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ABSTRACT 

Chronic kidney disease (CKD) is a worldwide health burden with increases risk of end-stage 

renal function if left untreated. CKD induced in the context of metabolic syndrome (MS) 

increases risks of hypertension, hyperglycemia, excess body fat and dyslipidemia. Our Centre 

previously generated a renin-dependent hypertensive/ type-1 diabetic mouse model and lead to 

the development of several signs associated with human diabetic kidney disease (DKD), 

however the extent and impact of dyslipidemia in this model remains unknown. We 

hypothesized that combining a high-fat diet (HFD) regimen onto the hypertensive/ diabetic 

phenotype would mimic features of MS induced-CKD in mice. An 8-week-old male genetically 

hypertensive mice (Lin+) were subjected to streptozotocin (STZ) intraperitoneal (i.p.) 

injections (50 mg/kg, 5 days consecutive) to induce hyperglycemia. Four-weeks later 

hypertensive/ diabetic mice (Lin+ mouse with induced beta cells death, also known as LinSTZ) 

were fed a 60% kCal HFD for 8 weeks. This study shows that HFD-fed LinSTZ mice developed 

less glomerular hypertrophy, scarring and albuminuria and hepatocytes fat accumulation at 

endpoint than regular-diet fed littermates. Moreover, antidiabetic drug Canagliflozin, dosed at 

30 mg/kg body weight, showed reno-protection in the LinSTZ mice model. Taken together, 

our results show that LinSTZ mice fed a HFD did not lead to a more robust model of MS-

induced CKD. In fact, several indices of renal injury were reduced by feeding LinSTZ mice a 

HFD or treating them with Canagliflozin.  
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ABSTRACT (French Version) 

La maladie rénale chronique (MRC) induite par le syndrome métabolique (SM) implique 

l'hypertension, l'hyperglycémie, l'excès de graisse corporelle et la dyslipidémie. Précédemment 

étudié par notre Centre, le modèle de souris avec les phénotypes de l’hypertension dépendant 

de la rénine et du diabète de type-1 souligne plusieurs signes associés à la néphropathie 

diabétique humaine, mais l'impact de la dyslipidémie dans ce modèle restent inconnus. 

L'hypothèse de cette étude est de combiner un régime alimentaire riche en graisses sur le 

modèle hypertensif et d’hyperglycémie pour obtenir un nouveau modèle d’insuffisance rénale 

chronique induit par SM. À cette fin, des souris mâles génétiquement hypertensifs (Lin +) âgées 

de 8 semaines ont été soumises à des injections intra-péritonéale (i.p.) de streptozotocine (STZ) 

(50 mg / kg, 5 jours consécutif) pour induire une hyperglycémie. Quatre semaines plus tard, 

les souris hypertensives et diabétiques (LinSTZ) ont été nourries avec un régime haut en lipides 

(HFD) à 60% kCal pendant 8 semaines. Cette étude montre que les souris LinSTZ nourries 

avec HFD ont développé moins d'hypertrophie glomérulaire, de cicatrices rénales, 

d'albuminurie et d'accumulation de graisse hépatocytaire que les souris nourris avec un régime 

régulier. Cependant, le traitement antidiabétique Canagliflozine, dosé à 30 mg/ kg de poids 

corporel, a montré une protection rénale chez le modèle de souris LinSTZ. Ensemble, nos 

résultats suggèrent que l'alimentation HFD dans LinSTZ n'a pas conduit à un modèle plus 

robuste de MRC induit par la SM. En fait, plusieurs indices de lésion rénale ont été réduits en 

nourrissant des souris LinSTZ avec un HFD ou en les traîtant avec de la Canagliflozine. 
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CHAPTER 1: GENERAL INTRODUCTION 

  

1.1 The kidney 

The kidney is a vital organ in the body responsible for plasma filtration and elimination of 

metabolic waste by the formation of urine [1]. All mammals have two kidneys, located in the 

retroperitoneal space of the abdominal cavity and each kidney have approximately 1 million 

nephrons playing an essential role as the filtering unit of the kidney. A nephron physiological 

anatomy is composed of a glomerulus segment followed by a tubular network. The glomerular 

is well organized and is composed of a high density of endothelial cells (EC), glomerular 

basement membrane (GBM) and specialized terminally differentiated epithelial cells known as 

podocytes [2]. When blood is sent to the kidney via the renal artery for filtration, it reaches the 

glomerular filtration barrier (GFB) by the capillary beds of the afferent arteriole of each 

glomerulus. An average of 20% of the cardiac plasma flow is filtered by the kidney. The non-

filtered plasma (80%) automatically leaves the glomerulus by the efferent arteriole for proper 

blood flow circulation.  

The tubular compartment is also well organized for reabsorption and secretion of various 

electrolytes and metabolites, such as sodium, potassium, or glucose to maintain proper 

osmolality. It is composed of the proximal tubule (PT), the loop of Henle composed of the thin 

descending limb and the thick ascending limb, the distal tubule (DT), and the collecting duct 

(CD) all well-organized along the nephron [2].  Of particular interest, the loops of Henle are 

responsible for the counter-current multiplier and exchanger mechanisms. The excretion of 

urine allows to the elimination of toxins and metabolic wastes from the body. Together, the 

glomerulus and the tubules of the nephrons are essentials for proper renal function and body 

homeostasis.  
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1.2 Normal kidney function 

Every day, approximately 180 liters of plasma is filtered by the kidneys and produce an average 

of 1.5 Liter of urine output eliminated from the body [3]. To better assess kidney function, 

clinicians are required this property by measuring the glomerular filtration rate (GFR). The 

assessment of kidney function is also performed by measuring the urinary albumin excretion 

and albumin/ creatinine ratio (ACR). The GFR and ACR are both efficient measurements to 

validate the renal function.  

The glomerular filtration rate (GFR) is the renal clearance ratio and is calculated by the volume 

filtered from the glomerulus per unit of time [4]. The renal afferent and efferent arteriole blood 

pressure change influences GFR measurement. GFR is calculated by the normalization of 

plasma and urine creatinine together. Creatinine has been identified as a waste by-product of 

creatine-phosphate breakdown from muscle and is secreted into the bloodstream. Creatinine is 

freely filtered by the kidney nephron with little reabsorption in the renal proximal tubule. As a 

result, it is used as a marker for renal filtration, and to evaluates the stage of renal function and 

damage over disease progression [5]. In normal kidney function, the GFR is quantified above 

90 mL per minute. Moreover, the GFR value obtained is dependent on protein intake, level of 

exercise and diurnal activity of the body from day to night on renal function [6]. Therefore, 

during normal kidney function, apparent signs of healthy podocytes with non-injured foot 

processes filter the blood plasma particles smaller than 70 kD through the GBM [6]. In addition, 

the plasma flow filtered at the glomerulus is adequate, thus no leakage of oversized essential 

metabolites is assimilated, and the filtration of low molecular weight proteins is reabsorbed in 

the tubular system by active transport. 

Furthermore, ACR is calculated by dividing urinary albumin concentration with the excreted 

creatinine concentration to establish kidney function. Thus, it is another gold standard method 

used to identify kidney damage [7]. Taken together, measurement GFR and or ACR is another 
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good method to properly assess kidney function injury and allows early detection of end-stage 

renal disease (ESRD). 

The regulation of kidney function is maintained by proper osmolality of body fluids through 

the regulation of water, ions and small molecules balanced within the tubular compartment of 

the kidney [8]. Vallon characterized the tubulo-glomerular feedback (TGF) system in the 

kidney by its rapid responses and homeostasis stabilization throughout the filtration units [9]. 

Briefly, the TGF is a rapid responder exhibiting negative feedback on the renal system. In fact, 

tubular flow rate is maintained by the macula densa (MD) cells, specialized cells that sense 

sodium (Na+) concentrations in the collecting duct prior to excretion in the urine. In responses 

to a decrease of blood flow interring the glomerulus or a vasoconstriction of the afferent 

arteriole, causing the decreases of GFR. The MD sense a concentration of Na+ ions declines 

and the TGF response is generated by the production of nitric oxide (NO) accelerating 

vasodilatation of the afferent arteriole, thus equilibrating renal plasma flow (RPF), GFR and 

body hydration [9]. This fast responses of TGF limits stress to the kidney. However, a persistent 

disequilibrium on the kidney increases risk factors of kidney injury.  

1.3 Impaired kidney function  

Persistent kidney injuries are identified as chronic kidney disease (CKD). CKD is the leading 

cause of end-stage renal disease (ESRD) and characterized by the near to complete loss of renal 

function [10]. CKD leads to toxins accumulations in the body. 

The improper perfusion of the GBM imbalances metabolic waste elimination such as creatinine 

and urea, but also increases larger protein loss in the urine, such as albumin, thus increases risk 

of CKD. Hoyer and Seiler were able to quantify and phenotype urinary proteins [11]. From 

normal and healthy patient, an average of 40 to 80 mg of urinary proteins is excreted over a 

duration of 24 hours, from which about 30 % are albumin protein (10-15 mg). The 70% leftover 

protein fraction is composed of metabolic waste from plasma and from Tamm-Horsfall protein 
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(epithelial cells shredding from the Loop of Henle limb) [11]. Therefore, secreted albumin is a 

good indicator of kidney injury and dysfunction, making it a reliable maker for analysis [11].  

Albumin is a protein with a molecular weight above 67 kD produced in the liver and excreted 

in the bloodstream and mostly retained in the serum when blood is sent to the renal nephrons 

[12]. However, a small but still adequate fraction of albumin is freely filtered by the glomerulus 

and reabsorbed in the tubule. An overload in albumin concentration retained in the renal tubule, 

at moderate to a higher concentration, is a key indicator of kidney injury by apparent podocyte 

damage and resulting to tubulointerstitial fibrosis (TIF), tubular autophagy and macrophage 

infiltration [13].  

A normal urinary albumin excretion rate, or non-albuminuric as shown is Table I, is estimated 

at less than 30 mg/d, thus indicating a proper kidney function. An elevation in urinary albumin 

excretion, represented as >30 mg/d over a period of 24 hours [14], is indication of kidney 

injury. The increases in albuminuria also favor protein casts formation in renal tubule cells 

(distal convoluted tubule and collecting ducts). Albumin forming proteinuria cast in the kidney 

is due to environment shifting, such as a decrease in urinary flow, its pH normal value and an 

increase in concentrated salts allowing protein denaturation [15].  

Although secreted albumin in the urine is the key feature of kidney injury, many factors can 

influence its degree of albumin excretion, such as, sexes and gender differences [16]. Other 

factors affecting renal function includes lifestyle habits modifications (e.g., intensity of 

physical exercise) and health conditions (e.g., fever, hematuria, pyuria, increase in blood 

pressure and heart failure) [16, 17]. It is also well known that reduction of urinary albumin 

excretion is observed at night due to the independent decreases in renal filtration pressure in 

the organ. The kidney function is regulated by the quantity and concentration of extracellular 

fluid ions, but also by the RPF and the total volume filtered per day [16, 17]. Impairments in 
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the renal functions decreases its ability to eliminate the waste product of body metabolisms, 

while increasing the risk of body toxicity and resulting in chronic kidney disease (CKD).  

1.4 Chronic Kidney Disease (CKD)  

The investigation of chronic kidney disease (CKD) is well established by the risk increases of 

global health burden and in the prevalence data factors. CKD is characterized by a gradual loss 

of kidney function over a period of time [18]. The renal function progression is measured and 

classified into 5 different stages of GFR as illustrated in Table I and the estimated GFR (eGFR) 

deterioration lower GFR measured values via glomerular malfunction. Thus, when eGFR 

decreases to <15 ml/min, we observe kidneys failure, and the patient is in stage 5 of CKD. 

ESRD patients only requires treatment is dialysis therapy to eliminate toxic metabolic waste 

products from the body or renal transplant. Therefore, transplantation and dialysis are the only 

therapies to CKD allowing the patients to have a decent life.  

Moreover, infiltration of macrophages in the kidney during CKD releases various damage 

associated with molecular patterns and pro-inflammatory/ fibrotic cytokines [19, 20]. TNF-a 

(Tumor necrosis factor-a) production is achieved by various renal endothelial tissues to 

regulate function and blood pressure [21]. It has been shown that podocytes, mesangial cells, 

and the epithelial cells from the proximal tubules, thick ascending limbs and the collecting 

ducts but also infiltrating inflammatory cells are all sources of TNF-a production in response 

to hypertension, renal failure and diabetic nephropathy [22–24]. Overall, CKD by itself 

activates inflammatory, oxidative and fibrosis pathways increasing innate immunity 

macrophage activation within the kidney [25]. However, the population is adopting an 

unhealthy lifestyle increasing the risk of advanced-CKD via metabolic syndrome inducing 

hypertension, hyperglycemia and obesity phenotypes.  
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Table I: Identification of CKD outcomes from eGFR and albuminuria. 

