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Summary 

 

Since the last decades, obesity has become epidemic worldwide largely due to the 

combination of our sedentary lifestyle, associated with a high caloric intake and the lack 

of physical activity. Obesity is associated to a wide variety of health complications such 

abdominal adiposity, hyperlipidemia, hyperglycemia, hyperinsulinemia and 

hypertension that may impair health. Accumulating studies have reported that obesity is 

a significant risk factor for chronic kidney disease (CKD) and the second most highly 

prognostic factor to predict end-stage renal disease. Characteristic features of obesity-

induced CKD include obesity-related glomerulopathy associated to glomerulomegaly 

and, ultimately, focal glomerulosclerosis. We particularly demonstrated ectopic lipid 

depositions in proximal tubular cells, suggesting a role of fat accumulation in the 

development and progression of CKD. This ectopic lipid accumulation impairs fatty 

acid β-oxidation in kidney cells and tissue. Moreover, evidence of a dysregulation of 

AMP-activated protein kinase (AMPK) activity in podocytes and proximal tubular cells 

in obesity condition has been demonstrated by our group and others. AMPK is a central 

mediator of energy homeostasis responsive to nutritional and metabolic stress such as 

obesity but is also a key regulator of autophagy and mitochondrial homeostasis. Despite 

considerable efforts in the development of new therapeutic strategies for obesity-related 

diseases, there is still a lack of effective treatment without strong side effects, 

particularly for obesity-induced CKD. This highlights the urgent need for alternative 

therapeutic strategies. Particularly, behavioral interventions such as exercise have 

regained interest and may represent a safer alternative therapeutic approach for the 

treatment of chronic metabolic disorders. Moreover, the effects of exercise training in 

obesity-induced CKD remains poorly investigated and the pre-clinical and clinical data 

are still controversial. Understanding the underlying mechanisms of exercise-based 

therapy may lead to new therapeutic opportunities for the management of obesity-related 

disorders. 

In view of these points, our objectives were to investigate the effect of exercise training 

intervention in a mice model presenting obesity-induced CKD. We particularly 

highlighted potential biomarkers that could be targeted with a dietary compound as an 

exercise mimetic to treat or prevent obesity-induced CKD. Furthermore, the central role 

of AMPK pathway regulation in this pathological context and in the responsiveness of 

each treatment was particularly evaluated. Thus, we firstly investigated an endurance 

exercise training protocol on a treadmill applied on obese mice presenting CKD. The 

animals exposed to a HFD for 20 weeks presented the hallmarks of obesity including 

hyperinsulinemia, glucose intolerance, hyperlipidemia and hepatic steatosis. A delayed 

endurance exercise training (EET; for the last eight weeks of the protocol) was 

associated to a strong improvement of glucose tolerance, insulinemia and dyslipidemia 

without weight loss as well as a drastic decreased in ectopic lipid accumulations in the 



 
 

liver. Furthermore, exercise in obese mice reduced glomerular impairments, improved 

kidney function and tubular lipid depositions in the kidney, associated to a decreased 

fibrosis and inflammation. These results were concomitant with an improvement of the 

AMPK pathway by exercise in renal tissue as well as an enhanced autophagy flux. 

Finally, the mitochondrial NAD+-dependent deacetylase Sirtuin 3 (SIRT3) was found to 

be decreased with obesity while its expression was enhanced with exercise in kidney 

tissue. 

Based on the EET study, the next step of this PhD project was to investigate SIRT3 as 

a new potential biomarker or therapeutic target for obesity-induced CKD. We collected 

kidney and urine samples from obese mice model overexpressing SIRT3. In this section, 

we evaluated whether overexpression of SIRT3 protected mice from obesity-related 

CKD. Wild-Type HFD mice presented renal hypertrophy and impaired renal function 

as attested by an increased albuminuria and proteinuria. Evidence of proximal tubule 

injury was observed in these mice with the presence of enlarged lipid vacuoles. In 

addition, these alterations were associated with the reduction of AMPK activity and the 

relative mRNA and protein expression of SIRT3. Interestingly, renal hypertrophy and 

impaired renal function were significantly improved in SIRT3 transgenic mice fed a 

HFD. This was also associated to a reduced number and size of ectopic lipid vacuoles 

in proximal tubular cells and an enhances AMPK activity. These findings revealed that 

SIRT3 plays a critical role in ectopic lipid accumulation in proximal tubular cells and 

impairment of renal function. Activation of SIRT3 normalized the renal alterations 

observed in HFD WT mice and may thus represent a potential strategy to improve 

altered lipid metabolism in HFD-induced CKD. 

Lastly, the nicotinamide riboside (NR), a NAD+ precursor, has been used to maintain 

SIRT3 deacetylase activity both in in vitro and in vivo models of renal lipid overload. 

NR-treated cells were associated to an increased level of NAD+ with a decrease in the 

accumulation of lipid droplets in renal cells treated with palmitic acid (PA). Moreover, 

NR treatment prevented mitochondrial dysfunction, oxidative stress and lipid 

peroxidation in renal cells exposed to lipid excess. Regarding the investigation of NR in 

vivo, wild-type mice were fed either a LFD or a HFD during 20 weeks treated or not 

with early (at the beginning of the specific diet) or late (starting at week 12) 

supplementation with NR in the diet. Our results demonstrated that NR supplementation 

led to an effective activation of SIRT3 in renal tissue, associated to an enhanced AMPK 

activity. However, the effects of NR on obesity-induced CKD were mitigated. 

Moreover, our results highlighted an increased ectopic lipid deposition in the liver and 

in the kidney, suggesting that NAD+ increase in tissues may reduce metabolic flexibility 

of the tissue during long-term exposure.  
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Introduction  

1 
 

1 Obesity 

1.1 Definition and diagnosis 

Obesity is fundamentally defined by an excessive fat accumulation as triacylglycerols 

in the adipose tissue, increasing adipose tissue mass, that may impair health [1,2]. In 

humans, obesity condition is attested when the body mass index (BMI), which means 

the body weight in kilograms divided by the height in meters squared (kg/m2), is greater 

than or equal to 30 kg/m2. Obesity is subclassified into class 1 (30–34.9), class 2 (35–

39.9) and class 3 (≥ 40) category [3]. Even though BMI is widely recognized to diagnose 

and classify adiposity, recent clinical practice guidelines promote the waist 

circumference measurement in routine physical examination as a better indicator of 

obesity-related health risks [4,5]. Waist circumference (more than 105 for women and 

more than 110 for men) represents the abdominal adiposity that is associated to a greater 

risk of death compared to BMI-defined obesity alone, particularly when the BMI is low 

[6]. Indeed, waist circumference or waist-to-hip ratio more strongly correlate with 

visceral adipose tissue than BMI [7]. Another argument is that high intra-abdominal fat 

has been associated to a constellation of other health risk factors that promotes a clinical 

condition termed the Metabolic Syndrome (MetS) [8]. MetS is characterized and 

diagnosed with different criteria which have been extensively discussed in the literature  

(Figure 1). Nevertheless, MetS includes abdominal adiposity, hyperlipidaemia, 

hyperglycaemia, hyperinsulinemia and hypertension [9]. More recently, innovative 

techniques are used to assess body composition and fat distribution to improve obesity 

diagnosis limitations such as dual-energy X-ray absorptiometry (DXA), computed 

tomography (CT) and magnetic resonance imaging (MRI) or magnetic resonance 

spectroscopy (MRS) scans [10]. The investigation of “obesity biomarkers” such as the 

plasma level of adipokines (such as leptin, adiponectin and resistin) also represents an 

interesting way for a more refined diagnosis and prognosis of obesity-related health 

problems [11]. 
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Figure 1 |  Comparison of different diagnostic guidelines of the Metabolic Syndrome from [12]. 

 

1.2 Aetiology  

To understand the causes of overweight and obesity, we can refer to the first law of the 

thermodynamics, whereby if the energy intake and energy expenditure are equals, the 

body weight is stable, which could be termed as the energy balance [13]. The basic 

components of the energy balance includes energy intake, energy expenditure and 

energy storage [14]. The energy intake represents the net metabolizable energy from the 

3 major macronutrients in food: carbohydrates, proteins and fat. The components of 

energy expenditure include all the biological processes by which macronutrients are 

metabolized to produce metabolically useful energy for many processes such as growth, 

body maintenance, physical activity, high metabolic organs (brain, heart, kidney, liver) 

or pregnancy. The excess of macronutrients are stored as glycogen in the muscle and the 

liver and as triglycerides in the adipose tissue [15]. In healthy individuals, the energy 

balance is tightly regulated to avoid weight loss and to prevent weight gain [16]. The 

imbalance between energy consumption and energy expenditure in favour of storage is 

the main driver of weight gain and consequent overweight or obesity (Figure 2).  

Regarding the energy intake, the efficacy of absorption of dietary energy can vary 

between individuals and the nature of the food consumed, which impacts the potential 

metabolizable nutrients. The energy density of foods (the amount of energy (in kJ) per 

gram of food) is an important factor that significantly influences the energy intake. 

Particularly, the fat content (37 kJ/g or 9 kcal/g) considerably increases the food density 

compared to carbohydrates (17 kJ/g or 4 kcal/g) or proteins (17 kJ/g or 4 kcal/g), making 

high-fat food highly dense. However, studies showed that the quantity of food intake is 
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relatively constant among day unlike the amount of energy consumed [17]. Therefore, 

the consumption of fat-rich diet is associated to an extended energy intake that 

participates to weight gain while low-fat diet or low energy density carbohydrate-rich 

diet promotes weight loss [18]. Moreover, the dietary composition of fibres (content; 

soluble or insoluble) and the glycemic index also influence the energy intake [19]. Foods 

with a high glycemic index result in a high postprandial glycemic load, increasing 

demand for insulin secretion by β pancreatic cells and a poorer satiety compared to low 

glycemic foods [20]. In long term studies in experimental animals as well as in 

epidemiological studies, diets based on high glycemic carbohydrates were associated to 

weight gain and enhanced fat storage [21]. Lastly, the energy digestibility is largely 

different between individuals and also depends on dietary composition, affecting net 

energy intake [22]. In Western countries, high proceed-food rich in fat and sugar, the 

lack of exercise and a sedentary lifestyle largely contribute to the increased prevalence 

of obesity [23]. However, increased fat depositions according to the simplistic view of 

energy imbalance is not sufficient to explain the complex aetiology of obesity. Indeed, 

this simple equation overrides many inter-individual differences that contribute to the 

adaptation of weight gain [24]. In fact, many factors such as genetic and phenotypic 

interactions, individual behaviours, environment, socioeconomic status or gut 

microbiota affect food intake and differential fat storage (Figure 2).  

 

 

Figure 2 | Factors that can influence the energy balance, thus subsequently causing obesity. 

Weight gain can result from a combination of increased energy intake, low physical activity 

and reduced energy expenditure [25]. 
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In addition to environmental factors, obesity has been associated to genetic factors [26]. 

Particular polymorphisms of specific genes can induce monogenic obesity. In rodents, 

that includes the gene encoding for leptin (Lep) and its receptor (Lepr), the melanocortin 

4 receptor (Mc4r) and pro-opiomelanocortin (Pomc) controlling appetite and 

metabolism. Mutations in the human orthologues of these genes cause monogenic 

obesity [27]. Actually, more than 150 genetic variants  have been robustly associated to 

changes of BMI [28].  Particularly, a genome-wide association study (GWAS) found a 

polymorphism (variant rs9939609) in the fat mass obesity (FTO) gene that has been 

consistently associated with a higher BMI and occurrence of type II diabetes [29]. 

However, the monogenic forms of obesity are considered relatively rare in humans 

[27,30]. Moreover, the individual impact of each variant on BMI is relatively small and 

does not explain the explosion of obesity prevalence over the last decades, considering 

the rapidity with which the incidence of obesity has increased [30]. However, 

interactions between genetic and environmental factors could explain important 

individual differences in body weight response to the same environmental exposures.  

Notably, environmental factors influence epigenetic programming during embryo-foetal 

and perinatal period of development. For example, maternal obesity has been linked to 

increased risks of overweight for the offspring [31]. Nogues et al. demonstrated that 

obesity environment for the foetus was associated with DNA methylation of the 

adiponectin and leptin system [32]. More generally,  maternal nutritional status during 

pregnancy and lactation as well as the perinatal nutrition induce a metabolic imprinting 

that is being largely investigated [33]. Furthermore, large-scale epigenetic studies 

identified a large number of DNA methylation sites associated with obesity [34]. 

However, whether these epigenetic changes are the cause or the consequence is still not 

clear.  

The initiation and development of obesity also vary between genders. Men and women 

differ in the distribution and proportion of body fat mass. Indeed, the fat distribution is 

mostly determined by  genetic factors and sex steroids production [35]. The percentage 

of body fat of women measured by computed tomography is more important than for 

men with a matched BMI [36]. Moreover, women present a lower intra-

abdominal/visceral fat mass and have more subcutaneous adipose tissue in the 

abdominal and in the gluteofemoral area (Figure 3), but these differences tend to 

decrease with age, particularly after menopause [37]. Changes of body fat 

mass/distribution is an important aspect since it is linked to metabolic significance and 

associated health outcomes. Central obesity (in abdominal area) has been more 

associated to metabolic health problems (e.g. diabetes) compared to peripheral fat 

accumulation, explaining the protective relation between fat deposition in women 

compared to men [38]. On the other hand, the metabolic function of adipose tissue 
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differs in males and females. Indeed, a differential gene expression pattern between 

genders has been highlighted in visceral and subcutaneous adipose tissues, leading to 

differential adipokine production [39]. Particularly, circulating levels of leptin and 

adiponectin (discussed later) are increased in women compared to men [40,41]. 

Moreover, females present a higher mobilization rate of triglycerides (TG) stored in the 

adipose tissue with an increased lipolysis, while fatty acid (FA) oxidation rate is similar 

in both sexes, suggesting that females present a more efficient machinery to handle free 

fatty acids (FFAs) and use it as an energy source under conditions of high energy 

demands [37].   

Differences in circulating gonadal steroid levels play an important role in many sexually 

dimorphic features. Moreover, estrogens have been widely reported to protect against 

adipose tissue accumulation. Estrogens act through two nuclear receptors, estrogen 

receptor-α (Erα) and estrogen receptor-β (Erβ), both of which are expressed in the 

adipose tissue. Both receptor isoforms are present in mitochondria of white adipose 

tissue (WAT), suggesting important influences on cell metabolism. Remarkably, loss of 

ERα also increases the adverse effects of high caloric excess [42].  

 

Figure 3 | Anatomical differences in the distribution of subcutaneous adipose tissue (SAT) 

and visceral adipose tissue (VAT). VAT is mainly present in the mesentery and the 

omentum while subcutaneous fat is found just beneath the skin, separated by a connective 

tissue. 
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1.3 Epidemiology of obesity 

The prevalence of obesity has constantly increased over the last decades in both adults 

and children, in both sexes, globally for all geographical locality, ethnicity and 

socioeconomic status (Figure 4) [43]. However, disparities exist in the general 

population. The highest rates of obesity are found in Western countries and particularly 

in the US. In 2015, 39% of the global population were overweight. The prevalence of 

obesity was 12,5% in 2015, which represent an increase of 80% compared to the 

prevalence in 1980 [23]. Moreover, 38 million children under the age of 5 were 

overweight or obese in 2019 (WHO). Projections for 2030 in the US estimate that around 

50% of the population will be obese without further political, medical or preventive 

interventions [44]. Woman are more affected by obesity than man, and the prevalence 

increases with age for both genders with a greater increase in woman after menopause 

[43]. Despite biological differences between sexes in terms of fat deposition, adipose 

tissue storage and metabolism exist, the prevalence of obesity between genders is also 

the consequence of sociocultural disparities [45]. In low-income countries, obesity is 

higher among adults from rich and urban environments, whereas in high-income 

countries, obesity is disproportionately greater in disadvantaged groups [46].  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 | Increase in prevalence of obesity over time. Percentage of adults defined as 

obese by country in 1975 (part a) and 2014 (part b). The number of adults with obesity 

increased substantially between 1975 and 2014. Data from the WHO, Global Health 

Observatory. 
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1.4 Adiposity: beyond fat accumulation  

The adiposity is defined by an excessive accumulation of fat in an expended adipose 

tissue leading to impairments of the tissue. In fact, obesity-related metabolic disturbance 

is firstly explained by adipose tissue dysfunction [47].  

 

1.4.1 Healthy adipose tissue 

The adipose tissue has not only an important role in energy storage of excess nutrients 

as triglycerides but also senses energy demands and regulates energy mobilization [47]. 

The adipose tissue has endocrine, paracrine and autocrine functions and secretes notably 

cytokines, hormones and lipids to communicate with other tissues [48]. The adipose 

tissue is mostly composed of adipocytes but it also contains preadipocytes, fibroblasts, 

macrophages and vascular endothelial cells. There are two types of adipose tissues, the 

white adipose tissue that stores fat (WAT) and the brown adipose tissue (BAT) 

implicated in thermogenesis [49]. Another type of AT has been described in mice, the 

beige adipose tissue, also found in humans [50]. The brown adipocytes are rich in 

mitochondria with multi-locular lipid droplets and uniquely express the uncoupling 

protein 1 (UCP1) for heat generation by non-shivering thermogenesis [51]. The white 

adipocytes present a unique lipid droplet (LD) where is located the storage pool of lipids 

as TG that plays a crucial role in energy homeostasis [52]. Adipose tissue expansion for 

storage implicates the increase of adipocytes/LD size (hypertrophy) or the increase of 

the number of adipocytes (hyperplasia). Hyperplasia mainly occurs when the adipocyte 

reaches its capacity limit of lipid storage [53]. During positive energy balance, healthy 

adipocytes hydrolyze excess circulating lipids by the lipoprotein lipase (LPL) releasing 

non-esterified fatty acids (NEFAs). The NEFAs are re-esterified into TG and stored in 

the LD. This process is regulated by insulin, secreted during nutrient abundance, that 

inhibits lipolysis [54]. Moreover, the insulin-dependent glucose transport via GLUT4 is 

required for lipogenesis. During fasting or metabolic stress (e.g. exercise), the TG 

present in the LD are hydrolyzed into NEFA and glycerol and released in the circulation 

to be oxidized by other tissues [55]. In healthy WAT, the adipose tissue macrophages 

(ATM) make around 5% of the tissue mass. The ATM are implicated in the clearance 

of dead adipocytes during adipocyte turnover to maintain an anti-inflammatory 

environment [56]. They also play a role in adipocyte lipolysis and in  adipogenesis [57]. 

Despite a high diversity of inflammatory macrophages in the adipose tissue, the ATM 

display an anti-inflammatory phenotype, close to the “M2 macrophages” in the lean 

adipose tissue [58].  
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As mentioned, the WAT is an endocrine organ and synthesize biologically active 

compounds (hormones, cytokines, growth factors, enzymes, matrix protein) to 

communicate with other tissues (such as the kidney) or the adipose tissue itself in order 

to regulate metabolic homeostasis. The cytokines secreted by the WAT are commonly 

called adipokines. It was particularly demonstrated that the endocrine activity and the 

expression level and type of adipokines vary between the WAT localization, visceral fat 

appearing to be more active [59]. Some of important factors secreted by the WAT and 

their implications in obesity are described below:  

Leptin 

Leptin is an anorexigenic adipokine that regulates food intake and energy expenditure 

and, hence, body weight, at the level of the central nervous system (neuroendocrine 

hormone) by activating its receptor (ObR) in the hypothalamus [60–62]. Leptin 

increases the sympathetic efferent signal to adipose tissue in order to increase lipolysis 

[63]. However, leptin receptors are expressed in various tissues as well as in the adipose 

tissue itself [64]. Leptin functions also include a broad of biological processes such as 

hematopoiesis, angiogenesis, blood pressure, bone mass, lymphoid organ homeostasis, 

and T lymphocyte systems [65]. The level of circulating leptin is related to the fat mass 

[66,67]. Obese individuals present an elevated level of leptin compared to non-obese 

individuals, suggesting the inability of leptin to exert its functions (with a reduced leptin 

receptor signaling), defined as leptin resistance [68]. This was also described in animal 

models of obesity [69,70]. Moreover, exogenous leptin failed to induce anorexigenic 

effects in obesity conditions [71]. The leptin resistance has been found to be induced by 

a decreased permeability of leptin for the blood-brain barrier, characterized by an 

impaired leptin transport [72,73]. Furthermore, chronic low-grade inflammation in the 

hypothalamus during obesity was suggested to contribute to leptin resistance [74–78]. 

Recently, Mazor et al. established that high-fat diet in mice promoted matrix 

metalloproteinase–2 (Mmp-2) activation in the hypothalamus, which cleaved the leptin 

receptor extracellular domain and demonstrated an impaired leptin-mediated activation 

of its receptor [79].   

Adiponectin  

Adiponectin is an adipokine with anti-inflammatory and insulin-sensitizing 

characteristics. It plays an important role in regulating the metabolism of fatty acids and 

glucose mostly in the liver and in skeletal muscles. Adiponectin is a multimeric protein 

secreted in different isoforms: trimeric (low-molecular weight; LMW), hexameric 

(medium-molecular weight; MMW) or high-molecular weight (HMW). Despite the 

HMW isoform is known to be more biologically active, total and HMW adiponectin 

have equivalent relevance when assessing adiponectin levels in diseases [80]. 



Introduction  

9 
 

Adiponectin signaling is mediated by its two receptors, Adiponectin Receptor 1 

(AdipoR1) and Adiponectin Receptor 2 (AdipoR2). AdipoR1 leads to the activation of 

AMPK pathway and AdipoR2 is associated to peroxisome proliferator-activated 

receptor alpha (PPAR-α) ligand activities. In the same way as leptin, the adipose tissue 

is the main source of adiponectin and adiponectin release is stimulated by insulin 

[81,82]. However, contrary to leptin, serum adiponectin level is decreased during 

obesity in animals and humans although adiponectin-overexpressing mice display an 

improved insulin sensitivity and protection against steatosis with a High-Fat diet (HFD) 

[83–85]. The paradoxical decrease of adiponectin is obesity suggest a dysregulation of 

the adiponectin metabolism. Different studies suggest that visceral fat accumulation in 

obesity is associated to a decreased in HMW adiponectin level [86,87]. Moreover, 

oxidative stress, chronic inflammation and pro-inflammatory cytokines such as Tumor 

necrosis factor α (TNF-α) contributes to the decreased production and release of 

adiponectin in the adipose tissue [88]. Finally, in addition to decrease in adiponectin 

concentrations, obesity is also associated to a decline in proper expression of adiponectin 

receptors on the cell membrane and effective adiponectin binding, so called adiponectin 

resistance [89]. 

Monocyte chemoattractant protein-1 (MCP-1) 

MCP-1 is a pro-inflammatory adipokine secreted by adipose tissue under hypoxia 

conditions to recruit and regulate immune cells such as monocytes [90]. MCP-1 is 

predominantly produced by macrophages and endothelial cells in the adipose tissue and 

has particularly been linked to atherosclerosis development [91]. Its expression was 

found to be increased in adipose tissue and in the circulation in many studies on obese 

animals [92–95]. MCP-1 expression in adipose tissue mostly contributes to the 

macrophage infiltration but is also implicated in insulin resistance and hepatic steatosis 

development associated with obesity [96]. 

Interleukin 6 (IL-6) 

IL-6 is a soluble mediator with a pleiotropic effect on inflammation and immune 

response, and plays a pathological effect on chronic inflammation and autoimmunity 

[97]. The adipocytes themselves can produce and secrete IL-6, but the main source of 

IL-6 are WAT macrophages [98]. In the obese WAT, the elevated number of M1 

macrophages contributes to the elevated level of local and circulating IL-6 [99]. 

Whereas physiological expression of IL6 regulates multiple aspects of metabolism, 

including glucose disposal, lipolysis, oxidative metabolism, and energy expenditure, 

depending on the environment (e.g. muscle can secrete IL6 following exercise and 

suppress ATM accumulation in adipose tissue), a dysregulation of IL6 production may 

lead to insulin resistance and improper inflammatory response [100].  
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Tumor necrosis factor α (TNF-α) 

Tumor necrosis factor α (TNF-α) is a pro-inflammatory cytokine produced by 

macrophages and implicated in many inflammatory diseases. A systemic increased level 

of TNF-α as well as its overexpression in WAT have been described in obese humans 

and animals [101–105]. TNF-α is known to interfere with the insulin pathway by 

inhibiting the phosphorylation of insulin receptors and therefore, blocking off the 

activation of insulin-associated transduction signal [105]. In addition, TNF-α plays a 

role on the regulation of genes encoding key proteins that controls GLUT4 trafficking  

in WAT and skeletal muscle [106]. This reinforces its implication in the development 

of insulin resistance. Supporting this, it has also been demonstrated that TNF-α could 

activate the lipolysis in primary cultures of adipocytes [107]. This was then confirmed 

in rat where TNF-α infusion induced a rapid increase of pro-inflammatory gene 

expression in adipocytes along with an increase in plasma concentration of FFA and 

triglycerides [108]. Consequently, the elevated circulating FFA contribute to the insulin 

resistance and systemic lipotoxicity. 

 

1.4.2 Unhealthy adipose tissue 

The WAT can substantially expend to store energy excess without displaying metabolic 

disturbance until a certain limit, depending on many factors (inter-individuals 

disparities, fat localization; described above) [109]. During obesity, unhealthy 

expansion of the WAT leads to a dysfunctional energy storage, inflammation, fibrosis, 

hypoxia and altered metabolism of the adipocytes [110]. Indeed, during prolonged 

energy oversupply, the adipocytes compensate by increasing lipid storage and 

expending cell size and number [111]. During the WAT remodeling, hypertrophic 

adipocytes secrete hormones and cytokines to recruit preadipocytes to be differentiated 

into mature adipocytes. However, different studies have highlighted that hyperplasia is 

induced in response to dysfunctional hypertrophic adipocytes (lipid-overloaded and 

insulin-resistant) to recover the pool of metabolically active cells in the WAT [112–

115]. Thus, adipogenesis during obesity is limited and adipocyte hypertrophy is the main 

mechanism of adult fat mass expansion [116]. 

Alterations in the adipose tissue plasticity are the major trigger of the obesity-associated 

metabolic complications. In obesity, the inadequate fat deposition in response to caloric 

overflow leads to systemic metabolic alterations. When the storage capacity of SAT is 

exceeded, the caloric excess leads to visceral depositions and ectopic lipid 

accumulations in non-adipose tissues (liver, skeletal muscle, heart and kidney) [117–

120]. The caloric overload is induced by dysfunctional hypertrophic adipocytes, leading 
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to secretion of cytokines and this, in turn, lead to systemic inflammation and impaired 

adipogenesis [121]. Indeed, the hypertrophic adipocytes present alterations of their cell 

metabolism. First, lipolysis is elevated in hypertrophic adipocytes in association with an 

impaired lipogenesis, leading to increased leakage of FFAs [122]. This lipid overload is 

characterized by an increased level of NEFA and cholesterol in the circulation mediating 

systemic lipotoxicity and insulin resistance. Moreover, FFAs leakage and the release of 

pro-inflammatory cytokines by adipocytes promote local and systemic inflammation 

[123]. Hypertrophy also induces local hypoxia in the adipose tissue. Hypoxia-inducible 

factor (HIF) 1α is activated and accelerates local inflammation and fibrosis of the 

adipose tissue [124,125]. Macrophages and T-cells are recruited by the altered secretion 

of immune-related molecules that promotes infiltration of immune cells [123]. This 

toxic environment leads to an increased adipocytes death as well as to an accumulation 

of pro-inflammatory M1-like macrophages, forming a “crown-like structure” around 

necrotic adipocytes [58]. In addition, M1-polarized macrophages secrete a variety of 

inflammatory cytokines (interleukin 1 beta (IL-1β), MCP-1, TNF-α, and IL-6) further 

contributing to local and systemic inflammation and to insulin resistance (Figure 5). 

 

  

Figure 5 | In obesity context, WAT is characterized by adipocytes hypertrophy and 

hyperplasia. In addition, the remodeling of WAT is accompanied by a disparity of 

adipokines secretion and immune cells in favor of pro-inflammatory cytokines and 

macrophage infiltration. These changes lead therefore to lipotoxicity, development of 

cardiovascular disease (CVD) or type 2 diabetes (T2D) [47]. NAFLD: Non-Alcoholic Fatty 

Liver Disease 
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1.5 The deleterious consequences of obesity 

It is widely recognized that obesity is directly associated to increased risks of developing 

diseases and consequently increased morbidity and mortality (the all-cause mortality 

rate is doubled or tripled with obesity, depending on the grade) [126]. Obesity causes or 

exacerbates co-morbidities including type II diabetes, hypertension, and dyslipidemia 

[127]. Indeed, obesity is the most important risk factor for type II diabetes (60% of 

patients with type II diabetes are obese) [128]. Abdominal visceral fat tissue 

accumulation has been strongly associated with insulin resistance [129]. Interestingly, 

many reports supported that even a moderate weight loss (5-10% of body weight) was 

associated with an improved insulin resistance in obese and diabetic patients, suggesting 

that lifestyle interventions such as exercise or decreasing energy intake is a fundamental 

therapeutic strategy for obesity-related disorders [130–133]. Moreover, epidemiological 

studies have confirmed that obesity is an independent risk factor for the development of 

cardiovascular diseases (CVD) (coronary heart disease, arterial fibrillation, 

hypertension or obstructive sleep apnea) [134]. Being overweight increases the risk of 

developing a heart failure by 33% [135]. Also, a high abdominal fat accumulation 

enhances mortality risk for patients with CVD [136]. Obesity especially initiates 

hemodynamic changes, fat infiltration and fibrosis in heart, inflammation and 

adipokines dysregulation that promote cardiomyocytes dysfunction [137] and CVD with 

the involvement of obesity-related atherosclerosis [138]. 

 

1.5.1 Chronic low-grade inflammation 

Obesity induces a systemic low-grade inflammation state, characterized by elevated 

circulating pro-inflammatory cytokines, so called meta-inflammation. As described 

above, the starting signal of inflammation is promoted by obesity in adipose tissue which 

is the primary site of inflammatory process. Circulating concentrations of plasminogen 

activator inhibitor-1, angiotensin II, C-reactive protein, fibrinogen, and TNF-α are all 

related to BMI [139]. Moreover, other pro-inflammatory cytokines such as IL-6, IL-1β, 

and MCP-1 were described in obese animals and patients [140,141]. In contrast, there is 

a decrease in anti-inflammatory cytokines (adipokines) such as adiponectin. The 

inflammatory environment is strengthened by the activation of endogenous 

inflammatory cells that even recruit other inflammatory cells into the adipose tissue. 

Indeed, evidence of macrophage infiltration into adipose tissue have been reported in 

obese human and experimental models [93,94,142]. Moreover, resident M2 

macrophages shift to pro-inflammatory M1 macrophages that, in turn, produce a large 

amount of pro-inflammatory cytokines (Figure 6). Consequently, the overall production 
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of inflammatory cytokines creates a toxic environment in adipose tissue but also in other 

tissues and organs such as the liver, brain, kidneys, or muscles, promoting the 

development of insulin resistance and deleterious cellular responses in targeted organs 

[142–145]. The underlying molecular mechanisms that explain the pathogenesis of 

obesity-induced inflammation associate different cellular pathways including the 

activation of toll-like receptors (TLRs; particularly through the 

TLR4/phosphatidylinositol-3’-kinase (PI3K)/Protein kinase B (Akt) signaling 

pathway), hyperactivation of c-Jun N-terminal Kinase (JNK)-Activator Protein 1 (AP1) 

and inhibitor of kB (IkB) kinase (IKK)-nuclear factor kappa B (NFkappaB) pathways 

[146]. During obesity, the elevated level of cytokines can activate JNK in various 

tissues. Compared with controls, adipose and liver tissues present increased activation 

of these signaling pathways and genetic deletion of specific kinases of the pathways 

demonstrated their implication in inflammatory response in obesity condition [147–

149]. Particularly, activation of JNK is implicated in obesity-induced insulin resistance 

and decreased compensatory insulin secretion, both of which are key features of type 2 

diabetes (T2D) [150]. JNK is activated in response to various stress signals, including 

pro-inflammatory cytokines, FFAs, endoplasmic reticulum (ER) stress and reactive 

oxygen species (ROS) [151]. In adipocytes, JNK activation causes insulin resistance and 

the increased expression of pro-inflammatory cytokines. In macrophages, JNK 

activation causes increased expression of pro-inflammatory cytokines that promotes M1 

phenotype, and subsequent recruitment of more M1 macrophages [152]. In the liver, 

JNK activation causes hepatic insulin resistance and is associated to the development of 

hepatic steatosis and fibrosis [153]. JNK activation causes also skeletal muscle insulin 

resistance and reduces insulin secretion in pancreatic ß-cells [154]. JNK activation 

causes central insulin resistance (in the hypothalamus), which affects general energy 

homeostasis. Indeed, this kinase can inhibit insulin signaling via serine phosphorylation 

of IRS-1, thus disturbing downstream insulin actions [155]. Another important hallmark 

of obesity-induced inflammation is the immune cell infiltration. This occurs not only in 

the adipose tissue but also in targeted non-adipose tissues. Indeed, evidence of 

inflammatory processes in liver, skeletal muscle, pancreas, and kidney has been also 

demonstrated [106,156,157]. In addition, these changes were associated with the 

increase of lipolysis in the adipocytes leading to the rise of plasma FFA and therefore to 

the ectopic accumulation of lipids  and lipotoxicity in targeted organs [108]. In 

summary, meta-inflammation induced by obesity is an important driver of peripheral 

insulin resistance and of the disruption of nutrients and energy metabolism, primarily in 

the adipose tissue but also in other metabolic tissues. These contribute to the 

development of obesity-associated complications and diseases.  
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Figure 6 | White adipose tissue (WAT) inflammation. In lean adipose tissue, the crosstalk 

between adipocytes and immune resident cells maintains tissue homeostasis. In particular, 

anti‐inflammatory cytokines (IL‐10 and IL‐4) that promote M2 macrophage phenotype, are 

secreted by Treg cells. Overnutrition results in WAT expansion and adipocyte hypoxia, 

with consequent production of chemoattractant and infiltration of immune cells. B and T 

cells become activated, and there is a phenotypic switch from M2 to M1 macrophages, 

which accumulate around necrotic adipocytes forming ‘crown‐like structures’. From [158]. 
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1.5.2 Lipotoxicity 

Lipotoxicity is defined by the deleterious effects of fat accumulation that can reach a 

toxic level within non-adipose tissues because of chronic elevation of circulating lipids 

during obesity. As discussed before, metabolically unhealthy obese patients develop 

metabolic alterations that are, at least in part, related to alterations in fatty acid utilization 

and intracellular signaling, while metabolically healthy subjects do not present obvious 

metabolic abnormalities and associated complications. A key feature to distinguish 

healthy from unhealthy obesity is the ectopic fat accumulation in non-adipose tissues 

such as in the skeletal muscles, liver, heart, pancreas, and in the kidney. However, 

lipotoxicity also participates to chronic inflammation and insulin resistance. The storage 

of lipid surplus in non-adipose tissues is the consequence of the inappropriate capacity 

of adipose tissue to expand and consequently to store further lipids, as well as of the 

excess FFA release by hypertrophic adipocytes. In non-adipose tissues, the main 

determinant of lipotoxicity is the excessive intracellular FA content, leading to the 

accumulation of potentially toxic metabolites such as fatty acyl-CoA (FA-CoA), 

diacylglycerols (DAG), and ceramides [159–163]. Indeed, increased circulating FA 

concentration induces accumulation of intracellular triglycerides but also metabolites of 

FA re-esterification including long chain Acyl-CoA and DAG. DAG are activators of 

protein kinase C (PKC) that are implicated in insulin resistance through inhibitory serine 

phosphorylation of insulin receptor substrates (IRS 1/2), leading to disruption of insulin 

signaling pathway [164,165]. The accumulation of various ceramide species in tissues 

during obesity results in the activation of several different signaling pathways, many of 

which are detrimental for the organ and tissue functions.  In muscle, increased 

intramuscular accumulation of long-chain acyl-CoA, DAG and ceramide has been 

reported [162,163,165]. These lipotoxic metabolites interfere with the insulin signaling 

pathway, induce inflammation and decrease muscle differentiation and regeneration, 

leading to muscle atrophy [166,167].  

In addition, a robust independent marker of obesity complications is the non-alcoholic 

fat accumulation in the liver (known as the non-alcoholic fatty liver disease; NAFLD, 

Figure 7). NAFLD has been associated with an increased risk of T2D and of CVD [168]. 

Most patients with NAFLD usually exhibit diseases such as obesity, insulin resistance, 

hypertension and hyperlipidemia [169]. Moreover, long-term NAFLD may initiate the 

development of NASH (non-alcoholic steatohepatitis) that likely progresses to cirrhosis 

and hepatocellular carcinoma in patients [170]. Lastly, cardiac steatosis has been 

associated with impaired left ventricular function in humans and experimental animals 

[171]. Fat deposition in the pancreas is particularly associated to β cell dysfunction and 

therefore to increased risk of diabetes [172]. In pancreatic β cells, the increased 
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production of ROS along with ER stress have been reported as the major mechanism 

implicated in their dysfunction [173]. Overall, in targeted-organs and tissues, 

lipotoxicity induces metabolic overload of mitochondria resulting in an incomplete β-

oxidation, accumulation of toxic intermediate metabolites and increase in ROS 

production that promotes cellular dysfunction into these tissues and organs [174].  

 

Figure 7 | Liver cross-sections from a NAFLD patient mouse fed a HFD versus control. 

Macrovesicular steatosis: large lipid droplets are present in hepatocytes; microvesicular steatosis: 

small lipid droplets are present in hepatocytes. All photomicrographs: Hematoxylin and eosin; 

magnification 200x. From [175]. 

Cellular dysfunction induced by lipotoxicity can be schematized in different steps. The 

fatty acid transporter (FATP) and scavenger receptor CD36, abundantly expressed in 

tissues with a high capacity for fatty acid metabolism, has been demonstrated to play an 

important role in fatty acid transport during obesity [176]. Indeed, the inhibition of 

CD36 has been associated to the prevention of lipotoxicity in multiple tissues such as 

the liver, muscle, heart and the kidney [177–179]. CD36 is found to be upregulated 

during NAFLD and in skeletal muscle in response to obesity, especially in response to 

insulin [180,181]. The FA transport to the cell induces deleterious effects, particularly 

mediated by mitochondrial impairments. In the early phase, FA overload induces an 

increased FA oxidation leading to increased production of ROS. The oxidation of FA 

delivers excess electrons to the electron transport chain (ETC), which thus causes 

superoxide overproduction. Moreover, FA also increase ROS production by the 

NADPH oxidases such as NOX4 [182,183]. This FA-induced oxidative stress leads to 

alterations of the mitochondrial structure and function, mostly as a consequence of the 

uncoupling oxidative phosphorylation.  Mitochondrial dysfunction decreases β-
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oxidation and may elevate plasma FFA concentration, thereby aggravating lipotoxicity. 

At the last step, the deterioration of mitochondrial function induces permeability 

transition (PT) pore opening followed by caspase activation and apoptosis [184,185]. 

The accumulation of lipids in the form of neutral lipids (TG or cholesterol esters) in 

lipid droplets is in the first instance an adaptative mechanism by which the cells protect 

themself against FA-induced lipotoxicity to keep low concentration of lipid 

intermediates [186,187]. However, increased lipid droplet formation is a hallmark of 

cellular stress [188]. Indeed, dysfunction of lipid droplet turnover consequent to 

mitochondrial dysfunction abolishes the ability of cells and tissues to fight against 

lipotoxic damage and increased accumulation of DAG and ceramide [189,190]. 
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2 Obesity-induced chronic kidney disease 

2.1 Introduction 

The specific components of the kidney are the nephrons and a unique microvasculature. 

The human kidney contains about one million of nephrons, already established during 

prenatal development. A nephron is composed of a renal corpuscle (glomerule) 

connected to a complex tubule that finally drains into a collecting duct. The glomerule 

comprises a tuft of specialized capillaries attached to the mesengium, enclosed in the 

Bowman’s capsule, an extension of the tubule. The renal tubule is subdivided into 

several distinct segments: the proximal tubule, a convoluted section followed by a 

straight section (the proximal tubule is also divided into S1, S2 and S3 segments), the 

loop of Henle, which has two parts, the descending loop of Henle and the ascending 

loop of Henle ("ascending loop"), the distal convoluted tubule and the connecting tubule. 

The last part of the nephron is the collecting ducts. The glomerule represent the filtering 

unit of the nephron. The blood is filtered across the capillary walls through the 

glomerular filtration barrier which is composed of  pedicles of podocytes, the glomerular 

basement membrane (GBM) or basal lamina, and the fenestrated endothelium of 

glomerular capillaries that finally selectively filters molecules based on size (70 kDa), 

electrical charge (the more cationic, the more permeable), and capillary pressure. 

Reabsorption occurs in the renal tubules and is either passive, due to diffusion, or active, 

due to pumping against a concentration gradient. Secretion also occurs in the tubules 

and is active. The kidneys ensure multiples functions from excretory to endocrine 

functions in order to maintain the whole-body homeostasis. Indeed, they maintain a 

constant volume and composition of the body fluids by regulating the excretion of water, 

electrolytes as well as organic molecules. In addition, the kidneys eliminate metabolic 

wastes such as urea, creatinine, and uric acid. It also plays an osmoregulatory role and 

contributes to the maintenance of the acid-base balance. Finally, the kidneys synthetize 

and secrete hormones that influence renal hemodynamics (renin, angiotensin II and 

prostaglandins), the erythropoiesis (erythropoietin or EPO) and the phosphocalcic 

metabolism (1,25-dihydroxy-cholecalciferol or calcitrol). Because of these crucial 

functions, damages in the kidneys can be dramatic.  
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2.2 Kidney Disease 

The Global Burden of Disease (GBD) study has estimated in 2015 that 1.2 million 

people died from kidney disease [191]. Kidney disease is defined as an alteration in the 

functioning of the renal system. The progressive decline of renal function results in a 

decrease of the glomerular filtration rate (GFR) along with the blood accumulation of 

toxins and metabolic products such as urea and creatinine.  

Kidney diseases are among the diseases with the highest morbidity and mortality rates 

in the world. Kidney diseases can be divided into two major categories:  

- Acute kidney injury (AKI), characterized by a sudden loss of kidney function, 

that usually occurs over the course of hours to days [192]; 

- Chronic kidney disease (CKD), which is defined by the progressive loss of a 

tremendous number of nephrons, leading to the decline of kidney function that 

persist for >90 days [192]. 

 

2.2.1 Acute kidney injury 

AKI is a complex syndrome that often happen in hospitalized patients, or in patients 

admitted to the intensive care unit with a prevalence estimated up to 15% and 60% 

respectively [193–195]. In AKI, the deterioration of renal function occurs quickly and 

involves both structural and functional alterations. However, AKI has rarely a single and 

distinct pathophysiology but occurs as a combination of etiologies such as sepsis, 

nephrotoxins and ischemia [196–199]. AKI is classified into three categories: pre-renal 

azotemia, intrinsic AKI (acute tubular necrosis, acute interstitial nephritis, acute 

glomerular renal injury) and postrenal obstructive AKI and is often transient [196–199]. 

However, patients who have had an AKI episode are more likely to develop CKD, 

especially with age.  

 

2.2.2 Chronic kidney disease 

CKD is characterized by a progressive and irreversible loss of kidney function. The 

overall prevalence of CKD in the general population is about 14% and has become a 

major burden on quality of life and for the economy [200]. CKD is diagnosed by 

indicators of kidney function (measurement of the GFR) and structural kidney damages 

(by medical imaging or measure of albuminuria) [201]. Therefore, CKD is defined by a 

GFR lower than 60 ml/min/1.73 m2, or markers of kidney damage for a period equal to 

or greater than three months. It is considered that a patient with a GFR less than 15 

ml/min per 1,73 m2, corresponding to the stage 5, has reached the end stage renal disease 

(ESRD); at that point the patient requires renal replacement therapies (dialysis and renal 
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transplantation). Compared to AKI, the development of CKD is more insidious. Indeed, 

in its early stages, individual has no symptoms while symptoms might only appear when 

the disease is very advanced.  

 

CKD is divided into five stages, according to the GFR and proteinuria (Figure 8) [201]: 

 

Stage 1: Kidney damage with normal kidney function (estimated GFR ≥90 mL/min 

per 1.73 m2) and persistent (≥3 months) proteinuria.  

Stage 2: Kidney damage with mild loss of kidney function (estimated GFR 60-89 

mL/min per 1.73 m2) and persistent (≥3 months) proteinuria.  

Stage 3: Mild-to-severe loss of kidney function (estimated GFR 30-59 mL/min per 

1.73 m2).  

Stage 4: Severe loss of kidney function (estimated GFR 15-29 mL/min per 1.73 m2).  

Stage 5: Kidney failure requiring dialysis or transplant for survival. Also known as 

ESRD (estimated GFR <15 mL/min per 1.73 m2). 

 

 
Figure 8 | Stages of CKD. Reprinted with permission from KDIGO 2012 Clinical Practice 

Guidelines for the Evaluation and Management of Chronic Kidney Disease. 32 GFR, 

glomerular filtration rate; KDIGO, Kidney Disease: Improving Global Outcomes. Green: 

low risk; Yellow: moderately increased risk; Orange: high risk; Red: very high risk. 
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In 2015, the number of people receiving renal replacement therapy exceeded 2.5 million. 

This number is projected to double to 5.4 million by 2030 [202]. 

The clinical risk factors to develop CKD include a previous episode of AKI, aging, the 

CVD, high blood pressure, diabetes, and obesity [9]. Moreover, with the expected 

continuous rise in diabetes and obesity, and the delay between their onsets and the late 

stage complications, the probability that the prevalence of CKD will increase even more 

drastically in next few years is very high [203]. In addition, it has been demonstrated 

that obesity is strongly associated with the development of CKD and ESRD. In the 

general population, obesity is the second most highly predictive factor to predict end-

stage renal disease, even independent of diabetes and hypertension [204]. In addition, 

obesity not only induces kidney disease, but also worsens and accelerates the 

progression of pre-existing kidney diseases such as glomerulonephritis, age-related 

kidney disease or following renal transplant or nephrectomy [205–207]. 

 

2.3 Obesity-induced kidney disease 

The mechanism by which obesity causes CKD is certainly multifactorial. However, it is 

now well considered that a high BMI or waist-to-hip ratio (WHR) are among the 

strongest risk factors for developing CKD [208,209]. However, it is worth to also note 

that a part of obese individuals never develop CKD and about 25% of obese individuals 

are considered as metabolically healthy (as described in the previous chapter) [210,211]. 

Therefore, increased body weight cannot explain the whole pathophysiology of the 

development of kidney damages. Indeed, obesity-related kidney disease occurs as a 

result of complex interactions between metabolic and hemodynamic factors and is 

characterized by functional and structural changes such as impairment of renal 

perfusion, vascular dysfunction, as well as albuminuria, glomerulosclerosis, tubular 

atrophy and tubulointerstitial fibrosis [120,212–215]. 

 

2.3.1 Glomerular hyperfiltration and subsequent glomerulomegaly and 

glomerulosclerosis 

The increased obesity epidemic is correlated to the increased incidence of obesity-

related glomerulopathy (ORG). The mechanisms involved in ORG are complex and 

other comorbidities may also contribute to its onset such as hypertension, diabetes, or 

insulin resistance. The progression of ORG is influenced by many factors such as pro-

inflammatory adipokines and cytokines, lipotoxicity, the renin-angiotensin system, 

sympathetic nervous system, inflammation, and oxidative stress [213,216]. ORG 

consists in glomerulomegaly, defined as the glomerular hypertrophy, with or without 

the presence of focal segmental glomerulosclerosis (FSGS). The kidney hypertrophy 
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(glomerulopathy) is partly due to an increased renal plasma flow, an increased GFR and 

an increase in tubular sodium reabsorption, overall leading to an increased 

intraglomerular pressure [215,217]. This glomerular hyperfiltration might be a 

compensatory mechanism necessary to meet the high metabolic demands of extensive 

increased body weight. However, this mechanism leads to maladaptive consequences 

on glomeruli and tubular structures [215,218] Indeed, the glomerular hyperfiltration is 

also associated to damages on glomerular basement membrane (GBM) and podocytes 

(Figure 9). Widening of GMB is observed along with podocyte hypertrophy. 

Consequences of podocyte hypertrophy is the progressive foot process effacement and 

podocyte dysfunctions [219]. However, the chronic mechanical stress induced by the 

glomerular hyperfiltration on podocytes leads to podocyte detachment, enlarged 

glomerular capillaries with damages of endothelial cells and mesangial expansion which 

in turn lead to FSGS [219–223]. 

Figure 9 | Pathology of obesity-related glomerulopathy. Light microscopic and electron microscopic 

findings showing glomerulomegaly (A) by comparison with an age-matched normal control glomerulus 

(B) and perihilar hyalinosis with loss of overlying podocytes and adhesion to Bowman’s capsule, 

forming a lesion (arrow) of focal segmental glomerulosclerosis (C) (A–C, periodic acid-Schiff , 

magnification ×400). By electron microscope, there is mild glomerular basement membrane thickening, 

mesangial sclerosis, and foot process effacement (D, magnification ×5000). Lipid droplets (arrows) are 

present in the cytoplasm of podocytes (E, magnification ×6000), mesangial cells (F, magnification ×10 

000), and tubular epithelial cells. A lipid-laden degenerating epithelial cell has been shed into the tubular 

lumen (G, magnification ×3000) 
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2.3.2 Hemodynamic changes in obesity and renal consequences 

In obesity, many vascular and tubular factors may cause hemodynamic changes, 

promoting an increase in glomerular pressure and therefore, hyperfiltration that 

consequently increases tensile stress applied to the capillary wall structures (Figure 10). 

In spite of the contribution of elevated blood pressure, obesity-related hyperfiltration is 

primary associated to renal afferent vasodilatation that is caused by multiple factors such 

as the compression of the renal tubules, hyperglycemia, a high protein intake, 

hyperinsulinemia and impaired renal autoregulation [224]. Particularly, increased 

tubular sodium reabsorption has a key role in initiating obesity-associated 

hyperfiltration. In obese conditions, the renal sympathetic nervous system (RSNS) is  

overactivated and is link to increased sodium reabsorption and hypertension [225,226]. 

