etc.). In such a scenario we could imagine an 

“exercise pill”, targeting SPARC-related pathways and inducing exercise-like effects that 

would also be of a high therapeutic importance for diseases, such as sarcopenia. Such a 

therapeutic goal still requires further investigations into the implications of SPARC, not 

only within the SM but also on other tissues and in the diverse aspects of homeostasis. This 

will both extend the expected benefits of such an “exercise pill” and anticipate the side 

effects to decide whether it would be better given as a systemic drug or rather target a 

specific tissue (that would be the SM based on this study) to optimize clinical efficiency. 

Importantly, the results obtained from studying SPARC/Sparc in mice would be expected 

to be valid in humans, due the high homology between mouse and human SPARC [104], 

which would reduce the bridge between results in animals and future clinical studies. 

Perspectives of the future studies on SPARC implications in SM metabolism and 

contractile properties, both for sedentary and exercise individuals, would be of great 

clinical importance not only for SM diseases but also for ageing-related health deterioration 

and, due to the importance of the SM in the energy homeostasis, energy balance-related 

pathologies such as obesity and diabetes. 

 Our study was conducted only on male mice. Therefore, we acknowledge the 

limitation of sex-determined factors. Similar studies in female subjects, as well as studies 

comparing male and female subjects, will add significant data of clinical importance, 

especially with the sex-related difference effects on SM and exercise patterns, such as 

exercise capacity [125], pinch force reproduction [126], maximal oxygen uptake [127], 

cardiac adaptation to exercise [125], as well as metabolism, including lactate levels 

[128,129], aerobic oxidation and anaerobic glycolysis [130]. The parameters illustrated by 

patterns, including differences between men/male animals and women/female animals in 

red pepper-induced metabolic phenotype (carbohydrate oxidation Vs lipid oxidation) 

[131,132], beta-oxidation [130], type I fiber percentage [133] and enzyme activities [134], 

explain beyond such sex-related differences in exercise and SM properties. Based on such 

sex-related differences, our results could also indicate that SPARC involvement in exercise-
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induced muscle phenotype changes could also be sex-dependent and points to a possible 

interaction between SPARC activities and sexual hormones based on the known impacts of 

sexual hormones on exercise patterns and the adaptation to exercise [135–137]. 

 Our data indicate that the impacts of Sparc KO on body composition, adiposity and 

metabolic patterns point toward a reduced WAT and body weight, but with negative 

metabolic and functional phenotypes of SM. Whereas such negative effects on SM worsen 

with ageing, they are relatively improved by exercise. Importantly, we report, for the first 

time, evidence suggesting that the exercise-induced changes in the SM phenotype in terms 

of increased performance (metabolic, strength and development), including lactate-induced 

changes, are SPARC-dependent. Such important implications of SPARC highlight SPARC 

and its pathways as pharmacological targets/tools for conditions and diseases in which 

muscle properties enhancement would provide therapeutic benefits. 
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21.1 Résumé (French abstract) 

Le vieillissement et l’obésité représentent des défis médicaux pour les 

professionnels de la santé. L’obésité et le vieillissement partagent des caractéristiques 

communes, y compris des voies cellulaires et moléculaires connexes ainsi que les impacts 

qu’elles ont en tant que facteurs de risque pour une variété de maladies et de problèmes de 

santé. Le vieillissement et l’obésité partagent aussi l’exercice et un mode de vie sain 

comme les meilleures options thérapeutiques. Il est important de noter que le vieillissement 

et l’obésité ont également des changements épigénétiques communs qui sont affectés par 

l’exercice. Cela suggère que les voies épigénétiques font partie des mécanismes par 

lesquels l’exercice induit ses avantages, y compris les améliorations du vieillissement et de 

l’obésité. L’exploration de ces interrelations conduirait à optimiser les approches 

thérapeutiques disponibles pour améliorer la gestion de l’obésité et du vieillissement. 

21.2 Abstract 

 In modern societies, ageing and obesity represent medical challenges for healthcare 

professionals and caregivers. Obesity and ageing share common features including the 

related cellular and molecular pathways as well as the impacts they have as risk factors for 

a variety of diseases and health problems. Both of these health problems also share exercise 

and a healthy lifestyle as the best therapeutic options. Importantly, ageing and obesity also 

have common epigenetic changes (histone modification, DNA methylation, noncoding 

RNAs, and chromatin remodeling) that are also impacted by exercise. This suggests that 

epigenetic pathways are among the mechanisms via which exercise induces its benefits, 

including ageing and obesity improvements. Exploring these interrelations and based on the 

fact that both ageing and obesity represent risk factors for each other, would lead to 

optimizing the available therapeutic approaches towards improved obesity management and 

healthy ageing. 
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21.3 Biological Similarities between Ageing and Obesity 

 Ageing and obesity are major topics in biomedical studies, mainly because both 

represent risk factors for numerous diseases and health conditions [1]. The modern lifestyle 

and industrial development have increased obesity rates as well as the aged population 

percentage worldwide. Obesity is specifically increasing among the elderly [2,3], which 

contributes to sarcopenic obesity, a chronic, age-related class of obesity [4,5]. These 

interactions between two important risk factors strengthen the need to further deepen our 

biological and clinical understanding of the interrelation and correlations between ageing 

and obesity. Such mechanistic elucidation would allow to develop the medical care 

including geriatrics and obesity management, among other chronic diseases. Within this 

piece of writing, we aim to elucidate selected links between ageing and obesity through 

different illustrations starting from pathogenesis and molecular pathways towards 

epigenetics, supported by evidence from exercise being a therapeutic tool for both. 

 Obesity is defined as an abnormal accumulation of adiposity resulting from a 

disturbed energy balance in which energy intake is higher than energy expenditure [6] with 

a modified metabolic phenotype [7], complex neuroendocrine changes [8], and pathogenic 

implications [9]. Obesity has even been classified as a disease [10] and associated with 

health problems including impaired fertility [11,12], neurodegenerative disease [13], 

cognitive decline (in mid-life) [14], coronavirus disease 2019 (COVID-19) severity and 

resulting health problems [15–18], type 2 diabetes [19], cancer [20], cardiovascular 

diseases [21], pulmonary diseases [22], insulin resistance [23], atherosclerosis [24], 

mitochondrial dysfunction [25], dyslipidemia [26], liver disease [27], impaired immunity 

[28,29], and impaired regeneration [30]. Ageing, on the other hand, represents the 

progressive decline of the biological functions with time [31]. It also represents a risk factor 

for numerous diseases and health conditions, many of which are similar to those associated 

with obesity. These include neurodegenerative disease [32], cognitive decline [33], 

COVID-19 severity [34], type 2 diabetes [35], skeletal muscle loss [36], cancer [37], 

cardiovascular disease [38], pulmonary disease [39], insulin resistance [40], atherosclerosis 

[41], mitochondrial dysfunction [42], dyslipidemia [43], liver disease [44], fertility 

alteration [45,46] immunity alteration [47], and declined regeneration [48]. 

 Although the risks related to obesity are independent from ageing and those related 

to ageing are independent from obesity, such similarities between ageing and obesity as 

risk factors suggest common patterns and share underlying mechanisms of both ageing 

and obesity. Early epidemiologic data approved the prevalence of obesity increases by 

ageing, especially in women. Therefore, the ongoing step is to know more about how 

ageing and obesity could be related at the molecular level. Within this context, obesity and 

ageing have been described as sharing common pathways at the molecular and cellular 
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levels. For instance, in both, we have increased inflammation [49,50], free radicals, and 

oxidative stress [51,52] as well as microbiota changes [53,54]. In addition, healthy diet 

and physical activity are prescribed to manage obesity [55,56] and also optimize healthy 

ageing [57,58]. While the main goal of prescribing the physical activity in obesity is to 

increase the energy expenditure and, thus, reduce the adiposity and lose weight [59,60], 

in ageing, the physical activity aims mostly to improve muscular and metabolic 

performance [57,61,62]. Importantly, physical activity as a common therapy for both 

ageing and obesity has significant impacts on reducing the risk factors mediated by ageing 

and obesity and also improves numerous biomolecular markers and pathological profiles. 

As illustrations, physical activity improves and optimizes treatment/prevention or reduces 

the risk of metabolic disorders [63], cancer [64], cardiovascular disease [65–67], immune 

functions [68], insulin resistance [69], oxidative stress [70], liver disease [71], regeneration 

[72,73], pulmonary disease [74,75], atherosclerosis [76], and mitochondrial remodeling 

[77]. These evidence add up on those of functional genomics [78–81] as illustrated by the 

secreted protein acidic and rich in cysteine (SPARC). Indeed, SPARC expression changes 

during obesity [82] and with ageing [83] and Sparc/SPARC represents an exercise-induced 

gene upon which exercise-induced muscle phenotype changes would depend [84,85]. In 

addition, SPARC is involved in diverse biological activities [86] related to those described 

above in the context of obesity, ageing, and exercise. These include metabolic and 

homeostatic properties [87], inflammation [88], cancer [89], regeneration [90], and 

metabolism [91]. This exercise-induced key myokine with obesity and age-related 

expression patterns further points to molecular links between obesity and ageing. 

21.4 Epigenetics: An Additional Link between Ageing and Obesity 

 Furthermore, epigenetics studies provide additional evidence of similar patterns 

shared by obesity and ageing. Therefore, epigenetics represents a field worth exploring 

to reveal further links between obesity and ageing. This is reflected by the changes such 

as histone modification, DNA methylation, noncoding RNAs, and chromatin remodeling 

that have been associated with both ageing [31,92–97] and obesity [98–103]. These 

changes can follow diverse patterns. For instance, region-specific DNA hypermethylation 

[104] and proliferation-dependent alterations of the DNA methylation [105] have been 

reported in ageing during which we talk about epigenetic clocks [106]. The possible use of 

DNA methylation-based measures as a tool to evaluate the accelerated biological ageing 

[107–110] represents a potential application of the DNA methylation age (DNAmAge), 

which would contribute to several diseases such as obesity. Similarly, obesity-related DNA 

methylation can be site-specific [111] and with specific methylation signatures [112]. Other 

related features such as telomere attrition are also shared between ageing [31] and obesity 

[113,114]. 

 Importantly, exercise - prescribed for both elderly and obese patients - has impacts 

on the epigenetics patterns related to both ageing and obesity including DNA methylation 
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[115], histone modification [116], chromatin modifications [117], and noncoding 

RNAs [118]. These exercise-related properties suggest that epigenetics pathways are 

among the mechanisms via which exercise induces its benefits-as it has been shown, 

for instance, for exercise-mediated heart protection [119]. They further support targeting 

epigenetic pathways as a therapy [120,121] as well; potentially, to treat obesity and 

improve ageing. These observations also suggest correlations between epigenetics changes 

and obesity/ageing-related pathologic phenotypes. In addition, these molecular and clinical 

evidence, from genetics to epigenetics and pathogenesis, further present obesity as a risk 

factor for ageing and, at the same time, highlight ageing as a risk factor for obesity [1]. This 

would explain why losing weight “rejuvenates”. Moreover, dietary restriction (that has 

both antiageing and antiobesity effects) also impacts epigenetics towards significant health 

benefits [122,123] bringing an additional correlation between ageing and obesity. 

21.5 Perspectives 

 These introduced concepts would have important applications in the medical fields, 

especially that both ageing and obesity are among what medically characterize the 

epidemiological and pathological profiles of most modern societies. Although a healthy 

ageing is the optimum target of geriatrics, we have limited options to manage ageing 

(irreversible time effects). However, obesity, on the other hand, has realistically more 

management options since it remains relatively reversible. Therefore, managing obesity 

toward healthy ageing remains more practical than targeting healthy ageing to manage 

obesity. It is worth noting, however, that treating obesity would optimize ageing and 

healthy ageing would decrease obesity risk. Nevertheless, the key approach remains to 

target a healthy lifestyle including exercise, diet, sleeping, and psychological well-being to 

manage obesity, optimize healthy ageing, and control most diseases’ risk factors. 

 We would like to introduce a new concept via which there is a potential to combine 

the age-related and the obesity-related epigenetics measures to obtain a full evaluation of 

how deep both the age and obesity worsen the other as well as the various diseases and risk 

factors for which either ageing or obesity represent a risk factor. The need to actualize this 

idea nowadays comes from the urgent epidemiological situations related to ageing and 

obesity in the modern societies both in developed and in developing countries. To expand 

this vision, the advances and added value of this work is that it puts epigenetics along with 

pathological phenotype, molecular patterns, and lifestyle impacts as a set that regroups the 

elements shared between obesity and ageing (Figure 21.1). Such approaches would allow 

for optimizing therapies and lifestyle management choices. 
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Figure 21.1. Examples of ageing and obesity shared patterns. Both ageing and obesity represent a risk 

factor for each other. Elucidating the patterns shared between ageing and obesity, from epigenetics to 

molecular pathogenesis, would allow to both optimize healthy ageing and manage obesity. 
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22.1 Résumé (French abstract) 

La médecine régénérative utilise les connaissances biologiques et médicales sur la 

façon dont les cellules et les tissus se régénèrent et évoluent afin de développer de 

nouvelles thérapies. Les problèmes de santé tels que l’obésité et le cancer, ainsi que le 

vieillissement, entraînent une altération de la capacité de régénération. L’exercice, les choix 

alimentaires et les habitudes de sommeil ont des impacts significatifs sur la biologie de la 

régénération par diverses voies, y compris la réduction des composants inflammatoires et 

oxydatifs. Ainsi, l’exercice, l’alimentation et la gestion du sommeil peuvent être optimisés 

vers des applications thérapeutiques en médecine régénérative. Ils pourraient permettre de 

prévenir la dégénérescence, d’optimiser la régénération biologique et également de fournir 

des adjuvants pour la médecine régénérative. 

22.2 Abstract 

 Regenerative medicine uses the biological and medical knowledge on how the cells 

and tissue regenerate and evolve in order to develop novel therapies. Health conditions such 

as ageing, obesity and cancer lead to an impaired regeneration ability. Exercise, diet 

choices and sleeping pattern have significant impacts on regeneration biology via diverse 

pathways including reducing the inflammatory and oxidative components. Thus, exercise, 

diet and sleeping management can be optimized towards therapeutic applications in 

regenerative medicine. It could allow to prevent degeneration, optimize the biological 

regeneration and also provide adjuvants for regenerative medicine. 

 

Keywords: regeneration; exercise; diet; sleeping; oxidative stress; inflammation; obesity; 

ageing 
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22.3 Regeneration and Medicine 

 Regeneration can be defined as the biological processes allowing the cells, organs 

and tissues to renew and proliferate. These processes also allow normal growth and  

development, maintenance of a healthy body [1] as well as the recovery from injuries [2] or 

from other external perturbations [3]. It involves various underlying pathways such as 

cytoprotective mechanisms induction [2], cellular plasticity [4], tissue remodeling [5] and 

biophysical aspects [6]. Impaired regeneration can have pathological impacts such as 

degenerative diseases in different tissues [7–10]. These diseases result from the loss of the 

regenerative ability leading to a status where cellular loss is superior to cellular 

regeneration. Regeneration processes might also be impaired or disturbed in various status 

including degenerative diseases [11–13], cancer [14], obesity [15], ageing [16,17], diabetes 

mellitus [18] and cholestatic liver [19]. Regenerative medicine comes as a branch that aims 

to understand the regenerative pathways and degenerative processes, both in biology and 

physiology, to develop methodologies and approaches aiming to correct regeneration-

related health challenges and the impaired functions [20] or at least limit the impacts of the 

variables that can impair regeneration. The regenerative medicine is a medical field based 

on regeneration, used biomaterials [21], biochemistry [22], stem cells [23,24] and tissue 

engineering [25,26] and applies them in surgery [27], transplantation [28], ophthalmology 

[29] and cancer [23] among diverse applications [30–35]. 

 Regenerative medicine, based on regenerative biology [36], aims to elucidate the 

mechanistic pathways underlying cellular and tissular regeneration along with the 

endogenous and exogenous factors that influence the regenerative processes and use that 

knowledge to develop novel therapeutic options. Such therapies target the correction or the 

optimization of an impaired regeneration resulting from a disease, a physiological 

adaptation or even therapeutic side effects. Regenerative medicine research involves 

multiple areas from stem cells [31], gene editing [37], nuclear transfer [38], proteomics, 

pharmacology, nanotechnology [39], tissue, engineering and three-dimensional printing 

[40]. Beside the various adjuvant used in regenerative medicine, mainly pharmacological 

(regenerative pharmacology) [41–43] or bioengineering [28,44], we aim to highlight the 

importance of lifestyle and how it impacts regeneration. In this piece of writing, we would 

like to provide illustrative examples on how lifestyle patterns-specifically exercise, diet and 

sleeping influence regeneration and the related biological processes. We also present 

potential clinical and biomedical applications. 

22.4 Exercise, Diet, Sleeping and Regeneration 

 The three main lifestyle pillars (exercise, diet and sleeping) represent key factors in 

regeneration and, thus, in regenerative medicine as we illustrate below. The facts that 

they impact regeneration and also influence the statuses (obesity, ageing, etc.) in which 

regeneration patterns change, support that exercise, diet and sleeping as key factors worth 
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exploring to optimize regeneration medicine applications. In addition, exercise, diet and 

sleeping are also involved in different physiological changes and pathological prognoses. 

 Exercise is known for numerous health benefits including metabolic enhancement 

[45–47] and regenerative induction. Indeed, exercise represents a cardiomyocyte 

regeneration inducer [48,49], a therapeutic cartilage regeneration adjuvant [50], a skeletal 

muscle regeneration enhancer [51], and a cardiac remodeling inducer [52]. Exercise 

might/can also slow down [53] or reverse muscle atrophy [54], improve the post-injury 

skeletal muscle regeneration [55], prevent stem cells senescence [56], promote peripheral 

nerve regeneration [57], and rejuvenate muscle stem cells [58,59]. Within the context of the 

mechanisms underlying the exercise-induced regenerative benefits, secreted protein acidic 

and rich in cysteine (SPARC) is at the center of a key theory. SPARC is both induced by 

exercise and has been hypothesized as a regeneration factor [60–62]. Such implication in 

regeneration enhancement would be explained by the various properties and roles it has 

[63] including anti-inflammatory [64], antitumor [61,65,66], extracellular matrix structure 

[67] and metabolism [68,69] in addition to studies linking SPARC to regeneration [70,71] 

as well as potential applications in personalized medicine [72]. This suggested that at least 

a part of the benefits induced by exercise are mediated by SPARC. Indeed, we have already 

presented data suggesting that that exercise-induced muscle phenotype changes are 

SPARC-dependent [73] which is in accordance with the theory linking myokines to the 

physical activity effects [66,74]. The positive impacts of exercise on regeneration could be 

explained by the properties that have been associated to exercise, such as anti-inflammatory 

[75], antioxidant [76], anticancer [77] and anti-ageing [78] properties, that lead to suitable 

outcomes for regeneration and bio-homeostasis in general. 