  

Albuminuria 

1 2 3 

Normal to 
mild Moderate Severe 

<30 mg/g 30-300 mg/g >300 mg/g 

eGFR 
categories 
(mL/min/ 
1.73 m2 

1 Normal to 
high >90 Low  Moderate High 

2 Mild  60-89 Low  Moderate High 

3a Mild to 
moderate  45-59 Moderate High Very High 

3b Moderate to 
severe  30-44 High Very High Very High 

4 Severe  15-29 Very High Very High Very High 

5 
Kidney 
failure 
ESRD 

<15 Very High Very High Very High 

Table adapted from KDIGO 2012 (www.kdigo.org/clinical_practice_guidelines/ckd.php)  
 
 

Metabolic syndrome (MS) is a cluster of conditions induced by hypertension, hyperglycemia 

and obesity and are risk factors of cardiovascular (CV) disease, stroke, and type-2 diabetes 

mellitus (T2DM) [10]. The American Heart Association (AHA) established that MS is 

identified when a person has three or more of following criteria’s: an increase in obesity (waist 

circumference is greater than 35-40 inches in men and women), elevated level of plasma 

triglycerides (greater than 150 mg/dL), elevation of fasting blood glucose (70-99 mg/dL) and 
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of hypertension (SBP of 130 mmHg or greater, or DBP of 85 mmHg or greater) but also by the 

decreases of HDL cholesterol (less than 60 mg/dL) [10]. Taken together, hypertension, 

hyperglycemia and obesity are MS major factors contributing to renal injury if left untreated 

and leading to CKD progression. 

Hypertension is characterized by the elevation in systemic blood pressure (BP) overwhelming 

vascular hemodynamics load affecting organ puncture and causing micro-injuries [26]. The 

increased BP enhances hemodynamic load to the vasculature, first encountered by the 

endothelial cell (EC) layer. The changes in the EC caused by CVD enhances the activity of 

various ion channels, integrins, tyrosine kinases and hormone production (including Ang II in 

the kidney) and growth factors [27, 28]. The hemodynamic overload in the glomerulus by the 

kidney afferent arteriole can leads to an overproduction of extracellular matrix, ROS generation 

and VSMC proliferation. These changes also promote vessels permeabilities to leukocyte 

infiltration and local inflammation [29]. The risk associated with hypertension in the context 

of renal injury is expected when CV hemodynamic load is not corrected, thus leading to chronic 

kidney disease and to ESRD. MS by itself doubles the risk of CV complications and triples the 

risk of CV mortality. Moreover, the atherosclerosis and arterial stiffness increasing 

hypertension represents a risk factor of renal injury. The hemodialysis (HEMO) study (1995-

2001) investigated mortality and mobility of hemodialysis patients after dialysis dose delivery 

modifications. This study demonstrated 80% CVD complications prevalence is observed in 

hemodialysis patients in correlation with age, presence of diabetes and with the duration of 

dialysis treatment [30]. A dialysis treatment only attenuates the progression of the disease 

without curing it and thus increases longevity of disease progression. The addition of various 

external risk factors induced by MS, such as diabetes, obesity and lifestyle habits affect the 

renal function. Taken together, there is a close relationship between CV disease induced via 

MS and CKD.  
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Diabetes mellitus is a worldwide health burden with increased prevalence. It is estimated that 

by 2045, over 693 million of the worldwide population will suffer from diabetes. The 

consumption of exceeded daily quantities of carbohydrate lead to an unhealthy lifestyle habits 

and health conditions. The risks associated with CV complications related to CKD can also 

shifts the CKD conditions into a diabetic kidney disease (DKD) stage if the renal health 

conditions are compromised (e.g., insulin resistance or glucose tolerance). The maladaptive 

response of carbohydrate is the key feature of diabetes. DKD is caused by either type-1 (T1DM) 

or DKD (T2DM). DKD is a multifactorial disease, characterized by fibrotic lesions in the 

kidney, persistent inflammation, oxidative stress and renal microvascular injury. The high 

blood glucose (hyperglycemia) also promotes dyslipidemia and obesity via the accumulation 

of fat in adipocytes, and obesity by itself is a risk factor for MS inducing diabetes. The 

worldwide population is adopting an unhealthy lifestyle and because of the levels of obesity 

keep rising, thus increasing the risk for DKD [31].  

Obesity is another cause of MS inducing CKD well characterized by the lack of physical 

activities and unhealthy lifestyle habits [32]. It was shown that MS caused by dyslipidemia 

increases by 4-fold the risk of renal injury leading to CKD. Thus, a close parallel is obtained 

when correlating the rise in ESRD incidence and CV risk factors with obesity. It is of crucial 

importance to implement the obesity factor and parameters in the presence of hypertension and 

diabetes for bias human renal injury reproducibility. Moreover, the estimated GFR values have 

a strong correlation with kidney injury when measured independently from CV complications, 

hypertension, and obesity parameters [30, 31]. To this end, it is also known that fat 

accumulation in other organs increases the risk of multifactorial and complex diseases. For 

instant, liver fat accumulation induces nonalcoholic fatty liver disease (NAFLD) development 

thus increasing the risk CKD.  
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1.5 Liver injury induced by obesity  

The liver is an important organ with many functions, including the productions of protein like 

(albumin) and blood clot factors, production of triglycerides and cholesterol and the elimination 

of toxins by enzyme metabolism activities [33, 34]. It also plays a role in maintaining glucose 

level by removing excess carbohydrates from the bloodstream and storing it in glycogen form. 

Moreover, the liver plays an important role in fat metabolism by breaking down fat molecules 

and ATP degradation for cell energy [33]. However, the excess of lipid accumulation in the 

hepatocyte increases liver toxicity and dysregulating cell mechanisms and increases risk of 

liver diseases [34].  

Fatty liver disease is characterized by the accumulation of lipids in hepatocytes and chronic 

liver disease is a risk factor contributing to NAFLD. Clinical diagnosis of NAFLD is initially 

established by radiological imaging techniques when ≥5% of hepatic fat accumulation is 

present in the liver with absence of alcohol, drugs, virus or autoimmunity factors [35, 36]. 

Hence, chronic fat accumulation in liver injury is a facilitating risk to induced NAFLD.  

NAFLD is not age associated but is most often diagnosed in patients between the age of 40 to 

60 years old and its prevalence is increased in men at 30-40% compared to 15-20% for women 

[37]. Most patients diagnosed with NAFLD have apparent signs of obesity, glucose intolerance 

or T2DM, CVD and/ or hypertension contributing to metabolic syndrome making it a 

multifactorial disease [35, 36]. The meta-analysis published by Musso. G et al. evaluated 

causes specific mobility and mortality liver-related disease.  A 57% increase in mortality from 

NAFLD and CVD factors was observed and a twofold increase in incidence related to risk 

factors with T2DM [38]. This same meta-analysis showed that liver injury inducing NAFLD 

also increased by twofold the risk of CKD [38]. However, with no current treatment and liver 

transplantation being the only solution to mitigate the problem, NAFLD ranked on the North 

American chart at the top three for liver transplantation [39]. Again, liver transplantation only 
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attenuates the disease progression without curing the problem, thus increasing longevity of the 

patient.  

The liver injury and its progression can now be identified by using different blood tests. The 

most common assay to validate liver function decline and injury is performed by alanine 

aminotransferase (ALT) assay. ALT is an enzyme with high expression in the liver cytosol and 

released in the bloodstream when the liver is injured, thus making it a reliable marker for 

analysis [40]. ALT level can reach up to 50 times its basal level in presence of severe liver 

damage [41]. To validate severity of liver damage without other organs interference, 

comparison with biochemistry blood work analysis such as the total protein and the albumin-

to-globulin values is often performed. Moreover, the ALT test is often co-analyzed with the 

aspartate aminotransferase (AST) test to validate level of liver damage. AST assay is less 

commonly used due to its cytosolic and mitochondrial forms and its expression in various 

tissues such as liver, kidney, heart, skeletal muscle, brain, white and red blood cells [40]. The 

identification of secreted AST enzymes from the liver helps screen and diagnose liver disease 

[41]. A study underlying NAFLD found that 83% of patients with high ALT levels also 

revealed signs of steatosis and steatohepatitis from biopsy samples [42]. Taking together mild 

to elevated values of ALT and AST indicates liver damage and both tests are well crosslinked. 

However, it was shown that NAFLD, obesity and insulin resistance are common factors 

associated with high levels of ALT and AST [43] and lifestyle modifications can correct such 

abnormalities to counter liver disease progression [40].  

In addition, other possible mechanisms of steatosis affecting liver function have been shown 

to be implicated in the synthesis of hepatic triglycerides and the decline in low density 

lipoprotein (LDL) synthesis [44, 45] when compared to essential high density lipoprotein 

(HDL). The change in cellular mechanisms is possibly due to a decrease in fatty acids oxidation 

or an increase in free fatty acids deliveries to the liver [46]. Ozaki et al. demonstrated a close 



11 

correlation between albumin mRNA significant reduction and hepatic failure despite the 

presence of other mechanisms of albumin production, suggesting that albumin main site of 

production is regulated in the liver [47]. Hence, steatosis induced in the liver changes instinct 

mechanisms have not yet well been established. To also validates liver damage, biopsy samples 

identified steatosis, sign of hepatocytes apoptosis and inflammation throughout the organ. The 

biopsy samples are analyzed by colorimetric staining before giving corresponding pathology 

results. A biopsy from an NAFLD liver revealed visual appearance of liver mild to severe 

deterioration due to injury when compared to a healthy specimen [47]. 

1.6 Current treatment 

The treatment for hypertension and hyperglycemia inducing-CKD currently available mainly 

triggers the control of glycemia and blood pressure from a recurrent to a continuous 

pharmacology drug usage, without curing the underlying disease [48]. While these therapeutic 

drug treatments may prove to be beneficial, simply targeting hypertension and glucose may not 

be enough to prevent renal injuries. Therefore, additional strategies are needed to treat this 

multifactorial and complex disease.  

As the main key causes of CKD are diabetes and hypertension, treatments for patients with 

CKD includes designing drugs to control glycemia and BP. Regarding BP, uncontrolled 

parameters can have serious consequences on the kidneys’ ability to regulates electrolyte and 

fluid handling, which ultimately promotes hypertension through volume expansion and 

increased vascular stress, leading to CVD and renal problems. The renin-angiotensin-

aldosterone system (RAAS) pathway is a major player in this regard [49, 50]. Thus, the current 

first line of BP lowering agents includes angiotensin-converting enzyme inhibitors (ACEi), 

angiotensin type 1 receptor blockers (ARB) and renin inhibitors are effective in lowering 

albuminuria in hypertensive patients with concomitant ACR values of 200 mg/g [51]. These 

treatments are often combined with additional drugs, such as beta-blockers, calcium channel 
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blockers and vasodilators to achieve ideal BP, usually below 130 mmHg systolic and 80 mmHg 

diastolic. A proper BP control translates to a reduction in renal injury in patients with diabetic 

nephropathy (DN) [51]. However, these drugs can only slow disease progression and do not 

completely attenuate it. In addition, these drugs may lead to hypotension if higher concentration 

are used [51]. Therefore, the search remains for the quest of effective DN therapies which are 

BP-independent. 

Diabetes is a disorder in which circulating plasma glucose levels are increased due to either: 

an incapacity of pancreatic beta cells to produce endogenous insulin (T1DM) or caused by 

insulin resistance (T2DM) to take up extracellular glucose and metabolize it into energy [52]. 

The cause of T1DM still remains unknown, however the combination of genetics with 

environmental factors both play majors fundamentals roles. However, patients diagnosed with 

T1DM require continuous blood glucose monitoring (continuous control of glycated 

hemoglobin HbA1C) and the use of human synthetic insulin to maintain proper health. 

Moreover, the current treatment of T2DM includes the use of biguanides, thiazolidinediones 

and sulfonylureas [53, 54]. These drugs lower liver glucose production, enhances tissue glucose 

reuptake, and stimulates pancreatic insulin secretion. Moreover, these drugs are effectives to 

restore blood glucose levels to a normal range, found between 80-110 mg/dL or 4.5-6.0 mM 

limiting CVD and CKD progressions [54]. Since then, many drugs’ findings for hypertension 

and hyperglycemia monitoring have been investigated, however the renal ability to reabsorbed 

glucose play in important role. 

Recently, a new class of antiglycemic drugs, ‘flozins’ have emerged as promising new 

therapies for DKD patients. These drugs act by inhibiting sodium glucose transporter 2, 

blocking glucose reabsorption along the renal proximal tubule, and promotes glucose 

elimination in the urine [48]. While these treatments may prove to be beneficial, simply 

targeting glucose may not be enough to prevent renal injury in the context of that disease. 



13 

Hyperglycemic patients are in glomerular hyperfiltration due to excess of glucose and sodium 

reabsorption in the proximal tubule, thus increasing systematically GFR from the TGF system. 

Moreover, hyperfiltration increasing GFR induced glomerular damage, accelerating cells ER 

and oxidative stress, inflammation and mesangial cells proliferation and fibrosis. These drugs 

only attenuate plasma glucose but cannot remediates to decreasing GFR by the TGF response.  

From the Flozin family, Canagliflozin (Cana) developed by Janssen pharmaceuticals (Johnson 

and Johnson) is of high therapeutic interests. Cana has shown promising therapeutic effects to 

reduce renal injury and impact macrophage infiltration in mouse models of obesity [55]. Like 

all other Flozin drugs, Cana mode of action acts on blocking the sodium-glucose cotransporter 

2 (SGLT-2) [48].  

The SGLT-2 receptors are located at the proximal tubule and are hyperactivated in the 

presences of high glucose environment, allowing sodium and glucose reabsorption from the 

apical side to the basolateral [56]. The SGLT-2 cotransporter by itself is responsible for 90% 

of glucose reabsorption in the renal proximal tubule, thus leading glucose plasma concentration 

to increase at a higher level when the cotransporter is shifted from normal to hyperactivated. 