This overactivation of the RSNS has been shown to be related to increased leptin 

production by the adipose tissue during the development of obesity. Hyperleptinemia 

increases sympathetic nerve activity through the binding of its receptor in the central 

nervous system which, in turn, promotes renal sodium reabsorption by stimulating renin 

release and consequently activating the renin-angiotensin-aldosterone system (RAAS) 

[227,228]. Activation of the RAAS leads to increased formation of angiotensin II and 

aldosterone, which both stimulate renal tubular sodium reabsorption. Angiotensin II is 

involved in the control of blood pressure and sodium homeostasis but can also induce 

cell proliferation [229], ROS production [230,231] and promote interstitial fibrosis 

[232,233] in pathological conditions. In the progression of obesity and diabetes related 

kidney disease, this system has been demonstrated to be overactivated [234,235], 

leading to vasoconstriction effects on the efferent renal arteriole which is expected to 

increase GFR [236]. Moreover, angiotensin II increases sodium tubular reabsorption 

through the stimulation of the luminal NA+-H+ exchanger and the basolateral Na+-K+-

ATPase in the proximal tubule and through the activation of the epithelial Na+ channel 

(ENaC) in the distal tubule [237]. This, in turn, leads to an impairment in natriuresis, to 

volume expansion, and hence to hyperfiltration and hypertension [238]. In addition, the 

role of insulin in renal vasculature has been pointed out [239]. Insulin induces vascular 

relaxation by promoting nitric oxide (NO) production and bioavailability through the 

phosphatidylinositol 3-kinase (PIK3-Akt) signaling pathway. In addition, it is thought 

that insulin may exert physiological role on kidney structure. Indeed, mice lacking 

insulin receptors specifically in their podocytes present podocyte foot process 

effacements and glomerular matrix expansion along with albuminuria [240]. However, 

in context of insulin resistance, the beneficial role of insulin on renal vasculature is 

compromised. Moreover, glomerular hyperfiltration also creates a mechanical stress on 

proximal tubular cells that generates a biochemical signaling to promote sodium 
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reabsorption through the luminal NH3 transporter and the basolateral Na+/3HCO3
- 

cotransporter [241]. 

 

Figure 10 | Hemodynamic alterations in obesity. Primary dilatation of the afferent arteriole and 

variable constriction of the efferent arteriole via activation of angiotensin II (Ang II) and aldosterone 

contribute to increases in single nephron plasma flow, glomerular intracapillary hydrostatic pressure, 

and filtration rate. The major driver of afferent arteriolar dilatation is unknown, but deactivation of 

tubuloglomerular feedback via increased proximal tubular salt reabsorption and decreased delivery to 

the macula densa likely has a role. A host of factors, including Ang II, the renal sympathetic nervous 

system, insulin, an increase in postglomerular oncotic pressure due to increased filtration fraction, and 

mechanosensors of tubular flow rates, mediate the increased tubular reabsorption of sodium. The 

increase in filtrate flow (single nephron filtration rate) in turn promotes glomerular capillary wall stretch 

tension, glomerulomegaly, and maladaptive podocyte stress leading to obesity-related glomerulopathy 

and focal segmental glomerulosclerosis. AT1R, type 1 angiotensin II receptor; TGF-β, transforming 

growth factor β; TGF-βR, TGF-β receptor. From [216]. 

 

As a consequence of enhanced tubular sodium reabsorption, the delivery of NaCl to the 

macula densa is decreased, leading to the compensatory tubulo-glomerular feedback-

mediated dilatation of the afferent arterioles, increasing GFR and renal blood flow 

[242,243]. Finally, hypertrophy of proximal tubules is also observed as a consequence 

of increased amino acids and upregulation of transporters such as sodium-glucose 

cotransporters (SGLTs) and sodium-hydrogen exchanger 3 (NHE). The increased amino 

acid concentrations into tubular cells promote the activation of mTORC1 which, in turn, 

induces cell growth [244].  The chronic consequences of these changes are progressive 

loss of nephrons and decline of GFR reflecting the loss of kidney function to end-stage 

renal disease (Figure 11) [245].  
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Figure 11 | Classic course of GFR and UAE according to the natural (proteinuric) pathway of diabetic 

nephropathy. Whole-kidney hyperfiltration is generally defined as a GFR that exceeds approximately 

135 ml/min, and is indicated with the red line. From [246]. 

 

2.3.3 Microalbuminuria and advanced proteinuria 

Albuminuria is generally the earliest sign of impaired kidney function and is related to 

a higher risk for developing cardiovascular disease [247]. Albuminuria is increased 

because of glomerular vascular permeability due to glomerular hypoperfusion, 

hyperfiltration and hypertension, that result into podocyte foot process effacements 

[248]. Urinary albumin excretion is even considered as preceding the progressive 

decline of GFR. In the early stage of obesity, glomerular hyperfiltration induces an 

increased glomerular permeability of albumin. This is associated to an enhanced tubular 

flow, resulting in impaired reabsorption of albumin by the proximal tubules and the so-

called micro-albuminuria (range 30 to 300 mg/day). In advanced stage of the disease, 

obese individuals may develop FSGS along with heavy proteinuria, including protein-

bound lipids, cytokines, and growth factors. Thus, the adaptative reabsorption of 

proteins by the proximal tubule contributes to tubular oxidative stress, hypoxia, tubulo-

interstitial fibrosis and apoptosis (tubular atrophy) [249]. These changes also conduct to 

decreased renal function and ultimately end-stage renal disease.  
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2.3.4 Low-grade inflammation and oxidative stress and subsequent renal fibrosis 

Rapid expansion of adipose tissue results in an aberrant production of pro-inflammatory 

adipokines that leads to a state of low-grade inflammation [93]. As already mentioned, 

during obesity, an imbalance in the production of anti-inflammatory adipokines 

(adiponectin) and pro-inflammatory adipokines is observed. Therefore, pro-

inflammatory adipokines (MCP-1, TNF-α) are increased and participated to the chronic 

inflammation of the adipose tissue [250,251].  

Evidence of inflammation in kidney has been demonstrated and associated to the 

progression of the obesity-related CKD [252]. First, the role of adiponectin has been 

highlighted by the group of Sharma’s lab. Adiponectin has a protective effect on 

podocyte structure and function. Sharma et al. (2008) identified that low levels of 

circulating adiponectin correlate with low grade albuminuria in obese patients and that 

the adiponectin knockout mice developed low grade albuminuria without co-existent 

obesity, hypertension or hyperglycemia [253]. The protective effects of adiponectin has 

been shown to  involve reduction of oxidant stress, possibly by inhibition of NADPH 

oxidases as it has been shown in endothelial cells and in podocytes [253].  Fang et al. 

confirmed the protective effect of adiponectin on NADPH oxidase activation and 

therefore, on ROS production. They also confirmed that this effect was promoted 

through the activation of AMP-protein activated kinase (AMPK) [254]. AMPK is a 

heterotrimeric serine/threonine protein kinase which is well recognized as a key 

regulator of cellular metabolism by maintaining intracellular energy homeostasis [255]. 

Its activity is highly linked to the change of ATP consumption. Upon activation, AMPK 

conserves cellular energy by down regulating proteins, fatty acid, and glycogen 

synthesis while it activates catabolic pathways by increasing lipid and glucose oxidation. 

In addition, AMPK induces mitogenesis and expression of antioxidant defense proteins 

[256]. The role of AMPK will be further discussed in the next chapter. More recently, 

Park’s group has demonstrated that the expressions of adiponectin receptors were 

decreased at the early stage of CKD in patient with T2D [257]. Adiponectin acts on 

tissue through the activation of two receptors: AdipoR1 and R2. Both receptors are 

involved in adiponectin-stimulated activation of varied signal pathways such as AMPK 

or PPARγ. AdipoR1 and R2 are ubiquitously expressed. However, in kidney, AdipoR1 

appears to be more expressed than AdipoR2 [258,259]. Several studies with specific 

deletion of AdipoR1 or AdipoR2 reported that AdipoR1 is the prominent receptor 

mediating adiponectin stimulation of AMPK while AdipoR2 deletion blocks 

adiponectin stimulation of PPARγ [260,261]. In Park’s study, the use of AdipoRon, an 

orally active synthetic adiponectin receptor agonist, in in vivo and in vitro experimental 

model of diabetes-induced CKD significantly improved lipotoxicity and oxidative stress 

by activating AMPK [257][262]. Overall, the adiponectin/AMPK axis could play a 
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major role in preventing obesity-related renal inflammation and oxidative stress. As 

already mentioned, while anti-inflammatory cytokines are decreased, an increase in 

inflammatory cytokines is observed in obesity-induced metabolic alteration. Notably, 

MCP-1 was found to be increased as early as one week in kidney of mice fed a HFD, 

promoting the subsequent recruitment of macrophages and enhancement of pro-

inflammatory factors such as TNF-α or even pro-fibrotic markers such as the 

Transforming Growth Factor (TGFβ) [120]. Interestingly, mice lacking MCP-1 have 

been shown to be protected against diabetes-induced CKD probably through the sustain 

expression of nephrin into podocytes that, in turn, maintain podocyte integrity [263]. 

Among other inflammatory cytokines, TNFα plays a pivotal role in the onset and 

development of the renal complications in obesity and diabetes [264]. Indeed, 

pharmacological inhibition of TNFα protected kidneys against oxidative damages and 

apoptosis [265]. This result was also observed in TNFα deficient mice fed a HFD and 

TNFα siRNA-treated primary proximal tubular cells [266]. In addition, within kidney, 

various factors such as angiotensin II or even advanced glycation stimulate its synthesis, 

promoting renal damages [267,268]. Therefore, it is worth to suggest that pro-

inflammatory cytokines are greatly involved in the obesity-induced renal damages. 

Moreover, renal inflammation is often associated with increased oxidative stress and in 

the subsequent renal fibrosis [269]. Oxidative stress is caused by an imbalance between 

increased production of ROS and/or a reduced antioxidant activity. ROS induce cellular 

damages such as lipid peroxidation, DNA and protein adducts, promoting glomerular 

and tubular injury [270,271]. One of the major sources of vascular and renal ROS 

production is the Nox family, specially NOX1, NOX2, NOX4. Contribution of Nox 

family in obesity-induced glomerular and tubular injury has been widely highlighted. 

Notably, the role of NOX4 has been more specifically investigated. Jha et al. (2014) 

demonstrated in diabetic ApoE-/- mice that Nox4 deletion or treatment with Nox4 

inhibitor prevented renal ROS production and prevented glomerular injury and 

albuminuria [272]. They also showed in human cultured podocytes that silencing NOX4 

reduced ROS production and downregulated the expression of pro-inflammatory 

cytokines and pro-fibrotic markers.  Finally, another hallmark of the progression of 

kidney injury is renal fibrosis that is marked by progressive tissue scarring leading to 

glomerulosclerosis and tubulointerstitial fibrosis [273]. In glomeruli, the hyperplasia of 

the mesangial cells has been described. In addition, an accumulation of the mesangial 

matrix is observed that reflects an activation of these cells. This activation results from 

the production of pro-inflammatory cytokines such as MCP-1 or growth factors such as 

TGF-β [274]. TGF-β, an important cytokine intimately involved in tissue fibrosis, has 

been found to be up-regulated in a variety of kidney diseases characterized by excess 

matrix deposition [275,276]. In particular, Sharma et al. previously demonstrated that 
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the chronic type 1 diabetic mouse and the db/db mouse overexpress TGF-β in the 

glomeruli [277][278]. Its expression was also increased in renal cortex of mice fed a 

HFD. This was associated with an overproduction of mesangial matrix components such 

as fibronectin, type I and IV collagen [279]. 

 

2.3.5 Renal abnormal lipid metabolism and ectopic lipid accumulation 

2.3.5.1 Renal lipid uptake and ectopic lipid accumulations in obesity 

As described in the previous chapter, obesity and HFD are associated with increased 

circulating lipids: increased TG and FFA, decreased HDL-C with HDL dysfunction and 

normal or slightly increased LDL-C with increased small dense LDL. Theses lipids will 

accumulates into non-adipose tissue; this phenomenon is called “ectopic lipid 

accumulation” and is associated to detrimental effects for the tissue [280]. Studies from 

experimental models and human samples showing ectopic lipid deposition in mesangial 

cells, podocytes, and tubular cells have emerged, suggesting therefore the role of 

lipotoxicity in the development of obesity-induced CKD [179,281–286]. In kidney, even 

though passive diffusion of FFA through the plasma membrane is possible, lipid intake 

results mostly from receptor-/transporter-mediated mechanisms involving the 

upregulation CD36, the Fatty Acid Transport Proteins (FATPs) and the fatty Acid-

binding Protein (FABP). CD36 has been the most studied. CD36 is a receptor scavenger 

expressed in podocytes, mesangial cells, microvascular endothelial cells, interstitial 

macrophages and tubular cells (reviewed in [287]). Its renal expression is significantly 

increased during the progression of CKD in patient and in experimental mouse model. 

The deletion of CD36 in mice largely reduced fatty acid uptake and decreased ectopic 

renal lipid accumulation and prevented the progression of renal disease [288]. CD36 

allow the intake of oxidized LDL, favoring the intracellular increase of cholesterol ester 

which therefore are stored into lipid droplets or metabolized into active metabolites that 

have been reported to activate  PPARγ [289]. This leads in turn to a positive feedback 

by trans-activating CD36 gene promoter, promoting its expression. In podocytes, 

saturated FA particularly increase the CD36 expression which results in the increase in 

FFA uptake. This has been demonstrated to contribute to mitochondrial dysfunction, 

ROS production,  podocyte-specific insulin resistance and even to the activation of the 

apoptotic pathway [240,290]. Ectopic lipid accumulations into mesangial cells have also 

been shown. Mesangial cells play a protective and supporting role of the glomerular tuft. 

Indeed, these cells are considered as a specialized form of microvascular pericyte in the 

glomerulus that notably support capillary loops, produce and maintain mesangial matrix, 

secrete growth factors and cytokine to communicate with each other glomerular cells 

and thanks to their contractile properties may regulate the glomerular capillary flow. 
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These cells have functions similar to those of scavenger macrophages. Thus, they also 

expressed CD36 that allow the bound and uptake of LDL which thereby increases the 

intracellular cholesterol ester [291][292]. In addition, they also express apoB and apoE 

and can hence accumulate TG via lipoprotein lipase [66] [67]. In obesity, these cells 

have been shown to take the form of lipid-laden spumous cells, losing their contractile 

function which results into the loss of the integrity of the glomerular tuft [68][69]. In 

tubular cells, predominantly in the proximal convoluted tubule (PCT), lipid deposition 

has now been well documented [179,281–286]. Increased lipid accumulations are 

correlated with impaired brush border and increased oxidative stress, showing evidence 

of tubular dysfunction. The primary role of PCT is the active reabsorption of filtered 

sodium. This process requires a large amount of ATP which is mostly provided through 

the mitochondrial β-oxidation of FFA. In PCT, FFA are mostly taken up via the CD36 

and the FABP. Circulating FFA are complexed with carrier proteins (mostly albumin), 

and their uptake requires dissociation from carrier proteins mostly mediated by CD36. 

Declèves et al. particularly characterized the lipid accumulation in PTC of HFD mice 

[120,293]. Total cholesterol esters and phosphatidylcholine content in the kidney were 

elevated while the fatty acid and TG content was unchanged. Evidence of proximal 

tubule injury was clearly observed with the presence of enlarged clear vacuoles and 

multilaminar inclusions. The margins of these vacuoles/inclusions were positive for the 

endolysosomal marker, LAMP1, suggesting lysosome accumulation. Characterization 

of vesicles by special stains (Oil Red O, Nile Red, Luxol Fast Blue) and by electron 

microscopy revealed that this contained onion skin-like accumulation consistent with 

phospholipids (Figure 12). 
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Figure 12 | Lipid storage in tubular cells in mice fed a high-fat diet (HFD). Representative 

photomicrograph of electron microscopy evaluation of ultrastructure of vacuoles in proximal tubules in 

mice treated with a HFD: presence of (e, f) enlarged clear vacuoles and (g, h) multilaminar inclusions 

(i: higher magnification). (j, k) Representative photomicrographs (original magnification X1000) 

illustrating phospholipid accumulation in vacuolated tubule with Luxol Fast Blue in HFD (arrow, 

vacuoles stained in blue)  from  [294]. 

 

2.3.5.2 Abnormal lipid metabolism in the kidney  

FFA can be then used to supply energy. However, excess intracellular FFA content can 

lead to the accumulation of toxic metabolites (DAG or ceramide) that participate to 

cellular dysfunction, chronic inflammation and insulin resistance. Furthermore, a recent 

study has shown that the inhibition of mitochondrial FA oxidation induced increased 

intracellular lipid depositions, cellular dedifferentiation, and cell death in kidney [295]. 

Regarding renal lipid metabolism, many studies have focused on the implication of the 

sterol regulatory element-binding protein-1 (SREBP-1) and PPARγ [296–298]. Indeed, 

in addition to renal accumulation of TG and cholesterol, there is an increase in de novo 

lipogenesis within the kidney, resulting from an overexpression of the transcription 
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factor, SREBP-1, as shown by Levi’s group [296–298]. Upon activation, SREBP 

participates to the regulation of its targeted genes involved in lipid synthesis such as 

acetyl coA carboxylase (ACC), fatty acid synthase (FAS) or steroyl CoA desaturase 1 

(SCD 1). However, the same group demonstrated that transgenic mice overexpressing 

SREBP-1 presented an elevated renal TG content with glomerulosclerosis and 

proteinuria [296]. In contrast, SREBP-1c knockout mice fed a HFD diet were protected 

from renal lipid accumulation and glomerulosclerosis [299]. Similar to SREBP up-

regulation, heterozygous PPARγ-deficient mice showed to be protected against HFD-

induced obesity-induced kidney disease. Indeed, mice did not present renal lipid 

accumulation and were protected from albuminuria and glomerular and tubulointerstitial 

damages [300]. Similarly, using PPARα agonist such as fenofibrate in mice fed a HFD 

showed protective effect regarding renal lipid accumulation, ROS production and thus 

development of glomerulosclerosis [301].  Finally, AMPK has also been reported to 

play a critical role in regulating the chronic cellular response to lipid excess. Indeed, 

Declèves et al. established that HFD-induced kidney disease is characterized by renal 

hypertrophy, increased albuminuria and elevated markers of renal fibrosis and 

inflammation while these HFD-induced markers of inflammation, oxidative stress, and 

fibrosis were reversed by AMPK activation. In addition, the activity of ACC, the rate-

limiting enzyme of fatty acid biosynthesis, and HMG-CoA reductase (HMGCR), the 

rate-limiting enzyme in cholesterol biosynthesis, were both altered, leading to lipid 

accumulation in the kidney. Therefore, the group highlighted for the first time the 

appearance of phospholipidosis in kidney upon a context of obesity [120,293]. Later, 

the phospholipid accumulation in the proximal tubules was associated with lysosomal 

dysfunction, stagnant autophagic flux, mitochondrial dysfunction and inflammasome 

activation. The lysosomal dysfunction in link with mitochondrial damages was further 

investigated by Yamamoto et al. [286]. In addition, an analysis of lipid species by 

quantitative mass spectrometry was performed to further determine the role of AMPK 

and to explore the connections between lipid metabolism and biochemical pathways. In 

that study, a dysregulation of eicosanoid synthesis and metabolism in the kidney with 

HFD and their amelioration with AMPK activation were demonstrated.  These results 

sheds light on the mechanism behind HFD related toxicity and the eicosanoid pathways 

under the control of AMPK activation in the kidney.  The role of AMPK in kidney 

physiology and obesity-related kidney disease will be further discussed in the next 

section.
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2.3.6 Obesity-induced CKD and gut microbiota 

Different studies have demonstrated that obesity induces gut microbiota alterations. As 

evidenced, the experimental gut microbiota transfer  from obese mice to lean mice is 

associated to the development of  metabolic syndrome phenotype in these mice [302]. 

The diet seems to be the major driver of the modified gut microbiota. Gut microbiota 

disturbance and activation of inflammation pathways have been linked to insulin 

resistance in diabetic and obese patients [303]. Particularly, obesity was associated to 

impairment of the intestinal barrier function as well as changes in the composition of 

the intestinal flora that might contribute to the development and progression of CKD 

[304]. The gastro-renal axis in obesity condition and the mechanisms involved in this 

process need further investigations. Indeed, the underlying mechanisms of these changes 

are still unclear and different hypotheses are discussed. Disturbance of gut microbiota 

in obesity may contribute to the leakage of inflammatory factors from the intestine 

(endotoxin), disrupting intestinal homeostasis and amplifying inflammation in CKD 

patients [304]. Another hypothesis is that the inflammation triggered by CKD and 

associated uremic molecules retention (such as phenols, indoles, and amines that may 

contribute to uremic toxicity) favor pathogen overgrowth (dysbiosis) in the gut [305]. 

Particularly, uremic toxins generated from bacteria in the gut  have been linked to insulin 

resistance in obese animals [306]. Thus, it would be hypothesized that the combination 

of uremic toxins retention in CKD and dysbiosis-associated production of toxins may 

participate to the uremic molecules accumulation in obesity-induced CKD, which could 

contribute to the progression of metabolic syndrome as well as CKD. Interestingly, the 

uremic environment in CKD has also been associated to a sensing failure of AMPK in 

response to AMP increase [307]. Dietary restriction, drugs and other factors have the 

potential to beneficially modify the abundance and function of the microbiota in patients 

with CKD. High-fiber diets promote the growth of short-chain fatty acid (SCFA)-

producing bacteria in the intestine and have been demonstrated in preclinical studies to 

be effective in treating the metabolic syndrome, obesity, and CKD [308]. Moreover, 

increased fiber intake is associated with decreased inflammation and all-cause mortality 

in patients with CKD [309]. Similarly, probiotics seem to ameliorate renal dysfunction 

[310]. Finally, whether there is a specific enterotype associated with CKD, how these 

changes are modulated by obesity, and whether obesity accelerates renal dysfunction in 

patients with CKD regardless of alterations in the microbiota requires further 

investigations. Similarly, we also need to confirm whether the dysbiosis of microbiota 

in patients with CKD can affect fat homeostasis and facilitate adipogenicity.
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3 AMPK and metabolic disease-induced chronic kidney disease  

3.1 Introduction 

Progressive decline in renal function leads to chronic kidney disease (CKD) and, 

ultimately end-stage renal disease (ESRD) requiring dialysis or transplantation. CKD 

prevalence is estimated to be between 11 and 13% in the general population, becoming 

a public health problem with an enormous global economic burden [200,311]. Diabetic 

kidney disease remains the leading cause of ESRD in the developed world. CKD is 

associated with metabolic syndrome (MetS), a cluster of metabolic disorders, including 

hypertension, hyperlipidemia, hyperglycemia, and obesity [312]. MetS contributes to 

the appearance of albuminuria, the first sign of kidney disease in patients with diabetes 

[313–315]. Moreover, accumulating studies reported that obesity, even alone, is a 

significant risk factor of CKD [204,316,317]. The growing epidemic of obesity 

contributes to the increased prevalence of type II diabetes and its related kidney 

complications.[318] Obesity and diabetes-associated kidney disease are both associated 

with glomerulomegaly, hemodynamic changes, and increased albuminuria, as well as 

similar structural and functional changes in the kidney [319]. Although the lesions of 

obesity-induced kidney disease are slightly different to non-obese diabetic patients, it is 

difficult to discriminate the effects of obesity vs. the concomitant effects of 

hyperglycemia and insulin resistance in clinical studies as there is considerable overlap 

between diabetic and overweight/obese patients [318].  

Adiposity and adipose tissue dysfunction, associated with insulin resistance, lead to the 

release of pro-inflammatory cytokines and free fatty acids (FA) in the circulation, as 

well as changes in the production of adipokines (leptin and adiponectin), which likely 

contribute to the pathogenesis of obesity and diabetes-induced kidney disease [320]. 

Obesity enhances the renin-angiotensin-aldosterone system (RAAS), leptin-induced 

activation of the sympathetic nervous system (SNS), tubular sodium reabsorption, and 

volume expansion in the kidney leading to hypertension [321]. Obesity-induced 

hypertension accelerates glomerular hyperfiltration, leading to obesity-related 

glomerulopathy characterized by glomerulomegaly with focal and segmental 

glomerulosclerosis lesions [216]. Meanwhile, systemic inflammation and dyslipidemia 

contribute to the initiation of oxidative stress and insulin resistance, contributing to renal 

fibrosis and low-grade inflammation (Figure 13) [322]. Finally, both obesity and 

diabetes-induced kidney disease are characterized by ectopic lipid depositions in the 

kidney and associated direct lipotoxicity both in rodents and humans [179,281–286].  

Obesity and diabetes-related kidney diseases share not only physiological initiating 

events but also critical molecular mechanisms of renal cell injury. Studies have 
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demonstrated an essential role of AMP-activated protein kinase (AMPK) dysregulation 

in obesity and diabetes-associated kidney disease both in experimental and clinical 

models [262,279,323–326]. In several studies, AMPK activators attenuate diabetic 

nephropathy and improved high fat-induced kidney disease in mice [293,327–329]. 

However, therapeutic approaches to prevent or to treat kidney disease in patients with 

obesity and/or diabetes are not very specific to these altered pathways. The delay in the 

development of therapeutic strategies to modulate AMPK in obesity and diabetes-

induced kidney disease is partially due to the complexity of the underlying physiological 

and molecular mechanisms. It this review, we discuss the physiological role of AMPK 

signaling within renal cells and its dysregulation in obesity and diabetes-related chronic 

kidney disease.  

 

Figure 13 | Mechanisms involved in the pathogenesis of MetS-related kidney disease and 

consequent end-stage renal disease. Obesity and diabetes initiate systemic disturbances (orange boxes) 

including pro-inflammatory signals, dyslipidemia, the activation of the SNS and RAAS that contribute 

to intra-renal stresses (blue boxes) consecutive to abnormal lipid metabolism, insulin resistance, tubular 

reabsorption of sodium and hypertension and associated glomerular hyperfiltration with increased 

albuminuria and proteinuria. Renal oxidative stress and hyperglycemia lead to inflammation and fibrosis 

that contribute to the initiation and progression of obesity and diabetes related nephropathy. Consecutive 

tubule-interstitial fibrosis and glomerulosclerosis are associated to progressive decline in the GFR, loss 

of nephron and ultimately end-stage renal disease. IL-6, interleukin-6; TNFα, tumor necrosis factor-α; 

MCP-1, Monocyte chemoattractant protein-1; FFAs, free fatty acids; NaKATPase, sodium–potassium 

pump; SGLT2, sodium/glucose cotransporter 2; SNS, sympathetic nervous system; GFR, glomerular 

filtration rate.  
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3.2 AMPK: structure, renal expression, and function 

AMPK is a heterotrimeric complex composed of 3 different subunits: α, β, and γ (Figure 

14). The catabolic subunit α is present in two different isoforms α1 and α2. The β and γ 

subunits are the regulatory subunits. There are two β-subunits β1 and β2 and three γ 

subunits γ1, γ2, and γ3. Those multiple protein isoforms are encoded by seven different 

genes: PRKA1/2, PRKAB1/2, and PRKAG1/2/3. The expression of AMPK subunits is 

tissue-specific and seems to vary in response to stress, suggesting differential functions 

of each isoform, which is not well understood yet. The α subunit contains a kinase 

domain phosphorylated by upstream kinases on Thr172, an auto-inhibitory domain 

(AID), and a βγ binding domain, essential for complex formation. The AMPKβ contains 

a carbohydrate-binding molecule (CBM) that allows AMPK to bind to glycogen and an 

αγ binding domain. The β subunit is implicated in the re-localization of AMPK to the 

lysosome with glucose starvation and to mitochondrial membranes to achieve its 

function in mitophagy [330]. The structural characteristic of AMPKγ is the four tandem 

repeats termed cystathionine β-synthase (CBS) motifs that bind adenine nucleotides. 

The binding of AMP rather than ADP or ATP to the AMPKγ subunit leads to the 

activation of AMPK [256].  

AMPK is highly expressed in renal cells. Few studies describe the expression of specific 

AMPK subunit isoforms in the kidney, as most of the time, all AMPK isoforms are 

expressed. AMPK is also often studied in total kidney lysates, which makes it difficult 

to have very relevant data regarding subunits expression in the whole kidney. However, 

it is evident that specific cell populations in the kidney differentially express AMPK 

isoforms due to their specific functions and metabolism. According to The Human 

Protein Atlas (HPA), AMPK is mostly expressed in the tubules. AMPK is mostly 

expressed in cortical tubular epithelial cells, notably on apical surfaces of distal tubules 

in mice, as demonstrated with immunostaining for Thr172 Phospho-AMPKα [294,331]. 

The α2 subunit is the predominant catalytic isoform. However, the α1 subunit is also 

detectable in the tubule but not detectable in the glomeruli. In HPA, the β1 and β2 

isoforms are both expressed in the kidney, but Salatto et al. showed that human and 

rodent kidneys predominately express AMPK β1 [332]. The γ2 subunit is also expressed 

in the human kidney tissue according to the HPA. In the rat kidney, the α1 isoform is 

the most expressed, while both γ1 and γ2 are expressed at similar levels in the kidney 

[333]. Expression of γ3 is the most restricted to skeletal muscle and is not detected in 

the kidney.  
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Figure 14 | Structure of the AMPK α, β and γ subunits. The different domains and 

specific sites of the α, β and γ subunits that constitute the AMPK heterotrimeric complex 

are represented with the crystal structure. The AMPKα subunits are composed of  a 

serine/threonine kinase domain at the N-terminus phosphorylated by upstream kinases on 

the residue Thr172, directly followed by an autoinhibition domain (AID) that maintains the 

kinase domain inactive in the absence of AMP, and a C-terminus domain (α -CTD) that 

interacts with the β subunits. Phosphorylation of Ser 485/491 residues on the α -CTD 

negatively regulates AMPK. The AMPKβ subunits contain a glycogen-binding domain 

(CBD) and and a α and γ subunits interaction domain (β-CTD). The AMPKγ subunits 

present 4 β -synthase (CBS) domains (CBS1-4) binding ATP, AMP and ADP. Binding of 

AMP initiates the allosteric activation of AMPK and promotes phosphorylation of AMPK 

by upstream kinases. 

An allosteric mechanism activates AMPK. When the AMP: ATP ratio is high during 

starvation, hypoxia, or exercise, AMP binds the regulatory γ subunit, stimulating AMPK 

activity through an allosteric activation. This AMP binding favors the phosphorylation 

of AMPK by upstream kinases on α subunits at specific Thr172 residues. Besides, AMP 

binding prevents dephosphorylation of AMPK by protein phosphatases, PP2A, and 

PP2C. The two central upstream kinases that phosphorylate AMPK are the serine-

threonine liver kinase B1 (LKB1) and the calcium/calmodulin kinase kinase β 

(CAMKKβ). LKB1 activates AMPK in response to low energy states (e.g., exercise, 

starvation), while CAMKKβ is sensitive to increases in intracellular Ca2+[256]. The 

transforming growth factor (TGF)-β-activated kinase-1 (TAK1) is also known to 

phosphorylate AMPK on Thr172 of the α subunit [334]. Other phosphorylation sites, 

particularly on Ser485/491 (equivalent rodent sequence is Ser487/491) are targeted by 

other kinases such as Akt through insulin-related signaling or PKA through c-AMP-

related signaling pathways. However, these phosphorylations lead to negative regulation 

of AMPK by blocking its interaction with upstream kinases from phosphorylating T172 

[335–337].  
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AMPK exhibits a dual function in cell metabolism. First, AMPK decreases ATP 

consumption by inhibiting anabolic pathways, including lipid synthesis, glycogen 

synthesis, and protein synthesis. Secondly, AMPK activates catabolic pathways by 

increasing lipid oxidation, glucose uptake, autophagy flux, and mitochondrial 

biogenesis. These pathways will be discussed in the context of their impact on obesity 

and diabetes and related kidney disease in the following sections. Energy sensing by 

AMPK is particularly relevant in renal cells because these cells are strongly dependent 

on the regulation of energy metabolism for tubular transport.  

AMPK regulates the Na+-K+-ATPase (NKA), epithelial sodium channel (ENaC), the 

Na-K-Cl cotransporter (NKCC), Cystic fibrosis transmembrane conductance regulator 

(CFTR), and other ion transport proteins in the kidney [333]. AMPK plays an essential 

role in kidney homeostasis, as evidenced by AMPK knockdown studies. Kidney-

specific deletion of both AMPKα subunits displayed salt and water wasting defects 

[338]. AMPKα2 KO mice and endothelium specific knockdown of AMPKα2 increase 

angiotensin-converting enzyme (ACE)-levels [339]. AMPK is also implicated in 

specific renal physiological processes such as ion transport, blood pressure control, and 

nitric oxide production. Tubular epithelial-specific deletion of LKB1, the primary 

upstream kinase of AMPK, was associated with de-differentiation of tubule epithelial 

cells, fibrosis, and inflammation, mediated by AMPK and its downstream metabolic 

effects [326]. On the other hand, uncontrolled sustained activation of AMPK in a Wolff-

Parkinson-White Syndrome model led to a disastrous accumulation of glycogen in the 

kidney and subsequent impairment of renal function [340]. While these genetic studies 

of AMPK highlight the importance of an accurate regulation of AMPK activity in the 

kidney during physiological conditions, AMPK impairment in the kidney’s response to 

metabolic stress initiates deleterious outcomes. 

 

3.3 AMPK activity in obesity and diabetes-induced CKD 

Type II diabetes, obesity, and MetS are all characterized by lipid accumulation and 

hyperglycemia, which is perceived by the cells as a nutrient excess. According to the 

classic view, the cells respond to this high-energy state by a decreased AMPK activity. 

However, the mechanisms by which AMPK is inhibited seem to implicate a myriad of 

cellular and molecular events directly or indirectly linked to metabolic disturbances in 

the whole body [341]. As previously mentioned, AMPK activation is strongly correlated 

to the AMP: ATP ratio during physiological conditions or adaptations such as exercise 

or starvation. In obesity and diabetes, additional mechanisms, independent of the AMP: 

ATP ratio, might also promote the reduced AMPK activity. With nutrient excess, the 

energy state of the cell favors an altered redox status with higher NADH production 
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through glycolysis [342]. This increase in NADPH, in turn, leads to reduced activity of 

Sirtuin 1 (SIRT1), an NAD+ dependent deacetylase, that is a significant activator of 

LKB1, therefore favoring the dephosphorylated state of AMPK [343–345].  

Increased levels of circulating hormones such as insulin and leptin in metabolic diseases 

downregulate AMPK by inducing inhibitory phosphorylation on different serine 

residues. For example, insulin decreases AMPK activity through phosphorylation on 

Ser485 and Ser 491 of AMPKα subunits by the Akt pathway. At the same time, leptin 

induces AMPK inhibition by p70S6 Kinase downstream of Akt [346,347]. Additionally, 

low adiponectin levels in obesity and type II diabetes could also decrease AMPK 

activation via its receptor, AdipoR1. Adiponectin KO mice have decreased AMPK 

activity while AMPK activity correlates with adiponectin levels in an obesity model 

[348]. In high-fat and high-sucrose diet models, tissue expression of adiponectin 

receptors was perturbed, highlighting a mechanism of adiponectin resistance in 

peripheral tissues that could also contribute to impaired AMPK activity [349,350]. More 

recently, the treatment of db/db mice with an activator of adiponectin, AdipoRon, 

showed the upregulation of phosphorylated AMPK in the kidney along with reduced 

inflammation and lipotoxicity [262]. Finally, obesity and diabetes are associated with 

inflammation and oxidative stress that are both recognized to inhibit AMPK [351]. The 

pro-inflammatory cytokine, TNFα, is known to suppress AMPK activity via the 

induction of PP2C in skeletal muscle in vitro and in vivo, suppressing fatty acid (FA) 

oxidation and promoting insulin resistance [352].  

 

3.4 AMPK in renal transport  

The kidneys function as regulatory organs by maintaining a constant volume and 

composition of the body fluids. This essential and vital role is permitted by tubular 

reabsorption and secretion thanks to polarized localization of various transport proteins 

in the apical and basolateral cellular membrane along the nephron. First, plasma is 

filtered into the glomeruli to produce the ultrafiltrate that will then undergo changes in 

composition along the nephron and ultimately form the final urine. The role of AMPK 

in ion transport has been described in earlier reviews [353,354]. However, little is known 

regarding the role of AMPK in renal transport in the setting of obesity and diabetes. 

Both obesity and insulin resistance are associated with significant changes in tubular 

transport leading to electrolyte disorders such as hypomagnesemia, hyper/hyponatremia, 

hyper/hypokalemia, and hyper/hypocalciuria [355,356]. The renal handling of glucose 

and amino acids is very complex relying on primary active transport that requires a direct 

energy input; secondary active transport utilizing an indirect energy input, and even 

carriers for facilitated diffusion. AMPK interferes with Na+-handling, notably by 
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activating the primary transport, the NKA [357]. Xiao et al. demonstrated that the 

AMPK pathway is the principal regulator of NKA signaling as the hyperuricemia-

induced renal tubular injury impairs NKA. Moreover, AMPK activation exerted 

protective effects regarding NKA-mediated mechanisms of tubular injury by regulating 

NKA expression and reducing lysosomal NKA degradation [358]. However, AMPK 

activation also downregulates the ENaC expression in the distal tubule [359,360] while 

it seems to enhance the stimulation of the NKCC that is responsible for sodium 

reabsorption in the thick ascending limb [361,362]. Nevertheless, the use of knockout 

mice for AMPK subunits demonstrated only a moderate role for AMPK in renal sodium 

handling, suggesting that AMPK might only play a secondary modulatory role [363]. 

Besides, AMPK downregulates many other renal transporters such as Na+-coupled 

phosphate transporter NaPi-IIa or CFTR [364,365]. Therefore, reduced renal AMPK 

activity in metabolic diseases contributes to the salt and water imbalance in obesity or 

diabetes-related disease, although further investigations are still needed.  

 

3.5 AMPK and renal lipid metabolism 

Lipid homeostasis is regulated by the influx, the synthesis, catabolism, and the efflux of 

lipids. Diabetic nephropathy and obesity-induced CKD are both linked to renal lipid 

accumulation, and abnormal lipid metabolism (Figure 15) [284,300,366]. Activated 

AMPK induces the inhibitory phosphorylation of Acetyl-CoA Carboxylase (ACC), the 

rate-limiting step of FA synthesis, reducing the production of malonyl-CoA. Decreased 

malonyl-CoA promotes the activation of carnitine palmitoyltransferase-1 (CPT-1), 

allowing the entry of FA into the mitochondria for β-oxidation. Therefore, a direct 

consequence of AMPK dysfunction in the kidney is the increase of ACC activity, likely 

contributing to lipogenesis and, ultimately, to lipid accumulation. This fact was 

confirmed by AMPK dysregulation, and subsequent renal accumulation of cholesterol 

and triglycerides (TG) in mice fed a high-fat diet [298].  

Sterol Regulatory Element-binding Proteins (SREBP) are implicated in fatty acid and 

cholesterol metabolism [296,297]. Specifically, SREBP-1 and -2 have increased 

expression in the context of obesity or diabetes. SREBP-1c knockout mice fed an HFD 

diet are protected from renal lipid accumulation [298]. However, transgenic mice 

overexpressing SREBP-1a demonstrate an elevated renal TG content with 

glomerulosclerosis and proteinuria [367]. Even though the AMPK activation was not 

probed, we may postulate a role of AMPK in SREBP pathways. Indeed, in recent 

studies, AMPK was found to be a direct upstream kinase of SREBP in the liver 

[368,369]. Activation of AMPK resulted in inhibition of SREBP1-c and attenuation of 

lipogenesis [370]. Another study about the effects of nifedipine, a calcium channel 
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blocker, demonstrated the accumulation of intrarenal lipids that was associated with 

decreased AMPK activity and overexpression of SREBP1/2 [371]. These studies 

confirm the role of AMPK dysregulation in renal lipid accumulation via the SREBP 

pathway. Other groups have also highlighted the increase of lipogenesis along with the 

decrease in lipolysis [284,300].  

Kume et al.  demonstrated an increase of renal TG content and marked neutral lipid 

accumulations in both glomeruli and tubular compartment with overexpression of the 

Peroxisome Proliferator-activated Receptor gamma (PPARγ), while heterozygous 

PPARγ mice were protected [300]. This study demonstrated decreased AMPK activity, 

but no link between AMPK and PPARγ was discussed. Interestingly, several 

independent studies have highlighted a cross-regulation of AMPK and PPARγ, 

suggesting an expanded regulation of lipid metabolism by AMPK [372–374].  

On the other hand, high-fat diet-fed mice demonstrated decreased lipolysis and AMPK 

activity [294]. Cholesteryl esters and phosphatidyl contents but not TG were increased 

along with a significant increase of lipid droplets in proximal tubular cells (PTC). 

AICAR, a specific AMPK activator, prevented all these changes. In that study, AMPK 

activation in HFD mice also prevented cholesterol synthesis by the regulation of the 

rate-limiting cholesterol synthesis enzyme, the 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMGCR) [284]. Other groups also confirmed lipid droplet accumulation in 

PTC [179,281–286]. Under physiological conditions, the primary role of PTC is the 

active reabsorption of filtered sodium. This process requires a large amount of ATP, 

which is mostly provided through the mitochondrial β-oxidation of FA. Inhibition of FA 

oxidation induced increased intracellular lipid depositions, cellular de-differentiation, 

and cell death in the kidney  [375,376]. In PTC, FA can also be taken up via the fatty 

acid translocase (CD36) and the fatty acid-binding proteins (FABP). FA can then be 

used to supply energy. CD36 was shown to be upregulated in kidney biopsies of diabetic 

patients [287]. In the study with nifedipine, upregulation of CD36 in the kidney led to 

the inhibition of AMPK activity and subsequent lipotoxicity [371].  

Excess intracellular FA content can lead to the accumulation of toxic lipid metabolites 

such as diacylglycerol (DAG) and ceramides. Both the DAG and ceramide are known 

to be involved in insulin resistance and inflammation. Both are endogenous activators 

of protein kinase C (PKC) and protein phosphatase 2A (PP2A) [377]. Moreover, the 

downregulation of AMPK activity through the PKC-dependent Ser487 phosphorylation 

has been demonstrated in human endothelial cells [378]. Using lipidomics, Declèves et 

al. demonstrated HFD-induced dysregulation of lipid metabolism and particularly 

eicosanoids, which are implicated in the inflammatory response in the kidney. Direct 

activation of AMPK with AICAR reduced arachidonic acid and docosahexaenoic acid-
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derived metabolites in the kidney, thus improving the eicosanoid pathway and 

associated lipotoxicity [379]. Therefore, the altered lipid metabolism in the kidney 

characterized by an imbalance between FA accumulation and degradation seems to be 

primarily mediated by AMPK.   

 

Figure 15 | Impaired regulation of lipid metabolism by AMPK in renal cell in 

obesity/diabetic context. Inhibition of AMPK and the increased FA overload lead to a 

decreased mitochondrial FA oxidation and an enhanced lipogenesis, initiating lipotoxicity 

in renal cells. Inhibitory phosphorylation of ACC by AMPK is abolished that consequently 

allows manoyl-CoA production, leading to inhibition CPT-1 activity and suppression of 

FA oxidation in mitochondria. HMGCR and SREBP1-c are enhanced and initiate 

cholesterol and FA synthesis that contributes to a general increase of lipogenesis that 

contributes to further lipid accumulation in renal cells. Excess FA content associated to 

impaired AMPK pathway and related lipid metabolism initiate ectopic lipid accumulation 

in renal cells, including deleterious lipid metabolites (DAG, ceramides and eicosanoids) 

that cause lipotoxicity. AMPK, AMP-activated protein kinase; ACC, Acetyl-CoA 

carboxylase; CPT1, Carnitine palmitoyltransferase I; PPARγ, Peroxisome proliferator-

activated receptor γ; HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; RXR, 

retinoid X receptor; SREBP, Sterol regulatory element-binding proteins; FAS, fatty acid 

synthesis; FAO, fatty acid oxidation; DAG diacylglycerol; FFAs, free fatty acids. The 

arrow indicates whether the regulation is activating (black) or inhibitory (red). The dashed 

arrow indicates a potential regulation. 
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3.6 AMPK and renal glucose metabolism  

In conditions with abundant glucose, AMPK was reported to promote glucose uptake 

and activation of glycolysis, as well as to promote GLUT4 gene expression in insulin-

sensitive cells. Several studies have reported the role of AMPK in mediating glucose 

transport in podocytes as well as insulin resistance in diabetic nephropathy [380,381]. 

Indeed, podocytes display a complex cellular morphology that requires a sustained 

energy supply in order to maintain cytoskeletal remodeling. In podocytes, the 

mitochondrial abundance is low and anaerobic glycolysis represents the predominant 

energy source that makes them uniquely sensitive to insulin [382]. Although insulin-

stimulated glucose uptake is mostly independent of AMPK, Rogacka et al. significantly 

demonstrated that AMPK activity is essential for insulin sensitivity in podocytes. 

Moreover, insulin resistance in podocytes cultured in high glucose medium was closely 

related to AMPK activity [380]. Using pharmacological and genetic approaches, they 

suggested the involvement of AMPK in PTEN (phosphatase and tensin homolog) 

regulation in cultured podocytes is disturbed in high glucose conditions leading to 

decreased insulin sensitivity. More recently, it has been shown that insulin mediates 

AMPK regulation through Transient Receptor Potential Canonical Channel 6 (TRPC6) 

activation[383]. TRPC6 is a nonselective Ca2+ channel protein that was recently 

implicated in the physiopathology of kidney diseases [384]. In diabetic nephropathy, 

TRPC6 is shown to be upregulated, suggesting a putative role of TRPC6 expression in 

the progression of diabetic nephropathy pathology. Wang et al. investigated the effect 

of TRPC6 KO on diabetic kidney disease in the Akita model of type I diabetes [385]. 

They surprisingly demonstrated a protective effect of TRPC6 downregulation on 

proteinuria and albuminuria. This role of TRPC6 is contrary to promoting the 

progression of glomerular impairment associated with insulin resistance in vivo and 

podocyte cultures.  

Like AMPK, SIRT1 is a nutrient sensor in cells. AMPK and SIRT1 are reciprocally 

regulated and share common targets. The expression of SIRT1 is significantly reduced 

in animal models and diabetic patients. Moreover, podocyte-specific overexpression of 

SIRT1 led to improvements in glomerular and tubular injuries in diabetic mice [386]. 

AMPK activity is decreased when SIRT1 is downregulated in podocyte cultures. When 

SIRT1 is suppressed, the stimulation of AMPK by insulin was also suppressed, 

suggesting that the SIRT1/AMPK pathway is essential in podocytes for proper insulin 

response [387].  Both AMPK and SIRT1 promote autophagy flux in renal tissue, 

regulate mitochondrial homeostasis, and antioxidative defense. Shati et al. showed that 

the hypoglycemic and renoprotective effects of Salidroside are mediated by downstream 

activation of SIRT1 by AMPK [388].  
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3.7 AMPK and renal mitochondrial function and dysfunction 

3.7.1 Mitochondrial biogenesis and dynamics 

As already mentioned, the kidneys are very highly metabolic organs with high energy 

demand and, therefore, rich in mitochondria. Especially, PTCs have a high number of 

active transporters that require energy to reabsorb ions, glucose, or other nutrients. 

Maintaining the mitochondrial function is, therefore, essential to sustain the energy 

demand and kidney function. AMPK activity promotes mitochondrial homeostasis by 

regulating mitochondrial biogenesis and dynamics and by limiting reactive oxygen 

species (ROS) formation [256,389]. There is a very substantial body of evidence 

demonstrating the mitochondrial protection exerted by AMPK, notably through the 

activation of the peroxisome proliferator-activated receptor gamma co-activator 1-alpha 

(PGC-1α) [390–393]. PGC-1α is a transcriptional co-activator and the master regulator 

of mitochondrial biogenesis. Upon activation, it migrates to the nucleus and activates 

different transcription factors, including nuclear respiratory factor 1 and 2 (NRF-1 and 

-2), which in turn activate the expression of nuclear coded respiratory chain protein as 

well as the expression of Mitochondrial Transcription Factor A (Tfam), driving 

replication of mitochondrial DNA and transcription [394].  Under metabolic diseases-

induced CKD, mitochondrial dysfunction has been well documented (reviewed in 

[395,396]) and is now considered as a critical player of the pathogenesis [397]. In this 

context, it makes sense to involve AMPK in mitochondrial dysfunction in diabetic- and 

obesity-induced CKD. Szeto et al. demonstrated that the use of SS-31, a mitochondrial-

targeted antioxidant, in HFD mice preserved mitochondrial structure and led to the 

improvement of glomerular and tubular injuries. Interestingly, these effects were 

attributed to restored AMPK activity, suggesting that mitochondria integrity is essential 

to maintain AMPK phosphorylation [398]. Even in diabetic nephropathy, the restoration 

of AMPK activation via AICAR restored mitochondrial function and superoxide 

production, in association with PGC-α activation, leading to a reduction of kidney 

injury. In another study, treatment with chloroquine in an in vitro and in vivo diabetic 

environment enhanced AMPK phosphorylation and led to mitochondrial biogenesis but 

also an improved balance of mitochondrial fusion/fission proteins [399]. Considering 

mitochondrial dynamics, AMPK  was recently demonstrated to be implicated [400]. 

Toyama et al. found a new AMPK target protein, the mitochondrial fission factor (MFF), 

which is the primary receptor for the dynamin-like protein (Drp1) involved in the 

mitochondrial fission mechanism. The authors showed that mitochondrial fragmentation 

was related to AMPK activation in human osteosarcoma cells. Later, the 

AMPK/MFF/Drp1 axis was also demonstrated in mesenchymal stromal cells. Renal 

mitochondrial fragmentation has been observed in in vitro and in vivo model of diabetic 
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nephropathy and was prevented by both AMPK activators, AICAR, and metformin. 

Interestingly, in that study, this improvement was correlated with AMPK-mediated 

activation of PGC-α and the consequent restoration of Drp1 and Mfn1 expression in 

tubular cells [401].  

3.7.2 AMPK and oxidative stress  

Oxidative stress plays a crucial role in the development and the progression of diabetic 

nephropathy and obesity (Figure 16). Because renal cells are metabolically very active 

and contain many mitochondria, they are highly vulnerable to ROS generation and, 

therefore, to oxidative damage [396]. Under physiological conditions, ROS are 

generated as standard products of aerobic metabolism, acting as intracellular signaling 

messengers. Therefore, ROS such as the superoxide radical (O2•-) and hydroxyl radical 

(•OH) or even the non-radical hydrogen peroxide (H2O2) are continuously produced 

during cell metabolism and are eliminated by the antioxidant defenses that include 

superoxide dismutase (SOD), catalase, peroxidases and the glutathione system to 

prevent cellular protein damage or lipid peroxidation. However, under nutrient stress 

such as during chronic hyperglycemia or hyperlipidemia, over-production of ROS due 

to the disruption of the redox status occurs, leading to renal inflammation, fibrosis, and 

impairment of organ structure and function [316,402].  

