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ABSTRACT 

 
INVESTIGATING THE EFFECTS OF SOY PHYTOESTROGENS ON NEPHRIN 

AND AKT PODOCYTE SURVIVAL SIGNALING PATHWAY 

Afreeda A. Mahesaniya                             Advisor:    
University of Guelph                  Dr. Nina Jones 

 

Chronic kidney disease (CKD) is a debilitating illness which is increasing in frequency in 

the Canadian population as a consequence of the diabetes epidemic. Physicians and patients are 

becoming increasingly interested in using lifestyle modifications to supplement treatment and 

improve clinical outcomes. Anecdotal evidence suggests that a soy-based diet, which consists of 

phytoestrogens – daidzein and genistein, can decrease proteinuria in CKD patients, although the 

molecular mechanisms behind this phenomenon remain unknown. The ability of the kidneys to 

properly filter blood is vitally dependent on specialized, terminally differentiated cells known as 

podocytes, loss of which results in altered filtration selectivity. Podocytes extend foot processes, 

which are bridged by the slit diaphragm (SD), a specialized intercellular junction. Perturbations in 

nephrin, a major SD protein, compromise podocyte survival and ultimately filtration function. 

Nephrin elicits signaling via phosphorylation of tyrosine residues on its cytoplasmic tail, leading 

to recruitment and activation of proteins including the survival signaling protein Akt. We have 

now shown that nephrin/Akt signaling is enhanced in mice following feeding of a soy-based diet. 

Intriguingly, this observation is more pronounced in female compared to male mice, implicating 

that sex-specific differences, such as those imposed by the estrogen receptor (ER), may play an 

important role in this response. Accordingly, soy supplementation induces activation of Akt, which 

is a known target of the activated ER and a key regulator of podocyte survival. Using cultured 
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podocytes, we further demonstrate that treatment with daidzein promotes podocyte protection 

following high glucose exposure. Altogether, this work provides mechanistic insight to support 

the renoprotective effects of soy and its sex-specific effects on kidney function, in addition to 

identifying an optimal dosage and duration of soy supplementation in mice which is clinically 

applicable. 
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Prevalence of Kidney Disease and Importance of Kidney Research 

 

Chronic kidney disease (CKD) is a debilitating illness that is a common consequence of 

diabetes and hypertension. Sadly, the disease eventually leads to end-stage renal disease (ESRD) 

and kidney failure. Currently, over 3 million Canadians suffer from CKD (Arora et al., 2013), 

equating to 1 in 10 Canadians. This number however, is projected to rise with the aging 

demographics, and the increase in living standards of industrialized countries. The incidence of 

CKD is not only limited to the Canadian population, but rather is a global issue with over one 

million people on dialysis (Dirks 2005). The only available treatments for CKD patients with 

kidney failure are transplantation or dialysis. CKD thus places a heavy burden on the current 

healthcare system, prompting deep interest in developing novel methods for delaying the 

progression of CKD, and ideally in preventing this devastating and currently incurable disease. 

 Although kidney disease has been characterized phenotypically for decades, the molecular 

basis for these phenotypes and how kidney damage progresses is a novel field and lacks detailed 

insight. Therefore, in order to find effective strategies for delaying and preventing CKD, there is 

a need, first of all, to fully understand the cellular mechanisms governing kidney damage and how 

they gradually lead to CKD. Understanding specific signalling pathways involved in normal 

kidney function and how these are perturbed in disease state, would ultimately allow for an avenue 

to design targeted approaches for therapy to delay progression of kidney disease. A simple and 

cost-effective method is the modification of lifestyle. Incorporation of soy protein in the diet has 

been documented for centuries to be beneficial for kidney function and improved renal outcome 

(McGraw et al., 2016), though the molecular responses to such diets are presently not well 

understood.  
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Gender-based Differences in Kidney Disease 

 

An interesting observation reported by a number of studies is that men with CKD have a 

higher tendency to progress to end stage renal disease (ESRD) and renal failure compared to 

women (Carrero 2010, Iseki 2008). Presently, there is no molecular explanation for this gender 

difference and the advantage of being a female. However, many have speculated and tested the 

possible role of sex hormones and sex-specific signaling and its role in the gender difference 

observed. The predominantly female hormone estrogen, is shown to have beneficial effects on 

kidney function (Carrero 2010). Therefore, introducing exogenous estrogen has been reported to 

delay progression of CKD to ESRD (Mundel et al., 2002). 

Anatomy of the Kidney 

 

The kidney is an extraordinary organ that primarily functions to filter blood for elimination of 

toxic and metabolic waste products from the body. In addition to this primary function, the kidney 

is also responsible for controlling pH, fluid balance and regulation of blood pressure, and it also 

has some endocrine functions (Haraldsson et al, 2008). These two bean-shaped organs are each 

composed of a million functional units known as nephrons. The blood enters the kidney through 

the renal artery, which eventually branches into tiny capillaries to allow the blood to be filtered at 

the glomerulus before entering the nephron (Figure 1A and 1B). The filtrate becomes concentrated 

by travelling through a series of tubules where essential ions and water are reabsorbed into the 

blood before the formation of the final urine. The urine is stored in the bladder before excretion 

from the body and the filtered blood leaves the kidneys through the renal vein as illustrated in 

Figure 1.  
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Figure 1: Schematic of the architecture of the kidney. (A) A lateral dissected kidney showing 
the outer renal cortex and the inner renal medulla. Blood enters through the renal artery and and 
filtered blood leaves through the renal vein. (B) The network of the nephron showing the 
glomerulus, where the blood is filtered. (C) The glomerulus depicted as a ball of tightly woven 
capillaries surrounded by podocytes. (D) High magnification illustration of one capillary wrapped 
by podocytes and the unique interdigitating structure of adjacent podocyte foot processes held in 
place by the slit diaphragm. (Images adapted from: http://www.ubooks.pub/Books/ON/B0/ 
E28R8369/P5C4S5U27.html).  
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As the blood enters the nephron, it is first filtered through the glomerulus, which is a ball 

of capillaries surrounded by Bowman’s capsule (Figure 1C). Microscopically, the blood passes 

through the glomerular filtration barrier which includes sieve-like structures of podocyte foot 

processes know as slit diaphragms (Figure 1D), before passing into Bowman’s space and entering 

the tubules.  

Glomerular Filtration Barrier 

 

The glomerular filtration barrier (GFB) is a tripartite structure consisting of the fenestrated 

endothelium, the glomerular basement membrane (GBM) and the podocytes, all of which are 

required for proper blood filtration (Figure 2A and 2B) (Patrakka and Tryggvason, 2010). The 

blood first passes through the fenestrated endothelium, then the GBM and lastly the podocytes. 

The selectivity of blood molecules to be filtered or remain in the blood is thought to occur at this 

barrier. Studies have shown the selectivity is based on the charge, size and shape of the molecule 

(Kanwar et al., 1991). The filtrate then passes through the Bowman’s capsule and enters the 

nephron, further continuing into the collecting ducts and the loop of Henle, which have specialized 

function in reabsorbing water and salts and producing concentrated urine. However, improper 

filtration, due to damage to the glomerular filter results in loss of proteins into the urine, known as 

proteinuria. Proteins are required for homeostasis, and proteinuria disrupts this process 

(Haraldsson et al., 2008). Furthermore, proteins can cause damage to the nephron resulting in 

kidney disease. Therefore, maintaining the integrity of the filtration barrier in the glomerulus is 

fundamental in preventing kidney disease.  