Moses et al. review article underlined the concept that normal renal glucose reabsorption is 180 

mg/dL of plasma. In a T2DM patient, glucose reabsorption threshold is up regulated by SGLT-

2 maladaptive response [57], thus underlying the importance of the receptor inhibition in 

hyperglycemic patients. In hyperglycemic conditions, the hyperactivation of the receptor is 

increased by both glucose and sodium reabsorption and impairing the TGF system. The 

reduction in Na+ delivery in the MD leads to a TGF maladaptive response, thus increasing renal 

perfusion by inadequate arterial hemodynamic tone [58, 59] and leading to glomerular 

hyperfiltration. Inhibition of the SGLT-2 cotransporter increases Na+ delivery to the macula 

densa and restores TGF and reduce glomerular hypertension [60]. The changes result in plasma 
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flow and hyperfiltration reduction [59]. Hence, glucose and sodium aren’t reabsorbed by the 

SGLT-2 receptor along the proximal tubule, leading to urine glucose increase (glycosuria). 

In 2014, the canagliflozin and renal endpoints in diabetes with established nephropathy clinical 

evaluation (CREDENCE) human clinical trial evaluated the effect of Cana and renal outcomes 

in T2DM [61, 62]. This study consisted of a pretreatment phase and a double-blinded treatment 

phase that lasted up to 66 months randomized in a 1:1 Cana to placebo ratio and with 

approximately 4,200 participants. During pretreatment, all participants received a specific diet 

and exercise for assessing their blood pressure and lipid and evaluating the CV risks. Hence, 

the CREDENCE study lasted 5.5 years and provided primary composite outcomes that favor 

Cana. All participants on Cana showed a reduction in ESRD, a delay to initiate dialysis or 

kidney transplantation and therefore a decrease in renal death. Also, Cana showed excellent 

outcomes in reducing CV death or hospitalization for health failure and stroke [60]. Taken 

together, Cana provides positive outcomes from the CREDENCE study [61, 62]. Patients 

taking Cana experience an increase of glycosuria and natriuresis from the sodium and glucose 

inhibition drug action on the SGLT-2 cotransporter.  

1.7 Animal model of metabolic syndrome induced CKD 

To study CKD and its pathophysiological progression, various tools are needed. These include 

in vitro cell culture systems or characterization of the disease process in vivo in murine models 

of CKD. The use of rodent models for modulation DN disease progression has been refined 

over the years and the replication and time efficiency of disease progression on rodents have 

been shown to occur more rapidly. The studies on diabetic mice showed to induce renal injury 

after approximately 20 to 26 weeks of age [63, 64]. Hence, mice models are useful tools to 

study therapeutic, pharmacological, and molecular pathways involved in the progression of 

complex disease, when compared to human clinical studies for primary results. 
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The current animal models of obesity in research have showed to replicate human obesity 

progression by specific mutation, such as the monogenic mutation in the leptin pathway (ob/ob 

mouse have a leptin deficiency, db/db mouse have a leptin receptor deficiency or Zucker rats 

have mutated leptin receptor) [65, 66]. Moreover, dyslipidemia can be induced on animal 

models by the exposures of obesogenic environments, such as being maintained on high-fat 

diet for long periods of time [67]. In addition, the increase in obesity in the animal is also shown 

to induce hyperphagia and the changes in metabolism energy favoring significant body weight 

increase.  

Even though mouse models are widely used, most mouse models of CKD do not fully 

recapitulate human disease progression and only a limited number of available models meet 

the Animal Models of Diabetic Complications Consortium (AMDCC) criteria’s [67]. The 

AMDCC stipulates that a 50% decline in GFR, a 10-fold increase in albuminuria compared to 

age and gender-matched healthy controls, a 50% increase in glomerular mesangial matrix, 

hyalinosis of the arterioles, a 25% thickening of the GBM and the presence TIF are all 

characteristics that should be display in an adequate murine model of DN [68]. Since most 

current murine models of DN do not fully recapitulate all these criteria’s, this field of research 

area remained yet quite active. Currently, great efforts are undertaken to generates a rodent 

model of CKD which meets all AMDCC criteria [68].  

Rodent models of T1DM, where mice are either born or rendered hypo-insulinemic, include 

intraperitoneal injections of alloxan or β-cell toxin streptozotocin (STZ) or through, β-cell 

specific overexpression respectively in OVE26 and Akita models [69–71]. T2DM rodent 

models are typically obtained by rendering these animals obese using a HFD, or by disrupting 

the satiety hormone leptin via mutations within the leptin gene (ob/ob mice), or leptin receptor 

(db/db mice, Zucker rats). While the above models display abnormalities associated with early 

DN, such as albuminuria, renal hypertrophy, and glomerular scarring, they fail to develop late 
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features related to human disease, including declining GFR and arteriolar hyalinosis [72]. The 

differences found in the severity of renal injury observed in rodent models may explains why 

some treatments are effective in experimental animal models but fail to replicate the effects of 

human diseases in trials.  

Several factors must be taken into consideration when choosing to study a specific mouse 

model to another one [63]. Of these, the susceptibility imparted by the strain of rodent chosen 

and whether the model develops hypertension or not are major requirements [63, 73]. In mice, 

it is well established that obese and hyperglycemic type-2 diabetic db/db mice develop 

substantially more renal injury when bred onto an FVB/n background, compared to the 

C57BL/6J mouse strain. Hence, T1DM OVE26 mice bred onto the susceptible FVB/n 

background demonstrated glomerulosclerosis and albuminuria [63, 73]. Finally, hypertension 

is not observed in murine DN models. The RAAS-activation through either exogenously or 

endogenously enhanced renin-dependent Ang II production has also provided hypertension 

increase onto a diabetic phenotype [74]. One example, the TTRhRen mice developed by Dr. 

Reudelhuber at the Montreal Research Clinical Institute, expresses a modified human pro-renin 

gene specifically expressed in the liver which leads to an overproduction of active renin and 

thus promotes Ang II- dependent on hypertension [75].  

The current mouse models of advanced-CKD do not fully mimic human renal disease and 

cellular mechanisms dysfunctions. It was found that pro-renin has a direct correlation with 

microvascular disease and nephropathy in patients with common diabetes [76]. From this 

knowledge, Thibodeau et al. previously generated a novel mouse model of advanced CKD by 

superimposing type-1 diabetes with genetic RAAS dependent hypertension [67] on the 

TTRhRen mouse model. This transgenic mouse model is genetically hypertensive by the 

expression of a human pro-renin cDNA under the control of a 3-Kb region of the transthyretin 

gene promoter (also called LinA3+ mice) in the liver. Pro-renin is the precursor of renin, a 
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surge in renin promotes systemic hypertensive and thus renal hypertension through the RAAS 

pathway activation dependent [76]. This model also showed signs of glomerular sclerosis and 

significant albuminuria 20 weeks post T1DM induction via STZ pancreatic beta cells death 

when compared to their TTRhRen littermates, normal db/db diabetes mice and wildtype mice 

groups. Taken together, the disease progression showed that hypertension and hyperglycemia 

combination are the leading cause of CKD and development of renal dysfunction takes time. 

The strategy of combining hypertension with hyperglycemia resulted in a model of CKD, 

however lacking an important characteristic of human CKD, the presence of dyslipidemia via 

fat accumulation for cellular mechanisms shifting toward a hypertensive model genetically 

activated by the RAAS system.  
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1.8 Rationale  

Hypertension, hyperglycemia, and obesity are hallmarks contributing to MS inducing renal 

injury and thus leading causes to CKD. To study MS associated with CKD in humans, multiple 

rodent models have previously been used. Of which, Glastras et al. identified renal outcomes 

when comparing T1DM (via low dose STZ, 55 mg/Kg body weight daily intraperitoneal, for 5 

consecutive days) and obesity phenotypes inducing-MS on C57BL/6J male mice [77]. The 

results obtained from their study demonstrated that glucose and HFD surge to the kidney 

significantly increase urinary ACR and serum creatinine level, with apparent sign of TIF visible 

by Periodic Acid Schiff (PAS) staining at 30 weeks of age compared to regular chow-fed mice 

[77]. However, this study was missing an important characteristic of human MS inducing 

advanced-CKD, the presence of hypertension. Moreover, Touyz et al. previously established 

the TTRhRen mice model with distinct phenotypes of elevated systemic chronic hypertension 

by the RAAS system activation through the insertion of a liver specific human pro-renin 

transgene [75]. Furthermore, Thibodeau et al. established a novel mouse model displaying 

genetic hypertension using the TTRhRen mice model and superimposing T1DM by low-dose 

STZ [78]. The combination of hyperglycemia and hypertension led to induced CKD by the 

development of glomerulosclerosis and significant albuminuria at 20-weeks post 

streptozotocin injections [67]. However, the generation of a mouse model with distinct features 

of disease takes time and this previous mouse model lacked an important characteristic, 

dyslipidemia. In the current study, we first aimed to obtain a novel mouse model of metabolic 

syndrome induced CKD mimicking human disease with hyperglycemia and dyslipidemia 

phenotypes combination in the TTRhRen mouse and have disease proliferation time frame 

shortened in animals of 20 weeks of age. We also aimed to validate other potential chronic 

organ injury caused by MS induced via hypertension, hyperglycemia and dyslipidemia.  
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Furthermore, the CREDENCE human clinical trial revealed beneficial effects of Cana usage in 

T2DM patients with distinct renal injury, such as the reduction in ESRD, a delay to initiate 

dialysis or kidney transplantation, reducing CV death or hospitalization for health failure and 

stroke [60]. Patients taking Cana resulted in an increase of glycosuria and natriuresis from the 

effect of Cana on the SGLT-2 transporter after couples’ weeks of treatment [60–62]. These 

observations found correlates with recent findings suggesting that Cana is a reno-protective 

anti-glycemic therapeutic drug. To this end, we aimed to validate the SGLT-2 inhibitor effect 

on the sodium and glucose reabsorption in the kidney proximal tubule in hypertensive/T1DM 

mice model within 3 weeks of treatment.  

1.9 Purpose  

The purpose of this study is to generate a novel model of metabolic syndrome inducing CKD, 

with apparent phenotypes of hypertension, hyperglycemia and dyslipidemia and characterize 

Canagliflozin treatment on renal damage. 

 

1.10 Hypothesis  

 
The two hypotheses of this study are:  
 

A) The superimposition of dyslipidemia phenotype on the previously generated 

genetically-hypertensive/ type-1 diabetic mouse model would mimic features of human 

metabolic syndrome.  

B) The SGLT-2 inhibitor (Canagliflozin) treatment will be beneficial for the LinSTZ 

mouse model by blocking the reabsorption of glucose and sodium in the proximal 

tubule. 
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1.11 Objectives 

 
Objective 1: Establish and characterize a novel mouse model of metabolic syndrome inducing-

CKD by combining the genetically-hypertensive/type-1 diabetic with a high fat regimen. 

1) Generating genetically liver specific human renin hypertensive male mice and WT 

littermates. 

2) Induce T1DM via pancreatic beta cells death at 8 weeks of age. 

3) Feed a 60% kCal HFD regimen to induce dyslipidemia for 8 consecutive weeks.  

4) Measuring in mice physiological parameters, such as, systolic blood pressure, fasted 

blood glucose or urine volume.  

5) Quantify the level of kidney injury in the different groups.  

This animal study timeline (Figure 1A) illustrates mice allocation in 4 groups (Table II) 

according to baseline systolic blood pressure and hyperglycemia. 

 
Objective 2: Quantify the level of other organ damage (liver injury) in the novel mouse model 

of metabolic syndrome inducing-CKD. 

1) Examine the liver injury from collected tissue.  

2) Quantify the activity of liver function via enzymatic assay.  
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A│ 

 
B│ 

 
Figure 1 | Mice study timelines.   
A) Study timeline illustrating a novel model of MS inducing-CKD via hypertension (TTRhRen 
mice), hyperglycemia and fat accumulation phenotypes. B) Study timeline illustrating 
Canagliflozin treatment on the TTRhRen mice with distinct hyperglycemia phenotypes. 
 
 
Objective 3: Determine if fat accumulation inducing hepatocyte injury affects the liver human 

renin transgene.  

1) Generate custom pair oligonucleotide primers for human and mouse renin.  

2) Isolate RNA from snap-freeze liver and kidney samples.  

3) Quantify human and mouse renin samples.  
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Objective 4: Compare the effects of SGLT-2 inhibitor (Canagliflozin) treatment on renal 

injury in the LinSTZ mouse model. 

1) Induce T1DM via pancreatic beta cells death at 8 weeks of age and let hypertension and 

hyperglycemia phenotype disease progress in animals.  

2) Treat mice with a dose of 30 mg/Kg.BW dose Canagliflozin compound for a duration 

of 3 weeks, at 17 weeks of age.  

3) Measure in mice physiological parameters, such as, systolic blood pressure, fasted 

blood glucose or urine volume from treated and vehicle group 

4) Quantify the level of kidney protection by drug.  

This animal study timeline (Figure 1B) illustrates mice allocation in 2 groups (Table II) 

according to baseline systolic blood pressure and hyperglycemia. 
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Table II: Mice allocation in groups according to hypertension and hyperglycemia values. 
Study A: Novel model of MS inducing-CKD via hypertension (TTRhRen mice), 
hyperglycemia and obesity. 

Group Genotype Challenges Number of 
mice (n =) 

1 WT Saline Regular diet 8 

2 WT Saline HFD 8 

3 LinA3+ STZ Regular diet 9 

4 LinA3+ STZ HFD 23* 

Study B: Canagliflozin treatment on the TTRhRen mice with distinct hypertension/ 
hyperglycemia phenotypes. 