 

In the kidney, the primary source of ROS production is the mitochondria, due to a 

leakage from the mitochondrial electron-transport chain. Regarding AMPK and 

oxidative stress, it has been well established that AMPK activity plays a crucial role in 

maintaining redox homeostasis in the cells. AMPK is essential in the suppression of 

ROS and acts thus as an antioxidative stress defense. Different models have described a 

link between reduced AMPK activity and mitochondrial ROS (mtROS) [392,395–397]. 

Physiologically, mtROS promotes non-canonical activation of AMPK, triggering 

antioxidative responses through PGC1α activation and regulating mitochondria 

homeostasis by activation of the mitophagy process via AMPK mediated 

phosphorylation of ULK-1 [389]. Also, AMPK regulates gene expression of several 

antioxidative genes, including catalase, SOD2, UCP2, and SIRT3 [403]. Notably, it has 

been shown that cells lacking AMPKα or PGC1α present increased oxidative stress 

[389]. The cells lacking AMPK signaling cannot overcome ROS-induced damages and 

mitochondrial homeostasis disruption.  

 

Under pathological conditions, the contribution of ROS to the development and the 

progression of kidney disease is controversial. For example, previously, Ruggiero et al. 

(2011) have highlighted in a model of HFD mice that the kidney, despite evidence of 
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renal oxidative stress, was able to maintain mitochondrial biogenesis and bioenergetics, 

suggesting an adaptive response to the free FA overload [214]. Still, Dugan et al. 

reported a reduced superoxide production associated with suppression of mitochondrial 

activity in the type I diabetic model [279]. The decreased mtROS was concomitant with 

a decreased AMPK activity and led to further inhibition of mitochondria in a feedback 

loop manner. Interestingly, AICAR treatment restored AMPK activity along with the 

mitochondrial superoxide production reversing the hallmarks of diabetic kidney disease 

such as glomerular matrix expansion and albuminuria [279]. Then, it has also been 

proposed by Sharma et al. that stimulation of mitochondrial function and superoxide 

production by AMPK agonists would be associated with better outcomes in the diabetic 

kidney [404]. However, it has been shown that AMPK activity could be inhibited by 

mtROS production through the SIRT1 pathway. Indeed, mtROS-mediated damages 

cause DNA breaks in the nucleus that require the activation of PARP (repair enzyme, 

poly adenosine diphosphate ribose polymerase), another NAD+-dependent enzyme. 

Therefore, upon PARP activation, the pool of cellular NAD+ is reduced, decreasing 

NAD+ availability for SIRT1 that in turn reduced the phosphorylation of AMPK through 

LKB1 activation [405]. In conclusion, the direct link between AMPK and mtROS 

production has not been fully understood and will require further investigations in the 

context of diabetic- and obesity-induced CKD. 

Another important source of ROS in renal cells is linked to NADPH oxidases (NOXs). 

NOX-derived ROS are involved in vascular oxidative stress and endothelial dysfunction 

in obesity. AMPK also plays a role in regulating the NOX system. NOX4 is the most 

abundant NOX isoform in the kidney and mostly generates H2O2 that also plays 

physiological roles in renal cells [406,407]. NOX4 is upregulated in both diabetic 

nephropathy and obesity-related CKD [408,409]. The downstream consequences of 

NOX4 activation in the kidney lead to increased inflammation and fibrosis. This process 

was described to be mostly dependent on AMPK signaling. Indeed, AMPK activation 

reduced NOX4 production and ROS, inhibiting NFκB, and reduced TGF-β-mediated 

fibrosis. He et al. demonstrated that in renal fibroblast cells, high glucose-induced ROS 

generation is mainly derived from NOX4 and not NOX1 and NOX2 and in a similar 

way in db/db mice. NOX4 activation led to the proliferation and activation of resident 

fibroblasts and, ultimately, renal fibrosis. Resveratrol treatment in db/db mice prevented 

NOX4 expression primarily due to increased AMPK activity [410]. Similarly, numerous 

recent studies highlighted the beneficial effects of antioxidants or other compounds 

against renal injuries implicating AMPK/NOX4/ROS [411–417]. Furthermore, two 

independent studies reported that Sestrin-2 mediated activation of AMPK led to the 

inhibition of ROS production, renal impairment in the hyperglycemic condition in 

podocytes, and NOX4 suppression in glomerular mesangial cells [418,419]. AMPK and 
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NOX4 dysregulation promote p53 and polyunsaturated fatty acids (PUFA), driving the 

pro-apoptotic pathway in podocytes and glomeruli of diabetic mice that were reduced 

by AICAR treatment [325]. In contrast, other studies have demonstrated NOX4 

downregulation in the kidney, suggesting a protective role of NOX4 in the 

physiopathology of diabetic nephropathy [420]. Recently, Muñoz et al. demonstrated 

reduced endothelial NOX4 expression associated with decreased H2O2 generation and 

H2O2-mediated vasodilatation in obese rats [421]. 

 

Figure 16 | Schematic representation of the proposed mechanism by which 

diabetes/obesity lead to decreased anti-oxidative response mediated by AMPK and 

enhanced oxidative stress in renal cell. Regulation of mitochondrial production of ROS is 

required for proper adaptation to metabolic stress. Diabetes and/or obesity results in 

impaired renal mitochondrial ROS, which is associated with decreased AMPK. AMPK 

inhibition and decreased SIRT1 activity lead to maladaptive anti-oxidative response 

through PGC1α activity suppression, notably decreasing mitochondrial biogenesis. 

Decreased AMPK also results in increased NOX4-dependent ROS production, further 

increasing oxidative stress in renal cells. The arrow indicates whether the regulation is 

activating (black) or inhibitory (red). 

3.8 AMPK and the regulation of renal autophagy and mitophagy 

Autophagy is a complex and highly regulated process of self-degradation of cellular 

components. In the kidney, basal autophagy flux is essential to maintain cellular 

homeostasis and, therefore, renal function. Kidney specific autophagy-deficient mice 

reveal evidence of damaged mitochondria, protein aggregates, endoplasmic reticulum 

stress, podocyte, and proximal tubular cell loss, and progressive impairment of renal 

function [422]. The role of AMPK in the regulation of the autophagy flux has been 

extensively investigated in liver, muscle, brain, or adipocytes, whereas only a few 

studies explore the role of AMPK in renal autophagy [423–426]. AMPK positively 
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regulates the autophagy process through phosphorylation of essential target proteins, 

mainly through the mechanistic target of rapamycin (mTOR) and the Unc-51 like 

autophagy activating kinase (ULK-1) [427]. Upon activation, AMPK inhibits mTOR 

and activates ULK-1, which, in turn, leads to an activation of autophagy [428]. The 

inhibition of mTOR by AMPK is either by direct phosphorylation or through 

phosphorylation of the Tuberous Sclerosis Complex 2 (TSC2) protein that then reduces 

mTOR activity [429]. Interestingly, the high basal level of autophagy observed in 

podocytes is mainly regulated by the AMPK/ULK-1 axis rather than mTOR pathway, 

suggesting that the activation of autophagy by AMPK might be cell-type dependent in 

kidneys [430].  Moreover, AMPK phosphorylates Raptor leading to a decrease in 

mTORC1 activity [431]; Finally, the ongoing partnership between AMPK and SIRT1 

has also been accounted for in the activation of autophagy. AMPK activity leads to an 

increased intracellular pool of NAD+ that allows the increase of SIRT1 activity. SIRT1 

targets FOXO1 and FOXO3 in the nucleus and autophagy-related genes Atg5, Atg7, 

and Atg8, that positively regulate autophagy [432]. 

 

Obesity or diabetes can lead to impairment of autophagy flux in renal cells [433,434]. 

HFD/obesity-induced autophagy impairment has been described in rodent models and 

obese patients [286,435]. Yamamoto et al. described the stagnation of the autophagy 

flux as a novel mechanism of renal lipotoxicity in a model of mice fed an HFD. They 

significantly demonstrated that long term lipid overload was associated with 

impairments of the lysosomal system and to a consequent accumulation of 

phospholipids, probably of mitochondrial origin. This lipotoxicity was associated with 

a sustained mTOR activation, but they did not investigate the association with AMPK. 

Excessive fat also induces constitutive activation of mTORC1 that directly inhibits 

AMPK activity [436,437].  However, AMPK-mediated activation of autophagy has 

been shown to play a protective role against renal injury, particularly in AKI [438]. 

Regarding metabolic diseases-related CKD, Yamahara et al. demonstrated that obesity 

significantly suppressed autophagy in PTC of both mice and humans. Notably, they 

found that AMPK was implicated in FFA-albumin–induced autophagy in PTCs. In 

PTCs, AMPK downregulation was associated with decreased autophagy induction by 

albumin-binding FFA, suggesting that AMPK may be essential for maintaining proper 

autophagy flux. In obesity, activation of AMPK was not altered by FFA-albumin 

overload, but its activity failed to decrease the hyperactivation of the mTORC1 signal, 

leading to the obesity-mediated exacerbation of proteinuria-induced tubulointerstitial 

damage. Delayed activation of AMPK with fenofibrate was associated with subsequent 

autophagy activation in the kidney of HFD mice, supported by AMPK activation by 

AICAR [293,439]. Antioxidant drugs such as Berberine or Mangiferin were shown to 
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improve autophagy flux in diabetic nephropathy through the activation of AMPK [440–

442]. 

There is no direct evidence of the role of AMPK in mitophagy pathways. However, 

activated ULK-1  translocates to damaged mitochondria and phosphorylates FUN14 

domain containing 1 (FUNDC1) protein, which is considered as a critical player of 

mitophagy, allowing the formation of an autophagosome around damaged mitochondria 

[443]. Therefore, AMPK-induced ULK-1 activation may be a crucial mediator of 

mitophagy [444]. In the study of Yamamoto et al., the induction of the mitophagy 

pathway was demonstrated to protect PTC from mitochondrial dysfunction. Activation 

of AMPK with AICAR or Metformin led to an increase of autophagy flux and removal 

of damaged mitochondria in STZ-induced diabetic nephropathy [401]. Finally, AMPK 

has been recently found to be implicated in lipophagy, the autophagic degradation of 

lipid droplets (LDs). Lipophagy and lipolysis of LDs for intracellular lipid mobilization 

are preceded by the targeted autophagy of Perilipin2 (PLIN2). Indeed, PLIN2 must be 

removed from LDs to be released for the lysosome or lipolysis. This process is 

controlled by AMPK-dependent phosphorylation of PLIN2, suggesting a new pathway 

for the control of lipid metabolism by AMPK through the regulation of lipophagy [445]. 

The precise role of AMPK in the regulation of autophagy, mitophagy, or lipophagy in 

renal cells needs further investigation. However, AMPK dysregulation could inhibit 

autophagy and participates in the pathogenesis of obesity and diabetic CKD. AMPK 

activation may be a valuable way of restoring the autophagy process in metabolic 

diseases-induced CKD. 

3.9 AMPK and Sirtuins 

The sirtuins are members of the Class III deacetylase. So far, seven forms have been 

identified (Sirt1-7) [446]. Mainly SIRT1 and SIRT3 are induced by caloric restriction 

and have been connected to AMPK [447]. Interconnection between AMPK and SIRT1 

has been demonstrated, especially the AMPK/SIRT1/PGC1α act as a crucial network to 

maintain mitochondrial homeostasis (already discussed in this review) [448,449]. 

However, studies highlighting an AMPK/SIRT3 axis in disease have emerged over these 

recent years. SIRT3 is an NAD+-dependent deacetylase, mainly localized in 

mitochondria. Deacetylation accounts for a crucial mechanism to regulate the activity 

of many substrates involving in energy metabolism [450]. Accordingly, SIRT3 plays a 

significant role in mitochondrial homeostasis by the regulation of the mitochondrial 

respiratory chain and ATP production. SIRT3 promotes FAO through the deacetylation 

of long Chain Acyl-CoA Dehydrogenase (LCAD) [451] and also exerts an antioxidant 

activity by targeting the superoxide dismutase 2 (SOD2) and the isocitrate 

dehydrogenase (IDH2)[446,452]. More interestingly, the cytosolic form of SIRT3 has 
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been shown to activate LKB1, which in turn activates AMPK in primary cardiomyocytes 

[453]. Therefore, reduction in SIRT3 expression in a setting of obesity could, in part, 

explain the reduction in AMPK activity. Another evidence of the role of SIRT3 in 

AMPK activation is its involvement in the increase of cytosolic calcium level that 

involves the activation of CaMKKβ and so promotes the activation of AMPK. It is thus 

worth hypothesizing that the AMPK/SIRT3 axis plays a vital role in renal lipotoxicity.  

 

The importance of SIRT3 in metabolic diseases has also been demonstrated in rodents 

and humans, showing a reduction in SIRT3 activity in these settings [454,455]. Also, 

mice deficient for SIRT3 and fed an HFD revealed an acceleration of MetS hallmarks 

[456]. SIRT3 restoration is beneficial in models of acute kidney injury (AKI) [457–459]. 

Indeed, maintaining SIRT3 activity was shown to prevent acute damages in renal tubular 

cells by maintaining the mitochondrial functional integrity and dynamics through the 

normalization of mitochondrial protein acetylation [457,459]. Morigi et al. (2015) even 

reported tin mice with cisplatin-induced AKI, tubular cell mitochondrial abnormalities 

were associated with decreased renal SIRT3 mRNA and protein expression while 

treatment with AICAR, an activator of AMPK, improved renal function through the 

restoration of SIRT3 expression and activity. That study also demonstrated the 

normalization of mitochondrial protein acetylation concomitantly with the upregulation 

of proximal tubular SIRT3 expression after AICAR treatment. This latter provides 

evidence of the capacity of AMPK activity to restore SIRT3 deacetylase activity. These 

recent data shed light on a putative new beneficial pathway, AMPK/SIRT3, to maintain 

cellular homeostasis through the improvement of mitochondrial functional integrity. 

3.10 Conclusion and future directions 

The downregulation of AMPK activity in obesity- and diabetes-induced CKD has been 

extensively reported in in vivo and in vitro experimental models and patients. Inhibition 

of AMPK activity in the kidney is the result of the systemic metabolic dysregulation as 

well as signaling factors mediated by other dysfunctional tissues and organs (called 

organ crosstalk) as well as by intra-renal disturbances. It is incredibly challenging to 

delineate the pleiotropic pathways regulated by AMPK and the potential impact of their 

dysregulation in renal cell function and metabolism. A better understanding of the 

AMPK pathway and the consequences of its dysregulation in metabolic-induced kidney 

diseases is thus essential to improve therapeutic strategies. Here, we presented a more 

comprehensive and exhaustive view of the experimental and clinical evidence 

supporting a central role of AMPK in the development and progression of diabetic- and 

obesity-induced CKD. In particular, we summarized relevant data regarding molecular 

mechanisms and critical targets related to AMPK in kidney tissue, in a context of 
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excessive energy supply. In the kidney, AMPK is essential to maintain ATP levels for 

high metabolic demand in renal cells. Mainly, the regulation of renal transport along the 

nephron is AMPK-dependent. Moreover, there is a body of evidence demonstrating that 

AMPK activation leads to the prevention of renal lipotoxicity and lipid accumulation by 

reducing FA synthase. In podocytes, AMPK is implicated in glucose metabolism and 

associated insulin resistance.  Beyond its regulation of glucose and lipid metabolism as 

an energy sensor in the kidney, AMPK is a critical protein in the protection of 

mitochondrial damage by at least four mechanisms (Figure 17). 1) AMPK is strongly 

implicated in the regulation and the response to ROS production by altered 

mitochondria, thus preventing damage induced by mtROS; 2) activation of AMPK 

favors mitochondrial biogenesis to enhance metabolism by inducing 

AMPK/SIRT1/PGC1α pathway; 3) AMPK regulates mitochondrial dynamics and 

quality control, including mitochondrial fission/fusion; 4) AMPK activity initiates 

autophagy flux and selectively degrades unhealthy mitochondria. Therefore, inhibition 

of AMPK in kidney tissue is associated with poor outcomes and leads to lipotoxicity, 

insulin resistance, inflammation, fibrosis, and loss of renal function. Targeting AMPK 

in metabolic disease and/or associated renal injury thus represents an important 

therapeutic target [460]. 

During the last few years, the research has become very dynamic in order to extend 

classical knowledge regarding AMPK beyond energy sensing, and novel AMPK- 

related pathways and mechanisms have emerged in different models and pathologies. 

While in vitro studies of renal cells in the context of excess energy supply are helpful to 

investigate cellular and molecular mechanisms, they offer a reductive view of the 

complex regulation of AMPK in vivo that is dependent on many factors. However, in 

animal models of metabolic syndrome, diabetes, or obesity, it is worth noting that the 

use of in vivo AMPK activators demonstrates several unintended off-target effects in the 

dosage used. Also, it is not possible to assess the exclusive effects of these drugs on the 

kidney or specific renal cells. Therefore, more studies in genetic deletion or 

overexpression of AMPK models in a tissue or cell type-specific manner in the context 

of metabolic-related kidney disease are still needed to delineate the pleiotropic roles of 

AMPK presented in this review.   
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Figure 17 | Mechanisms by which AMPK regulates mitochondrial homeostasis in renal cell. 

Activation of AMPK in obesity and/or diabetic context leads to improved mitochondrial dysfunction 

and cellular metabolism by 1) decreasing oxidative stress (ROS) by inducing anti-oxidative stress 

defense 2) favoring mitochondrial biogenesis to increase mitochondrial density 3) participating in 

dynamic regulation of mitochondrial fission and fusion to separates healthy and damaged 

mitochondria in order to facilitate their degradation by mitophagy 4) promoting autophagy and 

ultimately regulating mitochondrial quality control by the initiation of mitophagy. 
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4 Objectives 

 

In the Western world, obesity is largely due to the combination of sedentary lifestyle, 

usually associated with a high caloric intake and a lack of exercise. Obesity leads to an 

excessive body fat linked to other metabolic disorders such as hypertension, insulin-

resistance, hyperglycemia, and dyslipidemia as well as to lipid accumulation in non-

adipose tissues. In the kidney, lipid accumulation leads to lipotoxicity, cellular 

dysfunction and CKD. Our group investigates the ectopic renal lipid accumulation and 

its consequences on cellular functions. In a previous study, we showed that lipid 

accumulation was mainly located into the proximal tubular cells. This lipid 

accumulation was associated with impaired brush border and increased oxidative stress, 

showing evidence of tubular dysfunction with perturbation in autophagy flux and 

mitochondrial function. These changes were observed along with a decreased activity 

of the central cellular energy sensor, AMPK. Interestingly, these pathological features 

were prevented by pharmacological AMPK activators. Nowadays, AMPK activators 

such as AICAR are still not demonstrated to have substantial effectiveness for clinical 

use. Moreover, current strategies to slow down the progression of obesity-induced CKD 

mostly rely on control of the body weight gain, hyperglycemia, hyperlipidemia, and 

blood pressure. However, the management of CKD is limited and inevitably leads to 

loss of renal function and associated physiological and metabolic disorders. Therefore, 

there is still a need for a better understanding of the cellular and molecular mechanisms 

underlying renal lipotoxicity in order to further highlight novel biomarkers that could 

serve as new therapeutic strategies. Therefore, our general aim was to extend the 

knowledge regarding the central role of AMPK on renal lipid accumulation after high 

caloric exposure and to develop new potential therapeutic approaches that could sustain 

its activity and hence prevent renal dysfunction through an exercise-based therapy. The 

different approaches of this PhD thesis will be divided this three successive sections (the 

specific aims will be described in each section): 

1. First, the scientific approach of this work was to focus on exercise training 

intervention (a behavioral intervention). To assess the mechanistic cellular pathways in 

response to endurance exercise training (EET), we used a mice model fed a high fat diet 

(HFD). Indeed, HFD mice present characteristic features of obesity and metabolic 

syndrome and are widely recognized as a suitable model to study obesity-related disease 

in vivo. Moreover, we and others demonstrated that mice fed a HFD for at least 12 weeks 

developed CKD associated to obesity. Here, we applied a 8-week endurance exercise 

training on mice after 12 weeks on diet as a treatment for obesity-induced CKD. This 

will determine whether endurance ET can rescue metabolic and renal changes in obese 

mice through AMPK activation. 
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2. Interestingly, the first objective allows us to highlight the Sirtuin 3 (SIRT3), a 

mitochondrial NAD+-dependent deacetylase, as a possible valuable player in the AMPK 

axis and potentially as a potential new biomarker or therapeutic target for obesity-

induced CKD. Hence, the second objective of this work was to evaluate whether the 

overexpression of SIRT3 protect HFD mice from obesity-related CKD development.  

 

3.  In the last part, both in vitro and in vivo models of obesity were used to unravel 

the role of SIRT3 in regulating mitochondrial function and dynamics in a context of 

renal lipotoxicity. We particularly explored the cellular dysfunction resulting from the 

accumulation of lipids in the kidney through the sirtuin 3 (SIRT3)/AMPK axis in a 

setting of excess calories. In addition, the putative beneficial effects of the activation of 

SIRT3 by Nicotinamide Riboside, a NAD+ precursor, were investigated. 
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Specific aims 

Obesity results in lipid accumulation in adipose tissue but also in non-adipose tissues. 

The pandemic of obesity is largely due to the combination of sedentary lifestyle, usually 

associated with a high caloric intake and the lack of exercise [280,461]. Excess lipid 

accumulation may lead to lipotoxicity and may be the major driver of cellular 

dysfunction in obesity. In the general population, obesity is the second most highly 

prognostic factor to predict ESRD [462]. Despite considerable efforts to prevent obesity-

related metabolic diseases, there is still a lack of efficient therapeutic strategies, 

particularly for obesity-induced kidney disease. Specific drug treatments of complex 

diseases such as dyslipidemia, diabetes or hypertension exist, but our current potential 

to treat obesity by pharmacological compounds is limited [463]. Indeed, current anti-

obesity drugs that aim to reduce food intake and so, weight reduction have been 

associated with chronic disorders and consequently to severe side effects when used for 

long periods of time. Moreover, weight regain after the end of the treatment is very 

common and represents the main limitation for clinical prospects for obesity-related 

diseases [464]. Regarding AMPK activators such as AICAR, it has not shown adequate 

and efficient therapeutic effects in clinical use (in term of specificity, bioavailability and 

pharmacokinetic) [465]. This highlights the urgent need for alternative therapeutic 

strategies. It is now well established that targeting the underlying molecular pathways 

that mediate the potential beneficial effects of behavioral interventions such as calorie 

restriction or exercise training may represent a safer alternative therapeutic approach for 

the treatment of chronic metabolic disorders.  

Therefore, the scientific approach of this section aims to better understand the response 

of the kidney to endurance exercise training (EET) (a behavioral intervention) in the 

context of a HFD, with a particular focus on the AMPK activity. Moreover, potential 

new biomarkers that could be targeted with dietary compounds as an exercise mimetic 

to treat or prevent obesity-induced CKD will be investigated. Thereby, the potential 

therapeutic effect of an EET on a treadmill (Collab. Dr. Alexandra Tassin, Laboratory 

of Physiology and Respiratory Rehabilitation, UMONS) applied on obese mice 

presenting CKD was investigated. 
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In this section, different questions were asked, divided in three specific aims: 

• To highlight the impact of EET in mice fed a High-Fat diet (HFD, 60% of 

total calories from fat) versus Low Fat Diet (LFD, 10% of total calories 

from fat) on key metabolic parameters: impact of EET in male mice will 

be tested after 12 weeks (8 weeks EET protocol) for a total of 20 weeks 

on HFD. This will determine whether EET can rescue metabolic changes 

in obese mice. Particularly, the effects of EET on key features of the 

metabolic syndrome were evaluated including body weight evolution, 

plasma lipid profile, insulinemia, glucose tolerance, hepatic steatosis and 

blood pressure. 

• To investigate the impact of EET on the development of CKD in mice fed 

a HFD. The renal structural and functional changes in all experimental 

groups were investigated by measuring albuminuria and proteinuria, 

oxidative stress biomarkers, renal lipid content and morphological 

analysis of kidney sections. 

• To investigate the mechanistic cellular pathways in response to EET in 

mice fed a HFD. Key underlying molecular pathways were highlighted in 

kidney tissue, focusing on AMPK regulation.
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5 Exercise training in obesity-induced CKD 

 

5.1 Introduction 

In the general population, obesity is the second most highly predictive factor for end-

stage renal disease, independently of diabetes and hypertension [204]. Central obesity 

is related to caloric excess promoting deleterious cellular responses in targeted organs. 

Obesity is mainly caused by a sedentary lifestyle commonly characterized by an excess 

consumption of ultra-processed food containing high amounts of saturated fat, and a 

lack of physical activity [466]. The prevalence of obesity is increasing worldwide and 

predictive projections suggest that nearly 50% of adults will be obese by 2030 [25,467].  

The consequences of adiposity include the endocrine activity of the adipose tissue via 

the production of adipokines, leading to the development of inflammation, oxidative 

stress, activation of the renin-angiotensin-aldosterone system and increased insulin 

resistance in the kidney [468]. Clinical and experimental studies have also demonstrated 

obesity-related glomerulopathy, which is characterized by glomerulomegaly with 

thickening of the glomerular basement membrane, mesangial matrix expansion, 

hyperfiltration-related glomerular filtration barrier injury and ultimately focal 

glomerulosclerosis [216,366,469]. Furthermore, studies showing ectopic lipid 

depositions in the kidney have emerged, suggesting a  role of fat accumulation in the 

development and progression of CKD [284,470–472]. Direct intrarenal effects of 

obesity involve lipid accumulation and impaired fatty acid β-oxidation (FAO) in kidney 

cells and tissue [295]. Renal proximal tubular cells (PTC) are metabolically very active, 

requiring a large amount of ATP which is mostly provided through the mitochondrial 

FAO. In a previous work, we demonstrated a robust accumulation of lipids within 

enlarged multilamellar inclusions (MLI) into the PTC along with impaired tubular 

function and increased oxidative stress in obese mice [284]. Yamamoto et al. also 

described the stagnation of the autophagy flux in PTC, associated with the impairment 

of the lysosomal system. These alterations likely contribute to albuminuria, a 

progressive decline in renal function and end-stage renal disease. Moreover, evidences 

of a dysregulation of AMPK activity in podocytes and proximal tubular cells in diabetic 

and obesity conditions have been demonstrated [473,474]. In addition, pharmacological 

AMPK activation has been shown to improve pathologic features of the disease [284]. 

AMPK is a ubiquitous heterotrimeric enzyme that is the master energy sensor in all 

eukaryotic cells and is abundantly expressed in kidneys [475]. It is a central mediator of 

energy homeostasis responsive to nutritional and metabolic stresses such as obesity 

[256]. AMPK also activates autophagy through phosphorylation of ULK-1 in renal cells 
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[430,435].  Therefore, inhibition of AMPK in kidney tissue is associated with poor 

outcomes. 

 

Despite considerable efforts in the development of new therapeutic strategies, there is 

still a lack of effective treatment without strong side effects. Current pharmacotherapies 

that target food intake regulation have side effects (psychiatric and/or cardiovascular 

side effects) observed for long periods of use and may be associated to weight regain 

once the medication is stopped [476]. In addition, even though AMPK has been 

demonstrated to represent a key target for the treatment of metabolic diseases, indirect 

AMPK activators such as AICAR has been widely investigated during the last decade 

by our group an others but did not demonstrate an adequate and efficient therapeutic 

effects in clinical use [465]. The ongoing development of direct and specific AMPK 

activators thus represents an important pharmacological challenge [477]. This highlights 

the urgent need for alternative therapeutic strategies. Recently, the study of the effects 

of behavioral interventions as exercise training in obesity-related diseases has regained 

interest. Indeed, targeting key pathways that could mediate beneficial effects by exercise 

represent a safer alternative therapeutic approach for the treatment of chronic metabolic 

disorders. Exercise training has been shown to exert beneficial outcomes in managing 

obesity-associated diseases [478,479]. However, there is still a lack of knowledge about 

the underlying mechanisms. Moreover, the efficacy of exercise-based therapeutic 

approach in patients presenting CKD remains controversial, mainly due to the 

experiment biases of the clinical studies regarding exercise training in obese patients 

with CKD [480–483].  

 

Here, we evaluated for the first time the potential therapeutic effect of a delayed 

exercise-based therapy on a treadmill in obesity-induced CKD mice model. We further 

investigated the regulation of AMPK pathway in response to the treatment. 

 

5.2 Material and methods 

5.2.1 Animals and diet 

The study was conformed to APS’s guiding principles in the Care and Use of Animals 

and was approved by the Animal Ethics Committee of the University of Mons. 

Experiments were performed on 8 weeks old C57Bl/6J male mice (Janvier Labs, Le 

Genest Saint-Isle, France) housed in cages with ad libitum access to water and food and 

were maintained at 35– 40 % relative humidity and a temperature of 20–23 °C in a 12:12 

h light–dark cycle. Eight-weeks old male mice were randomized either to a low-fat diet 

(LFD – 10% of total calories from fat; D12450J, Research Diets, New Brunswick, NJ, 
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USA) or a high-fat diet (HFD – 60% of total calories from fat; D12492, Research Diets, 

New Brunswick, NJ, USA). Food intake and body weight were measured weekly during 

a 20 weeks exposure period. At week 13, LFD and HFD mice were randomized in either 

two additional groups submitted to an endurance exercise training (EET) for 8 weeks 

(LFDT and HFDT) or the untrained control groups (LFD and HFD) (n=10 in each 

group). Mice fed a high-fat diet for 12 weeks were previously described to present 

obesity-related metabolic disturbance as well as characteristic features of obesity-

induced CKD [294] and were used to evaluate exercise training protocol as a therapeutic 

strategy.  
 

5.2.2 Exercise training protocol  

After 12 weeks of the experimental protocol, trained groups (LFDT and HFDT) 

were exercised for a total of 8 weeks (5 days a week) as previously described in [484]. 

Briefly, mice were acclimated to a treadmill (Treadmill Control LE8700, Panlab 

apparatus®, Barcelona, Spain) at  a speed of 3 m/min for 5 min and 9 m/min for 10 min 

during weeks 13 and 14. At the beginning of week 15, a maximal running velocity test 

was performed for each trained mice with a gradual speed increase of 1.2 m/min every 

2 min until exhaustion (defined as a maximum of four electric stimulations in one 

minute). Then, the running velocity (Vmax) was set at 70 % of the maximal speed for 

each mice. As shown in Supplementary materials, the maximal running velocity (Vmax) 

was similar in both trained groups of mice, LFDT and HFDT respectively, indicating 

that ET had no impact on exercise performance in obese mice (Figure S1). Therefore, 

mice from LFDT and HFDT were trained with an equivalent running velocity (70% of 

the Vmax) throughout the EET protocol.  The exercise duration started at 10 min/day 

and was increased by 10 min every weeks. Sedentary mice were not exposed to exercise 

training and stayed in their cages during exercise sessions. 
 

5.2.3 Sample collection 

Mice were euthanized after 20 weeks on diet. Blood sample was collected by intra-

cardiac puncture and centrifuged at high speed for 20 min at 4˚C. Plasma was collected 

and stored at -80˚C until use. Liver, heart, and kidney were collected, weighted, and 

immediately processed for further analysis. Portions of tissues were snap-frozen in 

liquid nitrogen for RNA, protein extraction and lipid content quantification. Additional 

portions of tissues were fixed in Duboscq-Brazil solution for histological analysis. 
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5.2.4 Urine collection and measurement of urinary markers  

At weeks 0, 12 and 20 of the protocol, mice were placed into metabolic cages for 24h-

urine collection. A mouse Albuwell ELISA kit and a Creatinine Companion kit (Exocell, 

Philadelphia, USA) were used to determine the urinary albumin to creatinine level for 

each mice at the different timepoints. Total proteinuria was quantified using the 

Bradford binding assay as previously described [485]. As an index of oxidative stress, 

urine samples were also analyzed for hydrogen peroxide by Amplex red assay (Thermo 

Fisher Scientific, Waltham, USA) and for 8-hydroxy-2-deoxy Guanosine (8-OH-dG) by 

competitive ELISA (Gentaur, Kampenhout, Belgium) following the manufacturer’s 

instructions and the data were normalized to the urinary creatinine from each mice. 
 

5.2.5 Glucose tolerance test  

After a 12h-overnight fast and 18h after the last exercise session, a glucose tolerance 

test (GTT) was performed at weeks 0, 12 and 20 of the experimental protocol. A dose 

of 2 g/kg body weight of D-glucose (Roth, Karlsruhe, Germany) was administered 

intraperitoneally. Blood samples were then obtained from the caudal vein, and the blood 

glucose level was measured at 0, 30, 60, and 120 min after glucose injection using a One 

Touch® Verio® glucometer (Zug, Switzerland). 

 

5.2.6 Biochemical assays  

ELISA. Plasma insulin level was determined by ELISA with the Rat/Mouse Insulin 

ELISA kit (Merck, Darmstadt, Germany). The homeostasis model assessment (HOMA) 

for insulin resistance index was determined using a calculator available from the Oxford  

Centre for Diabetes, Endocrinology and Metabolism. Plasma Adiponectin concentration 

was measured according to the manufacturer’s instructions (Adiponectin: MRP300, 

R&D Systems, Minneapolis, MN, USA). Plasma TNFα concentration was measured 

according to the manufacturer’s instructions (TNF alpha (mouse) ELISA kit; Gentaur, 

Kampenhout, Belgium). 

 

Plasma lipid levels. Colorimetric enzymatic tests were performed to measure 

plasma triglycerides (TG) and cholesterol levels (Diasys, Diagnostic System, Holzheim, 

Germany) and plasma non-esterified fatty acids (NEFA) level (Wako Pure Chemical 

Industries, Ltd, Japan) following to the manufacturer’s instructions. 
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Kidney and liver lipid levels. 90 mg of frozen kidney or liver tissue were prepared 

as described in [293]. Briefly, renal tissues were homogenized in a dounce homogenizer 

(Tenbroeck, Kimble/Kontes Glass Co, Vineland, USA) at 4°C with nitrogen-sparged 

acid methanol:[0.2N HCl/0.2M NaCl] (4:1 mix) solution. For the first extraction phase, 

chloroform was added followed by a 30 second vortex to denature and extract proteins. 

The second extraction phase was performed by adding chloroform/water (2.5:3) to the 

mix. The samples were centrifuged at 16 000g for 10 min at 4°C to separate the phases. 

The lower phase (chloroform) containing lipids was used for measurement of total 

triglycerides and cholesterol (Diasys, Diagnostic System, Holzheim, Germany) 

according to the manufacturer’s instructions. NEFA level was measured in the same 

phase using a colorimetric enzymatic test according to the manufacturer’s instructions 

(Wako Pure Chemical Industries, Ltd, Japan). 

 

5.2.7 Morphological analysis 

Paraffin-embedded kidney sections were stained with Periodic Acid Schiff (PAS), 

Hemalun, and Luxol fast blue for morphological analysis. Morphometry of kidney 

sections was carried out as previously reported [120]. The glomerular area, mesangial 

matrix expansion and nuclei count were determined by randomly analyzing 25 glomeruli 

in the outer cortex in each kidney section using ImageJ based on [486]. In addition, a 

semi-quantitative single-blind analysis was performed to evaluate the frequency of 

vacuolated tubular cells in renal cortex using an additional lens engrave with a square 

grid inserted in one of microscope eyepieces. For each paraffin section, 10 square fields 

(0.084 mm2/field) were analyzed at x400 magnification. In order to evaluate tubule-

interstitial fibrosis, paraffin-embedded kidney sections were stained with picrosirius red 

(collagen I and III deposits). Ten randomly selected area of each kidney section were 

then analyzed with imageJ to measure the percentage of positive area. Paraffin-

embedded liver sections were stained with hematoxylin and eosin and steatosis was 

graded as described by Ryu et al., 2015 [487]. 

 

5.2.8 Immunohistochemistry 

Paraffin-embedded kidney sections were dewaxed and rehydrated followed by a 

microwave pre-treatment in 1 mM EDTA buffer to unmask antigens present in the renal 

tissue. Endogenous peroxidase activity was removed by incubation with 3% H2O2 for 

10 min and blockade with 10% normal goat serum. Sections were incubated with 

primary antibody against LAMP-1 (Abcam) overnight at 4°C. After rinsing in TBS, 

slides were exposed for 30 min with SignalStain® Boost IHC Detection Reagent (Cell 

signaling) and bound peroxidase activity was detected with the DAB kit (DAKO, 
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Belgium). Counterstaining was performed with hemalun and Luxol fast blue. For each 

section, 10 square fields (0.084 mm2/field) were observed at x400 magnification in the 

renal cortex. The randomly selected area of each kidney section were then analyzed with 

imageJ software. The relative area occupied by the positive staining was expressed as a 

percentage.  

 

5.2.9 Quantitative real-time PCR.  

Snap-frozen kidney tissues were homogenized, and total RNA was then extracted with 

Trizol (Sigma-Aldrich, Saint-Louis, MO, USA) and treated with DNAse (Promega, 

Madison, WI, USA). Then, total RNA concentration was measured using NanoDrop 

(NanoDrop 1000, Thermo Scientific, Waltham, MA, USA) and 2 μg of total RNA were 

used for reverse transcription using MLV reverse transcriptase (Promega) following 

manufacturer’s instructions. Real-time quantitative PCR was performed in order to 

quantify mRNA level of Col I, Col III, TGFβ, MCP-1, IL1β, TNFα, IL6, ACC, CPT-1, 

FAS and 18S as a housekeeping gene (see Table S1). Quantitative PCR amplification of 

a triplicate for each gene was performed using the SYBR Green Master Mix (Roche, 

Basel, Switzerland). Relative gene expressions were calculated using the 2−ΔΔCT method. 
 

5.2.10 Western Blot analysis 

Frozen kidney tissues were homogenized in Cell Lysis Buffer (Cell Signaling, 

Danvers, MA, USA) with phosphatase and protease inhibitor cocktail (Thermo Fisher 

Scientific, Waltham, MA, USA) at 4°C. Samples were subsequently centrifuged at 14 

000g for 15 min at 4°C and supernatants were collected. Protein concentrations were 

quantified by Pierce BCA assay kit (Thermo Fisher). Next 40µg of total lysate were 

separated on Tris-Glycine 12% or Tris-acetate 3-8% (for high-molecular weight 

proteins) gels and transferred onto nitrocellulose membranes. The relative amounts of 

LMW, MMW and HMW Admer in plasma were determined using a non-denaturing 

PAGE-SDS as described in [484]. Membranes were blocked with 5% BSA for 1 h and 

primary antibodies against: phospho-ACC and ACC (Cell Signaling), phosphor-LKB1 

and LKBA (Cell Signaling) phospho-AMPK and AMPK (Cell Signaling), CPT-1 

(Abcam), Adiponectin (Abcam), Beclin-1 (Cell Signaling), p62 (Cell Signaling), 

phospho-ULK1 (Ser555) and ULK1 (Cell Signaling) and β-actin (Thermo Fisher) were 

applied in 5% BSA overnight at 4°C. Finally, membranes were incubated with 

secondary antibodies (Li-Cor Biosciences, Lincoln, NE, USA) in 1% BSA for 1h. 

Proteins were visualized using the Odyssey Infrared Imager (Li-Cor Biosciences). The 

fluorescence was quantified using the imaging software Odyssey V3.0 from the Odyssey 

Infrared Imager (Li-Cor Biosciences). 
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5.2.11 Statistical analysis  

Results are presented as mean values ± SEM. The level for statistical significance was 

defined as p < 0.05. Analyses were carried out using Prism GraphPad Software version 

6 (San Diego, CA, USA). Differences between data groups were evaluated for 

significance using independent t-test of data, one-way or two-way ANOVA and 

Newman–Keuls post hoc tests for multiple comparisons. 
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5.3 Results 

5.3.1 Delayed endurance exercise training limits calorie intake and prevents 

body and tissue weight gain in HFD mice. 

The body weight and the calorie intake along the protocol as well as tissue weights at 

week 20 were measured in mice fed a LFD or a HFD. The associated effects of a delayed 

EET treatment on these parameters were also determined. As observed in Figure 1B, a 

significant increase in body weight was observed from week 5 in HFD groups compared 

to LFD groups. This increase was maintained throughout the experimental protocol in 

HFD-fed mice compared with LFD-fed mice. This increase was observed along with a 

higher calorie intake in HFD mice that was significantly increased since the first week 

of the protocol, compared to LFD (Figure 1D). After the beginning of EET protocol 

(week 12), HFDT mice showed a stabilization of the body weight. The BW of HFDT 

mice was significantly lower as soon as 2 weeks of EET compared to untrained HFD 

mice (Figure 1B). The Figure 1C presents the percentage of body weight gain in HFD 

and HFDT from the beginning of EET. The linear regression analysis demonstrated that 

the slope of HFD was highly significant (p<0.0001) but not in HFDT (p=0.2397) 

compared with zero. This results were associated to a decrease in calorie intake at week 

20 in HFDT mice compared to HFD (Figure 1D). The Figure 1E presents the changes 

in kidney, liver and heart weights of mice fed a LFD or a HFD with or without EET at 

the end of the protocol. As shown, the weights of kidneys and heart were higher in mice 

fed a HFD compared to mice fed a LFD but not in HFDT mice. Interestingly, the 

important hypertrophy of the liver observed in mice fed a HFD was significantly 

prevented by the EET.  
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Figure 1. Delayed EET prevents body weight gain and organ hypertrophy induced by HFD in 

mice. A. Schematic representation of experimental design. Obesity in mice was induced with 12 weeks 

on high-fat diet (HFD). Control mice were fed with a low-fat diet (LFD). Mice were subsequently 

divided in sedentary or trained groups on a treadmill for 8 additional weeks (LFD, LFDT, HFD, HFDT). 

B. Body weight evolution throughout the experimental protocol (20 weeks). Statistical analyses were 

performed by two-way ANOVA followed by Newman–Keuls post hoc test. C. Relative body weight 

gain in HFD vs HFDT mice during EET protocol normalized with body weight at week 12. The slope 

was determined with simple linear regression analysis. n=10 in each group. D. Calorie intake evolution 

throughout the experimental protocol. Number of calories consumed per day calculated for each mouse 

at different time-point (at week 1, 4, 8, 12, 16 and 20 of the experimental protocol). Statistical analyses 

were performed by two-way ANOVA followed by Newman–Keuls post hoc test. E. Organ weights at 

week 20. Statistical analyses were performed by one-way ANOVA followed by Newman–Keuls post 

hoc test. Data are presented as means ± SEM.* P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. n=10 in 

each group. 
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5.3.2 Delayed EET improves obesity-related metabolic disorders in HFD mice. 

HFD feeding in mice is known to induce glucose intolerance, insulin resistance, 

dyslipidemia and hepatic steatosis. We further characterized the effects of EET on 

obesity-related disorders in HFD mice. To determine the impact of delayed EET on 

glucose tolerance, glucose tolerance tests (GTT’s) were performed at week 0, before 

EET (12 weeks) (Figure S2) and at the end of the experimental protocol (20 weeks) 

(figure 2A). At week 20, the AUC for HFD fed mice was significantly higher than for 

LFD groups. However, an improvement of glucose tolerance by EET was demonstrated, 

as observed by the significant decrease of AUC in HFDT mice compared to the HFD 

mice (Figure 2A). Consistently, these changes were associated to a significantly higher 

level of plasma insulin in HFD mice that was decreased by EET in HFDT (Figure 2B). 

Insulin resistance in HFD mice was confirmed by the calculation of the HOMA-IR index 

(Figure 2C). Serum levels of adiponectin also correlates with insulin sensitivity in 

obesity and diabetes [488]. Despite we have not found any changes in the total plasma 

adiponectin levels in the experimental groups, we evaluated the SA index (defined as the 

HMW/(HMW + LMW) ratio of adiponectin multimers in plasma) that was reported as 

a more relevant indicator of insulin sensitivity [489]. The results demonstrated a 

reduction of the SA index in HFD mice (Figure S3) indicating an decreased HMW forms 

in favour of the LMW multimers as demonstrated by Pierard et al., 2016 [484]. This 

change was particularly reversed following exercise in HFD mice. The plasma levels of 

cholesterol, triglycerides and NEFA were also measured  after EET treatment (Figure 

2D). As illustrated, HFD induced a significant elevation of plasma NEFA and 

cholesterol levels, whereas these increases were counteracted by EET in HFDT mice. 

Interestingly, there was no change in TG level. Dyslipidaemia commonly leads to 

hepatic steatosis in HFD mice and is associated to the metabolic syndrome 

consequences. Thus, the liver steatosis score and TG content within the liver tissue were 

evaluated as a marker of non-adipose tissue ectopic lipid accumulation. As illustrated in 

Figure 2E, histopathologic analyses of liver from HFD mice showed the presence of 

macrovesicular steatosis (large fat droplets), compared with the LFD groups. This was 

correlated with the steatosis score evaluation (Figure 2E). In contrast, hepatic steatosis 

was drastically reduced by EET in HFDT mice. Similarly, hepatic TG accumulation in 

HFD mice was prevented by the EET .The results thus indicate that a delayed EET 

protocol applied on obese mice induces a substantial improvement of the metabolic 

syndrome features and obesity-related disorders. Lastly, we recorded blood pressure 

during the last week of the protocol. We measured the systolic, diastolic, and mean blood 

pressure. As shown in Table S2, no significant difference was observed in the different 

experimental groups for each of these measurements.  
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Figure 2. Delayed EET improves obesity-induced metabolic disorders and hepatic steatosis in 

HFD mice. A. Glucose tolerance test at week 20. Fasted mice were submitted to an intraperitoneal 

injection of glucose (2 g/ kg b.w.). Glycemia was measured before (0) and 30, 60 and 120 min after 

injection. Histogram represents the area under the curve (AUC) of glycemia from 0 to 120 min. B. 

Plasma insulin level at week 20. C. HOMA-IR index calculation. D. Plasma levels of cholesterol, 

triglycerides (TG) and non-esterified fatty acids (NEFA) at week 20. E. Representative photomicrograph 

(original magnification ×400) of H&E staining illustrating hepatic steatosis from liver sections from 

mice on LFD, LFDT, HFD and HFDT at week 20 of the experimental protocol, steatosis scoring by 

semi-quantitative analyses of lipid accumulation and quantitative analysis of triglycerides (TG) in the 

liver tissue. Statistical analyses were performed by one‐way ANOVA followed by Newman- Keuls post 

hoc test. Data are presented as means ± SEM. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. n=10 in 

each group. . 
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5.3.3 Delayed EET improves obesity-related glomerulopathy and renal function. 

In order to characterize the effects of delayed EET protocol on the pathogenesis of 

obesity-induced chronic kidney disease, we first evaluated glomerular impairments and 

renal function. The morphological analysis of glomeruli revealed that mice fed a HFD 

without EET developed a significant increase of glomerular area along with a dense 

Periodic-Acid-Schiff (PAS)-positive matrix in the mesangium as well as an increase in 

nuclei number (Figure 3A-D). This glomerular expansion was prevented by EET in 

HFD mice. To further determine the effect of a delayed EET on renal function in obese 

mice, urinary albumin to creatinine ratio (UACR) and total proteinuria were investigated 

(Figure 3E). After 12 weeks on diet (before EET), both groups of HFD-fed mice 

presented a significant higher UACR compared to the groups of LFD-fed mice. In 

contrast, at week 20 (after EET intervention), the UACR in HFDT mice was 

significantly lower than in HFD mice, demonstrating a decreased albuminuria . The 

same patterns were found for urinary protein level (Figure 3F). Indeed, mice fed a HFD 

presented a significant increase in total proteinuria while this increase was prevented by 

with EET. These results demonstrate that EET protocol is beneficial to counteract the 

progression of obesity-related glomerulopathy and associated renal dysfunction in obese 

mice. 
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Figure 3. Effects of a delayed EET on renal function and glomerular histology in mice on LFD or 

HFD. A. Representative photomicrographs (original magnification × 400) of PAS staining illustrating 

glomerular structure from renal cortex sections from mice on LFD, LFDT, HFD and HFDT. B. 

Glomerular area. The glomerular tuft area was averaged from 15 glomeruli per kidney section, using 

one kidney section per animal. C. Mesangial matrix area percentage of total glomerular area. D. Nuclei 

count. E. Quantitative measurement of urinary albumin to creatinine ratio (UACR) at week 12 (before 

EET protocol) and at week 20 (after EET protocol) from mice on LFD, LFDT, HFD and HFDT. F. 

Quantitative analysis of urinary total protein to creatinine ratio at week 20. Statistical analyses were 

performed by one‐way ANOVA followed by Newman–Keuls post hoc test. * P ≤ 0.05 versus LFD # P 

≤ 0.05 versus HFD. Data are presented as means ± SEM. n=10 in each group. 

 

 

 

 

 



70 
 

5.3.4 Delayed EET ameliorates renal fibrosis, inflammation and oxidative stress. 

Obesity-induced chronic kidney disease is also characterized by an increased tubulo-

interstitial fibrosis, inflammation and oxidative stress in HFD mice. To decipher the 

impact of EET on these key characteristics of the pathological progression, collagen I 

and III depositions were studied by morphometric analysis in Sirius red-stained renal 

sections as an index of the fibrotic response. As illustrated in Figure 4A, collagen 

accumulated in the interstitium of HFD mice. This observation was confirmed by the 

quantitative analysis of Sirius Red positive staining (Figure 4B). EET treatment 

significantly reduced collagen I and III deposition. Candidate genes expression involved 

in renal fibrosis (TGF-β1, collagen type 1 and III) and inflammation (TNFα, IL-1β, IL-

6 and MCP-1) were also measured by real-time qPCR. As observed in Figure 4E, renal 

mRNA levels of the pro-fibrotic markers were all significantly decreased with EET in 

mice fed a HFD as well as for the pro-inflammatory markers in HFD mice. These 

changes were prevented by EET. The plasma TNFα concentration for systemic 

inflammation was also evaluated and the data reported an increased concentration of this 

pro-inflammatory cytokine in HFD mice that was significantly reduced with exercise. 

As markers of oxidative stress, the urinary hydrogen peroxide and 8-hydroxy-2'-

deoxyguanosine (8-OHdG) levels were measured at week 20. These markers were both 

significantly higher in HFD mice compared to LFD mice (Figure 4C,D). The increase 

in urine hydrogen peroxide and 8-OHdG were also prevented by EET. The results 

demonstrate that EET reduces renal injuries by decreasing oxidative stress, fibrosis and 

inflammation in obese mice.  
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Figure 4. Effects of delayed EET on tubulointerstitial fibrosis, oxidative stress and inflammation 

from mice on LFD or HFD. A. Representative photomicrographs (original magnification ×400) of 

Sirius Red staining illustrating tubulointerstitial fibrosis in renal cortex. n=10 in each group. B. 