 Diet, an important determinant of health, has been studied in a variety of contexts 

including obesity, metabolism and cancer [79]. However, and although diet and nutrition 

have been exploited for tissue regeneration [80], many details of the molecular mechanistic 

pathways seem still emerging to light. The choice of diet quality as well as fasting (calorie 

restriction) [81] do impact regeneration. Diverse examples illustrate how dietary choices 

could impact regeneration. Supplemented nutrition diet affects regeneration in liver [82], 

high-fat and high-glucose microenvironment inhibits bone regeneration [83], proliferation 

and migration of human gingival fibroblasts is impaired by high glucose-induced oxidative 

stress [84] but following lidocaine-induced injury normal glucose enhances neuronal 

regeneration [85]. Such links between glucose and regeneration could be behind parts of 

the regeneration patterns seen during diabetes [86]. 

 Another illustration in the same context is that fasting promotes stem cell-based 

regeneration [87], promotes intestinal regeneration [88,89], promote hematopoietic-

stemcell based regeneration [90] and β-cell regeneration [91,92]. Such fasting benefits on 

regeneration would involve metabolic and body composition changes [87,93], anti-

inflammatory effects [89], stem cell number increase [88], oxidative stress decrease and 

ageing delaying [94,95]. The dietary choices represent an important player as well. The 

rationale behind the dietary choice is to generate a biological microenvironment that can 
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promote regeneration. This could be achieved, for instance, by reducing the intake of the 

high-fat diet since high-fat diet leads to inflammation [96,97] and cancer progress [96,98]. 

The other way to improve regeneration environment via diet is to create biological 

conditions that would optimize the regenerative abilities. This can be achieved with diets 

that provide properties such as antioxidant [99,100], anti-inflammatory [101,102], omega-3 

fatty acids [103], protein intake [104] and microbiota composition change [105,106]. For 

instance, fasting-mimicking diet promotes intestinal regeneration [88], reduces intestinal 

inflammation [89] and reduce inflammatory bowel disease pathology [88]. 

 The other pillar of lifestyle is represented by the sleeping wish is neuroprotective 

[107]. Impact of sleep on stem cell regenerative capacity is shown by the correlation 

between circadian rhythm and an improved stem cells proliferation microenvironment 

[108] leading to stem cell maintenance and division control [109,110]. This fits with the 

melatonin anti-inflammatory, antioxidant and neuroprotective properties [111,112] along 

with its free radical scavenger function [113], among others, that would be behind its role 

in regeneration of tissues [111,113]. In addition, protein and pre-sleep are also contributors 

to regeneration [114,115]. Following the same line of thoughts, sleep deprivation impairs 

muscle regeneration [116] and delays healing process [117] which supports the importance 

of sleeping for the regenerative processes. 

 These examples of the implications of exercise, diet and sleeping at various levels 

in regeneration and its variables clearly show their importance within any intervention 

aiming to stimulate or modulate regeneration. 

22.5 Obesity and Ageing as Selected Illustrations  

 Beside the known diseases related to regeneration changes, obesity [118] and ageing 

[119] represent topics of concern and are health conditions worth exploring in the context 

of regeneration. They both share common biological and pathological features [120,121] 

including regeneration-related [122]. The focus on obesity and ageing, that have common 

patterns [120,123], derives from their globally increasing epidemiological profile along 

with the diseases and health problems related to them, including those impacting 

regeneration homeostasis. 

 Obesity, as a neuroendocrine reprogramming [124], represents a status of a broken 

energy balance [125] that has been classified as a disease [126–128]. It has been associated 

with various health problems and diseases [129]. In the ongoing COVID-19 pandemic, it is 

worth pointing that obesity both increases vulnerability to COVID-19 (vicious cycle [130]) 

and reduces the immunity [131,132]. Ageing, on the other hand, can be defined as the 

timedependent biological and functional declines of living entities. It represents a risk 

factor for various diseases too [133,134]. Ageing has a genetic component [135] and is 

due—at least in part—to hormonal and metabolic changes [136]. At the molecular levels, 

epigenetic changes such as DNA methylation [137,138] are involved in age-related 

changes. Whereas obesity is a status in which regeneration is impaired [15,139], ageing is 
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also accompanied by a decline in regeneration [59,140–142]. Studies and hypotheses have 

pointed various age-related underlying mechanism such as the loss of biological plasticity 

[143] and the changes in the regenerative environment [141]. 

 The prescription of exercise for both obese [144,145] and elderly population [146–

148] is well documented. Such prescription is based on the numerous benefits exercise has; 

among which we cite glycemic control [149,150], weight management [145], antioxidant 

[76], anti-inflammatory [151,152], cardiovascular risks improvement [153], immune 

system regulation [154] and anti-inflammatory milieu promotion [49]. All these benefits 

improve the negative consequences induced by ageing and obesity and, importantly, 

improve regeneration bioenvironment. 

 Exercise is prescribed in obesity and ageing for reasons initially independent from 

regeneration (weight and adiposity loss, muscle function improvement, etc.). However, the 

above examples clearly reflect how exercise would be important for regeneration, including 

in the contexts of obesity and ageing. Exercise would both improve regeneration and 

reduce the negative impacts that obesity and ageing have on regeneration. The dietary 

choices and sleeping patterns described above would also contribute to reduce the impacts 

of obesity and ageing as well. Therefore, indirectly improve the biological regeneration 

ability. Importantly, targeting regeneration-related pathways in both obesity and ageing 

represents an additional shared pattern between obesity and ageing. 

22.6 Perspectives 

 The above illustrative examples point to the importance of exercise, diet and 

sleeping within the regenerative context and points the important of combining all these 

factors to reach the optimum regenerative outcome. This would have two key implications 

(Figure 22.1). First, developing an unhealthy lifestyle could lead to both regenerative 

problems and a possible therapeutic failure of the regenerative medical therapies. The 

second implication is the importance of introducing medically supervised choices for 

exercise, diet and sleeping patterns as regenerative adjuvants either during regenerative 

therapies or for individuals suffering from conditions impacting the regenerative abilities 

such as obese and elderly patients, knowing the shared features between ageing and obesity 

[123]. 

 However, further studies are required in order to identify the quality and the 

quantity of each of these three elements and their combination for each specific case. 

Indeed, the choice of exercise patterns (types of exercise, duration, timing [150], etc.), diet 

(quantity, composition and timing) as well as sleeping (duration, timing and tissue-specific 

impacts [155]) are parameters for which additional optimization could improve the use and 

application of exercise, diet and sleeping as therapeutic adjuvants or even as stimulators 

for regeneration. This is encouraging considering the recent advances in biology, such as 

the possible regenerative ability of the adult heart [156]. Molecular tools such as functional 

genomics [157–163] and metabolics would allow the characterization of diverse genes, 
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proteins and other molecular and biochemical changes related to exercise, diet and sleeping 

patterns, along with their implications in regeneration as well understanding regeneration 

via proteomics [164]. This would elucidate the molecular links and, thus, identify potential 

novel pharmacological targets based on advances in signaling in regeneration [165]. These 

targets are of a specific importance since they would allow, for instance, to mimic exercise 

effects via pharmacological agents without the need of performing exercise. Such an 

approach is important for individuals who have a limited ability to complete the prescribed 

physical activities, such as elderly patients and those with physical disabilities. 

 

 

 
Figure 22.1. Health conditions such as ageing, obesity and cancer lead to an impaired regenerative 

ability. Exercise, diet and sleeping have significant impacts on regeneration biology via diverse pathways 
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including reducing the inflammatory and oxidative components. Thus, exercise, diet and sleeping 

management can be optimized towards therapeutic applications in regenerative medicine. 

 

 Overall, the effects of a healthy lifestyle (exercise, diet and sleeping) all contribute 

towards an improved regeneration ability, which is required to improve healthy ageing, 

especially with regard to the increased human lifespan [166], in addition to all the known 

benefits of a healthy lifestyle for a limitless number of health problems including diabetes 

[167], cancer [168], mental health [169], pediatric asthma [170] and reproductive 

health [171]. Although we have focused on the impacts exercise, diet and sleeping would 

have on the biology of regeneration in vivo, we can also extrapolate the concept towards 

possible in vitro applications. Within this context, the cytokines and factors induced by 

exercise (ex. SPARC or use the in vitro model of exercise [172]) and sleeping (ex. 

melatonin) as well as the diet chemical components (ex. antioxidant) could be 

supplemented during the bioengineering of cellular and tissular cultures (adding to the cells 

and tissues medium) to enhance the growth and optimize the regenerative abilities (ex. stem 

cells therapy) prior of their introduction in the organism as a regenerative medical therapy. 
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23.1 Résumé (French abstract) 

L’obésité représente un facteur de risque pour une variété de maladies en raison de 

sa composante inflammatoire, entre autres propriétés biologiques. Récemment, avec la crise 

actuelle de la COVID-19, un accent particulier a été mis sur l’obésité en tant que situation 

dans lequel la production d’anticorps, entre autres fonctions immunitaires, est altérée, ce 

qui aurait un impact à la fois sur la pathogenèse de la maladie et sur l’efficacité des vaccins. 

Dans cet article, nous illustrons que de tels impacts seraient dus à l’augmentation de 

l’adiposité et du modèle de distribution des graisses plutôt qu’à l’obésité (telle que définie 

par l’indice de masse corporelle) elle-même. Dans ce contexte, nous soulignons également 

l’importance des effets de l’exercice qui sont indépendants de la perte de poids. 

23.2 Abstract 

 Obesity represents a risk factor for a variety of diseases because of its inflammatory 

component, among other biological patterns. Recently, with the ongoing COVID-19 crisis, 

a special focus has been put on obesity as a status in which antibody production, among 

other immune functions, is impaired, which would impact both disease pathogenesis and 

vaccine efficacy. Within this piece of writing, we illustrate that such patterns would be due 

to the increased adiposity and fat distribution pattern rather than obesity (as defined by the 

body mass index) itself. Within this context, we also highlight the importance of the 

weight-loss- independent effects of exercise. 

 

Keywords: obesity; adiposity; antibodies; immunity 
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23.3 Impact of Adiposity and Fat Distribution, Rather than Obesity, on 

Antibodies as an Illustration of Weight-Loss-Independent Exercise 

Benefits 

 Obesity is one of most challenging health problems for the modern medicine and 

therapeutic research [1,2]. The main pattern that makes obesity challenging is that, once 

established, it is hard to reverse, probably because the new “set up” of the biological 

reference of body weight and adiposity as neuroendocrine adaptation changes with a broken 

energy homeostasis [3,4]. The current ongoing coronavirus disease 2019 (COVID-19) 

pandemic could worsen the obesity pandemic, which would negatively impact the 

development of this COVID-19 crisis [5,6], especially with the impact that the measures 

imposed by governments might have on immunity [7]. Therefore, it is of high importance 

to understand how obesity and adiposity impact the immunity and more specifically 

antibodies production and function. This is because vaccine-induced antibodies represent 

the best shot we have to end this pandemic. 

 Antibodies represent an important mediator and factor of the immune system [8]. 

On the other hand, obesity represents a status in which different biological and homeostatic 

processes, such as regeneration [9], energy balance [4] and neuroendocrine factors [3], are 

impaired or impacted. Within this context, we would like to put a spotlight on selected 

consequences and impacts obesity and adiposity have on antibody patterns in order to 

explain some immunological specificities reported in obese patients. Obesity is defined by 

an abnormal fat accumulation usually as a result of an unhealthy lifestyle that increases 

the energy intake to more than the energy expenditure [1,4], leading to a variety of health 

consequences [10,11] with increased impacts [5]. 

 Regarding obesity-related antibody patterns, numerous results reflect the impacts 

obesity has on antibody properties. For instance, adaptive immune response to influenza 

virus is impaired during obesity [12], innate and adaptive immune responses against 

influenza are delayed in obese patient [13] and obesity was suggested to decline influenza 

antibody titers following influenza vaccination [14] as well as reduce vaccine efficacy [15] 

with poor vaccine immunogenicity [16]. Similarly, lower COVID-19 mRNA vaccine-

induced antibody titers have been associated with central obesity [17] and severe acute 

respiratory syndrome corona Virus-2 IgG antibodies negatively correlate with body mass 

index in COVID-19 patients. This is important in the current pandemic context with the 

vaccination efforts aiming to end this global health crisis. Furthermore, one key concept in 

obesity is that obesity is an “autoinflammatory” disease characterized by a chronic and low-

grade inflammation [18,19], with several immune alterations including altered cell-

mediated immune responses and leucocyte counts [20], principally in adipose tissue [21], 

where we have a localized inflammation [22]. Mechanisms beyond this are based on the 

links between obesity and both adipose tissue remodeling [23] and regulatory T cells [24]. 

Macrophage polarization [25], among other obesity-induced changes to macrophages [26], 
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specifically due to adipocyte–macrophage interaction [27], are also involved within the 

inflammatory component of obesity. 

 The impacts obesity has on regeneration [9] could also explain, in part, such 

reduced antibody production due to the impaired regeneration immunity cells could have. 

Such observations would explain the reduced efficacy of vaccination in obese patients [28] 

as illustrated by the impaired immune response to influenza vaccination in obese humans 

[14] which could lead to recommend additional immunological stimulation (vaccination) 

for obese patients. 

 Exercise (combined or not with diet and/or pharmacological therapies) is among the 

most widely accepted approaches to controlling body weight and managing obesity [29–

31]. Exercise has known benefits and effects on the immunity system [32,33] including 

antibodies [34], B lymphocytes [35], cytokines such as Interleukin-6 [36], antioxidant 

effects [37], regeneration adjuvants [38–40], and improved immunosurveillance and 

immunocompetence with an anti-inflammatory effect [41] via macrophage infiltration 

suppression [42]. Importantly, as illustrated above, the antibody-related immunity decline 

with obesity would be associated with the adiposity and its distribution rather than body 

weight [17]. This suggests that the benefits of exercise on antibodies for obese patients can 

be achieved even without weight loss, as illustrated by the reduced hepatic and visceral 

lipids following exercise training without weight loss [43]. The adiposity and fat 

distribution correlations, rather than body weight, with antibodies and immunity-related 

functions have been shown in other contexts such as inflammatory profiles [44,45] and IgG 

N-glycosylation [46]. Furthermore, central adiposity has been highlighted in correlation 

with other diseases [47,48] and health problems as well [49,50]. In addition, acute exercise 

(and therefore independent of weight lost) has a broad impact on immune functions, 

including granulocytosis, lymphocytosis (antibody-producing cells) and monocytosis [51], 

increased natural killer cells [52], which are very responsive to acute exercise [53], 

increased lymphokine-activated killer cells activity [54] and enhanced T cell activity [55]. 

Importantly, acute exercise might promote a redistribution in lymphocyte subsets [56] 

including B cells that produce the antibodies [57,58] and which are affected by obesity 

[59,60] via diverse pathways including leptin-induced reduction in B cells function [61] as 

well. These benefits reverse most of those induced by adiposity described earlier (Figure 

23.1). 

Such concepts indicate and support the importance of exercise even without weight 

loss so that an interrelation between exercise and immunity regulation has been described 

[62]. The absence of weight loss does not mean the absence of fat loss or fat 

redistribution. Indeed, with exercise, body composition can improve toward increased 

muscle development and/or a new fat distribution but without body weight loss. This 

pattern could explain the benefits of exercise that does not lead to weight loss, which is 

of a particular importance since among the anti-obesity therapies (diet, pharmacology, 

etc.), exercise represents the one with the ability to shift the body composition as well as 

fat distribution beyond weight loss [63,64]. Moreover, indirect weight-loss-independent 
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benefits of exercise can improve immunity, for instance by reducing hypertension [65] that 

is associated with lower post COVID-19 vaccination antibodies titers [17]. 

 

 
Figure 23.1. Antibody patterns and immunity performance between increased adiposity and 

exercise. Immunity functions and antibody-related patterns such as inflammation and regeneration are 

negatively impacted by adiposity development but corrected/improved by exercise and other adiposity-

reducing approaches. 

  

The benefits of exercise in the context of obesity are well documented in the context 

of energy balance, glucose metabolism, adiposity, muscles development, cardiorespiratory 

fitness and lipids profile [66–69]. However, within this piece of writing, we also illustrate 

the beneficial effects of exercise on obesity from an immunological perspective that focuses 

on antibodies. The interesting point is that the exercise effects are seen even with the 

absence of body weight loss. Therefore, this indicates that a focus on adiposity loss and fat 

distribution patterns [70] should replace the use of body weight as a medical parameter 

which correlates with the need to further focus, for instance, on waist circumference, which 

reflects to some extent visceral obesity, in clinical practice [71]. The concept of fat 

distribution and adiposity vs. overweight would also explain the concept “metabolically 

healthy obesity” [72,73], defined by body mass index that could lead to the concept of 

“immunologically healthy obesity”. 

We hope our work could represent an additional encouragement of physical activity 

and a healthy diet towards a better lifestyle for obese patients even if it does not necessarily 

lead to weight loss, especially that the benefits shown without weight loss are various and 

include decreased circulating interleukin-6 [74], reduced hepatic and visceral lipids [43], 

increased insulin sensitivity [75] and improved endothelium-dependent vasodilation [76]. 
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The possible application of such concepts would be the prescription of exercise to improve 

the antibody properties of obese patients even if it does not lead to weight loss since, for the 

COVID-19 mRNA vaccine for instance, low antibody titers have been associated with a 

higher waist circumference rather than high body weights [17], suggesting, once more, that 

the impact would be due to the fat distribution (central vs. peripheral obesity) [4,10] rather 

than increased body weight or even body fat percentage. Indeed, exercise can impact the 

body composition and fat distribution independently from body weight. This area of 

interaction between adiposity, fat distribution and immunology is worth further exploring 

in diverse contexts to develop new therapies, optimize the existing treatments and increase 

the awareness of how important weight-loss-independent effects of exercise are. 
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24.1 Résumé (French abstract) 

   

Secreted protein acidic and rich in cysteine (SPARC/Sparc) diminue avec le 

vieillissement mais augmente avec l’exercice. Nous explorons les conséquences du Sparc 

Knockout (KO) et les comparons aux effets du vieillissement. Nous observons également 

les effets de l’exercice. Nous étudions aussi les effets de la surexpression de SPARC et les 

comparons aux effets de l’exercice. Nous résultats confirme que le déficit en SPARC 

conduit à un phénotype semblable au vieillissement et que la surexpression de SPARC 

imiterait l’exercice, contrecarrerait le vieillissement et améliorerait les changements liés à 

l’âge. Les applications potentielles de ces résultats sont de construire/optimiser des modèles 

d’animaux basés sur Sparc KO de divers problèmes de santé et, d’autre part, de développer 

des thérapies basées sur l’introduction de SPARC ou le ciblage des voies liées au SPARC 

pour imiter l’exercice contre les troubles métaboliques et ceux liés à l’âge.  