Group Genotype Challenges Treatment Number of 
mice (n =) 

1 LinA3+ STZ Regular diet Vehicle 8 

2 LinA3+ STZ Regular diet Canagliflozin 8 

* N number elevated due to sub-division into subgroups for treatments with drugs. However, 
this milestone did not happen due restriction with the animal care facility.   
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CHAPTER 2: MATERIALS AND METHODS 

 

Animals 
Hypertensive TTRhRen (or also named LinA3+) mice have been previously described 

according to the literature [79, 80]. Briefly, liver-specific expression of a modified human pro-

renin cDNA transgene was achieved under the control of a 3-Kb region of the mouse 

transthyretin promoter. The synthesis of active human renin was optimized by introducing a 

furin cleavage site between the pro and active segments of the human renin transgene. Cleavage 

of the pro segment from the renin transgene occurs by the ubiquitously expressed furin enzyme 

in cells expressing this construct. Hyperreninemic LinA3+ mice on an FVB/n background 

display elevated systolic blood pressure (140-150 mmHg) and develop cardiac hypertrophy by 

4 months of age [80] that may be attenuated by ACE inhibition or ARBs [75, 79, 80]. 

Hypertensive LinA3+ mice do not display a renal hypertrophy phenotype. 

Briefly, 8-10 weeks-old LinA3+ and their wildtype (WT) littermate male mice on a FVB/n 

background were subjected to 5-day intraperitoneal (i.p.) injections of STZ (50mg kg-1BW-1; 

Sigma-Aldrich, Oakville, ON.) or 0.1 M Na-citrate buffer pH 4.5 as vehicles respectively to 

induce hyperglycemia via pancreatic beta cell death [81–83]. After 4 weeks post-STZ injection, 

mice were allocated in corresponding groups and fed either a regular diet (10% kilocaloric 

(kCal); Teklad, Mississauga, ON.) or a high-fat diet (HFD; 60% kCal; Teklad, Mississauga, 

ON.) for 8 weeks for body weight gain [84, 85].  

All mice were subjected to baseline and endpoint metabolic cages. Food consumption, water 

intake and urine output were measured at 24 hours metabolic cages for baseline and after 12 

hours for endpoint. Values of 12 hours metabolic cages were extrapolated to obtain 24 hours 

values comparisons.   

Mice were administered Canagliflozin at 30 mg/kg body weight dose suspended in vehicle 

solution containing 0.5% w/v methylcellulose in saline solution with 0.025% v/v Tween-20 



25 

[86]. The Cana drug was administered by daily gavage at 8:00 AM for a duration of three (3) 

weeks before sacrifice. Mice had Ad libitum access to food and water before and after the 

procedure. Dehydrated signs in the hypertension/ hyperglycemic mice were supplemented with 

i.p. saline solution and with heat pad for up to 8 hours at the time.  

Experimental animals (male, 8-20 weeks) were housed and carried at the Animal Care Facility 

at the University of Ottawa with free access to food and water. Protocols were approved by the 

University of Ottawa Animal Care Committee (CMM – 2209) and conducted according to the 

guidelines of the Canadian Council on Animal Care.  

 

KIDNEY INJURY ANALYSIS 

 

Blood pressure measurement  
Systolic, diastolic and pulse reading were measured by tail-cuff plethysmography (BP 2000, 

Visitech systems, Apex, NC) throughout the study [67]. Mice were trained for 5 consecutive 

days at 11 weeks of age (5 preliminary readings, 10 actual readings/ day). Later BP 

measurement in the study was obtained within 2 consecutive days on 12- and 20-weeks old 

mice. False results from unread blood pressure instrument and outliers measured according to 

the average +/- two-times standard deviation of sample were removed from data analysis to 

obtained sample average.   

 

Physiological data 
Baseline blood samples were collected by saphenous vein bleed into heparinized capillaries 

(Fisher Scientific, Pittsburgh PA). The capillaries were centrifuged 5000 g for 10 minutes at 

4°C to measure hematocrit fraction before sampling plasma and place immediately -80°C until 
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subsequent analysis. Sacrifice blood samples were collected via cardiac puncture into 

heparinized syringes, kept on ice and centrifuged at 5000 g for 10 minutes at 4°C. Collected 

plasma was immediately frozen at -80°C until subsequent analysis. Plasma glucose levels were 

determined by glucometry (Nova StatStrip Xpress Glucose CR Meter. Nova Biomedical, 

Waltham, MA).  

At sacrifice, kidneys were removed, individually weighted and normalized to tibia length. The 

right kidneys were cut sagittal. A section of the right kidney and white adipose tissue (WAT) 

were placed in 4% paraformaldehyde fixation solution for 24 hours, transferred to 70% ethanol 

before embedded in paraffin. The other sagittal right kidney sections were placed in 30% 

sucrose for 24 hours and embedded in the OCT frozen section compound. The left kidneys and 

WAT were snap-freezed for protein and quantitative PCR (qPCR) analysis.  

 

Biochemistry analysis 
Plasma and urine biochemistry values were measured according to Cres17 (sodium, chloride, 

total protein, albumin, globulin, creatinine, glucose, cholesterol, triglycerides) and Cres18 

(urine sodium, urine chloride, urine total protein, urine urea nitrogen, urine creatinine, urine 

glucose) respectively test type from IDEXX inc. (IDEXX, Westbrook, Maine). Briefly, 180 ul 

of plasma and 300 ul of urine volume per sample were sent to IDEXX to measure general 

biochemistry composition from each group. The values of the urine obtained for biochemistry 

were standardized for the 24 hours urine output.  

 

Albuminuria 
Albuminuria was measured using the Mouse Albumin Elisa Kit (Bethyl labs, Montgomery, 

TX.) following manufacturer’s protocol and measured A450 nm wavelength spectrophotometry 

(FLUOstar Galaxy. BMG LABTECH, Cary, NC). Albumin levels were determined by 
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normalizing to creatinine concentration, determined by high pressure liquid chromatography 

(HPLC) creatinine area under the curve (AUC) concentration quantification by fluorescence 

detection and with the polar bonded-phase 300-SCX ZORBAX narrow-bone 5-micron column 

(Agilent Technologies 1100 series, Santa Clara, CA) with 15 mM sodium acetate, 40% 

methanol and 10% acetonitrile (pH 4.2) for creatinine migration into column [5].    

 

Insulin test 

Baseline plasma insulin level was measured using Ultra-Sensitive Mouse insulin Elisa kit 

(Crystal Chem, Elk Grove Village, IL) following manufacturer’s protocol. Plate was measured 

using the spectrophotometry (FLUOstar Galaxy. BMG LABTECH, Cary, NC). Insulin 

concentration was measured by subtracting A630 to A450 nm and interpolated using the standard 

curve.  

 

Histology and α-SMA immunohistochemistry 

At sacrifice, mice were anesthetized under isoflurane and kidneys were excised, dissected and 

immediately fixed in 4% paraformaldehyde (PFA). PFA Paraffin-embedded kidney sections (3 

μm), liver (4µm) and WAT (4 µm) were obtained and stained with periodic-acid Schiff (PAS) 

or Masson’s Trichrome reagent [67, 77]. All sectioning, paraffin embedding, and staining were 

performed by the University of Ottawa’s Department of Pathology. The sections were viewed 

using a light microscope at either 200X or 400X magnification (Axioskop 2 Imager A1, Zeiss, 

Germany). Kidney glomerular (20-25 glomeruli/ mice) were analyzed using imaging software 

(Axiovision v4.8, Carl Zeiss, Germany) was used to calculate relative mesangial matrix/ 

glomerular area, whereby the area of the mesangial scar as a percentage of total glomerular 

area was determined. Visual degree of kidney and liver damage was scored using the following 
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qualitative scale: 0 - no damage in tissue, 1 - minimal, 2 - mild, 3 - moderated, 4 - marked and 

5 - severed damage and injury. A total of (20-30) representative visual areas were analyzed in 

a blinded manner for each group. 

Kidney and liver α-smooth muscle actin (α-SMA; Santa Cruz Biotechnology, Dallas, TX.) 

immunofluorescence was performed on paraffin-embedded sections mounted on glass slides. 

Sections were deparaffinized in mixed xylenes (Fisher Scientific, Pittsburgh, PA.), and 

rehydrated through a gradient of ethanol and distilled water. Sections were washed 3x in PBS, 

boiled for 20 minutes in 0.1 M Na-citrate buffer (pH 9.0) for antigen unmasking. Sections were 

blocked in PBS containing 10% donkey serum/ 1% BSA for 1 hour and incubated with mouse 

anti-α-smooth muscle actin (1:200) overnight at 4°C. Slides were washed and treated with a 

FITC-labelled donkey anti-mouse secondary antibody (1:1000; Molecular Probes, Burlington, 

ON.) for 1 hour, followed by 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Oakville, 

ON.) for nuclear localization. Sections were covered with fluorescent mounting medium 

(Vector laboratories, Burlington, ON.) and coverslips. Immunofluorescence sections were 

visualized under fluorescence microscopy at 400X magnification, whereby representative 

cortical profiles from each group were obtained in a blinded manner.  

 

Quantitative Real-Time RT-PCR 

Quantification of the human pro-renin liver specific transgene superimpose into the LinSTZ 

mice model and SGLT-2, tumor necrosis factor alpha (TNF-a) expressions was assayed to the 

wildtype (WT) littermates. Briefly, snap-freeze liver and kidney tissues collected at sacrifice 

from each group and RNA were isolated using QIAGen RNEasy Minikit with DNase treatment 

kit manufacturer's kit protocols (QIAGen, Toronto, ON.). Quantification of isolated RNA was 

performed using the Epoch Spectrophotometer with Take3 Micro-Volume Plate (BioTek, 
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Winooski, VT.) as described by the manufacturer. RNA analysis was undergone using Gen5 

software (Version 2.09) (BioTek, Winooski, VT.) calibrated for RNA quantification. Extracted 

RNA was converted to cDNA using the High-Capacity cDNA Reverse Transcription kit 

(Applied Biosystems, Foster City, CA.) with 500 ng starting material per reaction before 

performing Real-Time RT-PCR. Reactions were carried using SYBR Advantage qPCR Premix 

(Clontech Laboratories, CA, USA) on an ABI Prism 7000 Fast Sequence Detection System 

(Applied Biosystem) and with corresponding pairs of primers found in Table III. Briefly, 

human renin (hRen) and mouse renin (mRen) primers were normalized to control mouse gene 

GAPDH, and the mouse SGLT-2 and TNF-alpha genes was normalized to the 18S control 

gene. The comparative threshold cycle method was used for data analyses. All samples were 

assayed in duplicate. Relative expressions were analyzed to the 2-ΔΔCT qPCR threshold. A 

relative quantification was performed for each receptor and results are expressed as fold change 

control.  

 

Isolation and stimulation of bone marrow-derived macrophages (BMM)  

Mouse femurs and tibias were cleaned from muscles before centrifuges at 13 000 rpm to isolate 

fresh bone marrow. The bone marrow isolation was suspended into a warm RPMI 1640 

lymphocyte medium containing 10% newborn calf serum and 1% Penicillin/Streptomycin, 

counted to. The cell suspension was seeded at 2 x 106 cells per well final concentration in BMM 

media containing lymphocyte medium supplemented with 10 ng/ml of macrophage colony-

stimulating factor (ProSpec, East Brunswick NJ)), incubated at 37°C with a 5% CO2/ 95% O2 

ratio. Media change was performed every other day and up to 7 days to differentiate monocytes 

into mature macrophages.  

The macrophages polarization into M1 macrophages type was activated with 100 ng/ml 

lipopolysaccharides (LPS) (Sigma Aldrich, Oakville, ON, Canada) for 24 hours prior to RNA 
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isolation. A total of 500ng of RNA material was converted into complementary DNA and 

diluted 1:10 before undergoing mouse SGLT-2 quantification by qPCR as previously 

described. The results were normalized to the 18S control gene. All samples were assayed in 

duplicate. Relative expression was analyzed by the 2-ΔΔCT method. A relative quantification 

was performed for each receptor and results are expressed as fold change control.  

 

Table III: Primer sequence for qPCR with Tm values.  
Product name Size (bp) Primer sequences (DNA) Tm value (℃) 

human Renin 
(hRen) 161 

Sense: 5’ -aagtgcagccgtctctacac- 3’ 

58 
Anti-sense: 5’ -gtgattccacccacggtgat- 3’ 

mouse Renin 
(mRen) 184 

Sense: 5’ -gcaccgctacctttgaacga- 3’ 

58 
Anti-sense: 5’ -ccgtagtactgggtattcaggt- 3’ 

mouse SGLT-2 
(mSGLT-2) 72 

Sense: 5’ -gctggatttgagtggaattgc- 3’ 

60 
Anti-sense: 5’ -cggtcagatacactggcaca- 3’ 

mouse TNF-α 
(mTNF-α) 102 

Sense: 5’ -ccaccacgctcttctgtctac- 3’ 

60 
Anti-sense: 5’ -agggtctgggccatagaact- 3’ 

mouse GAPDH 151 

Sense: 5’ -actccactcacggcaaattc- 3’ 

58 
Anti-sense: 5’ -tctccatggtggtgaagaca- 3’ 

mouse 18S 61 

Sense: 5’ -atggtagtcgccgtgcctac- 3’ 

60 
Anti-sense: 5’ -ccggaatcgaaccctgatt- 3’ 
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LIVER INJURY ANALYSIS 

 

ALT and AST Elisa assay  

Liver function was measured using the alanine aminotransferase (ALT) and liver damage was 

measured using aspartate aminotransferase (AST) according to the Elisa kits and following the 

manufacturer's protocol on sacrifice’s plasma samples from each group. 