Quantitative analysis of the mean percentage of positive staining for Sirius red staining. n=10 in each 

group. C. Quantitative analysis of urinary H2O2 to creatinine ratio at week 20. n=10 in each group. D. 

Quantitative analysis of urinary 8-OHdG to creatinine ratio at week 20. n=10 in each group. E. Real-

time quantitative qPCR for type I collagen (COLI), type III collagen (COLIII), transforming growth 

factor β (TGFβ), interleukin 1β (IL1β), tumor necrosis factor α (TNFα), interleukin 6 (IL6) and 

monocyte chemoattractant protein 1 (MCP1). mRNA expressions were performed on kidney tissue from 

LFD, LFDT, HFD and HFDT mice normalized against 18S. n=6 in each group. F. TNFα plasmatic 

level. The TNFαconcentration was measured using indirect ELISA. n=8 in each group Statistical 

analyses were performed by one‐way ANOVA followed by Newman–Keuls post hoc test. * P ≤ 0.05 

versus LFD #P ≤ 0.05 versus HFD. Data are presented as mean ± SEM. n=10 in each group. 
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5.3.5  Delayed EET reduces renal ectopic lipid accumulations. 

The ectopic lipid deposition in the kidney is a key feature of obesity-induced chronic 

kidney disease which is associated to renal lipotoxicity. We further characterized the 

effect of delayed EET on tubular lipid accumulation in mice fed a LFD or HFD. As 

described before by Declèves et al. (2014), vacuolated tubular cells were observed in 

HFD groups (Figure 5A; black arrows). These tubular alterations in proximal tubules 

were specifically found in the renal cortex. The quantitative analysis revealed that mice 

fed a HFD showed a strong increase in vacuolated tubules that was significantly reduced 

with EET (Figure 5B). Moreover, as illustrated in Figure 5C, cholesterol, TG and 

NEFA renal tissue content were also measured at week 20. Data demonstrated a 

significant increase in TG in HFD group that was prevented by EET. While there was 

no change in cholesterol content, the level of NEFA was decreased with EET in both 

the LFDT and the HFDT groups. Thus, EET treatment is associated to a reduced lipid 

accumulation in the renal tissue in obese mice.  
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Figure 5. Delayed EET reduces ectopic lipid accumulation in renal tissue induced by HFD in mice. 

A. Representative photomicrographs (original magnification ×400) of PAS staining illustrating 

vacuolated proximal convoluted tubular cells from renal cortex sections from mice on LFD, LFDT, HFD 

and HFDT at week 20. B. Quantitative analysis of number of vacuolated tubules per mm2. C. 

Quantitative analysis of cholesterol, triglycerides (TG) and non-esterified fatty acids (NEFA) in renal 

tissue. Statistical analyses were performed by one‐way ANOVA followed by Newman–Keuls post hoc 

test. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. Data are presented as means ± SEM. n=10 in each 

group. 
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5.3.6 Delayed EET enhances AMPK activity in renal tissue of obese mice. 

AMPK pathway dysregulation plays an important role in obesity-associated renal cell 

dysfunction. To better characterize the effect of a delayed EET on AMPK activity in 

obese mice, phosphorylation of AMPK and its main downstream target, the acetyl-CoA 

carboxylase (ACC) as well as the main AMPK upstream kinase the liver kinase B1 

(LKB1) were measured by Western blot (Figure 6). As illustrated in Figure 6B, p-

LKB1 protein level wad significantly decreased in HFD mice compared to the control 

that was prevented by exercise. Moreover, total LKB1 protein level did not change 

between experimental groups while p-LKB1 to LKB1 ratio was increased in HFDT mice 

compared to sedentary HFD. Mice fed a HFD exhibited a significant decrease in p-

AMPK protein level, whereas EET treatment prevented this reduction. Total AMPK 

protein level was similar in each group while AMPK activity (p-AMPK to AMPK ratio) 

was increased in HFDT mice (Figure 6C). Since AMPK inhibits fatty acid synthesis 

and promotes fatty acid oxidation by phosphorylation of ACC, p-ACC and ACC protein 

level were also determined (Figure 6D). Consistently, protein level of phospho-ACC 

was reduced along with the decreased of AMPK activity in HFD group and was 

significantly increased with EET. Interestingly, total ACC protein level was decreased 

in both HFD and HFDT groups, participating in the significant increase of the p-ACC 

to ACC ratio in HFDT compared to LFD. We also investigated the protein level of CPT-

1 but its expression was not regulated by HFD or EET (Figure 6E). Furthermore, the 

lipolysis and lipogenic markers mRNA expression were not affected by any treatment 

(Table S3). 
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Figure 6. Delayed EET restores AMPK activity in the kidney of HFD mice. A. Western Blot analysis 

of phosphor-LKB1, LKB1, phospho-AMPK, AMPK, phospho-ACC, ACC and CPT-1 in kidney tissue 

from mice on LFD, LFDT, HFD and HFDT at week 20. B. Relative densitometry of the immunoblots 

representing respectively phospho-LKB1 protein level normalized with β-actin, LKB1 protein level 

normalized with β-actin and phospho-LKB1 to LKB1 ratio. C. Relative densitometry of the 

immunoblots representing respectively phospho-AMPK protein level normalized with β-actin, AMPK 

protein level normalized with β-actin and phospho-AMPK to AMPK ratio. D. Relative densitometry of 

the immunoblots representing respectively phospho-ACC protein level normalized with β-actin, ACC 

protein level normalized with β-actin and phospho-ACC to ACC ratio. E. Relative densitometry of the 

immunoblots representing CPT-1 protein level normalized with β-actin. Statistical analyses were 

performed by one‐way ANOVA followed by Newman–Keuls post hoc test. Data are presented as means 

± SEM. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. n=6-8 in each group. 
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5.3.7 Delayed EET improves autophagy flux in obese mice by AMPK-mediated 

ULK1 activation. 

Cellular lipid accumulation and decreased AMPK activity were also associated to an 

impairment of the autophagy flux. Under physiological conditions, intracellular lipid 

storages are regulated by autophagy process that plays a major role to prevent the 

deleterious effects of a lipid overload on cellular function. AMPK regulates autophagy 

by phosphorylating ULK-1 that mediates the initiation of autophagy. Thus, we first 

evaluated p-ULK1 (Ser 555) protein level in response to HFD and EET treatment. 

Consistently, p-ULK1 was found to be decreased in HFD mice while EET increased p-

ULK1 in HFDT compared to HFD (Figure 7B). This result was corroborated with the 

evaluation of the autophagy marker Beclin-1, p62 for autophagy flux and LAMP-1, a 

specific marker of lysosomes. Indeed, western blot analyses revealed that mice fed a 

HFD exhibited a significant increase in p62 protein level but not with EET (Figure 7C). 

p62 is a substrate of autophagy that is degraded during this cellular process. An 

accumulation of p62 in HFD mice revealed a stagnant autophagy process that is 

normalized by EET in obese mice. Beclin-1 acts during the initiation stage of autophagy 

by mediating the formation of double-membrane structure that envelops cytoplasmic 

material to form the autophagosome. The protein level of Beclin-1 was significantly 

reduced in HFD and was shown to be restored by EET treatment (Figure 7D). Lastly, 

we demonstrated by immunohistochemistry an increased positive staining for LAMP-1 

in the margins of the lipid vacuoles in proximal tubules that was significantly reduced 

by EET in HFDT group (Figure 7 E). These data indicate that EET enhances autophagy 

flux in renal tissue of obese mice possibly by AMPK-mediated phosphorylation of 

ULK1, ameliorating the progression of obesity-induced CKD. 
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Figure 7. Effects of a delayed EET on autophagy and lysosomal markers in the kidney from mice 

on LFD or HFD. A. Western Blot analysis of phospho-ULK-1 (Ser 555), ULK-1, p62 and Beclin-1 in 

kidney tissue from mice LFD, LFDT, HFD and HFDT. B. Relative densitometry of the immunoblots 

representing respectively phosphor-ULK1 (Ser 555) protein level normalized with β-actin, ULK-1 

protein level normalized with β-actin and Phospho-ULK1 (Ser 555) to ULK-1 ratio. C. Relative 

densitometry of the immunoblots representing p62 protein level normalized with β-actin. D. Relative 

densitometry of the immunoblots representing Beclin-1 protein level normalized with β-actin. E. 

Representative photomicrograph (original magnification ×400) showing lysosomal-associated 

membrane protein 1 (LAMP1)–positive staining on intracellular vacuoles and related  quantitative 

analysis of LAMP1-positive staining. Statistical analyses were performed by one‐way ANOVA 

followed by Newman–Keuls post hoc test. Data are presented as means ± SEM. * P ≤ 0.05 versus LFD 

# P ≤ 0.05 versus HFD. n=6-8 in each group. 
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5.4 Discussion 

Endurance exercise training (EET) is now considered as an interesting therapeutic 

strategy for managing obesity-related disorders. Emerging studies have demonstrated 

that EET is an effective strategy to prevent insulin resistance, hepatic steatosis and 

cardiovascular diseases [490,491]. The expected impact of exercise training treatment 

in obese patients is in reducing or maintaining body weight. Interestingly, EET has been 

shown to present beneficial effects without weight loss, suggesting independent effects 

of EET on obesity-related disorders [492,493]. Particularly, a redistribution of body fat 

along with a reduced ectopic lipid accumulation and a reduction of inflammation in 

tissues have been revealed with exercise [494]. Despite evidence that exercise training 

may improve obesity related disorders, there is still a lack of knowledge about the 

underlying cellular and molecular mechanisms. Moreover, in the most experimental 

studies in obese rodents, animals were concomitantly exposed to EET and  HFD, 

employing therefore EET in a prevention setting and not as a treatment.  

 

In contrast, here, the potential beneficial impact of EET was investigated as a therapeutic 

strategy on obese mice. Indeed, mice were fed a HFD for 12 weeks to achieve a 

significant level of metabolic and biochemical changes associated to obesity including 

fat mass accumulation, glucose intolerance, insulin resistance, hepatic steatosis, ectopic 

lipid accumulations and associated chronic kidney disease (CKD) [474,495,496]. 

Thereafter, EET was applied for 8 additional weeks. After 20 weeks on diet, mice 

exposed to HFD presented the hallmarks of obesity-related disorders including insulin 

resistance, glucose intolerance and hyperlipidemia (NEFA and cholesterol). Hepatic 

steatosis also appeared in HFD mice as demonstrated with histological analysis and TG 

quantification. Several studies have already demonstrated that exercise training 

prevented obesity-associated disorders, including diabetes and hepatic steatosis [497–

499]. Interestingly, in our model, delayed EET treatment in HFD mice also improved 

most of the metabolic changes. First, insulin resistance that was demonstrated in the 

HFD mice was reversed by EET along with the improvement of glucose metabolism in 

HFD trained mice, as supported by HOMA-IR calculation and GTTs. The decreased  

insulinemia could be attributed to a lower secretion of insulin required to maintain 

glucose level, suggesting a better insulin sensitivity. The exercise-induced changes in 

insulin sensitivity have been already extensively reported [500]. During exercise, 

glucose uptake is stimulated by skeletal muscle contraction. This occurs as a result of 

GLUT4 translocation to the muscle cell membrane [500]. Moreover, chronic exercise 

enhances insulin sensitivity largely due to activation of AMPK, a master regulator of 

glucose metabolism in the muscle [501]. The effects of exercise training on insulin 

resistance were also confirmed by the evaluation of adiponectin multimers distribution. 
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As demonstrated by the SA index, exercise training was associated to amelioration of the 

multimers distribution in favor of the HMW forms that are the most biologically active 

forms of adiponectin regarding glucose homeostasis [502]. EET also reduced 

dyslipidemia and drastically decreased intra-hepatic fat contents, consequently 

reversing HFD-related hepatic steatosis. During exercise, skeletal muscle contraction 

induces production of variety of molecules called myokines that mediate beneficial 

responses in other organs. Experimental studies suggest that both IL-6 and Irisin might 

be involved in muscle/liver crosstalk mediating improvement of hepatic steatosis. In the 

liver, EET induces AMPK activity with an enhanced mitochondrial function which lead 

to a decreased lipogenesis and an increased lipid oxidation. Hepatic AMPK activation 

also promotes autophagy induction via phosphorylation of ULK-1. As a result, excess 

lipids are eliminated by lysosomes leading to decreased ectopic lipid accumulations in 

the liver [503–505]. Furthermore, high blood pressure is another important component 

of the metabolic syndrome and exercise training is a recognized strategy for the 

prevention and treatment of hypertension [506,507]. However, in Bruder-Nascimento et 

al., mice fed a HFD for 24 weeks did not present any change in arterial blood pressure 

[508]. Similarly, we did not observed in our experimental model any significant 

difference of the systolic, diastolic or mean arterial blood pressure between LFD and 

HFD groups neither between trained and untrained groups suggesting that EET has no 

effect on blood pressure in our experimental conditions. 

 

Even though EET mediates improvement in key features of obesity in humans and 

animal models, its effects on renal function and metabolism in obesity are not well 

reported so far. In the general population, obesity is the second most highly prognostic 

factor to predict end-stage renal disease. However, the underlying mechanisms are 

complex and include physiological and metabolic aspects. Adiposity could directly 

impact the kidneys via the pro-inflammatory environment mediated by adipokines 

produced by adipose tissue but also oxidative stress, activation of the renin-angiotensin-

aldosterone system and IR [468]. These changes lead to characteristic features of 

obesity-induced kidney injury including the development of glomerulomegaly and 

ectopic lipid accumulation in the kidney, leading to the renal lipotoxicity. Exercise 

training has been proposed to be included in renal care at any step of CKD progression 

[509]. A recent study has even showed that concomitant cafeteria diet exposure and EET 

prevented lipid depositions in the kidney in mice [510]. To further explore the adaptation 

of a “fatty kidney” to EET, we evaluated the effect of an EET protocol to a HFD-induced 

CKD mice model. We demonstrated that EET treatment improved key parameters of 

obesity-induced CKD, as evidenced by improvement of renal function as well as 

morphological alterations. Notably, increased proteinuria and albuminuria which reflect 
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both glomerular and tubular impairments are established predictors of CKD progression 

[511]. Here, we demonstrated that EET reduced glomerular impairment by reducing 

mesangial matrix expansion and thus glomerulomegaly. At a tubular level, ectopic lipid 

depositions in the kidney were markedly decreased, leading to better outcomes 

regarding CKD progression. Consistently, we demonstrated that EET was associated to 

reduced interstitial fibrosis, renal inflammation and oxidative stress. 

 

Accumulating studies have demonstrated reduction of AMPK activity in caloric excess 

conditions [341,512]. Activity of AMPK was reduced in kidneys of diabetic mice and 

humans [279]. In several studies, pharmacological AMPK activators (5-

aminoimidazole-4-carboxamide ribonucleoside, Metformin, Resveratrol, Fenofibrate 

and AdipoRon) attenuated diabetic nephropathy and obesity-induced CKD 

[262,293,513–515]. Consistent with the previous studies, our results showed a decrease 

in AMPK activity in kidney tissue following HFD as well as the decreased 

phosphorylation of its main target ACC as well as its main upstream kinase LKB1, 

indicating inhibition of the AMPK pathway. Interestingly, we demonstrated that EET 

restored the activity of AMPK in obese mice, suggesting a critical role of AMPK 

regulation in the beneficial effects of EET in obesity-induced CKD. AMPK plays 

essential roles in glucose and lipid metabolism, cell survival, growth, and inflammation. 

AMPK also exerts a key role in mitochondria homeostasis and has been revealed to 

regulate autophagy in mammalian cells. Obesity induces AMPK dysregulation by 

multiple mechanisms independently of the AMP:ATP ratio (reviewed in [516]) 

including insulin resistance, inflammation, decreased adiponectin, oxidative stress and 

decreased activity of AMPK upstream kinase. Here, we particularly highlighted the 

beneficial effects of exercise training on these parameters that may reduce the 

detrimental intra-renal environment leading to AMPK dysregulation in favor of a proper 

AMPK signaling. Under physiological conditions, autophagy is critical for the 

maintenance of renal function and homeostasis [517]. Autophagy is a complex and 

highly regulated cellular degradation pathway, well conserved among eukaryotes that 

has been intensely documented in many pathological conditions [427]. Both obesity and 

HFD negatively regulates autophagy in the kidney [518]. In a setting of renal lipid 

overload, Yamamoto et al. (2016) and our work have demonstrated the impairment of 

autophagy in proximal tubular cells (PTC) [286,293]. Here, we also highlighted a 

beneficial role of EET associated with activation of AMPK in preventing impairment of 

autophagy in PTC and  lipid accumulation in these cells. Chronic EET was shown to 

induce autophagy in vivo in various tissues including muscles, liver, adipose tissue and 

pancreas [519]. In this study, we investigated whether EET treatment could lead to  a 

restored autophagy flux in renal tissue in an obesity context.  We demonstrated that EET 
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regulated autophagy markers by decreasing p62 in obese trained mice and increasing 

Beclin-1 protein level. Activation of the autophagic flux leads to a decline in p62 level 

because of its degradation during the process and, contrarily, an accumulation of p62 

reflects a stagnant autophagic flux [520]. Moreover, HFD also inhibits autophagy by 

reducing autophagosome/lysosome fusion [286]. Here, we described an increased 

lysosomal marker LAMP-1 that was reduced by EET in renal tissue of obese mice. 

Finally, we demonstrated the AMPK-mediated phosphorylation of ULK-1, an 

autophagy inducer, by EET in HFD mice. Thus, our data confirmed disturbance of 

autophagy by HFD and indicated the potential induction of autophagy process by EET 

via AMPK activation, leading to improvement of renal cell homeostasis. Since 

autophagy is a highly dynamic process, further investigations are needed to delineate 

the precise molecular mechanisms of exercise-induced autophagy in the kidney and the 

particular role of AMPK in this process. Particularly, the use of ULK-1 knockout mice 

would be an interesting mechanistical strategy in order to confirm the role of AMPK-

dependent autophagy in response to exercise in renal tissue. Finally, how skeletal muscle 

communication can prevent or suppress kidney injury is particularly emerging and has 

not been strongly investigated yet, particularly regarding muscle-kidney cross-talk 

during exercise. A recent work has nicely demonstrated that the Irisin, an exerkine, 

ameliorated tubule cell damage and renal fibrosis in CKD model [521]. Interestingly, 

inhibition of AMPK by a specific inhibitor reduced the effects of Irisin in myocytes and 

hepatocytes, suggesting that Irisin could be implicated in AMPK pathway regulation 

[522]. However, the particular effects of Irisin on AMPK regulation in the kidney is still 

unexplored and needs further investigations. 

 

5.5 Conclusion 

Based on our data, exercise training can be considered as an interesting strategy for the 

management of obesity-induced CKD. Kidney function was improved through reducing 

albuminuria, glomerular hypertrophy, inflammation, oxidative stress and fibrosis as well 

as attenuating intra-renal fat content. We demonstrated that these beneficial effects 

implicate restored AMPK activity and autophagy induction in renal tissue (Figure 8). 

Exercise training may thus represent an interesting non-pharmacological alternative 

strategy for AMPK activation in obesity-induced CKD. 
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Figure 8. Schematical representation of the effects of HFD and EET on the underlying molecular 

mechanisms of obesity-induced CKD in mice. Created with Biorender.com. 
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Specific Aims 

 

The next step of the PhD project was to investigate new potential biomarkers for obesity-

induced CKD. Particularly, we focused on SIRT3, a mitochondrial NAD+-dependent 

deacetylase. Indeed, in our EET experimental study, we tested its renal expression (data 

unshown in section I) in the different experimental groups (LFD, LFDT, HFD, and 

HFDT). As illustrated below in Figure 1, its protein expression was significantly 

decreased in mice fed a HFD while EET appeared to prevent this change.  

 

Figure 1. Effects of diet and EET on SIRT3 protein level. A. Western Blot analysis of SIRT3 and β-

actin from total kidney protein extracts. B. Quantitative densitometry of the immunoblot. Statistical 

analyses were performed by One-way ANOVA followed by Newman-Keuls. *p≤0.05 vs LFD, # p≤0.05 

vs HFD. Mean ± SEM. n=8 
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6 SIRT3 as a new biomarker and therapeutic target for obesity-induced 

chronic kidney disease. 
 

6.1 Background 

SIRT3 is a NAD+-dependent deacetylase belonging to the Sirtuin family which is mainly 

localized in mitochondria but also in cytoplasm. Deacetylation accounts for a crucial 

mechanism to regulate the activity of many substrates involving in energy metabolism 

[450]. Accordingly, SIRT3 plays a major role in mitochondria homeostasis by the 

regulation of mitochondrial respiratory chain and ATP production. SIRT3 promotes FA 

β-oxidation through LCAD [451] and also exerts an antioxidant activity by targeting the 

SOD2 and the isocitrate dehydrogenase (IDH2) [446,452]. Interestingly, it has been 

reported that exercise training affects the expression and/or activity of Sirtuins. 

Particularly, studies have investigated the regulation of SIRT1 and SIRT3 in response 

to different types of exercise in skeletal muscle. Researchers demonstrated that acute 

exercise (a single load of exercise) resulted in the activation of SIRT1, while long term 

exercise training was related to an increase of genic and proteic SIRT3 expression, 

associated to enhanced synthesis of NAD+ in healthy individuals [523,524]. More 

generally, SIRT3 expression is promoted in response to metabolic stresses such as 

caloric restriction, exercise or fasting. Kincaid et al. have proposed a positive feedback 

mechanism by which cellular stress activates SIRT3 and results in neuroprotection 

during aging or obesity (see Figure 2) [525]. Indeed, cytosolic form of SIRT3 has been 

shown to activate LKB1, which in turn activates AMPK in primary cardiomyocytes 

[453]. Therefore, reduction in SIRT3 expression in a setting of obesity could in part 

explain the reduction in AMPK activity. Another evidence of the role of SIRT3 in 

AMPK activation is its involvement in the increase of cytosolic calcium level that 

involves the activation of CaMKKβ and so, promotes the activation of AMPK [526]. 

Figure 2. Cellular stress activates SIRT3. Energy deficits resulting 

from calorie restriction, exercise, and fasting cause the cellular 

AMP:ATP ratio to increase. Increased levels of AMP trigger 

activation of AMPK, initiating a signaling cascade promoting SIRT3 

expression. SIRT3 promotes activation of antioxidant systems, FA 

oxidation, and neuroprotection. A positive feedback mechanism is 

also initiated via the deacetylation and activation of LKB1 by SIRT3, 

further promoting activation of AMPK. AMPK, AMP-activated 

protein kinase; CREB, cyclic AMP response element-binding 

protein; PGC-1α, peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha; LKB1, liver kinase B1; AMP, adenosine-5′-

monophosphate; ATP, adenosine-5′-triphosphate. From [525]. 
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In a context of obesity, it has been shown that beneficial impacts of ET were associated 

to SIRT3 regulation in cognitive dysfunction, heart failure and liver disease [527]. 

Despite most of evidence of exercise-induced expression of SIRT3 were studied in 

obese animal models, studies have observed an increased expression of SIRT3 in the 

muscle of obese adolescent after aerobic [528,529]. Particularly, the importance of 

SIRT3 in metabolic diseases has  been demonstrated in rodents and humans, showing a 

reduction in SIRT3 activity in this setting [454][455]. In humans, it has even been shown 

that a single nucleotide polymorphism in the SIRT3 gene is associated with increased 

risk to develop a metabolic syndrome [455]. In addition, mice deficient for SIRT3 and 

fed a HFD revealed an acceleration of metabolic syndrome hallmarks [530]. In the 

kidney, most of the studies were performed in models of acute kidney injury (AKI). In 

those, the beneficial effect of restoring SIRT3 activity was always highlighted 

[457,458]. Indeed, maintaining SIRT3 activity was shown to prevent acute damages in 

renal tubular cells by maintaining the mitochondrial functional integrity and dynamics 

through the normalization of mitochondrial protein acetylation. Finally, it is important 

to highlight that SIRT3 activity is dependent on the availability of its co substrate NAD+, 

and consequently on the [NAD+]/[NADH] ratio while this ratio was reported to be lower 

in metabolic disease [459]. Since PTC are metabolically very active cells, requiring a 

large amount of ATP [531], mitochondrial function and integrity are therefore essential 

to the metabolism of these cells.  As described in the introduction and shown in the 

section I of the result section, the beneficial role of AMPK in preventing impairment of 

macroautophagy in PTC and therefore, preventing lipid accumulation in these cells has 

been already demonstrated. Therefore, considering the emerging evidence of SIRT3 

activation, its importance in metabolic disease and its close relation with AMPK 

regulation, it is worth to hypostatize that AMPK/SIRT3axis plays an important role in 

renal lipotoxicity. However, SIRT3 expression and activity has never been investigated 

in obesity-induced CKD.   

 

In this regard, the objective of this second part was to investigate the implication of 

SIRT3 in a context of obesity-induced CKD. In this section, mice overexpressing SIRT3 

were employed (Collab. Prof. Thierry Arnould, Laboratory of Biochemistry and Cell 

Biology (URBC), UNamur).  Moreover, assuming that SIRT3 may be linked to AMPK 

activity in renal tissue, AMPK activity was also investigated.   
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6.2 Methods 

6.2.1 Animals  

Male C57BL/6 WT and SIRT3+/+ transgenic mice were assigned either to a LFD or a 

HFD for 20 weeks (Figure 3). At the end of the experimental protocol, urine and kidney 

samples were collected.  

Figure 3. experimental design 

 

6.2.2 Histological analysis 

Paraffin-embedded kidney sections were stained with Periodic Acid Schiff (PAS), 

Hemalun, and Luxol fast blue to assess morphological alterations. Morphometry of 

kidney sections was carried out as previously reported [120]. The frequency of tubules 

containing vacuolated cells was evaluated by a semi-quantitative basis by adapting a 

single-blind analysis. To standardize the evaluation procedure, an additional lens 

engrave with a square grid was inserted in one of microscope eyepieces. For each 

paraffin section, 10 square fields (0.084 mm2/field) were observed at x400 

magnification. 

6.2.3 Kidney function 

At the end of the experimental protocol, mice were placed into metabolic cages for 24h-

urine collection. Urine were subsequently stored at -20°C until analyses were 

performed. The urinary albumin and creatinine levels were measured with a mouse 

Albuwell ELISA kit and a Creatinine Companion kit (Exocell, Philadelphia, PA, USA). 

Total proteinuria was quantified by the Bradford binding assay as previously described 

[485]. As an index of oxidative stress, urine samples were also analyzed for hydrogen 

peroxide by Amplex red assay (Thermo Fisher Scientific, Waltham, MA, USA). All 

values of urinary markers were normalized to the urinary creatinine concentration.  
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6.2.4 Western blot analysis 

Frozen kidney tissues were homogenized in Cell Lysis Buffer (Cell Signaling, Danvers, 

MA, USA) with phosphatase and protease inhibitor cocktail (Thermo Fisher Scientific, 

Waltham, MA, USA) at 4°C. Samples were subsequently centrifuged at 14 000g for 15 

min at 4°C and supernatants were collected. Protein concentrations were quantified by 

Pierce BCA assay kit (Thermo Fisher). Next 40µg of total lysate were separated on Tris-

Glycine 12% gels and transferred onto nitrocellulose membranes. Membranes were 

blocked with 5% BSA for 1 h and primary antibodies against: phospho-AMPK and 

AMPK (Cell Signaling) were applied in 5% BSA overnight at 4°C. Finally, membranes 

were incubated with secondary antibodies (Li-Cor Biosciences, Lincoln, NE, USA) in 

1% BSA for 1h. Proteins were visualized using the Odyssey Infrared Imager (Li-Cor 

Biosciences). The fluorescence was quantified using the imaging software Odyssey 

V3.0 from the Odyssey Infrared Imager (Li-Cor Biosciences). 

6.2.5 RT-qPCR analysis 

Frozen kidney tissues were homogenized, and total RNA was then extracted with Trizol 

(Sigma-Aldrich, Saint-Louis, MO, USA) and treated with DNAse (Promega, Madison, 

WI, USA). Total RNA concentration was measured by NanoDrop (NanoDrop 1000, 

Thermo Scientific, Waltham, MA, USA). Transcript-specific primers were generated 

based on mouse sequences from GenBank. NCBI Primer Blast was used to ensure 

specificity of primers for each target. All pairs of primers were analyzed for dissociation 

curves and melting temperatures. Real-time quantitative PCR was performed in order to 

quantify mRNA level of Col I, TGFβ, IL1β-6, MCP-1, TNFα, SOD1, SOD2, Nrf2, HO-

1 and 18S as a housekeeping gene (see Table 1). Briefly, 2 μg of total RNA were used 

for reverse transcription using MLV reverse transcriptase (Promega) during 1h at 70°C. 

Quantitative PCR amplification was performed using the SYBR Green Master Mix 

(Roche, Basel, Switzerland) and the Prism 7300 Real-Time PCR Detection System 

(Applied Biosystems, CA, USA). Mean fold changes were calculated by averaging the 

triplicate measurement for each gene. Relative gene expressions were calculated using 

the 2−ΔΔCT method. 
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Table 1. 

Gene  Primer Sequences (5'-3') 

COLI Fw CTTGCCCCATTCATTTGTCT 

 Rv GCAGGTTCACCTACTCTGTTCT 

TGFβ Fw TGGAGCAACATGTGGAACTC 

 Rv GTCAGCAGCCGGTTACCA 

TNFα Fw TACTGAACTTCGGGGTGATTGGTCC 

 Rv CAGCCTTGTCCCTTGAAGAGAACC 

IL6 Fw GCTACCAAACTGGATATAATCAGGA 

 Rv CCAGGTAGCTATGGTACTCCAGAA 

MCP-1 Fw CTTCTGGGCCTGCTGTTCA 

 Rv CCAGCCTACTCATTGGGATCA 

SOD1 Fw AAGGCCGTGTGCGTGCTGAA 

 Rv CAGGTCTCCAACATGCCTCT 

SOD2 Fw TGCTCTAATCAGGACCCATTG 

 Rv GTAGTAAGCGTGCTCCCACAC 

Nrf2 Fw AGGCATCTTGTTTGGGAATGTG 

 Rv CTTTAGCTAGCGACAGAAGGAC 

HO-1 Fw GAAGGGTCAGGTGTCCAGAG 

 Rv CCAGGTAGCGGGTATATGCGT 

18S Fw CGCCGCTAGAGGTGAAATTCT 

  Rv CGAACCTCCGACTTTCGTTCT  

 

6.2.6 Statistical analysis 

Results are presented as mean values ± SEM. The level for statistical significance was 

defined as p < 0.05. Analyses were carried out using Prism GraphPad Software version 

6 (San Diego, CA, USA). Differences between data groups were evaluated using one-

way ANOVA followed by Newman–Keuls post hoc tests for multiple comparisons. 



Section II: SIRT3 as a new biomarker and therapeutic target for obesity-induced CKD 

 

89 
 

6.3 Results 

6.3.1 SIRT3 overexpression prevents ectopic lipid accumulation in PTC of mice 

fed a HFD 

We first analysed the ectopic lipid accumulation in proximal tubules of wild-type LFD, 

HFD and SIRT3 Tg mice. As illustrated in Figure 4. A, HFD mice present a strong 

accumulation of intracellular lipid droplets in proximal tubular cells in comparison to 

LFD mice. This lipid accumulation was markedly decreased in SIRT3 Tg HFD where 

only a few numbers of vacuolated proximal tubules was observed. The quantification of 

vacuolated tubules in renal cortex of each group confirmed a significant increase of 

ectopic lipid accumulation in HFD mice compared to LFD control that was significantly 

decreased in SIRT3 Tg HFD mice compared to HFD wild type mice (Figure 4. B). 

 

Figure 4. Overexpression of SIRT3 prevents ectopic lipid accumulation in PTC in HFD mice. A. 

Representative photomicrographs (200X) illustrating vacuolated proximal convoluted tubular cells 

(arrow). B. Quantitative analysis of the number of vacuolated tubules per mm2. Statistical analyses 

were performed by One-way ANOVA followed by Newman-Keuls. *p≤0.05 vs LFD, # p≤0.05 vs 

HFD. Mean ± SEM. n=6 

 

6.3.2 SIRT3 overexpression improves renal dysfunction of HFD-induced CKD 

Regarding kidney function, the urinary albumin and total protein concentration was 

determined in urinary sample collected after 20 weeks on diet. Urinary albumin and 

protein levels of each animal were normalized with the corresponding urinary creatinine 

level. The data showed a significant increase of both urinary albumin to creatinine ratio 

and protein to creatinine ratio in HFD mice compared to the control that was 

significantly decreased in SIRT3 Tg HFD mice compared to WT HFD mice (Figure 5). 

Finally, urinary H2O2 concentrations followed the same pattern. 
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Figure 5. Overexpression of SIRT3 prevents (A) the increase in albuminuria, (B) in total proteinuria 

and (C) urinary H2O2 levels in HFD mice. Statistical analyses were performed by one-way ANOVA 

followed by Newman-Keuls. *p≤0.05 vs LFD, # p≤0.05 vs HFD. Mean ± SEM. n=6 

 

6.3.3 SIRT3 overexpression is linked to an activation of AMPK in mice fed a 

HFD 

We further investigated the AMPK activity in renal tissue of LFD, HFD and SIRT3 Tg 

HFD mice. Phosphorylated-AMPK (P-AMPK) and total AMPK protein levels were 

analyzed by western blot and quantified by densitometry of the immunoblot for each 

experimental group. The AMPK activity was represented as the ratio of phospho-AMPK 

over total AMPK (P-AMPK/AMPK). In Figure 6, we observed the expected decrease 

in AMPK activity in renal tissue of HFD mice compared to LFD control mice. AMPK 

activity of SIRT3 Tg HFD mice was shown to be normalized and significantly increased 

compared to HFD wild-type mice. 
 

 

Figure 6. Overexpression of SIRT3 prevents the decrease in AMPK activity in HFD mice. A. Western 

blot analysis on total kidney protein extracts for phospho-AMPK and total AMPK. B. Quantitative 

densitometry of the immunoblot. Statistical analyses were performed by one-way ANOVA followed by 

Newman-Keuls *p≤0.05 vs LFD, #p≤0.05 vs HFD. Mean ± SEM. n=6 
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6.3.4 SIRT3 overexpression reduces fibrosis, inflammation and oxidative stress 

in renal tissue of mice fed a HFD 

The Table 2. presents candidate genes expression involved in renal fibrosis (TGF-β, 

collagen type 1), inflammation (TNFα, MCP-1, IL-6) and oxidative stress (SOD1, 

SOD2, Nrf2, NOX1, NOX2, HO-1) measured by real-time qPCR. Regarding pro-

fibrotic and pro-inflammatory markers, renal mRNA levels of COL I and MCP-1 were 

particularly increased with HFD in comparison to the LFD exposure. SIRT3 

overexpression in HFD mice prevented these changes as evidenced by the significant 

decreased observed in SIRT3 Tg HFD mice compared to WT HFD mice. Moreover, 

mRNA expression of oxidative markers including SOD2, NOX1 and HO-1 were found 

to be significantly decreased in HFD mice but not in SIRT3 Tg HFD mice in comparison 

to the LFD control mice. 

 
 

LFD HFD SIRT3 Tg HFD 

Profibrotic markers 

COL I 1,000 ±0,0764 1,617±0,1634* 1,178±0,1391# 

TGFβ 1,000 ±0,0796 1,486 ±0,1169 1,166 ±0,0743 

Proinflammatory markers 

TNFα 1,000 ±0,1874 1,894 ±0,5410 1,336±0,1578 

IL-6 1,000 ±0,0938 3,220±1,6350 1,602±0,3649 

MCP-1 1,000 ±0,0613 2,411±0,4571* 1,376±0,3015# 

Antioxidant markers 

SOD1 1,000 ±0,1193 0,728±0,0897 0,957±0,0826 

SOD2 1,000 ±0,0685 0,850±0,0268* 1,118±0,0793# 

Nrf-2 1,000 ±0,2363 0,813±0,1221 1,377±0,1357# 

HO-1 1,000 ±0,1423 0,630±0,1559* 1,239±0,1466# 

 
Table 2. Effects of overexpression of SIRT3 on renal gene expression in mice fed a LFD or HFD. Real-

time quantitative qPCR for type I collagen (COLI), transforming growth factor β (TGFβ),), tumor 

necrosis factor α (TNFα) and interleukin 6 (IL6), Monocyte chemoattractant protein-1 (MCP-1), 

Superoxide dismutase 1 (SOD1), Superoxide dismutase 2 (SOD2), Nuclear factor (erythroid-derived 2)-

like 2 (Nrf2) and Heme oxygenase-1 (HO-1). mRNA expression was performed on kidney tissue from 

LFD, HFD and SIRT3 Tg HFD mice normalized against 18S Statistical analyses were performed by 

one-way ANOVA followed by Newman-Keuls *p≤0.05 vs LFD, #p≤0.05 vs HFD. Mean ± SEM. n=6
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6.4 Discussion 

In this section, we characterized the effect of systemic SIRT3 overexpression in kidney 

of obese mice, particularly regarding obesity-induced CKD hallmarks. Here, we 

demonstrated a protective effect of SIRT3 overexpression in HFD-related CKD. First, 

our results confirmed the expected ectopic lipid accumulation in proximal tubular cells 

associated to an impairment of renal function, decreased AMPK activity and renal 

inflammation and fibrosis in HFD fed mice. Our present findings reveal that SIRT3 

plays a protective role in ectopic lipid accumulation in proximal tubular cells and in 

impairment of renal function. Moreover, markers of inflammation and fibrosis were also 

improved with SIRT3 overexpression. In addition, antioxidant factors were more 

expressed in SIRT3 Tg HFD mice compared to WT HFD mice. The SOD2 gene codes 

for the mitochondrial superoxide dismutase 2 (SOD2), which is an antioxidant 

protecting cells and mitochondria against ROS by catalysing the dismutation of 

superoxide radicals in mitochondria by converting anion superoxide into hydrogen 

peroxide and oxygen [532]. It is important to note that SOD2 is one of the main targets 

of SIRT3, which lead to activation of SOD2 by deacetylation. However, the post-

translational modifications of SOD2 were not investigated in this study. Our data were 

consistent with other studies demonstrating the protective role of SIRT3 activation in 

renal disease [533]. Most of the kidney disease models have focused on AKI but very 

recently, Locatelli et al. demonstrated a decreased expression of SIRT3 and SIRT6 but 

not SIRT1 in renal tissue of Ob/Ob mice presenting type II diabetes-induced CKD. They 

particularly showed that the activation of SIRT3 by honokiol (an antioxidant extracted 

from the seed cones of the Magnolia) treatment attenuated albuminuria, ameliorated 

glomerular structural damages with reduction in podocyte injury [534]. Indeed, SIRT3 

activation preserved mitochondrial function through especially the activation of SOD2 

and associated anti-oxidative defences.  

Surprisingly, we demonstrated that SIRT3 overexpression in mice was associated to 

AMPK activity, suggesting a possible SIRT3/AMPK regulation. We previously 

described the role of AMPK as a key player of obesity-induced CKD. So, it is not 

surprising that protection of HFD mice conferred by overexpression of SIRT3 was 

associated to AMPK activation in renal tissue. The SIRT3/AMPK pathway has 

particularly emerged in the literature over the past few years [535–537]. Even if the 

cross-regulation of SIRT3 and AMPK has not been investigated in details like the 

AMPK/SIRT1 cross-regulation, our results suggest an activation of AMPK via SIRT3 

that corroborate previous studies presenting SIRT3-dependant AMPK activation 

through LKB1 activation [538]. However, the specific crosstalk between AMPK and 

SIRT3 in our model needs further investigations. 
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Furthermore, this preliminary study presents some limitations. Indeed, the 

overexpression of SIRT3 is induced in all tissues. Therefore, it is not possible to 

discriminate the specific effect of SIRT3 overexpression on intra-renal outcomes. It is 

thus possible that the improvements of renal injuries were a consequence of a systemic 

effect of SIRT3 activity. Moreover, the SIRT3 Tg LFD control group is lacking, which 

makes difficult to confirm the overexpression of SIRT3 in control mice (Supplemental 

data 2) and to characterize the consequences of SIRT3 overexpression alone without 

other factors. However, regarding our translational perspectives, this study presents a 

proof of concept of the implication of SIRT3 as a potential player of the obesity-induced 

CKD. Consequently, we will further determine, in the next section, whether activation 

of SIRT3, with a natural compound, the Nicotinamide Riboside, may improve obesity-

related kidney impairments.  

 

6.5 Conclusion 

Here, we demonstrated for the first time the decreased expression and function of SIRT3 

in obesity-induced CKD. Based on these preliminary results, SIRT3 represent a 

biomarker of renal damages in response to a HFD in mice. Overexpression of SIRT3 

prevented the renal alterations observed in HFD mice and may therefore be a potential 

key target to improve altered lipid metabolism in HFD-induced CKD. Finally, SIRT3 

overexpression was associated to the activation of AMPK that needs further 

investigations.  
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Specific aims 

In this section, the goal was to determine the effects of the pharmacological activation 

of SIRT3 by a NAD+ precursor supplementation – the Nicotinamide Riboside (NR) -  in 

our experimental in vivo model as well as in an in vitro model of PTC exposed to 

palmitic acid (Prof. Thierry Arnould, Laboratory of Biochemistry and Cell Biology 

(URBC), UNamur). This section is thus divided in two specific parts: 

 

• To assess the effects of NR in PA-induced mitochondrial dysfunction and lipotoxicity 

in PTC culture (immortalized human kidney cells - HK-2 cells). We first evaluated 

the effects of PA-treated cells on lipid accumulation, viability, metabolic activity and 

AMPK activity in order to determine the relevant concentration of PA to mimic 

obesity-induced lipotoxicity in vitro. Next, we characterized the mitochondrial 

dysfunction in HK2 cells treated with 300 µM of PA and we further evaluated the 

potential beneficial effects of NR to improve mitochondrial homeostasis ad 

lipotoxicity. 

• To demonstrate the putative beneficial effect of the activation of SIRT3 by NR in in 

vivo obese model: WT male mice were fed either LFD or a HFD during 20 weeks 

treated or not with early (at the beginning of the specific diet) or late (starting at week 

12) supplementation with NR in the diet (400 mg/kg/day – as described in [539]). 

The experimental investigations were the same than described in the first section. 

Moreover, our particular interest was to determine the acetylation status, SIRT3 and 

AMPK expression and activity in mitochondrial or cytosolic fractions from kidney 

tissue.  
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7 Targeting SIRT3 with Nicotinamide Riboside in obesity-induced CKD 

7.1 Background 

As already described, SIRT3 plays a role in the mitochondrial function and the cellular 

metabolism. Moreover, based on our preliminary study on mice overexpressing SIRT3 

(section II) SIRT3 appeared as a target of interest in obesity-induced CKD 

[446,457,533]. The SIRT3 activity relies on the NAD+/NADH ratio. Therefore, a 

reduction of the ration induces a reduction of SIRT3 activity. However, in obesity, it has 

been demonstrated that the ratio is reduced [530,540]. Recently, several studies have 

found that NR, a natural dietary supplement and precursor of NAD+, enhances SIRT3 

activity by increasing the NAD+/NADH ratio [540,541].  

 

Figure 1. Therapeutic Potential of Mitochondrial SIRT3 for Metabolic Syndrome. High-fat diet (HFD) 

feeding suppresses SIRT3 activity and NAMPT-mediated NAD+ biosynthesis, contributing to the 

pathogenesis of metabolic syndrome (blue arrows). SIRT3 activation is expected to protect against 

metabolic syndrome by deacetylating key mitochondrial enzymes such as long-chain acyl-CoA 

dehydrogenase (LCAD). Calorie restriction (CR), exercise, and key NAD+ intermediates are likely able 

to enhance SIRT3 dosage/activity (red arrows). Here, we expect to increase SIRT3 with NR 

supplementation. From [542] 
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7.1.1 NAD: its function in cellular metabolism and energy production 

The nicotinamide adenine dinucleotide (NAD) is a critical co-substrate and metabolic 

co-factor required by every living cell to support cellular energy production, as well as 

cellular repair and defense processes, and regulating metabolism and longevity [541]. 

NAD+ is composed of two nucleotides linked together by phosphate groups, the 

nicotinamide (NAM), a form of vitamin B3 and an adenine nucleobase (Figure 2). An 

additional phosphate group added to the ribose of the adenine nucleobase by a NAD 

kinase forms the nicotinamide adenine dinucleotide phosphate (NADP+). NADP+ 

especially plays an essential role as a cofactor for the rate-limiting step of the pentose-

phosphate pathway. NAD+ is a redox molecule and exists in an oxidized or reduced 

form, NAD+ and NADH, respectively.  

 

Figure 2. NAD structure. Nicotinamide-containing Nucleotide (top) and Adenine-

Containing Nucleotide (bottom). From Neurohacker collective®. 

NAD+ is synthetized by the cells from different sources. First, NAD+ can be synthetized 

via three independent pathways, from dietary sources (Figure 3): 1) by the de novo 

synthesis (DNS) pathway, from the essential amino acid tryptophan. The major dietary 

source of NAD+ is the nicotinic acid, a form of niacin (i.e., vitamin B3) that can be 

transformed by indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase 

(TDO). However, DNS pathway has been mostly described in the liver and macrophages 

[342]; 2) by the classical Preiss-Handler pathway. This pathway uses dietary nicotinic 

acid and the enzyme nicotinic acid phosphoribosyltransferase (NAPRT) to generate the 

nicotinic acid mononucleotide (NAMN), which is then transformed into nicotinic acid 

adenine dinucleotide (NAAD) by NAMN transferase (NMNAT). The process is 

completed by the transformation of NAAD into NAD+ by NAD+ synthase (NADS). 3) 

By the NAD+ salvage pathway, that recycles nicotinamide produced as a byproduct by 

NAD+-consuming enzymes (or directly from dietary source): sirtuins, PARPs, and the 

cADPR synthases (CD38 and CD157). Initially, NAMPT recycles nicotinamide into 

NMN, which is then converted into NAD+ via the different NMNATs [543,544]. 
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Figure 3. NAD+ biosynthetic pathways. Adapted from [543] 

 

As a redox molecule, NAD+ is a coenzyme for redox reactions involved in cellular and 

mitochondrial metabolism.  NAD+ is converted in NADH and reversely to carry out 

energy and to promote the production of ATP. However, NAD is mainly maintained in 

its oxidized state, NAD+, into the cells. Metabolic processes involving NAD+ include 

glycolysis, the tricarboxylic acid (TCA) cycle, β-oxidation, alcohol metabolism, lactate 

oxidation and during the oxidative decarboxylation of pyruvate. The reduced form, 

NADH, delivers electrons to the electron transport chain for oxidative phosphorylation. 

NADH also acts as a cofactor for desaturases, enzymes involved in the synthesis of 

unsaturated fatty acids [545]. Beyond its role as a coenzyme in redox reactions, NAD+ 

is known to be a co-substrate for NAD-consuming enzymes, including three main 

classes of enzymes [546]: (1) poly-ADP-ribose polymerases (PARPs), (2) Sirtuin 

deacetylases (Sirtuins) and (3) cluster of differentiation 38 (CD38) (Figure 4). 
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Figure 4.  

 

The PARP protein family has a central role in DNA repair [547]. Activated PARP1 and 

PARP2 catalyze the transfer of multiple ADP-ribose moieties from NAD+ to protein 

acceptors, generating long poly(ADP-ribose) (PAR) chains at sites of DNA damage, 

leading to NAD+ hydrolysis into NAM [548]. Sirtuins deacetylate their substrate by 

using NAD+ as a co-substrate, generating the deacylated substrate and NAM. As 

previously mentioned, Sirtuins modulate cellular metabolism through the regulation of 

proteins including histones, transcription factors and co-activators (p53, NF-κB, PPARγ 

co-activator 1α (PGC1α) and FOXO1) and signaling regulators of metabolism, 

including protein kinase A, AMPK and mTOR [549]. CD38 is mainly found in immune 

cells and can use NAD+ to create the signaling molecule cyclic ADP-ribose, essential 

for the regulation of intracellular Ca2+ [550][551]. On the basis of their Km values, SIRT1 

and SIRT3 are higher more dependent on NAD+ availability compared to other Sirtuins. 

Moreover, the Km of PARPs and CD38 are far below the physiological range of NAD+ 

and are the main consumers of NAD+ in cells. Thus, decreased NAD+ might be less rate 

limiting than for SIRT1 and SIRT3 [552].  

 

7.1.2 NAD+ level in diseases  

Regarding the importance of NAD(H) in ATP production and the NAD+-dependent 

enzymes for cell signaling and homeostasis, maintaining a high NAD+ to NADH ratio 

is essential for proper cellular processes. Indeed, it is widely acquired that NAD+/NADH 

ratio has a critical role in health and diseases. A decline in NAD+/NADH balance level 

has been associated with a wide variety of chronic diseases as well as aging and age-

related diseases. Particularly, it has been demonstrated that levels decline with obesity 
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and diabetes in multiple murine tissues, including the adipose tissue, skeletal muscles, 

liver, and hypothalamus [342,553–555]. The underlying mechanisms by which NAD+ 

is decreased in obesity is not fully elucidated but recent studies have demonstrated a 

decreased in the mRNA/protein expression of rate-limiting enzyme of NAD 

biosynthesis NAMPT, at least in adipose tissue and in the liver [556]. Interestingly, 

Nampt gene transcription has been reported to be controlled by AMPK [557,558]. 

Regarding kidney disease, most of the NAD+ research reported to date has used models 

of AKI [559]. Studies has particularly described an accelerated consumption of NAD+ 

by tubular PARP and a defective de novo NAD+ biosynthesis, leading to fall in renal 

NAD+ levels and decreased FA oxidation [559,560]. Interestingly, one study on Zucker 

diabetic fatty rats demonstrated CD38 overexpression may be related to a reduction in 

the NAD+/NADH ratio in the diabetic kidney that enhanced mitochondrial oxidative 

stress in the diabetic kidney mediated by the reduction of SIRT3 activity [561]. In 

preclinical settings, various strategies to increase NAD+ levels have shown beneficial 

effects, particularly with NAD+ precursors. These compounds are specific smaller 

molecules and are metabolized by the cells to produce NAD+. The administration of 

NAD+ precursors are now been considered promising for the treatment of multiple 

diseases [562]. 

