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ABSTRACT 

Increased activity of the intrarenal renin-angiotensin system (RAS), in 

which proximal tubular angiotensinogen (AGT) is a key factor, has been 

implicated in the progression of diabetic nephropathy. AGT expression is 

upregulated in renal proximal tubular cells (PTC) by high glucose due to elevated 

reactive oxygen species (ROS) generation. Angiotensin II (Ang II) also promotes 

ROS generation. Glucose reabsorption in PTC occurs mainly through sodium-

glucose co-transporter 2 (SGLT2). This study was performed to demonstrate that 

SGLT2 mediates AGT augmentation in PTC under hyperglycemic conditions. 

Furthermore, the enhancing effect of Ang II was investigated. Established mouse 

PTC were treated with 5 (normal), 15, or 25 mM D-glucose or D-mannitol 

(osmotic control). Pyruvate was used to investigate the role of glycolysis on AGT 

regulation. Glycolytic activity was quantified using a Seahorse metabolic 

analyzer. Tempol, an antioxidant, was used to determine the role of ROS. SGLT2 

expression was silenced using shRNA. PTC were treated with high glucose and 

10-10-10-7 M Ang II or an Ang II receptor blocker. AGT protein levels were 

increased by 15 (4.4 ± 0.2-fold over control) and 25 mM (4.6 ± 0.2-fold) glucose. 

AGT mRNA was also augmented (31.1 ± 3.5-fold) by 25 mM glucose, but not 

mannitol. AGT expression was stimulated by pyruvate (10.7 ± 1.0-fold over 

control), and exposure to 10, 15, or 25 mM glucose increased glycolytic activity 

(3.10 ± 0.28-fold, 2.74 ± 0.20-fold, and 2.75 ± 0.34-fold, respectively), suggesting 

that enhanced glycolysis stimulates AGT expression. ROS accumulation 

increased (3.03 ± 0.29-fold) in 25 mM glucose over control. Tempol attenuated 



 

glucose-induced AGT augmentation by 77%, suggesting that ROS generation 

contributes to AGT upregulation. SGLT2 knockdown prevented AGT 

augmentation in 15 mM glucose, indicating that SGLT2 plays a key role 

mediating AGT upregulation by high glucose. Ang II receptor blockade did not 

alter AGT levels, and Ang II did not enhance AGT expression in normal or high 

glucose. Similarly, SGLT2 expression was unchanged by glucose or Ang II. 

These results indicate that SGLT2 contributes to AGT upregulation in PTC by 

high glucose, which helps to explain the mechanisms causing intrarenal RAS 

activation and consequent diabetic nephropathy. 
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CHAPTER 1 – INTRODUCTION AND BACKGROUND 

 

1.1 Renin-Angiotensin System 

1.1.1 Overview of the renin-angiotensin system cascade 

 The renin-angiotensin system (RAS) is a hormone system involved in the 

regulation of blood pressure and body fluid volume. In the classical RAS 

cascade, the enzyme renin, which is the rate-limiting enzyme in RAS, is secreted 

from the renal juxtaglomerular (JG) cells into the circulation and renal interstitial 

fluid. Renin binds to angiotensinogen (AGT), the precursor protein for 

angiotensin peptides and the only known substrate for renin 1. Renin cleaves the 

N-terminus of AGT to produce the decapeptide angiotensin I (Ang I). While Ang I 

has no biological functions, it is converted into several bioactive peptides 2. 

Angiotensin II (Ang II) is the most important RAS hormone. It is primarily formed 

by angiotensin-converting enzyme (ACE) 3, but it can also be generated by other 

peptidases, such as chymase 4. 

Ang II exerts its physiological effects through activation of the Ang II 

receptors. The well-characterized receptors are the Ang II type 1 receptor (AT1R) 

and Ang II type 2 receptor (AT2R). AT1R and AT2R are both G-protein coupled 

receptors found in many different cell types 1, 5. AT1R is the main receptor 

responsible for the physiological effects of Ang II. In general, AT2R produces the 
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opposite effects of AT1R activation 6. AT2R has also been shown to play a major 

role in fetal development 7. 

Upon Ang II binding, AT1R stimulates downstream molecular pathways by 

activating Gα and phospholipase C. Consequently, this causes an increase in 

inositol 1,4,5-triphosphate and intracellular calcium signaling, resulting in protein 

kinase C activation 8. AT1R activation initiates several different physiological 

responses that act in concert to promote sodium and water retention and 

increased arterial blood pressure. On blood vessels, AT1R induces contraction in 

vascular smooth muscle cells, causing vasoconstriction 9. In the proximal 

tubules, AT1R promotes sodium and water reabsorption by enhancing Na+/H+ 

Exchanger activity in the proximal tubule 10. AT1R can also directly stimulate 

sodium reabsorption in the collecting duct by enhancing epithelial sodium 

channel activity 11. AT1R stimulates aldosterone secretion from the adrenal 

gland, causing increased sodium reabsorption in the distal tubules and collecting 

duct 12 (Fig. 1.1.1). 

1.1.2 Systemic RAS regulation 

Renin release from JG cells can be triggered by a drop in pressure in the 

afferent arteriole 13, decreased salt delivery to the macula densa 14, or 

sympathetic nervous system activation 15. Studies in human and animal models 

have demonstrated that renin secretion is inhibited by Ang II 16, 17. Circulating 

AGT is predominantly synthesized in the liver and released into the blood stream. 

In humans, plasma concentrations of AGT are much higher than renin  
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FIGURE 1.1.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.1: Overview of the RAS cascade. Renin cleaves AGT to form Ang I, 

which is converted to Ang II by ACE. Ang II binds to AT1R, leading to an 

increase in arterial pressure and fluid volume. 
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concentrations 18, suggesting that renin secretion is the rate-limiting step 

influencing Ang II formation. 

However, in humans, plasma AGT concentrations are similar to the 

Michaelis-Menton constant (Km) for renin 19, 20, suggesting that changes to 

plasma AGT can also influence the reaction rate. There is evidence that injection 

of AGT induces an increase in blood pressure in rats on a low-salt diet 21. 

Moreover, an epidemiological survey found a strong correlation between plasma 

AGT levels and blood pressure 22, and polymorphisms of the AGT promoter 

region are associated with hypertension and influence AGT transcription 18, 23. 

Therefore, AGT regulation can also influence circulating Ang II levels 24. 

 

1.2 Intrarenal RAS 

1.2.1 Local versus systemic RAS 

RAS activation was primarily characterized as an endocrine system, and 

most research focused on the systemic effects of circulating Ang II. However, the 

existence of local RAS activity has been discovered in several organs including 

the brain 25, heart 26, adipose tissue 27, and kidneys 28, 29. In particular, tissue-

specific RAS activity has been well-described in the kidneys, and is regulated 

independently of the circulating RAS 3. 

AT1R is expressed along the nephron 5, indicating that intratubular Ang II 

plays a physiological role. Also, a study using mice with targeted disruption of the 

Agtr1a gene observed the effects of kidney cross-plantation in wild-type and 

AT1AR knockout mice. They found that chronic Ang II infusion promoted 
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hypertension in wild-type and systemic AT1AR KO mice, but not in total AT1AR 

KO mice or kidney-specific AT1AR KO mice 30. This suggests that kidney-specific 

AT1R activation mediates the pathogenesis of Ang II-dependent hypertension. 

1.2.2 Intrarenal Ang II 

Ang II levels in the kidney can be derived from systemic and locally 

generated Ang II 3, 31. However, analysis of the renal tubular fluid has shown that 

Ang II and AGT concentrations are much higher than in the plasma 31, 32, and 

Ang II is secreted by the proximal tubule 33. Moreover, renin is secreted from JG 

cells into the renal interstitum 34 and the proximal tubule 35. AGT is found in the 

proximal tubule 29. ACE is present on the luminal membrane throughout the rat 

nephron 36, and systemic Ang I infusion can be converted into Ang II in the 

kidney 37, 38. Taken together, this suggests that all necessary RAS components 

are expressed in the kidney, and that intrarenal Ang II is largely comprised of 

locally formed peptides (Fig. 1.2.1). 