 

Angiotensin II Elisa assay 

Angiotensin II in plasma samples was measured using the Angiotensin II Elisa Kit (Enzo, 

Cedarlane distributor, Burlington, ON.) following manufacturer’s protocol and measured A450 

nm wavelength spectrophotometry (FLUOstar Galaxy. BMG LABTECH, Cary, NC). 

 

Statistics  

GraphPad Prism (Version 7.0a) was used to present the data and perform statistical analysis 

(Graphpad Prism, San Diego, Ca.). Values are expressed as means 土 standard error of the 

means (SEM). Statistical analysis for one group variable was done using unpaired t-test with 

parametric Gaussian distribution test. Multiple groups analysis was statistically analyzed by 

ANOVA and multiple comparison corrected with Bonferroni’s post test. A p-value < 0.05 with 

n ≥ 3 was considered statistically significant.  
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CHAPTER 3: RESULTS 

3.1 Establish a novel model of metabolic syndrome inducing-CKD by combining the 

genetically-hypertensive/ type-1 diabetic phenotypes with a high fat regimen. 

Hypertension, hyperglycemia and dyslipidemia are hallmarks of metabolic syndrome and if 

left untreated, can lead to CKD [87]. In order to determine whether superimposing obesity/ 

dyslipidemia onto the hypertensive/ T1DM phenotype present in LinSTZ mice would lead to a 

model of metabolic syndrome induced kidney injury that mimic human disease, we performed 

the following study. To this end, wildtype (WT) or LinSTZ mice were fed either a regular or 

HFD as illustrated in Table II and LinA3+ mice were rendered hyperglycemic via a low-dose 

streptozotocin challenge (50 mg/kg BW i.p. for 5 consecutive days) [69]. The obtained 4 

subgroups from this study is WT mice non hyperglycemic on a regular diet (WT + Reg), WT 

mice non hyperglycemic induced obesity (WT + HFD), genetically hypertensive mice with 

hyperglycemia phenotype on a regular diet (LinSTZ + Reg) and genetically hypertensive mice 

induced T1DM and obesity (LinSTZ + HFD).   

3.1.1 LinSTZ mice have elevated systolic blood pressure, blood glucose and confirmed 

obesity. 

LinA3+ mice have induced hyperglycemia via pancreatic beta cell deaths with streptozotocin 

(STZ) cellular toxicity. At four weeks post STZ-injections (baseline), the blood glucose was 

measured in mice after 4 hours of nutritional food fasting and using a glucometer. A fasting 

blood glucose level exceeding 15 mmol/L is characterized as hyperglycemia. An increase in 

fasting blood glucose level was observed in the LinSTZ group compared to their WT littermates 

receiving only sodium citrate buffer as vehicle (Figure 2A). Accordingly, STZ led to reduced 

fasting insulin levels in LinSTZ mice, confirming beta cells injury-mediated hyperglycemia 

(Figure 2B). Blood glucose levels remained elevated and unaffected in both regular and HFD 

fed LinSTZ mice at endpoint (Figure 2C).  
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Figure 2 | Hyperglycemia and hypoinsulinemia is observed in LinSTZ mice.  
A) Baseline fasted blood glucose is higher in LinSTZ. B) Plasma insulin is decreased in LinSTZ 
mice at 12 weeks of age. C) Endpoint blood glucose remained elevated in LinSTZ mice. The 
high blood glucose was induced in fasted mice through five consecutive daily low-dose STZ 
intraperitoneal injections (50 mg/kg BW/ day). Blood glucose results were obtained using 
glucometer via saphenous vein from 4 hours fasted mice. Data expressed as means 土 SEM, A) 
unpaired t test, ****p<0.0001 B) unpaired t test, **p<0.001 C) ANOVA, ****p<0.0001 
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Hypertension leads to systemic and renal vascular injury and is the second leading cause of 

end-stage renal disease [88]. LinA3+ mice are hypertensive at birth, due to sustained increased 

renin-angiotensin system activity [67]. Using tail-cuff plethysmography-based systolic blood 

pressure measurements, we confirmed that systolic blood pressure (SBP) was higher in 

genetically hypertensive LinA3+ mice, given STZ (LinSTZ), at baseline (Figure 3A) 

compared to WT littermates, as expected. Moreover, the SBP remained elevated in LinSTZ 

mice fed a regular diet throughout the study. Unexpectedly, HFD-feeding reduced SBP in 

LinSTZ mice (Figure 3B), which was statistically significant at several time points. Whether 

the HFD-induced decrease in SBP would translate into decreased renal injury remains to be 

confirmed. 
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Figure 3 | Systolic blood pressure taken from WT and LinSTZ mice given a 60% kCal 
high fat diet (HFD).  
A) High systolic blood pressure was confirmed at baseline. B) HFD shows a trend improving 
systolic blood pressure in LinSTZ after 8 weeks. Blood pressure was measured by tail-cuff 
plethysmography over 2 consecutive days with 5 preliminary readings and 10 actual readings 
per day. False results and outliers were removed from data analysis. Results represent mice 
aged from 12 (baseline) to 20 (endpoint) weeks of age. Data expressed as means 土 SEM, A) 
unpaired t test, ****p<0.0001 B) ANOVA, ***p<0.001 or ****p<0.0001 
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Body weight was measured throughout the study to evaluate the effect of HFD feeding on 

obesity. Baseline (prior to HFD) body weight was taken as the first standardized measure. The 

genetically hypertensive LinA3+ mice were leaner than their WT littermates (Figure 4A). As 

expected, 8 weeks of HFD feeding led to significant increases in body weight in both WT and 

LinSTZ mice (Figure 4B and Figure 32, Appendices), compared to mice fed a regular diet. 

LinSTZ mice fed a HFD were able to gain significantly more weight when compared to LinSTZ 

fed a regular diet, validating obesity on the model.  

The state of obesity was further confirmed by histological assessment of white adipose tissue 

(WAT) morphology. For this, abdominal WAT was quantified at sacrifice, stained with H&E, 

and morphometric analysis performed in a blinded manner by a trained pathologist. 

Quantification of fat in white adipose tissues (WAT) revealed an increase of fat deposition in 

WT HFD, as expected. LinSTZ HFD also showed changes in adipose tissue morphology visual 

appearance (Figure 5).  

Moreover, LinSTZ mice have low body weight accumulation but elevated circulating 

triglyceride levels (Figure 6). In addition, HFD increased plasma LDL cholesterol 

concentration in LinSTZ mice, confirming dyslipidemia (Figure 7B). The cholesterol level 

was further evaluated to determine the cholesterol ratio in mice by dividing the total cholesterol 

by the HDL (Figure 7). As expected, hypertensive/ T1DM mice have an elevated ratio 

compared to their WT littermates (Figure 7D).  
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Figure 4 | HFD regimen increases mice body weight.  
A) Baseline body weight measurements in grams (g). B) Endpoint body weight measurement 
is increased in HFD-treated groups after 8-weeks on regimen. Data expressed as means 土 SEM, 
A) unpaired t test, ***p<0.001 B) ANOVA, *p<0.05, ***p<0.001 or ****p<0.0001 
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Figure 5 | HFD regimen induces white adipose tissue (WAT) deposition.  
Quantification of WAT was measured from fixed H&E paraffin-embedded tissues and 
visualized at 400X magnification light microscopy. Measurement of adipose circumference 
was normalized to the total body weight. Data expressed as means 土 SEM, ANOVA, 
***p<0.001 or ****p<0.0001 
 
 
 

 
Figure 6 | Plasma triglyceride is increased in LinSTZ mice.  
LinSTZ vehicle mice have an increase in plasmatic free triglycerides level. The samples were 
analyzed by the third party IDEXX inc. to limit the variations. Data expressed as means 土 
SEM, ANOVA, **p<0.01 
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Figure 7 | Plasma cholesterol LDL/VLDL is increased in LinSTZ mice with no HDL 
changes at 12 weeks post-STZ injections.  
A) Quantification for high density lipoprotein (HDL) from plasma samples. B) Low density 
and very-low density lipoprotein (LDL/ VLDL) quantification. C) Sum of HDL and LDL/ 
VLDL in plasma to obtain the total cholesterol concentration. D) Cholesterol ratio obtained by 
dividing the total cholesterols by the HDL values. The samples were analyzed by the third party 
IDEXX inc. to limit the variations. Data expressed as means 土 SEM, ANOVA, *p<0.05, 
**p<0.01 or ***p<0.001 
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3.1.2 Evidence of polydipsia, polyuria and dehydration confirmed in LinSTZ mice.  

Hyperglycemia impairs the kidney’s ability to reabsorb water, and thus mice become 

dehydrated [89]. LinSTZ mice with confirmed hyperglycemia/ hypertension showed multiple 

signs of dehydration and polydipsia throughout the study. The LinSTZ mice with polydipsia 

symptoms observed a higher water intake and urine production, compared to WT mice (Figure 

8A, B) at baseline. The increase in hematocrit fraction (red blood cells) was also observed in 

the LinSTZ groups (Figure 8C), as LinSTZ mice experienced a reduction in plasma fluid when 

measuring blood hematocrit. Moreover, another sign of dehydration was analyzed by 

measuring the urine osmolality in mice. Again, we observed significant reduction in urine 

osmolality in the LinSTZ mice group (Figure 8D) when compared to non-hypertensive and 

diabetic WT littermate. 
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Figure 8 | LinSTZ mice shows evidence of polydipsia and dehydration.  
A) LinSTZ are polydipsic by its higher water intake measurement taken by metabolic cages. 
B) Elevated urine output is observed in LinSTZ mice with shown characteristics of polydipsic 
and dehydration. C) Dehydration is quantified in LinSTZ by the increase in hematocrit fraction 
(Hct %). D) Urine osmolality is reduced in the LinSTZ group. Data expressed as means 土 
SEM, unpaired t test, ****p<0.0001 
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3.1.3 LinSTZ mice show ameliorated kidney function after 8 weeks on HFD regimen. 

Kidney injury was also analyzed by measuring the albumin-to-creatinine ratio (ACR) at 

baseline (pre-HFD regimen) and endpoint (4 weeks post-HFD regimen). LinSTZ mice were 

already albuminuric at baseline with confirmed hypertension, hyperglycemic phenotypes 

(Figure 9A). At the endpoint, LinSTZ mice on fed HFD for a duration of 8 weeks showed a 

trend toward decreasing ACR when compared to regular diet LinSTZ mice (Figure 9B). 

Sustainably, blood urea nitrogen (BUN) was quantified as a surrogate of kidney function. The 

addition of a HFD regimen showed significant BUN reduction in both WT and LinSTZ mice 

(Figure 9C), thus ameliorating kidney function by eliminating toxins from the system.  
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Figure 9 | LinSTZ mice have higher urinary albumin to creatinine ratio (ACR) and 
ameliorated BUN in presence of HFD.   
A) Baseline ACR is higher in LinSTZ mice. B) LinSTZ mice show a trend towards decreasing 
ACR after 8 weeks of HFD. Urine albuminuria concentration was obtained from the Mouse 
Albumin Elisa Kit following manufacturer’s protocol. C) Blood urea nitrogen illustrating 
kidney function amelioration with HFD. Data expressed as means 土 SEM, A) unpaired t test, 
***p<0.001 B) ANOVA, ns: not significant, *p<0.05, **p<0.01 or ***p<0.001 C) ANOVA, 
ns: not significant, *p<0.05 
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3.1.4 HFD-feeding reduced the degree of collagen accumulation in the kidney. 

Histological assessment of kidney injury was performed on paraffin-embedded kidney sections 

stained with Masson’s trichrome staining. The evidence of collagen proliferation and 

deposition, fibrotic glomerulopathy (CG) and tubulointerstitial fibrosis (TIF) quantified by 

Masson’s trichrome was observed in the LinSTZ vehicle group (Figure 10). HFD-fed LinSTZ 

mice showed less renal injury as Masson’s trichrome staining intensity by its reduction back to 

basal level, suggesting less fibrosis.  

Moreover, alpha smooth muscle actin (aSMA) was quantified from immunohistochemistry 

kidney sections to validate progression of the disease. Alpha SMA has shown to be a relevant 

marker of reduced renal function as it can be identified in the renal glomerular mesangial cells 

and interstitial myofibroblasts. The amount of alpha SMA is significantly increased in the 

LinSTZ mice, but the expression is reduced when mice are on HFD (Figure 11), thus 

suggesting renal protection is obtained with HFD regimen.  
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Figure 10 | LinSTZ mice significantly increased tubulointerstitial injury. 
A) Visual representation of collagen deposition by Masson’s trichrome staining. Magnification 
= 200X. B) Masson’s trichrome scoring of kidney section revealing increase of collagen 
deposition in the glomeruli and tubulointerstitial of LinSTZ mice fed a regular diet Data 
expressed as means 土 SEM, ANOVA, *p<0.05 or **p<0.01 
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Figure 11 | alpha smooth muscle actin immunofluorescence on kidney section. 
Immunofluorescent analysis of the renal cortex. The amount of alpha-actin is significantly 
increased in LinSTZ mice but reduced on a high fat diet. A) Primary antibody anti alpha-actin, 
1:500, (Magnification = 400X, immunofluorescent light microscopy) B) Percentage of 
immunofluorescence of alpha SMA per cortical area of kidney section. Data expressed as 
means 土 SEM, ANOVA, n=30, ***p<0.001 or ****p<0.0001. 
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3.1.5 Total kidney and glomerular hypertrophy is observed in the mouse model.  