 

7.1.3 Nicotinamide Riboside:  an interesting NAD+ precursor to enhanced SIRT3 

activity 

The NR is a type of vitamin B3 found in cow's milk and yeast-containing food products 

such as beer [563]. NR is converted to NAD+ via the NR kinase (NRK) pathway and the 

nicotinamide (NAM) salvage pathway [564,565]. In mice and humans, NR has been 

shown to be more efficient in boosting NAD+ than NA or NAM [566]. Several studies 

have shown that NR supplementation increases NAD+ level, enhances mitochondrial 

biogenesis and oxidative metabolism, protects against neurodegenerative disorders and 

age-related physiological decline in mammals [554,567,568].In the study of Canto et 

al., it was demonstrated that 400 mg/kg/J NR treatment in HFD mice for 10 weeks 

increased plasma and intracellular NAD+ in muscle, brown adipose tissue dans liver as 

well as activated SIRT3 activity [541]. However, the particular effects of NR 

supplementation for obesity-associated abnormalities is still poorly investigated.  
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Figure 5. Chemical structure of Nicotinamide Riboside 

 

7.2 Aim of the study 

Here, the NR, a NAD+ precursor, will be used to maintain SIRT3 deacetylase activity 

both in in vitro and in vivo models of renal lipid overload. Particularly, we will 

characterize mitochondrial (mt) function and dynamics in a context of renal lipotoxicity. 

 

7.3 Materials and Methods 

7.3.1 In vitro study 

7.3.1.1 Cell culture 

HK-2 cells (Human Kidney 2, ATCC® CRL-2190™, Belgium), immortalized epithelial 

proximal tubular cells were cultivated in DMEM/F12 (ThermoFisher) supplemented 

with 10% fetal bovine serum (FBS, Gibco), 1000 U/L penicillin, 100ug/mL 

streptomycin in an atmosphere containing 5% CO2 at 37 °C. Cells were treated with 300 

µM of palmitic acid (PA) or 300 µM of BSA for 24h with or without 1 mM of 

Nicotinamide Riboside (NR) (Niagen, ChromaDex, Irvine, CA). 

 

7.3.1.2 Viability assay 

Cell number was assessed indirectly by staining with crystal violet dye, as described in 

[569]. Briefly, cells were seeded in 96-well plates at a density of 4000 cells/well in 

complete DMEM/F12 medium for 18h. Cells were then exposed to treatments for 24h 

as described before. Medium was removed, cells were gently rinsed with phosphate-

buffered saline (PBS), fixed with 1% glutaraldehyde/PBS for 15 minutes and stained 

with 0.1% crystal violet (weight/vol in double distilled H2O) for 30 minutes. Cells were 

washed under running tap water for 15 minutes and subsequently lysed with 0.2% Triton 
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X-100 (vol/vol in double distilled H2O). The absorbance was measured at 550 nm and 

blank wells containing medium alone were used for background subtraction. 

 

7.3.1.3 MTT assay 

Metabolic activity of the cells was assessed by MTT colorimetric assay. HK-2 cells were 

seeded in a 96-well plate at a density of 10000 cells/well in complete DMEM/F12 

medium for 18h. Cells were then exposed to treatments for 24h as described before. 

Then, cells were incubated with MTT (50 μg/well) for 2 h. The supernatant was removed 

and 100 μl dimethylsulfoxide was subsequently added to each well. After shaking the 

plate, the absorbances of each well at 570 nm were measured and blank wells were used 

for background subtraction. 

 

7.3.1.4 Measurement of oxygen consumption rate and metabolic profiling 

OCR in HK-2 was measured with XFp Extracellular Flux Analyzers (Agilent Seahorse 

Biosciences) in collaboration with Prof. Olivier Devuyst, University of Zurich. After 

treatment, the cells were incubated with XF-Base Medium (non-buffered RPMI 1640 

containing either 2 mM L-glutamine, 1 mM sodium pyruvate, and 10 mM glucose, pH 

7.4). Three measurements were assessed under basal conditions and upon addition of 

2 μM Oligomycin (Oligo), 0.5 μM FCCP, and 1 μM Rotenone (ROT)/Antimycin A 

(ANT). All the reagents were provided by XFp Cell Mito Stress Test Kit (Agilent 

Seahorse Biosciences). OCR measurements were normalized to the numbers of cells 

(TC10TM automated cell counter, Bio-Rad). After incubation in a non-CO2 incubator 

at 28.5 °C for 20 min, the metabolic measurements were analyzed in live. One 

measurement cycle consisted of a brief wait period to acclimate the plate, 2 min mix, 

1 min wait, and 2 min data acquisition. Three measurement cycles were performed to 

establish the average value for each biological replicate.  

 

7.3.1.5 Measurement of lipid droplets content 

Lipid uptake was observed by BODIPY 493/503 lipid probe (Invitrogen, D3922). To 

evaluate the lipid droplet content, cells were washed 3 times with PBS and incubated 

with 1 µM of BODIPY diluted in HBSS for 15 min at 37°C. To visualize nuclei, 3,75 

µg/mL of Hoechst 33342 (Miltenyi Biotec) were used at the same time. Then, cells were 

washed 3 times with PBS and immediately examined under a confocal microscope 

(Olympus IX81). Analysis of lipid droplet content and size was performed using the 
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Lipid Droplets Tool in ImageJ. Quantifications of number of lipid droplets obtained 

from five randomly selected field per condition, with each containing 20-30 cells. 

 

7.3.1.6 NAD+/NADH ratio assessment 

NAD+ levels were measured using the NAD/NADH-Glo Assay Kit (Promega) 

following manufacturer’s instructions. Briefly, cells were seeded in 96-well plate at a 

density of 10000 cells/well in complete DMEM/F12 medium for 18h. Cells were then 

exposed to treatments for 24h as described before. Then, cells were washed in PBS and 

lysed with DTAB solution (dodecyltrimethylammonium bromide). Each well was 

divided in to lysed cell samples to measure NAD+ and NADH separately. To measure 

NAD+, 0.4N HCl were added and cell lysates were heated at 60°C for 15 minutes. 

Samples were incubated at room temperature for 10 minutes and Trizma® base solution 

was added to each well of acid-treated samples. To measure NADH, cell lysates were 

heated at 60°C for 15 minutes. Samples were incubated at room temperature for 10 

minutes and HCl/Trizma® solution was added to each well of base-treated samples. 

Finally, after adding the detection reagent (reductase, reductase substrate, NAD Cycling 

enzyme and NAD cycling substrate to form NAD/NADH-Glo™), luminescence were 

recorded using a luminometer. 

 

7.3.1.7 Detection of mitochondrial ROS 

Mitochondrial superoxide generation was detected using MitoSOX (ThermoFisher), a 

red fluorescent dye localized to mitochondria. Once it enters the mitochondria, 

MitoSOX is specifically oxidized by superoxide and exhibits red fluorescence. 

MitoSOX (5 μM) were used according to the manufacturer’s instructions and treated 

cells were examined under a confocal microscope (Olympus IX81) and fluorescence 

intensity of each cell was analyzed with ImageJ. Hoechst 33342 (Miltenyi Biotec) were 

used to visualize nuclei. Quantifications of mean fluorescence intensity obtained from 

five randomly selected field per condition, with each containing 20-30 cells. 

 

7.3.1.8 Lipid peroxidation assay 

The detection of lipid peroxidation in live cells was performed using the Image-iT™ 

Lipid Peroxidation (ThermoFisher). This reagent localizes to lipid membranes 

throughout live cells and upon oxidation by lipid hydroperoxides, fluorescence from live 

cells shifts from red to green, providing a ratiometric indication of lipid peroxidation. 

Cells were treated as previously described and incubated with Image-iT™ Lipid 
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Peroxidation (10nM) following manufacturer’s instruction. Treated cells were examined 

under a fluorescence microscope (Nikon Eclipse 80i) and fluorescence intensity of each 

cell was analyzed with ImageJ. Hoechst 33342 (Miltenyi Biotec) were used to visualize 

nuclei. Quantifications of mean fluorescence intensity obtained from five randomly 

selected field per condition, with each containing 20-30 cells. 

 

7.3.1.9 Western blot 

HK-2 was collected and then proteins form each sample were extracted using RIPA 

buffer (Tris 25mM, NaCl 150mM, Igepal 1%, SDS 0.1%, DTT 1mM, protease 

inhibitors). Protein concentrations were quantified by Pierce BCA assay kit (Thermo 

Fisher) and then thirty micrograms of total lysate were separated by SDS-PAGE 12% 

and transferred onto nitrocellulose membranes. Following blocking step, the membrane 

was incubated with the primary antibody against phospho-AMPK and SIRT3 (Cell 

Signaling Technology) overnight at 4°C. After incubation with fluorescent secondary 

antibody (IRDye® 800CW Donkey anti-Rabbit, Licor) diluted in Odyssey Blocking 

Buffer PBS-0.1 % Tween20 for 1 hour at room temperature, proteins were visualized 

and quantified using the Odyssey® imaging system (LICOR, USA). 

 

7.3.1.10  Statistical analysis 

Results are presented as mean values ± SEM. The level for statistical significance was 

defined as p < 0.05. Analyses were carried out using Prism GraphPad Software version 

6 (San Diego, CA, USA). Differences between data groups were evaluated using one-

way ANOVA followed by Newman–Keuls post hoc tests for multiple comparisons. 

 

7.3.2 In vivo study 

7.3.2.1 Experimental model 

Eight-week old C57Bl/6 male mice were used. All animal procedures were approved by 

the Institutional Animal Care and Use Committee of the University of Namur. Mice 

were fed a LFD (10% of total calories from fat) or a HFD (D12492, Research Diets, 

New Brunswick, NJ) supplemented or not with 400 mg/kg/J of NR (from week 0 or 

week 12) for 20 weeks (Figure 6). Mice were placed in metabolic cages for 24-h urine 

collection at baseline and at the end of the protocol while the body weight and the blood 

glucose will be also measured at those time points. After 20 weeks, mice were 

euthanized and blood samples were collected while kidneys were dissected into cortex, 
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outer medullary and inner medulla. Then, each renal area will be either snap-frozen in 

liquid nitrogen for further analysis. An additional portion was fixed in 4% PAF for 

histological analysis. A kidney portion of cortex was freshly processed for 

mitochondrial isolation with the Mitochondria Isolation Kit for Tissue (ThermoFisher), 

following manufacturer’s instructions. Morphological analyzes, glucose tolerance test, 

biochemical assays and immunoblots were performed as described in the section I. 

 

 

Figure 6. Experimental design of the in vivo study. 
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7.4 Results 

For the in vitro experiments, we first assessed different concentrations of palmitic acid 

(PA) in HK-2 cells in order to confirm renal tubular cell impaired metabolism and 

ectopic lipid accumulation. Therefore, HK-2 cells were treated with a range from 50 to 

700 µM of PA for 24h (Supplemental Data 3). As observed in Supplemental data 3A, 

no significant difference was observed for cell viability at any concentration used. 

However, the cell metabolic activity was found to be decreased from 300 µM of PA 

exposure (Supplemental Data 3B). This change was associated to a steadily dose-

dependent decreased AMPK activity along with increased PA concentration 

(Supplemental Data 3C). Moreover, we assessed the lipid accumulation in HK-2 cells 

with PA. As shown in Supplemental Supplemental Data 3D, an increased positive 

staining for Oil Red O and BODIPY was present in HK-2 treated with PA, which 

confirms the accumulation of neutral lipids in HK-2 cells. We further analyzed the 

number and size of these lipid droplets in cells treated with 300 or 500µM of PA 

(Supplemental Data 4). The data showed an increased lipid droplet number and size in 

PA-treated cell compared to untreated cells. Moreover, this increase was higher in 500 

µM than in 300 µM PA-treated cells, suggesting a dose-dependent accumulation of 

neutral lipids in PA-treated HK-2. Thus, regarding our data and previous studies, we 

decided to use a 300µM concentration of PA for the following experiments. 

 

7.4.1 NR enhances NAD+ to NADH ratio in renal tubular cells and activates 

AMPK/SIRT3 expression and activity 

First, we wondered how PA treatment would affect NAD+/NADH ratio in HK-2 cells. 

We analyzed the ability of NR to increase intracellular NAD+/NADH ratio in vitro and 

potentially to activate SIRT3 in vitro. The results illustrate that PA exposure led to a 

decreased NAD+/NADH ratio and that NR treatment was a valid tool to boost 

NAD+ levels in renal tubular cells (Figure 7). Indeed, the NAD+/NADH ratio was 

significantly increased with NR both in BSA (control) and PA-treated cells. Next, we 

analyzed whether NR may increase SIRT3 expression as well as AMPK activity in PA-

treated HK-2. Interestingly, SIRT3 expression was found to be decreased with PA, 

which is consistent with the in vivo results illustrated in the last section (Figure 7). 

Moreover, NR (0.5 and 1 mM) tends to reverse decreased expression of SIRT3 as well 

as to enhance AMPK activity, which confirms our hypothesis. 
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Figure 7. NR enhances NAD
+
 to NADH ratio in HK2 and activates AMPK/SIRT3 in PA-treated 

HK-2 cells. A. The NAD+/NADH concentration was measured using the NAD/NADH-Glo Assay Kit 

in HK2 treated with BSA 300 µM, PA 300 µM with or without NR 1 mM. Data were normalized to the 

control BSA. Data are Mean ± SEM. One-way ANOVA followed by Newman Keuls post-hoc analysis. 

n=3 independent experiments. B. Representative immunoblots of P-AMPK and SIRT3 and the 

corresponding β-actin in cell lysates of HK2 treated with BSA 300 µM, PA 300 µM with or without NR 

0.5 and 1 mM.  

 

7.4.2 NR reduces lipid droplet accumulation in PA-treated renal tubular cells. 

After confirming that NR is a consistent approach to increased NAD+ and SIRT3 

expression along with AMPK activation, we examined the effect of NR treatment on 

PA-induced accumulation of lipids in HK-2 cells. As presented in Figure 8A, BODIPY 

staining was increased with PA treatment as shown by the increased green dots around 

the nucleus of the cells. The number and size of lipid droplets were then quantified using 

ImageJ. The data showed a remarkable decreased in lipid droplet accumulation (number 

and size) in PA-treated cells with NR compared to PA alone (Figure 8B; C). This 

demonstrates a preventive role of NR in neutral lipid accumulation induced by PA in 

renal tubular cells. 
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Figure 8. NR prevents PA-induced lipid droplets accumulation in HK-2 cells A. Confocal analysis 

of BODIPY 493/503 staining (green) to visualize lipid droplets structures in HK2 treated with BSA 300 

µM, PA 300 µM with or without NR 1 mM. Nuclei were counterstained with Hoechst Dye (blue). B. 

Quantifications of number of lipid droplets obtained from five randomly selected field per condition, 

with each containing 20-30 cells, normalized with the number of nuclei. n=3. C. Quantifications of 

changes in the average size of lipid droplets in HK2 cells (n=30 cells from 3 independent replicates). 

Each point represents the average size of lipid droplets in a cell. Data are Mean ± SEM. One-way 

ANOVA followed by Newman Keuls post-hoc analysis.  

 

7.4.3 NR prevents mitochondrial ROS production induced by PA in renal 

tubular cells.  

ROS are short-lived oxygen-containing molecules that are highly reactive and can 

promote oxidative stress. They are the byproducts of aerobic respiration, and primarily 

arise from the mitochondria; excessive ROS production can cause damage to the 

mitochondria. In this study, we found that PA promoted mitochondrial ROS production 

in HK-2 cells by using the MitoSOX molecular probe. As demonstrated in Figure 9B, 

PA condition is associated to an increased MitoSOX fluorescence intensity as compared 

to BSA. However, this increased mitochondrial superoxide production was alleviated in 

PA+NR compared to PA alone. This allows us to suggest that NR in implicated in anti-

oxidative response or improvement of mitochondrial dysfunction in PA-associated 

lipotoxicity in renal cells. To confirm the impact of NR on oxidative damages, the lipid 

peroxidation was then measured.  

 

A B 

C 
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Figure 9. NR prevents PA-induced mitochondrial ROS in HK-2 cells A. Confocal analysis of 

MitoSOX staining in HK2 treated with BSA 300 µM, PA 300 µM with or without NR 1 mM. Nuclei 

were counterstained with Hoechst Dye (blue). B. Quantifications of mean fluorescence intensity 

obtained from five randomly selected field per condition, with each containing 20-30 cells, normalized 

with the number of nuclei. n=3 biological replicates. Data are Mean ± SEM. One-way ANOVA followed 

by Newman Keuls post-hoc analysis.  

 

7.4.4 NR suppresses the induction of lipid peroxidation induced by PA in renal 

tubular cells.  

To highlight the peroxidation of lipids in response to oxidative stress induced by 

lipotoxicity in HK-2, we used a lipid peroxidation sensor that shifts from red to green 

upon oxidation by lipid hydroperoxides. As demonstrated in Figure 10, the green to red 

ratio was increased in PA condition corresponding to an induction of lipid peroxidation 

by PA treatment of renal cells, possibly due to the production of ROS by mitochondria 

as demonstrated just before. Moreover, accordingly to the previous result, NR treatment 

also prevented lipid peroxidation in PA-treated HK2 cells. Thus, these results 

demonstrate that NR not only inhibits mitochondrial superoxide but also improved a key 

consequence on oxidative stress, the peroxidation of lipids.  

 

A 

B 
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Figure 10. NR prevents PA-induced lipid peroxidation in HK-2 cells A. Confocal analysis of lipid 

peroxidation staining in HK2 treated with BSA 300 µM, PA 300 µM with or without NR 1 mM. Nuclei 

were counterstained with Hoechst Dye (blue). B. Quantifications of mean fluorescence intensity 

obtained from five randomly selected field per condition, with each containing 20-30 cells, normalized 

with the number of nuclei. the ratios of the signal from 590 to 510 channels were used to quantify lipid 

peroxidation in cells. Data normalized to the control BSA. n=3 biological replicates. Data are Mean ± 

SEM. One-way ANOVA followed by Newman Keuls post-hoc analysis.  

 

7.4.5 NR enhances mitochondrial function in proximal tubular cells exposed to 

PA. 

Seahorse metabolic flux analyses measuring oxygen consumption rate (OCR) confirmed 

impaired mitochondrial bioenergetics in PA-treated cells, as evidenced by a significant 

reduction in the baseline respiration, ATP turnover and total respiratory capacity 

(Figure 11). The basal respiration represents the energetic demand of the cell under 

baseline conditions. The decrease in oxygen consumption rate upon injection of the ATP 

synthase inhibitor oligomycin represents the portion of basal respiration that was being 

used to drive ATP production. The proton leak represents the remaining basal respiration 

not coupled to ATP production. The maximal oxygen consumption rate attained by 

adding the uncoupler FCCP. FCCP mimics a physiological “energy demand” by 

stimulating the respiratory chain to operate at maximum capacity, which causes rapid 

oxidation of substrates (sugars, fats, and amino acids) to meet this metabolic challenge. 

The results demonstrate a decreased in basal respiration, ATP production and maximal 

respiration in HK-2 cells exposed to PA. Importantly, NR treatment improved all 

parameters suggesting that NR improves function and homeostasis of mitochondrial 

network in PA condition. 

A 

B 
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Figure 11. NR prevents mitochondrial dysfunction in PA-exposed HK2.  Oxygen consumption rate 

(OCR) and individual parameters for basal respiration, ATP production, proton leak, and maximal 

respiration in HK2 treated with BSA 300 µM, PA 300 µM or PA 300 µM + NR 1 mM. Oxygen 

consumption rates (OCRs) were measured under basal level and after the sequential addition of 

oligomycin (Oligo, 1 μM), FCCP (0.5 μM), and Rotenone (ROT; 1 μM) + Antimycin A (ANT; 1 μM); 

n = 3 independent experiments. Data are Mean ± SEM. One-way ANOVA followed by Newman Keuls 

post-hoc analysis. 

 

7.4.6 NR supplementation does not impact body weight but decreases organ 

weight when used concomitantly with HFD.  

Here, we investigated the effect of NR supplementation in food in mice fed a LFD or 

HFD for 20 weeks. The NR was administrated either concomitantly with the diet (LFD 

NR20 and LFD NR20) or as a delayed treatment for the last 8 weeks of the protocol 

(LFD NR8 and HFD NR8). We followed the body weight gain of each experimental 

group throughout the protocol. As observed in Figure 12A, a significant increase in 

body weight was observed from week 8 in HFD-fed mice compared to LFD-fed mice. 

This increase was maintained throughout the experimental protocol in HFD groups 

compared with LFD groups (Figure 12). However, no significant difference was 

observed with NR supplementation for each diet-matched group. The Figure 12B 

presents the changes in kidney, liver and heart weights of mice fed a LFD or a HFD with 

or without NR supplementation at the end of the protocol. As shown, the weights of 

kidneys and the liver were higher in mice fed a HFD compared to mice fed a LFD. 

Moreover, concomitant NR supplementation prevented this change as evidence by the 

significant decreased observed in HFD NR20 group compared to the HFD group. In 

contrast, no difference was observed in mice treated for the last 8 weeks. 
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Figure 12. Effects of NR supplementation on body and organ weight gain mice fed a LFD or HFD. 

A. Body weight evolution. B. Organ weights at week 20. Statistical analyses were performed by two-

way ANOVA followed by Newman–Keuls post hoc test. Data are presented as means ± SEM.* P ≤ 0.05 

versus LFD # P ≤ 0.05 versus HFD. n=10 in each group.  

7.4.7 NR supplementation does not improve glucose tolerance, hyperglycemia 

and insulin resistance in obese mice. 

As previously described in the last chapters, mice fed a HFD for 20 weeks develop 

glucose intolerance, hyperglycemia, and hyperinsulinemia. The glycemia and 

insulinemia was significantly higher in all HFD groups compared to LFD groups with 

no change with concomitant or delayed NR supplementation. Moreover, a glucose 

tolerance test (GTT) was performed at the end of the experimental protocol (20 weeks) 

(Figure 13). The data confirmed the development of a glucose intolerance in all HFD 

groups compared to LFD controls. NR did not improve these parameters. Altogether, 

these results demonstrate that NR has no influence on impaired glucose metabolism in 

obese mice. 
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Figure 13. Effects of NR supplementation on glucose tolerance and insulin resistance in mice fed 

a LFD or HFD. Fasted mice were submitted to an intraperitoneal injection of glucose (2 g/ kg b.w.). 

Glycemia was measured before (0) and 30, 60 and 120 min after injection. A. Fasted blood glucose at 

week 20. B. Plasma insulin level at week 20.  C. Glucose tolerance test (GTT) at week 20. Statistical 

analyses were performed by one‐way ANOVA followed by Newman- Keuls post hoc test. Data are 

presented as means ± SEM. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. n=10 in each group.   

 

7.4.8 NR supplementation does not improve hepatic steatosis in obese mice but 

reduces fibrosis 

The Figure 14 presents histological investigations of the liver from mice fed a LFD and 

a HFD with or without concomitant or delayed NR supplementation. As already 

described in the section I, HFD mice showed characteristic features of hepatic steatosis 

as evidenced by the presence of large lipid droplet accumulation in hepatocytes (Figure 

14A). NR supplementation in HFD did not improved hepatic lipid accumulation. 

However, in the liver tissue of HFD mice treated with NR for 20 weeks, the 

accumulation of macrovesicular lipids seemed to be decreased, taking place for 

microvesicular lipid accumulation (high number of small lipid droplets). Surprisingly, a 

moderate accumulation of hepatocellular lipids was found in the LFD mice groups 

treated with NR either for the last 8 weeks or the 20 weeks of the protocol. On the other 

end, the hepatic fibrosis was investigated using Sirius red staining. As demonstrated in 

Figure 14D, HFD liver present an increased percentage of fibrosis compared to the LFD 

control. Liver fibrosis was prevented by NR supplementation in HFD mice. Moreover, 

LFD mice treated with NR did not shown any further fibrosis compared to the LFD 

without treatment. 
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Figure 14. Effects of NR supplementation on hepatic steatosis and fibrosis in mice fed a LFD or a 

HFD. A Representative photomicrograph (original magnification ×400) of H&E staining illustrating 

hepatic steatosis from liver sections at week 20 of the experimental protocol. B. Representative 

photomicrographs (original magnification ×400) of Sirius red staining illustrating hepatic fibrosis. C. 

Steatosis scoring by semi-quantitative analyses of lipid accumulation. D. Quantitative analysis of the 

mean percentage of positive staining for Sirius red staining.  Statistical analyses were performed by one‐

way ANOVA followed by Newman–Keuls post hoc test. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. 

Data are presented as means ± SEM. n=10 in each group. 

A 

B 
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7.4.9 NR supplementation ameliorates glomerular hypertrophy but slightly 

improves kidney function in obese mice 

As observed in Figure 15, HFD mice developed glomerular hypertrophy associated to 

impairments of renal function, which corroborate our previous results (section I). 

Indeed, glomerular area was increased in HFD mice in comparison with the LFD control 

(Figure 15B). However, the increased mesangial matrix expansion observed in HFD 

group did not reach a significant difference in HFD mice treated with NR (Figure 15C). 

Interestingly, albuminuria was found to be slightly improved in HFD mice 

supplemented with NR for the last 8 weeks of the protocol but the data did not reached 

the signification (p=0,0645). (Figure 15D). However, no significant difference was 

found between LFD and HFD mice treated with NR. 

 

Figure 15. Effects NR supplementation on renal function and glomerular histology in mice on LFD or HFD. 

A. Representative photomicrographs (original magnification × 400) of PAS staining illustrating glomerular 

structure from renal cortex sections from mice et week 20. B. glomerular area. The glomerular tuft area was 

averaged from 15 glomeruli per kidney section, using one kidney section per animal. C. Mesangial matrix area 

percentage of total glomerular area. E. Quantitative measurement of urinary albumin to creatinine ratio (UACR) 

at week 20. Statistical analyses were performed by one‐way ANOVA followed by Newman–Keuls post hoc test. 

* P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. Data are presented as means ± SEM. n=10 in each group. 
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7.4.10  NR supplementation does not reduce tubular lipid deposition in 

obese mice 

We further investigated the renal ectopic lipid depositions in proximal tubule. We 

particularly confirmed the consistent lipid droplets accumulation in proximal tubule of 

HFD mice (Figure 16). NR treatment was surprisingly associated to an increased 

number of vacuolated tubules in HFD mice but also in LFD mice in the group treated 

with NR for 20 weeks.  

 

Figure 16. Effects NR supplementation on tubular lipid content from mice on LFD or HFD. A. 

Representative photomicrographs (original magnification ×400) of PAS staining illustrating vacuolated 

proximal convoluted tubular cells from renal cortex sections from mice at week 20. B. Quantitative 

analysis of number of vacuolated tubules per mm2. Statistical analyses were performed by one‐way 

ANOVA followed by Newman–Keuls post hoc test. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. Data 

are presented as means ± SEM. n=10 in each group. 
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7.4.11 NR supplementation enhances SIRT3 activity in renal tissue of obese mice. 

In order to confirm SIRT3 activation by NR supplementation in experimental mice, we 

analyzed the acetylation profile of lysine and the protein level of acetylated SOD2, one 

of the main targets of SIRT3, in mitochondrial enriched fraction of renal cortex. HFD 

mice appeared to present an increased acetylation of lysines (Figure 17A; B) but this 

change did not reach the signification (p=0,0872). However, HFD in mice induced a 

remarkable increased in acetylated-SOD2, as we expected, suggesting a decreased 

SIRT3 activity in mitochondria (Figure 17A; C). Moreover, NR treatment in mice fed 

a HFD significantly reduced the acetylation of SOD2 confirming the induction of 

deacetylation of SOD2 by SIRT3 in response to NR in renal tissue of obese mice. These 

results need to be replicates in order to confirm the statistical analysis. 

 

 

Figure 17. Effects NR supplementation on mitochondrial Lysine acetylation and SOD2 acetylation 

in renal tissue from mice on LFD or HFD. A. Western Blot analysis in mitochondria-enriched 

fractions of Ac-Lysine and Ac-SOD2 K68 (Cell signaling antibodies) in mitochondrial fraction of the 

renal tissue from mice at week 20. B-C. Relative densitometry of the immunoblots representing 

respectively Ac-Lys protein level normalized with total protein (Revert 700) and Ac-SOD2 K68 protein 

level normalized with total protein (Revert 700). Statistical analyses were performed by one‐way 

ANOVA followed by Newman–Keuls post hoc test. Data are presented as Boxes min to max. * P ≤ 0.05 

versus LFD # P ≤ 0.05 versus HFD. n=4-6 in each group. 

 



118 
 

7.4.12 NR supplementation normalizes AMPK activity in obese mice 

We further investigated the effects of NR supplementation on AMPK activity in mice 

fed a HFD. In line with our previous results, AMPK activity was decreased in response 

to 20 weeks of HFD (Figure 18). Indeed, AMPK activity in HFD mice was significantly 

decreased compared to the LFD control. Contrarily, HFD mice treated with NR did not 

present any significant difference compared to the LFD control, suggesting that NR 

supplementation prevented or enhanced AMPK activity in obese mice. However, no 

significant difference was observed between HFD treated mice and HFD mice without 

treatment. These results need to be replicates in order to confirm the statistical analysis. 

 

 

Figure 18. Effects of NR supplementation on AMPK activity in LFD or HFD mice. A. Western blot 

analysis on total kidney protein extracts for phospho-AMPK and total AMPK. B. Quantitative 

densitometry of the immunoblot. Statistical analyses were performed by one-way ANOVA followed by 

Newman-Keuls *p≤0.05 vs LFD, #p≤0.05 vs HFD. . Data are presented as Boxes min to max. n=4 
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7.5 Discussion 

Based on our previous results regarding the potential role of SIRT3 in the pathogenesis 

of obesity-induced CKD, we decided to explore the cellular dysfunction resulting from 

the accumulation of lipids in the kidney through the SIRT3/AMPK axis in our in vitro 

and in vivo  experimental conditions. Here, the putative beneficial effect of the activation 

of SIRT3 by Nicotinamide Riboside, a NAD+ precursor, was explored. 

In vitro study 

First, we characterized the effects of NR on HK-2 cells. Cells were exposed to PA to 

mimic obesity in vitro. PA is the most abundant saturated FFA in the Western diet. 

Exposition with PA is widely used to investigate lipotoxicity on specific cell cultures. 

Its negative effects on cells include insulin resistance, atrophy, differentiation defects, 

apoptosis and increase of ROS along with mitochondrial dysfunction [184,570]. NR 

treatment was used to prevent lipotoxicity and mitochondrial dysfunction by activation 

of SIRT3/AMPK axis. First, we demonstrated that NAD+/NADH ratio was significantly 

decreased in PA-treated HK-2 cells. As expected, treatment with NR prevented this 

reduction and even greatly increased the ratio in control condition. Thanks to this result, 

we may assume that NR is well metabolized into our cell culture conditions. As already 

mentioned, SIRT3 is a NAD+-dependent deacetylase, thus relying on NAD+ to maintain 

an optimal activity. Similar decrease in NAD+ level in lipotoxicity context has been 

already highlighted in primary human hepatocytes and in hippocampal neurons 

[571,572]. In these studies, SIRT3 activity and expression were decreased. Here, as 

expected, NR treatment significantly upregulated SIRT3 protein level in HK-2 cells 

exposed to PA. Indeed, it was shown that NR upregulated SIRT3 in other cell types such 

as hepatocytes [573]. This upregulation may suggest that SIRT3 play a role in NR-

mediated effects. The mitochondrial SIRT3 is likely to be particularly responsive to 

pharmacologically administered NR, since NR preferentially increases mitochondrial 

NAD+ levels [541]. SIRT3 expression is notably regulated by PGC1-α that could explain 

its upregulation as it is the case for SIRT1. In hepatocytes, NR was associated to the 

upregulation of PGC1-α, thus leading to the upregulation of SIRT3 [573,574]. 

Moreover, AMPK activity was found to be increased with NR treatment. This is in 

agreement with our hypothesis regarding the SIRT3/AMPK axis. However, it is not 

unlikely that this could be an indirect effect of NR on AMPK activity, independent of 

SIRT3. However, we showed that the upregulation of SIRT3 expression and increased 

AMPK activity were associated to a decreased accumulation of lipid droplets with NR 

treatment in renal cells exposed to PA. This was also demonstrated in a model of 

alcoholic hepatic steatosis as well as in adipocytes [575]. Similarly, in another study, 

Zhang et al showed that SIRT3 activation led to an induction of the macroautophagy of 

lipid droplets through AMPK-mediated ULK-1 activation in adipocytes [576]. 
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However, here, even though a decrease in lipid droplets was demonstrated, further 

investigations are needed to delineate the cellular mechanisms underlying these changes.  

In our study, the increased lipid droplets in PA-treated cells was associated to an increase 

in mitochondrial superoxide, suggesting mitochondrial injury or reduction of anti-

oxidative defense. Other groups have previously studied the effects of PA on ROS 

production in podocytes [577,578]. They showed an increased ROS production, 

associated to mitochondrial dysfunction and impairment of mitophagy. Here, the 

treatment with NR was associated to protection against oxidative stress. SIRT3 is known 

to be implicated in the regulation of oxidative stress by deacetylation of substrates 

involved in both ROS production and detoxification [579]. These results were then 

corroborated by the characterization of mitochondrial function using respirometry. 

Indeed, PA was associated to a decreased global mitochondrial function, particularly 

regarding the basal respiration of mitochondria and production of ATP that could lead 

to detrimental effects for renal cells as there are rich in mitochondria and highly ATP-

dependent for their function. Interestingly, NR treatment abolished PA-induced 

mitochondrial dysfunction in the HK-2 cells. This result goes along with the increased 

NAD+/NADH ratio in NR-treated cells. Administration of NAD+ precursor, 

nicotinamide mononucleotide (NMN), has already shown to improve mitochondrial 

bioenergetics in brain tissue [580]. In that study, the beneficial effect was dependent of 

SIRT3. Finally, another hallmark of lipotoxicity is the lipid peroxidation which 

corresponds to the oxidative degradation of lipids by ROS. Lipid peroxidation may 

affect cellular membranes, lipoproteins, and other molecules that contain lipids by 

impairing membrane integrity. In line with the enhanced ROS production, lipid 

peroxidation was also increased in PA-treated renal cells. As we expected, NR prevented 

this change suggesting the reduction of detrimental effects of ROS in renal cells exposed 

to PA. Indeed, SIRT3 controls the mitochondrial oxidative pathways and consequently 

the rate of ROS production [581]. SIRT3‐mediated deacetylation activates enzymes 

responsible for reducing ROS in protective action against oxidative stress such as SOD2. 

SIRT3 also promotes the tricarboxylic acid cycle and electron transport chain function 

by regulating the complex I, thus in turn lead to an enhanced mitochondrial bioenergetic 

[582,583]. 

In summary, the in vitro data demonstrated beneficial effects of NR in reducing 

mitochondrial impairment and associated ROS damages by enhancing SIRT3 

expression and AMPK activity.  

More investigations in our model must be performed to better highlight the precise role 

of SIRT3 in lipotoxicity-induced cellular damages. Moreover, here, we were not able to 

prove a direct link between SIRT3 and AMPK, even though upregulation of SIRT3 
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expression was concomitant to increased AMPK activity. Gain and loss of function 

experiments will be very useful in order to characterize the implication of each factor in 

NR-induced effects.  

In vivo study 

The next step was to investigate the SIRT3 gain of function in the HFD mice model that 

we previously described in section I and II. Here, NR was used as a preventive therapy 

(long-term administration of NR for 20 weeks) or as a treatment (for the last 8 weeks of 

the protocol- similar to the protocol with exercise training, section I). Indeed, Canto et 

al nicely demonstrated that 400 mg/kg/J NR treatment in HFD mice for 10 weeks 

increased plasma and intracellular NAD+ in muscle, brown adipose tissue dans liver as 

well as increased SIRT3 activity [541]. However, the particular effects of NR 

supplementation for obesity-associated abnormalities is still poorly investigated.  

First, we studied the effects of chronic exposition to NR in HFD mice on metabolic 

parameters. As already reported, NR had no effect on glucose metabolism as described 

by Canto et al. However, while NR supplementation had no major effect on body 

weight, chronic supplementation with NR for 20 weeks reduced liver and kidney weight, 

suggesting a potential metabolic effect of NR, especially regarding liver steatosis. 

Unexpectedly, HFD mice with NR presented similar hepatic steatosis than the one found 

in HFD mice without treatment, excepted for HFD mice treated with NR for 20 weeks 

where we noticed more microvesicular steatosis compared to the other HFD groups. 

More surprisingly, NR in the control LFD was associated to an increased lipid 

deposition, suggesting that NR may enhances lipogenesis or decrease lipolysis in 

hepatocytes. In contrast, NR was associated to beneficial effects regarding liver fibrosis 

as attested by collagen deposition that was markedly reduced in HFD mice treated with 

NR. Very recently, Pham et al. reported the effects of NR supplementation for 20 weeks 

(at the same dose than our study) on hepatic steatosis in mice fed a high-fat/high-

sucrose/high-cholesterol diet [584]. Interestingly, they showed that NR markedly 

reduced collagen accumulation in the liver but not lipid accumulation as we also 

observed in our study, suggesting that the protective effect of NR on liver fibrosis was 

independent of changes in liver steatosis. Unfortunately, they did not present the 

corresponding control mice treated with NR. Here, the particular impact of NR on lipid 

accumulation in the liver needs further investigations, particularly on the nature of lipids 

and the potential association with lipotoxicity. Also, intracellular NAD+ increase by NR 

supplementation would lead to an activation of NAD+ dependent enzymes, mostly 

SIRT1 and SIRT3 as previously demonstrated by Canto et al. However, since NAD+ 

acts also as a cofactor for metabolic pathways, a chronic NR treatment may induce an 

increase in the NAD+/NADH ratio that results in more NAD+ availability for glycolysis 



122 
 

as well as in an increased NAD+/NADH ratio in mitochondria that could lead to a 

decrease in electron transfer to Complex I as suggested by Song et al [585]. Therefore, 

long term exposure with NAD+ could thus reduce metabolic flexibility by sustaining a 

high NAD+/NADH ratio that is normally tightly regulated by the cells to adapt their 

metabolism. 

Next, we demonstrated for the very first time the ability of NR to activate SIRT3 in 

mitochondrial fraction of renal cortex as evidenced by the decreased acetylation of 

SOD2. SOD2 becomes hyperacetylated due to a decline in activity of the mitochondrial 

deacetylase SIRT3. Reduced SIRT3 activity and SOD2 hyperacetylation contribute to 

oxidative stress and associated mitochondrial dysfunction [586]. In our experimental 

model, HFD mice presented SOD2 hyperacetylation in renal tissue that was abolished 

by NR supplementation. Further investigations on oxidative stress and mitochondrial 

markers will give us precious data on the downstream effects of SIRT3 activation in 

renal tissue. We also described the effects of NR on kidney function, glomerular and 

tubular injuries. The results did not demonstrate a valuable effect of NR supplementation 

in HFD mice regarding characteristic features of obesity-induced kidney injury. Indeed, 

despite the glomerular area was found to be decreased in HFD mice treated with NR for 

20 weeks, the albuminuria was not strongly affected. Moreover, NR supplementation 

was associated to a small but significant increase in ectopic lipid accumulation in tubular 

cells in line with the results found in the liver. Also, chronic treatment with NR during 

20 weeks was associated to an increased lipid depositions in control mice, suggesting 

the NR is implicated in further accumulation of lipids in renal tissue, as we also shown 

in liver tissue. This may also suggest that NR may impact the lipogenesis and/or lipolysis 

in PTC.  

Overall, despite we demonstrated that NR supplementation effectively activates SIRT3 

in renal tissue of obese mice associated to a stronger AMPK activity, the renal impacts 

were mitigated. Moreover, our results highlighted an increased ectopic lipid deposition 

in liver and kidney, probably by an alternative mechanism independent of SIRT3 and 

AMPK activity. We suspect that NR supplementation leading to NAD+ increase in 

tissues may reduce metabolic flexibility of tissue during long-term exposure. The renal 

and liver impact of NR should be further explored as number of clinical trials on NAD+ 

precursors like the Nicotinamide riboside (NR) and the nicotinamide mononucleotide 

(NMN) are ongoing [ABOUTNAD (https://www.aboutnad. com/human-clinical-

trials)]. A more complete understanding of the effects of these compounds would lead 

to invaluable data regarding long term use of NAD+ precursors in human.
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8 General discussion 

The increased prevalence and incidence of obesity and associated metabolic syndrome 

have constantly increased worldwide during the last decades as never seen in human 

history. According to the previsions, this phenomenon will continue to grow to dramatic 

levels in the future (60% of the population would become obese by 2050 in Europa). 

This tendency for which emerging countries were spared until now, seems to extend to 

all countries because of the westernization and globalization. The increased number of 

overweight people around the world is mainly due to poor eating habits and a marked 

decrease in physical activity. Diets rich in sugars, animal products and trans-fat are 

important risk factors for non-communicable diseases, such as CVD, diabetes and 

various types of cancer. Moreover, obesity prevalence among children and teenagers is 

also importantly increasing and it is still poorly known what the consequences during 

their adulthood will be. Thus, obesity epidemic represents an important health and 

scientific challenge to prevent and/or treat obesity-related diseases. Indeed, obesity has 

been associated to metabolic disturbances that contribute or initiate multiple 

pathologies, representing an important health care issue and an economic burden. 

Despite the scientific research have shown growing interest in the understanding of 

obesity-associated diseases and the discovery of potential therapeutic strategies, there is 

an evident lack of knowledge regarding the emerging plethora of the health 

consequences of obesity.  

This present PhD thesis was dedicated to the study of the renal consequences of obesity 

and the new perspectives in obesity-induced CKD healthcare. A robust accumulation of 

lipids within enlarged multilaminar inclusions into the proximal tubules along with an 

impaired tubular function, increased oxidative stress as well as mitochondrial 

dysfunction in obese mice were demonstrated by our group and others. In addition, we 

previously showed that AMPK plays a critical role in regulating the chronic cellular 

response to lipid excess. AMPK is a major sensor of energy in cells. It has been widely 

demonstrated that AMPK pathway is dysregulated in the liver and in muscle tissue 

during obesity. Despite its role as an energy sensor, the implication of AMPK in 

mitochondrial dysfunction and mitophagy as well as in lipophagy has been particularly 

highlighted during the last years. Consequently, AMPK has been proposed as a key 

therapeutic target for obesity-related diseases. Most of the studies have shown 

interesting beneficial impacts of  AMPK activation to counteract obesity-related health 

problems as CVD or non-alcoholic fatty liver disease. However, little is known about 

the precise implication of AMPK in obesity-induced CKD, particularly in regulating 

autophagy and mitochondrial function in renal cells.  
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Limitations of the actual therapeutic strategies 

It might be worth to remind that the current diagnosis of obesity relies on a formula that 

uses height and weight and thus, not by a specific biomarker. Current management of 

obesity is based on lifestyle modifications (weight loss by dietary modification and/or 

physical activity), drug therapies or surgical interventions. Current pharmacotherapies 

that target food intake regulation present side effects (psychiatric and/or cardiovascular 

side effects) observed for long periods of use and may be associated to weight regain 

once the medication is stopped [476]. In addition, even though AMPK has been 

demonstrated to represent a key target for the treatment of metabolic diseases, indirect 

AMPK activators such as AICAR has been widely investigated during the last decade 

by our group an others but did not demonstrate adequate and efficient therapeutic effects 

in clinical use. The ongoing development of direct and specific AMPK activators thus 

represents an important pharmacological challenge (discussed below) [477]. This 

highlights the urgent need for alternative therapeutic strategies. Recently, the study of 

the underlying effects of behavioral interventions as exercise training in obesity-related 

diseases has regained interest. Indeed, targeting the pathways that mediate the potential 

beneficial effects of exercise represent a safer alternative therapeutic approach for the 

treatment of chronic metabolic disorders. The main objective of this PhD project was 

thus to highlight directly applicable therapeutic strategies for the clinical management 

of obesity-induced CKD based on pre-clinical investigations.  

Exercise-based therapy for obesity-induced CKD 

Exercise training has been shown to exert beneficial outcomes in managing obesity-

associated diseases. However, there is still a lack of knowledge about the underlying 

mechanisms. Moreover, the effectiveness of exercise-based therapeutic approach in 

patients presenting CKD remains controversial, mainly due to the experimental biases 

of the clinical studies regarding exercise training in obese patients with CKD. In the first 

part of the PhD thesis, we investigated the potential therapeutic effect of an EET 

protocol on a treadmill in obesity-induced CKD mice model. We demonstrated that EET 

was associated with strong metabolic improvement without weight loss in obese mice, 

as already reported in the literature [494]. However, only a few studies highlighted the 

beneficial effects of EET in long-term HFD mice model, and particularly as a delayed 

treatment. The originality of the study is that we particularly followed the metabolic 

parameters along the protocol (glucose tolerance tests, body weight, food intake, 

albuminuria) and that we demonstrated the potential restorative effects of EET on 

metabolic disturbances induced by a HFD, particularly for glucose tolerance and hepatic 

steatosis. Moreover, we demonstrated that delayed EET also prevented obesity-induced 

CKD hallmarks. Particularly, kidney function was improved along with a decreased 
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obesity-related glomerulopathy. Interestingly, ectopic lipid accumulations in PTC were 

strongly decreased with exercise. Thus, the decreased lipid depositions in the kidney and 

the liver suggests a particular effect of EET on the ectopic lipid accumulations in non-

adipose tissues which is one of the main risk factor for obesity-associated tissues 

impairments [47]. This result was associated with a decreased tubulo-interstitial fibrosis 

along with reduced oxidative stress an inflammation in renal tissue. Finally, we 

highlighted that EET renal effects were associated to the activation of the AMPK 

pathway, leading to the restauration of the autophagy flux in renal tissue. However, 

autophagy involves dynamic and complicated processes that needs specific controls to 

alleviate the “static measurement” of basal autophagy . Thus, further studies are still 

needed to delineate the effects of EET on autophagy flux and its regulation by AMPK. 

Particularly, we propose an interesting model of primary proximal tubular cells to study 

the autophagy regulation in vitro (see annex 1). 

The underlying effects of exercise training: exercise-induced organ communication 

Exercise is known to stimulate muscle oxidative capacity and lipid oxidation. The main 

determinant of these metabolic effects is the increased mitochondrial oxidative capacity. 

The underlying molecular pathways involved in exercise-induced response in skeletal 

muscle cells include PGC1-α, PPARβ (transcription factors) and AMPK (metabolic 

sensor) [587]. Particularly, PGC1-α muscle-specific transgenic mice exhibit a similar 

phenotype to that of endurance trained animals regarding exercise-induced mRNA 

responses [588]. While ET drastically increases metabolic demand in the whole body, 

this metabolic demand varies depending on the exercise type, intensity and duration. 

Therefore, the adaptation to exercise to sustain muscle contraction not only impact 

muscle tissue but also other organs, highlighting the importance of inter-organ 

communication during exercise. Indeed, the beneficial effects of exercise training have 

been firstly attributed to body weight loss or body weight control, increased 

cardiorespiratory fitness and the maintenance of muscle mass. It is now well recognized 

that the important organ cross-talk during exercise for metabolic adaptation in response 

to this “stress” strongly explains the protection from lifestyle-induced diseases or many 

other pathologies by this cell-to-cell and organ-to-organ communication [589]. Despite 

skeletal muscle is the main communicator during exercise by its endocrine and/or 

paracrine function, other tissues such as the liver and the adipose tissue produce and 

secrete molecules in response to exercise, participating in inter-organ communication 

and exercise-induced effects in tissues that are not particularly recruited (metabolically) 

during exercise such as the brain or the kidney [590].  
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The molecules that are produced and released by muscle tissue are called myokines. 

These molecules are characterized by being produced and secreted by muscle cells  and 

by inducing biological function in an endocrine or paracrine manner. Recently, the 

contraction-induced myokines, which means produced during exercise, are called 

“exerkines” [591]. These are either specifically produced during exercise or enhanced 

following muscle contraction. IL6 is particularly released by myocytes at high levels 

following exercise. Plasma concentration of IL-6 may increase up to 100-fold after a 

single boot of acute exercise session, suggesting the importance of this cytokine as an 

exercise-induced factor [592]. The biological effects of muscle derived-IL-6 is to 

contribute to the maintenance of glucose homeostasis during exercise as well as to 

mediate lipolysis in adipose tissue. Moreover, IL-6 also inhibits the effects of pro-

inflammatory cytokines such as TNF-α [593]. IL-6 production during exercise is 

followed by anti-inflammatory cytokines release such as IL-10, suggesting that IL-6 

may participate to the anti-inflammatory effects of exercise [593]. In AKI models, IL-6 

levels in renal tissue were shown to be elevated following kidney injury [594]. However, 

IL-6 KO mice presented more severe AKI compared to wild-type controls, suggesting 

that IL-6 may be essential to control AKI-induced impairment of the kidney, particularly 

regarding inflammation response [594,595]. Miyagi et al. particularly demonstrated that 

aerobic exercise training in cisplatin-induced AKI in mice was associated to a lower 

inflammatory response in renal tissue, with less TNFα and IL-10 expression in the 

kidney and serum [596]. In the same study, they observed an increase of IL-6 and HO-

1 expression in the kidney, indicating that chronic aerobic exercise was able to attenuate 

inflammation by IL-6 and HO-1 production. Moreover, stimulation of IL-6 signaling 

significantly improved renal damage and preserved renal function by enhancing anti-

oxidative stress defense in AKI [594]. Finally, IL-6 signaling in ischemia-reperfusion 

model was found to be important in promoting repair process [597]. Contrarily, in our 

model, we described a decrease of IL-6, MCP-1 and IL-1β mRNA, suggesting that EET 

was associated to a decreased inflammatory response in renal tissue. However, 

compared to AKI, obesity-induced CKD is characterized by a low-grade inflammation 

and the consequent enhanced IL-6 expression as well as other cytokines in renal tissue 

in favor of the disease progression. Here, we thus demonstrated that EET was associated 

to amelioration of the inflammatory response in the kidney. However, the circulating 

cytokines such as IL-6 in response to exercise were not evaluated and the precise role 

of inflammatory environment needs further investigations. Interestingly, 

pharmacological activation of AMPK was associated to a decreased IL-6 production 

stimulated by inflammation by suppressing phosphorylation of signal transducer and 

activator of transcription 3 (STAT3) in the liver and adipose tissue [598]. Furthermore, 

IL-6 signaling in response to exercise has been associated to AMPK activation in the 
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muscle [599]. Another important interleukin that act as a myokine in response to 

exercise is IL-15 [600]. Interestingly, treatment with high doses of IL-15 results in 

metabolic adaptations such as improved insulin sensitivity and whole-body fatty acid 

oxidation and protection from high-fat-diet-induced obesity and insulin resistance, 

suggesting the beneficial endocrine function of IL-15 [601]. Moreover, circulating irisin, 

a proteolytic cleavage product of FNDC5 in skeletal muscles, is particularly increased 

during exercise-induced activities [602]. Irisin can act in an autocrine/paracrine manner, 

and when released into circulation, acts as an endocrine hormone, mediating peripheral 

activity. Irisin has been demonstrated to counteract insulin resistance by increasing 

sensitivity of the insulin receptor in skeletal muscle and heart, to improve hepatic 

glucose and lipid metabolism and browning of white adipose tissue through MAPK 

signaling but other irisin-dependent alternative pathway are currently discussed in the 

literature, particularly regarding a potential link with AMPK pathway [603]. 