Ang II internalization has also been shown to affect renal Ang II levels. In 

a study using salt-restricted rats, Ang I and Ang II levels in the plasma and renal 

cortex were enhanced compared to rats on a normal-salt diet, but the magnitude 

of this increase was higher in the kidney compared to the plasma39. Furthermore, 

Ang II levels were increased more than Ang I. While AT1R blockade increased 

plasma Ang II levels, cortical Ang II levels decreased 39. Ang II is internalized into 

proximal tubular cells (PTC), but losartan inhibits this effect 40. This suggests that 

Ang II internalization via AT1R-mediated endocytosis contributes to intrarenal 

Ang II levels in response to a low-salt diet. 
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FIGURE 1.2.1 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1: Localization of intrarenal RAS Components. The kidney 

produces all of the components required for local RAS activation. Concentrations 

of AGT and Ang II are much higher in the proximal tubule than plasma levels, 

suggesting that intrarenal Ang II is locally generated. AT1R is found along the 

nephron, indicating that intrarenal Ang II has a physiological role 41. 
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1.2.3 Effects of Ang II on renal hemodynamics 

Ang II constricts the renal afferent and efferent arterioles which increases 

vascular resistance, decreases renal blood flow, and increases filtration fraction 

37, 42. Ang II also induces contraction of the mesangial cells, which reduces GFR 

by decreasing the glomerular filtration coefficient 43. Infusion of intratubular Ang II 

increases the sensitivity of the tubuloglomerular feedback mechanism 33. Taken 

together, these findings demonstrate that Ang II influences renal function by 

decreasing renal blood flow and GFR, and modulating the reabsorption of 

sodium and water in the kidney. 

1.2.4 Localization and origin of intrarenal AGT 

In the kidneys, in situ hybridization studies have demonstrated that AGT is 

expressed in rat 29 and mouse 44 PTC. AGT expression varies within different 

segments of the proximal tubule. While AGT protein is found in the S1 segment, 

basal AGT mRNA levels are very low, and relatively high in the S2 and S3 

segments 45, 46. AGT protein is localized along the apical membrane 44, 45 and is 

internalized from the tubular fluid via megalin 45, 47. 

Normally, it is expected that AGT is too large to pass through the 

glomerular filter in the absence of kidney damage. Infused human AGT in rats 

was not detectable in the urine 48. In addition, a study of the glomerular 

permeability of AGT in mice by measuring the glomerular sieving coefficient 

(GSC) revealed very low permeability (GSC < 0.001) under normal conditions, 

and slightly elevated permeability during glomerular sclerosis (GSC < 0.01) 49. 

However, this point is still debated. A study utilizing mice with organ-specific AGT 
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gene knockouts demonstrated that liver-specific AGT knockout caused a 

significant decrease in renal AGT and Ang II. Conversely, AGT knockout in the 

kidney decreased urinary AGT, but had no effect on intrarenal AGT protein 

levels. This suggests that intrarenal AGT protein is derived from the plasma, 

while urinary AGT originates from the proximal tubule 47. 

Notwithstanding, another recent report demonstrated that nephron-specific 

AGT knockout reduced intrarenal AGT protein and mRNA and caused an 

unexpected reduction in plasma AGT levels 50. Thus, the role of AGT synthesis in 

the proximal tubule has not been well-characterized. Basolateral transcytosis of 

AGT across PTC has also been reported, which could contribute to the high 

levels of AGT protein in the proximal tubule 45, but the role is unclear, especially 

given the relatively high levels of AGT in the tubule compared to the plasma. 

Thus, the origin and function of AGT in the proximal tubule remains controversial 

and not entirely explained. 

1.2.5 Role of Intrarenal AGT and Ang II in Hypertension 

Intrarenal and urinary AGT levels are enhanced in salt-sensitive 

hypertensive rats 51 and models of Ang II-dependent hypertension in rats 48, 52-54 

and mice 53. In addition, ACE inhibition 53 and AT1R blockers (ARB) 54 attenuate 

the increase in AGT expression, indicating that AT1R activation contributes to 

AGT augmentation. 

AGT synthesized in PTC is secreted into the tubule and excreted in the 

urine 48. Renin is found in the collecting duct 44, which suggests that secreted 

AGT can play a role in the distal nephron. Evidence for a functional role for 
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intrarenal AGT has been shown using transgenic mice developed to express 

human AGT in the proximal tubule. Overexpression of AGT in the proximal 

tubules promotes the development of hypertension in mice 55-58 which was 

independent of plasma Ang II levels. Moreover, RAS blockade attenuated this 

effect 56. Taken together, this suggests that intrarenal AGT and Ang II have 

reciprocal regulation and can create an amplification feedback mechanism 

resulting in hypertension. 

 

1.3 Renal Mechanisms of Glucose Homeostasis 

 The kidneys play a key role in glucose processing through the filtration 

and reabsorption of plasma glucose 59. In addition, the kidneys are capable of 

gluconeogenesis and are tied with the heart in having the highest metabolic rate 

of any major organ tissue, relative to mass, meaning they utilize significant 

amounts of glucose 59, 60. 

1.3.1 Glucose reabsorption in the proximal tubule 

In healthy individuals, approximately 150 to 180 g of glucose are filtered per day 

and less than 500 mg are excreted in the urine 61, 62. Micropuncture studies in 

mice 63, rats 64, 65, and rabbits 66 have shown that the reabsorption of filtered 

glucose occurs almost entirely in the proximal tubule. The maximal glucose 

transport rate and glucose affinity vary significantly among the different segments 

of the proximal tubule 67 (Fig. 1.3.1). The S1 segment has the highest 

reabsorption capacity and lowest glucose affinity 66, 68, and it is responsible for 

the most glucose reabsorption under normal physiological conditions. 
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FIGURE 1.3.1 
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Figure 1.3.1: Glucose transport characteristics in different proximal tubular 

segments. (A) Illustration of glucose reabsorption in the nephron. The majority of 

glucose is reabsorbed in the S1 segment. The remaining glucose is scavenged in 

the S2 and S3 segments 69. (B) Jmax: maximum glucose transport rate. Km: 

glucose affinity constant. Values are presented as a percentage of S1 59. 

A B 
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Conversely, the S2 and S3 segments have a high glucose affinity, but low 

capacity 59, 61. Renal glucose reabsorption occurs by removing glucose from the 

tubular fluid and returning it to the interstitial space. Glucose in the lumen must 

be transported into the PTC up its concentration gradient, and then return to the 

interstitial fluid down its concentration gradient. Thus, an active transport 

mechanism is needed to reabsorb glucose across the apical membrane. This is 

accomplished by coupling the entry of glucose to sodium, which moves down its 

concentration gradient 70, 71 (Fig. 1.3.2). The two main transporters responsible 

for apical glucose reabsorption in the proximal tubule are sodium glucose co-

transporters 2 and 1 (SGLT2 and SGLT1) 63, 70, 72 (Fig. 1.3.3). The sodium 

gradient is maintained by Na+/K+-ATPase activity on the basolateral membrane 

of PTC 73. 

SGLT2 is a transmembrane protein encoded by the SLC5A2 gene. It is 

characterized as a low-affinity, high capacity glucose transporter that couples the 

reabsorption of sodium and glucose at a 1:1 ratio. In the kidneys, SGLT2 is 

expressed on the brush-border membrane of the S1 and S2 proximal tubular 

segments. Micropuncture experiments in mice lacking SGLT2 expression have 

demonstrated that SGLT2 is the main transporter responsible for glucose 

reabsorption in early PTC, suggesting that SGLT2-mediated glucose transport is 

the primary mechanism responsible for renal glucose reabsorption 63. In wild-type 

mice, approximately 80% of filtered glucose was reabsorbed in the early proximal 

tubular segments. In contrast, glucose reabsorption was almost entirely absent in 

the early proximal tubule of SGLT2-/- mice. Moreover, glycosuria was observed in  
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FIGURE 1.3.2 

 

 

 

 

 

 

 

 

 

Figure 1.3.2: Model of sodium-glucose co-transport. Sodium binding induces 

a conformational change in the SGLT protein and exposes a glucose binding 

site. Sodium is transported down its concentration gradient, providing the energy 

for glucose to move up its concentration gradient 74. 
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FIGURE 1.3.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.3: Glucose transporters in the proximal tubule. In the proximal 

tubule, apical glucose reabsorption is mediated by sodium-glucose co-transport. 

Glucose diffuses out of the cell via facilitative GLUT transporters on the 

basolateral membrane. Na+/K+-ATPase activity is responsible for maintaining the 

sodium gradient across the cell 59. 
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SGLT2-/- mice, despite the fact that plasma glucose levels and GFR were similar 

to wild-type mice. These findings are consistent with the phenotype found in 

familial renal glycosuria, an inherited disease characterized by loss-of-function 

mutations to SGLT2, where glucose excretion is present as a result of decreased 

proximal glucose reabsorption despite normal plasma glucose levels 75. 

SGLT1 is a high-affinity, low capacity glucose transporter that transports 

two molecules of sodium for each molecule of glucose. In the kidneys, SGLT1 is 

predominantly expressed in the S3 segment of the proximal tubule where it is 

responsible for reabsorbing the remaining glucose from the tubular fluid 69, 70, 76.  