 



	 6 

 

 

 

 

 

 

 

Figure 2: Cross section of the glomerular filtration barrier. (A) Schematic showing the three 
components of the glomerular filtration barrier; the fenestrated endothelium, glomerular basement 
membrane (GBM) and the podocyte foot process (FP) (B) A transmission electron micrograph of 
the glomerular filtration barrier. The black arrows show the slit diaphragm (SD) as an electron 
dense structure. The direction of blood flow is shown with a red arrow. (Adapted from Tryggvason 
et al., 2006).  
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Podocytes 

 

Podocytes are specialized epithelial cells lining the glomerular capillaries and they are an 

essential component of the filtration barrier (Figure 1D). These cells are terminally differentiated 

with a poor capacity to replicate in order to replace damaged cells. Therefore, aberrations in 

structure and function of podocytes have been correlated with proteinuria and CKD (Mundel and 

Shankland, 2002, Reidy et al, 2013) and preservation of these cells is of importance. Loss of 

podocytes due to detachment or apoptosis is a key feature of glomerulosclerosis, and it has also 

been documented in type 1 diabetic patients (Steffes et al., 2001). Additionally, podocytes shed 

from the glomeruli are detected in the urine of diabetic patients, and the severity of the disease is 

highly correlated with urinary podocyte number (Nakamura et al., 2000). Structurally, podocytes 

cover the glomerular capillaries by extending primary and secondary actin-rich foot processes 

(Figure 1D) (Pavenstädt et al, 2003). The foot processes form an elaborate zipper-like structure 

via interdigitation with foot processes of adjacent podocytes. The resulting sieve-like filter of the 

podocyte foot processes is the last barrier in blood filtration, and is formed by unique intercellular 

junctions called the slit diaphragm (Figure 2A) (Grahammer et al., 2013). The slit diaphragm 

appears as an electron-dense structure connecting adjacent podocyte foot processes, under 

microscopy (Figure 2B) (Rodewald and Karnovsky 1974). After over two decades of research, the 

slit diaphragm was identified to be composed of adherens (Reiser et al, 2000) and tight junctions 

(Fukasawa et al 2009), both of which are attached to the actin cytoskeleton of podocytes, providing 

structural support. The main constituent of the slit diaphragm is the immunoglobulin-like 

transmembrane protein nephrin. Nephrin is not only a structural component of the slit diaphragm 

but it is also a signaling protein. 
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Nephrin 

Nephrin was first identified through genetic screening of families with Finnish type 

congenital nephrotic syndrome (CNF), an inherited form of kidney disease. Kestila and 

colleagues, in 1998 discovered that the NPHS1 gene was mutated in these patients. Subsequent 

experiments showed that the mutated protein, named nephrin, was localized in the slit diaphragm 

of podocytes (Holthofer et al, 1999, Holzman et al, 1999, and Routsalainen et al, 1999). Further 

genetic experiments demonstrated that 90% of CNF could be attributed to two mutations in the 

nephrin protein (Kestila et al, 1998). The most common mutation is Finmajor, which is caused by a 

frame-shift mutation resulting in a stop codon that truncates the protein at 90 amino acids, 

instead of the normal 1241 (Patrakka et al, 2000). The less common mutation, Finminor is a 

nonsense mutation causing the nephrin protein to be truncated with 1109 amino acids (Patrakka 

et al, 2000). These findings revealed that in both cases, nephrin was nonfunctional, and 

intriguingly these patients lacked the slit diaphragm — this was considered to be a critical 

discovery in kidney research. Nephrin is a 180 kDa transmembrane protein with a large 

extracellular domain containing eight immunoglobulin-like domains, and one fibronectin type-3 

motif, then a transmembrane region followed by a short cytoplasmic tail (Figure 3). Studies 

suggest that in addition to being a structural protein, nephrin in lipid rafts is also an important 

signaling protein (Simons et al, 2001). Subsequent analysis showed that nephrin contains 

tyrosine residues on the cytoplasmic domain which can be phosphorylated by Src family kinases 

such as Fyn (Verma et al, 2003). Both of the Fin mutations supported the importance of nephrin 

tyrosine phosphorylation for nephrin function, as lack of the cytoplasmic tyrosine residues due to 

truncation resulted in nonfunctional nephrin in the patients (Patrakka et al, 2000). Consequently, 

perturbations in nephrin expression and signaling result in foot process retraction known as 
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effacement, podocyte apoptosis, proteinuria and loss of the integrity of the slit diaphragm 

(Putaala et al, 2001 and Li et al., 2013), all of which compromise kidney function and lead to 

kidney failure. 

Nephrin Tyrosine Phosphorylation 

 

The cytoplasmic tail of nephrin contains six tyrosine residues conserved between human, 

rat and mice that can be phosphorylated by Fyn kinase (Jones et al., 2006). Fyn knock-out models 

consequently display foot process effacement and proteinuria (Verma et al., 2003) suggesting a 

critical role of nephrin phosphorylation in maintaining the integrity of the slit diaphragm. Binding 

and recruitment of downstream signaling proteins to nephrin can be phosphorylation dependent 

and independent. Nephrin can interact with binding partners in a phosphorylation-independent 

manner, such as podocin (Li et al., 2004), CD2AP (Shih et al., 2001), and β-arrestin (Quack et al., 

2006) (Figure 3). Although these binding partners do not require nephrin phosphorylation, their 

interaction with nephrin can be enhanced through nephrin phosphorylation. A study demonstrated 

that nephrin-podocin interaction was enhanced when nephrin was phosphorylated at Y1193 (Li et 

al., 2004). Similarly, nephrin-β-arrestin interaction was also enhanced when nephrin was 

phosphorylated at serine/threonine sites between 1120-1125 (Quack et al., 2011). Phosphorylation 

of nephrin at specific residues is required for some binding partners and has been described in 

literature. Notably, nephrin phosphorylation at human Y1114 or Y1138 is required for binding of 

the p85 subunit of phosphoinositide 3-kinase (PI3K) (Huber et al., 2003, Zhu et al., 2008). 

Furthermore, phosphorylated Y1193 on nephrin is required for PLC-γ recruitment and its 

interaction with nephrin (Harita et al., 2009), and the Nck adaptor protein is able to bind to any of 

the three phosphorylated residues including Y1176, Y1193, and Y1217 to mediate its effect on 
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cytoskeletal remodeling of podocytes (Jones et al., 2006, Li et al., 2004, Verma et al., 2006, 

Blasutig et al., 2008). Therefore, the tyrosine residues are fundamental in recruitment of a number 

of intracellular proteins involved in different signaling pathways, which mediate podocyte 

morphology and survival. Accordingly, recent studies from our lab have established the 

importance of nephrin tyrosine phosphorylation for proper blood filtration and podocyte function 

in mice (New et al., 2016). Furthermore, decreased nephrin phosphorylation has been observed in 

several human renal diseases associated with proteinuria including minimal change disease 

(Uchida et al., 2008), as well as in rodent models of kidney disease (Jones et al., 2009) and diabetic 

nephropathy (Denhez et al., 2015). Together these studies underscore the importance of proper 

nephrin expression and phosphorylation in maintaining podocyte health. 
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Figure 3: Schematic of the known interactions of nephrin with downstream proteins in 
podocytes. Nephrin contains six tyrosine residues conserved between human, mouse and rats. 
Nephrin binds and interacts with proteins in a phosphorylation independent manner (depicted on 
the left side of the diagram). Nephrin phosphorylation dependent interactions are depicted on the 
right.  Phosphorylation of tyrosine residues 1114 and 1138 are required for binding and activation 
of p85, the regulatory subunit of PI3K and activator of the downstream Akt protein, which leads 
to cell survival.  
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Akt Signaling and Podocyte Survival 

 

A key downstream target of nephrin within podocytes is the cell survival kinase Akt 

(Figure 3). Nephrin binding partners p85 and CD2AP have both been shown to activate Akt (Huber 

et al, 2003, Zhu et al, 2008) and decreased phosphorylation of Akt on Ser473 has been correlated 

with proteinuria in rats (Zhu et al, 2008). Activation of Akt first requires the induction of PI3K, 

which adds phosphate groups to plasma membrane lipids on their inositol ring at the D-3 position, 

converting phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-

triphosphate (PIP3) (Cantley, 2002). The generated PIP3 is then able to bring proteins containing 

pleckstrin homology (PH) domains such as Akt to the plasma membrane for phosphorylation 

(Cantley, 2002). Phosphorylation of Akt at Thr308 by phosphoinositide-dependent kinase 1 

(PDK1) and at Ser473 by mTORC2 are necessary for complete Akt activation (Manning and 

Cantley, 2007).   