24.2 Abstract 

 Secreted protein acidic and rich in cysteine (SPARC) is a matricellular glycoprotein 

implicated in various functions, including metabolism, tissue regeneration, and functional 

homeostasis. SPARC/Sparc declines with ageing but increases with exercise. We aim to 

verify two hypotheses: (1) SPARC deficiency leads to an ageing-like phenotype (metabolic 

decline, muscle loss, etc.), and (2) SPARC overexpression would mimic exercise, 

counteract ageing, and improve age-related changes. Our mice experiments are divided into 

two parts. First, we explore the consequences of Sparc knockout (KO) and compare them to 
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the ageing effects. We also observe the effects of exercise. In the second part, we study the 

effects of SPARC overexpression and compare them to the exercise benefits. At the end, 

we make an analysis of the results to point out the analogies between Sparc KO and the 

ageing-like phenotype on the one hand and make comparisons between SPARC 

overexpression and exercise in the context of exercise counteracting ageing. The 

measurements were mainly related to tissue weights, adiposity, metabolism, and muscle 

strength. The main findings are that Sparc KO reduced glucose tolerance, muscle glucose 

transporter expression, and abdominal adipose tissue weight but increased glycogen content 

in the muscle. SPARC overexpression increased muscle strength, muscle mass, and 

expressions of the muscle glucose transporter and mitochondrial oxidative phosphorylation 

but lowered the glycemia and the adiposity, especially in males. Collectively, these 

findings, and the data we have previously reported, show that Sparc KO mice manifest an 

ageing-like phenotype, whereas SPARC overexpression and exercise generate similar 

benefits. The benefits are towards counteracting both the SPARC deficiency-induced 

ageing-like phenotype as well as reversing the age-related changes. The potential 

applications of these findings are to build/optimize Sparc KO-based animal models of 

various health conditions and, on the other hand, to develop therapies based on introducing 

SPARC or targeting SPARC-related pathways to mimic exercise against age-related and 

metabolic disorders. 

 

Keywords: secreted protein acidic and rich in cysteine (SPARC); exercise; ageing; 

metabolism 

24.3 Graphical abstract 
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24.4 Introduction 

 With the improvement of the healthcare system and the decline of infectious 

diseases (vaccines, therapies, etc.), life expectancy has increased significantly over the past 

50 years [1], which has enhanced the elderly population. This makes ageing and age-

associated metabolic and functional decline important health challenges as they represent 

risk factors for various health problems, including metabolic disorders and obesity. 

Geriatrics aims to develop the best medical approaches to face such challenges. Within this 

context, exercise is the best anti-ageing approach as it minimizes several age-related 

changes [2,3] and has been prescribed for the older population [4–6]. In addition, exercise 

has been medically prescribed for a variety of other health conditions, such as obesity and 

sarcopenia, for which ageing could be a risk factor as well. Therefore, elucidating the 

molecular pathways of both ageing and exercise and their mechanistic links would 

significantly contribute to optimizing both the available studying methods (animal models 

of ageing, cell cultures, etc.) and the available therapeutic tools. 

 In order to better elucidate the exercise molecular patterns and the mechanism by 

which exercise leads to its known benefits, we have already characterized secreted protein 

acidic and rich in cysteine (SPARC) as an exercise-induced gene in vivo [7] and in vitro 

(cellular model of exercise) [8]. SPARC serum levels also increase with exercise [9], both 

in humans and in mice [10]. We have suggested that the exercise-induced muscle 

phenotype changes are SPARC-dependent [11], and exercise-induced Sparc expression 

could be an indicator of the therapeutic efficacy of exercise and the response to exercise 

[12]. In addition, adding SPARC to C2C12 (muscle cells) increased their differentiation 

[13]. On the other hand, Sparc expression is downregulated by ageing [10]. 

 As Sparc decreases with ageing, and exercise both increases Sparc/SPARC [10,14] 

and counteracts ageing, we suggest that the ageing results and exercise benefits (including 

anti-ageing) are mediated, at least in part, by SPARC, especially in the way that age-related 

alterations in skeletal muscle progenitor cells are linked to SPARC, for instance [15]. These 

correlate with SPARC implications in different biological and metabolic functions. Indeed, 

SPARC, also known as osteonectin or basement membrane-40 (BM-40) [16,17], is a 

matricellular glycoprotein which comprises three distinct structural domains [18] and binds 

to calcium, collagen [19], and vitronectin (structural matrix proteins) [20]. It is expressed in 

most tissues, especially when the tissues undergo changes or active remodeling (healing, 

embryogenesis, cancer, obesity, etc.), which reflects its importance in tissue development 

and growth. To achieve such functions, SPARC is, for instance, involved in tissue repair 

[21], cell turnover [22], cell renewal and growth [23,24], maintenance of bone mass [25], 

osteoblast maturation [16], angiogenesis regulation [25], extracellular matrix organization 

[26], collagen maturation [27], glucose and lipid metabolism [28–30], remodeling [31,32], 

regeneration [33], differentiation [34], and adipose tissue regulation [35]. Such distribution 

and implications also allowed us to suggest SPARC as a molecular physiological and 

pathological biomarker [36]. 
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 Elucidating the interplay between ageing, SPARC, and exercise can represent a 

breakthrough for a deeper understanding of ageing and metabolic disorders towards novel 

SPARC-based molecular therapies for the related health conditions. Within this context, the 

roles and properties of SPARC allow us to formulate two hypotheses. Whereas SPARC 

deficiency leads to an ageing-like phenotype (metabolic decline, muscle loss, etc.), SPARC 

overexpression would mimic exercise, counteract ageing, and improve age-related changes 

(boost metabolism, strengthen muscles, reduce adiposity, etc.). 

 We have designed two independent, yet correlated, studies to verify our hypotheses. 

Our key molecular and functional measures focus on exploring skeletal muscle for specific 

reasons. First, the studies which revealed that SPARC/Sparc is overexpressed in response 

to exercise were conducted in muscles (in vivo) and muscle cell culture (in vitro). In 

addition, muscle is the main tissue implicated in the metabolic and mechanic functions 

and is modified by exercise; SPARC represents a myokine secreted by the muscle in 

response to exercise and represents a secretory organ. This is in addition to the role of 

muscles in generating force and power (mechanical property [37]). Indeed, the skeletal 

muscle implication in homeostasis is not limited to its metabolic activity (mainly energy 

expenditure); it is also an organ that secrets bioactive proteins, including interleukins 

and growth factors [9] which allow the muscle’s communication with diverse tissues [38], 

including key tissues such as the adipose tissue, the liver, and the brain [39]. Finally, 

the metabolic and contractile performance of the muscles changes with ageing (muscle 

weakness and atrophy [37]), which is a key variable that we focus on in this work. 

However, as adiposity and tissue weights are also important in the context of ageing and 

exercise, we 

have also added related measures to complete the investigation. 

24.5 Results  

24.5.1. Sparc Knockout (KO) Mice, Exercise, and Ageing 

 Each age group of the mice, young (Y) and old (O), was divided based on the 

genotypes of knockout (KO) or wild-type (WT) to obtain four groups: Y-KO, Y-WT, O-

KO and O-WT. Finally, each of these four groups was further subdivided into two groups 

according to whether they were exercising (Ex) or sedentary (Sed) mice. Therefore, our 

experimental design included eight groups. 

24.5.1.1. Tissue Weights and Sizes 

 The mice tissues were weighed immediately after they were removed, following the 

sacrifice. The analyzed data (Table 24.1) are in the form of both the absolute values 

(weight) and the weight percentages of the tissues (to the body weight). The tissues were 

the Achilles tendon, brown adipose tissue (BAT), inguinal adipose tissue (IngAT), 

abdominal adipose tissue (AbdAT), retroperitoneal adipose tissue (RetAT), epididymal 

adipose tissue (EpiAT), and Mesenteric adipose tissue (MesAT) and the three muscles, 
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gastrocnemius (GC), soleus (Sol), and extensor digitorum longus (EDL). We also provide 

inguinal and epididymal adipocytes size (measured) and number (estimated). 

 The data show a genotype effect (WT > KO) for all the tissues for either the weights 

or the weight percentages or for both, except for the BAT, for which we had an opposite 

genotype effect (KO > WT) for its weight percentage. In addition, a genotype effect 

(WT > KO) was seen on the estimated number of EpiAT adipocytes. 

 We found the effect of age (O > Y) on the weights of the Achilles tendon, BAT, 

IngAT, AbdAT, RetAT, EpiAT, and MesAT, as well as the weight percentages of the BAT 

(trends), AbdAT, RetAT, EpiAT, and MesAT, in addition to the adipocytes size of EpiAT 

and IngAT and the estimated adipocytes number of EpiAT. We had the opposite effect of 

age (Y > O) on the weights of GC and the weight percentages of GC, Sol, and EDL (trend), 

as well as the estimated adipocytes number of IngAT. 

 For the exercise effects, exercise increased the weight percentage of BAT but 

decreased the weights of AbdAT (trend), RetAT (trend), and MesAT and the weight 

percentage of MesAT. 

 The statistical analysis also revealed an interaction between genotype and age. 

Indeed, whereas the age effect (O > Y) was more pronounced in the WT mice than in the 

Sparc KO mice in the weight and weight percentages of AbdAT, RetAT, EpiAT and 

MesAT, it was only seen in the WT mice (not the Sparc KO mice) in the adipocytes size of 

IngAT and the estimated adipocytes number of EpiAT. On the other hand, only in the 

Achilles tendon was the age effect (O > Y) on weight more pronounced in the Sparc KO 

mice, and the age effect (O > Y) on weight percentage was only seen in the Sparc KO 

mice. 

 

Table 24.1. Tissues weights and sizes 
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Data are mean ± SEM. The number of mice: 11–12 mice per experimental condition. *: Trend (0.05 ≤ p < 

0.1). µm2: mean adipocyte size. N: estimated number of adipcytes (×103). %: percentage to the body weight. 

 -: No effect. Abbreviations: Ex, exercise; KO, knockout; O, old; Sed, sedentary; Sparc, secreted protein 

acidic and rich in cysteine; WT, wild-type; Y, young.  

Note: No effect for the interactions Age × Exercise and Age × Genotype × Exercise (The two corresponding 

lines have been removed).  

24.5.1.2. Oral Glucose Tolerance Test (OGTT) 

 Figure 24.1 shows that the glucose tolerance decreased with the Sparc KO and 

increased with exercise. The ageing also decreased the glucose tolerance only in the WT 

mice (not in the Sparc KO mice). The 4-way ANOVA analysis also revealed an interaction 

(age × genotype × exercise) in which ageing decreased the tolerance only in the WT-Ex 

mice (not the WT-Sed mice) and increased the glucose tolerance in the KO-Ex mice (not 

the KO-Sed mice). 

Age Genotype Exercise
Age  

Genotype

Genotype  

Exercise

mg 4.3 ± 0.6 4.0 ± 0.2 3.1 ± 0.2 2.8 ± 0.2 5.0 ± 0.2 5.0 ± 0.4 4.8 ± 0.2 5.1 ± 0.5 O ˃ Y WT ˃ KO - WT: O>Y*, 

KO: O>>Y

-

% 0.015 ± 0.002 0.014 ± 0.001 0.011 ± 0.001 0.011 ± 0.001 0.013 ± 0.001 0.014 ± 0.001 0.016 ± 0.001 0.017 ± 0.002 - - - KO: O>>Y -

mg 93 ± 13 103 ± 16 103 ± 8 130 ± 33 159 ± 27 142 ± 13 135 ± 12 192 ± 32 O ˃ Y - - - -

% 0.31 ± 0.04 0.35 ± 0.05 0.37 ± 0.03 0.50 ± 0.10 0.41 ± 0.04 0.40 ± 0.03 0.42 ± 0.02 0.63 ± 0.10 O ˃ Y* KO ˃ WT Ex > Sed - Ex: KO>WT, 

Sed: WT=KO

mg 19 ± 4 16 ± 4 18 ± 6 17 ± 3 41 ± 11 23 ± 1 22 ± 3 21 ± 2 O ˃ Y - - - -

% 0.065 ± 0.014 0.054 ± 0.014 0.063 ± 0.023 0.068 ± 0.015 0.100 ± 0.020 0.065 ± 0.004 0.069 ± 0.008 0.069 ± 0.007 - - - - -

mm2 1076 ± 109 1020 ± 126 1157 ± 87 1201 ± 102 3335 ± 646 3262 ± 542 2949 ± 613 1834 ± 215 O ˃ Y - - WT: O>Y, K: 

O=Y

-

N 844 ± 140 471 ± 134 793 ± 206 411 ± 173 616 ± 144 332 ± 67 619 ± 161 578 ± 130 Y > O - - - -

mg 982 ± 204 781 ± 126 919 ± 133 651 ± 125 2831 ± 347 2603 ± 175 1760 ± 221 1463 ± 162 O ˃ Y WT ˃ KO Sed > Ex* WT: O>>Y, 

KO: O>Y

-

% 3.23 ± 0.58 2.61 ± 0.36 3.24 ± 0.43 2.49 ± 0.38 7.32 ± 0.63 7.31 ± 0.33 5.38 ± 0.49 4.71 ± 0.43 O ˃ Y WT ˃ KO - WT: O>>Y, 

KO: O>Y

-

mg 177 ± 38 125 ± 19 182 ± 34 119 ± 23 435 ± 40 410 ± 27 247 ± 30 230 ± 25 O ˃ Y WT ˃ KO Sed > Ex* WT: O>>Y, 

KO: O>Y

-

% 0.58 ± 0.11 0.42 ± 0.05 0.64 ± 0.11 0.46 ± 0.07 1.15 ± 0.08 1.15 ± 0.05 0.76 ± 0.07 0.74 ± 0.07 O ˃ Y WT ˃ KO - WT: O>>Y, 

KO: O>Y

-

mg 305 ± 67 246 ± 42 293 ± 41 205 ± 39 870 ± 101 838 ± 54 556 ± 70 502 ± 58 O ˃ Y WT ˃ KO - WT: O>>Y, 

KO: O>Y

-

% 1.00 ± 0.19 0.82 ± 0.12 1.03 ± 0.13 0.78 ± 0.12 2.27 ± 0.21 2.36 ± 0.10 1.71 ± 0.17 1.61 ± 0.16 O ˃ Y WT ˃ KO - WT: O>>Y, 

KO: O>Y

-

mm2 2501 ± 196 2417 ± 226 3007 ± 230 2456 ± 255 4739 ± 635 4722 ± 512 4686 ± 562 4115 ± 287 O ˃ Y - - - -

N 3397 ± 437 7037 ± 2648 2924 ± 291 6037 ± 2164 2553 ± 250 2856 ± 463 2392 ± 219 2805 ± 314 O > Y WT>KO - WT: O>Y, 

KO: O=Y

-

mg 195 ± 35 164 ± 25 152 ± 21 122 ± 25 656 ± 126 518 ± 46 400 ± 63 230 ± 31 O ˃ Y WT ˃ KO Sed > Ex WT: O>>Y, 

KO: O>Y

-

% 0.64 ± 0.10 0.55 ± 0.07 0.54 ± 0.07 0.46 ± 0.08 1.63 ± 0.22 1.44 ± 0.10 1.19 ± 0.14 0.74 ± 0.09 O ˃ Y WT ˃ KO Sed > Ex WT: O>>Y, 

KO: O>Y

-

mg 325 ± 9 316 ± 10 258 ± 8 244 ± 7 308 ± 7 307 ± 4 242 ± 5 237 ± 6 Y ˃ O WT ˃ KO - - -

% 1.11 ± 0.04 1.10 ± 0.03 0.93 ± 0.04 0.99 ± 0.04 0.84 ± 0.04 0.88 ± 0.03 0.80 ± 0.04 0.78 ± 0.02 Y ˃ O WT ˃ KO - - -

mg 11.5 ± 1.8 9.9 ± 0.2 9.1 ± 0.2 9.0 ± 0.4 10.7 ± 0.3 10.7 ± 0.3 9.0 ± 0.6 10.0 ± 0.6 - WT ˃ KO - - -

% 0.039 ± 0.005 0.034 ± 0.001 0.033 ± 0.001 0.036 ± 0.001 0.029 ± 0.001 0.031 ± 0.001 0.029 ± 0.001 0.033 ± 0.002 Y ˃ O - - - Sed: WT>KO, 

Ex: KO>WT

mg 25 ± 2 25 ± 2 20 ± 2 19 ± 1 23 ± 2 27 ± 1 23 ± 1 21 ± 1 - WT ˃ KO - - -

% 0.086 ± 0.005 0.089 ± 0.007 0.070 ± 0.007 0.075 ± 0.006 0.065 ± 0.004 0.078 ± 0.003 0.078 ± 0.007 0.069 ± 0.003 Y ˃ O* - - WT: Y>O, 

KO: Y=O

-

Achilles tendon

Inguinal adipose tissue

    Retroperitoneal adipose tissue

    Epididymal adipose tissue

    Mesenteric adipose tissue

Brown adipose tissue

Abdominal adipose tissue

Sedentary ExerciseSedentary Exercise Sedentary Exercise Sedentary Exercise

Young Old 3-way ANOVA

Wild-type Sparc  knockout Wild-type Sparc  knockout

Gastrocnemius

Soleus

Extensor digitorum longus
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Figure 24.1. Oral Glucose Tolerance Test. Glucose tolerance decreased with Sparc KO and increased with 

exercise. The ageing also decreased the glucose tolerance only in WT mice (not in Sparc KO mice). The 4-

way ANOVA analysis also revealed an interaction (age × genotype × exercise) in which ageing decreased the 

tolerance only in WT-Ex mice (not WT-Sed mice) and increased the glucose tolerance in KO-Ex mice (not 

KO-Sed mice). All data are mean ± SEM. The number of mice: 11–12 mice per experimental condition. 

Abbreviations: AUC, area under the curve; Ex, exercise; KO, knockout; O, old; Sed, sedentary; Sparc, 

secreted protein acidic and rich in cysteine; WT, wild-type; Y, young. 