Because SGLT1 has a relatively high affinity for glucose, it serves as a useful 

counterpart to SGLT2, and is well-suited to scavenge the remaining glucose from 

the tubular fluid, where glucose concentrations are low 59. SGLT1 also plays an 

important role in intestinal glucose reabsorption, and is expressed heavily on the 

brush border membrane of the small intestine 76. SGLT1 expression has also 

been detected in other organs, including the lung, heart, and liver 77. 

The active transport mechanism of SGLT2/1 increases the intracellular 

glucose concentration relative to the interstitial fluid. This allows glucose to exit 

the PTC by passive diffusion through facilitative glucose transporters located on 

the basolateral membrane. Glucose transporter 2 (GLUT2), a high-capacity/low-

affinity transporter, is the primary basolateral transporter in the early tubule 78. 

There is also evidence that GLUT2 is translocated to the apical membrane during 

diabetes mellitus, which contributes to increased glucose reabsorption 79, 80. 
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Glucose transporter 1 (GLUT1), a low-capacity/high-affinity transporter, is 

expressed in the late proximal tubules as a counterpart to SGLT1 71, 78. 

 

1.4 Diabetic Nephropathy 

1.4.1 Diabetes mellitus and the development of kidney injury 

Diabetes mellitus (DM) is a metabolic disease causing chronically high 

blood glucose levels, and affects millions of people worldwide 81, 82. DM is a 

major risk factor for chronic kidney disease (CKD) in the United States, and 

affects nearly 40% of individuals with CKD 83. It is estimated that 30% of patients 

diagnosed with DM will develop diabetic nephropathy 84, 85, which is 

characterized by mesangial expansion, thickening of the glomerular basement 

membrane, glomerular sclerosis, and microalbuminuria 84, 86. This progresses 

into macroalbuminuria and kidney failure 86, 87. 

Glomerular hyperfiltration88 and renal hypertrophy 89, 90 are risk factors for 

developing diabetic nephropathy. Micropuncture studies have shown that 

increased luminal glucose concentrations stimulate sodium reabsorption 91, and 

concentrations of sodium, chloride, and potassium are decreased in the early 

distal tubular fluid in type 1 DM rats, while single nephron GFR (SNGFR) is 

increased 92. SGLT2 upregulation has been reported in type 1 93 and type 2 DM 

rats 94, as well as in humans with type 2 DM 95. However, there are also 

conflicting studies where SGLT2 expression is decreased96, 97 or unchanged 98, 99 

in DM. In addition, SGLT2 downregulation under high glucose conditions has 

also been reported in rabbit PTC 100. 
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1.4.2 Intrarenal RAS and diabetic kidney injury 

Increased activation of the intrarenal RAS has been proposed as a key 

factor in the progression of diabetic nephropathy. Clinical reports demonstrate 

that RAS blockade attenuates the progression of diabetic nephropathy in type 1 

101 and type 2 DM 102, 103. There is also evidence that Ang II blockers prevent DM-

associated increase in urinary AGT and markers of oxidative stress 104. Studies 

in mouse PTC have demonstrated that AT1R activation enhances transforming 

growth factor-β 1 (TGF-β1) expression and promotes cellular hypertrophy 105, 106 

and apoptosis 107. In addition, RAS blockade attenuated TGF-β1 upregulation, 

apoptosis, and tubular fibrosis in hypertensive rats with STZ-induced DM 108, 

suggesting that intrarenal RAS activation contributes to increased apoptosis in 

PTC in DM. 

While intrarenal RAS activation is not universally observed in DM 109, 

increased levels of cortical intrarenal AGT and Ang II have been reported in type 

2 DM rats before the onset of renal injury 110, 111. AT1R blockade has been shown 

to attenuate the increased AGT and Ang II levels 111. Several recent studies 

provide evidence that AGT upregulation contributes to the pathogenesis of 

diabetic nephropathy. Urinary AGT levels are enhanced in humans 112 and in 

animal models of type 1 DM 113 (Fig. 1.4.1). Moreover, enhanced AGT is 

observed prior to the development of microalbuminuria, suggesting that intrarenal 

AGT expression is upregulated in the early stages of DM. Similar results were 

found in another report which also investigated the role of oxidative damage in 

the upregulation of intrarenal AGT using a transgenic mouse model that  
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FIGURE 1.4.1 
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Figure 1.4.1: AGT expression is upregulated during type 1 DM as a 

consequence of ROS generation. (A) Urinary AGT levels are increased during 

STZ-diabetic mice 113. (B) AGT mRNA levels are increased in the proximal 

tubules of STZ-diabetic mice. However, catalase overexpression in PTC prevents 

this increase, suggesting that ROS generation plays a crucial role in glucose-

induced AGT upregulation 114. 
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overexpresses catalase in the proximal tubule, preventing ROS generation. In 

wild-type mice, STZ-induced diabetes led to an increase in AGT mRNA levels in 

PTC, but the transgenic mice showed no increase in AGT expression. This 

suggests that ROS contributes to the stimulation of AGT during diabetes 114. 

Exposure to high glucose directly stimulates AGT expression levels in 

cultured PTC and is blocked by inhibition of the mitochondrial electron transport 

chain, indicating that AGT is upregulated by increased glucose metabolism and 

cellular respiration 115, 116. Taken together, these results demonstrate that AGT 

upregulation in the proximal tubule plays a key role in the development and 

progression of diabetic nephropathy. 

1.4.3 Mitochondrial ROS exacerbates PTC damage 

The mitochondrial matrix is a major site of ROS generation. Specifically, 

nicotinamide adenine dinucleotide (NADH) dehydrogenase and the cytochrome 

bc1 complex promote the formation of superoxide (O2
•-) as a by-product of 

glucose metabolism 117-119 (Fig. 1.4.2). During oxidative phosphorylation, NADH 

oxidation provides the energy required to facilitate the transfer of protons from 

the mitochondrial matrix to the inner membrane space. However, because this 

process is not entirely efficient, oxygen can also act as an electron acceptor, 

resulting in occasional superoxide formation during glucose metabolism 119. 

While O2
•- is produced under normal conditions, a study in rat PTC found 

that exposure to 25 mM glucose generated an increase in ATP levels and O2
•- 

generation, leading to a loss of cell viability and cytochrome bc1 complex 

inactivation. These effects were mitigated by manganese superoxide dismutase,  
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FIGURE 1.4.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4.2: ROS generation in the mitochondrial ETC. Mitochondrial ROS 

generation occurs as a result of oxidative phosphorylation in the electron 

transport chain. The reactions involving NADH dehydrogenase (I) and the 

cytochrome bc1 complex (III) are not entirely efficient, and occasionally result in 

the transfer of electrons to oxygen, producing O2
•- 120. 
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suggesting that the accumulation of mitochondrial O2
•- contributes to glucose-

induced mitochondrial dysfunction in PTC 121. 

1.4.4 AT1R-induced ROS generation 

AT1R activation also promotes the formation of ROS generation by 

stimulating NADPH oxidase activity 122. Ang II treatment (10-7 M) induced an 

increase in O2
•- generation in cultured PTC from both mouse and porcine kidneys 

123. Treatment with 4-Hydroxy-TEMPO (tempol), an antioxidant, prevented the 

augmentation of intrarenal AGT levels in salt-sensitive hypertensive rats 124. In 

mice, transgenic overexpression of AGT in PTC resulted in elevated ROS 

generation compared to wild-type, and was attenuated by apocynin, an NADPH 

oxidase inhibitor 125. Apocynin also reversed albuminuria, apoptosis, and 

tubulointerstititial fibrosis in transgenic mice, suggesting that ROS generation 

contributes to RAS-associated renal injury. 

 

1.5 SGLT2 Blockade in the Management of Type 2 DM 

 A new class of drugs targeting SGLT2 has been approved for the 

treatment of hyperglycemia during type 2 DM. SGLT2 inhibitors block the 

reabsorption of filtered glucose by competitively binding to SGLT2, causing 

glycosuria 126. In patients with uncontrolled type 2 DM with HbA1c levels above 

8.0%, treatment with SGLT2 inhibitors leads to decreased total HbA1c levels by 

approximately 0.8% from the starting point, indicating a reduction in plasma 

glucose levels 127. Studies have also observed enhanced insulin sensitivity, 
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reduced blood pressure, and attenuated hyperfiltration in DM patients during 

SGLT2 inhibition 128-130 (Fig. 1.5.1). 

 

1.5.1 History and development of SGLT2 inhibitors 

 SGLT2 inhibitors are derivatives of the compound phlorizin, a naturally 

occurring compound found in certain species of apple trees 131. Phlorizin is a 

glucoside which binds to SGLT2 and SGLT1, and prevents glucose entry by 

acting as a competitive inhibitor 70. Phlorizin has been used in research to study 

the mechanisms of renal transport by blocking the proximal reabsorption of 

glucose, sodium, and water 132, 133. Because it promotes glycosuria, it was 

investigated for its potential as a treatment for diabetes. However, because it 

also blocks SLGT1, it interfered with intestinal glucose reabsorption, causing 

gastrointestinal side effects 127. 