Three known isoforms of Akt have thus far been discovered; Akt1, Akt2, and Akt3, 

encoded by three different genes in mammals. These isoforms are localized to areas in the body to 

perform their context dependent role. Akt1 has the most ubiquitous role in cell survival pathways 

and is expressed throughout the body. The importance of Akt1 in preventing apoptosis is 

highlighted in a 2001 study by Chen et al. who showed that Akt1 deletion results in delayed growth 

of mouse tissues (testes and thymus) and spontaneous apoptosis, establishing the role of Akt1 in 

the cell survival pathway. The second isoform, Akt2 is expressed ubiquitously and is known to be 

important for glucose metabolism, in an insulin-dependent manner by mediating glucose transport. 

Mice with normal expression of Akt1, but lacking Akt2, show a similar phenotype to diabetes and 

mild growth delay (Garofalo et al., 2003). Less clearly understood is Akt3, which is mostly 

expressed in the brain. Knock-out studies of Akt3 show smaller brain size in mice (Yang et al., 
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2004). The Akt survival pathway has been well documented, and emerging data shows that 

dysregulation of this pathway is associated in cancer and renal diseases (Brazil and Hemmings 

2001, Bailey et al. 2006). 

Building on the early indirect implications of Akt activation and podocyte survival, a recent 

study by Canaud and colleagues in 2013 showed the importance of Akt for podocyte viability and 

survival during renal injury (nephron reduction) and further concluded that this phenomenon was 

isoform specific to Akt2. They showed that inactivation of Akt2 resulted in apoptosis of the 

podocytes and foot process effacement, leading to proteinuria and glomerulosclerosis. 

Additionally, they showed that in patients with kidney transplant or reduced nephron number, Akt2 

phosphorylation was decreased after sirolimus immunosuppression treatment, leading to further 

podocyte loss and proteinuria. These findings highlight the potential for therapeutic modulation of 

Akt2 to delay progression of renal disease.  

Signaling Pathways Modulating Podocyte Damage 

 

In contrast to the survival pathway mediated by Akt, Yu and colleagues have demonstrated 

the up-regulation of the ERK pathway in certain kidney diseases (Yu et al., 2010). Furthermore, 

treatment in mice with puromycin aminonucleoside (PAN), an inducer of podocyte damage, 

showed increase in ERK1/2, p38 and JNK, which all belong to the mitogen-activated protein 

kinase (MAPK) family of proteins, which are known mediators of apoptotic pathways (Koshikawa 

et al., 2005, Liu et al., 2010).  

Estrogen Receptors in Podocyte Biology 
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As previously noted, estrogen has been shown to have beneficial effects on kidney function 

(Carrero 2010). Estrogen mediates its effect through the estrogen receptors (ER) ERα and ERβ, 

and deletion of ERα causes development of renal disease, in particular glomerulosclerosis 

(Doublier et al., 2011). Both ERα and ERβ are expressed on the podocyte cell surface of mice 

(Irsik et al., 2013), and expression of ERα is reported to increase in kidneys of female mice but 

decrease in male mice as they age (Sharma et al., 2004). A more recent finding shows that 

expression of ERα protects podocytes from apoptosis in vitro as well as in vivo by stabilizing 

mitochondrial potential to prevent release of apoptotic proteins  (Kummer et al., 2011). 

Intriguingly, ER signaling has also been shown to activate Akt. Cell lines used in breast cancer 

studies, show increased Akt activation following estrogen treatment preventing apoptosis of these 

cells (Tsai et al., 2001). In myocardial tissue, estrogen or genistein treatment results in increase 

Akt phosphorylation and nuclear localization (Camper-Kirby et al., 2001). Thus, considering that 

podocytes express the estrogen receptors, and they are targets of estrogen signaling, they may 

therefore be capable of mediating ER-induced Akt expression and activation.  

Effects of Soy Phytoestrogens on Renal Function 

 

Emerging reports are showing beneficial effects of soy-derived phytoestrogens (known as 

isoflavones) on renal function (McGraw et al., 2016), similar to what has been shown with 

cardiovascular disease (Cassidy and Hooper 2006). Isoflavones including daidzein and genistein 

are naturally occurring flavonoids abundant in legumes and beans, and they have been 

demonstrated to lower LDL cholesterol and slightly increase HDL cholesterol in patients with 

cardiovascular disease (Clarkson 2002). Based on these cardiovascular findings, researchers have 

speculated on the potential for additional renoprotective effects of purified isoflavones. 
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Interestingly, replacement of animal protein with soy protein improved renal function in diabetic 

patients (Stephenson et al., 2005, Azadbakht et al., 2003, and isoflavone consumption reduced 

urinary albumin excretion in diabetic men (Teixeira et al., 2004). A more recent, large-scale study 

shows a strong association between red meat consumption and increase end-stage renal disease 

risk (ESRD), whereas substitution with other animal-based products such as fish, egg, poultry, and 

dairy showed no significant increased ESRD risk (Lew et al., 2017). These authors reported that 

subjects in their study who consumed high red meat, also had the lowest amount of fruit and 

vegetable intake which may be associated with increased ESRD risk. Furthermore, consumption 

of high animal-based protein is known to increase the risk of acquiring type 2 diabetes, a risk factor 

for CKD (Malik et al., 2016). Other studies have shown the reduced risk of ESRD in patients 

consuming plant-based proteins (Chrysohoou C et al. 2010, Goraya et al., 2012). Interestingly, 

intake of diets high in plant-based protein is correlated with increased glomerular filtration rate 

(GFR) (von Ruesten et al., 2013), a measure for kidney function, while higher animal-based 

protein consumption is associated with reduced GFR risk (Chrysohoou et al, 2010). Several 

different animal models have also demonstrated that soy isoflavone consumption delayed 

development of kidney disease (Teixeira et al., 2004, Maddox et al., 2002). Despite the evidence 

to indicate the beneficial effects of soy consumption, the molecular mechanisms governing this 

phenotype lack insight.  

Recent studies have shown that soy consumption results in increased nephrin protein 

expression (Palanisamy and Anuradha 2011), suggesting a direct effect of isoflavones on 

podocytic proteins. Isoflavones are structurally similar to estrogen (Figure 4), and thus are capable 

of weakly inducing ER signaling. ERβ is known to be more responsive to soy treatment, binding 

more strongly to isoflavones compared to ERα (Kuiper et al., 1998), whereas ERα is more 
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protective for podocytes through inhibiting apoptotic stimuli (Kummer et al., 2011). As ERs are 

expressed in podocytes, and estrogens are beneficial for kidney function, further investigation is 

needed to understand the signaling pathways which confer the renoprotective effects of soy 

isoflavones. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Molecular structures of the two common phytoestrogens found in soy. Genistein 
shown on top left, and Daidzein on top right. The bottom shows an overlapping structure of 
daidzein and endogenous estrogen, to illustrate the similarity of these two molecules, and hence 
their ability to bind the estrogen receptor. 
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Rationale and Hypothesis  

 

In view of the current and future diabetes epidemic, for which kidney disease is a common 

debilitating outcome, there is a vital need to define novel interventions to delay or ideally prevent 

the onset of CKD. Podocyte loss or apoptosis is considered as a hallmark for kidney progression 

and females are reported to progress to renal failure slower than men, implicating a role for the 

estrogen receptors. Much work in the literature thus far has been centered around the importance 

of nephrin expression and preservation in kidney disease. However, more recent studies have 

demonstrated the critical role of Akt2 in podocyte survival under nephron reduction. In parallel, 

several studies have explored the role of soy phytoestrogens in reno-protection. This project thus 

sought to investigate the hypothesis that soy phytoestrogens enhance nephrin and Akt signaling 

pathway in the kidney podocytes.   