The increase observed in ACR, water intake and urine output suggest that LinSTZ mice 

glomerular segments are over-filtrating resulting in kidney hypertrophy. The total kidney 

weight was measured post sacrifice of each individual mice for normalization to the tibia length 

to obtain the kidney hypertrophy. It was shown that LinSTZ mice have increased kidney 

hypertrophy when compared to the WT mice (Figure 12A). The HFD regimen did not interfere 

with an increase in the kidney hypertrophy when comparing both LinSTZ on a regular and 

HFD regimen. The glomerular hypertrophy was also measured by confocal light microscopy 

visual analysis of glomerular measurements using a blind study. Surprisingly, HFD-fed 

LinSTZ mice developed significantly less glomerular hypertrophy (Figure 12B) at the 

endpoint than regular-diet fed littermates.  

Moreover, the histological assessment of kidney injury was performed on paraffin-embedded 

kidney sections stained with PAS. The evidence of glomerular mesangial cell proliferation and 

expansion was observed by PAS staining in all LinSTZ mice (Figure 13) but also in HFD-fed 

WT group. 
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Figure 12 | Kidney hypertrophy and glomerular hypertrophy is increased in LinSTZ. 
A) Kidney hypertrophy was measured from normalizing the left kidney (LK) weight to the tibia 
length of the mice. B) Morphometric analysis of glomerular area was assessed to quantify 
kidney hypertrophy PAS-stained paraffin-embedded kidney sections. Data expressed as means 
土 SEM, ANOVA, *p<0.05, **p<0.01 or ****p<0.0001 
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Figure 13 | LinSTZ vehicle and HFD-treated mice significantly increased glomerular 
injury. 
A) Visual representation of paraffin embedded kidney section stained with PAS staining. 
Magnification = 200X, light confocal microscopy. B) PAS qualitative scoring revealed the 
presence of glomerular mesangial cell proliferation and expansion in LinSTZ and HFD-treated 
groups. Data expressed as means 土 SEM, ANOVA, **p<0.01, ***p<0.001 or ****p<0.0001 
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3.1.6 HFD protect kidney from infiltrating inflammatory cells 

Infiltrating inflammatory cells such as macrophages are sources of TNF-a production in 

response to hypertension, renal failure, and diabetic nephropathy. An increase in kidney cortex 

of TNF-a, not only from resident kidney cells, but from inflammatory cells validates M1 

macrophage infiltration.  To quantify the level of macrophage infiltration and activation in the 

kidney, we quantified level of expression of tumor necrosis factor alpha (TNF-a) as a pro-

inflammatory/ fibrosis cytokine secreted from macrophages. From which, kidney RNA 

material was isolated before performing a quantitative RT-PCR on the complementary DNA 

with respective TNF-a pair primers. No significant increase was identified in LinSTZ mice 

(Figure 14) when compared to the WT groups.  

 

 

Figure 14 | Tumor necrosis factor alpha is not increase in LinSTZ mice. 
Tumor necrosis factor alpha (TNF-a) was quantified from cDNA isolated from the kidney 
cortex and analyzed by qRT-PCR as source inflammatory cells infiltration in the kidney. Data 
was normalized to 18S and is presented as fold change WT Reg means 土 SEM, ANOVA, ns: 
not significant 
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3.2 Quantify the level of liver injury in the novel model of metabolic syndrome inducing-

CKD. 

Since the humanized pro-renin transgene, responsible for the hypertensive phenotype in 

LinA3+ mice, is specifically expressed in liver hepatocytes via the transthyretin promoter, as 

previously described by Touyz et al. [75]. We wanted to know whether reno-protection seen in 

HFD-fed LinSTZ mice was merely due to the effect of HFD on the liver, and subsequently 

affecting the severity of the LinSTZ phenotype, leading to potential protection in the kidney.   

3.2.1 Liver function is affected by fat accumulation in LinSTZ HFD-fed mice. 

We first measured circulating albumin levels as a surrogate marker for liver function [90], as 

liver is the main site of albumin production. From our results, both regular diet and HFD-fed 

LinSTZ mice developed hypoalbuminemia (Figure 15) when compared to WT littermates, 

suggesting liver injury. The reduced serum albumin is often related with severe chronic liver 

disease, thus affecting albumin synthesis. 

To better understand the level of liver damage onto the model, we performed alanine and 

aspartate aminotransferase enzymatic assays. As expected, the ALT level was changed by 2-

fold in the LinSTZ model on regular diet and HFD (Figure 16A). Surprisingly, the level of 

AST in the LinSTZ model was not decreased in the model as expressed in Figure 16B. When 

comparing the ALT to the AST ratio, we observed liver damage similar to ALT quantification. 

The hypertension/ hyperglycemia and the HFD regimen induced on the mice seems to 

exacerbate early sighs of liver damage. 

ALT is often compared with other biochemistry analysis, such as total plasma protein and 

albumin-to-globulin value to identify liver disease. From the IDEXX inc. plasma results, 

endpoint plasma revealed that total protein significantly decreased in both LinSTZ groups 

(Figure 17). There is also an early decline in the albumin to the globulin ratio (Figure 33, 

Appendices) revealing potential damage related to the liver.  
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Figure 15 | LinSTZ vehicle and HFD-treated mice significantly reduced plasma albumin 
level. 
The samples were analyzed by IDEXX labs. Data expressed as means 土 SEM, ANOVA, 
**p<0.01 or ***p<0.001 
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Figure 16 | Liver injury analysis. 
A) Alanine aminotransferase is reduced in LinSTZ mice on Regular and HFD and WT HFD 
illustrating a decrease in liver function. B) Aspartate aminotransferase increased in LinSTZ 
HFD mouse model illustrating liver damage C) ALT to AST ratio. Data expressed as means 土 
SEM, ANOVA, *p<0.05 
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Figure 17 | Total plasma protein is decreases in LinSTZ mice. 
The samples were analyzed by IDEXX labs. Data expressed as means 土 SEM, ANOVA, 
*p<0.05 or ***p<0.001 
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3.2.2 HFD-fed LinSTZ mice led to pronounced hepatocyte ballooning, liver inflammation 

and fibrosis. 

Liver damage was also visualized with PAS staining to better identify inflammation, fibrosis 

and apoptosis from sections’ scoring by a pathologist. The histological assessment of liver 

injury revealed that both WT+HFD and LinSTZ+HFD mice developed steatosis (fat 

accumulation) lesions (Figure 18A) when compared to regular diet fed mice. In fact, we 

observed a 4-fold increase in steatosis when mice were fed 4 weeks a 60% kCal HFD, 

compared to regular diet fed mice. The liver histological scoring analysis revealed pronounced 

hepatocyte ballooning, liver inflammation and fibrosis (Figure 18B) in HFD-fed LinSTZ mice. 

Based on these findings, HFD-fed LinSTZ mice may be a suitable model of liver fibrosis and 

inflammation. Therefore, the combination of hypertension, hyperglycemia and obesity on these 

mice models induced NAFLD.  
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Figure 18 | Both WT HFD and LinSTZ mice significantly increased liver steatosis lesions. 
A) Hematoxylin and Eosin (H&E) Staining revealed the presence of steatosis lesions in the 
liver. Light confocal microscopy, Magnification = 400X. B) Scoring quantification of steatosis, 
ballooning and inflammation from liver section validating a NAFLD model. Data expressed as 
means 土 SEM, ANOVA, *p<0.05 or ****p<0.0001 
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3.2.3 Liver injury does not exacerbate human pro-renin transgene depletion. 

The humanized pro-renin transgene is specifically expressed in liver hepatocytes of LinA3+ 

mice. However, we questioned whether renoprotection seen in HFD-fed LinSTZ mice was due 

to HFD on the liver, and subsequently affecting the severity of the LinSTZ phenotype. To 

validate this hypothesis, we customized oligo pair primers to the human renin sequence and 

performed a quantitative PCR. As expected, WT littermate's level of detection is undetectable 

for human renin expression by qPCR since they do not express the transgene (Figure not 

shown). Moreover, the human renin mRNA level of expression was not affected by the degree 

of liver damage, as a 250- and 300-fold change is observed in LinSTZ regular and HFD-fed 

mice respectively (Figure 19). Surprisingly, liver damage did not interfere with the human 

liver specific pro-renin transgene and the hypertension reduction after 4 weeks of HFD does 

not come from the human renin transgene depletion on the model as it is normally expressed.   

As we observed a drop in hypertension in the LinSTZ HFD mouse model, we also quantified 

Angiotensin II (Ang II) as a potential target to validate the RAAS system function. By enzyme-

linked immunosorbent assay (Elisa), we quantified Ang II from endpoint plasma collected in 

LinSTZ mice fed a regular and HFD. Again, the Ang II plasma level was unaffected in the 

model (Figure 20). The Ang II protein is the end-product of the RAAS system, exacerbating 

the vasoconstriction via the Ang II receptor type 1, thus inducing constant hypertension in the 

model through the human pro-renin transgene and the continuous endogenous renin 

production.  
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Figure 19 | Liver damage did not affect expression of the human liver specific pro-renin 
transgene. 
Human renin (hRen) was quantified from RT-PCR cDNA isolated from the liver tissue and 
kidney cortex and analyzed by qRT-PCR. Data was normalized to GAPDH and is presented as 
fold change kidney means 土 SEM, ANOVA, ***p<0.001 

 

 

Figure 20 | Plasma angiotensin II quantification. 
Plasma Ang II concentration is unchanged in LinSTZ HFD compared to LinSTZ fed a Regular 
regimen. Data expressed as means 土 SEM, unpaired t test, ns: not significant 
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3.3. Effect of Canagliflozin treatment on LinSTZ mouse model with advance induce-

CKD from hypertension and hyperglycemia. 

As HFD showed a reno-protection effect despite inducting MS in the LinSTZ model with to 

induce of hypertension, hyperglycemia, and obesity. From this obtained result, we had to 

reinvestigate the model and opt-out the HFD regimen on the studied model. The previously 

studied LinSTZ mouse model from Thibodeau et al. showed advanced-CKD injury by 20 

weeks post STZ [67]. The used of the genetically-hypertensive/ T1DM LinSTZ mouse model 

would allow us to perform Canagliflozin treatment with distinct phenotypes (Figure 1 and 

Table II). In this study, we compare the effect of Cana on genetically hypertensive mice with 

hyperglycemia (LinSTZ + Cana) and Vehicle group (LinSTZ +Veh) with advanced-CKD.  

3.3.1 Body weight remains the same throughout the study. 

Canagliflozin has shown to regulate body weight from previous animal and human clinical 

studies. Therefore, body weight was measured throughout the study. The genetically 

hypertensive LinSTZ mice are lean adult age mice confirmed at baseline (Table IV) with no 

significant changes when compared to non-diabetic animals (WT). Hence, body weight 

remains the same in a 20 weeks-old animal treated with a 30 mg/kg body weight daily Cana 

(Table V), compared to the vehicle treated group. Mice from this study remained at 

approximately 27.40 ± 0.50 g and 27.08 ± 1.45 g for the Vehicle and Cana treated group 

respectively. 

3.3.2 LinSTZ mice are hypertensive with no changes when treated with Canagliflozin.  

The LinA3+ mice are hypertensive at birth, due to sustained increased renin-angiotensin system 

activity from the liver specific human pro-renin transgene activation [67]. Previously 

described, using tail-cuff plethysmography-based SBP measurements, we confirmed that SBP 

induced in genetically hypertensive LinA3+ mice, given STZ (LinSTZ), at baseline (Table 
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IV), as expected. A 1.5-fold change is observed in SBP of the LinSTZ group when compared 

to a WT littermate. Surprisingly, Cana treatment did not reduce SBP phenotype in the LinSTZ 

mouse model (Table V). Cana mechanisms of action are independent of hypertension in this 

rodent model of hypertension/ T1DM and its translation into decreased renal injury remains to 

be confirmed. 

3.3.3 Canagliflozin decreases hyperglycemia in LinSTZ mice.  

The LinA3+ mice have induced hyperglycemia via STZ-pancreatic beta cell deaths. At four 

weeks post STZ-injections, a significant 2.5-fold change in fasted blood glucose level was 

observed in the LinSTZ group compared to their WT littermates (Table IV). The 

hyperglycemic LinSTZ mice from this study obtained a blood glucose of 27.79 ± 1.54 mM 

compared to 10.81 ± 0.40 mM for WT littermates, non-hypertensive and hyperglycemic 

confirmed. Blood glucose levels remained elevated in the untreated group throughout the study. 

As expected, Canagliflozin (SGLT-2 inhibitor) at 30 mg/kg body weight treatment for 3 

consecutive weeks significantly decreased plasma glucose in the LinSTZ model (Table V). As 

a result, elevated glycosuria is also observed in the treated model (Figure 21). The Cana treated 

group had significantly more glucose excreted in the urine with a glucose to creatinine ratio of 

146.2 ± 0.32 compared to 138.3 ± 0.25 for the vehicle group.  
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Figure 21 | Elevated glycosuria is observed in the Cana treated model. 
The samples were analyzed by IDEXX labs. Data expressed as means 土 SEM, unpaired t test, 
****p<0.0001 
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3.3.4 Canagliflozin decreases metabolic demand in LinSTZ mice.  