The major drawback to phlorizin stems from the fact that the binding 

affinity for SGLT2 is approximately 6-fold higher than that for SGLT1, meaning it 

has relatively low selectivity for SGLT2 70. Accordingly, synthetic derivatives of 

phlorizin were developed to increase the selectivity for SGLT2. Modern SGLT2 

inhibitors have a 300- to 1200-fold higher selectivity for SGLT2 compared to 

SGLT1 134, 135. This reduces the side effects associated with phlorizin, making the 

drugs more valuable as therapeutics. 

1.5.2 Effects of SGLT2 inhibition on glucose reabsorption 

In individuals with normal glucose tolerance, SGLT2 inhibitors cause a 

dose-dependent increase in glucose excretion, without causing hypoglycemia 136. 
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FIGURE 1.5.1 
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Figure 1.5.1: Effects of SGLT2 inhibition on renal glucose reabsorption and 

blood pressure. (A) Maximum renal glucose reabsorption is reduced during 

SGLT2 inhibition in type 2 DM patients and healthy control subjects 137. (B) A 

meta-analysis of clinical data during treatment with canagliflozin demonstrates a 

dose-dependent reduction in blood pressure 138. 
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However, the maximum urinary glucose excretion achieved with high doses of 

SGLT2 inhibition is approximately 50-70 grams per day 139, 140, which represents 

approximately 30-50% of the total daily filtered glucose load in normal individuals 

(~180 g). This is somewhat counterintuitive considering the evidence that SGLT2 

is responsible for >80% of glucose reabsorption 63. 

 One proposed explanation for this observation is that SGLT2 inhibition 

leads to an increase in glucose reabsorption in the late proximal tubule through 

SGLT1 61. Under normal conditions, most glucose has been absorbed in the 

early tubule, therefore glucose reabsorption in the S3 segment is well under the 

maximum reabsorption rate. During SGLT2 inhibition, glucose load to the S3 

segment is greatly increased, which causes SGLT1 to reabsorb glucose at full 

capacity. This is consistent with data in SGLT2 knockout mice and individuals 

with familial renal glycosuria 63, 75. 

1.5.3 Effects of SGLT2 on renal hemodynamics. 

 Recent reports have demonstrated that SGLT2 inhibitors influence renal 

hemodynamics during DM by blocking the proximal reabsorption of sodium, 

causing an increase in sodium load to the macula densa. In STZ diabetic rats, 

SGLT2 inhibition led to TGF activation and single nephron GFR reduction. The 

hemodynamic effects were stronger during acute treatment, but TGF activation 

was still present during chronic SGLT2 inhibition 141. Additionally, a study in type 

1 DM patients found that SGLT2 inhibition caused a decrease in GFR and renal 

vascular resistance in patients with hyperfiltration over 8 week treatment. 

Diabetic patients without hyperfiltration showed no change in GFR 130. Moreover, 
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in this study, the effects on renal hemodynamics were measured in patients 

under euglycemic and hyperglycemic clamp. They found that GFR was lowered 

during SGLT2 inhibition in both conditions, suggesting that the decrease in 

hyperfiltration occurs independently of the blood glucose-lowering effects. 

1.5.4 Potential renoprotective effects of SGLT2 blockade 

In addition to normalizing HbA1C levels, clinical studies and animal models 

of DM have shown potential beneficial side-effects from SGLT2 inhibitors that 

might improve treatment outcomes and prevent kidney disease independently of 

their capacity for lowering blood glucose 142. SGLT2 inhibitors are also 

associated with a modest, yet significant drop in blood pressure in type 2 DM 

patients 138, 143, 144. Also, in type 2 DM mice 145 and rats 146, SGLT2 inhibition led 

to a decrease in proteinuria and glomerular damage. This suggests that SGLT2 

inhibitors could play a role in the prevention of diabetic nephropathy. 

 

1.6 Unanswered Questions and Hypotheses 

While SGLT2 is the main transporter responsible for glucose reabsorption 

in PTC, and increased AGT expression is observed during hyperglycemia, the 

contribution of SGLT2-dependent glucose transport on AGT augmentation has 

not been established. Additionally, although high glucose and Ang II increase 

ROS, the effects of AT1R activation on glucose-induced ROS generation and 

AGT expression have not been well-characterized. Specifically, it is not known if 

Ang II treatment during high glucose exposure will have additive or synergistic 

effects on AGT expression. 
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Therefore, we hypothesized that increased SGLT2-mediated glucose 

transport promotes ROS generation and consequent AGT upregulation in PTC 

under hyperglycemic conditions. Furthermore, Ang II will intensify the stimulation 

of AGT expression under high glucose conditions by AT1R activation and 

consequent ROS generation. Accordingly, the following two specific aims were 

developed to address these hypotheses. 

 

1.7 Thesis Aims 

Specific Aim 1: Establish that SGLT2 mediates the upregulation of AGT in PTC 

under high glucose conditions by increasing glucose reabsorption and ROS 

generation. 

High glucose-induced AGT expression will be demonstrated in mPTC to 

confirm that the cells exhibit the characteristic response to glucose as previously 

reported 113, 115. Then, glycolytic activity in PTC will be measured during high 

glucose exposure, and the effects of pyruvate will be tested to demonstrate that 

glucose metabolism stimulates AGT expression. ROS generation will be 

measured in cells, and tempol will be used to show that ROS mediates the 

upregulation of AGT. Finally, the role of SGLT2-dependent glucose transport on 

AGT expression will be demonstrated by employing a gene silencing technique 

using SGLT2-specific shRNA. 

 

Specific Aim 2: Demonstrate that AT1R activation enhances the upregulation of 

AGT expression and ROS generation under high glucose conditions in PTC. 
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Cells will be co-stimulated with high glucose and one of several Ang II 

concentrations within the physiological range of values found in the tubular fluid 

147. Therefore, the results of these experiments will determine if Ang II enhances 

AGT augmentation by high glucose. In addition, PTC will be treated with an 

AT1R blocker at the beginning of high glucose treatment, which will demonstrate 

the contribution of AT1R activation by endogenous Ang II in AGT upregulation. 

Furthermore, SGLT2 expression will be quantified to determine if increased 

SGLT2 contributes to the upregulation of AGT by high glucose. 

 

The findings in this study will help elucidate the molecular mechanisms 

governing AGT upregulation in the proximal tubule under diabetic conditions. 

Moreover, this study will delineate the events leading to intrarenal RAS activation 

in DM (Fig. 1.7.1). 
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FIGURE 1.7.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7.1: Proposed model of AGT upregulation by high glucose in 

proximal tubular cells. In this project, we will test the hypothesis that SGLT2-

dependent glucose transport mediates the upregulation of AGT under high 

glucose conditions in PTC as a result of increased glucose metabolism and ROS 

generation. In addition, we will determine if AT1R has an enhancing effect on 

glucose-induced AGT expression, possibly by augmenting SGLT2 expression.  
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CHAPTER 2 – MATERIALS AND METHODS 

 

2.1 Cell Line 

 This cell line used in this project was provided by Dr. Ulrich Hopfer (Case 

Western Reserve University School of Medicine). The cells are an immortalized 

cell line derived from the Immortomouse™, a transgenic mouse which expresses 

the simian virus 40 large T antigen 148. Cells were isolated from the S1 segment 

of a male mouse proximal convoluted tubule cells (mPTC) 149, 150. After identifying 

the glomerulus, a 1- to 2-mm portion was dissected and grown on collagen-

coated culture plate inserts and grown in medium with the following composition: 

1:1 ratio (v/v) of Dulbecco Modified Eagle’s Medium (DMEM) and Ham’s F-12, 

aldosterone (10 nM), L-ascorbic acid 2-phosphate (50 µM), dexamethasone, (4 

µg/ml), epidermal growth factor (10 ng/ml), insulin (5 g/ml), sodium selenite (20 

nM), transferrin (5 µg/ml), L-3,3’,5-trIIodothyronine (1 nM), HEPES (15 mM), 

sodium bicarbonate (1.2 mg/ml), penicillin G (100 U/ml) and streptomycin (100 

µg/ml) 150. 

In these experiments, mPTC culture was maintained in DMEM (Gibco), 

supplemented with 10% fetal bovine serum (FBS) (Gibco). Cells were incubated 

at 33 ºC in a 5% CO2 humidified environment (Fig. 2.1). Prior to high glucose 

treatment, cells were rinsed with PBS, and incubated in serum-free medium for 

48 hours at 37 ºC. Because sodium pyruvate is an energy source used by the 
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FIGURE 2.1 

 

 

 

A      B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: mPTC culture. (A) This PTC line was derived from the early 

proximal tubular segment, the primary site of SGLT2 expression and renal 

glucose reabsorption 150. (B) Immunoreactive band at ~73 kDa, the expected 

molecular weight of SGLT2 63. 
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mitochondria and would interfere with the experimental conditions, cells were 

serum-starved in pyruvate-free DMEM supplemented with 5 mM glucose. 