The main objectives of this project were firstly, to use an in-vivo approach to investigate 

the effects of varying isoflavone diets in mice on nephrin and Akt expression and activation. And 

secondly, to use an in-vitro approach to characterize the effects of Daidzein on nephrin and Akt 

expression and activation in podocytes under high glucose stimulation.  
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Chapter 2 – Materials and Methods 
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Mouse Feeding 

 

 Mice were generously provided by Dr. Roger Moorehead’s lab at the OVC, University of 

Guelph. Mouse feeding has been previously described by this group (Watson et al. 2015). Mice 

were placed on a diet containing protein exclusively from casein or purified soy protein at the time 

of mating. The respective diets were continued during the period of pregnancy and lactation. and 

maintained after weaning (21 days old), until animal sacrifice at 100 days. The diets were supplied 

by Harlan Laboratories (Madison, WI). The purified soy diet from Harlan laboratories contains 

roughly 463 ppm daidzin, 95 ppm daidzein, 933 ppm genistin, 101 ppm genistein, 57 ppm glycetin 

and 9 ppm glycetein. Thus, the approximate total isoflavone content in the diet is 1660 ppm, all in 

the aglycone form.  

Glomerular Isolation 

 

Both kidneys were extracted from each animal and longitudinally cut in order to separated the 

renal medulla from the renal cortex. The medulla was discarded. The cortices were minced using 

a 10-gauge scalpel blade and incubated in 5 mL D-PBS solution containing 1 µg/mL collagenase 

for 30 minutes at 37°C with shaking at 30 rpm. The cortices were strained to purify glomeruli 

using 100 µM sterile cell strainer with 40 mL cold D-PBS. The flow-through was pelleted at 

1000xg for 1 minute followed by removal of the supernatant. In order to lyse red blood cells, 5-10 

mL of sterile Ack lysis buffer (0.15 M NH4Cl, 7mM KCO3, 0.1 mM EDTA) was added to the 

pellet, and inverted 5-7 times at room temperature and immediately spun down at 1000xg for 1 

minute. The supernatant was removed and the cortices were lysed by re-suspending the pellet in 

500-600 uL Phospholipase C (PLC) lysis buffer as described below. 
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Tissue Lysis 

 

 Pellet from the glomerular isolation was re-suspended in 500-600 µL Phospholipase C 

(PLC) lysis buffer (50 mM Hepes pH 7.5, 10% Glycerol, 1 mM EGTA, 10 mM NaPPi, 1.5 mM 

MgCl2, 150 mM NaCl, 100 mM NaF, 1% Triton X-100) containing the protease inhibitors 0.1 

mg/mL aprotinin, 0.1 mg/mL leupeptin, 1mM sodium orthovanadate, and 1 mM 

phenylmethanesulfonyl fluoride (PMSF) (PLC+). Cells were sonicated using Vibra-Cell (Sonics 

& Materials Inc.) for 15-20 seconds followed by incubation on ice for 10 minutes then centrifuged 

at 12,000xg for 12 minutes, and the pellet was discarded. BCA assay was performed on whole cell 

lysate for quantification of protein concentration. Lysate was prepared using 5x sodium dodecyl 

sulfate (SDS) loading buffer (20% SDS, 0.3125 M Tris Base, 50% glycerol, 20% β-

mercaptoethanol) to the final desired concentration and boiled at 100°C for 5 minutes.  

Immunoblotting 

 

Proteins in cell lysates were separated using 10% SDS polyacrylamide gel electrophoresis 

(SDS-PAGE). Gels were run for 20 minutes at 120 volts before increasing the voltage to 180 for 

one hour. Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Roche, 

Mississauga, ON, Canada) via wet transfer at 100 volts for 50 minutes. Membranes were blocked 

for 1 hour in 5% skim milk in 1x Tris Buffered Salt Tween buffer (TBST) (0.15 M NaCl, 0.02 M 

Tris Base, 0.005% Tween20) for non-phosphorylated proteins and in 5% bovine serum albumin 

(BSA) (Roche Applied Science, Werk Penzberg 82372 Penzberg, Germany) in TBST for 

phosphorylated proteins. Membranes were briefly washed for 1 minute in MilliQ water and then 

TBST respectively, before being incubated at 4°C overnight with diluted primary antibodies. The 

following day, membranes were washed five times for 5 minutes with TBST, and incubated with 
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diluted secondary antibodies for 1 hour. Membranes were than washed again with TBST five times 

for 5 minutes each. Membranes were imaged by first staining with chemiluminescent 1:1 ECL 

Western Blot Substrate (#32106) (Pierce) for 2 minutes and then exposing them to X-ray blue film 

(VWR) which were then developed automatically through the Konica Minolta Automatic Film 

Developer SRX-101A. Membranes were stripped with 20 mL of stripping buffer (200 mM glycine, 

0.1% SDS, 1% Tween-20, pH2.2) for 30 minutes and washed briefly with TBST before blocking 

with 5% BSA or milk/TBST for 15 minutes. Membranes were re-incubated with desired 

antibodies. Membranes were stripped maximum of 3 times.  

Table 1: List of Antibodies 

 Antibody Type Dilution Host Supplier Product # 
 Nephrin Monoclonal 1:1000 Rabbit Tomoko 

Takano 
- 

pNephrin 
(Y1176/Y1193) 

Monoclonal 1:1000 Rabbit Home-made - 

Akt Monoclonal 1:1000 Rabbit Cell 
Signaling 
Technology 
(CST) 

C67E7 

pAkt (Ser473) Monoclonal 1:1000 Rabbit CST D9E 

Akt2 Monoclonal 1:1000 Rabbit CST 5B5 #2946 

pAkt2 (Ser474) Monoclonal 1:1000 Rabbit CST D3H2 
#8599 

Erk1/2 Monoclonal 1:1000 Rabbit CST 137F5 
#4695 

pErk1/2 Monoclonal 1:1000 Rabbit CST  
Podocin Monoclonal 1:1000 Rabbit Sigma 

Aldrich 
PO372 

β-actin Monoclonal 1:5000 Mouse Sigma 
Aldrich 

AC15 

Estrogen 
Receptor alpha 

Monoclonal 1:1000 Rabbit Santa Cruz SC-542 

Estrogen 
Receptor beta 

Monoclonal 1:1000 Rabbit Santa Cruz SC-8974 
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Goat anti-rabbit HRP 1:5000 Goat Bio-Rad 1706515 

Goat anti-
mouse 

HRP 1:5000 Goat Bio-Rad 1706516 

 

Urine SDS-PAGE 

 

 Urine was collected at the time of mouse sacrifice. Urine samples were spun down quickly 

and the pellet was discarded. Equal volumes of urine and 2xSDS loading buffer was added and 

samples were boiled at 100°C for 5 minutes. 4 µL of each sample was run on a 10% gel with BSA 

(2.5 µg) as a positive control. Gel was stained with Coomassie brilliant blue R (ThermoFisher 

Scientific), for 30 minutes. Gel was destained using a destaining reagent (40% methanol, 10% 

glacial acetic acid) for 45 minutes to 1 hour. Gel was imaged on ChemiDoc (Bio-Rad).  