These examples of the few already known myokines only represent the tip of the iceberg 

as “myokinome” studies have suggested that more than 300 molecules are potentially 

secreted by muscle tissue during exercise and this is also underestimated because many 

molecules communicate from the muscle to other tissues by extracellular vesicles (EVs) 

which include proteins, metabolites and microRNA [589]. Moreover, the liver has also 

a key role in inter-tissue communication during exercise. Indeed, liver tissue secretes a 

wide variety of molecules (more than 2500) including hepatokines and some are 

particularly enhanced during or after exercise [604]. The most important is probably the 

Fibroblast growth factor-21 (FGF21) that is particularly released by the liver following 

exercise [605].  

Muscle-kidney crosstalk and exercise 

Despite CKD is well recognized to participate in muscle wasting, the muscle-kidney 

crosstalk has not been strongly investigated yet, particularly regarding exercise-induced 

communication. Indeed, how skeletal muscle communication can prevent or suppress 

kidney injury is particularly emerging and not well described. However, a recent work 

used muscle specific PGC1-α transgenic mice to evaluate the effect on different CKD 

models in mice [521]. Their results suggest that muscle-kidney crosstalk ameliorates 

tubule cell damage and renal fibrosis. Interestingly, this study showed that myokines 

and particularly irisin were implicated in the muscle-induced kidney improvements. 

Treatment of CKD mice with recombinant irisin was notably associated to the inhibition 

of the TGFβ pathway and reduced renal fibrosis.  

Based on the idea that exercise training has shown beneficial outcomes in pre-dialysis 

patients in different studies, Hanatani et al. investigated the effects of skeletal muscle 

growth per se on kidney diseases [606]. To do so, the authors used a muscle specific 
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transgenic mice overexpressing Akt1 that promotes the growth of functional skeletal 

muscle in order to study the muscle-kidney crosstalk in a model of renal injury induced 

by unilateral ureteral obstruction (UUO). Akt1 transgenic mice displayed attenuation of 

renal fibrosis and tubular injuries after UUO, a decreased renal cell apoptosis and 

reduced inflammatory cell infiltration into injured kidneys. A cytokine array using 

muscle tissue demonstrated that the expression of many cytokines was upregulated in 

Akt1 TG mice compared with WT mice, including not only renoprotective cytokines 

(e.g., IL-2 and IL-10) but also those that potentially have adverse effects (e.g., TNF-α). 

In another recent study in UUO model, Dojuksan treatment (a herbal decoction) in mice 

with UUO increased PGC1α and FNDC5 expression, enhanced irisin release, and 

attenuated kidney inflammation and fibrosis [607]. Interestingly, inhibition of AMPK 

by a specific inhibitor reduced the effects of irisin in myocytes and hepatocytes, 

suggesting that irisin could be implicated in AMPK pathway regulation [522]. In 

perspective with our data regarding the physiological effects of EET on kidney injury, 

it could be hypothesized that the beneficial effects of EET could be explained by the 

muscle-kidney crosstalk. 

Limitations of the study 

In our study, we demonstrated that delayed exercise was associated with improvement 

of obesity-induced CKD in mice. The exercise-induced effects were associated to 

improvement of AMPK-mediated FAO and autophagy. However, this study presents 

some limitations.  

Firstly, it is worth to mention that despite we demonstrated beneficial effects of exercise 

training regarding obesity-induced CKD, the direct intra-renal effects of EET or the 

indirect effects on exercise-induced communication on the kidney is still not clear. 

Indeed, as we described that EET improved AMPK pathway in renal tissue, as 

demonstrated in other tissues such as the muscle, liver and adipose tissue, the question 

is how AMPK is improved in response to EET in the kidney. The kidney is not 

particularly recruited during exercise, suggesting that the underlying effects of EET is 

at least partly a consequence of muscle-kidney crosstalk, as discussed earlier. Moreover, 

EET improved obesity-induced metabolic disorders such as glucose intolerance, 

dyslipidemia and insulin resistance which are the leading cause of ectopic lipid 

accumulation in the kidney, mitochondrial dysfunction, and the consequent AMPK 

pathway dysregulation. Indeed, AMPK inhibition occurs in renal cells in response to a 

plethora of mechanisms including a reduced sirtuin activity, decreased adiponectin 

signaling, elevated circulating leptin and insulin, renal tissue inflammation and 

oxidative stress or CKD-associated acidosis and uremic metabolites. We could thus 

hypothesize that AMPK activity would benefit from EET indirect effects on these 



General discussion 

129 
 

parameters, leading to increased FAO and autophagy flux and the consequent reduced 

lipotoxicitiy. Furthermore, adipose tissue also exerts cross-communication with the 

kidney. During obesity, adipose tissue dysfunction is related to the development of 

chronic inflammation which participates to oxidative stress, inflammation, and fibrosis 

in the kidney [608]. Exercise training has been shown to improve adipocyte glucose and 

insulin sensitivity, β-oxidation, and mitochondrial biogenesis by activating AMPK and 

PGC1-α [609]. This, in turn, mediates attenuation of metabolic stress, reduction of 

systemic inflammation and modulation of macrophages phenotypes. The decreased 

inflammatory environment, FFA release and enhanced adiponectin production with 

exercise are known to increase FAO and to reduce ectopic lipid accumulations in 

skeletal muscle and in the liver [610]. In our experimental conditions, we particularly 

described a decreased inflammation and fibrosis in renal tissue that could be a direct or 

indirect consequence of adipose tissue-mediated communication and improved 

inflammatory environment. 

Another limitation of this study is the molecular pathways that we investigated in renal 

tissue as well as the systemic effects of exercise in obesity condition were mostly 

descriptive and needs further mechanistic investigations in order to delineate the effects 

of exercise on the “fatty kidney”. First, we must remind that cellular metabolic 

adaptation is highly dynamic, particularly in response to stress such as exercise in 

skeletal muscle. For example, exercise training-induced muscle contraction does not 

constitutively activate AMPK in skeletal muscle, but its activity is dependent on the type 

of exercise, duration and only occurs until energy recovery. This is also true for the 

exercise-induced short-term effects in other peripheral tissues. Despite exercise is also 

associated to long-term outcomes in targeted tissues, the analysis of the pathways are 

quite different during, right after or after exercise sessions. Here, we investigated the 

effects of exercise 48h after the last session of the 8-weeks EET protocol to highlight 

the long-term effects of exercise. Thus, all the parameters such as systemic markers or 

intra-renal pathways represent the exercise-induced long-term regulation of these 

parameters, which implies that AMPK activity or autophagy flux markers represent the 

basal regulation of these metabolic and cellular markers. Moreover, the regulation of 

FAO, AMPK activity or autophagy is also dependent on the nutritional status of the 

animals before euthanasia (meaning starved or fed) which is also the case for the kidney 

metabolism. All of these parameters may influence the collection, analysis and 

interpretation of the data. This is particularly important for the evaluation of the 

autophagy flux in experimental models. Indeed, the evaluation of the dynamic process 

of autophagy flux by the evaluation of specific markers such as p62 or LC3 I to LC3 II 

conversion could lead to misinterpretation of the autophagy flux status. For example, 

the increased basal protein level of p62 could be either a consequence of an increased 
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autophagy flux though an increased targeting of the cargo or a stagnant autophagy flux 

thought a downstream blockade of the autophagosome-lysosome fusion, mediating the 

accumulation of non-degraded p62 protein. Thus, specific controls are necessary to 

evaluate the efficacy of autophagy flux in specific conditions such as autophagy 

inducers (rapamycin or starvation) or genetic and/or pharmacological autophagy 

inhibition (e.g. chloroquine or ATG gene deletion) [520]. In our study, we hypothesized 

that exercise training was associated to an improvement of autophagy in renal tissue 

based on our data regarding autophagy and lysosomal markers and the previous studies. 

Indeed, it was previously described that a high fat diet was associated to an impairment 

of the autophagy flux in renal tissue. Yamamoto et al. nicely demonstrated that HFD 

induces lysosomal dysfunction with impairment in acidification leading to autophagy 

flux stagnation, accumulation of enlarged lysosomes and autophagosomes and 

accumulation of p62 and LAMP-1 in renal tissue [286]. These data corroborate our 

results regarding the accumulation of p62 and lysosomal markers in the kidney that were 

improved following EET. 

Lastly, in our experimental conditions, we applied an 8-weeks exercise training protocol 

to mice that are known to present obesity-induced CKD (after 12 weeks on diet) as a 

therapeutic strategy. However, whether the beneficial effects of EET are preventative or 

restorative is not easy to demonstrate. Indeed, in our study, we compared sedentary CKD 

mice with exercised CKD mice after 20 weeks on diet and not the progression of CKD 

on these animals before (at 12 weeks) and after (at 20 weeks) EET. However, the data 

regarding the follow-up of glycemia and glucose tolerance clearly describe an 

improvement of obesity-related disorders with exercise suggesting that EET protocol is 

associated to amelioration of insulin resistance in obese mice without weight loss. CKD 

is defined as an irreversible and progressive disease. Therefore, we cannot exclude that 

our results regarding delayed EET in mice are related to a prevention of the progression 

of the disease when compared to sedentary control. It would be valuable to add a 12-

weeks control to evaluate the restorative effect of exercise training on obesity-induced 

CKD features. 

SIRT3 is new interesting therapeutic target for obesity-induced chronic kidney disease 

The next step of the PhD project was to investigate new potential biomarkers or targets 

that were highlighted in the first part of the PhD project. Particularly, we focused on 

SIRT3, a mitochondrial NAD+-dependent deacetylase, that we demonstrated to be 

decreased with HFD while its expression was enhanced with ET in kidney tissue. 

Indeed, SIRT3 has been found to be strongly implicated in renal diseases, particularly 

on acute kidney injury. However, its impact on chronic kidney diseases remained poorly 

investigated. Moreover, SIRT3 plays an important role in exercised-based therapy 
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underlying mechanisms. Here, we demonstrated for the first time that SIRT3 is 

decreased in renal tissue of HFD mice, suggesting a potential implication of SIRT3 in 

obesity-induced CKD. As we did not know whether decreased SIRT3 is a key driver of 

the pathology or a consequence of mitochondrial dysfunction in the kidney of obese 

mice, we investigated SIRT3 overexpression in our experimental model to test our 

hypothesis. Interestingly, HFD SIRT3 transgenic mice were found to be protected from 

renal dysfunction compared with wild type mice. Particularly, renal ectopic lipid 

accumulations were decreased with SIRT3 overexpression. These contributed to sustain 

our hypothesis regarding the implication of SIRT3 in renal lipotoxicity and especially 

to demonstrate a new potential therapeutic target for obesity-induced CKD. 

Interestingly, AMPK activity was restored with SIRT3 overexpression in HFD mice. As 

the cross-link between AMPK and SIRT3 is emerging in the literature, we suggested 

that SIRT3 activation is an interesting way to restore AMPK activity and to mediate 

beneficial renal outcomes. 

The evaluation of the therapeutic potential of Nicotinamide Riboside for obesity-

induced CKD 

As we proposed that targeting the underlying molecular pathways that mediate the 

beneficial effects of exercise training is an interesting therapeutic approach, we decided 

to use a pharmacological compounds that enhances Sirtuin activity and that could be 

directly applicable in human care. The NR, an NAD+ precursor, is a natural compound 

and dietary supplement that has been demonstrated to effectively activate SIRT3. Thus, 

we investigated the effects of NR treatment in in vitro and in vivo models of obesity. As 

discussed above, exercise-induced muscle contraction and subsequent release of 

myokines such as irisin is induced through PGC1-α. Indeed, exercise training induce an 

energetic stress in skeletal muscle by consumption of ATP and other substrates like 

NADH. Consequently, the increased AMP and NAD+ concentration, in turn, activates 

AMPK and Sirtuin proteins such as SIRT1. AMPK and SIRT1 respectively 

phosphorylates and deacetylates target proteins and promote oxidative remodeling in 

muscle. NAD+-dependent deacetylation by SIRT1 activates PGC1-α, promoting its 

transcriptional factor activity on mitochondrial and metabolic-related genes. Thus, we 

may hypothesize that NAD+-boosting compounds such as NR could induce exercise-

mimicking effects through SIRT1 activation in the muscle. Moreover, exercise was also 

associated to SIRT3 increased activity in skeletal muscle, leading to AMPK activation 

and consequent PGC1-α induction [524]. In line with previous studies, NAD+ increase 

with NR in renal cell culture led to an enhanced mitochondrial function that prevented 

PA-induced oxidative damages. Our in vivo study demonstrated that NR 

supplementation effectively led to SIRT3 activation in renal tissue as previously showed 

in the muscle and the liver by others. However, the effects of NR on metabolic 
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alterations induced by obesity and renal injury were not prevented or ameliorated by 

NR. More surprisingly, NR treatment was associated to further lipid depositions in the 

liver and the kidney. This highlights potential adverse effects of enhancing NAD+ 

content in tissues by a NAD+ precursor. Further studies are still needed to better 

characterize the impacts of NR in vivo as no relevant data are available yet. Indeed, the 

question is what are the pathways implicated in the increase of lipids in response to NR 

treatments, what is the nature of lipids that accumulate in the tissues, is these lipid 

droplet accumulations are associated to lipotoxicity, is this independent on SIRT3 

activation? We particularly aim to investigate the lipid profile within these tissues by 

lipidomics to better characterize potential effects of long-term NAD+ supplementation 

on cellular metabolism. Interestingly, a very recent study has demonstrated that 

dihydronicotinamide riboside (NHR; which is converted to NR and thus, NAD+) was 

associated to detrimental consequences for hepatocytes (HepG3) [611]. Indeed, NHR 

exposure was associated to changes in NAD(P)H and GSH/GSSG pools, leading to a 

redox imbalance. Thus, NHR induced a metabolic dysregulation and the consequent 

mitochondrial respiration impairment. These data further suggest the potential adverse 

effects of NAD+ supplementation in regards with the metabolic fate of the cells (on 

redox potential and/or metabolic flexibility), independent from the role of NAD+ as a 

co-substrate for NAD-dependent enzymes. This needs to be further evaluated in vivo in 

long-term study regarding the number of current clinical trials for NAD+-boost 

molecules.  

What role for AMPK? 

As discussed in our review on AMPK (Introduction), the downregulation of AMPK 

activity in obesity-induced CKD has been extensively reported by our group and others. 

Due to the pleiotropic pathways regulated by AMPK beyond the regulation of metabolic 

pathways, its decreased activity may lead to renal cell dysfunction, associated with 

lipotoxicity, insulin resistance, inflammation, fibrosis, and loss of renal function. 

Moreover, targeting AMPK directly or indirectly in renal injury represents an important 

therapeutic strategy. However, whether AMPK downregulation is a key driver of the 

cellular dysfunction or a downstream effect of other pathways is still unknown. 

Moreover, there is still a lack of drug therapy targeting AMPK in an effective way. Here, 

we demonstrated that AMPK activity was constantly enhanced in our different 

therapeutic approaches. Particularly, AMPK activation in response to endurance 

exercise training in obese mice led to an improved kidney function and decreased kidney 

injuries, associated to an enhanced autophagy flux. Indeed, AMPK activation leads to 

the prevention of renal lipotoxicity by inhibiting fatty acid synthesis, and enhancing FA 

oxidation. AMPK is also recognized to play an important role in the protection of 

mitochondrial function and mitochondrial homeostasis. AMPK activity initiates 
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autophagy flux and selectively degrades unhealthy mitochondria. Finally, a role of 

AMPK in the degradation of lipid droplets by selective macroautophagy (lipophagy) is 

emerging in the literature. Interestingly, we demonstrated that overexpression of SIRT3 

allowed the activation of AMPK in HFD mice, leading to protection from obesity-

induced kidney injury and ectopic lipid accumulation. We suggest that targeting AMPK 

by enhancing SIRT3 activity would be an interesting therapeutic strategy as the 

AMPK/SIRT3 axis has a strong potential as regulators of the general metabolism of the 

cell as well as mitochondrial homeostasis. Moreover, the cross-regulation between 

AMPK and SIRT3 has been recently highlighted. However, despite activation of SIRT3 

by NR enhanced AMPK activity both in vitro and in vivo, as we hypothesized, the 

downstream effects on renal impairment were contrasted. We assume a deleterious 

effect of the sustained NAD+/NADH ratio regarding metabolic pathway or redox 

potential, independently of SIRT3/AMPK axis. This hypothesis needs further 

investigations.  

Targeting AMPK and SIRT3: future therapeutic strategy for kidney disease  

The emerging insights suggesting that targeting renal metabolism impairments 

including mitochondrial dysfunction, lipid metabolism or autophagy process would 

have a potential therapeutic benefit in obesity-induced CKD were corroborated by our 

different approaches. These therapeutic strategies must be complementary but different 

from the effects of renin-angiotensin blockers. The drug development and the evaluation 

of these compounds represent an important therapeutic challenge, particularly in order 

to mimic lifestyle interventions, as demonstrated in this work for exercise training. 

Indeed, multiple tissues and organ systems are affected by exercise, initiating diverse 

homeostatic responses that implicate a high number of mediators and a multiplicity and 

complexity of adaptations as well as an integrative physiology, as discussed above. 

Thus, it is highly unrealistic that any drug or combination of compounds would ever 

reproduce exercise phenotype. Another issue is that drugs that maintain a “metabolic 

overdrive” for a long period of time in multiple tissues could have potentially deleterious 

health consequence as discussed by Weihrauch and Handschin [612]. This hypothesis 

was further partially confirmed by our experimental study on the effect of a sustained 

NAD+ boost molecule (NR) treatment in mice. However, it is not pointless to better 

understand, along with behavioral intervention studies, what are the major drivers of the 

disease and to target master regulators in specific molecules in a specific tissue to 

alleviate the possible off-target and potential side effects associated to the expected 

benefice of the therapy. Moreover, a partial activation of specific exercise pathways 

could be a necessary approach in patients with a compromised exercise tolerance or a 

reduced ability to train. These drugs or dietary supplements should be combined with 

physical activity or should help patients to improve resistance to exercise and to gain 
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more health benefice from exercise. In this context, in addition to the well-studied 

AMPK agonist AICAR that showed beneficial effects on obesity and diabetes-related 

complications, new small molecules that directly activate AMPK are investigating. This 

strategy appears to be particularly relevant as Kikuchi et al. presented data supporting 

that AMPK was decreased in CKD model despite a high AMP:ATP ratio, suggesting 

that AMPK activity is not strongly dependent on energy depletion and highlighting the 

limitation of AMP analog use [307]. In this study, the use of the β-1 selective compound 

A-769662, which bypasses the AMP sensing mechanism was associated with an 

improvement of fibrosis and energy status in the kidney of CKD mice. In another study, 

a pan-AMPK activator, MK-8722 led to prevention of fibrosis and decreased 

lipotoxicity in renal cell in diabetic nephropathy [328]. Olivier et al. also suggested the 

potential therapeutic opportunity to target specific isoforms or specific heterotrimers of 

AMPK in order to directly target AMPK in a tissue or cell-specific way [477]. 

Moreover, SIRT3-specific drugs for use in order to strictly activate SIRT3-dependant 

metabolism are emerging and could represent another interesting therapeutic strategy 

and could help to better evaluate the role of SIRT3 in obesity-induced CKD [613]. 

As discussed before, we demonstrated that EET was associated to improvement of 

obesity-induced CKD as well as the underlying mechanisms of the long-term adapted 

renal metabolism. The future direction of these results would logically be the 

understanding of the muscle-kidney crosstalk during exercise and the dynamic of renal 

molecular pathways in response to exercise. To do so, the evaluation of the muscle 

secretome during or just after exercise and the relation with AMPK activity in renal 

tissue could expand our understanding of exercise-induced effects in the kidney. 

Particularly, irisin has been demonstrated to be particularly increased in model of  

PGC1-α muscle-specific transgenic mice and to prevent different kidney injuries. The 

effect of this specific exerkine on renal cells and the relation with AMPK activity needs 

to be evaluated in vitro and in vivo. To answer the question about the direct 

communication between the muscle tissue and the kidney, the muscle secretome during 

exercise could be applied to primary cell culture of PTC (see section 10.) cultivated with 

palmitic acid. Moreover, the use of kidney-specific or tubule-specific AMPK KO 

animals will allow us to clearly state the role of AMPK in the kidney in response to HFD 

and exercise. Indeed, are the beneficial effects of exercise training on CKD-dependent 

on AMPK pathway regulation is still an open question. The decreased AMPK activity 

in renal tissue following HFD has been extensively demonstrated in the literature but its 

role as the major driver of the renal cell metabolism impairment and lipotoxicity or a 

downstream consequence of mitochondrial dysfunction is still controversial. However, 

AMPK knockout mice deficient for the AMPK-β1 subunit  fed a normal diet showed 

tubular vacuolation and lipid accumulation in proximal tubular cells suggesting that 
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AMPK dysfunction in HFD mice may participate to this phenomena that needs to be 

confirmed by the use of AMPK KO models [614]. Moreover, kidney is comprised of 

heterogenous cell types with different metabolic activities and there is still a few data 

regarding the expression of AMPK isoforms (see introduction; section 3.2), the 

regulation of AMPK activity, and the consequence of AMPK activation (physiologically 

or pharmacologically) in these different cell types. Moreover, as we demonstrated a 

potential AMPK-dependent autophagy regulation via ULK-1, we hypothesize that 

AMPK could also play an important role in autophagy dysregulation in obesity-induced 

CKD. Thus, the regulation of autophagy process in the kidney in renal lipotoxicity could 

be further studied in details by the use of specific controls for autophagy as discussed 

before as well as the use of AMPK KO mice and direct AMPK activators.
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9 Conclusion 

Obesity and associated disorders have become a major medical concern since the 

beginning of the century. Particularly, population aging, the growing increase of obesity 

and type II diabetes could considerably intensify incidence and prevalence of chronic 

kidney disease (CKD) across the Western world and beyond. Thus, a better 

understanding of the physiopathology of obesity-induced CKD and the effects of 

behavioral and/or pharmacological therapeutic strategies is required. In this work, we 

aimed to better delineate the effects of exercise-based therapy and the potential of an 

exercise mimetic on the regulation of AMP-activated protein kinase in models of renal 

lipotoxicity. The past studies have remarkedly presented AMPK dysregulation as a main 

driver of the physio-pathological progression in the kidney and pharmacological AMPK 

activation (directly or indirectly) was constantly associated to beneficial outcomes. 

However, traditional AMPK activators such as AICAR or Metformin present a limited 

clinical use, particularly for kidney disease. In this context, the effects of a delayed 

endurance exercise training were particularly investigated in high-fat diet-fed mice 

presenting CKD. We better described the restorative effects of a delayed exercise 

training on obesity-induced impairments such as glucose tolerance, insulin resistance or 

dyslipidemia and hepatic steatosis. These data were concordant with clinical studies in 

obese patients demonstrating the translational relevance of our experimental model. We 

further demonstrated for the very first time the beneficial effects of a delayed exercise 

on inflammation, fibrosis and oxidative stress intra-renal environment. Particularly, 

ectopic lipid accumulations in proximal tubule were decreased with exercise, associated 

to an improved AMPK pathway, as previously demonstrated with AICAR treatment in 

the same experimental model. The regulation of signaling pathways by AMPK in 

response to a high fat diet and/or exercise requires further investigations and mechanistic 

studies to further confirm the role of AMPK activity in obesity-induced CKD and in 

treatment response. Our results could also suggest a muscle-kidney communication 

mediated by myokines, stimulating research into improving communication between the 

kidneys and other organs for progressive kidney diseases. The recent studies have 

particularly highlighted that the identification of cellular targets activated by exercise 

may lead to the development of therapeutic strategies that could mimic systemic and 

central effects of exercise, called “exercise mimetics”. This pharmacological-based 

therapeutic strategy mostly includes AMPK, NAD+-dependent SIRT1/3, PPARα/γ or 

PGC1-α activators. Based on our data regarding exercise training and transgenic mice, 

the potential of SIRT3 as an interesting therapeutic target in order to improve AMPK 

pathway was highlighted. Thus, we evaluated the effects a dietary intervention with 

NAD+ supplementation (with nicotinamide riboside; NR). NR treatment was associated 

to an improved AMPK activity, mitochondrial function and a reduced ectopic lipid 
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accumulation in renal cells. However, long-term treatment with NR in obesity-induced 

mice model highlighted potential deleterious effects of this drug induced by a metabolic 

overdrive for a sustained period as evidenced by an increased lipid accumulation in the 

kidney and the liver, despite an activation of SIRT3 in the renal tissue. Thus, the 

therapeutic potential of exercise mimetics such as NR may present limitations that are 

not enough considered in the current research. Indeed, the exercise‐induced adaptation 

are episodic in term of metabolic overload, organs communication, and direct short-term 

effects, followed by adequate recovery for substrates, muscle repair and regeneration 

for optimal adaptation. The optimal dose required to maintain activation/repression of 

targeted signaling pathways and the optimal response to obtain in a specific tissue is 

thus particularly challenging, as further demonstrated by this present work. When 

considering the physical health problems that limit the ability to be physically active of 

obese or CKD patients, the underlying effects of exercise training for kidney diseases 

stay a very interesting area of research with a great therapeutic potential. Furthermore, 

a better understanding of the role of the master metabolic regulator AMPK and the 

appropriate path to target the AMPK pathway remains essential in future investigations.
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Figure S1. Effects of endurance exercise training on running velocity. Representation of maximal 

running velocity performance after 14 weeks on diet. t-test. Data are presented as means 

± SEM. ns = non-significant. n=10 in each group. 
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Figure S2. Effects of LFD and HFD on glucose tolerance in mice. Glucose tolerance 

test at week 0 (A) and week 12 (B). Fasted mice were submitted to an intraperitoneal 

injection of glucose (2 g/ kg b.w.). Glycemia was measured before (0) and 30, 60 and 

120 min after injection. Histogram represents the area under the curve (AUC) of 

glycemia from 0 to 120 min.
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Figure S3. Total plasma adiponectin and adiponectin multimers distribution 

analysis at week 20. A. Ad plasmatic level. The total plasma Ad concentration was 

measured using indirect ELISA. B. Representative immunoblots of Adiponectin 

multimers expression in plasma sample. C. Relative densitometry of the immunoblots 

representing respectively HMW (High Molecular Weight), MMW (Medium Molecular 

Weight) and LMW (Low Molecular Weight) multimers of Adiponectin normalized with 

total Adiponectin protein level. D. SA index was calculated as the ratio 

HMW/(HMW + LMW). Data are presented as means ± SEM. * P ≤ 0.05 versus LFD # 

P ≤ 0.05 versus HFD. n=6-8 in each group. 
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Table S1. Primer sequences for RT-qPCR analysis of mRNA expression 

Gene 
 

Primer Sequences (5'-3') 

COLI Fw CTTGCCCCATTCATTTGTCT 

 Rv GCAGGTTCACCTACTCTGTTCT 

COLIII Fw TGAGTCGAATTGGGGAGAAT 

 Rv TCCCCTGGAATCTGTGAATC 

TGFβ Fw TGGAGCAACATGTGGAACTC 

 Rv GTCAGCAGCCGGTTACCA 

MCP-1 Fw CTTCTGGGCCTGCTGTTCA 

 Rv CCAGCCTACTCATTGGGATCA 

IL1β Fw AGTTGACGGACCCCAAAAG 

 Rv AGCTGGATGCTCTCATCAGG 

TNFα Fw TACTGAACTTCGGGGTGATTGGTCC 

 Rv CAGCCTTGTCCCTTGAAGAGAACC 

IL6 Fw GCTACCAAACTGGATATAATCAGGA 

 Rv CCAGGTAGCTATGGTACTCCAGAA 

ACC (Acaca) Fw ATGGGCGGAATGGTCTCTTTC 

 Rv TGGGGACCTTGTCTTCATCAT 

FAS (FASN) Fw GGAGGTGGTGATAGCCGGTAT 

 Rv TGGGTAATCCATAGAGCCCAG 

CPT-1 (CPT1a) Fw CTCCGCCTGAGCCATGAAG 

 Rv CACCAGTGATGATGCCATTCT 

18S Fw CGCCGCTAGAGGTGAAATTCT 

  Rv CGAACCTCCGACTTTCGTTCT  
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Table S2. Effects of delayed EET on systolic, diastolic and mean blood pressure in 

mice fed a LFD, LFDT or HFD and HDFT. Measurement were performed during the 

last week of the experimental protocol (week 20). Systemic, diastolic and mean blood 

pressures were measured using a non-invasive CODA tail-cuff blood pressure occlusion 

system (Kent Scientific, Torrington, USA). During the week 20, measurements were 

taken for each animal that were acclimatized for a 1‐hour period before experiments into 

restraining chambers. The animals were placed onto a preheated pad maintained at 30°C 

in a designed quiet area and blood pressure measurements were initiated when tail 

temperature reached 30°C (measured using an infrared sensor) and recorded at least 5 

times. Mice were acclimated for at least 3 consecutive days before baseline blood 

pressure measurements. No statistical difference was found by One‐way ANOVA 

analysis. n=5 in each group. 

 
LFD LFDT HFD HFDT 

Systolic blood 

pressure 

(mmHg) 

128,6 ± 10,99 138,0 ± 4,988  119,5 ± 10,86 
119,3 ± 

5,850 

Diastolic blood 

pressure 

(mmHg) 

106,8 ± 10,60 117,6 ± 2,584 96,33 ± 8,750 
101,7 ± 

6,035 

Mean blood 

pressure 

(mmHg) 

117,7 ± 10,78 127,8 ± 3,763 107,9 ± 9,768 
110,5 ± 

5,570 

 

 

Table S3. Effects of delayed EET on renal gene expression in mice fed a LFD, a 

LFDT, a HFD and a HFDT. Real-time quantitative qPCR for Acetyl-CoA carboxylase 

(ACC), Fatty acid synthase (FAS) and Carnitine palmitoyltransferase I (CPT1). mRNA 

expressions were performed on kidney tissue from LFD, LFDT, HFD and HFDT mice 

normalized against 18S. Statistical analyses were performed by one‐way ANOVA 

followed by Newman–Keuls post hoc test. Data are presented as means ± SEM. * P ≤ 

0.05 versus LFD # P ≤ 0.05 versus HFD. n=6 in each group. 

 
LFD LFDT HFD HFDT 

Lipid metabolism markers 

ACC 1,000 ± 0,0918 0,9636 ± 0,1356 1,067 ± 0,1404 
1,028 ± 

0,0796 

FAS 1,000 ± 0,0265 1,023 ± 0,1480 1,218 ± 0,2496 
1,112 ± 

0,1884 

CPT-1 1,000 ± 0,0326 0,9017 ± 0,1308 0,8483 ± 0,1201 
1,222 ±  

0,2337 

 



Supplemental data 

 

143 
 

Supplemental Data 2 
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Supplemental Data 3 

 

 

 

Supplemental Data 3. Effects of PA treatment on HK-2 cells. A. Evaluation of HK-2 cells viability for 

control 100, 300, 500 and 700 µM of PA treatment after 24h. n=3 B. Metabolic activity of HK-2 cells 

determined with the MTT test for control 100, 300, 500 and 700 µM of PA treatment after 24h. n=3 C. 

P-AMPK, AMPK and b-actin immunoblots for 50, 100, 300, 500 and 700 µM of PA treatment vs BSA 

300 µM after 24h. D. BodiPY staining and Oil Red O staining showing lipid droplet accumulation in 

HK-2 cells treated with PA 500 µM vs BSA 500µM for 24h. Data are Mean ± SEM. One-way ANOVA 

followed by Newman Keuls post-hoc analysis. 
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Supplemental Data 4 

 

 

 

 

Supplemental Data 4.  A-B. Confocal analysis of BODIPY 493/503 staining (green) to visualize lipid 

droplets structures in HK2 treated with PA 300 and 500 µM. A. Quantifications of number of lipid 

droplets obtained from five randomly selected field per condition, with each containing 20-30 cells, 

normalized with the number of nuclei. (400X)  n=3. B. Quantifications of changes in the average size 

of lipid droplets in HK2 cells. Each point represents the average size of lipid droplets in a cell. (600X).  

Data are Mean ± SEM. One-way ANOVA followed by Newman Keuls post-hoc analysis. 
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10 Development of an ex-vivo and in vitro model of proximal tubular cells for the 

characterization of autophagy flux after lipid overload.    

 

As previously mentioned, abnormal renal accumulation of lipids may be considered as a cause of renal 

impairments. We and other have demonstrated the significant increase of lipid droplets into proximal 

tubular cells in mice fed a HFD [120,285,293,295]. This change was concomitant with the loss of brush 

borders of these cells, the increase in oxidative stress and to the loss of kidney function. We also 

established that HFD-induced kidney disease is characterized by renal hypertrophy, increased 

albuminuria and elevated markers of renal fibrosis and inflammation [120,293]. In addition, evidence 

of proximal tubule injury was clearly observed with the presence of enlarged clear vacuoles and 

multilaminar inclusions. The margins of these vacuoles/inclusions were positive for the endolysosomal 

marker, LAMP1, suggesting lysosome accumulation. Characterization of vesicles by special stains (Oil 

Red O, Nile Red, Luxol Fast Blue) and by EM revealed that this contained onion skin-like accumulation 

consistent with phospholipids [293]. Indeed, similar ultra-structural abnormalities had already been 

observed in the proximal tubular cells of rodents and humans exposed to aminoglycosides demonstrating 

an accumulation of phospholipids in lysosomes [615,616]. However, the underlying cellular 

mechanisms were unknown. Recent studies have pointed out the importance of autophagy in 

physiological and pathological processes. In particular, autophagy is involved in reducing the number 

of lipid droplets by the degradation of the lysosome via a process called lipophagy. However, the 

mechanisms of lipophagy are not well understood in terms of its initiation and regulation [617,618].  

As shown in section I, we have been able to demonstrate a reduction in the number of lipid inclusions 

within proximal tubular cells in obese mice undergoing exercise training, suggesting the potential 

involvement of autophagy in this phenomenon. It should also be noted that the accumulation of lipid 

droplets has been demonstrated in obese patients [285,293]. In addition, although lysosomal dysfunction 

coupled with a disturbance in lipid metabolism in the kidney has been experimentally validated by other 

researchers, all underlying molecular mechanisms are not yet known [286]. Therefore, it is necessary to 

develop an optimal experimental model to deeper study the lipophagy process in the context of renal 

lipotoxicicty. 

 

Relevance of in vivo and in vitro model.  Even though the in vivo approach to study the metabolic 

diseases such as obesity remains necessary or even essential, the investigation of specific biological 

questions is sometimes more difficult to study in an entire organ composed of different cell types. For 

example, the lipotoxicity into PTC appears as major. It is therefore more relevant to study these cells 

isolated from the rest of the organ. Therefore, many groups use immortalized cells such as HK-2 (human 

proximal tubular cells). The use of these in vitro cells is a good model, providing relevant data but has 

also some limitations. For example, these cells might present a modified cell program or no longer have 

specific expression of the markers defining their native phenotype. These aspects must therefore be 
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considered in the interpretations of the results and especially in the translational relevance of the results 

with the in vivo model. In addition, the immortalization of cell lines profoundly affects their phenotype 

and how it responds to their environment. In this regard, the use of primary cells directly isolated from 

the targeted organ is a better model. Indeed, these cells maintain their phenotype in vitro, giving the 

opportunity to better characterize precise molecular and cellular mechanisms. In addition, numerous 

studies have shown the value of the use of primary PTC in the study of diabetic nephropathy [619].  

Hence, one of the objectives of my PhD was to develop a technique of isolation of PTC from kidneys 

of lean and obese mice to characterize the molecular mechanisms involved in PTC impairment in a 

context of caloric overload. In addition, we sought to develop an in vitro model of primary cells from 

these isolated cells to evaluate the regulation of autophagy in PTC. 

 

1. Isolation of PTC from mice based on a technique developed by Legouis et al. (2015) 

(Collab. Prof. C. Chatziantoniou, INSERM, Hôpital Tenon, Paris, France) 

The technique relies on the use of a mechanical dissociation of the organ based on magnetic microbeads 

coupled with a specific antibody of targeted cells (GentleMACS dissociator, Miltenyi Biotec) [620].  

 

Methods 

Control male C57Bl/6J mice were used to develop the technique of PTC isolation. First step, 

after euthanasia with Ketamine/Xylazine, kidney wass rapidly harvested, decapsulated and 

immerged in 1mL of sterile dissociation buffer (PBS 1×0.5% bovine serum albumin, and 2mM 

EDTA) at 4°C. Then, kidney was roughly chopped with a surgical blade. The solution obtained 

was transferred into GentleMACS C-tubes. Specific set program of the GentleMACS 

dissociator were used to maintain cell integrity. Next, the solution obtained was filtered through 

a 30-μm sieve and rinsed with 4mL of dissociation buffer. After centrifugation at 500g for 10 

minutes, the supernatant was removed, and cell pellet was resuspended in dissociating buffer. 

The second step consisted to isolate the PTC by magnetic activated cell sorting (MACS) by 

positive selection using the CD133 (prominin-1) cell isolation kit and the MACS separator 

(Miltenyi Biotec) as described in [620]. Briefly, cells were labelled with conjugated CD133 

microbeads antibody. The magnetically labelled target cells were depleted by retaining them on 

a MACS column in the magnetic field of a magnet, while unlabeled cells passed through the 

column.  

 

Flow cytometry  

In order to assess the purity of isolated PTC, cells were harvested and directly resuspended in 

FACS Buffer (PBS 1% PenStrep 2% Fetal Bovine Serum) with Hoechst Dye (Miltenyi) 1:100 

for 30 minutes in the dark at room temperature. Next, cells were washed with FACS Buffer and 

incubated with prominin-1 APC antibody (Miltenyi) 1:50 for 30 min at 4°C. Cells were washed 
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and fixed in PBS PFA 2% (paraformaldehyde) for 15 min at room temperature. Cells were 

finally washed and resuspended in FACS Buffer before being acquired on a FACSCantoll (BD 

Biosciences) and analysed on FlowJo software (Treestar).  

 

Western Blot  

The proteins extracted from total kidney were run on 4-12% polyacrylamide gels and transferred onto 

nitrocellulose membrane. The anti-promonin-1 (CD133, Biorbyt) was used. Detection was performed 

with SuperSignal™ West Femto Maximum Sensitivity Substrate kit (ThermoScientific).  

 

Result 

Isolations of PTC were performed on control lean mice. As illustrated in Figure 1, to confirm that PTC 

isolation worked, flow cytometry was carrying out. Before the PTC isolation, only 11% of prominin 1-

positive cells were obtained in analysed solution. However, after isolation, around 82% of positive cells 

were present in the analysed solution (Figure 1A). To validate flow cytometry results, a western blot 

analysis was performed (Figure 1B). As observed, in the enriched solution, there was a signal for 

prominin-1 whereas no signal was present in the negative fraction solution (Figure 1B). 

 

 

Figure 1. A. Flow cytometry analysis before and after of promonin-positive PT cells. B. Western blot analysis of 

enriched (promonin+) fraction and negative fraction. 

 

Finally, isolated cells were used to test primary cell culture. After 8 days in culture, cells from the 

negative fraction were obviously morphologically different than cells from positive fraction. Positive 

cells presented a more cubic phenotype and were grouped together (Figure 2) while negative cells were 

dispersed and presented cytoplasmic extensions. 
 

A 

B 
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Figure 2.  Representative photomicrograph (x10) showing primary cell culture from negative (A) and positive (B) 

fractions. 

 

 

Conclusion 

The protocol developed by Legouis et al. allowed us to effectively isolate prominin positive cell 

population from the whole kidney. We were able to perform a primary culture of positive cells in vitro 

as we demonstrated tubular cell-like phenotype after 8 days of culture. However, the yield obtained from 

positive cells in culture was very low and time-consuming, making difficult to perform relevant 

experiments with this method. Moreover, we were not able to reproduce this methods multiple times as 

the cells showed a particularly slow growth in culture, ultimately leading to cell death. Finally, the direct 

ex-vivo analysis of isolated cells represent a more interesting methods for the analysis of isolated 

proximal tubule fraction but our major concern is that prominin is expressed in the brush border that is 

impaired with HFD in the S1 and S2 segment of the proximal tubule. Thus, we assume that the S3 

segment would be better isolated than the S1 and S2, introducing an experimental bias for further 

analysis.  Thus, we decided to assess another approach developed by Devuyst’s group.

A B 
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2. Isolation of PTC developed in Devuyst O. group (Collab. Prof. Olivier Devuyst, Laboratory 

of Mechanisms of inherited kidney disorders, UZH) 

This approach is a more simple method to establish primary cultures of kidney proximal tubule cells 

described by Terryn et al. 2006 [621]. 

Methods 

Renal cortex from control male C57Bl/6J mice were dissected in ice-cold a dissection solution (HBSS 

with in mmol/l: 10 glucose, 5 glycine, 1 alanine, 15 HEPES, pH 7.4 and osmolality 325 mosmol/kgH2O) 

and sliced into piece. The fragments were transferred to collagenase solution at 37°C and digested for 

30 min. After digestion, the supernatant was sieved through two nylon sieves (pore size 250 μm and 80 

μm). The proximal tubules (PTs) remained in the 80-μm sieve and were resuspended in warm DS (37°C) 

containing BSA 1%. The PTs were then centrifuged for 5 min at 170 g, washed, and then resuspended 

into the appropriate amount of culture medium. The PT fragments were seeded onto collagen-coated 

plates for 48 h. The medium was then replaced every 2 days. After 7 days, cell cultures were organized 

as a confluent monolayer.  

Results 

Figure 3. Representative photomicrograph (x10) showing isolated proximal tubule directly after isolation (day 0), 

after 3 and 5 days of culture.  

In the Figure 3, we present representative photomicrographs of isolated proximal tubules just after 

isolation (day 0), 3 days after isolation and 6 days after isolation. As shown at day 0, the proximal tubule 

structures are present in the medium without contamination with glomeruli. At 3 days, cellular 

outgrowth was observed at the open ends of the tubular fragments. After 6 days, islands of cellular 

outgrowth became progressively larger to form a confluent monolayer of polygonal cells. We further 

tested different concentrations of PA and BSA as we used for HK-2 cells in the section III. The viability 

of the cells was dramatically impaired as demonstrated in Figure 4A; B. Thus, we decided to use lower 

concentration of PA and BSA that were not toxic for PTC (Figure 4C; D). Next, we analyzed whether 

these concentrations of PA were able to induce lipid droplets accumulations in PTC. As shown in Figure 

5, LDs accumulation was enhanced in 50 µM of PA-treated cells as demonstrated by an increased 

BodiPY staining. Finally, an albumin (BSA) uptake in PTC was performed following incubation with 
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different concentrations of PA (Figure 6). We showed that PTC exposed to 50 µM of PA present a 

decreased uptake of BSA as evidenced by the decreased BSA+ puncta compared to other concentrations.  

Figure 4.  Effects of PA treatment on primary PTC cells. Evaluation of PTC viability for control 100, 300, 500 

and 700 µM of PA or BSA treatment after 24h. Experimental procedure described in section III. 

 

Figure 5. Confocal analysis of BODIPY 493/503 staining (green) to visualize lipid droplets structures in PTC 

treated with PA 30 and 50 µM for 24h. Experimental procedure described in section III. 
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Figure 6. Albumin (BSA) uptake evaluation in PTC. After being exposed to PA 10, 30 or 50 µM, the cells were 

loaded with fluorescent Al647-BSA (50 μg ml−1 for 15 min at 37 °C) and imaged by confocal microscopy. Then, 

quantification of numbers of Al647-BSA+ structures was performed using ImageJ (normalized by the number of 

nuclei). 

Conclusion 

Here, we present a valuable model of mouse primary proximal tubular cells in culture for the study of 

PA-induced impairments of PTC function. Despite our first experimental approach failed to give us 

expected biological materials, we next switched to a simpler methods based on sieve isolation of 

proximal structures. This allowed us to demonstrate a suitable model of PA-induced lipid droplet 

accumulations in PTC along with an impaired cellular function, as demonstrated by BSA-uptake 

dysfunction. This model would be interesting to study the autophagic pathway in response to PA 

treatment in vitro. 
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Abstract: Chronic kidney disease (CKD) is prevalent in 9.1% of the global population and is a
significant public health problem associated with increased morbidity and mortality. CKD is
associated with highly prevalent physiological and metabolic disturbances such as hypertension,
obesity, insulin resistance, cardiovascular disease, and aging, which are also risk factors for CKD
pathogenesis and progression. Podocytes and proximal tubular cells of the kidney strongly express
AMP-activated protein kinase (AMPK). AMPK plays essential roles in glucose and lipid metabolism,
cell survival, growth, and inflammation. Thus, metabolic disease-induced renal diseases like
obesity-related and diabetic chronic kidney disease demonstrate dysregulated AMPK in the kidney.
Activating AMPK ameliorates the pathological and phenotypical features of both diseases. As a
metabolic sensor, AMPK regulates active tubular transport and helps renal cells to survive low energy
states. AMPK also exerts a key role in mitochondrial homeostasis and is known to regulate autophagy
in mammalian cells. While the nutrient-sensing role of AMPK is critical in determining the fate
of renal cells, the role of AMPK in kidney autophagy and mitochondrial quality control leading
to pathology in metabolic disease-related CKD is not very clear and needs further investigation.
This review highlights the crucial role of AMPK in renal cell dysfunction associated with metabolic
diseases and aims to expand therapeutic strategies by understanding the molecular and cellular
processes underlying CKD.

Keywords: AMPK; chronic kidney disease; obesity; diabetes; autophagy; mitochondrial homeostasis;
lipid metabolism; lipotoxicity; proximal tubule

1. Introduction

Progressive decline in renal function leads to chronic kidney disease (CKD) and, ultimately,
end-stage renal disease (ESRD) requiring dialysis or transplantation. As of 2017, 9.1% of the
world population has CKD, making CKD a public health problem with an enormous economic
impact [1,2]. CKD is associated with metabolic syndrome (MetS), a cluster of metabolic disorders,
including hypertension, hyperlipidemia, hyperglycemia, and obesity [3]. MetS contributes to the
appearance of albuminuria, the first sign of kidney disease in patients with diabetes [4–6]. Moreover,
accumulating studies report that obesity is an independent risk factor of CKD [7–9]. The growing
epidemic of obesity contributes to the increased prevalence of type II diabetes and the related kidney
complications making diabetic kidney disease the leading cause of ESRD in the developed world [10].
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Both obesity- and diabetes-related kidney disease are associated with glomerulomegaly,
hemodynamic changes, increased albuminuria as well as similar structural and functional changes
in the kidney [11–13]. Although the lesions found in obesity-induced kidney disease are slightly
different from nonobese diabetic patients, it is difficult to discriminate between the effects of obesity
vs. the concomitant effects of hyperglycemia and insulin resistance in clinical studies, as there is
considerable overlap between diabetic and overweight/obese patients [10]. Adiposity and adipose
tissue dysfunction, associated with insulin resistance, lead to the release of proinflammatory cytokines
and free fatty acids (FA) in the circulation, as well as changes in the production of adipokines (leptin
and adiponectin), which likely contribute to the pathogenesis of obesity and diabetes-induced kidney
disease [12,14,15]. Obesity enhances the renin-angiotensin-aldosterone system (RAAS), leptin-induced
activation of the sympathetic nervous system (SNS), tubular sodium reabsorption, and volume
expansion, leading to hypertension [16]. Increased tubular sodium and glucose reabsorption
lead to an enhanced consumption of oxygen in the renal cortex, associated with a lower renal
oxygenation due to fluid volume expansion and increased blood flow that contributes to hypoxia
induction in renal tissue [17,18]. Obesity-induced hypertension accelerates glomerular hyperfiltration,
leading to obesity-related glomerulopathy characterized by glomerulomegaly with focal and segmental
glomerulosclerosis lesions [19]. Meanwhile, systemic inflammation and dyslipidemia contribute to
the initiation of oxidative stress and insulin resistance, leading to renal low-grade inflammation and
fibrosis (Figure 1) [20]. Finally, both obesity- and diabetes-induced kidney disease are characterized
by ectopic lipid depositions in the kidney and are associated with direct lipotoxicity in rodents and
humans [21–27].

Figure 1. Mechanisms involved in the pathogenesis of diabetes- and obesity-related kidney
disease and ultimately end-stage renal disease. Obesity and diabetes initiate systemic disturbances,
including systemic inflammation, dyslipidemia, the activation of the SNS, and RAAS that contribute
to intrarenal stresses resulting from abnormal lipid metabolism, insulin resistance, and tubular
reabsorption of sodium. Hypertension and the associated glomerular hyperfiltration increase
albuminuria. Renal oxidative stress and hyperglycemia lead to inflammation and fibrosis that
initiate obesity- and diabetes-related nephropathy. Tubulo-interstitial fibrosis and glomerulosclerosis
are associated with a progressive decline in the glomerular filtration rate (GFR), loss of nephrons,
and ultimately end-stage renal disease. IL6, interleukin 6; TNFα, tumor necrosis factor-α; MCP-1,
monocyte chemoattractant protein-1; FFAs, free fatty acids; Na+-K+ ATPase, sodium–potassium pump;
SGLT2, sodium/glucose cotransporter 2; SNS, sympathetic nervous system; GFR, glomerular filtration
rate; RAAS, renin–angiotensin–aldosterone system.
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Obesity- and diabetes-related kidney diseases share physiological initiating events and also
critical molecular mechanisms of renal cell injury. Studies have demonstrated an essential role of
AMP-activated protein kinase (AMPK) dysregulation in obesity- and diabetes-associated kidney
disease both in experimental and clinical models [28–33]. In several studies, AMPK activators attenuate
diabetic nephropathy and improve high fat-induced kidney disease in mice [24,34–36]. However,
therapeutic approaches to prevent or treat kidney disease in patients with obesity and diabetes are not
very specific to these altered pathways. The delay in developing therapeutic strategies to modulate
AMPK in obesity- and diabetes-induced kidney disease is partially due to the complexity of the
underlying physiological and molecular mechanisms. In this review, we discuss the physiological
role of AMPK signaling in renal cells and its dysregulation in obesity- and diabetes-related chronic
kidney disease.