 

2.2 Drugs 

 mPTC were treated with olmesartan, an AT1R blocker, to test the effects 

of endogenous Ang II. 1 mM olmesartan was added to the cells at the beginning 

of high glucose treatment. Olmesartan has been shown to block AT1R activation 

at the micromolar range in cultured PTC, thus this concentration should be 

sufficient 151. Tempol (Sigma) is an antioxidant that neutralizes ROS by 

catalyzing the disproportionation of superoxide and was used to neutralize ROS 

generation. Tempol was added to cells 1 hour before high glucose treatment. 

Tempol has cytotoxic effects at high concentrations 152, but 2.5 mM did not affect 

the viability of the cells. 

 

2.3 High Glucose Treatment 

 mPTC were exposed to glucose levels chosen for their clinical and 

physiological relevance. During treatment, cells were treated with serum-free 

DMEM supplemented with D-glucose to a final concentration of 5 mM, 10 mM, 15 

mM, or 25 mM. 5 mM, representing a normal plasma glucose level, was used as 

control conditions. 10 mM, 15 mM and 25 mM represent hyperglycemic 

conditions found in untreated diabetes mellitus 153. The medium during treatment 

and serum-starvation was free of pyruvate, bicarbonate, and HEPES buffer, 

which would interfere with the experimental results. 
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2.4 Quantitative Real-Time RT-PCR 

 Reverse transcriptase polymerase chain reaction (RT-PCR) is a method 

for detecting mRNA transcripts by first creating a cDNA strand and amplifying it 

using PCR. Quantitative real-time RT-PCR (qPCR) allows for the relative 

expression levels of target genes to be determined by detecting the amount of 

amplification product at each PCR cycle and comparing it to a standard curve 

using known quantities of target mRNA. Increased levels of mRNA template in a 

reaction will cause faster rate of amplification 154 (Fig. 2.4). 

The Taqman system utilizes an oligonucleotide with a covalently linked 

fluorescent marker on the 5’-end and a quencher molecule located on the 3’ end, 

which prevents fluorescence when the molecules are in close proximity. During 

the extension phase of the PCR reaction, the probe is degraded by the 5’ à 3’ 

exonuclease activity of Taq polymerase, which releases the fluorescent marker 

causing it to fluoresce 155, 156. Therefore, the level of fluorescence is proportional 

to the number of amplification products. Detecting fluorescence levels during 

each cycle allows for the rate of amplification to be quantified 156. 

 

Experimental Protocol for qPCR 

 After high glucose treatment, cells were rinsed with PBS and mRNA was 

isolated using an RNeasy Mini Kit (QIAgen). 100 ng RNA were combined with 

Brilliant II QRT-PCR 1-Step Master Mix (Agilent), and amplified using a Mx3005P  
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FIGURE 2.4 
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Figure 2.4: Overview of qPCR. (A) Relative expression levels can be assessed 

by when the cycle reaches the exponential phase of amplification. Adapted from 

Freeman et al., 1999 154. (B) Taqman probes are designed with a fluorescent 

marker covalently attached to the 5’-end and a quencher molecule on the 3’-end. 

The exonuclease activity cleaves the probe, decoupling it from the quencher 

molecule. Adapted from Gelmini et al., 1997 156. 
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system (Stratagene). CT analysis was performed using MxPro Software (Agilent). 

Samples were analyzed in triplicate and GAPDH was used as an internal control. 

 

2.5 Western Blot Analysis 

 Total cell lysates were prepared in lysis buffer (50 mM Tris-HCl (pH 8.0), 

0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 150 mM NaCl) containing 

0.3% Protease Inhibitor Cocktail (Sigma), and 1 mM EDTA. Lysates were 

combined with Sample Buffer (4X) (Life Technologies) and NuPAGE Sample 

Reducing Agent (10X) (Life Technologies). Gel electrophoresis was performed 

using approximately 40 µg of protein per lane in a NuPAGE 4-12% Bis-Tris Gel 

(Life Technologies) and transferred to a 0.22 µm pore size nitrocellulose 

membrane. After transfer, membranes were blocked in Odyssey Blocking Buffer 

(LI-COR). All washes were performed in PBS-T. Primary antibodies included 

angiotensinogen (IBL; Cat. 28101), GAPDH (Santa Cruz Biotechnology; Cat. Sc-

32233), and SGLT2 (Abcam; Cat. ab37296). Secondary antibodies were Anti-

Rabbit or Anti-Mouse IgG (LI-COR). All antibody dilutions were performed in 

Odyssey Blocking Buffer. Membranes were detected using an Odyssey Infrared 

Imaging System (LI-COR). 

 

2.6 ROS Detection 

 ROS generation was detected using 2’,7’-dichlorodihydrofluorescein 

diacetate (H2DCF-DA) (Life Technologies), which is a chemically reduced form of 

the compound fluorescin. After entering the cell, H2DCF-DA is deacetylated by 
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intracellular esterases and subsequently oxidized by H2O2 and other ROS to 

create the fluorescent molecule DCF 157 (Fig. 2.6). Because H2DCF-DA is 

oxidized by several types of ROS, it is useful as an indicator of overall oxidative 

stress, and not any specific ROS molecule 158. 

 

Experimental Protocol for ROS Detection 

ROS was detected using a modified version of a protocol previously 

reported to measure ROS in renal PTC 159. Briefly, a 10 mM working stock of 

H2DCF-DA was prepared in DMSO and made fresh for each use. After 11 hours 

treatment in normal or high glucose, cells were treated with 20 µM H2DCF-DA or 

DMSO (vehicle control) at 37 ºC for 1 hour. Using this process, ROS was also 

detected in samples after serum-starving to determine baseline ROS levels at the 

beginning of treatment. After incubation, cell culture medium was aspirated and 

cells were rinsed 3 times in PBS to remove any residual probe. 

 Fluorescence was detected using a FLUOstar OPTIMA microplate reader 

(BMG Labtech) using a 492 nm excitation filter and 520 nm emission filter. Live-

cell images were captured using an EVOS Fl microscope (AMG). Baseline ROS 

levels were subtracted from the treated samples, so the data reflect the change 

in fluorescence between normal and high glucose treatment. 

 

2.7 Metabolic Activity Analysis 

 Glycolytic activity was measured using an XF Extracellular Flux Analyzer 

(Seahorse Bioscience), which detects the extracellular acidification rate (ECAR) 
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FIGURE 2.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: ROS detection using H2DCF-DA. H2DCF-DA enters the cell where 

it is deacetylated by intracellular esterases and oxidized when exposed to H2O2 

and other ROS. Because it is oxidized by several ROS molecules, it is an 

indicator of general oxidative stress within the cell 158. 
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and oxygen consumption rate (OCR) of cells. After glycolysis, pyruvate is 

converted to lactate and a hydrogen atom or oxidized in the mitochondria, which 

consumes oxygen. Therefore, the rate of change in H+ and O2 concentrations 

represents the glycolytic activity and mitochondrial respiration of the cells, 

respectively 160, 161. The extracellular flux analyzer performs real-time 

measurements of these parameters to determine the metabolic profile of the cells 

(Fig. 2.7). 

 

Experimental Protocol to Measure Glycolytic Activity 

To measure ECAR in mPTC, cells were seeded on cell culture plates 

(Seahorse Bioscience) at a density of 4.0 x 105 cells per well and incubated at 33 

ºC for 24 hours. Wells were rinsed in PBS and 500 µL serum-free DMEM was 

added to each well, and the plate was moved to 37 ºC. After serum-starvation, 

the plate was incubated at 37 ºC in a CO2-free incubator for 1 hour before 

treatment to remove residual CO2 trapped in the plastic, which can cause 

acidification and alter results. 

The plate was then attached to a pre-calibrated Seahorse XF cartridge 

and loaded into the XFe24 extracellular flux analyzer. Extracellular acidification 

was measured every 10 minutes. After 3 measurement cycles, cells were 

injected with 75 µL DMEM containing glucose to a final concentration of 5 mM, 

10 mM, 15 mM, or 25 mM glucose in each well (N = 5). Measurements were 

taken every 10 minutes for 150 minutes. 
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FIGURE 2.7 
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Figure 2.7: Metabolic analysis using extracellular flux. (A) After glycolysis, 

protons are generated as a by-product, which increases the rate of extracellular 

acidification. During mitochondrial respiration, oxygen acts as an electron 

acceptor and is converted into H2O, causing a decrease in O2 concentration. (B) 

Diagram of the function and measurement of the Seahorse XF analyzer 161. 