24.5.1.3. Glycogen Content and Glucose Transporter Type 4 (GLUT4) Expression in 

the Muscle 

For the muscular expression of GLUT4 (Figure 24.2A), ageing and the Sparc KO 

decreased it, but exercise increased it. The interaction (age × genotype) revealed that the 

ageing effect was only seen in the WT mice. 

Among the three variables, only the genotype had an effect on the glycogen content 

(Figure 24.2B). The Sparc KO increased the muscular glycogen. 
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Figure 24.2. Glucose transporter type 4 (GLUT4) expression and glycogen content in the muscle. (A) 

Ageing and Sparc KO decreased muscular expression of GLUT4, but exercise increased it. The interaction 

(age × genotype) revealed that the effect of ageing was only seen in WT mice. (B) Sparc KO increased the 

muscular glycogen. All data are mean ± SEM. The number of mice: 11–12 mice per experimental condition. 

Abbreviations: Ex, exercise; KO, knockout; Sed, sedentary; Sparc, secreted protein acidic and rich in 

cysteine; WT, wild-type. 

24.5.2. Sparc Transgeneic (Tg) Mice 

 The study involved 32 mice. They were divided into four groups depending on the 

genotype, Tg (Sparc overexpression) or WT, and sex, male (M) or female (F). Therefore, 

we had four groups: Tg-M (n = 9), WT-M (n = 7), Tg-F (n = 11), and WT-F (n = 5). 

24.5.2.1. Tissues Weights 

The mice overexpressing Sparc tended to have larger total skeletal muscle mass 

(GC, Sol, TA, and EDL) (Figure 24.3A). In addition, the muscle mass was greater in the 

male mice than in the female mice. For the IngAT mass (Figure 24.3B), the decreased 

(trend) weight was only seen in the male mice (by 23%), whereas the male mice had more 

IngAT than the female mice. 

 

 
Figure 24.3. Total muscle and inguinal adipose tissue weights. (A) Sparc overexpression tended to 

increase the total skeletal muscles (gastrocnemius, soleus, tibialis anterior, and extensor digitorum longus) 

weight. Male mice had a heavier muscle weight than female mice. For the inguinal adipose tissue (B), 

the Sparc overexpression decreased its weight in male mice by 23%. Male mice had more inguinal adipose 

tissue than female mice. All data are mean ± SEM. The number of mice: 5–11 mice per experimental 

condition. *: Trend (0.05 ≤ p ≤ 0.1). Abbreviations: g, gram; Sparc, secreted protein acidic and rich in 

cysteine; Tg, transgenic (Sparc overexpression); WT, wild-type. 

24.5.2.2. Muscle Strength (Grip Power Test) 

 The mice overexpressing Sparc had a greater grip power, and the female mice had a 

higher grip power than the male mice (Figure 24.4). The grip power is given as a muscle 

strength divided by the body weight. 
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Figure 24.4. Muscle strength (grip power test). Sparc overexpression increased the grip power. Female 

mice had a higher grip power per body weight than male mice. All data are mean ± SEM. The number of 

mice: 5–11 mice per experimental condition. Abbreviations: g, gram; Sparc, secreted protein acidic and rich 

in cysteine; Tg, transgenic (Sparc overexpression); WT, wild-type. 

 

24.5.2.3. Glycemia, Glucose Transporter Type 4 (GLUT4), and Mitochondrially 

Encoded Cytochrome c Oxidase II (MT-CO2) Expression in the Muscle 

 We measured the fasting glycemia along with the protein expression of both the 

GLUT4 and the MT-CO2. These measures are a part of a set of parameters that - together 

with our designed context - support our conclusions. 

The Sparc overexpressed mice had a lower fasting blood glucose level along with 

higher expressions of both the GLUT4 and the MT-CO2 (Figure 24.5). The female mice 

had a lower fasting glucose level than the male mice. We also confirmed that SPARC is 

constantly overexpressed in the Sparc Tg mice, regardless of generation or sex. The 

SPARC expression also correlated with the GLUT4 and MT-CO2 expression, which 

confirms the genotype effect. 
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Figure 24.5. Glycemia as well as glucose transporter type 4 (GLUT4) and mitochondrially encoded 

cytochrome c oxidase II (MT-CO2) expressions in the muscle of F1 and F2 mice. As metabolic indicators, 

our measures showed that Sparc overexpression leads to a lower blood glucose (A) along with higher 

expressions of both GLUT4 and MT-CO2 (B). Glucose is lower in females compared to males as well (A). 

We also confirmed that SPARC is constantly overexpressed in Sparc Tg mice regardless of generation or sex 

(B). For the glycemia, all data are mean ± SEM, and the number of mice: 5 -11 mice per experimental 

condition. Abbreviations: SPARC/Sparc, secreted protein acidic and rich in cysteine; Tg, transgenic 

(Sparc overexpression); WT, wild type; Tg1, Sparc Tg line 1; Tg5, Sparc Tg line 5; Tg6, Sparc Tg line 6. 

24.6 Discussion 

 For the Sparc Tg experiment, the male mice had a higher body weight than the 

female mice (Figure 24.S1). This could have impacted the statistical analyses of IngAT and 

muscle (higher in males) (Figure 24.3) as well as the grip power (lower in males) as the 

grip power was divided by the body weight (Figure 24.4). Thus, the sex effect will not be 

discussed because we already have a sex effect on the body weight. We will focus, rather, 

on the genotype (Sparc overexpression) effect in the discussions. For the Sparc KO 

experiment, the discussions will include the three variables (genotype, age and exercise). 

The roles that SPARC plays at various levels, as shown by the published evidence, 

allowed us to predicate some of the impacts that SPARC deficiency and SPARC 

overexpression would have. These impacts are to be explored to build/optimize animal 

models of health conditions or diseases as well as to be starting points towards novel 

molecular therapies. Our data, compiled with the previous evidence, allow us to suggest 

new SPARC-related models and applications. As illustrated below, we highlight 

that Sparc KO mice would represent (accelerated) ageing animal models. After that, we 

also give other examples of how Sparc KO mice could be models, or a starting point to 

build models, of other diseases or health conditions as well. 
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24.6.1. Sparc KO to Optimize (Accelerated) Ageing Animal Models 

 Ageing is the biological process of the progressive loss of homeostatic and 

metabolic functions, along with compromised physical performance and physiological 

integrity [40,41], such as a decline in aerobic capacity [3], reduced muscle oxidative 

capacity [2], and imbalanced glucose utilization [6]. It leads to new cellular, metabolic, and 

molecular (including transcriptional [42]) patterns, with a pathophysiological predisposition 

for diseases [43,44]. Therefore, understanding the underlying mechanisms of ageing and 

the related metabolic and structural properties is very important to optimize healthcare. In 

this context, various (accelerated) ageing animal models have been developed to study 

ageing [45], especially mouse models [46,47]. They represent animals that have been 

modified (such as with chemicals [48]) in order to biologically mimic what is seen during 

ageing. 

 On the other hand, our previous [11] and current in vivo results showed that ageing 

increased adiposity and body weight but decreased muscle mass, strength, glucose 

tolerance (in WT mice), and glucose muscular uptake (GLUT4). To highlight the 

similarities between ageing effects (either shown from our data or from the literature) 

and Sparc KO, our data, as well as the results we previously reported from the same set 

of Sparc KO experiment mice [11], showed that Sparc KO led to an ageing-like phenotype, 

including muscle loss, grip power reduction, lower oxidative phosphorylation, glucose 

intolerance, and reduced glucose transport into muscles. 

 A part of the ageing-like phenotype is the similarity between the Sparc KO 

phenotype and sarcopenia. Sarcopenia, for which ageing represents a risk factor [37], is 

characterized by a generalized loss of muscle mass and strength [49]. This clinical 

definition fits with the Sparc KO phenotype (low muscle mass, reduced muscle metabolic 

performance, and reduced muscle strength) as we reported previously [11] on the signs that 

are also related to both ageing and a sedentary lifestyle [39], which are impacted by 

myokines, including SPARC [39]. The Sparc KO consequences on muscle are probably 

due, in part, to the interaction between SPARC and actin, which are important for muscle 

function [50]. Regarding the Sparc KO mice, we saw an increased glycogen content in the 

muscles in addition to the muscle loss. Thus, not only did the Sparc KO mice have lower 

muscle weight, but a part of that weight was glycogen, which suggests further reduced 

mechanical properties, as shown by the reduced muscle strength in Sparc KO mice [11]. 

Moreover, the impact of the SPARC deficiency could also contribute to the reduced grip-

power performance of the Sparc KO mice. Indeed, the extracellular matrix collagen fibrils 

are important in tendons [51,52]. Thus, the interaction of SPARC with both the 

extracellular matrix and the collagen would contribute to the impact Sparc KO had on the 

Achilles tendon (reduced weight that could reflect a lack of development) and eventually 

even impact the grip power (also decreased in the Sparc KO mice [11]). In particular, 

SPARC is required for tendon mechanobiology, and its deficiency impairs tendon 

maturation [53]. 
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 The declined mitochondrial functions (MT-CO1 [11]) in the Sparc KO mice 

(considered as an ageing model), as well as the anti-SPARC antibody-induced decrease in 

the expression of mitochondrial proteins, ubiquinol-cytochrome c reductase core protein II 

(UQCRC2) and succinate dehydrogenase iron-sulfur subunit (SDHB) in muscle cells [13], 

support the mitochondrial theory of ageing [54] and further highlight SPARC as an 

important factor in the age-related changes, as illustrated by the decreased myogenesis and 

myogenin expression in the C2C12 muscle cells following the treatment with the anti-

SPARC antibody [13]. The glucose intolerance (revealed by the OGTT) in Sparc KO mice 

also mimics ageing-related glucose intolerance [55]. 

 For the adiposity, our data show that the Sparc KO reduced the AT weight and the 

adipocyte number only in the visceral AT (EpiAT) and not the subcutaneous AT (IngAT), a 

pattern that can be explained by the suggestion that SPARC expression in the AT is 

predominant in the subcutaneous AT [56], as shown by the SPARC mRNA expression that 

was significantly higher in the subcutaneous abdominal adipose tissue compared to the 

visceral adipose tissue [57]. The property SPARC had on white AT, and also on BAT, 

towards improving their metabolic performance would also have consequences. Indeed, 

whereas SPARC induced lipolysis, fat oxidation, and browning in the white adipocytes and 

BAT activation, its knockdown reduced the markers of these metabolic pathways [58]. 

Thus, Sparc KO would be towards adiposity development resulting from a poor local 

metabolic rate of the adipose tissues. In our Sparc KO mice, we have an increased BAT 

weight percentage that would rather be a white AT depot inside the BAT areas (infiltration) 

that could reflect a Sparc KO-dependent fat distribution. For the BAT, we still have the 

effect of the exercise that increased (percentage weight). Together (BAT increase with 

exercise and decrease with Sparc KO), these elements support the fact that our BAT was 

infiltrated with white AT (two tissues together in the BAT location) and that the exercise-

induced increase is due to BAT, whereas the Sparc KO-induced increase is due to the 

infiltrating of white AT into BAT location. This is confirmed by the interaction between the 

genotype and exercise effects that reveal that the Sparc KO increased BAT only in the 

exercised mice and not in the sedentary mice. On the other hand, although ageing tends 

towards body fat increase [59], the Sparc KO reduced visceral adiposity (AbdAT). This can 

be explained by the fact that the Sparc KO mice have a higher glycogen content, suggesting 

that the energy storage takes the form of muscular glycogen (suggested explanation 

in Section 24.6.2) rather than fat storage in adipocytes. Although AT is heterogenic in male 

C57BL/6J mice (that we have used) [60] and its growth has a dynamic between 

hypertrophy and hyperplasia [61], we have seen no genotype effect on the EpiAT and 

IngAT adipocytes size. This supports our hypothesis, which states that to see a SPARC 

deficiency-related difference in the adipocyte, we need to induce obesity as HFD-induced 

obesity is enhanced in the absence of SPARC [62]. The high muscle mass (storage ability) 

percentage (in humans, it is 40% of total body weight [37]) compared to the body fat also 

supports this energy storage redistribution from adiposity to muscle glycogen seen 

in Sparc KO, especially given that our mice were fed a chow diet and not a high-fat diet 
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(HFD). Indeed, HFD-induced obesity is enhanced in the absence of SPARC [62]. 

Therefore, non-similarity between the age-related changes and the Sparc KO impacts of 

adiposity in our study can be overcome by feeding mice HFD and building a new age-

related animal model of sarcopenic obesity (Section 24.6.3). 

 Moreover, SPARC declines with ageing would also be implicated in the age-related 

decline in muscle cell regeneration [63,64] as SPARC has been pointed out as a 

regeneration factor [65] and, whereas the anti-SPARC antibody prevented the 

differentiation of C2C12 myoblasts, adding SPARC increased the differentiation [13]. 

Importantly, for the properties in which we had an interaction between age and genotype, 

the Sparc KO effects are more significant in the young mice compared to the old mice. This 

is explained by the fact that SPARC declines with ageing and, thus, SPARC deficiency will 

have more impacts in young mice compared to old/aged mice that already have an age-

related reduced SPARC expression. This is seen, for instance, in AbdAT, RetAT, EpiAT, 

and MesAT, where the difference in AT weight between old and young is more important 

in the WT mice (KO reduces the age-dependent difference). 

 Moreover, other data of the literature report other ageing-like changes that result 

from SPARC deficiency, such as reduced bone formation and osteoblast number [16], 

osteopenia [25,66], diminished levels of collagen [62], early onset of cataracts [21,67], 

immune alterations [68], and accelerated degeneration [69,70]. Thus, this further highlights 

the similarities between ageing biological patterns and SPARC deficiency and supports the 

classification of Sparc KO mice as an accelerated ageing animal model. 

24.6.2. Sparc KO as Type 1 Diabetes Model? 

 As impaired glucose tolerance has been reported in SPARC-deficient mice [62,71] 

and Atorrasagasti et al. showed evidence that SPARC deficiency produced diabetic mice 

[71]. However, they also showed that the mice had an impaired insulin-secretion capacity 

rather than insulin resistance (on HFD) [71]. Such findings point to a type 1 diabetes-like 

phenotype (rather than type 2 diabetes), especially as it has been suggested that SPARC 

plays a role in insulin secretion [72] and promotes insulin secretion in pancreatic β cells 

[73]. Therefore, SPARC deficiency would reduce insulin secretion (independently of 

insulin resistance) [72]. 

 As glucose intolerance characterises diabetes [74] and OGTT is one of the most 

widely used methods to characterise diabetes mouse models [75], we performed an OGTT, 

along with other metabolic measures, during our Sparc KO study. Our data support the 

findings of Atorrasagasti et al. Indeed, we have found that Sparc KO reduced both glucose 

tolerance as well as glucose uptake (GLUT4). The analysis of the interaction between the 

age, genotype, and exercise shows that there is no difference between the young and old 

mice of the Sparc KO sedentary mice, but in the Sparc KO exercise mice, the old mice had 

a better glucose tolerance than the young mice. This is explained by the higher expression 

of SPARC in the young mice compared to the old mice. Thus, SPARC deficiency would 

have a greater impact on the younger mice. The exploration of the mitochondrial 
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metabolism revealed that Sparc KO reduced the expression of MT-CO1 (mitochiondrial 

oxidative phosphorylation) [11] and also increased glycogen storage in muscle. This Sparc 

KO-induced increase in the glycogen content in the muscle suggests that, overall, Sparc 

KO shifts the metabolic homeostasis from glucose utilization/AT fat storage towards 

muscle glycogen storage. It might indicate that SPARC is required for the glycogen 

breakdown and/or that SPARC deficiency would increase glycogenesis and/or reduce 

glycogenolysis. The Sparc KO induced increase in muscle glycogen requires further 

investigation, which could lead to the elucidation of metabolic patterns that would further 

add to the mechanistic explanations of how SPARC deficiency impacts glucose metabolism 

(decreased glucose tolerance, mitochondrial metabolism [11], and glucose GLUT4 uptake) 

and lead to both abnormal glucose metabolism [71] and glycogen usage, especially after 

researchers started investigating the links between SPARC and skeletal muscle glycogen 

breakdown [76]. It is worth noting that the increased glucose intolerance in our Sparc KO 

mice correlates with the decreased GLUT4 expression in the same mice and the previously 

reported impaired insulin secretion in SPARC-deficient mice [71]. The declined metabolic 

performance of the muscle, combined with the diabetes-like phenotype in the Sparc KO 

mice, would limit their need for glycogenolysis-released glucose and, thus, might conserve 

the glycogen storage more than in the WT mice. This could also explain the increased 

glycogen content in the muscles. In addition, Sparc KO amplified the HFD-induced obesity 

[62]. Therefore, a combination of Sparc KO and a HFD could further optimize such an 

impaired-glucose homeostasis model (add insulin resistance), knowing the links between 

obesity and diabetes through either HFD induced or obesity-related insulin resistance. 

24.6.3. Sparc KO to Optimize Sarcopenic Obesity 

 Sarcopenic obesity is an age-related health problem in which we see a combination 

of obesity with a reduced muscle mass and strength [77]. Above, we have detailed 

similarities between the Sparc KO muscle phenotype and sarcopenia. The enhanced HFD-

induced obesity in Sparc KO mice [62] would be a good example of how Sparc KO mice 

can be a starting model from which to build an optimized model on it. It indicates that we 

can apply the diverse method used to generate obesity models [78] on the Sparc KO mice 

to create an obesity model with enhanced obesity features. The model of the Sparc KO will 

manifest reduced muscle mass and muscle power [11] combined with the enhancement of 

HFD induced obesity [62]. Therefore, combining the KO (and even a knockdown) of Sparc 

and an HFD would build a sarcopenic obesity animal model. In addition, such models 

would be further optimized in aged animals (compared to young animals), especially given 

that ageing and obesity have shared patterns [79]. The advantages of such an animal model 

are that it would have the two features of the disease that are enhanced. Indeed, whereas the 

ageing would be accelerated with the Sparc KO, the HFD-induced obesity will also be 

enhanced by the Sparc KO. This is of particular importance because we can create two 

conditions with one approach, Sparc KO (instead of using one method to generate 
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sarcopenia and another one to enhance obesity), which will reduce the variabilities and the 

limitations of such an animal model. 