2. AMP-Activated Protein Kinase (AMPK): Structure, Renal Expression, and Function

AMPK is a heterotrimeric complex composed of three different subunits: α, β, and γ (Figure 2).
The catalytic subunit α is present in two different isoforms α1 and α2. The β and γ subunits
are the regulatory subunits. There are two β-subunits (β1 and β2) and three γ subunits (γ1,
γ2, and γ3). Seven different genes encode these multiple protein isoforms: PRKA1/2, PRKAB1/2,
and PRKAG1/2/3. The expression of AMPK subunits is tissue-specific and seems to vary in response
to stress, suggesting differential functions of each isoform, which are not well understood. The α

subunit contains a kinase domain phosphorylated by upstream kinases on Thr172, an autoinhibitory
domain (AID), and a β binding domain, essential for the formation of the heterotrimeric complex.
AMPKβ contains a carbohydrate-binding molecule (CBM) that allows AMPK to bind to glycogen and
an αγ binding domain. The β subunit is implicated in the relocalization of AMPK in glucose-starved
states to the lysosome and the mitochondrial membranes with the goal of mitophagy [37]. The structural
characteristics of AMPKγ are the four tandem repeats termed cystathionine β-synthase (CBS) motifs
that bind adenine nucleotides. The binding of AMP, rather than ADP or ATP, to the AMPKγ subunit
leads to the activation of AMPK [38].

Figure 2. AMPK α, β, and γ subunits. The crystal structure represents the different domains and
specific sites of the α, β, and γ subunits that constitute the AMPK heterotrimeric complex. The AMPKα

subunits contain a serine/threonine kinase domain at the N-terminus phosphorylated by upstream
kinases on the residue Thr172, directly followed by an autoinhibition domain (AID) that maintains the
kinase domain inactive in the absence of AMP and a C-terminus domain (α-CTD) that interacts with
the β subunits. Phosphorylation of Ser 485/491 residues on the α-CTD negatively regulates AMPK.
The AMPKβ subunits have a glycogen-binding domain (CBD) and an α and γ subunit interaction
domain (β-CTD). The AMPKγ subunits present four β-synthase (CBS) domains (CBS1-4) that can
bind to ATP, AMP, and ADP. AMP binding initiates the allosteric activation of AMPK and promotes
phosphorylation of AMPK by upstream kinases.

Renal cells express AMPK extensively. Few studies describe the specific AMPK subunit isoforms
expressed in the kidney, as most of the time, the kidney expresses all AMPK isoforms. AMPK is often
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studied in total kidney lysates, making it difficult to have specific data regarding subunit expression in
the whole kidney. However, specific cell populations in the kidney express AMPK isoforms differentially
considering their specific functions in metabolism. According to data from The Human Protein Atlas
(HPA), AMPK is mostly expressed in cortical tubular epithelial cells, notably on apical surfaces of distal
tubules in mice, as demonstrated with immunostaining for Thr172 Phospho-AMPKα [24,39]. The α2
subunit is the predominant catalytic isoform. However, the α1 subunit is also detectable in the tubule
but not detectable in the glomeruli. The human kidney expresses β1, β2, and γ2 isoforms. Salatto et al.
showed that human and rodent kidneys predominately express AMPK β1 [40]. The α1 isoform is
the predominant isoform in the rat kidney, while the kidney expresses both γ1 and γ2 equally [41].
The skeletal muscle expresses the γ3 subunit, but this subunit is not expressed in the kidney.

2.1. An Allosteric Mechanism Activates AMPK

High AMP:ATP ratios under starvation, hypoxia or exercise are associated to the binding of AMP to
the regulatory γ subunit, allosterically activating AMPK. The AMP binding favors the phosphorylation
of AMPK by upstream kinases on theα subunits at specific Thr172 residues. Furthermore, AMP binding
prevents the dephosphorylation of AMPK by protein phosphatases, PP2A, and PP2C. The two central
upstream kinases that phosphorylate AMPK are the serine-threonine liver kinase B1 (LKB1) and
the calcium/calmodulin kinase kinase β (CAMKKβ). LKB1 activates AMPK in response to low
energy states (e.g., exercise, starvation), while CAMKKβ is sensitive to increases in intracellular
Ca2+ [38]. The transforming growth factor (TGF)-β-activated kinase-1 (TAK1) is also known to
phosphorylate AMPK on Thr172 of the α subunit [42]. Other phosphorylation sites, particularly
on Ser485/491 (equivalent rodent sequence is Ser487/491), are targeted by other kinases such as Akt
through insulin-related signaling or PKA through c-AMP-related signaling pathways. However,
these phosphorylations lead to the negative regulation of AMPK by blocking its phosphorylation at
Thr172 by upstream kinases [43–45].

2.2. AMPK Exhibits a Dual Function in Cell Metabolism

First, AMPK decreases ATP consumption by inhibiting anabolic pathways, including lipid,
glycogen, and protein synthesis. Secondly, AMPK activates catabolic pathways by increasing lipid
oxidation, glucose uptake, autophagy flux, and mitochondrial biogenesis. The following sections will
discuss these pathways in the context of obesity- and diabetes-related kidney disease. Energy sensing
by AMPK is particularly relevant in renal cells because these cells are strongly dependent on the
regulation of energy metabolism for tubular transport.

AMPK regulates the Na+-K+-ATPase (NKA), epithelial sodium channel (ENaC), the Na+-K+-2Cl−

cotransporter (NKCC), Cystic fibrosis transmembrane conductance regulator (CFTR), and other ion
transport proteins in the kidney [41]. AMPK plays an essential role in kidney homeostasis, as evidenced
by AMPK knockdown studies. Kidney-specific deletion of both AMPKα subunits displayed salt
and water wasting defects [46]. Both AMPKα2 knockout mice and endothelium-specific knockdown
of AMPKα2 display an increased angiotensin-converting enzyme (ACE)-levels [47]. Specific renal
physiological processes, such as ion transport, blood pressure control, and nitric oxide production,
involve AMPK [48]. Tubular epithelial-specific deletion of LKB1, the primary upstream kinase of
AMPK, is associated with de-differentiation of tubule epithelial cells, fibrosis, and inflammation,
mediated by AMPK and its downstream metabolic effects [33]. On the other hand, uncontrolled
sustained activation of AMPK in a Wolff−Parkinson−White Syndrome model led to a disastrous
accumulation of glycogen in the kidney and subsequent impairment of renal function [49]. While these
genetic studies of AMPK highlight the importance of a tight regulation of AMPK activity in the kidney
during physiological conditions, AMPK impairment in the kidney’s response to metabolic stress
initiates deleterious outcomes.
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3. AMPK Activity in Obesity and Diabetes-Induced Chronic Kidney Disease (CKD)

Type II diabetes, obesity, and MetS are characterized by lipid accumulation and hyperglycemia,
which is perceived by the cells as a nutrient excess. According to the classic view, the cells respond
to this high-energy state by a decreased AMPK activity. However, many cellular and molecular
events directly or indirectly linked to metabolic disturbances in the whole body inhibit AMPK [50].
As previously mentioned, AMP: ATP ratio during physiological conditions or adaptations such as
exercise or starvation strongly correlate with AMPK activity. In obesity and diabetes, additional
mechanisms, independent of the AMP: ATP ratio, might also promote the reduced AMPK activity.
With nutrient excess, the energy state of the cell favors an altered redox status with higher NADH
production through glycolysis [51]. This increase in NADH, in turn, leads to reduced activity of Sirtuin
1 (SIRT1), an NAD+-dependent deacetylase, that is a potent activator of LKB1, therefore favoring
the dephosphorylated state of AMPK [52–54]. Recently, Kikuchi et al. further demonstrated in
CKD-induced by a subtotal nephrectomy in mice that AMPK activity was decreased in renal tissue
in spite of high energy demand. CKD-associated acidosis and uremic metabolites were particularly
implicated in the sensing failure to upregulate AMPK despite an increased AMP to ATP ratio [55].

Elevated circulating hormones such as insulin and leptin in metabolic diseases downregulate
AMPK by inducing inhibitory phosphorylation on different serine residues. For example,
insulin decreases AMPK activity through phosphorylation on Ser485 and Ser491 of AMPKα subunits
by the Akt pathway. At the same time, leptin induces AMPK inhibition by p70S6 kinase downstream
of Akt [56,57]. Additionally, low adiponectin levels in obesity and type II diabetes could also decrease
AMPK activation via its receptor, AdipoR1. Adiponectin knockout mice have decreased AMPK activity,
while AMPK activity correlates with adiponectin levels in an obesity model [58]. In high-fat and
high-sucrose diet models, tissue expression of adiponectin receptors was dysregulated, highlighting a
mechanism of adiponectin resistance in peripheral tissues that could also contribute to impaired AMPK
activity [59,60]. More recently, the treatment of db/db mice with an activator of adiponectin, AdipoRon,
showed the upregulation of phosphorylated AMPK in the kidney along with reduced inflammation
and lipotoxicity [30]. Finally, obesity and diabetes are associated with inflammation and oxidative
stress that are both recognized to inhibit AMPK [61]. The pro-inflammatory cytokine TNFα is known
to suppress AMPK activity via the induction of protein phosphatase 2C (PP2C) in skeletal muscle
in vitro and in vivo, suppressing fatty acid (FA) oxidation and promoting insulin resistance [62].

4. AMPK in Renal Transport

The role of AMPK in ion transport has been described in earlier reviews [63,64]. However,
very little is known about the role of AMPK in renal transport in the setting of obesity and diabetes.
Both obesity and insulin resistance are associated with significant changes in tubular transport,
leading to electrolyte disorders such as hypomagnesemia, hyper/hyponatremia, hyper/hypokalemia,
and hyper/hypocalciuria [65,66]. Interestingly, AMPK interferes with Na+-handling, notably by
activating the primary transport, the NKA [67]. Xiao et al. demonstrated that the AMPK pathway is
the principal regulator of NKA signaling as the hyperuricemia-induced renal tubular injury impairs
NKA. Moreover, AMPK activation exerts protective effects regarding NKA-mediated mechanisms of
tubular injury by regulating NKA expression and reducing lysosomal NKA degradation [68]. However,
AMPK activation also downregulates the ENaC expression in the distal tubule [69,70] while it seems
to enhance the stimulation of the NKCC that is responsible for sodium reabsorption in the thick
ascending limb [46,71]. Nevertheless, the use of knockout mice for AMPK subunits demonstrated
only a moderate role for AMPK in renal sodium handling, suggesting that AMPK might only play a
secondary modulatory role [72]. Furthermore, AMPK downregulates many other renal transporters
such as Na+-coupled phosphate transporter (NaPi-IIa) or CFTR [73,74]. Therefore, though reduced
renal AMPK activity in metabolic diseases may contribute to salt and water imbalance in obesity- or
diabetes-related disease, the role of AMPK in renal tubular handling in the metabolic disease associated
kidney disease needs further investigation.
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5. AMPK and Renal Lipid Metabolism

Diabetic nephropathy and obesity-induced CKD are both linked to renal lipid accumulation
and abnormal lipid metabolism (Figure 3) [24,75,76]. Activated AMPK induces the inhibitory
phosphorylation of Acetyl-CoA Carboxylase (ACC), the rate-limiting step of FA synthesis,
reducing the production of malonyl-CoA. Decreased malonyl-CoA promotes the activation of carnitine
palmitoyltransferase-1 (CPT-1), allowing the entry of FA into the mitochondria for β-oxidation.
Therefore, a direct consequence of AMPK dysfunction in the kidney is the increase of ACC activity,
likely contributing to lipogenesis and ultimately lipid accumulation. Mice fed a high-fat diet confirm
dysregulated AMPK and the consequent renal accumulation of cholesterol and triglycerides (TG) [24,77].

Figure 3. Impaired regulation of lipid metabolism by AMPK in renal cells in obesity/diabetes.
Inhibition of AMPK and the increased FA overload lead to a decreased mitochondrial FA oxidation
and an enhanced lipogenesis, initiating lipotoxicity in renal cells. Inhibitory phosphorylation of
ACC by AMPK is removed, allowing for malonyl-CoA production, leading to inhibition of CPT-1
activity and suppression of FA oxidation in mitochondria. HMGCR and SREBP1-c are enhanced
and initiate cholesterol and FA synthesis that contributes to a general increase of lipogenesis,
leading to further lipid accumulation in renal cells. Excess FA content associated with impaired
AMPK pathway and related lipid metabolism initiates ectopic lipid accumulation in renal cells,
including harmful lipid metabolites (DAG, ceramides, and eicosanoids) that cause lipotoxicity. AMPK,
AMP-activated protein kinase; ACC, Acetyl-CoA carboxylase; CPT1, Carnitine palmitoyltransferase I;
PPARγ, peroxisome proliferator-activated receptor γ; HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme
A reductase; RXR, retinoid X receptor; SREBP, sterol regulatory element-binding proteins; FAS,
fatty acid synthesis; FAO, fatty acid oxidation; DAG diacylglycerol; FFAs, free fatty acids. The arrow
indicates whether the regulation is activating (black) or inhibitory (red). The dashed arrow indicates a
potential regulation.

Obesity and diabetes increase the expression of Sterol Regulatory Element-binding Proteins
(SREBP) that are implicated in fatty acid and cholesterol metabolism [78,79]. SREBP-1c knockout mice
fed a high fat diet (HFD) do not accumulate renal lipids [80]. However, transgenic mice overexpressing
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SREBP-1a demonstrated elevated renal TG content with glomerulosclerosis and proteinuria [78].
Though this study did not probe AMPK activity, AMPK is a direct upstream kinase of SREBP in the
liver [81,82]. Activation of AMPK resulted in inhibition of SREBP1-c and attenuation of lipogenesis in
hepatocytes [83]. Indeed, Li et al. demonstrated that SREBP1-c phosphorylation at Ser372 by AMPK
in the liver led to the inhibition of the transcriptional activity of SREBP1-c by decreasing its cleavage
and nuclear translocation [83]. SREBP family of proteins induces FAS by inducing transcriptional
expression of FAS genes [84]. Particularly, SREBP1-c contributes to the increased de novo synthesis
of fatty acids by regulating both FAS and ACC expression [85]. Moreover, calcium channel blocker
Nifedipine decreased AMPK activity and increased SREBP1/2 and intrarenal lipids [86]. These studies
confirm the role of AMPK dysregulation in renal lipid accumulation via the SREBP pathway.

Kume et al. demonstrated an increase in renal TG content and marked neutral lipid
accumulations in both the glomeruli and tubular compartment with overexpression of the peroxisome
proliferator-activated receptor gamma (PPARγ), while heterozygous PPARγ mice were protected [76].
This study demonstrated decreased AMPK activity, but no link between AMPK and PPARγ was
discussed. Interestingly, several independent studies have highlighted a cross-regulation of AMPK
and PPARγ, suggesting an expanded regulation of lipid metabolism by AMPK [87–89].

On the other hand, HFD fed mice demonstrated decreased lipolysis and AMPK activity [24].
Cholesteryl esters and phosphatidyl contents but not TG were increased along with a significant increase
of lipid droplets in proximal tubular cells (PTC). AICAR, a specific AMPK activator, prevented all
these changes. In that study, AMPK activation in HFD mice also prevented cholesterol synthesis
by the regulation of the rate-limiting cholesterol synthesis enzyme 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) [24]. Other groups also confirmed lipid droplet accumulation in PTC [21–27].
Under physiological conditions, the primary role of PTC is the active reabsorption of filtered
sodium. This process requires a large amount of ATP, mostly provided through the mitochondrial
β-oxidation of FA. Inhibition of FA oxidation induced increased intracellular lipid depositions,
cellular de-differentiation, and cell death in the kidney [90,91]. In PTC, FA can also be taken up via
the fatty acid translocase (CD36) and the fatty acid-binding proteins (FABP). FA can then be used
to supply energy. CD36 was upregulated in kidney biopsies of diabetic patients [92]. Moreover,
CD36 upregulation in the kidney led to the inhibition of AMPK activity and subsequent lipotoxicity [86].

Excess intracellular FA content can lead to the accumulation of toxic lipid metabolites such as
diacylglycerol (DAG) and ceramides. Both the DAG and ceramide are known to be involved in insulin
resistance and inflammation. Both are endogenous activators of protein kinase C (PKC) and PP2A [93].
Moreover, the downregulation of AMPK activity through the PKC-dependent Ser487 phosphorylation
has been demonstrated in human endothelial cells [94]. Using lipidomics, Declèves et al. demonstrated
HFD-induced dysregulation of lipid metabolism and particularly highlighted eicosanoids, which are
implicated in the inflammatory response in the kidney. Direct activation of AMPK with AICAR
reduced arachidonic acid and docosahexaenoic acid-derived metabolites in the kidney, thus improving
the eicosanoid pathway and associated lipotoxicity [95]. Therefore, the altered lipid metabolism in the
kidney, characterized by an imbalance between FA accumulation and degradation seems primarily
mediated by AMPK.

6. AMPK and Renal Glucose Metabolism

In conditions with abundant glucose, AMPK promotes GLUT4 gene expression, glucose uptake,
and glycolysis in insulin-sensitive cells. Several studies have reported the role of AMPK in
mediating glucose transport in podocytes and insulin resistance in diabetic nephropathy [96,97].
Indeed, podocytes display a complex cellular morphology that requires a sustained energy supply
to maintain cytoskeletal remodeling. In podocytes, the mitochondrial abundance is low and
anaerobic glycolysis represents the predominant energy source that makes them uniquely sensitive
to insulin [98]. Although insulin-stimulated glucose uptake is mostly independent of AMPK,
Rogacka et al. demonstrated that AMPK activity is essential for insulin sensitivity in podocytes.
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Moreover, insulin resistance in podocytes cultured in high glucose medium was closely related
to AMPK activity [96]. Using pharmacological and genetic approaches, they suggested that the
involvement of AMPK in PTEN (phosphatase and tensin homolog) regulation in cultured podocytes
was disturbed in high glucose conditions leading to decreased insulin sensitivity. Insulin mediates
AMPK regulation through transient receptor potential canonical channel 6 (TRPC6) activation [99].
TRPC6 is a nonselective Ca2+ channel protein that is implicated in the pathophysiology of kidney
diseases [100]. In diabetic nephropathy, TRPC6 is upregulated, suggesting a putative role of TRPC6
expression in the progression of diabetic nephropathy pathology. Wang et al. investigated the
effect of TRPC6 knockout on diabetic kidney disease in the Akita model of type I diabetes [101].
They surprisingly demonstrated a protective effect of TRPC6 downregulation on proteinuria and
albuminuria. This role of TRPC6 is contrary to promoting the progression of glomerular impairment
associated with insulin resistance in vivo and in podocyte cultures.

Like AMPK, Sirtuin 1 (SIRT1) acts as a nutrient sensor in cells. AMPK and SIRT1 are reciprocally
regulated and share common targets. The expression of SIRT1 is significantly reduced in animal
models of diabetes and in diabetic patients. Moreover, podocyte-specific overexpression of SIRT1 led to
improvements in glomerular and tubular injuries in diabetic mice [102]. SIRT1 downregulates AMPK
activity in podocyte cultures. SIRT1 suppresses the stimulation of AMPK by insulin, suggesting that
the SIRT1/AMPK pathway is essential in podocytes for proper insulin response [103]. Both AMPK and
SIRT1 promote autophagy flux in renal tissue, regulate mitochondrial homeostasis, and antioxidative
defense. AMPK mediates the hypoglycemic and renoprotective effects of Salidroside (plant glycoside)
by downstream activation of SIRT1 [104].

In the proximal tubule, glucose reabsorption mostly occurs via the Na+-glucose cotransporter
SGLT2 and to a lesser extent via SGLT1 in later segments of the proximal tubule. Glucose leaves the
basolateral membrane through GLUT1 and GLUT2 [105]. Although the AMPK regulation of SGLT2
has not been clearly addressed, the use of SGLT2 inhibitors mimics the cellular response to starvation
and indirectly activates AMPK, leading to the improvement of nephropathy development [106].
However, it has been demonstrated that AMPK activates SGLT1-dependent glucose transport in
colorectal cells and cardiomyocytes that needs to be confirmed in the renal tissue [107,108]. Moreover,
AMPK activation increased GLUT1 gene expression in rat kidneys and is associated with enhanced
activity of GLUT2 in murine intestinal tissue [64].

7. AMPK and Renal Mitochondrial Function and Dysfunction

7.1. Mitochondrial Biogenesis and Dynamics

As already mentioned, the kidneys are highly metabolic organs, rich in mitochondria to meet
their enormous energy demands. PTCs have a high number of active transporters that require energy
to reabsorb ions, glucose, or other nutrients. Maintaining the mitochondrial function is, therefore,
essential to sustain the energy demand and kidney function. AMPK activity promotes mitochondrial
homeostasis by regulating mitochondrial biogenesis and dynamics and limiting reactive oxygen species
(ROS) formation [38,109]. There is a very substantial body of evidence demonstrating the mitochondrial
protection exerted by AMPK, notably by activating peroxisome proliferator-activated receptor gamma
co-activator 1-alpha (PGC-1α) [110–113]. PGC-1α is a transcriptional co-activator and the master
regulator of mitochondrial biogenesis. Upon activation, it migrates to the nucleus to activate different
transcription factors, including nuclear respiratory factors 1 and 2 (NRF-1 and -2). These, in turn,
activate the expression of nuclear-coded respiratory chain proteins and the expression of mitochondrial
transcription factor A (Tfam), driving replication of mitochondrial DNA and transcription [114].

Mitochondrial dysfunction has been well documented in metabolic disease-induced CKD
(reviewed in [115,116]) and is a critical player of the pathogenesis [117]. Szeto et al. demonstrated
that the use of SS-31, a mitochondrial-targeted antioxidant, preserved mitochondrial structure in HFD
mice and led to the improvement of glomerular and tubular injuries. Interestingly, these effects were
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attributed to restored AMPK activity, suggesting that mitochondria integrity is essential to maintain
AMPK phosphorylation [118]. Even in diabetic nephropathy, the restoration of AMPK activation
via AICAR restored mitochondrial function and superoxide production, in association with PGC1-α
activation, reduced kidney injury. In another study, treatment with Chloroquine in both in vitro and
in vivo diabetic environments enhanced AMPK phosphorylation and led to mitochondrial biogenesis
and an improved balance of mitochondrial fusion/fission proteins [119]. Human osteosarcoma cells
demonstrate the involvement of AMPK in mitochondrial dynamics (fusion/fission/mitophagy) [120].
Toyama et al. found a new AMPK target protein, the mitochondrial fission factor (MFF), which is the
primary receptor for the dynamin-like protein Drp1 involved in the mitochondrial fission mechanism.
Later, the same AMPK/MFF/Drp1 axis was dysregulated in mesenchymal stromal cells as well.
Renal mitochondrial fragmentation has been observed in both in vitro and in vivo models of diabetic
nephropathy that was reversed by both AMPK activators, AICAR and Metformin. Interestingly, in that
study, the improvement in mitochondrial fragmentation by AMPK activators was correlated with
activation of PGC1-α and the consequent restoration of Drp1 and Mfn1 expression in tubular cells [121].

7.2. AMPK and Oxidative Stress

Oxidative stress plays a crucial role in the development and the progression of diabetic
nephropathy and obesity (Figure 4). Because renal cells are metabolically very active and contain many
mitochondria, they are highly vulnerable to ROS generation and therefore to oxidative damage [116].
Under physiological conditions, ROS are generated as standard products of aerobic metabolism,
acting as intracellular signaling messengers. Therefore, ROS such as the superoxide radical (O2

•−) and
hydroxyl radical (•OH) or even the nonradical hydrogen peroxide (H2O2) are continuously produced
during cell metabolism and are eliminated by the antioxidant defenses that include superoxide
dismutase (SOD), catalase, peroxidases and the glutathione system to prevent cellular protein damage
or lipid peroxidation. However, under nutrient stress such as during chronic hyperglycemia or
hyperlipidemia, overproduction of ROS due to the disruption of the redox status occurs, leading to
renal inflammation, fibrosis, and impairment of organ structure and function [8,122].

Figure 4. Schematic representation of the proposed mechanism by which diabetes/obesity leads to
a decreased antioxidative response mediated by AMPK and enhanced oxidative stress in the renal
cell. Regulation of mitochondrial production of reactive oxygen species (ROS) is required for the
proper adaptation of the renal cell to metabolic stress. Diabetes and obesity impair renal mitochondrial
ROS, which is associated with decreased AMPK. AMPK inhibition and decreased SIRT1 activity lead
to a maladaptive antioxidative response through PGC1-α activity suppression, notably decreasing
mitochondrial biogenesis. Decreased AMPK also results in increased NOX4-dependent ROS production,
further increasing oxidative stress in renal cells. The arrow indicates whether the regulation is activating
(black) or inhibitory (red).
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In the kidney, the mitochondria are the primary source of ROS production due to a leakage
from the mitochondrial electron-transport chain. Regarding AMPK and oxidative stress, it has been
well established that AMPK activity plays a crucial role in maintaining redox homeostasis in the
cells. AMPK is essential in the suppression of ROS and acts thus as an oxidative stress defense.
Different models have described a link between reduced AMPK activity and mitochondrial ROS
(mtROS) [112,115–117]. Physiologically, mtROS promotes noncanonical activation of AMPK, triggering
antioxidative responses through PGC1-α activation and regulating mitochondria homeostasis by
activation of the mitophagy process via AMPK-mediated phosphorylation of the Unc-51 like autophagy
activating kinase ULK-1 [109]. AMPK regulates gene expression of several antioxidative genes,
including catalase, SOD2, UCP2, and SIRT3 [123]. Notably, AMPKα or PGC1α deficiency increases
oxidative stress in cells and cannot overcome ROS-induced damage and mitochondrial homeostasis
disruption [109].

Under pathological conditions, the contribution of ROS to the development and the progression
of kidney disease is controversial. For example, Ruggiero et al. demonstrated that the kidneys of
mice fed an HFD could maintain mitochondrial biogenesis and bioenergetics, despite evidence of
renal oxidative stress, suggesting an adaptive response to the free FA overload [124]. Still, Dugan et al.
reported a reduced superoxide production associated with suppression of mitochondrial activity in the
type I diabetic model [29]. The decreased mtROS was concomitant with a decreased AMPK activity and
led to further inhibition of mitochondria in a feedback loop manner. Interestingly, AICAR treatment
restored AMPK activity and the mitochondrial superoxide production reversing the hallmarks of
diabetic kidney disease such as glomerular matrix expansion and albuminuria [29]. Sharma et al.
proposed that stimulation of mitochondrial function and superoxide production by AMPK agonists
would be associated with better outcomes in the diabetic kidney [125]. However, mtROS production
inhibits AMPK activity through the SIRT1 pathway. Indeed, mtROS mediate DNA breaks in the
nucleus that require the activation of PARP (repair enzyme, poly adenosine diphosphate ribose
polymerase), another NAD+-dependent enzyme. Therefore, upon PARP activation, the pool of cellular
NAD+ is reduced, decreasing NAD+ availability for SIRT1, reducing the phosphorylation of AMPK
through LKB1 activation [126]. In conclusion, the direct link between AMPK and mtROS production
has not been fully understood and will require further investigation in the context of diabetes- and
obesity-induced CKD.

NADPH oxidases (NOXs) are another important source of ROS in renal cells. NOX-derived ROS
are involved in vascular oxidative stress and endothelial dysfunction in obesity. NOX4 is the most
abundant NOX isoform in the kidney and predominantly generates H2O2 that also plays physiological
roles in renal cells [127,128]. Recently, Muñoz et al. demonstrated reduced endothelial NOX4
expression associated with decreased H2O2 generation and H2O2-mediated vasodilatation in obese
rats [129]. NOX4 is upregulated in both diabetic nephropathy and obesity-related CKD [130,131].
The downstream consequences of NOX4 activation in the kidney lead to increased inflammation
and fibrosis that is mostly dependent on AMPK signaling. Indeed, AMPK activation reduced NOX4
and ROS production and subsequently inhibiting NFκB and TGF-β-mediated fibrosis. He et al.
demonstrated that in renal fibroblast cells and db/db mice, high glucose-induced ROS generation is
mainly derived from NOX4 and not NOX1 and NOX2. NOX4 activation led to the proliferation and
activation of resident fibroblasts and, ultimately, renal fibrosis. Resveratrol treatment in db/db mice
prevented NOX4 expression primarily due to increased AMPK activity [132]. Similarly, numerous
recent studies highlighted the beneficial effects of antioxidants or other compounds against renal
injuries implicating AMPK/NOX4/ROS [133–139]. Furthermore, two independent studies reported
that Sestrin-2 mediated activation of AMPK inhibits ROS production, podocyte impairment in the
hyperglycemic condition, and suppresses NOX4 in glomerular mesangial cells [140,141]. p53 and
proapoptotic protein PUMA (p53-up-regulated modulator of apoptosis) in diabetic podocytes and
glomeruli are promoted by AMPK/NOX4 dysregulation and reversed by AICAR treatment [32].
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Therefore, many studies have demonstrated AMPK dependent NOX4 downregulation in the diabetic
kidney, suggesting a protective role of NOX4 in diabetic nephropathy.

8. AMPK and the Regulation of Renal Autophagy and Mitophagy

Autophagy is a complex and highly regulated process of self-degradation of cellular components.
In the kidney, basal autophagy flux is essential to maintain cellular homeostasis and renal
function. Kidney-specific autophagy-deficient mice revealed evidence of damaged mitochondria,
protein aggregates, endoplasmic reticulum stress, podocyte, and proximal tubular cell loss,
and progressive impairment of renal function [142]. The role of AMPK in the regulation of the
autophagy flux has been extensively investigated in liver, muscle, brain, or adipocytes, whereas only
a few studies explore the role of AMPK in renal autophagy [143–146]. AMPK positively regulates
the autophagy process through phosphorylation of essential target proteins, mainly through the
mechanistic target of rapamycin (mTOR) and ULK-1 [147]. Upon activation, AMPK inhibits mTOR
and activates ULK-1, which, in turn, activates autophagy [148]. The inhibition of mTOR by AMPK
is either by direct phosphorylation or through phosphorylation of the tuberous sclerosis complex 2
(TSC2) protein that then reduces mTOR activity [149]. Interestingly, the high basal level of autophagy
observed in podocytes is mainly regulated by the AMPK/ULK-1 axis rather than the mTOR pathway,
suggesting that the activation of autophagy by AMPK might be cell-type dependent in kidneys [150].
Moreover, AMPK phosphorylates Raptor leading to a decrease in mTORC1 activity [151]. Finally,
AMPK activity leads to an increased intracellular pool of NAD+ that allows an increase of SIRT1
activity. SIRT1 targets FOXO1 and FOXO3 in the nucleus and autophagy-related genes Atg5, Atg7,
and Atg8, which positively regulate autophagy [152].

Obesity or diabetes can lead to impairment of autophagy flux in renal cells [153,154].
HFD/obesity-induced autophagy impairment has been described in rodent models and obese
patients [27,155]. Yamamoto et al. described the stagnation of the autophagy flux as a novel
mechanism of renal lipotoxicity in a model of mice fed an HFD. They demonstrated that long
term lipid overload was associated with impairments of the lysosomal system and to a consequent
accumulation of phospholipids, probably of mitochondrial origin. This lipotoxicity was associated
with a sustained mTOR activation, but the association with AMPK was not explored. Excessive fat
also induces constitutive activation of mTORC1 that directly inhibits AMPK activity, suggesting a
link between mTOR and AMPK [156,157]. However, AMPK-mediated activation of autophagy
protects against renal injury, particularly in AKI [158]. Regarding metabolic disease-related CKD,
Yamahara et al. demonstrated that obesity significantly suppressed autophagy in PTC of both mice
and humans. Notably, they found that AMPK was implicated in FFA-albumin–induced autophagy
in PTCs. In PTCs, AMPK downregulation was associated with decreased autophagy induction by
albumin-binding FFA, suggesting that AMPK may be essential for maintaining proper autophagy
flux. In obesity, AMPK activity remains unaltered by FFA-albumin overload, but its activity failed to
decrease the hyperactivation of the mTORC1 signal, which leads to the obesity-mediated exacerbation
of proteinuria-induced tubulointerstitial damage. Delayed activation of AMPK with fenofibrate and
AICAR was associated with subsequent autophagy activation in the kidney of mice on HFD [24,159].
Antioxidant drugs such as Berberine or Mangiferin improve autophagy flux in diabetic nephropathy
through the activation of AMPK [160–162].

There is no direct evidence of the role of AMPK in mitophagy pathways. However, activated ULK-1
translocates to damaged mitochondria and phosphorylates FUN14 domain containing 1 (FUNDC1)
protein, which is considered a critical player of mitophagy, allowing the formation of an autophagosome
around damaged mitochondria [163]. Therefore, AMPK-induced ULK-1 activation may be a crucial
mediator of mitophagy [164]. In the study of Yamamoto et al., the induction of the mitophagy pathway
protects PTC from mitochondrial dysfunction. Activation of AMPK with AICAR or Metformin led
to an increase of autophagy flux and removal of damaged mitochondria in streptozotocin-induced
diabetic nephropathy [121]. Finally, AMPK is implicated in lipophagy, the autophagic degradation of
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lipid droplets (LDs). Lipophagy and lipolysis of LDs for intracellular lipid mobilization are preceded
by the targeted autophagy of Perilipin2 (PLIN2). This process is controlled by AMPK-dependent
phosphorylation of PLIN2, suggesting a new pathway to regulate lipid metabolism by AMPK through
the regulation of lipophagy [165]. The precise role of AMPK in the regulation of autophagy, mitophagy,
or lipophagy in renal cells needs further investigation. However, AMPK dysregulation inhibits
autophagy and participates in the pathogenesis of obesity and diabetic CKD. AMPK activation may be
a valuable way of restoring the autophagy process in metabolic disease-induced CKD.

9. AMPK and Sirtuins

The sirtuins are members of the Class III deacetylases. So far, seven forms of sirtuins have
been identified (SIRT1-7) [166]. Specifically, SIRT 1 and SIRT3 are induced by caloric restriction and
associated with AMPK [167]. The AMPK/SIRT1/PGC1-α pathway acts as a crucial network to maintain
mitochondrial homeostasis (already discussed in this review) [168,169]. However, recent studies
highlight an AMPK/SIRT3 axis in disease. Deacetylation accounts for a crucial mechanism to regulate
the activity of many substrates involved in energy metabolism [170]. SIRT3 is an NAD+-dependent
deacetylase, mainly localized in mitochondria. SIRT3 plays a significant role in mitochondrial
homeostasis by regulating the mitochondrial respiratory chain and ATP production. SIRT3 promotes FA
oxidation through the deacetylation of long chain acyl-CoA dehydrogenase (LCAD) [171] and also exerts
an antioxidant activity by targeting the superoxide dismutase 2 (SOD2) and the isocitrate dehydrogenase
(IDH2) [166,172]. More interestingly, the cytosolic form of SIRT3 activates LKB1, which in turn activates
AMPK in primary cardiomyocytes [173]. Therefore, reduction in SIRT3 expression in a setting of
obesity could, in part, explain the reduction in AMPK activity. Another evidence of the role of SIRT3 in
AMPK activation is its involvement in the increase of cytosolic calcium level that, in turn, activates
CaMKKβ and promotes AMPK activity. It is thus worth hypothesizing that the AMPK/SIRT3 axis
plays a vital role in renal lipotoxicity.

Rodents and humans demonstrate the critical role of SIRT3 in metabolic diseases, highlighting the
decrease in SIRT3 activity in several tissues such as the liver, the adipose tissue and the muscle [174,175].
Mice deficient for SIRT3 on an HFD also reveal accelerated hallmarks of MetS [176]. SIRT3 restoration
is also beneficial in models of acute kidney injury (AKI) [177–179]. Indeed, maintaining SIRT3 activity
was shown to prevent acute damage in renal tubular cells by maintaining the mitochondrial functional
integrity and dynamics by normalizing mitochondrial protein acetylation [177,179]. Morigi et al.
reported that in mice with cisplatin-induced AKI, tubular cell mitochondrial abnormalities were
associated with decreased renal SIRT3 mRNA and protein expression, whereas treatment with AICAR,
an activator of AMPK, improved renal function through the restoration of SIRT3 expression and activity.
Mitochondrial protein acetylation normalized concomitantly with the upregulation of proximal tubular
SIRT3 expression after AICAR treatment providing evidence of the role of AMPK activity in restoring
SIRT3 deacetylase activity. These recent data shed light on the AMPK/SIRT3 pathway to maintain
cellular homeostasis by improving mitochondrial functional integrity.

10. Conclusions and Future Directions

The downregulation of AMPK activity in obesity- and diabetes-induced CKD has been extensively
reported in patients and in vivo and in vitro experimental models. Inhibition of AMPK activity
in the kidney results from systemic metabolic dysregulation, signaling factors mediated by other
dysfunctional tissues and organs (organ crosstalk), and intrarenal disturbances. Delineating the
pleiotropic pathways regulated by AMPK and the potential impact of their dysregulation on renal
cell function and metabolism remains a challenge. A better understanding of the AMPK pathway
and the consequences of its dysregulation in metabolism-induced kidney diseases is thus essential
to improve therapeutic strategies. Here, we present a more comprehensive and exhaustive review
of the experimental and clinical evidence supporting the central role of AMPK in the development
and progression of diabetes- and obesity-induced CKD. In particular, we summarized relevant data
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regarding the altered renal AMPK-mediated molecular mechanisms and critical targets in the context
of excessive energy supply. In the kidney, AMPK is essential to maintain ATP levels to meet the high
metabolic demands in renal cells to regulate renal transport. Moreover, there is a large body of evidence
demonstrating that activating AMPK leads to the prevention of renal lipotoxicity and lipid accumulation
by reducing FA synthase. In podocytes, glucose metabolism and associated insulin resistance are both
linked with AMPK regulation. Beyond its role in glucose and lipid metabolism and as an energy sensor
in the kidney, AMPK alleviates mitochondrial damage by at least four mechanisms (Figure 5): (1) AMPK
is strongly implicated in the regulation and the response to ROS production by altered mitochondria,
thus preventing damage induced by mtROS; (2) activation of AMPK favors mitochondrial biogenesis to
enhance metabolism by inducing AMPK/SIRT1/PGC1-α pathway; (3) AMPK regulates mitochondrial
dynamics and quality control, including mitochondrial fission/fusion; and (4) AMPK activity initiates
autophagy flux and selectively degrades unhealthy mitochondria. Therefore, inhibition of renal AMPK
is associated with poor outcomes and leads to lipotoxicity, insulin resistance, inflammation, fibrosis,
and loss of renal function. Therefore, activating AMPK in metabolic disease and the associated renal
injury represents a potentially critical therapeutic target [180].

Figure 5. Mechanisms by which AMPK regulates mitochondrial homeostasis in the renal cell.
Activation of AMPK in the context of obesity and diabetes leads to improved mitochondrial dysfunction
and cellular metabolism by (1) decreasing oxidative stress (ROS) by inducing antioxidative mechanisms;
(2) favoring mitochondrial biogenesis to increase mitochondrial density; (3) participating in the
dynamic regulation of mitochondrial fission and fusion to facilitate their degradation by mitophagy;
and (4) ultimately regulating mitochondrial quality control by the initiation of autophagy and mitophagy.

Dynamic research has extended classical knowledge regarding AMPK beyond energy-sensing
towards novel AMPK- related pathways and mechanisms in different models and pathologies.
While in vitro studies of renal cells in the context of excess energy supply help investigate cellular and
molecular mechanisms, they offer a reductive view of the complex regulation of in vivo AMPK that
relies on several factors. However, in animal models of metabolic syndrome, diabetes, and obesity,
AMPK activators demonstrate several unintended off-target effects. It is impossible to delineate
the exclusive effects of these drugs on the kidney or specific renal cells. Therefore, more studies in
models with tissue or cell type-specific genetic deletion or overexpression of AMPK in the context of
metabolism-related kidney disease are required to delineate the pleiotropic roles of AMPK presented
in this review.
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Abstract: Exercise training is now recognized as an interesting therapeutic strategy in managing
obesity and its related disorders. However, there is still a lack of knowledge about its impact on
obesity-induced chronic kidney disease (CKD). Here, we investigated the effects of a delayed protocol
of endurance exercise training (EET) as well as the underlying mechanism in obese mice presenting
CKD. Mice fed a high-fat diet (HFD) or a low-fat diet (LFD) for 12 weeks were subsequently submitted
to an 8-weeks EET protocol. Delayed treatment with EET in obese mice prevented body weight gain
associated with a reduced calorie intake. EET intervention counteracted obesity-related disorders
including glucose intolerance, insulin resistance, dyslipidaemia and hepatic steatosis. Moreover, our
data demonstrated for the first time the beneficial effects of EET on obesity-induced CKD as evidenced
by an improvement of obesity-related glomerulopathy, tubulo-interstitial fibrosis, inflammation and
oxidative stress. EET also prevented renal lipid depositions in the proximal tubule. These results were
associated with an improvement of the AMPK pathway by EET in renal tissue. AMPK-mediated
phosphorylation of ACC and ULK-1 were particularly enhanced leading to increased fatty acid
oxidation and autophagy improvement with EET in obese mice.

Keywords: high-fat diet; chronic kidney disease; endurance exercise training; AMPK; autophagy;
ectopic lipid accumulation

1. Introduction

In the general population, obesity is the second most highly predictive factor for
end-stage renal disease, independently of diabetes and hypertension [1]. Central obesity
is related to caloric excess promoting deleterious cellular responses in targeted organs.
Obesity is mainly caused by a sedentary lifestyle commonly characterized by an excess
consumption of ultraprocessed food containing high amounts of saturated fat, and a lack
of physical activity [2]. The prevalence of obesity is increasing worldwide and predictive
projections suggest that nearly 50% of adults will be obese by 2030 [3,4]. The consequences
of adiposity include the endocrine activity of the adipose tissue via the production of
adipokines, leading to the development of inflammation, oxidative stress, activation of the
renin-angiotensin-aldosterone system and increased insulin resistance in the kidney [5].
Clinical and experimental studies have also demonstrated obesity-related glomerulopathy,
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which is characterized by glomerulomegaly with thickening of the glomerular basement
membrane, mesangial matrix expansion, hyperfiltration-related glomerular filtration bar-
rier injury and, ultimately, focal glomerulosclerosis [6–8]. Furthermore, studies showing
ectopic lipid depositions in the kidney have emerged, suggesting a role of fat accumulation
in the development and progression of CKD [9–12]. Direct intrarenal effects of obesity
involve lipid accumulation and impaired fatty acid β-oxidation (FAO) in kidney cells and
tissue [13]. Renal proximal tubular cells (PTC) are metabolically very active, requiring a
large amount of ATP, which is mostly provided through the mitochondrial FAO. In a previ-
ous work, we demonstrated a robust accumulation of lipids within enlarged multilamellar
inclusions (MLI) into the PTC along with impaired tubular function and increased oxidative
stress in obese mice [10]. Yamamoto et al. also described the stagnation of the autophagy
flux in PTC, associated with the impairment of the lysosomal system. These alterations
likely contribute to albuminuria, a progressive decline in renal function and end-stage
renal disease. Moreover, evidence of a dysregulation of AMPK activity in podocytes and
proximal tubular cells in diabetic and obesity conditions has been demonstrated [14,15].
In addition, pharmacological AMPK activation has been shown to improve pathologic
features of the disease [10]. AMPK is a ubiquitous heterotrimeric enzyme that is the master
energy sensor in all eukaryotic cells and is abundantly expressed in kidneys [16]. It is a
central mediator of energy homeostasis responsive to nutritional and metabolic stresses
such as obesity [17]. AMPK also activates autophagy through phosphorylation of ULK-1
in renal cells [18,19]. Therefore, inhibition of AMPK in kidney tissue is associated with
poor outcomes.

Despite considerable efforts in the development of new therapeutic strategies, there is
still a lack of effective treatment without strong side effects. Current pharmacotherapies
that target food intake regulation have side effects (psychiatric and/or cardiovascular side
effects) observed for long periods of use and may be associated with weight regain once
the medication is stopped [20]. In addition, even though AMPK has been demonstrated to
represent a key target for the treatment of metabolic diseases, indirect AMPK activators
such as AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide) have been widely inves-
tigated during the last decade by our group and others but did not demonstrate adequate
and efficient therapeutic effects in clinical use [21]. The ongoing development of direct
and specific AMPK activators thus represents an important pharmacological challenge [22].
This highlights the urgent need for alternative therapeutic strategies. Recently, the study of
the effects of behavioral interventions such as exercise training in obesity-related diseases
has regained interest. Indeed, targeting key pathways that could mediate beneficial effects
by exercise represents a safer alternative therapeutic approach for the treatment of chronic
metabolic disorders. Exercise training has been shown to exert beneficial outcomes in
managing obesity-associated diseases [23,24]. However, there is still a lack of knowledge
about the underlying mechanisms. Moreover, the efficacy of exercise-based therapeutic
approach in patients presenting CKD remains controversial, mainly due to the experiment
biases of the clinical studies regarding exercise training in obese patients with CKD [25–28].

Here, we evaluated for the first time, the potential therapeutic effect of a delayed
exercise-based therapy on a treadmill in an obesity-induced CKD mice model. We further
investigated the regulation of the AMPK pathway in response to the treatment.

2. Materials and Methods
2.1. Animals and Diet

The study was conformed to APS’s guiding principles in the Care and Use of Animals
and was approved by the Animal Ethics Committee of the University of Mons (DE-01-01;
09-01-2017). Experiments were performed on eight weeks old C57Bl/6J male mice (Janvier
Labs, Le Genest Saint-Isle, France) housed in cages with ad libitum access to water and
food and were maintained at 35–40% relative humidity and a temperature of 20–23 ◦C
in a 12:12 h light–dark cycle. Eight-week old male mice were randomized either to a
low-fat diet (LFD–10% of total calories from fat; D12450J, Research Diets, New Brunswick,
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NJ, USA) or a high-fat diet (HFD–60% of total calories from fat; D12492, Research Diets,
New Brunswick, NJ, USA). Food intake and body weight were measured weekly during a
20 weeks exposure period. At week 13, LFD and HFD mice were randomized in either of
two additional groups submitted to an endurance exercise training (EET) for eight weeks
(LFDT and HFDT) or the untrained control groups (LFD and HFD) (n = 10 in each group).
Mice fed a high-fat diet for 12 weeks were previously described to present obesity-related
metabolic disturbance as well as characteristic features of obesity-induced CKD [10], and
were used to evaluate exercise training protocol as a therapeutic strategy.

2.2. Exercise Training Protocol

After 12 weeks of the experimental protocol, trained groups (LFDT and HFDT) were
exercised for a total of eight weeks (five days a week) as previously described in [29].
Briefly, mice were acclimated to a treadmill (Treadmill Control LE8700, Panlab apparatus®,
Barcelona, Spain) at a speed of 3 m/min for 5 min and 9 m/min for 10 min during weeks
13 and 14. At the beginning of week 15, a maximal running velocity test was performed
for each trained mouse with a gradual speed increase of 1.2 m/min every two min until
exhaustion (defined as a maximum of four electric stimulations in one minute). Then, the
running velocity (Vmax) was set at 70% of the maximal speed for each mouse. As shown
in Supplementary Materials, the maximal running velocity (Vmax) was similar in both
trained groups of mice, LFDT and HFDT respectively, indicating that ET had no impact
on exercise performance in obese mice (Figure S1). Therefore, mice from LFDT and HFDT
were trained with an equivalent running velocity (70% of the Vmax) throughout the EET
protocol. The exercise duration started at 10 min/day and was increased by 10 min every
week. Sedentary mice were not exposed to exercise training and stayed in their cages
during exercise sessions.

2.3. Sample Collection

Mice were euthanized after 20 weeks on the diet. Blood samples were collected
by intracardiac puncture and centrifuged at high speed for 20 min at 4 ◦C. Plasma was
collected and stored at −80 ◦C until use. Liver, heart and kidney were collected, weighed
and immediately processed for further analysis. Portions of tissues were snap-frozen in
liquid nitrogen for RNA, protein extraction and lipid content quantification. Additional
portions of tissues were fixed in Duboscq-Brazil solution for histological analysis.

2.4. Urine Collection and Measurement of Urinary Markers

At weeks 0, 12 and 20 of the protocol, mice were placed into metabolic cages for 24 h-
urine collection. A mouse Albuwell ELISA kit and a Creatinine Companion kit (Exocell,
Philadelphia, PA, USA) were used to determine the urinary albumin to creatinine level for
each mouse at the different timepoints. Total proteinuria was quantified using the Bradford
binding assay, as previously described [30]. As an index of oxidative stress, urine samples
were also analyzed for hydrogen peroxide by Amplex red assay (Thermo Fisher Scientific,
Waltham, MA, USA) and for 8-hydroxy-2-deoxy guanosine (8-OH-dG) by competitive
ELISA (Gentaur, Kampenhout, Belgium) following the manufacturer’s instructions, and
the data were normalized to the urinary creatinine from each mouse.

2.5. Glucose Tolerance Test

After a 12 h-overnight fast and 18 h after the last exercise session, a glucose tolerance
test (GTT) was performed at weeks 0, 12 and 20 of the experimental protocol. A dose of
2 g/kg body weight of D-glucose (Roth, Karlsruhe, Germany) was administered intraperi-
toneally. Blood samples were then obtained from the caudal vein, and the blood glucose
level was measured at 0, 30, 60, and 120 min after glucose injection using a One Touch®

Verio® glucometer (Zug, Switzerland).
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2.6. Biochemical Assays

ELISA. Plasma insulin level was determined by ELISA with the Rat/Mouse Insulin
ELISA kit (Merck, Darmstadt, Germany). The homeostasis model assessment (HOMA)
for insulin resistance index was determined using a calculator available from the Ox-
ford Centre for Diabetes, Endocrinology and Metabolism (https://www.dtu.ox.ac.uk/
homacalculator/). Plasma Adiponectin concentration was measured according to the man-
ufacturer’s instructions (Adiponectin: MRP300, R&D Systems, Minneapolis, MN, USA).
Plasma TNFα concentration was measured according to the manufacturer’s instructions
(TNF alpha (mouse) ELISA kit; Gentaur, Kampenhout, Belgium).

Plasma lipid levels. Colorimetric enzymatic tests were performed to measure plasma
triglycerides (TG) and cholesterol levels (Diasys, Diagnostic System, Holzheim, Germany)
and plasma nonesterified fatty acids (NEFA) level (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) following the manufacturer’s instructions.