Measurements are taken directly above the cells to measure the changes in 

acidification and oxygen consumption. 
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2.8 SGLT2 Gene Expression Knockdown 

 SGLT2 knockdown was performed in mPTC using short hairpin RNA 

(shRNA). shRNA is a technique used to knockdown gene expression by targeting 

specific RNA sequences for degradation. An effective technique to achieve 

shRNA-mediated gene knockdown in eukaryotic cells is to insert the shRNA 

sequence into plasmid DNA 162. After transfection, the shRNA sequence is 

expressed and processed by the enzyme Dicer to generate siRNAs which then 

bind to a complementary RNA sequence on the target mRNA in a process 

guided by the RNA-induced silencing complex (RISC). The target mRNA is then 

degraded, thus preventing the translation of the target gene 163. 

 

Experimental Protocol for shRNA-Mediated Gene Knockdown 

SGLT2 expression was knocked down using an shRNA plasmid (Creative 

Biogene) targeting base 628 of the mouse Slc5a2 gene (Fig. 2.8) using the 

following sequence: 5’-GCCTTCATCCTCACTGGTTAT-3’. Escherichia coli cells 

containing the plasmid were grown in LB broth supplemented with kanamycin (50 

µg/mL). The plasmid DNA was harvested using a QIAprep Spin Miniprep Kit 

(QIAGEN) and eluted in ddH2O to a final concentration of 1.1 µg/mL. 

After transfection with anti-SGLT2 or negative control plasmid, cells were 

serum-starved for 48 hours at 37 ºC. Cells were then treated with 5 mM or 15 

mM glucose for 12 hours. 
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FIGURE 2.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Vector map of the plasmid containing the shRNA sequence 

targeting SGLT2. (Creative Biogene). The vector contained the sequence 

targeting mouse SGLT2, designed to silence SGLT2 expression, or a negative 

control sequence. The kanamycin resistance gene allowed for plasmid 

amplification in E. coli cells. 
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2.9 Electroporation 

 The shRNA plasmid was transfected into the cells using electroporation. 

Because plasmid DNA is a large, negatively charged molecule, it is very difficult 

to transfer across the lipid bilayer of eukaryotic cells. Electroporation utilizes an 

electric field applied to the cells to increase the permeability of the plasma 

membrane 164, 165. This process creates aqueous pores in the membrane which 

facilitate the entry of plasmid DNA into the cell, permitting the transfection of the 

shRNA 164. 

 

Experimental Protocol for Electroporation 

 mPTC were transfected using a Neon Transfection System (Invitrogen). 

After trypsinization, mPTC were washed in PBS and resuspended in Neon 

Suspension Buffer R with 1 µg plasmid DNA per sample (shRNA plasmid or 

negative control plasmid). Using the protocol from the manufacturer, 

electroporation conditions were optimized to maximize transfection efficiency 

while minimizing cell death. The conditions used in the experiment were as 

follows: 1100 V, 40 ms, 1 pulse per sample. Cells were plated on 24-well plates 

at a density of 100,000 cells per well in DMEM supplemented with 10% FBS and 

incubated at 33 ºC for 12 hours. Transfection efficiency was determined by the 

percentage of GFP-expressing cells under a fluorescent microscope. When the 

cells were expressing GFP, they were rinsed with PBS and serum-starved at 37 

ºC for 48 hours before glucose treatment. 
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2.10 Statistical Analysis 

 For the experiments in Specific Aim 1, statistical analysis was performed 

using Student’s t-test or one-way repeated measures analysis of variance 

(ANOVA). Data obtained in Specific Aims 2 was analyzed using two-way 

repeated measures ANOVA, with glucose concentration and Ang II treatment as 

the two factors. The Bonferroni correction was applied for multiple comparisons 

testing. Statistical significance is defined as P < 0.05. Data are presented as 

means ± standard error. 
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CHAPTER 3 – SPECIFIC AIM 1 

Establish that SGLT2 mediates the upregulation of AGT in PTC under high 

glucose conditions by increasing glucose reabsorption and ROS 

generation. 

 

3.1 Research Design for Specific Aim 1  

 As described above in Chapter 1, Specific Aim 1 is designed to test the 

hypothesis that SGLT2 mediates the upregulation of AGT expression in PTC 

under high glucose conditions. Therefore, experiments were performed to 

address the following sub-aims: 

1) Confirm that high glucose treatment stimulates AGT expression 

levels in mPTC. 

2) Demonstrate that exposure to high glucose increases glucose 

metabolism in PTC, and that glucose metabolites stimulate AGT 

expression. 

3) Demonstrate that ROS accumulation is increased in mPTC under 

high glucose conditions, and AGT upregulation by high glucose is 

ROS-dependent. 

4) Establish that SGLT2-dependent glucose transport is required for 

high glucose-induced AGT expression using shRNA-mediated gene 

knockdown of SGLT2. 
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3.2 Results 

3.2.1 AGT expression levels are increased by exposure to high glucose 

conditions. 

 To establish this mPTC line as an experimental model of glucose-

stimulated AGT upregulation, AGT expression levels were measured after high 

glucose exposure to characterize the cellular response (Fig. 3.1). AGT protein 

levels were increased in 25 mM glucose compared to 5 mM starting after 6 hours 

treatment (2.40 ± 0.05-fold). The maximum AGT induction by high glucose was 

observed after 12 hours treatment (7.92 ± 0.06-fold). While AGT protein levels 

were comparatively low in cells treated with 5 mM glucose, there was a 

downward trend over the treatment time between 3 and 24 hours, but it was not 

significant. Additionally, AGT in 25 mM glucose increased up to 12 hours 

compared to 5 mM, but sharply decreased by 75% between 12 and 24 hours. At 

24 hours, AGT was still higher than control (6.25 ± 0.10-fold), but the absolute 

levels were significantly lower than 6 and 12 hours. GAPDH levels remained 

fairly constant during high glucose treatment. After 24 hours treatment, AGT 

mRNA levels were very low in 5 mM glucose. In 25 mM glucose, AGT was 

upregulated (31.1 ± 3.5-fold) compared to 5 mM. 

After 12 hours treatment in 5 mM, 15 mM, or 25 mM glucose, AGT protein 

levels were barely detectable in 5 mM. AGT protein was increased in 15 mM (4.4 

± 0.2-fold) and 25 mM (4.6 ± 0.2-fold) glucose compared to control. There was 

no difference in AGT augmentation between 15 mM and 25 mM. In addition, AGT  
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FIGURE 3.1 
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FIGURE 3.1 
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Figure 3.1: High glucose exposure stimulates AGT expression in mPTC. (A) 

AGT protein levels at 3, 6, 12, or 24 hours treatment with 5 mM or 25 mM 

glucose. (B) AGT mRNA levels were increased after 24 hours treatment in 5 mM 

or 25 mM glucose. (C) AGT protein levels at 12 hours treatment in 5 mM, 15 mM, 

and 25 mM glucose. (D) AGT protein levels at 12 hours treatment in 5 mM 

glucose with or without 20 mM mannitol. 25 mM glucose was used as a positive 

control. The data represent the mean ± SE (N = 3, or 4). Asterisk indicates 

significant difference (P < 0.05). 
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expression was not augmented after exposure to mannitol (osmotic control). The 

positive control sample showed clear augmentation (Fig. 3.1). 

 

3.2.2 AGT is augmented by increased glucose metabolism 

The effects of high glucose exposure on glucose metabolism in PTC were 

quantified (Fig. 3.2). Baseline ECAR levels were variable, but not different 

between groups. In 5 mM treated cells, ECAR steadily declined over the course 

of treatment, before leveling off at approximately 2.0 mpH/min. Starting 30 

minutes after the addition of glucose, ECAR increased in 15 mM or 25 mM 

glucose compared to control by 1.88 ± 0.10 fold and 1.97 ± 0.23 fold, 

respectively, indicating enhanced glycolytic activity. The maximum increase in 

ECAR compared to 5 mM was observed 40 minutes after the addition of glucose 

(3.10 ± 0.28-fold, 2.74 ± 0.20-fold, and 2.75 ± 0.34-fold, respectively). After 40 

minutes, ECAR began to decline, and was not statistically different from 5 mM at 

80 minutes. At each time point, ECAR was similar between the different high 

glucose concentrations. 

Pyruvate is a metabolite of glucose produced after glycolysis. AGT 

expression in response to sodium pyruvate was tested to demonstrate that AGT 

upregulation is stimulated by glucose metabolites. After 24 hours, AGT mRNA 

levels were enhanced in cells treated in 5 mM glucose supplemented with 1 mM 

pyruvate 10.74 ± 1.03-fold compared to control (Fig. 3.3), supporting the model 

of AGT upregulation occurring as a consequence of increased glucose 

metabolism. 
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FIGURE 3.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: High glucose exposure induces glycolytic activity in PTC. 