24.6.4. SPARC Overexpression Mimics Exercise Benefits 

 In our Sparc Tg mice that overexpress SPARC, we did not observe any side effects 

of the Sparc Tg, even up to 10 months old. In addition, for the body weight as well as the 

key metabolic and functional tissues, including the heart, liver, kidney, pancreas, spleen, 

and femur, there is no impact of the SPARC overexpression on tissue weights (data not 

shown), which would reflect no abnormal growth and the safety of overexpressing SPARC 

in terms of possible carcinogenesis. In fact, we have previously reviewed data that even 

suggested an antitumor character of SPARC [80]. 

 It has already been suggested that SPARC treatment mimics the exercise effects by 

enhancing the glucose uptake (and glucose tolerance) in skeletal muscle [81]. This 

correlates with the increase in GLUT4 expression and the lower glycemia seen in our Sparc 

Tg mice. It also fits with the exercise-induced GLUT4-increased expression [82] and the 

SPARC-induced increase in glucose uptake and GLUT4 levels combined with the SPARC 

knockdown-induced GLUT4 protein level reduction [30]. The overexpression of SPARC 

in our Tg mice also leads to an increased muscle weight (trend), muscle strength, and 

mitochondrial oxidative phosphorylation (MT-CO2) expression, along with reduced IngAT 

in male mice (trend). Moreover, our previous in vitro study showed that adding or inducing 

SPARC in C2C12 muscle cells increased their differentiation, myogenin expression, 

collagen expression, and the expression of two mitochondrial proteins (UQCRC2 and 

SDHB) [13] and a mitochondrial biogenesis master regulator (PGC-1α) [8]. The reduced 

adiposity in Tg mice correlated with the property SPARC had on white AT and also on 

BAT towards improving their metabolic performance (lipolysis, fat oxidation, and 

browning in white adipocytes and BAT activation [58]). Similarly, our previous [11] and 

current in vivo results indicated that whereas exercise improved muscle (TA) mass, grip 

power (trend), glucose tolerance, collagen expression (trend), glucose uptake (GLUT4 

expression), and mitochondrial oxidative phosphorylation (MT-CO1 expression), it reduced 

adiposity and body weight (trend). In addition, it has already been documented that exercise 

increased muscle mass [83], muscle oxidative capacity [2], muscle strength [84], and 

mitochondrial oxidative phosphorylation [11]. Exercise also reduced adiposity [85] and 

increased muscle differentiation [86], mitochondrial biogenesis [87] and, in general, 

attenuated age-related decreases in muscle properties (regeneration, metabolism, strength, 

and mass) [41]. All together, these properties show key similarities between SPARC 

overexpression and exercise benefits and exemplify how exercise-induced myokines 

(including SPARC) can explain the impacts of exercise, especially in the aged population 

[88] and on metabolism [89]. In addition, SPARC has been pointed to in the mediation of 

other effects that are also produced by exercise, such as tumor growth suppression [80,90] 

and the anti-inflammatory effect [91]. 
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 Such observations have two main implications. First, they further support the 

implication of SPARC as a key biomolecular mediator of the exercise benefits and place 

SPARC as the mechanistic link between exercise and its benefits. This leads us to the 

second implication, which is the possible therapeutic use of SPARC or its related pathways 

to induce exercise-like effects without performing exercise. The benefits would also include 

other exercise-related benefits such as tumor growth suppression [90]. 

24.7 Materials and Methods 

 Our work is divided into two parts. First, we explore the effects of Sparc knockout 

(KO) and compare them to the ageing consequences. We also observe the effects of 

exercise. In the second part, we study the effects of Sparc overexpression and compare 

them to the exercise benefits. At the end, we make combinatory analyses of the results to 

point out the analogies between the Sparc KO and the ageing-like phenotype on the one 

hand and make comparisons between Sparc overexpression and exercise in the context of 

exercise counteracting ageing. 

 To optimize the results of both parts towards the combinatory conclusions, the mice 

of both studies had the same genetic background, C57BL/6J. The C57BL/6J mouse, with a 

lifespan of around 104 weeks (26 months) [92,93], is the most commonly used strain for  

genetic and/or transgenic study that also consistently shows the highest level of voluntary 

wheel-running (suitable for exercise) [94], and in this strain, exercise capacity declines with 

age [95]. These properties make C57BL/6J mouse strain suitable for our studies, which 

both use transgenic mice and explore exercise effects. Furthermore, the mice of both 

studies were housed at the same animal facility of the CHU de Québec-Université Laval 

Research Center (12 h light/dark cycle), under the same conditions and fed with the same 

chow diet (Teklad global 18% protein rodent diets [96]) and had access to food and water 

ad libitum during the whole experimental period (except for fasting periods, during which 

they had access to water only). All the mice were sacrificed by cardiac puncture following 

isoflurane inhalation anesthesia. Figure 24.6 summarizes the key experimental designs that 

we detail below. 
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Figure 24.6. Experimental designs to explore the impacts of Sparc KO (in the context of ageing and 

exercise) as well as the impacts of Sparc overexpression in both male and female mice. For each 

experiment, a number of parameters have been conducted. Abbreviations: KO, knockout; Sparc, 

secreted protein acidic and rich in cysteine; Tg, transgenic (Sparc overexpression). 

24.7.1. Sparc KO Experiment 

 The first study was carried out on biological samples from the mice used in our 

previous study. The previous study we conducted mainly focused on the effects of exercise 

patterns and suggested that exercise-induced muscle phenotype changes are SPARC 

dependent [11]. In this continuation, we aim to rather identify the potential similarities 

between the Sparc KO phenotype and ageing. Therefore, we performed additional measures 

towards a set of data to validate our hypothesis linking Sparc KO to an ageing-like 

phenotype. Briefly, the study was carried out on male mice and involved both WT mice 

(C57BL/6J) and Sparc KO mice (129/Sv-C57BL/6J). Whereas the WT mice were from the 

Jackson Laboratory (https://www.jax.org/, Accessed date: 31 December 2021), the Sparc 

KO mice were generated via in vitro fertilization using Sparc KO mice sperm generously 

provided by Dr. Amy D. Bradshaw, who generated the Sparc KO mice, as previously 

described [62,97]. Each age-group of mice (young (Y) and old (O)) was divided based on 

the genotype (KO or WT) to obtain 4 groups: Y-KO, Y-WT, O-KO, and O-WT. Finally, 

each of these 4 groups was further subdivided into two groups according to whether they 

were exercising (Ex) or sedentary (Sed) mice. Therefore, our experimental design included 

8 groups: Y-WT-Sed, Y-WT-Ex, Y-KO-Sed, Y-KO-Ex, O-WT-Sed, O-WT-Ex, O-KO-

Sed, and O-KO-Ex. Each group had 11 to 12 mice (Figure 24.6). 

 The exercising mice were trained (starting at the age of 9 weeks for the young mice 

and 66 weeks for the old mice) on running wheels (Lafayette instrument Co, Lafayette, IN, 

USA) placed horizontally. The exercise groups were trained during the dark phase. The 

exercising mice were trained for a total of 12 weeks. Based on previously reported 
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protocols, also applied to C57BL/6J mice [94,95], we first determined the speed at the 

lactate threshold (LT), at which the mice were trained afterwards on running wheels. The 

training speed was fixed as the LT intensity based on the benefits and effects that such an 

exercise pattern has been shown to produce, including those on glucose effectiveness, body 

fat percentage, insulin sensitivity, blood pressure, physical fitness, and lipid profile [7,98–

101]. The LT level was also the speed used during the study during which SPARC has been 

characterised as an exercise-induced gene [7]. Moreover, as this part mainly focuses on 

exploring the potential similarities between the Sparc KO phenotype and ageing, the LT 

speed was selected for the exercise as its intensity can be prescribed for an older person 

[99]. 

 To optimize our design, the sedentary mice were also taken to the training room to 

experiment with similar stimuli (auditory, olfactory, photonic, etc.) to that of the trained 

mice during the exercise sessions (60 min/day, five times/week). The running was mainly 

voluntary as no potentially harmful stimulations (such as electricity [95]) were applied to 

force the mice to run. To ensure that all the mice ran at the same speed and during the same 

period (similar exercise amounts), we used a small hand air pump to apply a light air 

stimulation a few times during the training sessions. We chose to conduct this part of our 

investigation on male mice because we aimed to explore the muscles in the context of 

exercise and ageing. Skeletal muscle development and response to exercise, as well as 

sarcopenic (age-related) muscle mass and strength loss, are more important in males 

compared to females [102,103]. In addition, exercise-induced SPARC levels correlate with 

skeletal muscle mass [104]. Therefore, a decline (Sparc KO/ageing) or enhancement 

(exercise) in functions and metabolic performances of the muscle would be more likely to 

be seen in males. 

24.7.1.1. Mice Sacrifice and Tissue Weights 

 The mice were sacrificed at the age of 21 weeks for the young mice and at the age 

of 78 weeks for the old mice. They were sacrificed 48 h after the end of the 12 weeks of 

exercise training to avoid the acute impacts of the exercise on the measurements conducted 

afterwards. Immediately after the sacrifice of each mouse, its tissues were weighed. The 

tissues of concern were the Achilles tendon, brown adipose tissue (BAT), inguinal adipose 

tissue (IngAT), abdominal adipose tissue (AbdAT), retroperitoneal adipose tissue (RetAT), 

epididymal adipose tissue (EpiAT), and Mesenteric adipose tissue (MesAT) and the three 

muscles, gastrocnemius (GC), soleus (Sol), and extensor digitorum longus (EDL). As for 

the tissues that were used later for either Western blot or glycogen quantification, they were 

snap frozen in liquid nitrogen then moved to -80 ◦C and stored until use. 

24.7.1.2. Oral Glucose Tolerance Test (OGTT) 

 In order to evaluate the glucose tolerance in mice [75], we performed an oral 

glucose tolerance test (OGTT). The mice were fasted for 6 h prior to the glucose gavage. 

After the glucose (prepared from 45% solution, Sigma-Aldrich Canada Co., Oakville, ON, 
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Canada) oral gavage (2 mg of glucose per 1 g of body weight), we measured the glycemia 5 

times: 0, 15, 30, 60, and 120 min after glucose gavage. These 5 timepoints allowed us to 

obtain a curve and calculate the area under the curve (AUC) [105]. The OGTTs were 

administered three times (a total of three AUCs), at pre-training, at week 5, and at the end 

of week 12 of the training. The blood glucose levels were measured via tail pricking with a 

needle to collect blood samples on glucose test strips that were then inserted into a blood 

glucose meter (Accu Chek, Roche Diabetes Care, Inc., Mississauga, ON, Canada) to read 

the blood glucose levels. 

24.7.1.3. Muscle Glucose Transporter Type 4 (GLUT4) Expression (Western Blot) 

 The glucose transporter type 4 (GLUT4) is a transporter that increases with exercise 

training, allowing glucose to enter the muscles [82]. We measured the expression of 

GLUT4 in the tibialis anterior (TA) muscle because it is the skeletal muscle for which we 

previously had an effect of age (decrease), genotype (decrease), and exercise (increase) on 

either its weight or its weight percentage [11]. To measure the expression of GLUT4, the 

total proteins were extracted from the TA muscle, using a radio-immunoprecipitation assay 

(RIPA) buffer and a protease inhibitor cocktail (Sigma-Aldrich Canada Co.), and followed 

by a protein quantification of each protein extract using a Bio-Rad protein assay (Bio-Rad 

Laboratories Ltd., Mississauga, ON, Canada). The protein extracts were kept at -80 ◦C until 

the Western blot was performed. Five micrograms of proteins was separated by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the TGX Stain-Free 

FastCast acrylamide solutions (Bio-Rad Laboratories Ltd.), and the trihalo compound in the 

gels was activated under UV light. Then, the total proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories Ltd.), and the gels 

(before and after the transfer) and membranes were visualized under UV light by using the 

AlphaImager TM 1220 (Alpha Innotech Co., San Leandro, CA, USA). The membranes 

were blocked using the Pierce™ Protein-Free (TBS) blocking buffer (Life Technologies 

Inc., Burlington, ON, Canada), incubated overnight with 1/1600 dilution (in the blocking 

buffer) of the primary antibody (sc-7938, Santa Cruz Biotechnology Inc., Dallas, TX, USA) 

and a 1 h incubation with a 1/10,000 dilution (in the blocking buffer) of the secondary 

antibody (sc-2004, Santa Cruz Biotechnology Inc.) and finally visualized with the Clarity™ 

Western ECL Blotting Substrate on a film (Bio-Rad Laboratories Ltd.). As the total number 

of mice (samples) was 95, we used many gels to load all the samples. Therefore, we needed 

an intermembranes and interfilms normalization method to both optimize and quantify 

these Western blot results. First, the visualized total proteins on the membranes and target 

proteins on the films were quantified using ImageJ software (ImageJ bundled with 64-bit 

Java 1.8.0_172, U. S. National Institutes of Health, Bethesda, MD, USA) [106]. The 

methodology of the lane and band quantifications, followed by the expression evaluations, 

was performed according to Taylor et al. [107,108], as we have detailed in one of our 

previous works [109]. 
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24.7.1.4. Skeletal Muscle Glycogen Content 

 In order to further explore the metabolic phenotype of the muscle, we measured the 

glycogen content in the gastrocnemius (GC) muscle. The method was based on the protocol 

previously published [110]. We used the standard curve to quantify the glycogen in the 

solution. We divided the glycogen content by the GC weight to have the glycogen content 

in µg per mg of muscle. 

24.7.1.5. Histological Analysis of the White Adipose Tissue 

 We analyzed both the inguinal and the epididymal adipocytes. These two locations 

are representative of the subcutaneous and visceral adipocytes, respectively. Immediately 

after the sacrifice, the adipose tissue depots (inguinal and epididymal) were harvested and 

fixed in 4% paraformaldehyde for 48 h and then paraffin-embedded for use in histology 

(hematoxylin and eosin staining). Slices of 5 µm were prepared for the paraffin-embedded 

tissue sections. The section images were taken using the microscope Nikon Eclipse E800 

(magnification of ×20) combined with a digital camera Nikon D5500, Nikon corporation 

(magnification of ×2). The cross-sectional area analysis of the adipocyte diamaters was 

performed using the ImageJ [106]. For each mouse, we had 5 images, and we analysed the 

cross-sectional area of 7 adipocytes from each image. In total, we had 35 cross-sectional 

areas for each adipose tissue sample. We also, based on the cross-sectional area and the 

adipose tissue weight of each mouse, estimated the number of the adipocytes [111]. 

24.7.1.6. Statistical Analyses 

 The data were analyzed by three-way (age, genotype, and exercise) and four-way 

(plus time for the OGTT) ANOVA. When the ANOVA revealed a significant interaction 

between two or three variables, the Tukey Kramer post hoc test was performed to identify 

the significant difference between the groups (p < 0.05). A trend corresponds to 0.05 ≤ p < 

0.1. In the results section, all the effects are significant (p < 0.05), unless mentioned as a 

trend. The number of mice (11–12 mice per experimental condition) was based on the 

results of a power analysis by setting the statistical power at 80% (α = 0.05 and β = 0.2) 

with our previous study, which used the same strain of WT mice [112]. 

24.7.2. Sparc Overexpression (Sparc Tg) Experiment 

 We used transgenic mice overexpressing Sparc (Sparc Tg) and WT mice, both with 

the same genetic background as those used in the Sparc KO experiment. The PiggyBac 

transposase-mediated gene transfer was used to create transgenic lines expressing mouse 

Sparc under the control of a strong and ubiquitous CAG promoter (CMV early enhancer 

fused to modified chicken b-actin promoter) in a C57BL/6 mouse. In the PiggyBac vector, 

the “CAG promoter-Kozak-mouse Sparc CDS-polyA” cassette was flanked by two 

PiggyBac inverted terminal repeat sequences (ITRs) to facilitate the transpose-mediated 

transgene integration. The verified PiggyBac vector carrying the transgenic cassette was co-

injected with transposases into the pronucleus of fertilized eggs, and the eggs were 
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implanted into surrogate mothers to obtain offspring. The pups were genotyped by PCR to 

identify the ones carrying the desired PiggyBac transgene. The positive founder mice were 

counter screened for transposes. Out of 25 pups screened, 6 were identified positive (Tg1 to 

Tg6, 4 males, and 2 females). The procedure above was performed by Cyagen Biosciences 

[113]. 

24.7.2.1. Confirming the SPARC/Sparc Gene Overexpression and Selecting Mice 

(Western blot and Q_RT-PCR) 

 After all 4 male and 2 female Sparc Tg mice were transfered to our animal facility, 

the F1 mice were produced with an average of 8.4 F1 pups per F0 mouse (the ratio of male 

to female pups was 0.84). As no known toxic component was included in this design, the 

only risk was that the transgenic cassette could have been randomly inserted into the 

genome and may have disrupted the endogenous genes. This is why we used multiple 

transgenic founders to minimize this artificial effect. The overall expression level in various 

tissues will be affected by the regulatory mechanism of the CAG promoters and the 

turnover time of the protein itself, which could be variable in every tissue. Thus, we also 

investigated the SPARC expression in several tissues using quantitative real-time PCR 

(Q_RT-PCR) and/or Western blot. 

 For the Western blot, we measured the expression of SPARC in the TA, heart, liver, 

BAT, IngAT, and gonadal (Gon) AT. On the day of the sacrifice, the tissues were removed 

and quickly put in liquid nitrogen (snap frozen), then moved to -80 ◦C and kept until the 

protein extraction procedure (See Section 24.7.1.3). The protein extracts were kept at -80 

◦C until the Western blot was performed. First, 20 and 40 micrograms of TA proteins 

(extract) of 7 mice (Tg1, Tg2, Tg4, Tg5, Tg6, and two WT) were separated by SDS-PAGE 

using the TGX Stain-Free FastCast acrylamide solutions, and the trihalo compound in the 

gels was activated under UV light. Then, the total proteins were transferred to PVDF 

membranes, and gels (before and after the transfer), and the membranes were visualized 

under UV light. The membranes were blocked for 2 h in 2% nonfat dry milk (Bio-Rad 

Laboratories Ltd.), incubated overnight with 1/250 dilution (in PierceTM Protein-Free 

(TBS) blocking buffer) of the primary antibody (AF942, R&D Systems, Inc., Minneapolis, 

MN, USA), and a  2 h incubation with 1/1000 dilution (in PierceTM Protein-Free (TBS) 

blocking buffer) of the secondary antibody (sc-2354, Santa Cruz Biotechnology Inc.), and 

finally visualized with the Clarity™ Western ECL Blotting Substrate on a film. Unlike the 

first part of this paper (Sparc KO experiment), the number of samples for each target 

protein allowed us to have all the samples loaded on the same gel. Therefore, there was no 

need for a normalization. We confirmed the similarity of the loaded proteins by visualizing 

the protein lanes on the membrane after the transfer. The visualized target proteins on the 

films were quantified using ImageJ software [106]. 