Metabolic demand in mice was measured using 24 hours metabolic cages where mice had 

access to plenty of food and water. As expected, LinSTZ mice with confirmed hyperglycemia/ 

hypertension showed multiple signs of dehydration and polydipsia with a higher water intake 

and urine production (Table IV) at baseline. After 3 weeks of treatment, Cana significantly 

decreased food and water intake in mice (Table V), and significantly decreased the urine 

volume output (Table V) when compared to the mice receiving the vehicle. 
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Table IV: Mice physiological data taken pre-treatment compared to WT mice.  
 Measurements WT LinSTZ 

 Body weight (g) 26.81 ± 0.43 27.97 ± 0.74  

 Blood glucose (mM) 10.81 ± 0.40 27.79 ± 1.54 # 

 SBP (mmHg) 121.30 ± 2.04 157.42 ± 6.53 # 

 Food consumption (g/ 24 hr) 2.91 ± 0.23 6.33 ± 0.38 # 

 Water intake (mL/ 24hr) 2.93 ± 0.14 31.58 ± 2.86 # 

 Urine excretion (mL/ 24hr) 0.37 ± 0.08 6.33 ± 0.38 # 

SBP: Systolic blood pressure.   
#: **** P < 0.0001 
 
 
Table V: Post-Cana treatment (3 weeks) mice physiological data.  

 Measurements 
LinSTZ 

Vehicle Canagliflozin 
 Body weight (g) 27.40 ± 0.50 27.08 ± 1.45 
 % Body weight 101.91 ± 0.64 96.72 ± 2.96 
 Blood glucose (mM) 30.17 ± 2.14 21.70 ± 3.48  # 

 SBP (mmHg) 157.73 ± 7.68 169.89 ± 10.29 
 Food consumption (g/ 24 hr) 7.20 ± 0.74 4.20 ± 1.15  # 
 Water intake (mL/ 24hr) 36.00 ± 6.83  19.68 ± 6.46  # 

 Urine excretion (mL/ 24hr) 28.80 ± 6.75 9.60 ± 4.70  # 

 LK/ Tibia length (g/ mm) 0.013 ± 0.001 0.014 ± 0.0004 
 LK/ BW ratio 0.009 ± 0.0004 0.009 ± 0.0007 
 RK/ Tibia length (g/ mm) 0.014 ± 0.001 0.014 ± 0.0004 
 RK/ BW ratio 0.009 ± 0.0004 0.009 ± 0.0005 
SBP: Systolic blood pressure, LK: Left kidney, RK: Right kidney, BW: Body weight.  
#:  * P ≤ 0.05 
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3.3.5 Canagliflozin treatment decreases SGLT-2 level of expression.  

Canagliflozin blocks sodium and glucose reabsorption in the renal proximal tubule. Given a 30 

mg/kg body weight daily dosage for three (3) weeks by gavages, LinSTZ mice experienced an 

increase in glucosuria (Figure 21). To better quantify the level of inhibition of the SGLT-2 

cotransporter, kidney cortical RNA was isolated and converted into complementary DNA for 

qPCR with corresponding SGLT-2 pair primers. We identified that the inhibition of SGLT-2 

by Cana reduced cDNA level of expression by 2-fold changes (Figure 22) when compared to 

the untreated group (LinSTZ + Veh). As an indicator of the success of the cDNA target gene 

quantified, the levels of the 18S ribosomal was used as the control gene.  

Additionally, Cana has shown promising therapeutic effects to reduce renal injury and impact 

macrophage infiltration. Moreover, M1 macrophages play an important mediator in glucose 

metabolism suggesting SGLT-2 cotransporter direct link with macrophages. From which we 

isolated RNA material from LPS M1 polarized macrophages obtained from femur and tibia 

bone marrow from mice isolation and performed quantitative RT-PCR using respective mouse 

SGLT-2 pair primers to quantify SGLT-2 level of expression. As shown in Figure 23, 

macrophages do not express the SGLT-2 cotransporter when compared to renal cortex SGLT-

2 level of expression. These results suggest that Cana’s treatment is ineffective on macrophage 

glucose regulation.  
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Figure 22 | Inhibition of SGLT-2 cotransporter by Canagliflozin at 30 mg/Kg body weight 
daily dose.  
Mouse SGLT-2 was quantified from RNA isolated from the kidney cortex and analyzed by 
qRT-PCR. Data was normalized to 18S and is presented as fold change Vehicle means 土 SEM, 
ANOVA, *p<0.05 

 

 

Figure 23 | LPS M1 polarized macrophages do not express the SGLT-2 cotransporter. 
Mouse SGLT-2 was quantified from RNA isolated from M1-polarized BMM and analyzed by 
qRT-PCR. Data was normalized to 18S and is presented as fold change of kidney cortex means 
土 SEM, unpaired t test, ****p<0.0001 
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3.3.6 Hypernatriuresis is observed in the LinSTZ treated with Cana.  

The SGLT-2 cotransporter is a secondary active transporter that depends on the maintenance 

of sodium gradient by the sodium-potassium pump ATP energy dependent and active transport. 

Thus, reabsorption of glucose by GLU2 (glucose transporter 2) and sodium molecules in the 

renal proximal tubule maintain homeostasis. However, inhibition of the cotransporter increases 

concentration of glycosuria and natriuresis excretion. The sodium concentration was quantified 

in plasma and urine. As expected, LinSTZ mice treated with Cana had significant increase in 

natriuresis when compared to the untreated group (Figure 24A). The plasma sodium was 

unaffected with Cana treatment (Figure not shown). 

Moreover, the urine chloride concentration was also significantly increased in the LinSTZ 

model treated with Cana (Figure 24B). This increase in chloride concentration excretion is 

often related with dehydration or kidney injury. As shown in Table V, Cana treated mice are 

drinking less fluid than their vehicle littermates, however the volume consumed per day is still 

10-fold higher compared to WT non-hypertensive and non T1DM mice (Table IV). 

Furthermore, the hyperglycemic phenotype activates the TGF system and increases the 

concentration of chloride delivery to the macula densa of the nephron which subsequently 

decreases GFR. However, Cana treated mice excreted more glucose and sodium in the urine, 

thus more free chloride.  
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Figure 24 | Hypernatriuresis is increased after 3 weeks post-Cana treatment. 
A) Urine sodium quantification. B) Urine chloride is also increased in the Cana treated mouse 
model. The samples were analyzed by IDEXX labs. Data expressed as means 土 SEM, unpaired 
t test, *p<0.05  
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3.3.7 Canagliflozin is renal protective in the LinSTZ mice model.  

The renal injury is easily measured by calculating the urine albumin to the concentration of 

creatinine. The results obtained revealed that renal injury worsened during treatment for the 

vehicle treated group. However, ACR was unchanged after treatment with the Cana for 3 

consecutive weeks (Figure 25).  

Moreover, the renal function is determined by measuring the glomerular filtration rate (GFR). 

Here, we assess the creatinine clearance measuring the volume of fluid filtered by the 

glomerulus during a time frame of 24 hours. The results obtained revealed that renal injury 

worsened during treatment for both groups but stayed unchanged at the endpoint in the Cana 

treated group when compared to the vehicle group (Figure 26). From histological assessment 

of kidney injury, LinSTZ mice treated with Cana had also significant glomerular hypertrophy 

increase when compared to the vehicle treated group (Figure 27). However, when comparing 

the kidney weight to the tibia length for normalization, results show no kidney hypertrophy in 

both groups (Table V). 

Furthermore, urea is a product from protein degradation and filtered by the kidney for 

elimination. However, kidney injury reduces urea filtration and elimination from the body, thus 

increasing body toxicity. Urea was quantified from plasma collected at sacrifice in both vehicle 

and Cana LinSTZ groups. The plasma urea was significantly decreased in the Cana treated 

group (Figure 28) compared to the vehicle, showing a reno-protective effect on the mice.  
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Figure 25 | Urinary albumin to creatinine ratio (ACR) show improvement with Cana 
treatment. 
Longitudinal ACR is unchanged in the Cana group but worsened in the Vehicle group. Urine 
albuminuria concentration was obtained from Mouse Albumin Elisa Kit. This same albumin 
was normalized to the urine creatinine concentration measured by SCX-HPLC. Data expressed 
as means 土 SEM, ANOVA, *p<0.05  

 
 
 

 
Figure 26 | Glomerular filtration rate (GFR) measurement quantify by creatinine 
clearance. 
Longitudinal GFR is worsened but unchanged in the Cana group compared to the vehicle. Data 
expressed as means 土 SEM, ANOVA, ns: not-significant 
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Figure 27 | Glomerular hypertrophy is increased with Cana with no apparent kidney 
hypertrophy. 
The glomerular and kidney hypertrophy were measured 3 weeks post-Cana treatment. A) 
Kidney hypertrophy was measured from normalizing the left kidney (LK) weight to the tibia 
length of the mice. B) Morphometric analysis of glomerular area was assessed to quantify 
kidney hypertrophy PAS-stained paraffin-embedded kidney sections. Data expressed as means 
土 SEM, unpaired t test, ns: not significant or *p<0.05 
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Figure 28 | Cana decreased plasma urea concentration after 3 weeks of treatment. 
The samples were analyzed by IDEXX labs. The plasma urea values were normalized to the 
plasma creatinine concentration. Data expressed as means 土 SEM, unpaired t test, *p<0.05 
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3.3.8 PAS-staining reveals glomerular injury in the Cana treated group.  

The histological assessment of kidney injury was performed on paraffin-embedded kidney 

sections with PAS-staining. The evidence of glomerular mesangial cell proliferation and 

expansion was observed by PAS staining in the Cana treated group when compared to the 

vehicle group (Figure 29). This correlates with the glomerular hypertrophy results, as Cana 

modulates the TGF system through SGLT-2 inhibition to excrete more urine glucose and 

sodium.  

 
 
Figure 29 | Cana treated mice significantly increased glomerular injury. 
A) Visual PAS staining on the paraffin embedded kidney section. Magnification = 200X, light 
confocal microscopy. B) PAS scoring reveals the presence of glomerular mesangial cell 
proliferation and expansion in LinSTZ and HFD-treated groups. Data expressed as means 土 
SEM, unpaired t test, ***p<0.001 
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3.3.9 Cana treatment reduced the degree of collagen accumulation in the kidney of 

LinSTZ mice. 

Again, the histological assessment of kidney injury was performed on paraffin-embedded 

kidney sections stained with Masson’s trichrome staining. The evidence of collagen 

proliferation and deposition, fibrotic glomerulopathy, CG and TIF was quantified by Masson’s 

trichrome was observed in the LinSTZ vehicle group (Figure 30). A significant difference is 

observed in the Cana treated group, showing less renal injury, glomerular collagen deposition 

and suggesting less kidney fibrosis.  

Moreover, alpha SMA was quantified from immunohistochemistry kidney sections to validate 

progression of the disease with Cana treatment. The amount of alpha SMA is significantly 

increased in the LinSTZ mice, but the expression is reduced when mice are treated with Cana 

for 3 consecutive weeks with a 30 mg/kg body weight (Figure 31).  
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Figure 30 | Cana treated mice significantly reduced tubulointerstitial injury. 
A) Visual Masson’s trichrome staining of paraffin embedded kidney section. Magnification = 
200X, light confocal microscopy. B) MT scoring reveals the presence of collagen deposition 
in the glomeruli and tubulointerstitial of kidney sections. Data expressed as means 土 SEM, 
unpaired t test, *p<0.05 
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Figure 31 | alpha smooth muscle actin immunofluorescence is decreased in Cana treated 
mice kidney section. 
A) Immunofluorescent analysis from alpha SMA performed on paraffin kidney sections. B) 
The amount of alpha-actin is significantly high in LinSTZ mice but reduced with Cana. Primary 
antibody anti alpha-actin, 1:500, (Magnification = 400X, immunofluorescent light microscopy) 
B) Data expressed as means 土 SEM, unpaired t test, n=30, ****p<0.0001 
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CHAPTER 4: DISCUSSION 

 

4.1 Establish and characterize a novel mouse model with MS inducing advanced-CKD 

The first objective of this study was to establish and characterize a novel mouse model of 

metabolic syndrome inducing-CKD that recapitulates human disease and therefore better study 

disease progression. It has been shown that the human disease progression in mouse models 

have multiple milestones during animal studies [91]. Moreover, the previous studies from the 

literature have demonstrated that mice were able to achieve MS phenotypes but fail to fully 

mimic human disease progression if the renal injuries were not reached. In fact, an estimated 

24 to 30 weeks is required to generate renal diseases in a mouse model [63, 64]. Our research 

is unique in the way that the superposition of the genetically-hypertensive and type-1 diabetic 

(LinSTZ) mouse model previously generated in combination with a high fat regimen regulates 

MS and within a timeframe of 20 weeks. The used of the LinSTZ model is beneficial to study 

MS cellular mechanisms, to better understand the pathways using pharmacological tools on 

renal injuries. The LinSTZ mouse shows distinct features which are similar to MS criteria with 

the increase of body weight accumulation on a HFD, STZ beta cell inducing extended 

hyperglycemia and the elevated SBP maintenance by the human liver specific renin transgene. 

However, the generated LinSTZ mouse model resulted to a decrease in blood pressure, ACR, 

glomerular injury and in the tubulointerstitial fibrosis, thus validating reno-protection when we 

added it to a HFD for 8 consecutive weeks. These results obtained contradict the current 

literature demonstrating renal damage progression in HFD-fed mouse models [92–94]. 