Extracellular acidification rate in mPTC treated with 5 mM, 10 mM, 15 mM, or 25 

mM glucose. The data represent means ± SE (N = 5). Asterisk indicates (P < 

0.05) vs. control. 
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FIGURE 3.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: AGT expression is stimulated by pyruvate. AGT mRNA levels 

after 24 hours treatment with sodium pyruvate (1 mM). Treatment with pyruvate 

enhanced AGT mRNA levels, suggesting that glucose metabolism stimulates 

AGT expression. The data represent means ± SE (N = 4). Asterisk indicates (P < 

0.05) vs. control. 
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3.2.3 Increased ROS generation mediates glucose-induced AGT expression 

in mPTC. 

ROS accumulation over the 12-hour treatment period was determined by 

quantifying ROS-induced fluorescence after treatment compared to baseline 

levels (Fig. 3.4). Fluorescence was low, but observable in 5 mM treated cells. 

However, in cells treated with 25 mM glucose, fluorescence levels were 

noticeably brighter. The non-probe treated samples showed no background 

fluorescence. ROS levels were quantified using a microplate reader. After 

subtracting background ROS (at 0 hours), cells treated with 25 mM glucose 

exhibited higher fluorescence levels (3.03 ± 0.29-fold) compared to 5 mM 

glucose, demonstrating that high glucose exposure promotes ROS generation in 

mPTC. 

 To determine the effects of ROS generation on glucose-induced AGT 

expression, cells were pretreated with the antioxidant tempol, which neutralizes 

ROS (Fig. 3.5). After 12 hours treatment, in the absence of tempol, AGT was 

upregulated in high glucose treated cells (311.9 ± 29.0-fold) compared to control. 

In tempol-treated cells, AGT augmentation by high glucose was decreased by 

77% compared to untreated cells (71.2 ± 3.16-fold compared to normal glucose). 

AGT was barely detectable in cells in 5 mM glucose, and tempol had no effect on 

AGT expression. In addition, GAPDH levels were not affected by tempol 

treatment. 
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FIGURE 3.4 
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Figure 3.4: High Glucose Treatment Promotes ROS Accumulation. (A) 

Representative image of ROS-induced fluorescence in cells treated with 5 mM or 

25 mM glucose after 12 hours. (B) Quantification of fluorescence in the samples. 

The data represent means ± SE (N = 5). Asterisk indicates (P < 0.05) vs. control. 
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FIGURE 3.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: ROS generation is required for AGT augmentation under high 

glucose conditions. AGT protein levels after 12 hours treatment in 5 mM or 25 

mM glucose with or without the addition of 2.5 mM tempol. The data represent 

means ± SE (N = 4). Asterisk indicates (P < 0.05) vs. control. 
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3.2.4 SGLT2 mediates glucose-induced AGT upregulation. 

To establish the role of SGLT2 in AGT augmentation, the effects of high 

glucose treatment on AGT expression were measured during SGLT2 

knockdown. mPTC were transfected with plasmid DNA expressing an shRNA  

sequence targeting SGLT2 or a negative control sequence (Fig. 3.6). 12 hours 

after electroporation, approximately 60% of cells expressed GFP. The 

percentage of GFP-expressing cells was not different between the negative 

control plasmid and the SGLT2 shRNA plasmid. 

 After serum-starvation, cells were treated in 5 mM or 15 mM glucose for 

12 hours (Fig. 3.6). Overall, AGT bands were weaker than in previous 

experiments, and AGT expression was variable in 15 mM glucose. In cells 

receiving the negative control plasmid, AGT protein levels were stimulated by 15 

mM glucose (2.2 ± 0.5-fold) compared to 5 mM. However, in cells transfected 

with the shRNA, AGT expression was not different between 5 mM and 15 mM 

glucose treatment. While it appears that AGT was lower in 15 mM compared to 5 

mM, it was not significant. In 5 mM-treated cells, shRNA had no effect on AGT 

expression compared to the control plasmid. This indicates that SGLT2 

knockdown prevented the enhancing effects of high glucose. GAPDH expression 

was slightly lower in the shRNA plasmid compared to the control plasmid. 

  



 

 

54 

FIGURE 3.6 
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Figure 3.6: SGLT2 mediates glucose-induced AGT augmentation. (A) GFP 

expression 12 hours after electroporation. GFP labeling indicates successful 

transfection. (B) AGT protein levels in 5 mM or 15 mM glucose at 12 hours in 

cells transfected with control plasmid or shRNA against mouse SGLT2. The data 

represent means ± SE (N = 3). Asterisk indicates (P < 0.05) vs. control.  
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CHAPTER 4 – SPECIFIC AIM 2 

Demonstrate that AT1R activation enhances the upregulation of AGT 

expression and ROS generation under high glucose conditions in PTC.  

 

4.1 Research Design for Specific Aim 2 

As described in Chapter 1, Specific Aim 2 was designed to test the 

hypothesis that SGLT2-dependent glucose transport and glucose-induced AGT 

augmentation are enhanced by Ang II and AT1R activation. Experiments were 

performed to address the following sub-aims: 

1) Determine if Ang II enhances glucose augmentation by high 

glucose. 

2) Determine if SGLT2 expression is enhanced by treatment with high 

glucose and/or Ang II. 

 

4.2 Results 

4.2.1 AT1R activation does not enhance high glucose-induced AGT 

upregulation. 

 To determine if endogenous AT1R activation contributes to AGT 

augmentation by high glucose, mPTC were pretreated for 60 minutes with 1 mM 

olmesartan, an AT1R blocker (Fig. 4.1). AGT augmentation induced by high  
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FIGURE 4.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: AT1R activation is not required for AGT upregulation by high 

glucose. AGT protein levels after 12 hours treatment in 5 mM or 25 mM glucose, 

with or without 1 mM olmesartan. The data represent means ± SE (N = 4). 

Asterisk indicates (P < 0.05) vs. control. 
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glucose was not different between cells without olmesartan treatment (128.3 ± 

16.8-fold) and with olmesartan treatment (124.9 ± 11.7-fold). Thus, AGT 

upregulation was not attenuated by olmesartan. Olmesartan did not affect AGT 

levels under normal glucose conditions. 

To test the effects of Ang II on high glucose-induced AGT expression, 

mPTC were co-stimulated with 25 mM glucose and varying doses of Ang II within 

the physiological range in the tubular fluid 32. Cells were treated with relatively 

low-doses (0 M, 10-10 M, or 10-9 M) and high doses (0 M, 10-8 M, or 10-7 M) for 12 

hours (Fig. 4.2). 

 At all Ang II doses, AGT protein levels were low in normal glucose 

conditions. AGT was upregulated by high glucose compared to control (5 mM, 0 

M Ang II). At 5 mM glucose, there is an upward trend in AGT expression by 10-9 

M Ang II, but it was not significant. However, AGT induction during co-stimulation 

with high glucose and Ang II was not different than high glucose alone. 

 

4.2.2 SGLT2 expression is not enhanced by high glucose or Ang II 

 To test if AT1R activation stimulates SGLT2 expression in PTC, cells were 

co-stimulated with glucose and Ang II as described above, and SGLT2 protein 

levels were evaluated after 12 hours (Fig. 4.3). Similarly, in normal glucose 

conditions, SGLT2 levels trend higher in 10-10 M and 10-9 M Ang II, but it was 

also not significant. Higher doses of Ang II did not show any clear trends. In high 

glucose conditions, Ang II did not enhance SGLT2. The data from these 

experiments show that high glucose and Ang II had no effect on SGLT2 
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expression. In cells without Ang II treatment, there is an upward trend in SGLT2 

protein in high glucose compared to normal glucose treatment, but it was not 

statistically significant. 
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FIGURE 4.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Ang II does not enhance glucose-induced AGT augmentation. 

AGT protein levels in cells treated with 5 mM or 25 mM glucose, and Ang II: 0, 

10-10 M, or 10-9 M (top); 0, 10 -8 M, or 10-7 M (bottom). The data represent means 

± SE (N = 4). Asterisk indicates (P < 0.05) vs. control. 
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FIGURE 4.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: SGLT2 protein levels are not enhanced by high glucose or Ang 

II. SGLT2 protein levels in cells treated with 5 mM or 25 mM glucose, and Ang II: 

0, 10-10 M, or 10-9 M (top); 0, 10 -8 M, or 10-7 M (bottom). The data represent 

means ± SE (N = 4). Asterisk indicates (P < 0.05) vs. control. 
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CHAPTER 5 – DISCUSSION AND CONCLUSIONS 

 

Proximal Tubule Cell Line 

This study demonstrates that AGT expression in mPTC is upregulated 

under hyperglycemic conditions (Fig. 3.1), which has been previously shown in 

animal models of diabetes 114 and in cultured PTC 116. In the mPTC line used in 

this research, virtually all of the cells exhibited a uniform, cuboidal “cobblestone” 

morphology, which is characteristic of the proximal tubular epithelium, and 

indicates the high purity of the cell line 149 (Fig. 2.1). In addition, the cells exhibit 

very low levels of AGT expression under normal glucose conditions, supporting 

previous findings that basal levels of AGT expression are lower in the S1 

segment than in the other segments under normal conditions 45, 46. 