RNA Extraction and cDNA Synthesis 

 

 RNA was extracted from kidney cortices (frozen at the time of dissection) using the 

Ambion PureLink RNA Mini Kit (Cat. #12183025) following the manufacturer’s protocol. RNA 

was eluted in 30 µL of nuclease-free water and the purity and concentration of the RNA was 

determined using the Nanodrop 8000 (Thermo Fisher Scientific). Integrity of the RNA was 

examined by resolving 1-2 µg of RNA on a 1% agarose gel for 30 minutes on ice at 120 volts. 1 

µg of RNA was reverse transcribed into cDNA using Quanta qScript (Quanta Biosciences Inc 

P/N82034) for use in quantitative PCR. 
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Real-Time polymerase chain reaction (RT-PCR) 

 

 All primers used for RT-PCR were diluted to 2.5 µM concentration. Primer sequences used 

for this study are provided in Table 1. RT-PCR reactions were performed using SYBR Green 

master mix (Quanta Bioscience) and cDNA diluted at a ratio of 1:10. Plates were analyzed on 

StepOne Plus Real-Time PCR System (ThermoFisher Scientific) at the Guelph Genomics Facility. 

Standard curves were generated to calculate primer efficiencies for each primer and were between 

90-115%. Melt curves were also generated to confirm that only a single amplicon was produced. 

Data was analyzed using the Pfaffl method (Pfaffl 2001), and and p<0.05 was considered 

statistically significant. B2M was used as a reference gene, which was previously validated 

(Keyvani Chahi et al. 2016).  

Table 2: List of Primers 

Primer Sequence (5’ to 3’) 

Nephrin FW CTAGTTTCCCCCAAGGTG CT 

Nephrin RV GTCCACCCTGGATGAAGATG 

Akt2 FW TCGGCAAGGTCATTCTGGTT 

Akt2 RV ACTGTGTGGGCGACTTCATC 

Areg RW ACAGCGAGGATGACAAGGAC 
Areg RV GCCAATAGCTGCGAGGATGA 

Estrogen Receptor Alpha FW CCTCCCGCCTTCTACAGGT 

Estrogen  receptor alpha RV CACACGGCACAGTAGCGAG 
Estrogen receptor beta FW CTGTGATGAACTACAGTGTTCCC 
Estrogen receptor beta RV CACATTTGGGCTTGCAGTCTG 
MAPK3 (Erk1) FW TCCGCCATGAGAATGTTATAGGC 
MAPK3 (ErK1) RV GGTGGTGTTGATAAGCAGATTGG 
MAPK1/2 (Erk2) FW CAGGTGTTCGACGTAGGGC 
MAPK1/2 (Erk2) RV TCTGGTGCTCAAAAGGACTGA 
B2M FW GCTCGGTGACCCTGGTCTTT 
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B2M RV  TGTTCGGCTTCCCATTCTCC 

Tissue Culture 

 

 Human podocyte cells (HPC) were obtained from Dr. Susan Quaggin (Northwestern 

University, Chicago). Two previously characterized immortalized cell lines were provided: a 

parental cell line (HPC-P) (Saleem et al. 2002), and a cell line stably expressing nephrin (HPC-N) 

(Jin J et al. 2012). The HPC and mouse podocyte cells (MPC) are immortalized and grown using 

the same culture conditions. Cell lines were grown in RPMI 1640 Medium supplemented with 

10% fetal bovine serum (FBS), 200 Units/mL penicillin and 200 µg/mL streptomycin (Invitrogen, 

Burlington, ON, Canada) and allowed to proliferate at 33°C (the permissive temperature for the 

temperature sensitive SV40 transgene) and 5% CO2. Once grown to 70% confluence the cells were 

transferred to 37°C and 5% CO2 to promote growth arrest and differentiation for 7-10 days. After 

four days of differentiation conditions, cells were switched to 2 mM glucose, 2% FBS, 200 

Units/mL penicillin and 200 µg/mL streptomycin. Media was changed on the 7th day, cells were 

serum starved (no FBS) on the 9th day, various treatments were administered on the 10th day, and 

cells were lysed on the 11th day before undergoing BCA assay for quantification of protein 

concentration and subsequently used for qPCR and Western blot analysis.  

The following treatments were administered for 24 hours: 

2 mM Glucose, 0.1% dimethyl sulfoxide 
(DMSO) 
11 mM Glucose, 0.1% dimethyl sulfoxide 
(DMSO) 
2 mM Glucose, 10 µM Daidzein 
11 mM Glucose, 10 µM Daidzein  
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Cell Lysis 

 

 Media was removed from 10-cm plates and cells were washed with phosphate buffered 

saline (PBS). Cells were scraped off dishes using PLC+ lysis buffer and cells were lysed as 

described in the “Tissue Lysis” section of this chapter.  
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Chapter 3 – Results 
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Akt2 but not Akt1 or Akt3 is Expressed in Mouse Kidney Glomeruli 

 

Akt proteins are well established regulators of cell survival and inhibitors of apoptosis. 

Recently, Canaud and colleagues showed the necessity for Akt2, a specific isoform of Akt, in 

podocyte viability. To validate the presence of Akt2 in podocytes, and profile Akt1 and Akt3 

expression, we isolated glomeruli from mice, in addition to whole kidney and whole brain. We 

also analyzed Akt family protein expression in cultured mouse and human podocyte cell lines 

(MPC and HPC, respectively), as well as control cell lines. Using western blot analysis of prepared 

lysates, we confirmed that only Akt2 is expressed in glomeruli, whereas Akt1 is expressed in whole 

kidney, and all isoforms are present in the brain. Our findings are consistent with previous reports, 

showing the presence of Akt2 in podocytes, and Akt1 localization in the surrounding tubules via 

immunohistochemistry (Canaud et al. 2013). The expression of all three isoforms of Akt in the 

podocyte cell lines may be a consequence of the in vitro immortalization procedure.  
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Figure 5 - Characterization of Akt isoform expression in murine tissues and podocyte cell 
lines. A western blot analysis of lysates prepared from isolated glomeruli of male mouse, 
compared to mouse whole kidney, and mouse whole brain. HEK293T cells were used as a control 
for Akt2 and Akt3, and NCI-H1975, a non-small cell lung cancer cell line, was used as a positive 
control for Akt1. Antibodies specific to each Akt isoform were used, in addition to pan-Akt, with 
Cadherin as a loading control. Consistent with previous studies, the purified mouse glomeruli only 
express Akt2, whereas the mouse whole kidney expresses both Akt1 and Akt2, and Akt3 is only 
detected in the mouse brain. Mouse podocyte cells (MPC) and human podocyte cells (HPC) with 
parental nephrin expression (HPC-P) and stable overexpression of nephrin (HPC-N) express all 
three isoforms of Akt.   
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Mice Fed a Low-Dose Soy Diet Show Increased Nephrin and Akt2 Expression 

 

 To investigate the effects of soy supplementation on podocyte signalling pathways 

including Akt, mice were fed a casein-based control diet, or a diet composed of varying 

concentrations of soy-derived isoflavones (10g/kg, 50g/kg or 200g/kg). Both male and female 

FVB mice were fed with the various diets in utero and up until sacrifice at 100 days of age. Kidneys 

were extracted and subject to glomerular isolation (for protein analysis) or cortex dissection (for 

transcript analysis). We first examined the 10g soy fed mice as this dosage is physiologically 

relevant and within the range of soy consumption in Asian populations (Watson et al, 2015). 