 For the Sparc gene expression analyzed by Q_RT-PCR, the tissues (TA) were 

homogenized in Qiazol buffer (Qiagen Inc., Germantown, MD, USA), and the total RNA 

was extracted using the miRNeasy micro kit on-column DNase (Qiagen Inc.) treatment 
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following the manufacturer’s instructions. The quantity of total RNA was measured using a 

NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) 

and total RNA quality was assayed on an Agilent BioAnalyzer 2100 (Agilent Technologies, 

Santa Clara, CA, USA). First-strand cDNA synthesis was accomplished using 4 ug of 

isolated RNA in a reaction containing 200 U of Superscript IV Rnase H-RT (Life 

Technologies), 300 ng of oligo-dT18, 50 ng of random hexamers, 50 mM Tris-HCl pH 8.3, 

75 mM KCl, 3 mM MgCl2, 500 uM deoxynucleotides triphosphate, 5 mM dithiothreitol, 

and 40 U of Protector RNase inhibitor (Roche Diagnostics, Indianapolis, IN, USA) in a 

final volume of 50 uL. The reaction was incubated at 25 ◦C for 10 min, then at 50 ◦C for 20 

min and inactivated at 80 ◦C for 10 min. A PCR purification kit (Qiagen Inc.) was used to 

purify the cDNA. The oligo primer pair that allows the amplification of 95 bp was designed 

by GeneTools software (Biotools, Edmonton, Alberta, Canada), and their specificity was 

verified by blast in the GenBank database. The gene name, GenBank accession number, 

and the sequences of the primer pair were the following: Mus musculus secreted acidic 

cysteine rich glycoprotein (Sparc), NM_009242, and 

CCACACGTTTCTTTGGACC/GATGTCCTGCTCCTTGATGC. The oligo primer pair 

was performed by IDT (Integrated DNA Technology, Coralville, IA, USA). A quantity 

corresponding to 20 ng of total RNA was used to perform fluorescentbased real-time PCR 

quantification using the LightCycler 480 (Roche Diagnostics). Reagent LightCycler 480 

SYBRGreen I Master (Roche Diagnostics) was used as described by the manufacturer with 

2% DMSO. The conditions for the PCR reactions were: 45 cycles, denaturation at 98 ◦C for 

10 s, annealing at 57 ◦C for 10 s, and elongation at 72 ◦C for 14 s and then 74 ◦C for 5 s 

(reading). A melting curve was performed to assess the non-specific signal. The calculation 

of the number of copies of each mRNA was performed according to Luu-The et al. [114] 

using a second derivative method and a standard curve of Cp versus logarithm of the 

quantity. The standard curve is established using known amounts of purified PCR products 

(10, 102, 103, 104, 105, and 106 copies) and a LightCycler 480 v1.5 program provided by the 

manufacturer (Roche Diagnostics). The PCR amplification efficiency was verified. The 

Q_RT-PCR measurements were performed by the CHU de Québec Research Center 

(CHUL) Gene Expression Platform, Quebec, Canada and were compliant with the MIQE 

guidelines [115,116]. 

 The results confirming the expression of SPARC and Sparc in the Tg lines are 

shown in Figure 24.7. As shown in Figure 24.7, we generated Tg mice expressing 

the Sparc gene at the different levels (Sparc Tg lines 1, 2, 4, 5, and 6 expressed 

the Sparc gene 69-, 1-, 7-, 31- and 39-fold compared to the WT, respectively), whereas the 

germline transmission did not occur in the Sparc Tg line 3. Therefore, Sparc Tg lines 2 and 

3 were excluded. 
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Figure 24.7. SPARC expression in the tibialis anterior muscle of Sparc transgenic (Tg) and wild-type 

(WT) F0 mice. (A) SPARC protein expression analyzed by Western blot. (B) Sparc gene expression analyzed 

by quantitative real-time PCR. Abbreviations: SPARC/Sparc, secreted protein acidic and rich in cysteine; Tg, 

transgenic (Sparc overexpression); Tg1, Sparc Tg line 1; Tg2, Sparc Tg line 2; Tg4, Sparc Tg line 4; 

Tg5, Sparc Tg line 5; Tg6, Sparc Tg line 6. 

 

 In addition, to have an overview/confirm the SPARC expression in different tissues, 

we measured the expression of SPARC in six tissues (TA, heart, liver, BAT, IngAT, and 

GonAT) in 4 male and 4 female mice, 2 WT mice, 1 mouse from the line Tg1, and 1 mouse 

from the line Tg6. For WT mice sample run in parallel with Tg mice sample, both the WT 

and the Tg mice had a parent from a similar Tg line (Tg1 or Tg6), as shown in Figure 24.8. 

The lines Tg1 and Tg6 have been selected because they represent the lines that express the 

most SPARC/Sparc (Figure 24.7). The Western blot protocol of Figure 24.8 was the same 

as above (Figure 24.7) but with 15 µg as the protein loading amount. 

 

 
Figure 24.8. SPARC protein expression in the different tissues of transgenic (Sparc overexpression) and 

WT of F1 and F2 mice. Abbreviations: BAT, brown adipose tissue; GonAT, gonadal adipose tissue; IngAT, 

inguinal adipose tissue; TA, tibialis anterior; Tg, transgenic (Sparc overexpression); SPARC, secreted protein 

acidic and rich in cysteine; WT, wild-type. 
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 At the end, the selected mice (for breeding and to generate both Tg and WT mice) 

all belong to the Tg lines 1, 5, or 6, which are the lines with the highest expression of 

SPARC/Sparc (Figure 24.7). For our study, the 32 mice constituted 4 groups, depending on 

genotype and sex, groups of males (M) or females (F), and Tg or WT (Figure 24.6). 

Therefore, we had four groups: Tg-M (n = 9), WT-M (n = 7), Tg-F (n = 11) and WT-F (n = 

5). These were the numbers of mice for all our measurements except for those of Section 

24.7.2.5. The average sacrifice age of each group was 6.0 ± 0.1 months. We ensured that 

there was no statistical age difference between the males and the females or between the 

WT and Sparc Tg mice (the two genotypes have similar ages). Therefore, a genotype effect 

would be explained only by the Sparc overexpression rather than age difference.  

24.7.2.2. Body Weight and Tissue Weights 

 Living, fasted (12 h) mice were weighed just prior to their sacrifice. Immediately 

after the sacrifice of each mouse, its tissues were quickly removed and some of them 

weighed. The tissues of concern were skeletal muscles (GC, Sol, TA and EDL), IngAT, 

BAT, heart, liver, kidney, pancreas, spleen, and the femur. As for the tissues used later for 

Western blot, they were snap frozen in liquid nitrogen then moved to -80 ◦C and stored 

until use. 

24.7.2.3. Grip Power Test 

 Prior to their sacrifice, the muscle strengths of all the mice were measured through 

performing a grip power test with a grip strength meter (Columbus Instruments 

International, Columbus, OH, USA). The grip strength was measured by allowing the 

mouse to grab (with two limbs) pull bar assemblies attached to the force transducer while 

the mouse was pulled horizontally by the tail away from the bars, similar to what has 

previously been described [117], especially to detect physiological changes in the skeletal 

muscle function of C57BL/6J mice [118]. The peak force applied by the mouse (g) was 

then shown on a digital display. This test was conducted five times (5 min apart) for each 

mouse, after which the mean forces in grams were calculated as being normalized to the 

body weight of the corresponding mouse. 

24.7.2.4. Blood Glucose (Glycemia) 

 The mice were sacrificed following a 12 h fasting. At the end of the 12-h fasting and 

prior to the sacrifice, the blood glucose levels were measured via tail pricking with a needle 

to collect blood samples on glucose test strips that were then inserted into a blood glucose 

meter (Accu-Chek, Roche Diabetes Care, Inc. Mississauga, ON, Canada) to read the blood 

glucose value. 

24.7.2.5. Muscular GLUT4 and Mitochondrially Encoded Cytochrome c Oxidase II 

(MT-CO2) Expression (Western Blot) 

 Whereas GLUT4 is a transporter allowing glucose to enter the muscle [82], 

mitochondrially encoded cytochrome c oxidase II (MT-CO2) is a mitochondrial protein 
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encoded by a mitochondrial gene that can be considered as an indicator of mitochondrial 

oxidative phosphorylation [119–123]. In addition to the glycemia, and in order to map the 

muscular metabolic patterns, we measured the TA expression of GLUT4 in 4 males and 4 

females (2 WT mice, 1 mouse from the line Tg1, and 1 mouse from the line Tg6 for each 

sex) and the Soleus expression of MT-CO2 in 4 females (2 WT mice and 2 mice from the 

line Tg5). For a WT mice sample loaded in parallel with a Tg mice sample, they had a 

parent from a similar Tg line (Tg1, Tg5, or Tg6). We chose to measure the GLUT4 and 

MT-CO2 expression in the same muscles (TA and Soleus) where GLUT4 (above) and MT-

CO1 [11] have been measured in a Sparc KO study to justify a later comparison of the 

results in our context. At the day of sacrifice, the two muscles were removed and quickly 

put in liquid nitrogen (snap frozen) then moved to -80 ◦C and kept until the protein 

extraction procedure. The Western blot steps were similar to the SPARC overexpression 

measures with different conditions. For GLUT4, 15 µg of proteins was loaded. The 

membranes were blocked using the Pierce™ Protein-Free (TBS) blocking buffer, incubated 

overnight with a 1/400 dilution of the primary antibody (sc-7938) before an incubation for 

1 h with the secondary antibody (sc-2004) at a dilution of 1/10,000. For MT-CO2, 60 µg of 

proteins was loaded. The membranes were blocked using the Pierce™ Protein-Free (TBS) 

blocking buffer, incubated for 2 h with a 1/1600 dilution of primary antibody (sc-514489) 

before an incubation for 2 h with the secondary antibody (sc-516102) at a dilution of 

1/10,000. All the antibodies were from Santa Cruz Biotechnology Inc. and diluted in 

Pierce™ Protein-Free (TBS) blocking buffer. Similarly to the SPARC protein expression 

quantification, the number of samples for each target protein allowed us to have all the 

samples loaded on the same gel. Therefore, there was no need for a normalization (similar 

to the one conducted in the Sparc KO Western blot experiment). We confirmed that there 

was no difference in protein loading by visualizing (under UV light) the protein lanes on 

the membrane after the transfer (rather than using beta actin, for instance, that might not be 

a reliable loading control [124]). The visualized bands of the films were quantified using 

ImageJ software [106]. To better see the correlation between the SPARC expression and 

both the GLUT4 and the MT-CO2, the three proteins were observed in parallel. 

24.7.2.6. Statistical Analyses 

 The data were analyzed by two-way (genotype and sex) ANOVA. When the 

ANOVA revealed a significant interaction between two variables, the Tukey Kramer post 

hoc test was performed to identify the significant difference between the groups (p < 0.05). 

A trend corresponds to 0.05 ≤ p ≤ 0.1. In the results section, all the effects are significant (p 

< 0.05), unless mentioned as a trend. 

24.8 Conclusions and Perspectives 

 The importance of SPARC, the various roles it plays, and its wide distribution 

makes its deficiency affect more than one system, and therefore, it leads to a relatively 
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systemically distributed phenotype rather than limited organ-specific or a tissue-specific 

changes. 

 Our data highlight that SPARC is involved in both exercise-induced benefits, the 

ageing process, and the metabolic as well as the functional properties at various tissular and 

cellular levels. Indeed, SPARC declines with ageing and increases with exercise and its 

overexpression leads to an exercise-like effect. We noticed that Sparc KO and ageing lead 

to a similar phenotype in terms of reduced muscle mass, muscle power, and metabolic 

performance in addition to reduced glucose tolerance, glucose uptake, and collagen 

expression in the muscles. Furthermore, other in vivo and in vitro studies (reported above) 

on SPARC deficiency or inhibition highlight similar changes and have shown reduced 

muscle differentiation, decreased mitochondrial metabolism, osteopenia, and 

cataractogenesis, among other ageing-like patterns. On the other hand, SPARC 

overexpression in animals (this paper and our previous study [11]) or addition in cell 

culture (in vitro) [8,13] results in exercise-like effects, including enhanced mitochondrial 

oxidative phosphorylation, increased muscle mass and power, increased mitochondrial 

biogenesis, reduced glycemia and adipose tissue, increased glucose uptake by the muscle, 

and higher collagen and myogenin expression in muscle cells with increased myoblasts 

differentiation. All together, this evidence point out that Sparc KO leads to an ageing-like 

effect (or accelerated ageing) and that both the Sparc KO phenotype and ageing can be 

counteracted or reversed (at least in part) by either exercise or SPARC as SPARC-mediated 

effects mimic exercise. These can be exploited to both build/optimize animal models and 

potentially develop therapies (Figure 24.9). First, we could knockout or knock-down Sparc 

in order to build animal models (and even cellular models) to explore diseases and health 

conditions, as well as the pathways shown or suggested to interact with SPARC, such as its 

intracellular interactions and caspase-8, and in colon cancer cells [9], muscle AMPK 

signaling [81], integrin-linked kinase [8,26], RGS4 protein in pancreatic β cells [73], 

transforming growth factor-β1 in renal cell carcinoma [125], and beta-catenin in pulmonary 

fibroblasts [126]. This will deepen our understanding of the diseases and physiological 

conditions in which SPARC expression changes, such as cancer, obesity, muscle 

development, exercise, etc. 

 On the other hand, the exercise-like effects mediated by SPARC can open doors to 

use either SPARC or pharmacologically targeted SPARC-related pathways to achieve 

therapeutic goals that are usually obtained with physical exercise; in particular since 

SPARC has been suggested as a marker of exercise efficiency. Importantly, such benefits 

gave exercise the status of a therapeutic tool. The health problems and conditions for which 

exercise has been prescribed, and for which SPARC-related therapy can be explored to 

mimic exercise, include obesity, sarcopenia, diabetes, metabolic disorders, etc. This is of 

particular importance for those who need exercise but are unable to perform the prescribed 

amount because of physical disability, heart disease, or other health conditions. Indeed, 

such an “exercise pill” would overcome this challenge and still get the exercise benefits. 

Moreover, as SPARC would be required in the exercise-induced muscle changes, 
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combining exercise with SPARC overexpression/inoculation could also improve and 

optimise exercise benefits. Importantly, the hypothesis we gave earlier to explain why 

SPARC is overexpressed in situations such as obesity [127] and cancer [80] is precisely an 

attempt to correct the damages induced by these situations through the beneficial properties 

of SPARC (metabolic enhancement, anti-cancer, etc.), as suggested by the increased 

plasma levels of SPARC in patients with newly diagnosed type 2 diabetes mellitus [128]. 

However, the non identification of the SPARC receptor would represent a challenge that 

limits the exploration of SPARC, including using agonist or antagonist. Indeed, so far, 

putative receptors of SPARC have been reported [129,130], including alpha 5 beta 1 

integrin complex (activates the Wnt/β-catenin), which has been identified as a candidate 

receptor [131]. Studies such as those overexpressing SPARC only in specific tissues and 

exploring the consequences of in vitro SPARC addition to cell/tissue cultures would also 

illuminate the path of understanding SPARC molecular patterns. 

 

 
Figure 24.9. SPARC deficiency and ageing share similar phenotypes which are counteracted/improved 

by SPARC induction that mimics exercise effects. These can be exploited to both build/optimize animal 

models and potentially develop therapies to treat conditions that have common patterns with the SPARC-

deficiency-related biological and functional changes. Abbreviations: SPARC, secreted protein acidic and rich 

in cysteine. 

 

 It is worth noting that sequences of the SPARC gene and protein are highly 

conserved among species [22] and are aimed towards extrapolating from animal results to 

human studies. Importantly, with exercise considered as a panacea [132], SPARC seems to 

mediate and is likely to mimic exercise benefits. Elucidating SPARC pathways in the 

context of human diseases can add strong, yet safe, tools to the available therapeutic 

options for as many diseases and health problems as those for which exercise has been 
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shown to have beneficial impacts. SPARC-based therapeutic pathways, with possible short 

comings, would be towards treating age-related health problems and metabolic disorders. 

Within this context, as SPARC expression was shown to have varying patterns based on 

targets and tissues, the rationale as to how to induce SPARC expression in selected tissues, 

or introduce it, can further optimize such a therapeutic approach. Indeed, based on SPARC-

specific effects, including muscle growth, adipogenesis inhibition and anticancer, the 

development of new generations of pharmacological delivery systems would make a great 

contribution towards such novel molecular therapies by making them tissue-specific 

(muscles, tumors, etc.). That would increase the therapy precision, reduce possible side 

effects, and potentially lead to a personalised medicine. 
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24.10 Appendix 24.1 (Figure 24.S1): Sparc Tg experiment body weights of 

mice 

 

 

Figure 24.S 1: Body weights of both WT and Tg mice (male and female). 

Male mice had a higher body weight than female mice. 

All data are mean ± SEM. The number of mice: 5-11 mice per experimental condition. 

Abbreviations: g, gram; Sparc, secreted protein acidic and rich in cysteine; Tg, transgenic 

(Sparc overexpression); WT, wild-type. 
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25.1 Résumé (French abstract) 

 Les nombreux avantages de l’exercice pour la santé ainsi que les applications pour 

les maladies ont conduit à la prescription de l’exercice dans de nombreuses conditions 

pathologiques. L’expression génique de la secreted protein acidic and rich in cysteine 

(SPARC) est stimulée par l’exercice et SPARC a été suggéré comme médiateur moléculaire 

de l’exercice. Par conséquent, nous suggérons d’utiliser cette propriété pour la médecine 

personnalisée. Ceci peut être réalisé en prescrivant l’exercice avec un modèle (durée, 

intensité, etc.) qui correspond à l’expression optimale de SPARC/Sparc. Nous nous 

attendons à ce que cette approche optimise la thérapie par l’exercice dans les contextes 

préventifs et curatifs. Dans le domaine de la recherche, la mesure de l’expression de Sparc 

dépendante de l’exercice représenterait un outil moléculaire permettant d’optimiser 

davantage la sélection des modèles d’animaux de l’exercice. 

 

25.2 Abstract 

 The numerous exercise benefits for health as well as applications for diseases has 

led to exercise being prescribed in many pathological conditions. Secreted protein acidic 

and rich in cysteine (SPARC) gene expression is stimulated by exercise and SPARC has 

been suggested as a molecular mediator of exercise. Therefore, we suggest using this 

property for personalized medicine. This can be achieved by prescribing the exercise with a 

pattern (duration, intensity, etc.) that corresponds to the optimum SPARC/Sparc expression. 