Therefore, based upon our finding, the LinSTZ mouse model with HFD is not a suitable mouse 

model of MS. 

First, the use of the genetically human pro-renin liver specific transgene induced systemic 

hypertension at birth, activating the RAAS by the overexpression of renin. This mouse model 
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is different from phenotype-driven mouse model (e.g., natural variation among inbred) and 

mouse models that surgically induced hypertension (e.g., Ang II microdiffusion) leading to a 

surge of blood pressure which plateaus with time and followed by the decreases of body 

metabolisms over a time period, and get eliminated from the system [95]. Therefore, the 

genetically human pro-renin liver specific transgenic mouse model studied in this thesis is a 

great model to study related systemic hypertension throughout my graduate work. 

Our results also indicated a hyperglycemic phenotype in the mice model similar to T1DM [96]. 

As indicated by Yin et al., the induction of type-1 diabetes in mice with a low-dose STZ 

increases difficulties to stimulate insulin production when pancreatic beta-cells are nearly 

absent [96], thus increasing plasma glucose concentration. Consequently, hyperglycemia 

impairs the kidney’s ability to reabsorb water and mice become dehydrated [89]. LinSTZ mice 

with confirmed hyperglycemia had multiple signs of dehydration and polydipsia throughout 

the study such as drinking and urinating more than their body weight volume per day compared 

to the non-hyperglycemic animals, as illustrated in the current literature [78, 97].  

Moreover, feeding mouse Ad libitum HFD is shown to induce overconsumption and 

dysregulation of the daily caloric intake [84], thus favoring fat accumulation in hepatocyte cells 

and increasing significantly body weight in mice. In fact, the results from our study are in 

perfect harmony with the literature [45]. Mice fed a HFD gained weight, apparent to obesity 

phenotype and with corresponding triglyceride, total cholesterol, and LDL fraction increase. 

The hypertensive and T1DM mouse model develop dyslipidemia over the course of the study 

when added to a HFD for 8 consecutive weeks, validating cellular pathways dysfunctions 

associated with hypertension, hyperglycemia, and obesity phenotypes. However, the degree of 

MS phenotypes inducing CKD on the mouse model to develop gradual loss of kidney function 

was not as persistent. Thus, rejecting the validation to generate a novel mouse model with MS 

features of hypertension, hyperglycemia and obesity inducing CKD.  
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The AMDCC established specific criterions to validate novel diabetic mouse models that 

mimic features of human renal pathophysiology [98]. The genetically hypertensive, T1DM and 

dyslipidemia respect the AMDCC and replicate some features seen in human kidneys by its 

apparent albuminuria after 4 weeks of the induction of hyperglycemia (baseline). The criterions 

were also respected when we studied the renal pathology of this mouse model. Our results 

showed in mice mesangial sclerosis, and TIF on the kidney morphology [93] when compared 

to a non-hypertensive and hyperglycemic WT animal on a regular diet [67]. However, HFD 

showed to have a reno-protective effect on the hypertensive and diabetic kidney mice. In fact, 

the risks are increases with liver damage associated with non-alcoholic fatty liver disease 

(NAFLD) progression when LinSTZ mice are fed HFD for 8 consecutives weeks.   

 

4.2 Validate liver damage in the mouse model of MS 

The second objective of this study was to quantify the level of liver injury in the novel mouse 

model of metabolic syndrome inducing-CKD. We suggested depletion in the human liver 

specific pro-renin transgene affecting the systemic blood pressure in the LinSTZ mouse model 

fed HFD due to the potential increases of liver damage. Studies have shown that hypertension, 

hyperglycemia, and dyslipidemia are hallmarks that contributes to liver injury and if left 

untreated can lead to NAFLD [99–101].  

The hepatocyte damage is characterized by visual appearance of steatosis, ballooning and 

inflammation. Our study demonstrated liver damage by liver function deterioration in LinSTZ 

mice with MS and a decrease in liver albumin production. Moreover, our results confirmed 

liver damage by performing a standardized aspartate to alanine aminotransferase plasma ratio, 

correlating with the current literature [40, 41, 44]. ALT results are often compared with other 

biochemical analysis to validate the degree of liver disease such as the albumin to the globulin 

ratio and to the total plasma protein concentration [40]. Our results confirm again the presence 
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of liver injury by the significant decrease in plasma protein concentration and the early trend 

of albumin-to-globulin (Figure 33 illustrated in Appendices). The liver is the primary organ 

responsible of making and releasing most of the proteins in the blood. In addition, globulin in 

the body help with the immune system, help fight infection and play a role in the transport of 

nutriment [40]. The fluctuation in protein and globulin to albumin concentration is the cause 

of persistent liver injury. However, the level of liver injury was consistent in LinSTZ 

hypertensive and hyperglycemic mice on a regular diet and HFD limiting our approach to 

generate a more accurate injury with MS.  

In addition, our morphology analysis from liver staining led to induced hepatic damage by the 

development of significant steatosis, ballooning and inflammation at 20-weeks post-

streptozotocin injections inducing hyperglycemia, confirming a NAFLD mouse model. The 

liver damage characterized in the LinSTZ mouse model fed a HFD shows similar phenotypes 

that recapitulates the NAFLD, such as an increase 5% or more in liver steatosis quantify by 

histology with no other possible cause of steatosis, such as an insulin resistance in the model 

and also no significant alcohol consumption [102]. Liver damage is apparent in the LinSTZ 

model fed a regular diet or HFD thus suggesting blood pressure regulation in this model is 

linked with the human pro-renin human liver specific transgene and the increases of liver 

damage directly affects the expression of the transgene. 

More importantly, the LinSTZ model is a genetically hypertensive mouse model with a specific 

human pro-renin transgene expressed in the liver and when cleaved into active renin induced 

systemic hypertension [75]. However, our results showed that the human liver specific renin 

transgene was not affected by the liver injury. In fact, the renin level of expression was 

overexpressed in the liver by 200 to 300-fold when compared to the kidney expression level. 

Moreover, Ang II plasma concentration was not affected in the LinSTZ mouse model fed a 
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regular or HFD diet, indicating that the RAAS pathway is well regulated. The blood pressure 

in this model is not affected by the degree of liver injury. 

Based on our research, the genetically hypertensive and hyperglycemic LinSTZ mouse fed 8 

consecutive weeks of HFD showed reno-protection by decreasing blood pressure without 

affecting the renin-driven transgene, ACR, glomerular injury and TIF. However, it is a more 

suitable mouse model of NAFLD by the increases of liver disease. For this, HFD was not 

continued onto the LinSTZ mouse model and Cana drug treatment was fulfill on the previously 

studies (Dr. Thibodeau et al.) LinSTZ mouse model [67]. 

 

4.3 Canagliflozin treatment on the renal SGLT-2 cotransporter   

The last objective of this study was to compare the effects of Canagliflozin treatment on renal 

injury in the novel mouse model of MS, as it regulates the reabsorption of sodium and glucose. 

Cana has shown excellent efficacy in reducing DKD-induced renal injury in both rodents and 

humans. The CREDENCE human clinical trial provided positive results on Cana usage and 

renal outcomes in type-2 diabetes mellitus [60–62]. However, its impact in advanced-CKD 

remains unclear on the proximal tubule segment. The Cana treatment on the LinSTZ mouse 

model attenuates renal inflammation, renovascular damage and fibrosis by its capacity to 

blocks glucose reuptake in the proximal tubule.  

Hyperglycemia and hypertension contribute to renal injury that altered hemodynamic and 

filtration barrier dysfunction. The SGLT-2 cotransporters reabsorb over 90% of filtered glucose 

contributing to hyperglycemia [103]. SGLT-2 is considered a key regulator target for 

hyperglycemic and multifactorial disease therapy [104]. In fact, Jurczak et al. examined the 

effects of SGLT-2 gene (SLC5A2) deletion on db/db mouse pancreas and other organs, and 

found that metabolic and renal outcomes were improved, but renal outcomes were not studied 
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with a SGLT-2 inhibitor drug  [105]. The major novel finding of our study is that Cana (SGLT-

2 inhibitor) significantly increased urine glucose in the mouse LinSTZ genetically renin-driven 

hypertensive and hyperglycemic. Consequently, plasma glucose was reduced in the same 

group. Our results also indicates that Cana play an important role in the mechanisms that 

regulate daily caloric intake [84]. In fact, many hormonal and neuronal factors are implicated 

in the regulation of food intake [106] and MS are risk factors of CKD, however the relationship 

of body weight changes and kidney disease progression mechanisms have not yet been 

established [107]. The LinSTZ mouse model from our study have shown reduced food and 

water intake with decrease in urine volume excretion. The reduction in daily caloric intake 

illustrates an amelioration in the LinSTZ genetically renin-driven hypertensive and 

hyperglycemic physiology. We suggested that hypertension and hyperglycemia are factors 

implicated in the participation of mitochondria dysfunction and limits cellular energy demands. 

Cana treatment may be a modulator of mitochondrial activity in renal endothelial cells by 

blocking SGLT-2 cotransporter in the proximal tubule cells and regulating mice energy 

demand and food intake. The potential effect of Cana on mitochondrial activity on the LinSTZ 

mice beg for further investigation. 

The SGLT-2 inhibitor mechanisms of action on the cotransporter are to inhibit glucose and 

sodium reabsorption in the renal proximal tubule and to reduces the renal hyperfiltration [56]. 

To reduce hyperfiltration, Cana has showed to play an important role to restore TGF renal 

system by regulating afferent arteriole vasoconstriction from the increases of sodium delivery 

in the MD, thus restoring GFR [108]. Our research demonstrated that Cana was enabled to 

reduce GFR in mice treated at 30 mg/Kg bodyweight thus maintaining hyperfiltration higher. 

However, our research demonstrated SGLT-2 depletion by highlighting a decrease in genetic 

expression in presence of Cana treatment was reno-protective on the LinSTZ mouse model 

when considering an increase of glucosuria and natriuresis, glomerular collagen reduction, TIF 
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attenuation, myofibroblasts and blood urea nitrogen reduction. Moreover, the renal 

morphology data collected from Cana treated mice also showed renal protection in the LinSTZ 

model. Furthermore, the results obtained from our study are in perfect agreement with the 

publish literature [9, 108, 109]. Taken together, even if hyperfiltration was not corrected by 

Cana, many other results lead us to conclude that the Cana drug dose response was effective at 

30 mg/kg bodyweight.   

The SGLT-2 cotransporter was suggested by Xu et al. to be expressed on LPS-M1 polarized 

macrophages cell surface and play an important role in anti-inflammatory mechanisms [110]. 

Cana treatment could serve to mediate renal inflammatory disease such as CKD by its anti-

inflammatory benefit effects. The hypoglycemia environment caused by the inhibition of 

SGLT-2 with Cana suggests that it reduces intracellular glucose metabolism, and it promotes 

immune cells autophagy [110]. The hypothesis made by Xu et al. and the current literature fails 

to fully investigate this objective [110]. The result obtained from this study demonstrates that 

polarized M1 macrophages isolated from mouse bone marrow do not express SGLT-2. Our 

result clarified that macrophages don’t express SGLT-2 cotransporter on its cell surface 

membrane. In fact, macrophage infiltration in the kidney is independent from the activation of 

the SGLT-2 cotransporter and glucose regulation [19, 20], thus rejecting Xu et al. hypothesis 

[110]. Moreover, our results demonstrated that SGLT-2 is primary expressed in kidney cortex 

cells, more importantly on renal proximal tubule epithelial cells and is responsible for 90% of 

glucose reabsorption [111]. In addition, macrophage infiltration at the site of injury is either 

caused by persistent inflammation or by cytokine (e.g., TNF-a) release from injured 

endothelial cells [112]. As shown by our results, TNF-a is highly expressed in hypertensive 

and hyperglycemic LinSTZ mice, but expression is reduced in presence of HFD. This result is 

another indicator of renal protection from HFD in this model of MS inducing-CKD from 

hypertension, hyperglycemia, and dyslipidemia. 
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CHAPTER 5: SUMMARY 

Taken together, the mouse models of advanced-CKD do not fully mimic human disease 

progression and do not correlate with the AMDCC criterions. In this current study we showed 

that HFD is reno-protective primary via the reduction in glomerular hypertrophy, scarring and 

albuminuria parameters. The major finding showed that HFD-fed LinSTZ did not lead to a 

more robust model of MS-induced CKD. In fact, several indices of liver injury resulting in a 

NAFLD were observed in the LinSTZ fed with HFD. In this study we showed that HFD 

induced liver injury with significant increase in liver steatosis, ballooning and inflammation. 

Moreover, the LinSTZ genetically renin-driven hypertensive and hyperglycemic mouse 

showed anti-glycemic and beneficial effects when treated with Canagliflozin. In fact, Cana 

plays a role of reno-protection in the LinSTZ mouse model by inhibiting the glucose and 

sodium reabsorption in the renal proximal tubule. 

 

 

 

 

 

 

 

 

 

 

 

 



84 

CHAPTER 6: APPENDICES 

 
 

 
Figure 32 | Longitudinal body weight change taken weekly during 8 weeks of HFD 
regimen.  
Percentage body weight change normalized to weeks 0 of HFD challenge. Data expressed as 
means 土 SEM, ANOVA. ****p<0.0001 

 

 
Figure 33 | Plasma albumin-to-globulin ratio trend to decrease in LinSTZ fed with HFD. 
The samples were analyzed by IDEXX labs. Data expressed as means 土 SEM, n= 2-7, unpaired 
t test.  
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