Western blot and densitometric analysis showed that 10g soy supplementation resulted in a 

significant increase in nephrin and Akt expression in both female mice (Figures 6A and 6B) and 

male mice (Figures 7A and 7B). A comparable significant rise in activated Akt (Ser473) was also 

observed in both female mice (Figures 6A and 6B) and male mice (Figures 7A and 7B), but no 

significant effects were seen on phosphorylated nephrin at tyrosine residues 1176 and 1193 in 

either sex. Examination of transcript levels via qPCR revealed a significant increase in expression 

of nephrin, but not Akt2 in female mice (Figure 6C), and no changes in transcript levels were seen 

in male mice (Figure 7C). 
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A 

B C 

Figure 6 – 10g Soy supplementation in female FVB mice 
enhances nephrin and Akt expression and Akt activation. 
(A) Immunoblot of isolated casein (n=3) and 10g (n=3) soy fed 
mice glomeruli whole cell lysate (30 µg), showing an increase 
in nephrin and Akt protein levels. Podocin was used as a 
loading control for equal glomeruli and β-actin was used as 
loading control for whole cell lysate protein. (B) Densitometry 
of the western blot in A. (C) quantitative PCR (qPCR) of 
nephrin and Akt, showing a significant increase in nephrin gene 
expression but a decreased Akt gene expression. Asterisks 
denote statistically significant difference (p < 0.05) relative to 
casein control, determined using student t test.  
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B C 

Figure 7 – 10g Soy supplementation in male FVB mice 
increases nephrin and Akt expression and activation. 
(A) Immunoblot (IB) analysis of glomerular lysates (30 µg) 
of male mice fed Casein (n=3) or 10g soy (n=3). Podocin 
was used as an internal loading control for equal glomeruli 
loading and β-actin was used as loading control for equal 
whole cell lysate protein. (B) Densitometric quantitation of 
of IB in (A). (C) qPCR analysis of nephrin and Akt2 gene 
transcription in males shown in IB in (A) using 1 µg of 
cDNA. Asterisks denote statistically significant difference 
(p < 0.05) relative to casein control, determined using 
student t test.  
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Isoflavone Quantity on Nephrin and Akt Expression in Male and Female Mice 

 

 We next looked at the effects of higher concentrations of soy isoflavones on nephrin and 

Akt expression. Glomerular isolates from representative male and female animals fed 10g/kg, 

50g/kg or 200g/kg soy were analyzed by western blot alongside casein-fed controls. Interestingly, 

we found that animals fed 50g and 200g did not show the increase in nephrin expression that was 

observed with 10g soy (Figure 8, top panel), and only male animals fed 50g soy showed an increase 

in Akt expression that was comparable to 10g soy (Figure 8, second panel). In parallel, we 

examined whether these higher soy concentrations might induce podocyte injury. We first 

investigated the Erk1/2 signaling pathway, and found that total Erk1/2 levels remained the same 

across all concentrations in both sexes. Phospho-Erk1/2 was only up-regulated with the 10g soy 

diet in males, and this increase was not seen at higher concentrations. Consistent with these 

findings, animals fed low to high doses of isoflavones showed no signs of proteinuria (Figure 9).  
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Figure 8 – Characterization of the effect of 10g, 50g and 200g/kg soy supplementation in 
male and female FVB mice. A representative western blot of male and female mice fed varying 
soy diets for 100 days. N=1 animal was randomly selected from each feeding trial and 
glomerular lysate (30 µg) was analysed.  
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Figure 9 – Soy supplementation does not result in proteinuria. Coomassie staining of urine 
samples from Casein, 10g, 50g, 200g soy supplemented (n=2) male and female mice. 4 µL of urine 
sample in 1x SDS loading buffer and BSA (2.5 µg) used as a control was ran on an SDS-PAGE 
and Coomassie stained for proteinuria.  
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Female Mice Show Higher Baseline Expression of Akt Relative to Male Mice  

 

Side-by-side comparison of male and female animals revealed a notable difference in Akt 

protein expression with 10g soy, and this was similarly seen in casein control animals (Figure 8). 

To assess this further, we examined a larger cohort of casein-fed male and female animals, using 

western blotting followed by densitometry. As illustrated in Figure 10, female mice show 

significantly higher baseline Akt expression than males mice, and this is equivalent to a greater 

than 2-fold increase at the protein level.  

	

	

	

Figure 10 – Females express higher Akt levels compared to males. (A) Immunoblot of male 
(n=3) and female (n=3) FVB mice glomerular lysates (30 µg) from casein fed animals. (B) 
Quantitation of western blot in (A).  
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Soy Supplementation Changes ERα and ERβ Expression and Signaling 

 

 Akt has been shown previously to be activated by the estrogen receptors, thus we next 

sought to investigate whether the effects of the varying soy diets might also be seen with ERα and 

ERβ. Glomerular isolates or total cortex from representative male and female animals fed 10g/kg, 

50g/kg or 200g/kg soy or casein control (as in Figure 8) were analyzed by western blot or qPCR, 

respectively. As expected, protein levels of ERα but not ERβ are higher at baseline in casein-fed 

female mice compared to casein-fed male mice (Figures 11A and 11B), in line with the sex-specific 

differences in Akt expression we noted above. With increasing concentrations of soy diet, we find 

that male animals show a modest rise in ERα protein expression, with a concomitant decrease in 

ERβ protein expression (Figure 11A), though neither ERα nor ERβ transcript levels are altered 

(Figure 11C). By contrast, female mice show a prominent rise in ERβ expression with 10g soy 

diet, which decreases below the casein baseline with 50g and 200g soy (consistent with the trend 

observed for Akt expression in Figure 10), and no changes are seen with ERα (Figure 11A). 

Analysis of ER transcript levels in female mice revealed a marked 70-fold increase in ERβ 

expression in female 10g soy mice compared to casein-fed controls, along with a small but 

significant decrease in ERα expression (Figure 11D). Lastly, we examined activation status of the 

ERs through monitoring expression of the downstream transcription target gene Amphiregulin 

(Areg). Consistent with the notion that ERβ is preferentially activated by isoflavones, we found 

that Areg expression increased nearly 90-fold in females fed 10g soy diet (Figure 11E bottom), 

while no difference was seen in males fed 10g soy (Figure 11E top). 
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Figure 11 – 10g/kg Soy supplementation alters ERα and ERβ expression. (A) Immunoblot 
representing glomerular lysate (30 µg) of one animal from each feeding trial. (B) Densitometric 
analysis of Casein fed FVB males (n=3) and females (n=3) for ERα and ERβ. (C) qPCR of ERα 
and ERβ gene expression in 10g soy fed males (n=3) relative to casein control (n=3); 2 technical 
replicates. (D) qPCR of ERα and ERβ gene expression in females fed 10g soy (n=3) relative to 
casein control (n=3). (E) qPCR of amphiregulin in male (top) and females (bottom) fed 10g soy 
supplementation. Asterisks denote statistically significant difference (p < 0.05) relative to casein 
control, determined using student t test. 
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Daidzein Increases Nephrin/Akt Expression and Activation in Podocytes Cultured with 

High Glucose 

	
	 Finally, to determine whether soy supplementation induces a protective response through 

activation of nephrin/Akt signaling, we employed a human podocyte cell (HPC) culture system to 

facilitate parallel testing of multiple treatment conditions. As parental podocytes (HPC-P) lose 

expression of nephrin in culture (Figure 12A), we utilized a variant cell line stably expressing 

nephrin (HPC-N) (Jin et al., 2012). We confirmed that expression of Akt is comparable in both 

cell lines (Figure 12A), and we optimized the concentration of the purified isoflavone daidzein to 

show low toxicity on HPC lines. Differentiated HPC-N were cultured with normal (2 mM) or high 

(11 mM) glucose in the presence of the purified isoflavone daidzein (10 µM) or vehicle alone 