We expect this approach to optimize the exercise therapy in both the preventive and 

curative contexts. In the research field, measuring exercise -dependent expression of Sparc 

would represent a molecular tool to further optimize the selection of exercise animal 

models as well. 
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25.3 Measuring Exercise-Induced Secreted Protein Acidic and Rich in 

Cysteine Expression as a Molecular Tool to Optimize Personalized 

Medicine 

 With the development of non-pharmacological and non-surgical approaches in 

therapeutics, the medical applications of exercise are gaining increasing importance. 

Indeed, beyond being a habit for numerous individuals with positive impacts on mood 

[1,2], exercise represents a therapeutic option for a variety of diseases and health 

conditions. It has been used within medical protocols either as a therapy or as an adjuvant 

to treat, prevent or improve diseases and health problems in which effects including 

controlling energy balance or enhancing biological properties are therapeutic targets such 

as cardiovascular diseases [3,4], obesity [5–8], low back pain [9], metabolic disorders [10], 

chronic kidney disease [11], regeneration [12], cancer [13], diabetes [14], immunity and 

infections [15–17]. Such exercise applications find their origin in the very numerous 

benefits that exercise has on health. This includes lowering blood pressure [18], bone 

osteogenesis stimulation [19], reducing cachexia [11] and anti-inflammatory effects [20]. 

Mental health (anxiety, stress and depression), sports psychiatry [21–23], and improved 

sleep quality [24,25] are also in this list. These medical benefits were considered as 

“granted” for humans who lived before the current industrial area because they had a 

healthier lifestyle that included sufficient physical activity. Thus, it significantly 

contributed to positive public health. However, in the last decades, the development of 

technologies has made life easier and humans need less effort to achieve what required 

huge effort previously. This situation has led to a sedentary lifestyle and less active 

societies, which has contributed to the increase of various human diseases. As an attempt to 

correct this negative consequence of modernity, health professionals are recommending 

physical activity for diverse population categories. 

 Regarding the molecular mechanism linking exercise and the exercise-induced 

effects, exercise benefits have been suggested to be mediated through a variety of factors, 

mainly the muscle-secreted myokines [26] that are produced by skeletal muscles and 

increase in response to exercise [27]. Such an exercise-induced pattern of secretion 

suggests that these myokines would govern the molecular pathways underlying the 

phenotypic changes resulting from exercise in different organs and tissues leading to the 

known health benefits of the physical activity. May be the most interesting one is secreted 

protein acidic and rich in cysteine (SPARC), an exercise-responsive myokine [28] in both 

humans and mice [29]. Indeed, using powerful functional genomics that represent a strong 

strategy to study the dynamic expression of genes [30,31], SPARC has been characterized 

as an exercise-induced gene [32]. Initially, the serial analysis of gene expression revealed 

that the cycle ergometer training increased the SPARC expression in muscles following 
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endurance training [32]. Moreover, Aoi el al. showed that a single bout of exercise 

increased SPARC expression in the muscle and also in the plasma [29] and such a plasma 

exercise-induced increase becomes more important following training [29]. 

 Following that, in vitro studies have been performed on C2C12 muscle cells to 

further explore SPARC-exercise mechanistic links. Electrical pulse stimulation (EPS), 

considered as the in vitro model of exercise [33–36], applied on C2C12 cells also induced 

Sparc expression [37]. The same in vitro studies showed that Sparc modulates 

mitochondrial functions [37] and that adding SPARC both increased myoblasts 

differentiation and mitochondrial proteins in C2C12 cells [38]. Importantly, a recent in vivo 

study on trained Sparc knock-out mice suggested that exercise-induced muscle phenotype 

changes, including metabolism, strength and development, are SPARC-dependent [39]. 

Together, these data highlight SPARC as a key mediator of the exercise-induced benefits. 

Furthermore, the roles and functions in which SPARC has been implicated or suggested to 

be involved correlate with exercise effects. For instance, beyond its known implications, 

mainly in tissue repair [40], SPARC has been suggested to be involved in metabolic 

changes [28,41–44], bone formation [45], regeneration [46–48], anticancer effects [29,49], 

anti-inflammatory paths [50], and regulating muscle mass and function [51], all of which 

have also been shown to improve with exercise; which further supports the existence of 

molecular links between SPARC functions and exercise effects [28,52]. These cellular and 

molecular properties may represent the rationale why SPARC/Sparc functions as an 

exercise-responsive gene and why SPARC is induced by exercise. Indeed, since exercise 

may promote health and enhance systemic health via various cellular responses (e.g., 

metabolic change, bone, regeneration, anti-cancer, anti-inflammatory and regulation of 

muscle mass and function) that have been shown to implicate SPARC, SPARC comes out 

as a molecular mediator secreted following exercise to enhance and stimulate biological 

properties and endogenous processes toward a healthy homeostatic phenotype. 

 Therefore, since exercise effects are mediated via SPARC, the optimum exercise 

would be the one that induces SPARC/SPARC/Sparc expression the most. Thus, we 

suggest for the first time to our knowledge-applying such a concept for personalized 

medicine. The process would be to challenge individuals with a variety of exercise patterns 

and programs that are different in terms of type of exercise type, the used device, the speed, 

duration, time (morning, night, etc.) and even the addition of other factors such as the 

temperature and incline setting (treadmill) for instance. Following the exercise, we proceed 

to a muscle biopsy, a common procedure [53,54], to measure the expression of 

SPARC/Sparc. Based on the results, the optimum exercise conditions (time, speed, 

environment, etc.) would be determined as those corresponding to the optimum 

SPARC/Sparc expression. Future studies would allow one to make further links not only 

between exercise and SPARC/Sparc gene expression but also between the exercise and the 

protein SPARC expression or its serum levels that increase following exercise [29,55], thus 

adding the protein expression and the serum concentrations of SPARC as novel exercise-

efficacy evaluation tools. Such tools would allow one to estimate the benefits that an 
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exercise (depending on its patterns) would induce and open the door to a variety of 

potential applications (Figure 25.1). Measuring exercise induced SPARC/SPARC/Sparc can 

contribute to answering the questions discussed in diverse studies in terms of exercise 

“dose” [14,56–58]. Indeed, a possible correlation between the exercise intensity and 

SPARC serum level has been shown [59], which supports such SPARC-dependent 

evaluation of exercise effects. 

 

 
Figure 25.1. Measuring secreted protein acidic and rich in cysteine expression/concentration in 

biological samples following different patterns of exercise training would reflect the biological 

“responsiveness” to the physical activity and would predict the intensity of the benefits that exercise-

induced changes will have. Such a property could be explored for instance to optimize the prescribed 

physical activity towards a personalized medicine approach and also select animal/cell models of exercise. 

 

 For clinical perspectives, which still require deeper investigations, the main 

application would be to determine the optimum parameters of the exercise to prescribe for 

patients suffering from diseases and health problems for which exercise represents a 

therapy. Of course, the tested exercise intensity, duration, strength, etc. would depend on 

each patient based on the physiological and biochemical parameters that limit the exercise 

ability such as oxygen saturation, lung capacity, heart status, glycemia and physical 

disabilities. Indeed, going beyond those physiological limits will not only be harmful but 
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could also have no exercise-induced benefits, as suggested by the fact that supramaximal 

exercise had no effect on SPARC levels [60]. Such a need to set a limit could be achieved 

by measuring SPARC via the evaluation of exercise-dependant SPARC expression as well. 

 Another application would be the optimization of animal models of exercise to 

better develop exercise science and exercise-related research towards an optimized 

application of exercise to treat patients, as a prevention for healthy individuals or to 

optimize training efficacy and outcome for athletes. Furthermore, the same SPARC/Sparc 

expression as a measure of exercise efficacy principle can be used not only to optimize the 

exercise pattern but also to compare different groups based on age, sex, diet, genetic 

polymorphism and species (animals). In this context, the in vitro models of exercise 

(electric pulse stimulation) would also provide additional data at the molecular and 

subcellular levels. 

 The importance of such new tools comes from the fact that exercise represents a 

“panacea” for limitless health problems. We believe that this suggested approach of 

measuring of SPARC/SPARC/Sparc expression/level in response to different exercise 

patterns could optimize exercise science and provide molecular evaluation tools to 

significantly improve public health via personalized medicine. One of the main applications 

would be to manage obesity and metabolic disorders. This concept would also be of a 

specific application for the older population that have many potential benefits from exercise 

but that need to be optimized in terms of intensity, type and duration for healthy ageing 

[61–63]. 

 The evidence we have provided builds up a puzzle that suggests SPARC as a 

selective biological marker that reflects the physiological responsiveness to exercise, not 

only through muscle-related patterns [64–67] but also metabolism [68], adiposity [69], and 

other effects, and thus the quality and the level of the induced benefits we will see 

following that exercise. However, further studies are still required to confirm and quantify 

the exact correlation between SPARC/SPARC expression and the various factors that define 

the exercise amount, mainly the intensity and the duration. These studies should focus on 

numerical and quantitative correlation similar to what we have for biomarkers used in 

clinical practice or biomedical research [70–87] including SPARC itself, which was also 

suggested as a physiological and pathological biomarker [88]. Personalized medicine [89–

93] and precision medicine [94–101] are growing areas in respect to exercise [102–107], 

which further highlights the potential of measuring SPARC/SPARC/Sparc expression/level 

in optimizing and developing medical practice. 
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26.1 Résumé (French abstract) 

 De longues périodes d’immobilisation, entre autres étiologies, entraîneraient une 

atrophie musculaire. L’exercice est la meilleure approche pour inverser cette atrophie. 

Cependant, la capacité limitée ou l’incapacité d’effectuer l’activité physique requise pour 

ces patients et les options pharmacologiques limitées rendent nécessaire le développement 

de nouvelles approches thérapeutiques. Dans ce contexte, la secreted protein acidic and rich 

in cysteine (SPARC) est un gène induit par l’exercice. Alors que la déficience en ce gène 

conduit à un phénotype qui imite un certain nombre de changements induits par le 

vieillissement et liés à la sarcopénie, la surexpression de SPARC chez les souris ou son 

ajout à la culture de cellules musculaire produit des effets similaires à ceux de l’exercice. 

Par conséquent, cet article vise à fournir des preuves à l’appui de l’utilisation potentielle de 

SPARC / SPARC comme thérapie moléculaire pour l’atrophie musculaire dans le contexte 

de l’immobilisation, en particulier chez les patients âgés. 

26.2 Abstract 

 Long periods of immobilization, among other etiologies, would result is muscle 

atrophy. Exercise is the best approach to reverse this atrophy. However, the limited or the 

non-ability to perform the required physical activity for such patients and the limited 

pharmacological options make developing novel therapeutic approaches a necessity. Within 

this context, secreted protein acidic and rich in cysteine (SPARC) has been characterized as 

an exercise-induced gene. Whereas the knock-out of this gene leads to a phenotype that 

mimics number of the ageing-induced and sarcopenia-related changes including muscle 

atrophy, overexpressing SPARC in mice or adding it to muscular cell culture produces 
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similar effects as exercise including enhanced muscle mass, strength and metabolism. 

Therefore, this piece of writing aims to provide evidence supporting the potential use of 

SPARC/SPARC as a molecular therapy for muscle atrophy in the context of immobilization 

especially for elderly patients. 

 

Keywords: SPARC; muscle atrophy; immobilization; ageing 

26.3 Secreted Protein Acidic and Rich in Cysteine as an Exercise-Induced 

Gene: Towards Novel Molecular Therapies for Immobilization-Related 

Muscle Atrophy in Elderly Patients 

 The increased number of hospitalized individuals lead to the development of various 

fields aiming to improve and optimize the healthcare within hospitals [1–5]. Patients 

admitted to hospitals have, beside treating the reasons of their admission, also to face other 

challenges such as possible nosocomial infections [6], bedsores [7,8] and musculoskeletal 

atrophy. Furthermore, post-hospitalization recovery of the mobility remains a challenge due 

to the immobilization (bed rest)-induced muscle atrophy. Such bed resting (immobilization) 

does not only lead to muscle atrophy, but also reduces both muscle strength as well as 

key regulators of mitochondrial biogenesis/remodeling and activity; it also alters genes 

expression and leads to metabolic decline including insulin resistance [9–12]. Bed resting 

also impacts bones and reduces their mineral density [13]. Cardiovascular complications 

and cardiac atrophy have also been reported following bed rest [14,15]. The consequences 

on the locomotor system impact the mass, the strength and the metabolism. Thus, patients, 

especially elderly people, have a difficulty to return to normal life after a certain period of 

bed rest caused by hospitalization or immobilization mainly because of muscle atrophy. 

In addition, ageing reduces both myogenesis [16] and skeletal muscle stem cells 

regenerative capacity [17]. Ageing also has specific genes expression signature [18,19] and 

shares numerous patterns with obesity such as epigenetic changes, inflammation and 

metabolic impairments [20]. These elements show the seriousness of the clinical outcomes 

of combining immobilization and ageing. The increased hospitalization rate represents one 

of the features of the current ongoing COVID-19 pandemic especially among the elderly 

patients who are already vulnerable. Intensive care unit patients (also increased with 

COVID-19) have more muscle loss especially with long hospitalization periods [21]. 

Furthermore, the elderly population has a limited physical activity within their lifestyle. 

Indeed, many of them spend long periods of immobilization due to some diseases or 

accidents requiring bed rest or hospitalizations. Ageing is another factor which, either 

independently or combined to immobilization, significantly contributes to the muscle and 

bone loss. Sarcopenia is an age-related decline in muscles mass and strength [22]. Age 

related comorbidities such as chronic heart failure [23] and chronic obstructive pulmonary 

diseases [24] accelerate sarcopenia [25]. Clinically, sarcopenia epidemiological profile is 
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increasing and enhances mortality [26] especially with the increasing number of elderly 

people who develop a poor lifestyle (reduced activity, unhealthy diet, etc.). 

 Muscle atrophy includes protein degradation, mitochondrial dysregulation and 

inflammation among its key biological features [27–29]. Biological markers suggested for 

sarcopenia [25,30] would represent significant diagnosis tools for muscle atrophy as well. 

Both muscle atrophy and bone loss (key tissues of the locomotor system) can be reversed 

by physical activity [31,32]. Exercise is known for its benefits in respect to muscle function 

and metabolism including as sarcopenia treatment [33–36]. The effects of exercise, 

including pre-training, on muscle atrophy and recovery has also been highlighted [37–39]. 

Indeed, muscle atrophy could be prevented by exercise [40], including a pretraining as 

suggested by electrical stimulation studies [41,42]. Exercise represents the main treatment 

approach and electrical stimulation and “cytoprotective” dietary interventions are also used 

against muscle atrophy [43,44]. Other therapeutic options represent potential approaches 

such as gene therapy and epigenetic drugs [45–47]. Pharmacological therapies, however, 

remain limited to some growth factors among which we cite insulin, ghrelin/IGF-1 

analogues, testosterone and growth hormone [45,47]. The limitation in therapeutic options 

is in part due to the limited knowledge on the underlying molecular pathways and 

physiopathological processes. 

 To reveal such mechanism and deepen our understating of these 

immobilizationinduced atrophy, animal models of immobilization-induced muscle atrophy 

(rats, mice, rabbit) [26,48–50] have been developed. Mice remain the best choice due to 

their affordable cost, genetic manipulation possibilities and short lifespan; in addition to the 

ageing process similarities, they share with humans [51–55]. Cast immobilization is the 

most used because it mimics prolonged immobilization in terms of muscle atrophy [56,57]. 

The immobilization also induces bone loss in both growing and adult mice [58]. Thus, such 

immobilization alters the two main parts of the locomotor system, muscles and bones. Bone 

and muscle mass are reduced with immobilization in which various biological changes such 

as inflammation, increased muscle RING finger 1 and mRNA contents of polyubiquitin and 

the ubiquitin ligases muscle atrophy F-box along with reduced rapamycin complex 1 

signaling and reducing the myofiber size were reported [49,57,59–61]. Immobilization-

induced muscle loss depends on factors such as age and sex. For instance, unilateral 

hindlimb immobilization in rats of different ages leads to a muscle mass loss inversely 

proportional to age [61]. The difference between male and female in muscle atrophy 

depends on whether it is aging-induced or inflammation-based [21]. In addition, hindlimb 

unloading induced more muscle loss in female rats than in males [62]. This could indicate 

that females would be more impacted by bed resting. Such age and sex differences suggest 

the need to adapt the treatment (nature and intensity) based on these two factors as well. 

 Functional genomics and genes expression patterns can lead to the identification 

of potential novel therapies for the atrophy resulting from the immobilization including 

during bed rest. Herein, we focus on the gene secreted protein acidic and rich in cysteine 

(SPARC/Sparc). SPARC is a non-collagenous protein that is abundant in mineralized 
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tissues [63]. It is expressed in various situations in which tissues renewal and cell 

remodeling occur (exercise, regeneration, obesity, cancer, inflammation, etc.) [64]. It is also 

associated with cell turnover, remodeling and tissue repair [65]. Based on this expression 

pattern, we and others previously suggested using SPARC as a molecular physiological and 

pathological biomarker [64,66]. SPARC, also known as osteonectin or basement 

membrane-40 (BM-40) [67], has a calcium and collagen binding property [68]. It is a 

secreted protein that comprises three distinct structural domains [69] and its biosynthesis is 

regulated by various growth factors and cytokines [70–72]. As exemplified below, SPARC 

plays important roles in muscles biology. This gene was initially characterized as induced 

by exercise [73,74], potentially mediating exercise-induced muscle phenotype changes [75] 

and as up-regulated during skeletal muscle regeneration [76]. Sparc overexpression mimics 

exercise, including enhancing muscle mass, strength, metabolism as well as ameliorating 

glycemia [77]. SPARC is expressed both in fetal and neonatal muscle and following muscle 

damage as well [78]. Adding SPARC to muscle C2C12 (myoblast cell) culture increased 

myoblasts differentiation in addition to myogenic and mitochondrial proteins expression 

[79]. Moreover, SPARC plays roles in muscle stiffness maintenance [80], muscle 

morphological change [81] and promotes muscle progenitor cells myogenic differentiation 

in vitro [80]. On the other hand, Sparc expression [82] and muscle mass [83] decline with 

ageing. Such age-related decline in SPARC expression would explain why SPARC 

downregulation using siRNA reduced myogenesis in young rats skeletal muscle progenitor 

cells (SMPCs) but had little effect in SMPCs from old rats [84] since old rats would already 

have low SPARC levels. A resistance to SPARC with age is suggested by the fact that 

exogenous SPARC improved differentiation in young SMPCs, but exogenous SPARC did 

not affect old SMPCs [84]. This indicate that SPARC would be combined to other therapies 

which require further investigation especially with the other effects SPARC has on muscles 

as we detail below. 