Kidney and liver lipid levels. 90 mg of frozen kidney or liver tissue were prepared
as described in [10]. Briefly, renal tissues were homogenized in a dounce homogenizer
(Tenbroeck, Kimble/Kontes Glass Co., Vineland, NJ, USA) at 4 ◦C with nitrogen-sparged
acid methanol: [0.2 N HCl/0.2 M NaCl] (4:1 mix) solution. For the first extraction phase,
chloroform was added followed by a 30 s vortex to denature and extract proteins. The
second extraction phase was performed by adding chloroform/water (2.5:3) to the mix.
The samples were centrifuged at 16,000 g for 10 min at 4 ◦C to separate the phases. The
lower phase (chloroform) containing lipids was used for measurement of total triglyc-
erides and cholesterol (Diasys, Diagnostic System, Holzheim, Germany) according to the
manufacturer’s instructions. NEFA level was measured in the same phase using a colori-
metric enzymatic test according to the manufacturer’s instructions (Wako Pure Chemical
Industries, Ltd., Osaka, Japan).

2.7. Morphological Analysis

Paraffin-embedded kidney sections were stained with Periodic Acid Schiff (PAS),
Hemalun, and Luxol fast blue for morphological analysis. Morphometry of kidney sections
was carried out as previously reported [15]. The glomerular area, mesangial matrix expan-
sion and nuclei count were determined by randomly analyzing 25 glomeruli in the outer
cortex in each kidney section using ImageJ based on [31]. In addition, a semiquantitative
single-blind analysis was performed to evaluate the frequency of vacuolated tubular cells
in renal cortex using an additional lens engrave with a square grid inserted in one of
microscope eyepieces. For each paraffin section, 10 square fields (0.084 mm2/field) were
analyzed at ×400 magnification. In order to evaluate tubule-interstitial fibrosis, paraffin-
embedded kidney sections were stained with picrosirius red (collagen I and III deposits).
Ten randomly selected area of each kidney section were then analyzed with imageJ to
measure the percentage of positive area. Paraffin-embedded liver sections were stained
with hematoxylin and eosin and steatosis was graded as described by Ryu et al., 2015 [32].

2.8. Immunohistochemistry

Paraffin-embedded kidney sections were dewaxed and rehydrated followed by a
microwave pretreatment in 1 mM EDTA buffer to unmask antigens present in the renal
tissue. Endogenous peroxidase activity was removed by incubation with 3% H2O2 for
10 min and blockaded with 10% normal goat serum. Sections were incubated with primary
antibody against LAMP-1 (Abcam) overnight at 4 ◦C. After rinsing in TBS, slides were ex-
posed for 30 min with SignalStain® Boost IHC Detection Reagent (Cell Signaling, Danvers,
MA, USA) and bound peroxidase activity was detected with the DAB kit (Agilent DAKO,
Heverlee, Belgium). Counterstaining was performed with hemalun and Luxol fast blue.
For each section, 10 square fields (0.084 mm2/field) were observed at ×400 magnification
in the renal cortex. The randomly selected area of each kidney section were then analyzed
with imageJ software. The relative area occupied by positive staining was expressed as
a percentage.

https://www.dtu.ox.ac.uk/homacalculator/
https://www.dtu.ox.ac.uk/homacalculator/
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2.9. Quantitative Real-Time PCR

Snap-frozen kidney tissues were homogenized, and total RNA was then extracted with
Trizol (Sigma-Aldrich, Saint-Louis, MO, USA) and treated with DNAse (Promega, Madison,
WI, USA). Then, total RNA concentration was measured using NanoDrop (NanoDrop
1000, Thermo Scientific, Waltham, MA, USA) and 2 µg of total RNA were used for reverse
transcription using MLV reverse transcriptase (Promega) following the manufacturer’s
instructions. Real-time quantitative PCR was performed in order to quantify mRNA level of
Col I, Col III, TGFβ, MCP-1, IL-1β, TNFα, IL-6, ACC, CPT-1, FAS and 18S as a housekeeping
gene (see Table S1). Quantitative PCR amplification of a triplicate for each gene was
performed using the SYBR Green Master Mix (Roche, Basel, Switzerland). Relative gene
expressions were calculated using the 2−∆∆CT method.

2.10. Western Blot Analysis

Frozen kidney tissues were homogenized in Cell Lysis Buffer (Cell Signaling, Danvers,
MA, USA) with phosphatase and protease inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA) at 4 ◦C. Samples were subsequently centrifuged at 14,000× g for
15 min at 4 ◦C and supernatants were collected. Protein concentrations were quantified
by Pierce BCA assay kit (Thermo Fisher). Next, 40 µg of total lysate were separated
on Tris-Glycine 12% or Tris-acetate 3–8% (for high-molecular weight proteins) gels and
transferred onto nitrocellulose membranes. The relative amounts of LMW, MMW and
HMW Admer in plasma were determined using a nondenaturing PAGE-SDS as described
in [29]. Membranes were blocked with 5% BSA for 1 h and primary antibodies against:
phospho-ACC and ACC (Cell Signaling), phosphor-LKB1 and LKBA (Cell Signaling)
phospho-AMPK and AMPK (Cell Signaling), CPT-1 (Abcam), Adiponectin (Abcam), Beclin-
1 (Cell Signaling), p62 (Cell Signaling), phospho-ULK1 (Ser555) and ULK1 (Cell Signaling)
and β-actin (Thermo Fisher) were applied in 5% BSA overnight at 4 ◦C. Finally, membranes
were incubated with secondary antibodies (Li-Cor Biosciences, Lincoln, NE, USA) in
1% BSA for 1 h. Proteins were visualized using the Odyssey Infrared Imager (Li-Cor
Biosciences). The fluorescence was quantified using the imaging software Odyssey V3.0
from the Odyssey Infrared Imager (Li-Cor Biosciences).

2.11. Statistical Analysis

Results are presented as mean values ± SEM. The level for statistical significance was
defined as p < 0.05. Analyses were carried out using Prism GraphPad Software version 6
(San Diego, CA, USA). Differences between data groups were evaluated for significance
using independent t-tests of data, one-way or two-way ANOVA and Newman–Keuls post
hoc tests for multiple comparisons.

3. Results
3.1. Delayed Endurance Exercise Training Limits Calorie Intake and Prevents Body and Tissue
Weight Gain in HFD Mice

The body weight and the calorie intake along the protocol, as well as tissue weights at
week 20, were measured in mice fed an LFD or a HFD. The associated effects of a delayed
EET treatment on these parameters were also determined. As observed in Figure 1B, a
significant increase in body weight was observed from week five in HFD groups compared
to LFD groups. This increase was maintained throughout the experimental protocol in
HFD-fed mice compared with LFD-fed mice. This increase was observed along with a
higher calorie intake in HFD mice that was significantly increased since the first week
of the protocol, compared to LFD (Figure 1D). After the beginning of the EET protocol
(week 12), HFDT mice showed a stabilization of the body weight. The BW of HFDT mice
was significantly lower as soon as two weeks of EET compared to untrained HFD mice
(Figure 1B). Figure 1C presents the percentage of body weight gain in HFD and HFDT
from the beginning of EET. The linear regression analysis demonstrated that the slope of
HFD was highly significant (p < 0.0001) but not in HFDT (p = 0.2397) compared with zero.
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These results were associated with a decrease in calorie intake at week 20 in HFDT mice
compared to HFD (Figure 1D). Figure 1E presents the changes in kidney, liver and heart
weights of mice fed a LFD or an HFD with or without EET at the end of the protocol. As
shown, the weights of kidneys and heart were higher in mice fed a HFD compared to mice
fed a LFD but not in HFDT mice. Interestingly, the important hypertrophy of the liver
observed in mice fed a HFD was significantly prevented by the EET.
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Figure 1. Delayed endurance exercise training (EET) prevents body weight gain and organ hypertro-
phy induced by HFD in mice. (A) Schematic representation of experimental design. Obesity in mice
was induced with 12 weeks on a high-fat diet (HFD). Control mice were fed with a low-fat diet (LFD).
Mice were subsequently divided in sedentary or trained groups on a treadmill for eight additional
weeks (LFD, LFDT, HFD, HFDT). (B) Body weight evolution throughout the experimental protocol
(20 weeks). Statistical analyses were performed by two-way ANOVA followed by Newman–Keuls
post hoc test. (C) Relative body weight gain in HFD vs. HFDT mice during EET protocol normalized
with body weight at week 12. The slope was determined with simple linear regression analysis.
n = 10 in each group. (D) Calorie intake evolution throughout the experimental protocol. Number
of calories consumed per day calculated for each mouse at different time-point (at week 1, 4, 8, 12,
16 and 20 of the experimental protocol). Statistical analyses were performed by two-way ANOVA
followed by Newman–Keuls post hoc test. (E) Organ weights at week 20. Statistical analyses were
performed by one-way ANOVA followed by Newman–Keuls post hoc test. Data are presented as
means ± SEM. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD. n = 10 in each group.

3.2. Delayed EET Improves Obesity-Related Metabolic Disorders in HFD Mice

HFD feeding in mice is known to induce glucose intolerance, insulin resistance,
dyslipidemia and hepatic steatosis. We further characterized the effects of EET on obesity-
related disorders in HFD mice. To determine the impact of delayed EET on glucose
tolerance, glucose tolerance tests (GTTs) were performed at week 0, before EET (12 weeks)
(Figure S2) and at the end of the experimental protocol (20 weeks) (Figure 2A). At week
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20, the AUC for HFD fed mice was significantly higher than for LFD groups. However, an
improvement of glucose tolerance by EET was demonstrated, as observed by the significant
decrease of AUC in HFDT mice compared to the HFD mice (Figure 2A). Consistently, these
changes were associated with a significantly higher level of plasma insulin in HFD mice
that was decreased by EET in HFDT (Figure 2B). Insulin resistance in HFD mice was
confirmed by the calculation of the HOMA-IR (Homeostatic Model Assessment for Insulin
Resistance) index (Figure 2C). Serum levels of adiponectin also correlates with insulin
sensitivity in obesity and diabetes [33]. Despite this we did not find any changes in the
total plasma adiponectin levels in the experimental groups. We evaluated the SA index
(defined as the HMW/(HMW + LMW) ratio of adiponectin multimers in plasma) that was
reported as a more relevant indicator of insulin sensitivity [34]. The results demonstrated a
reduction of the SA index in HFD mice (Figure S3) indicating decreased HMW forms in
favour of the LMW multimers as demonstrated by Pierard et al., 2016 [29]. This change
was particularly reversed following exercise in HFD mice. The plasma levels of cholesterol,
triglycerides and NEFA were also measured after EET treatment (Figure 2D). As illustrated,
HFD induced a significant elevation of plasma NEFA and cholesterol levels, whereas these
increases were counteracted by EET in HFDT mice. Interestingly, there was no change
in TG level. Dyslipidaemia commonly leads to hepatic steatosis in HFD mice and is
associated with metabolic syndrome consequences. Thus, the liver steatosis score and TG
content within the liver tissue were evaluated as markers of nonadipose tissue ectopic
lipid accumulation. As illustrated in Figure 2E, histopathologic analyses of liver from
HFD mice showed the presence of macrovesicular steatosis (large fat droplets) compared
with the LFD groups. This was correlated with the steatosis score evaluation (Figure 2E).
In contrast, hepatic steatosis was drastically reduced by EET in HFDT mice. Similarly,
hepatic TG accumulation in HFD mice was prevented by EET. The results indicate that
a delayed EET protocol applied on obese mice induces a substantial improvement of the
metabolic syndrome features and obesity-related disorders. Lastly, we recorded blood
pressure during the last week of the protocol. We measured the systolic, diastolic and
mean blood pressure. As shown in Table S2, no significant difference was observed in the
different experimental groups for each of these measurements.

3.3. Delayed EET Improves Obesity-Related Glomerulopathy and Renal Function

In order to characterize the effects of delayed EET protocol on the pathogenesis
of obesity-induced chronic kidney disease, we first evaluated glomerular impairments
and renal function. The morphological analysis of glomeruli revealed that mice fed a
HFD without EET developed a significant increase of glomerular area along with a dense
Periodic-Acid-Schiff (PAS)-positive matrix in the mesangium as well as an increase in nuclei
number (Figure 3A–D). This glomerular expansion was prevented by EET in HFD mice.
To further determine the effect of a delayed EET on renal function in obese mice, urinary
albumin to creatinine ratio (UACR) and total proteinuria were investigated (Figure 3E).
After 12 weeks on diet (before EET), both groups of HFD-fed mice presented a significant
higher UACR compared to the groups of LFD-fed mice. In contrast, at week 20 (after
EET intervention), the UACR in HFDT mice was significantly lower than in HFD mice,
demonstrating a decreased albuminuria. The same patterns were found for urinary protein
level (Figure 3F). Indeed, mice fed a HFD presented a significant increase in total proteinuria
while this increase was prevented by EET. These results demonstrate that the EET protocol
is beneficial to counteract the progression of obesity-related glomerulopathy and associated
renal dysfunction in obese mice.



Int. J. Mol. Sci. 2021, 22, 0 8 of 20Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 8 of 19 
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was measured before (0) and 30, 60 and 120 min after injection. Histogram represents the area under the curve (AUC) of 
glycemia from 0 to 120 min. (B) Plasma insulin level at week 20. (C) HOMA-IR index calculation. (D) Plasma levels of 
cholesterol, triglycerides (TG) and nonesterified fatty acids (NEFA) at week 20. (E) Representative photomicrograph 
(original magnification ×400; scale bar: 100 μm) of H&E staining illustrating hepatic steatosis from liver sections from mice 
on LFD, LFDT, HFD and HFDT at week 20 of the experimental protocol, steatosis scoring by semiquantitative analyses of 
lipid accumulation and quantitative analysis of triglycerides (TG) in the liver tissue. Statistical analyses were performed 
by one-way ANOVA followed by Newman-Keuls post hoc test. Data are presented as means ± SEM. * p ≤ 0.05 versus LFD 
# p ≤ 0.05 versus HFD. n = 10 in each group. 
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Figure 2. Delayed EET improves obesity-induced metabolic disorders and hepatic steatosis in HFD mice. (A) Glucose
tolerance test at week 20. Fasted mice were submitted to an intraperitoneal injection of glucose (2 g/kg b.w.). Glycemia
was measured before (0) and 30, 60 and 120 min after injection. Histogram represents the area under the curve (AUC)
of glycemia from 0 to 120 min. (B) Plasma insulin level at week 20. (C) HOMA-IR index calculation. (D) Plasma levels
of cholesterol, triglycerides (TG) and nonesterified fatty acids (NEFA) at week 20. (E) Representative photomicrograph
(original magnification ×400; scale bar: 100 µm) of H&E staining illustrating hepatic steatosis from liver sections from mice
on LFD, LFDT, HFD and HFDT at week 20 of the experimental protocol, steatosis scoring by semiquantitative analyses of
lipid accumulation and quantitative analysis of triglycerides (TG) in the liver tissue. Statistical analyses were performed by
one-way ANOVA followed by Newman-Keuls post hoc test. Data are presented as means ± SEM. * p ≤ 0.05 versus LFD
# p ≤ 0.05 versus HFD. n = 10 in each group.
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albumin to creatinine ratio (UACR) at week 12 (before EET protocol) and at week 20 (after EET protocol) from mice on 
LFD, LFDT, HFD and HFDT. (F) Quantitative analysis of urinary total protein to creatinine ratio at week 20. Statistical 
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versus HFD. Data are presented as means ± SEM. n = 10 in each group. 
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of Sirius Red positive staining (Figure 4B). EET treatment significantly reduced collagen I 
and III deposition. Candidate genes expression involved in renal fibrosis (TGF-β1, collagen 
type I and III) and inflammation (TNFα, IL-1β, IL-6 and MCP-1) were also measured by 
real-time qPCR. As observed in Figure 4E, renal mRNA levels of the profibrotic markers 
were all significantly decreased with EET in mice fed a HFD as well as for the pro-
inflammatory markers in HFD mice. These changes were prevented by EET. The plasma 
TNFα concentration for systemic inflammation was also evaluated and the data reported 
an increased concentration of this proinflammatory cytokine in HFD mice that was 
significantly reduced with exercise. As markers of oxidative stress, the urinary hydrogen 
peroxide and 8-hydroxy-2’-deoxyguanosine (8-OHdG) levels were measured at week 20. 
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Figure 3. Effects of a delayed EET on renal function and glomerular histology in mice on LFD or HFD. (A) Representative
photomicrographs (original magnification ×400; scale bar: 100 µm) of Periodic Acid Schiff (PAS) staining illustrating
glomerular structure from renal cortex sections from mice on LFD, LFDT, HFD and HFDT. (B) Glomerular area. The
glomerular tuft area was averaged from 15 glomeruli per kidney section, using one kidney section per animal. (C) Mesangial
matrix area percentage of total glomerular area. (D) Nuclei count. (E) Quantitative measurement of urinary albumin to
creatinine ratio (UACR) at week 12 (before EET protocol) and at week 20 (after EET protocol) from mice on LFD, LFDT,
HFD and HFDT. (F) Quantitative analysis of urinary total protein to creatinine ratio at week 20. Statistical analyses were
performed by one-way ANOVA followed by Newman–Keuls post hoc test. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD.
Data are presented as means ± SEM. n = 10 in each group.

3.4. Delayed EET Ameliorates Renal Fibrosis, Inflammation and Oxidative Stress

Obesity-induced chronic kidney disease is also characterized by an increased tubulo-
interstitial fibrosis, inflammation and oxidative stress in HFD mice. To decipher the impact
of EET on these key characteristics of the pathological progression, collagen I and III
depositions were studied by morphometric analysis in Sirius red-stained renal sections
as an index of the fibrotic response. As illustrated in Figure 4A, collagen accumulated
in the interstitium of HFD mice. This observation was confirmed by the quantitative
analysis of Sirius Red positive staining (Figure 4B). EET treatment significantly reduced
collagen I and III deposition. Candidate genes expression involved in renal fibrosis (TGF-
β1, collagen type I and III) and inflammation (TNFα, IL-1β, IL-6 and MCP-1) were also
measured by real-time qPCR. As observed in Figure 4E, renal mRNA levels of the profibrotic
markers were all significantly decreased with EET in mice fed a HFD as well as for the
pro-inflammatory markers in HFD mice. These changes were prevented by EET. The
plasma TNFα concentration for systemic inflammation was also evaluated and the data
reported an increased concentration of this proinflammatory cytokine in HFD mice that was
significantly reduced with exercise. As markers of oxidative stress, the urinary hydrogen
peroxide and 8-hydroxy-2’-deoxyguanosine (8-OHdG) levels were measured at week
20. These markers were both significantly higher in HFD mice compared to LFD mice
(Figure 4C,D). The increase in urine hydrogen peroxide and 8-OHdG were also prevented
by EET. The results demonstrate that EET reduces renal injuries by decreasing oxidative
stress, fibrosis and inflammation in obese mice.
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of positive staining for Sirius red staining. n = 10 in each group. (C) Quantitative analysis of urinary H2O2 to creatinine 
ratio at week 20. n = 10 in each group. (D) Quantitative analysis of urinary 8-OHdG to creatinine ratio at week 20. n = 10 
in each group. (E) Real-time quantitative qPCR for type I collagen (COLI), type III collagen (COLIII), transforming growth 
factor β (TGFβ), interleukin 1β (IL-1β), tumor necrosis factor α (TNFα), interleukin 6 (IL-6) and monocyte chemoattractant 
protein 1 (MCP-1). mRNA expressions were performed on kidney tissue from LFD, LFDT, HFD and HFDT mice 
normalized against 18S. n = 6 in each group. (F) TNFα plasmatic level. The TNFαconcentration was measured using 
indirect ELISA. n = 8 in each group Statistical analyses were performed by one-way ANOVA followed by Newman–Keuls 
post hoc test. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD. Data are presented as mean ± SEM. n = 10 in each group. 
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groups (Figure 5A; black arrows). These tubular alterations in proximal tubules were 
specifically found in the renal cortex. The quantitative analysis revealed that mice fed a 
HFD showed a strong increase in vacuolated tubules that was significantly reduced with 
EET (Figure 5B). Moreover, as illustrated in Figure 5C, cholesterol, TG and NEFA renal 
tissue content were also measured at week 20. Data demonstrated a significant increase in 
TG in the HFD group that was prevented by EET. While there was no change in 
cholesterol content, the level of NEFA was decreased with EET in both the LFDT and the 
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Figure 4. Effects of delayed EET on tubulointerstitial fibrosis, oxidative stress and inflammation from mice on LFD or HFD.
(A) Representative photomicrographs (original magnification ×400; scale bar: 100 µm) of Sirius Red staining illustrating
tubulointerstitial fibrosis in renal cortex. n = 10 in each group. (B) Quantitative analysis of the mean percentage of positive
staining for Sirius red staining. n = 10 in each group. (C) Quantitative analysis of urinary H2O2 to creatinine ratio at week
20. n = 10 in each group. (D) Quantitative analysis of urinary 8-OHdG to creatinine ratio at week 20. n = 10 in each group.
(E) Real-time quantitative qPCR for type I collagen (COLI), type III collagen (COLIII), transforming growth factor β (TGFβ),
interleukin 1β (IL-1β), tumor necrosis factor α (TNFα), interleukin 6 (IL-6) and monocyte chemoattractant protein 1 (MCP-1).
mRNA expressions were performed on kidney tissue from LFD, LFDT, HFD and HFDT mice normalized against 18S. n = 6
in each group. (F) TNFα plasmatic level. The TNFαconcentration was measured using indirect ELISA. n = 8 in each group
Statistical analyses were performed by one-way ANOVA followed by Newman–Keuls post hoc test. * p ≤ 0.05 versus LFD
# p ≤ 0.05 versus HFD. Data are presented as mean ± SEM. n = 10 in each group.

3.5. Delayed EET Reduces Renal Ectopic Lipid Accumulations

The ectopic lipid deposition in the kidney is a key feature of obesity-induced chronic
kidney disease which is associated with renal lipotoxicity. We further characterized the
effect of delayed EET on tubular lipid accumulation in mice fed a LFD or HFD. As de-
scribed before by Declèves et al. (2014), vacuolated tubular cells were observed in HFD
groups (Figure 5A; black arrows). These tubular alterations in proximal tubules were specif-
ically found in the renal cortex. The quantitative analysis revealed that mice fed a HFD
showed a strong increase in vacuolated tubules that was significantly reduced with EET
(Figure 5B). Moreover, as illustrated in Figure 5C, cholesterol, TG and NEFA renal tissue
content were also measured at week 20. Data demonstrated a significant increase in TG
in the HFD group that was prevented by EET. While there was no change in cholesterol
content, the level of NEFA was decreased with EET in both the LFDT and the HFDT groups.
Thus, EET treatment is associated with a reduced lipid accumulation in the renal tissue in
obese mice.
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Figure 5. Delayed EET reduces ectopic lipid accumulation in renal tissue induced by HFD in mice. 
(A) Representative photomicrographs (original magnification ×400; scale bar: 100 μm) of PAS 
staining illustrating vacuolated proximal convoluted tubular cells from renal cortex sections from 
mice on LFD, LFDT, HFD and HFDT at week 20 (black arrow: intracellular vacuoles). (B) 
Quantitative analysis of number of vacuolated tubules per mm2. (C) Quantitative analysis of 
cholesterol, triglycerides (TG) and nonesterified fatty acids (NEFA) in renal tissue. Statistical 
analyses were performed by one-way ANOVA followed by Newman–Keuls post hoc test. * p ≤ 0.05 
versus LFD # p ≤ 0.05 versus HFD. Data are presented as means ± SEM. n = 10 in each group. 
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oxidation by phosphorylation of ACC, p-ACC and ACC protein level were also 
determined (Figure 6D). Consistently, protein level of phospho-ACC was reduced along 
with a decrease of AMPK activity in HFD group and was significantly increased with EET. 
Interestingly, total ACC protein level was decreased in both HFD and HFDT groups, 
participating in the significant increase of the p-ACC to ACC ratio in HFDT compared to 
LFD. We also investigated the protein level of CPT-1 but its expression was not regulated 
by HFD or EET (Figure 6E). Furthermore, the lipolysis and lipogenic markers mRNA 
expression were not affected by any treatment (Table S3). 

Figure 5. Delayed EET reduces ectopic lipid accumulation in renal tissue induced by HFD in mice.
(A) Representative photomicrographs (original magnification ×400; scale bar: 100 µm) of PAS staining
illustrating vacuolated proximal convoluted tubular cells from renal cortex sections from mice on LFD,
LFDT, HFD and HFDT at week 20 (black arrow: intracellular vacuoles). (B) Quantitative analysis of
number of vacuolated tubules per mm2. (C) Quantitative analysis of cholesterol, triglycerides (TG)
and nonesterified fatty acids (NEFA) in renal tissue. Statistical analyses were performed by one-way
ANOVA followed by Newman–Keuls post hoc test. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD.
Data are presented as means ± SEM. n = 10 in each group.

3.6. Delayed EET Enhances AMPK Activity in Renal Tissue of Obese Mice

AMPK pathway dysregulation plays an important role in obesity-associated renal cell
dysfunction. To better characterize the effect of a delayed EET on AMPK activity in obese
mice, phosphorylation of AMPK and its main downstream target, acetyl-CoA carboxylase
(ACC) as well as the main AMPK upstream kinase, the liver kinase B1 (LKB1), were
measured by Western blot (Figure 6). As illustrated in Figure 6B, p-LKB1 protein level was
significantly decreased in HFD mice compared to the control that was prevented by exercise.
Moreover, total LKB1 protein level did not change between experimental groups while the
p-LKB1 to LKB1 ratio was increased in HFDT mice compared to sedentary HFD. Mice fed
a HFD exhibited a significant decrease in p-AMPK protein level, whereas EET treatment
prevented this reduction. Total AMPK protein level was similar in each group while AMPK
activity (p-AMPK to AMPK ratio) was increased in HFDT mice (Figure 6C). Since AMPK
inhibits fatty acid synthesis and promotes fatty acid oxidation by phosphorylation of ACC,
p-ACC and ACC protein level were also determined (Figure 6D). Consistently, protein level
of phospho-ACC was reduced along with a decrease of AMPK activity in HFD group and
was significantly increased with EET. Interestingly, total ACC protein level was decreased
in both HFD and HFDT groups, participating in the significant increase of the p-ACC to
ACC ratio in HFDT compared to LFD. We also investigated the protein level of CPT-1 but
its expression was not regulated by HFD or EET (Figure 6E). Furthermore, the lipolysis
and lipogenic markers mRNA expression were not affected by any treatment (Table S3).
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Figure 6. Delayed EET restores AMPK activity in the kidney of HFD mice. (A) Western Blot analysis of phosphor-LKB1, 
LKB1, phospho-AMPK, AMPK, phospho-ACC, ACC and CPT-1 in kidney tissue from mice on LFD, LFDT, HFD and 
HFDT at week 20. (B) Relative densitometry of the immunoblots representing, respectively, phospho-LKB1 protein level 
normalized with β-actin, LKB1 protein level normalized with β-actin and phospho-LKB1 to LKB1 ratio. (C) Relative 
densitometry of the immunoblots representing, respectively, phospho-AMPK protein level normalized with β-actin, 
AMPK protein level normalized with β-actin and phospho-AMPK to AMPK ratio. (D) Relative densitometry of the 
immunoblots representing, respectively, phospho-ACC protein level normalized with β-actin, ACC protein level 
normalized with β-actin and phospho-ACC to ACC ratio. (E) Relative densitometry of the immunoblots representing CPT-
1 protein level normalized with β-actin. Statistical analyses were performed by one-way ANOVA followed by Newman–
Keuls post hoc test. Data are presented as means ± SEM. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD. n = 6–8 in each group. 
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Cellular lipid accumulation and decreased AMPK activity were also associated with 
an impairment of the autophagy flux. Under physiological conditions, intracellular lipid 
storage is regulated by an autophagy process that plays a major role to prevent the 
deleterious effects of a lipid overload on cellular function. AMPK regulates autophagy by 
phosphorylating ULK-1 that mediates the initiation of autophagy. Thus, we first 
evaluated p-ULK1 (Ser 555) protein level in response to HFD and EET treatment. 
Consistently, p-ULK1 was found to be decreased in HFD mice while EET increased p-
ULK1 in HFDT compared to HFD (Figure 7B). This result was corroborated with the 
evaluation of the autophagy marker Beclin-1, p62 for autophagy flux and LAMP-1, a 
specific marker of lysosomes. Indeed, Western blot analyses revealed that mice fed a HFD 
exhibited a significant increase in p62 protein level but not with EET (Figure 7C). p62 is a 
substrate of autophagy that is degraded during this cellular process. An accumulation of 
p62 in HFD mice revealed a stagnant autophagy process that is normalized by EET in 
obese mice. Beclin-1 acts during the initiation stage of autophagy by mediating the 
formation of a double-membrane structure that envelops cytoplasmic material to form the 
autophagosome. The protein level of Beclin-1 was significantly reduced in HFD and was 
shown to be restored by EET treatment (Figure 7D). Lastly, we demonstrated by 
immunohistochemistry an increased positive staining for LAMP-1 in the margins of the 
lipid vacuoles in proximal tubules that was significantly reduced by EET in the HFDT 
group (Figure 7E). These data indicate that EET enhances autophagy flux in renal tissues 
of obese mice possibly by AMPK-mediated phosphorylation of ULK1, ameliorating the 
progression of obesity-induced CKD. 
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Figure 6. Delayed EET restores AMPK activity in the kidney of HFD mice. (A) Western Blot analysis of phosphor-LKB1,
LKB1, phospho-AMPK, AMPK, phospho-ACC, ACC and CPT-1 in kidney tissue from mice on LFD, LFDT, HFD and
HFDT at week 20. (B) Relative densitometry of the immunoblots representing, respectively, phospho-LKB1 protein level
normalized with β-actin, LKB1 protein level normalized with β-actin and phospho-LKB1 to LKB1 ratio. (C) Relative
densitometry of the immunoblots representing, respectively, phospho-AMPK protein level normalized with β-actin, AMPK
protein level normalized with β-actin and phospho-AMPK to AMPK ratio. (D) Relative densitometry of the immunoblots
representing, respectively, phospho-ACC protein level normalized with β-actin, ACC protein level normalized with β-actin
and phospho-ACC to ACC ratio. (E) Relative densitometry of the immunoblots representing CPT-1 protein level normalized
with β-actin. Statistical analyses were performed by one-way ANOVA followed by Newman–Keuls post hoc test. Data are
presented as means ± SEM. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD. n = 6–8 in each group.

3.7. Delayed EET Improves Autophagy Flux in Obese Mice by AMPK-Mediated ULK1 Activation

Cellular lipid accumulation and decreased AMPK activity were also associated with
an impairment of the autophagy flux. Under physiological conditions, intracellular lipid
storage is regulated by an autophagy process that plays a major role to prevent the dele-
terious effects of a lipid overload on cellular function. AMPK regulates autophagy by
phosphorylating ULK-1 that mediates the initiation of autophagy. Thus, we first evalu-
ated p-ULK1 (Ser 555) protein level in response to HFD and EET treatment. Consistently,
p-ULK1 was found to be decreased in HFD mice while EET increased p-ULK1 in HFDT
compared to HFD (Figure 7B). This result was corroborated with the evaluation of the
autophagy marker Beclin-1, p62 for autophagy flux and LAMP-1, a specific marker of lyso-
somes. Indeed, Western blot analyses revealed that mice fed a HFD exhibited a significant
increase in p62 protein level but not with EET (Figure 7C). p62 is a substrate of autophagy
that is degraded during this cellular process. An accumulation of p62 in HFD mice re-
vealed a stagnant autophagy process that is normalized by EET in obese mice. Beclin-1 acts
during the initiation stage of autophagy by mediating the formation of a double-membrane
structure that envelops cytoplasmic material to form the autophagosome. The protein
level of Beclin-1 was significantly reduced in HFD and was shown to be restored by EET
treatment (Figure 7D). Lastly, we demonstrated by immunohistochemistry an increased
positive staining for LAMP-1 in the margins of the lipid vacuoles in proximal tubules that
was significantly reduced by EET in the HFDT group (Figure 7E). These data indicate that
EET enhances autophagy flux in renal tissues of obese mice possibly by AMPK-mediated
phosphorylation of ULK1, ameliorating the progression of obesity-induced CKD.
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Figure 7. Effects of a delayed EET on autophagy and lysosomal markers in the kidney from mice on LFD or HFD. (A) 
Western Blot analysis of phospho-ULK-1 (Ser 555), ULK-1, p62 and Beclin-1 in kidney tissue from mice LFD, LFDT, HFD 
and HFDT. (B) Relative densitometry of the immunoblots representing, respectively, phosphor-ULK1 (Ser 555) protein 
level normalized with β-actin, ULK-1 protein level normalized with β-actin and Phospho-ULK1 (Ser 555) to ULK-1 ratio. 
(C) Relative densitometry of the immunoblots representing p62 protein level normalized with β-actin. (D) Relative 
densitometry of the immunoblots representing Beclin-1 protein level normalized with β-actin. (E) Representative 
photomicrograph (original magnification ×400; scale bar: 100 μm) showing lysosomal-associated membrane protein 1 
(LAMP1)–positive staining on intracellular vacuoles and related quantitative analysis of LAMP1-positive staining. 
Statistical analyses were performed by one-way ANOVA followed by Newman–Keuls post hoc test. Data are presented 
as means ± SEM. * p ≤ 0.05 versus LFD # p ≤ 0.05 versus HFD. n = 6–8 in each group. 

4. Discussion 
Endurance exercise training (EET) is now considered an interesting therapeutic 

strategy for managing obesity-related disorders. Emerging studies have demonstrated 
that EET is an effective strategy to prevent insulin resistance, hepatic steatosis and 
cardiovascular diseases [35,36]. The expected impact of exercise training treatment in 
obese patients is in reducing or maintaining body weight. Interestingly, EET has been 
shown to present beneficial effects without weight loss, suggesting independent effects of 
EET on obesity-related disorders [37,38]. Particularly, a redistribution of body fat along 
with a reduced ectopic lipid accumulation and a reduction of inflammation in tissues have 
been revealed with exercise [39]. Despite evidence that exercise training may improve 
obesity-related disorders, there is still a lack of knowledge about the underlying cellular 
and molecular mechanisms. Moreover, in the most experimental studies in obese rodents, 
animals were concomitantly exposed to EET and HFD, employing EET in a prevention 
setting and not as a treatment. 

In contrast, here, the potential beneficial impact of EET was investigated as a 
therapeutic strategy on obese mice. Indeed, mice were fed a HFD for 12 weeks to achieve 

Figure 7. Effects of a delayed EET on autophagy and lysosomal markers in the kidney from mice on LFD or HFD. (A) Western
Blot analysis of phospho-ULK-1 (Ser 555), ULK-1, p62 and Beclin-1 in kidney tissue from mice LFD, LFDT, HFD and HFDT.
(B) Relative densitometry of the immunoblots representing, respectively, phosphor-ULK1 (Ser 555) protein level normalized
with β-actin, ULK-1 protein level normalized with β-actin and Phospho-ULK1 (Ser 555) to ULK-1 ratio. (C) Relative
densitometry of the immunoblots representing p62 protein level normalized with β-actin. (D) Relative densitometry of the
immunoblots representing Beclin-1 protein level normalized with β-actin. (E) Representative photomicrograph (original
magnification ×400; scale bar: 100 µm) showing lysosomal-associated membrane protein 1 (LAMP1)–positive staining on
intracellular vacuoles and related quantitative analysis of LAMP1-positive staining. Statistical analyses were performed by
one-way ANOVA followed by Newman–Keuls post hoc test. Data are presented as means ± SEM. * p ≤ 0.05 versus LFD
# p ≤ 0.05 versus HFD. n = 6–8 in each group.

4. Discussion

Endurance exercise training (EET) is now considered an interesting therapeutic strat-
egy for managing obesity-related disorders. Emerging studies have demonstrated that EET
is an effective strategy to prevent insulin resistance, hepatic steatosis and cardiovascular
diseases [35,36]. The expected impact of exercise training treatment in obese patients is
in reducing or maintaining body weight. Interestingly, EET has been shown to present
beneficial effects without weight loss, suggesting independent effects of EET on obesity-
related disorders [37,38]. Particularly, a redistribution of body fat along with a reduced
ectopic lipid accumulation and a reduction of inflammation in tissues have been revealed
with exercise [39]. Despite evidence that exercise training may improve obesity-related
disorders, there is still a lack of knowledge about the underlying cellular and molecular
mechanisms. Moreover, in the most experimental studies in obese rodents, animals were
concomitantly exposed to EET and HFD, employing EET in a prevention setting and not as
a treatment.
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In contrast, here, the potential beneficial impact of EET was investigated as a ther-
apeutic strategy on obese mice. Indeed, mice were fed a HFD for 12 weeks to achieve a
significant level of metabolic and biochemical changes associated with obesity, including fat
mass accumulation, glucose intolerance, insulin resistance, hepatic steatosis, ectopic lipid
accumulations and associated chronic kidney disease (CKD) [15,40,41]. Thereafter, EET
was applied for eight additional weeks. After 20 weeks on diets, mice exposed to a HFD
presented the hallmarks of obesity-related disorders including insulin resistance, glucose
intolerance and hyperlipidemia (NEFA and cholesterol). Hepatic steatosis also appeared
in HFD mice as demonstrated with histological analysis and TG quantification. Several
studies have already demonstrated that exercise training prevented obesity-associated
disorders, including diabetes and hepatic steatosis [42–44]. Interestingly, in our model,
delayed EET treatment in HFD mice also improved most of the metabolic changes. First,
insulin resistance demonstrated in the HFD mice was reversed by EET along with improve-
ment of glucose metabolism in HFD trained mice, as supported by HOMA-IR calculation
and GTTs. The decreased insulinemia could be attributed to a lower secretion of insulin
required to maintain glucose levels, suggesting a better insulin sensitivity. The exercise-
induced changes in insulin sensitivity have been already extensively reported [45]. During
exercise, glucose uptake is stimulated by skeletal muscle contraction. This occurs as a
result of GLUT4 translocation to the muscle cell membrane [45]. Moreover, chronic exer-
cise enhances insulin sensitivity largely due to activation of AMPK, a master regulator
of glucose metabolism in the muscle [46]. The effects of exercise training on insulin resis-
tance were also confirmed by the evaluation of adiponectin multimers distribution. As
demonstrated by the SA index, exercise training was associated with amelioration of the
multimers distribution in favor of the HMW forms that are the most biologically active
forms of adiponectin regarding glucose homeostasis [47]. EET also reduced dyslipidemia
and drastically decreased intrahepatic fat content, consequently reversing HFD-related
hepatic steatosis. During exercise, skeletal muscle contraction induces production of a
variety of molecules called myokines that mediate beneficial responses in other organs.
Experimental studies suggest that both IL-6 and Irisin might be involved in muscle/liver
crosstalk mediating improvement of hepatic steatosis. In the liver, EET induces AMPK
activity with enhanced mitochondrial function which lead to decreased lipogenesis and
increased lipid oxidation. Hepatic AMPK activation also promotes autophagy induction
via phosphorylation of ULK-1. As a result, excess lipids are eliminated by lysosomes lead-
ing to decreased ectopic lipid accumulations in the liver [48–50]. Furthermore, high blood
pressure is another important component of metabolic syndrome, and exercise training is a
recognized strategy for the prevention and treatment of hypertension [51,52]. However,
in Bruder-Nascimento et al., mice fed a HFD for 24 weeks did not present any change in
arterial blood pressure [53]. Similarly, we did not observe in our experimental model any
significant difference of the systolic, diastolic or mean arterial blood pressure between LFD
and HFD groups, neither between trained nor untrained groups, suggesting that EET has
no effect on blood pressure in our experimental conditions.

Even though EET mediates improvement in key features of obesity in humans and
animal models, its effects on renal function and metabolism in obesity are not well reported
so far. In the general population, obesity is the second most highly prognostic factor to
predict end-stage renal disease. However, the underlying mechanisms are complex and
include physiological and metabolic aspects. Adiposity could directly impact the kidneys
via the proinflammatory environment mediated by adipokines produced by adipose tissue,
but also oxidative stress, activation of the renin-angiotensin-aldosterone system and IR [5].
These changes lead to characteristic features of obesity-induced kidney injury including the
development of glomerulomegaly and ectopic lipid accumulation in the kidney, leading
to renal lipotoxicity. Exercise training has been proposed to be included in renal care at
any step of CKD progression [54]. A recent study has even showed that concomitant
cafeteria diet exposure and EET prevented lipid depositions in the kidney in mice [55].
To further explore the adaptation of a fatty kidney to EET, we evaluated the effect of an
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EET protocol to an HFD-induced CKD mice model. We demonstrated that EET treatment
improved key parameters of obesity-induced CKD, as evidenced by improvement of
renal function as well as morphological alterations. Notably, increased proteinuria and
albuminuria, which reflect both glomerular and tubular impairments, are established
predictors of CKD progression [56]. Here, we demonstrated that EET reduced glomerular
impairment by reducing mesangial matrix expansion and thus glomerulomegaly. At a
tubular level, ectopic lipid depositions in the kidney were markedly decreased, leading to
better outcomes regarding CKD progression. Consistently, we demonstrated that EET was
associated with reduced interstitial fibrosis, renal inflammation and oxidative stress.

Accumulating studies have demonstrated reduction of AMPK activity in caloric ex-
cess conditions [57,58]. Activity of AMPK was reduced in kidneys of diabetic mice and
humans [59]. In several studies, pharmacological AMPK activators (5-aminoimidazole-
4-carboxamide ribonucleoside, Metformin, Resveratrol, Fenofibrate and AdipoRon) at-
tenuated diabetic nephropathy and obesity-induced CKD [10,60–63]. Consistent with
the previous studies, our results showed a decrease in AMPK activity in kidney tissue
following a HFD as well as the decreased phosphorylation of its main target ACC and its
main upstream kinase LKB1, indicating inhibition of the AMPK pathway. Interestingly, we
demonstrated that EET restored the activity of AMPK in obese mice, suggesting a critical
role of AMPK regulation in the beneficial effects of EET in obesity-induced CKD. AMPK
plays essential roles in glucose and lipid metabolism, cell survival, growth and inflamma-
tion. AMPK also exerts a key role in mitochondria homeostasis and has been revealed to
regulate autophagy in mammalian cells. Obesity induces AMPK dysregulation by multiple
mechanisms independently of the AMP:ATP ratio (reviewed in [64]) including insulin
resistance, inflammation, decreased adiponectin, oxidative stress and decreased activity of
AMPK upstream kinase. Here, we particularly highlighted the beneficial effects of exercise
training on these parameters that may reduce the detrimental intra-renal environment
leading to AMPK dysregulation in favor of a proper AMPK signaling.

Under physiological conditions, autophagy is critical for the maintenance of renal
function and homeostasis [65]. Autophagy is a complex and highly regulated cellular
degradation pathway, well conserved among eukaryotes, that has been intensely docu-
mented in many pathological conditions [66]. Both obesity and HFD negatively regulates
autophagy in the kidney [67]. In a setting of renal lipid overload, Yamamoto et al. (2016)
and our work have demonstrated the impairment of autophagy in proximal tubular cells
(PTC) [10,68]. Here, we also highlighted a beneficial role of EET associated with activation
of AMPK in preventing impairment of autophagy in PTC and lipid accumulation in these
cells. Chronic EET was shown to induce autophagy in vivo in various tissues including
muscles, liver, adipose tissue and pancreas [69]. In this study, we investigated whether EET
treatment could lead to a restored autophagy flux in renal tissue in an obesity context. We
demonstrated that EET regulated autophagy markers by decreasing p62 in obese trained
mice and increasing Beclin-1 protein level. Activation of the autophagic flux leads to
a decline in p62 level because of its degradation during the process and, contrarily, an
accumulation of p62 reflects a stagnant autophagic flux [70]. Moreover, HFD also inhibits
autophagy by reducing autophagosome/lysosome fusion [68]. Here, we described an
increased lysosomal marker LAMP-1 that was reduced by EET in renal tissue of obese mice.
Finally, we demonstrated the AMPK-mediated phosphorylation of ULK-1, an autophagy
inducer, by EET in HFD mice. Thus, our data confirmed disturbance of autophagy by HFD
and indicated the potential induction of autophagy process by EET via AMPK activation,
leading to improvement of renal cell homeostasis. Since autophagy is a highly dynamic
process, further investigations are needed to delineate the precise molecular mechanisms
of exercise-induced autophagy in the kidney and the particular the role of AMPK in this
process. Particularly, the use of ULK-1 knockout mice would be an interesting mechanis-
tical strategy in order to confirm the role of AMPK-dependent autophagy in response to
exercise in renal tissue.
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Finally, how skeletal muscle communication can prevent or suppress kidney injury is
particularly emerging and has not been strongly investigated yet, particularly regarding
muscle-kidney cross-talk during exercise. A recent work nicely demonstrated that Irisin,
an exerkine, ameliorated tubule cell damage and renal fibrosis in a CKD model [71].
Interestingly, inhibition of AMPK by a specific inhibitor reduced the effects of Irisin in
myocytes and hepatocytes, suggesting that Irisin could be implicated in AMPK pathway
regulation [72]. However, the particular effects of Irisin on AMPK regulation in the kidney
are still unexplored and needs further investigation.

5. Conclusions

Based on our data, exercise training can be considered an interesting strategy for the
management of obesity-induced CKD. Kidney function was improved through reducing
albuminuria, glomerular hypertrophy, inflammation, oxidative stress and fibrosis, as well as
attenuating intra-renal fat content. We demonstrated that these beneficial effects implicate
restored AMPK activity and autophagy induction in renal tissue (Figure 8). Exercise
training may thus represent an interesting nonpharmacological alternative strategy for
AMPK activation in obesity-induced CKD.
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Figure S1. Effects of endurance exercise training on running velocity. 
Representation of maximal running velocity performance after 14 weeks 
on diet. t-test. Data are presented as means ± SEM. ns = non-significant. 
n=10 in each group. 
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Figure S2. Effects of LFD and HFD on glucose tolerance in mice. Glucose tolerance test at week 0 (A) 
and week 12 (B). Fasted mice were submitted to an intraperitoneal injection of glucose (2 g/ kg b.w.). 
Glycemia was measured before (0) and 30, 60 and 120 min after injection. Histogram represents the area 
under the curve (AUC) of glycemia from 0 to 120 min
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Figure S3. Total plasma adiponectin and adiponectin multimers distribution analysis at week 20. A. Ad 
plasmatic level. The total plasma Ad concentration was measured using indirect ELISA. B. 
Representative immunoblots of Adiponectin multimers expression in plasma sample. C. Relative 
densitometry of the immunoblots representing respectively HMW (High Molecular Weight), MMW 
(Medium Molecular Weight) and LMW (Low Molecular Weight) multimers of Adiponectin normalized 
with total Adiponectin protein level. D. SA index was calculated as the ratio HMW/(HMW + LMW). Data 
are presented as means ± SEM. * P ≤ 0.05 versus LFD # P ≤ 0.05 versus HFD. n=6-8 in each group. 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Primer sequences for RT-qPCR analysis of mRNA expression 

Gene  Primer Sequences (5'-3') 
COLI Fw CTTGCCCCATTCATTTGTCT 

 Rv GCAGGTTCACCTACTCTGTTCT 

COLIII Fw TGAGTCGAATTGGGGAGAAT 

 Rv TCCCCTGGAATCTGTGAATC 

TGFβ Fw TGGAGCAACATGTGGAACTC 

 Rv GTCAGCAGCCGGTTACCA 

MCP-1 Fw CTTCTGGGCCTGCTGTTCA 

 Rv CCAGCCTACTCATTGGGATCA 

IL1β Fw AGTTGACGGACCCCAAAAG 

 Rv AGCTGGATGCTCTCATCAGG 

TNFα Fw TACTGAACTTCGGGGTGATTGGTCC 
 Rv CAGCCTTGTCCCTTGAAGAGAACC 
IL6 Fw GCTACCAAACTGGATATAATCAGGA 
 Rv CCAGGTAGCTATGGTACTCCAGAA 
ACC (Acaca) Fw ATGGGCGGAATGGTCTCTTTC 

 Rv TGGGGACCTTGTCTTCATCAT 

FAS (FASN) Fw GGAGGTGGTGATAGCCGGTAT 

 Rv TGGGTAATCCATAGAGCCCAG 

CPT-1 (CPT1a) Fw CTCCGCCTGAGCCATGAAG 

 Rv CACCAGTGATGATGCCATTCT 

18S Fw CGCCGCTAGAGGTGAAATTCT 

  Rv CGAACCTCCGACTTTCGTTCT  

  



Table S2. Effects of delayed EET on systolic, diastolic and mean blood pressure in mice fed a LFD, LFDT 
or HFD and HDFT.  

 LFD LFDT HFD HFDT 

Systolic blood 
pressure (mmHg) 128,6 ± 10,99 138,0 ± 4,988  119,5 ± 10,86 119,3 ± 5,850 

Diastolic blood 
pressure (mmHg) 106,8 ± 10,60 117,6 ± 2,584 96,33 ± 8,750 101,7 ± 6,035 

Mean blood pressure 
(mmHg) 117,7 ± 10,78 127,8 ± 3,763 107,9 ± 9,768 110,5 ± 5,570 

Measurement were performed during the last week of the experimental protocol (week 20). Systemic, 
diastolic and mean blood pressures were measured using a non-invasive CODA tail-cuff blood pressure 
occlusion system (Kent Scientific, Torrington, USA). During the week 20, measurements were taken for 
each animal that were acclimatized for a 1-hour period before experiments into restraining chambers. 
The animals were placed onto a preheated pad maintained at 30°C in a designed quiet area and blood 
pressure measurements were initiated when tail temperature reached 30°C (measured using an infrared 
sensor) and recorded at least 5 times. Mice were acclimated for at least 3 consecutive days before 
baseline blood pressure measurements. No statistical difference was found by One-way ANOVA 
analysis. n=5 in each group. 

 

 

Table S3. Effects of delayed EET on renal gene expression in mice fed a LFD, a LFDT, a HFD and a 
HFDT.  

 LFD LFDT HFD HFDT 

Lipid metabolism markers 
ACC 1,000 ± 0,0918 0,9636 ± 0,1356 1,067 ± 0,1404 1,028 ± 0,0796 
FAS 1,000 ± 0,0265 1,023 ± 0,1480 1,218 ± 0,2496 1,112 ± 0,1884 
CPT-1 1,000 ± 0,0326 0,9017 ± 0,1308 0,8483 ± 0,1201 1,222 ±  0,2337 

Real-time quantitative qPCR for Acetyl-CoA carboxylase (ACC), Fatty acid synthase (FAS) and 
Carnitine palmitoyltransferase I (CPT1). mRNA expressions were performed on kidney tissue from 
LFD, LFDT, HFD and HFDT mice normalized against 18S. Statistical analyses were performed by one-
way ANOVA followed by Newman–Keuls post hoc test. Data are presented as means ± SEM. * P ≤ 
0.05 versus LFD # P ≤ 0.05 versus HFD. n=6 in each group. 
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