(DMSO). High glucose treatment results in increased nephrin expression and phosphorylation 

while total levels of Akt appear to remain the same (Figure 12B, lanes 3 and 4). Addition of purified 

daidzein causes a further increase in nephrin expression and activation compared to DMSO 

control, as well as a rise in Akt expression and activation (Figure 12B, lanes 1 and 2), consistent 

with our in vivo findings in mice. 
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Figure 12 – Daidzein treatment under high glucose conditions causes increased nephrin and 
Akt expression and activation. Cells were grown at 33 degrees for 2 weeks after which they were 
put for differentiation at 37 degrees for 14 days, and harvested. Lysates (25 µg) was analyzed via 
western blot. (A) Both cell lines express Akt2, but HPC-N expresses significantly more nephrin 
compared to HPC-P, and therefore used for subsequent experiments. (B) HPC-N cells treated with 
baseline 2 mM glucose and DMSO as a vehicle control for daidzein, and high glucose (11 mM) to 
mimic diabetic conditions for 48 hours. Addition of daidzein with high glucose results in increased 
nephrin and Akt expression and phosphorylation (Lane 2).   
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Chapter 4 - Discussion 
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In this thesis, we sought to investigate the effects of soy phytoestrogens on podocyte survival 

pathways, specifically Akt and nephrin. Our results confirmed the expression of Akt2 in mouse 

glomeruli. Furthermore, we report for the first time that 10g/kg soy supplementation increases 

nephrin and Akt expression in male and female FVB mice. Interestingly, side-by-side analysis of 

male and female mice fed the baseline casein diet, showed increased Akt expression in females 

compared to males. Lastly, we enhanced the in vivo data with cell culture experiments which 

showed direct effects of purified daidzein on podocytic nephrin and Akt expression and activation 

under high glucose treatment. Collectively, modulation of the nephrin and Akt signaling axis in 

podocytes through soy supplementation may represent a simple and cost-effective intervention for 

delaying the progression of kidney disease.	

The beneficial effects of a soy-based protein diet have been documented for decades, 

including the reduction in proteinuria, increasing HDL to LDL ratio and a delay in progression to 

kidney failure in patients with kidney disease (Teixeira et al, 2004). However, these findings have 

been limited to phenotypic observations, and lack the understanding of the molecular mechanisms 

underlying these responses. Thus the focus of this project was on investigating the effects of soy 

phytoestrogens on nephrin and Akt. Preserving nephrin expression in podocytes is critical for 

maintaining the cell morphology, signaling and integrity of the filtration barrier, and loss of 

nephrin, or mutations in the gene encoding for nephrin results in nephrotic syndrome, such as that 

seen in congenital nephrotic syndrome of the Finnish type (Kestila et al., 1998). Therefore, 

preservation of this essential slit diaphragm protein is of interest in inherited or acquired diseases. 

Accordingly, our data shows an up-regulation in nephrin protein expression in male and female 

FVB mice following 10g/kg soy supplementation. This observation is corroborated by another 

group, reporting an increase in nephrin expression after soy supplementation in rats (Palanisamy  
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and Anuradha 2011). Surprisingly, female mice treated with 10g/kg soy diet also show significant 

increase in nephrin gene expression, whereas no such change is observed in males on the same 

diet. Despite the increase observed in nephrin expression for both males and females, 

phosphorylated nephrin (Y1176/Y1193) in females shows no changes, but an increase in nephrin 

activation is observed in males. These phosphorylated sites are known to bind to the adaptor 

protein Nck, for mediating actin cytoskeletal reorganization (Jones et al., 2006). However, 

phosphorylation of nephrin at Y1152 is required in rats (corresponding to Y1138 in humans) for 

activation of Akt. Therefore, a particular limitation of this study is the lack of phosphorylated 

Y1152 (human Y1138) nephrin antibody, the site which is known to bind the regulatory subunit 

(p85) of PI3K/Akt. The antibody used throughout the project is specific to Y1176 and Y1193, 

which are not known sites of PI3K/Akt activation and thus provide limited information on potential 

Akt recruitment. It is therefore not possible at present to determine the exact mechanism leading 

to Akt activation, though future experiments should seek to immunoblot for phosphorylated Y1152 

nephrin (pending reagent availability) to examine nephrin-directed Akt activation. Although the 

area of nephrin signaling is not pursued deeply in this thesis, there are models available to address 

the importance of nephrin tyrosine phosphorylation. The use of the Y3F mice would allow for 

more definitive answers as to the impact of soy isoflavones on nephrin phosphorylation. The Y3F 

mouse model, developed in this lab, has three tyrosine sites mutated to phenylalanine (Y1176, 

Y1193, and Y1217) and consequently these mice exhibit foot process effacement and are severely 

proteinuric (New et al., 2016), thus illustrating the critical role of nephrin phosphorylation. The 

use of this new model would be an excellent tool for addressing questions such as whether the 

mechanism of soy isoflavone action is in part through mediating nephrin phosphorylation or not.  
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As Akt is a well-known anti-apoptotic protein in cell signaling, and one which has been 

shown to have survival effects on podocytes (Canaud et al. 2013), we focused on it in addition to 

nephrin and whether its expression could be altered via soy supplementation. Previous studies have 

shown that Akt2 is essential for podocyte survival under nephron reduction (Canaud et al., 2013) 

thus preserving Akt expression and activation in podocytes in kidney disease would be essential 

for maintaining proper blood filtration. Indeed, our data shows an increase in Akt expression and 

activation in males and females after 10g/kg soy supplementation. Gene expression analysis of 

Akt2 shows a slight decrease in 10g/kg soy supplementation compared to casein controls in males 

and females. This response to 10g/kg of soy supplementation leads to the speculation of protein 

stabilization. Although there is no significant change in nephrin and Akt in males and Akt in 

females at the transcript level, the up-regulation at the protein level suggests that soy 

phytoestrogens may have a role in stability of the respective proteins. Interestingly, females fed 

10g soy show high nephrin transcript and protein levels suggesting that the response to soy 

phytoestrogens in females may have a slightly different mechanism of action. 

Previous studies have acknowledged the fact that females have a better prognosis in kidney 

disease than males (Iseki 2008, Carrero 2010). This phenomenon brings into question the role of 

the primary sex hormone estrogen, the expression of the estrogen receptors and the possible 

differential expression of the cell survival protein, Akt on the development and progression of 

kidney disease. Our data shows that females have more baseline (casein) Akt expression compared 

to males which may explain why females have better prognosis in kidney kidney compared to 

males. As Akt is a downstream target of the estrogen receptors (ER), it can be speculated that the 

reno-protective phenotype reported in females is a result of increased ERα relative to males as seen 

in this study. Expression of ERα is known to mediate protection against apoptotic signals in 
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podocytes both in vivo and in vitro in PAN induced glomerular damage (Kummer et al., 2011) 

whereas ERβ is known to be more responsive to phytoestrogen treatment (Kuiper et al., 1998). 

Therefore, our data is in line with previous findings through our observation of a significant 

increase in ERβ gene expression in female mice after soy supplementation. Although males and 

females have relatively equal expression of ERβ, females show more response to soy 

supplementation as seen through amphiregulin (Areg) gene expression. Other cancer-based studies 

have seen an increase in ERβ gene expression as well, after phytoestrogen treatment (Mahmoud 

et al, 2015). The same group determined that this up-regulation of ERβ expression is due to the 

epigenetic changes mediated through phytoestrogen treatment, which demethylates the promoter 

upstream of the gene encoding for ERβ. The diet administered to the mice in our study contains 

genistein in addition to daidzein, and therefore the change in ERβ gene expression may be a result 

of the individual or combined effects of both phytoestrogens in the diet. Therefore, further studies 

should aim to administer specific isoflavones to determine the effects on ERβ expression. We also 

see that females express more ERα at baseline compared to males, which may contribute to the 

reno-protective effects reported in females generally. The increase in nephrin protein and gene 

expression in females may be a result of increased ERα and ERβ expression in comparison to 

males. Furthermore, we speculate that the receptors may cross-talk with nephrin to modulate its 

stabilization. ERα and ERβ are known to cross-talk with other proteins including growth factors 

such as epidermal growth factor, and insulin-like growth factor (Aronica et al., 1993 and Ignar-

Trowbridge et al., 1992), but the association between nephrin and the receptors is yet to be 

determined. The increase in nephrin may be due, also, to decreased protein degradation. The 

increased nephrin gene expression in females may also be worth pursuing further to test whether 

nephrin is a transcriptional target of the estrogen receptors. Although nephrin protein expression 
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increases in females, we cannot draw conclusions as to whether the protein is localized to the 

plasma membrane of the podocytes. Therefore, biotinylation assays would prove to be important 

for examining surface localization of nephrin as well as ERs. To date, no association between 

nephrin and ER have been reported. Thus, immunofluorescence experiments will shed preliminary 

insight to test the hypothesis of nephrin and ER co-localization.   