 Furthermore, Sparc KO leads to a phenotype that mimics number of the 

ageinginduced and sarcopenia-related changes including muscle atrophy with a decrease in 

muscle mass, strength and metabolism [77]. Small interfering RNA (siRNA)-mediated 

transient suppression of SPARC leads to muscle atrophy [59] and myofibers atrophic 

changes [80]. Anti-SPARC antibodies reduced C2C12 differentiation and decreased 

myogenin expression [79,81]. These suggest that the muscle atrophy could have the decline 

of SPARC expression as one of its key underlying pathways. Thus, SPARC decline would 

be implicated within both sarcopenia as well as ageing process that impacts muscles as 

well. 

 Such similarities between SPARC impacts on muscles (enhanced functional, 

structural and metabolic properties) and the exercise-induced muscle changes hypothesize 

that exercise effects are mediated, at least in part, by SPARC. Therefore, increasing SPARC 

expression (gene therapy) or administering SPARC protein would possibly lead to exercise-

like effects similarly to those seen in mice overexpressing Sparc [77]. This would result in 

increasing muscles mass, strength and metabolism and counteract the atrophy resulting 
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from hospitalization (immobilization), ageing, or more importantly hospitalization of 

elderly patients (combines ageing and immobilization). Indeed, hospitalized patients have 

long periods of immobilization during which they are not able to perform physical activity. 

Similarly, elderly individuals usually have a limited ability to perform high amounts of 

exercise. Therefore, administering SPARC or inducing its expression could be an option to 

overcome these struggles by generating some of the exercise-induced effects without in fact 

performing exercise. As muscle atrophy is among the most important health problems for 

these patients (immobilized and/or aged), SPARC comes as a potential therapy as its 

specific impacts on muscles are well documents. Importantly, the literature also shows the 

divers beneficial properties and implications of SPARC including metabolic properties 

[85,86], anticancer [87], anti-inflammatory [88], collagen regulation in the heart [89], tissue 

repair and regeneration [90,91]. These SPARC properties allowed us to classify it as a 

regeneration factor [90] that would create a biological environment with optimum 

conditions for regeneration, muscle differentiation and growth properties. 

 The importance of SPARC in bones increases the potential of SPARC in managing 

the bed rest-induced atrophy since immobilization also leads to bone loss. Indeed, SPARC 

is important for bone formation, remodeling and regeneration [90]. Sparc KO mice develop 

osteopenia [92], decreased bone formation [93]. SPARC deficiency also affects bone 

marrow stromal function [94]. In addition, SPARC also plays roles in bone remodeling [95] 

and osteoblast maturation [67]. It also regulates hydroxyapatite crystals formation and 

growth [96] and influence osteogenic differentiation [97]. Furthermore, the implication of 

SPARC in other locomotor system constituents (such as ligaments [98,99] and tendons 

[100,101]) would make that treating with SPARC would not only improve muscle 

phenotype but could also have positive effects on the whole locomotion system. Therefore, 

SPARC administration might contribute to the maintenance of the musculoskeletal system 

responsible for the individual mobility during hospitalization and recovery periods. It is 

worth highlighting that increased SPARC expression has been reported in negative 

biological status such as metabolic disorders [102], rheumatoid arthritis [70], cancer [103], 

coronary artery disease [104] and intracranial aneurysms [105]. We have hypothesized that 

such expression would not indicate the involvement of SPARC in the pathogenesis or 

prognosis but rather represents an attempt to counteract the effects generated by such 

pathologies or disorders via the beneficial SPARC-mediated effects. Examples of SPARC 

counteracting inflammation [88] and cancer [87,106] would be two illustrations of such 

“regulatory feedback”. 

 Such approach can also be extended to those chronically bedridden, with physical 

disability or even space missions (microgravity environment) [107] as summarized in 

Figure 1. Evidence suggests that Sparc decline contributes to the muscle atrophy, ageing 

and the resulting phenotypes, whereas its overexpression induced by exercise would 

be a mechanism via which exercise corrects and improves muscle atrophy and ageing. 

Therefore, we suggested measuring exercise-induced SPARC/SPARC/Sparc expression as 

a molecular tool to optimize exercise therapy towards a personalized medicine [108] and 
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also using SPARC as a potential “exercise substitute” [109]. Such measure could be 

applied to immobilized patients during a potential pre-training session aiming to counteract 

muscle atrophy. We believe that further animal and clinical studies could lead to a new 

generation of molecular therapies for muscle atrophy based on SPARC and permit the 

overcoming of this challenging atrophy resulting from hospitalization, immobility and 

ageing. The best option, when available, is to rather focus on exercise-induced SPARC as a 

possible treatment and we emphasize that further studies are needed to further map the 

mechanistic links between exercise, the exercise-induced myokines (including SPARC) and 

the exercise- induced effects. 

 

 
Figure 26.1. Secreted Protein Acidic and Rich in Cysteine (SPARC/SPARC) as a muscle atrophy 

therapy. Situations such as hospitalization, physical disability or being bedridden represent an 

immobilization that might lead to muscle atrophy. Ageing (usually accompanied with a sedentary lifestyle) is 

another risk factor for the muscle atrophy. SPARC properties of enhancing muscles mass, strength 

and metabolism are towards counteracting muscle atrophy and highlight SPARC/SPARC (protein 

administration or gene therapy) as a molecular therapy for muscle atrophy. 
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27.1 Résumé (French abstract) 

 Le vieillissement représente un facteur de risque pour plusieurs maladies. La 

gériatrie moderne prescrit l’exercice pour contrer les effets du vieillissement. Cet article 

présente la secreted protein acidic and rich in cysteine (SPARC) comme un potentiel 

traitement anti-âge. Nous passons du fait que SPARC diminue avec le vieillissement et que 

l’exercice induit l’expression du SPARC à l’hypothèse que SPARC est un facteur induit par 

l’exercice qui induit - au moins une partie - de ses effets anti-âge induits par l’exercice car 

surexprimer SPARC imite l’exercice. Ceci est d’une importance particulière car le 

vieillissement et les maladies liées à l’âge pourraient réduire la capacité d’effectuer 

l’activité physique requise. Les possibilités d’imiter les avantages de l’exercice via SPARC 

ne se limitent pas au vieillissement et peuvent être appliquées dans divers contextes dans 

lesquels l’exercice ne peut pas être effectué en raison d’handicaps physiques, de troubles de 

santé ou d’une mobilité limitée. 

27.2 Abstract 

 Ageing is the effect of time on biological entities. It represents a risk factor for a 

variety of diseases and health disorders; thus, therapeutic options are required to tackle 

ageing issues. Modern geriatric medicine prescribes exercise to counteract ageing effects. 

This work presents secreted protein acidic and rich in cysteine (SPARC) as a potential 

antiageing therapy. Indeed, SPARC declines with ageing, exercise induces SPARC, and 

SPARC overexpression in mice mimics exercise. Thus, we hypothesize that SPARC is an 

exercise-induced factor that is beyond—at least part of—the antiageing effects induced by 

exercise. This could become a potential antiageing therapy for the elderly that counteracts 
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ageing by mimicking the effects of exercise without needing to perform exercise. This is of 

particular importance because ageing usually reduces mobility and age-related diseases can 

reduce the ability to perform the required physical activity. On the other hand, the 

possibilities of mimicking exercise benefits via SPARC are not limited to ageing, and can 

be applied in various contexts in which exercise cannot be performed because of physical 

disabilities, health disorders, or limited mobility. 

 

Keywords: Secreted Protein Acidic and Rich in Cysteine; ageing; exercise, antiageing 

27.3 Genetic Expression between Ageing and Exercise: Secreted Protein 

Acidic and Rich in Cysteine as a Potential “Exercise Substitute” 

Antiageing Therapy 

Ageing is defined as the biological decline of diverse functions and processes within 

cells, tissues, and organisms over time [1,2]. Biological ageing can also be defined as the 

cellular and tissue changes that develop through one’s lifespan. These changes include 

metabolic decline [3], skeletal muscle mass loss [4], adipose tissue dysfunction [5,6], 

cognitive decline [7], and immunosenescence [8]. Ageing involves molecular and cellular 

changes such as epigenetic modifications, inflammation, and impaired regeneration [2]. 

Delaying ageing has been the focus of humans for a long time, with ancient 

philosophers/civilizations describing the fountain of youth [9]. Millennia later, the 

development of healthcare systems has led to ageing societies [10]. Ageing is an important 

risk factor for various diseases and health problems. Thus, biomedical research is focused 

on how to tackle ageing and diverse studies have pointed out factors that could contribute 

to either slowing down ageing or accelerating it. Both exercise [11,12] and calorie 

restriction [13] are among the most well-known approaches to counteracting the effects of 

ageing. More specifically, the diverse benefits of exercise [14–19] are the reason it is 

prescribed to the elderly in order to counteract/limit the metabolic and functional decline 

associated with ageing. Therefore, we suggest the existence of molecular patterns shared 

between ageing and exercise, as two physiological changes, that can explain the antiageing 

effect of exercise. Understanding the mechanistic links between exercise and antiageing 

effects at molecular and cellular levels will allow us to deepen our knowledge towards 

developing and optimizing antiageing therapies. 

Thus, there are potentially molecular pathways beyond the antiageing effect of 

exercise. Within this context, here, we specifically focus on secreted protein acidic and rich 

in cysteine (SPARC). SPARC/Sparc has been identified as a gene with an expression level 

that changes with both exercise and ageing. Interestingly, these changes take place in 

opposite directions. Indeed, while exercise (as well as the in vivo model of exercise) 

increases the SPARC/Sparc expression [20–22], this gene expression decreases with ageing 

[21]. Such expression patterns indicate that SPARC represents a key molecular pathway in 

both exercise and ageing, and explain, at least in part, both the ageing process and the 
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antiageing effects of exercise. In addition, the effects of exercise on skeletal muscle 

counteract those of ageing [23]. Not only has SPARC been characterized as an exercise 

induced gene, but Sparc KO in mice or SPARC inhibition in the cell culture leads to an 

ageing-like phenotype [24,25]. Moreover, SPARC overexpression mimics exercise-induced 

changes [24]. Therefore, it seems that a decrease in SPARC expression might contribute to 

the ageing process, while an increase in SPARC expression could be involved in the 

exercise-induced changes. Although more evidence is still required, we focused on SPARC 

because we have shown that it is extremely upregulated by exercise (aerobic exercise rather 

than resistance training [26,27]) compared with other exercise-induced genes [28], in 

addition to being downregulated with ageing [21]. The measure of SPARC/SPARC/Sparc 

expression has also been suggested as a molecular physiological and pathological 

biomarker [29], as well as a molecular tool to optimize personalized medicine based on 

exercise prescription [30]. 

We previously suggested that the antiageing effect of exercise might be mediated 

by the exercise-induced increase in SPARC expression, which reverses/counteracts the 

ageing-associated decline in SPARC/Sparc expression [24]. This is supported by a study 

suggesting that exercise-induced muscle phenotype changes are SPARC-dependent [31]. 

The association between the ageing phenotype and SPARC decline is further supported 

by the fact that animal models of Sparc KO exhibit ageing-like phenotypes, including 

accelerated degeneration [32,33], osteopenia [34], early onset of cataractogenesis [35,36], 

lack of immune response to lipopolysaccharides [37], and decreased bone formation [38]. 

Furthermore, the involvement of SPARC in exercise-induced antiageing effects is 

confirmed by SPARC overexpression in mice [24] or the addition of SPARC to the muscle 

cell cultures [25], which also mimics exercise in terms of metabolism and muscle 

properties. Therefore, SPARC expression levels could be an indicator of whether the 

phenotype would be for ageing (low SPARC expression) or rather an exercise-induced 

(antiageing) phenotype (high SPARC expression). 

On the one hand, the similarities between SPARC properties and exercise-induced 

effects and the SPARC-induced effects indicate that SPARC acts towards counteracting 

ageing; on the other hand, they represent elements that present SPARC as a molecule 

that can both mimic exercise and counteract ageing. Indeed, SPARC has been shown to 

have diverse properties, such as anti-inflammatory [39], anticancer [40], and regenerative 

properties [41]. SPARC is also involved in metabolism [42,43] and obesity [44], among 

others, all of which are properties that would be beneficial against ageing. Thus, SPARC 

would be a selective target towards a potential antiageing therapy. This could be achieved 

either by injecting SPARC; inducing SPARC expression (gene therapy); or, as a more 

specific therapy, stimulating selected SPARC-induced pathways. Such an approach would 

generate antiageing effects, including those induced by exercise (Figure 1). The result 

would be an antiageing therapy for the elderly that counteracts ageing by mimicking the 

effects of exercise without the need to do exercise. This is of particular importance, because 
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ageing usually reduces mobility and age-related diseases could also reduce the ability to 

perform the required physical activity. 

These SPARC-related properties illustrate how genetics might contribute to 

developing and optimizing antiageing therapies. Functional genomics studies the changes 

in gene expression under various conditions, including diet [45,46], ageing [47,48], and 

exercise [49]. The aim of our hypothesis, presented herein, is to target gene(s) that are both 

overexpressed during exercise and at the same time downregulated with ageing. This 

expression pattern suggests that such gene(s) are involved in both ageing and exercise 

(antiageing). 

 
Figure 27.1. Secreted protein acidic and rich in cysteine (SPARC) as a potential antiageing “exercise 

substitute”. SPARC (which is induced by exercise) represents a potential therapy that can mimic 

exercise and produce antiageing effects. This is of particular importance because ageing usually 

reduces mobility and age‐related diseases could also reduce the ability to perform the required physical 

activity. 

 

 Based on the fact that SPARC declines with ageing and that exercise induces 

SPARC, we hypothesized that SPARC is an exercise-induced antiageing factor, after we 

showed that SPARC overexpression mimics the effects of exercise. The same logic could 

be carefully applied to diet. Indeed, diets such as calorie restriction diets are prescribed to 

counteract the effects of ageing. Thus, studying the variations in gene expression induced 

by such diets and how the expressions of such genes change with ageing could identify 

novel targets. Pharmacological intervention on such targets would mimic the therapeutic 

outcome of calorie-restriction diets (antiageing). On the other hand, and although more 

evidence is required, the possibilities of mimicking exercise benefits via SPARC are not 

limited to ageing and could be applied in various contexts in which exercise cannot be 

performed because of physical disabilities, health disorders, or limited mobility.  
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Conclusion 

 Both diet, especially HDF, and exercise are at the center of obesity development and 

management. Therefore, I have explored two selected genes related to both HFD and 

exercise. The data and literature reported within this thesis focus on these two genes and the 

properties they have, mainly but not only, in the context of energy balance, a key parameter 

in obesity and metabolism. Indeed, obesity and other related disorders result from 

metabolic imbalances leading to disorders. The results reported in this thesis characterize 

the metabolic variations related to Tff2 and Sparc, two genes identified via functional 

genomics-based approaches and expressed following HFD and exercise respectively.  

 As Tff2 is specifically induced by HDF, I explored selected metabolic patterns in 

Tff2 KO mice challenged with both HFD and LFD. Overall, the data indicated a metabolic 

phenotype towards increased energy usage and lower energy storage. The mapped 

metabolic and biochemical pathways of lipids and glucose involving the adipose tissue, 

liver, skeletal muscle and sympathetic nervous system that protect Tff2 KO mice from the 

HF diet-induced obesity highlight Tff2-related pathways as potential targets for obesity 

therapies. In addition, other properties we report from the literature, put such TFF2 

metabolic implications in the context of homeostasis and in intercorrelation with other 

processes such as inflammation and tissue protection. For Sparc, and as it is induced by 

exercise, we explored its implications via various studies in both Sparc KO mice as well as 

mice overexpressing Sparc in the contexts of metabolics, exercise-induced changes and 

ageing. Overall, the data suggested that SPARC mediates, at least in part, the exercise-

induced benefits especially at the metabolic level. We also highlight the potential 

implications such as using Sparc/SPARC as a biomarker in various conditions and 

pathologies. Importantly, our data, support the potential use or targeting of SPARC or its 

related pathways as therapeutic options against obesity and metabolic disorders. Such 

options, would also be of benefits for conditions in which exercise has therapeutic effects 

and/or for which SPARC induce beneficial effects such as sarcopenia, ageing, cancer, etc.            

Following the same line of thought, studying other factors (genes, proteins, 

hormones) related to either Tff2 and Sparc remains of a significant importance to deepen 
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our knowledge on energy metabolism and probably learn more about obesity-related 

mechanisms. For instance, proceeding to similar investigations of the other trefoil factors 

(TFF1 and TFF3) could be a starting point to identify other pharmacological targets for 

obesity especially that they are also related to food intake and share similar biological 

functions with TFF2 [2391]. The identified Sparc-related pathways might be targeted to 

treat obesity and other metabolic diseases by gene therapy or injection of the recombinant 

protein (for which different strategies have been developed to produce and purify it [2392]). 

This thesis also further highlights the great input functional genomics provides for the 

identification of genes worth exploring within the contexts of obesity and energy 

metabolism. It can lead to a new generation of therapies with specific applications in 

personalized medicine. Such exploratory approaches will be strengthened with the 

developments of functional genomics methods and those of metabolics and proteomics. 

Therefore, identify novel potential functional genomics-based molecular targets to develop 

novel therapies for obesity and the related diseases, including diabetes, metabolic 

syndromes and hyperlipidemia, and hopefully overcome the undesirable side effects known 

for the long-term obesity treatments either currently used [2393] or withdrawn [2394]. 

Within this context, further therapeutic-oriented research and explorations are 

required for a deeper investigation of the potential pharmacological application. Indeed, 

beyond the implications in obesity, exercise, diet-induced pathways or energy balance 

homeostais, Tff2 and Sparc are involved in other biological processes. Such implications 

make exploring their properties a strong addition towards understating various pathways 

and develop novel therapies. For instance, with the ongoing COVID-19 pandemic, SPARC 

could be an important option as it mimics exercise, reduces/limits both ageing and obesity 

and controls inflammation. All these properties are towards reducing the vulnerability to 

COVID-19 and improving the prognosis of COVID-19 patients. The post-COVID-19 era 

could also benefit from the properties of SPARC to treat or provide a therapeutic addition 

for health problems related to ageing, obesity, inflammation, cancer, regeneration, etc.  

We hope that the content of this thesis can stimulate other research toward tackling 

the health problems our generations are facing and improve the human well-being.      
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