Noticeable differences between males and females were seen with 10g/kg soy 

supplementation. A study by Watson and colleagues in 2015 calculated the amount of 10g soy 

protein in mouse is equivalent to 110g of soy protein intake daily. This value falls within the 

normal range of soy consumption (20-141g) in Asian population, which is known to have the 

highest soy consumption daily (Watson et al., 2015). We also studied mice fed 50g/kg and 200g/kg 

soy protein, and these concentrations are 3-fold and 15-fold higher than the normal consumption 

range, respectively. The representative blot includes the 50g and 200g of soy supplementation 

which illustrates a decrease in nephrin and Akt expression in females. However, males show a 

peak in Akt expression at 50g/kg soy supplementation suggesting that males may require a higher 

dose than females to stimulate estrogen receptor signaling. The responses at 200g/kg dose of soy 

protein in males and females suggest a potentially toxic dose. As soy phytoestrogens are weak 

agonists of estrogen receptors, some studies have shown that high levels of soy increase breast 

cancer progression (Grace et al., 2004), whereas others have shown an inverse association between 

soy diet and breast cancer risk (Chen et al., 2014). Hence, non-conclusive results of the effects of 

excessive soy protein on cancer initiation and progression still exist. Here, we have shown that a 

diet consisting of 10g/kg soy protein induces nephrin and Akt expression and activation in 

podocytes.  
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Lastly, we were interested in knowing whether soy supplementation, at physiological dose 

or higher doses caused damage to the podocytes. We collected urine from the animals to illustrate 

that soy supplementation does not result in overt changes in glomerular filtration. Earlier studies 

have shown that excretion of albumin or blood proteins in kidney disease patients is reduced after 

dietary restrictions (Teixeira et al., 2004). In our study, the mice were not proteinuric at the onset 

of the study, and we have shown that these mice did not develop proteinuria as a consequence of 

varying soy supplementation. 

For the purpose of this project, we used Erk1/2 and phosphorylated Erk1/2 as a readout of 

podocyte damage as some studies show that activation of the Erk1/2 pathway causes damage to 

podocytes. Adult kidneys do not require strong expression and activation of Erk1/2, and Erk1/2 

activation is more prominent in the developing kidneys (Omori et al., 2000). Several studies have 

looked at damage to podocytes by puromycin aminonucleoside (PAN) in rats resulting in increase 

Erk1/2 activity (Koshikawa et al., 2005, Liu et al, 2010). Likewise, Erk1/2 activation is seen in 

kidney podocytes of diabetic patients, which is correlated with the severity of glomerulosclerosis 

(Sakai et al., 2005). The work of Catanuto and colleagues corroborates the above results where 

they found a decrease in Erk1/2 phosphorylation after estradiol treatment (Catanuto et al., 2011). 

Contrarily, Doublier and colleagues showed that pretreatment with estrogen mediated Erk1/2 

activation and was protective in podocytes from apoptosis (Doublier et al., 2011). Therefore, with 

the discrepancy in the role of Erk1/2 as an indicator for stress, drawing conclusions regarding 

toxicity of soy on podocytes is difficult. The differences in Erk1/2 expression seen can also be a 

consequence of sex hormones. Doublier and colleagues showed that estrogen and testosterone have 

an opposing effect on podocyte apoptosis and Erk1/2 expression, where estrogen treatment 

protects podocytes by preventing TNFα or Tgfβ1-induced apoptosis, and testosterone induces 
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podocyte damage and apoptosis. Therefore, the difference observed in male Erk1/2 activation may 

be attributed to the level of testosterone which may put males at a higher risk of progressing to 

renal failure as previously documented. As there is inconsistency regarding the implication of 

Erk1/2 activation in cell damage, the use of another marker of cellular stress such as p38 kinase 

would validate the concept of toxicity (Kummer et al., 2011). Other specific marker of podocyte 

damage and apoptosis such as desmin can be used for verification of cell injury (Doublier et al., 

2011).  

To date, cell culture experiments looking at the effects of purified isoflavones, daidzein 

and genistein have been limited to cancer cell lines, where isoflavones exert anti-proliferative and 

antioxidant effects. Currently, there is no study showing the direct effects of phytoestrogens on 

nephrin and Akt signaling in podocyte cell lines. In order to fully understand the direct molecular 

mechanisms associated with soy supplementation, and the relevance of soy in the context of 

podocyte injury, we used human podocyte cell lines treated with high glucose (11mM, selected as 

it is the physiological serum concentration for diagnosis of diabetes) and purified daidzein. 10 uM 

daidzein was optimized from previous in-lab studies and genistein proved to be toxic to these cells 

in culture. We showed here for the first time that isoflavone treatment under high glucose 

conditions (11 mM) increases nephrin and Akt expression and activation.  A previous study by 

Denhez and colleagues reported a decrease in nephrin phosphorylation as a result of high glucose 

mediated activation of SHP-1, a phosphatase, in diabetic Akita mice. The differences in our study 

may be a result of shorter exposure time to glucose (48 hours compared to 96 hours). The 

difference may also be a result of using a cell-based model for studying diabetes-induced responses 

in podocytes compared to the mouse model used by Denhez and colleagues. The limitations of 

using an in vitro approach to mimic physiological condition is the failure to replicate the complex 
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structure and interactions between cell types. Furthermore, isoflavones are metabolized by gut 

microflora to different metabolites that act on podocytes in addition to other cell types. For 

instance, daidzein is metabolized to equol by commensal bacteria in some human subjects but not 

all (Rafii, 2015). For the in vitro experiments of this project, only purified daidzein was used, 

neglecting the effects of other specific metabolites. Nonetheless, our findings suggest a promising 

role of soy phytoestrogens on podocyte survival pathways, and infer a cost-effective method for 

diabetic patients for delaying kidney damage through up-regulation of nephrin and Akt expression 

and activation. Future studies should include optimization of genistein concentration in addition 

to cell culture studies treated with purified hydrolyzed metabolites of these isoflavones. 

The cell culture studies have contributed promising data for further experiments in vivo 

using mouse models. It would be worth investigating the effects of soy isoflavones in mice with 

diabetes to investigate Akt activation downstream of phosphorylated nephrin or the estrogen 

receptors. In mice, diabetes is often induced using streptozotocin (STZ), a drug which targets and 

destroy pancreatic beta cells, in order to prevent production of insulin. Thus, seeing a similar 

response in nephrin and Akt in mouse models as the cell culture studies would solidify the 

hypothesis that soy isoflavones have a reno-protective effect through enhancing nephrin and Akt 

expression and activation.  

 Considering the continual increase in the number of patients living with kidney disease, 

and the many more who are projected to develop diabetes and diabetic nephropathy, we have 

shown a novel mechanism of isoflavone effect on nephrin and Akt signaling. We have shown here 

that 10g/kg of soy protein in mice is optimal to increase nephrin and Akt expression without 

causing proteinuria. We find that higher amount of soy supplementation does not result in any 

beneficial effects on nephrin and Akt signaling. Furthermore, cell culture studies suggest a direct 
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role of purified isoflavones on increasing nephrin and Akt expression and activation. Our data has 

provided insight into the possible molecular mechanism by which soy isoflavones are known to 

exert their beneficial effects. The findings provide a rationale for adjustment of lifestyle dietary 

changes for CKD patients for delaying podocyte damage. 
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