 

Role of High Glucose on AGT Expression in PTC 

During high glucose exposure, AGT protein levels began to increase as 

early as 3 hours, and were significantly higher after 6 hours (Fig. 3.1A). This high 

sensitivity of AGT upregulation in response to hyperglycemia supports previous 

findings that urinary AGT is augmented in patients in the early stages of type 1 

113 and type 2 DM 166. p38 mitogen-activated protein kinase is responsible for 

AGT upregulation by high glucose, but AGT expression was only assessed at 24 

hours 167. Other studies in cultured PTC have also shown AGT upregulation by 
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indoxyl sulfate 168, Ang II/interleukin-6 151, and interferon-γ 169 after >24 hours in a 

pathway involving nuclear factor-kappa B and signal transducer and activator of 

transcription 3 activity. In our experiments, glucose-induced AGT upregulation 

occurred in a much shorter time period, suggesting that AGT upregulation by 

high glucose operates using a different intracellular pathway from these other 

factors reported. Basal AGT protein levels in mPTC sharply declined between 12 

and 24 hours, although mRNA and protein levels were still higher in 25 mM 

glucose compared to 5 mM at 24 hours (Fig. 3.1A and B). Thus, some other 

factors may be activated to prevent AGT elevation at 24 hours, leading to lower 

basal AGT expression after 12 hours. 

The level of AGT induction also varies between different reports. Hsieh et 

al. demonstrated a 2-fold increase after 24 hours 170 and prolonged treatments 

with 25 mM glucose for 2 weeks increased AGT mRNA levels up to 3-fold 115, 116. 

In type 1 DM rats, a 400-fold increase in urinary AGT after 6 days has been 

reported 113, while other groups found a 4-fold increase in AGT mRNA in PTC 2 

weeks after diabetes 114. However, AGT regulation in purified S1 cells has been 

investigated only in this project, therefore, differences in the magnitude of AGT 

upregulation between experiments are to be expected. 

AGT mRNA and protein levels in each proximal tubular segment in type 2 

DM rats were compared to non-diabetic rats in a recent study 171. They found that 

AGT expression was only stimulated in the S3 segment in diabetic rats. Thus, 

our results demonstrating AGT upregulation by high glucose in S1 cells are in 

conflict. However, their study examined slowly developing type 2 DM, and the 
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rats were hyperglycemic for four weeks before AGT was detected. Furthermore, 

increased intrarenal AGT was shown in type 2 DM rats at 11 weeks 111, 172, and 

urinary AGT is upregulated within two days after the onset of DM 113. Therefore, 

one possibility is that AGT upregulation in the S1 segment could occur initially, 

and normalize over time. 

 

Effects of Varying Glucose Concentration on AGT Expression 

In this study, hyperglycemic conditions enhanced glucose metabolism, 

indicated by the extracellular acidification rate (ECAR), starting approximately 20 

minutes after the addition of high glucose (Fig. 3.3). The increase in extracellular 

acidification was not different among the three high glucose concentrations 

chosen (10 mM, 15 mM, or 25 mM), which is consistent with the results that AGT 

levels were increased after exposure to 15 mM and 25 mM glucose. These levels 

may exceed the maximum transport capacity of SGLT2. Examining the response 

in lower glucose levels could reveal a dose-dependent effect on glucose 

metabolism and AGT expression. Treatment with pyruvate stimulated AGT 

mRNA expression (Fig. 3.2), suggesting that increased glucose metabolism is 

involved in AGT augmentation. 

ECAR began to decline over the treatment time (Fig. 3.3), which explains 

the decrease in basal AGT levels as shown in Fig. 3.1. Glucose metabolism is 

subject to very complex regulation, which might contribute to decreased ECAR. A 

study by Czajka et al. found that treatments of cultured human PTC with 25 mM 

glucose for 8 days exhibited higher glycolytic activity compared to cells cultured 
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in 5 mM glucose 173, suggesting that high glucose has an overall stimulatory 

effect on glucose metabolism in the long-term. However, this does not explain 

the decrease in ECAR at the end of treatment observed in this study. 

Compensatory mechanisms which lower glucose metabolism and/or H+ secretion 

might be stimulated at the end of experiments, which would neutralize 

extracellular pH. For example, ATP is an allosteric inhibitor of pyruvate kinase, 

the final step in glycolysis 174. It is possible that a sudden increase in ATP 

generation by high glucose triggers a decrease in metabolic activity and 

extracellular acidification. 

 

ROS Generation In PTC During High Glucose Treatment 

The live-cell images of ROS-induced fluorescence in this study show a 

clear elevation of ROS generated in high glucose-treated cells compared to 

normal glucose (Fig. 3.4). Because H2DCF-DA, the ROS probe used in this 

study, reacts with several forms of ROS 158, general oxidative stress is enhanced 

by high glucose, but the source of ROS is not entirely clear. Hsieh et al. reported 

an 8-fold increase in ROS generation in high glucose-treated PTC that peaked 

after 10 minutes before declining 115. In this study, increased ROS was still 

observed at 12 hours of high glucose treatment (Fig. 3.4) accompanied by AGT 

augmentation (Fig. 3.1A). In contrast, high glucose-induced extracellular 

acidification was weakened at the end point of 2 hours treatment (Fig 3.3). Thus, 

in addition to glucose metabolism, there may be other mechanisms facilitating 

ROS generation in PTC under hyperglycemic conditions. High glucose induces 
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endoplasmic reticulum stress in PTC leading to intracellular ROS augmentation 

175. Accordingly, non-metabolic sources of ROS might help to prolong ROS 

generation in PTC. 

GAPDH is an enzyme involved in glycolysis by mediating the conversion 

of glyceraldehyde 3-phosphate to D-glycerate 1,3-bisphosphate 176. Although 

other reports have suggested that GAPDH expression is altered during oxidative 

stress 177, GAPDH levels were not noticeably affected by high glucose exposure, 

as shown by western blot using 40 µg protein (Fig. 3.1A). Therefore, GAPDH 

was used in our western blot data as a housekeeping protein. 

AGT upregulation was attenuated by treatment with tempol (Fig. 3.5) in 

this study. Taurine, another antioxidant, has also been shown to prevent the 

upregulation of AGT by high glucose in PTC 115, 116. Similarly, tempol has been 

shown to attenuate AGT augmentation in salt-sensitive hypertensive rats 124. 

Although tempol significantly attenuated AGT augmentation in this study, AGT 

expression was still significantly higher in cells treated with 25 mM glucose. 

There might be a ROS-independent pathway, which at least partially mediates 

high glucose-induced AGT augmentation in PTC. For example, elevated ATP by 

glucose metabolism can activate ATPases, leading to the activation of 

intracellular signaling pathways 178 and consequent AGT upregulation in PTC. 

Moreover, ATP could stimulate purinergic receptors 179, thus activating signaling 

pathways as an autocrine or paracrine mechanism. This could help explain why 

glucose-induced AGT augmentation was not completely prevented by tempol. 
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Effects of SGLT2 Knockdown on Glucose-Induced AGT Expression 

SGLT2 knockdown reduced AGT augmentation during high glucose 

exposure (Fig. 3.6), indicating that glucose entry via SGLT2 is responsible for 

AGT upregulation in PTC under hyperglycemic conditions. As introduced in 

Chapter 1.5, SGLT2 inhibition has been recently utilized as a therapeutic strategy 

in the treatment of patients with type 2 DM 126, and SGLT2 inhibitors are 

associated with an attenuation of the hypertension in DM 138. Because intrarenal 

RAS activation plays an important role in blood pressure regulation, the 

suppressing effect of SGLT2 knockdown on AGT upregulation in PTC can help to 

understand the mechanisms underlying the anti-hypertensive properties of 

SGLT2 inhibitors. 

Detrimental side effects of SGLT2 inhibition have also been reported. 

Indeed, chronic treatment with SGLT2 inhibitors induces hypoxia, leading to renal 

acidosis and acute kidney injury 180, but the evidence for this finding is 

inconsistent 181. On the other hand, beneficial effects from SGLT2 inhibitors in 

the development of diabetic nephropathy have also been reported 130, 146, 

although renoprotection is not universally observed 99. In addition to the 

development of hypertension 41, inappropriate activation of the intrarenal RAS is 

a key risk factor in the pathogenesis of diabetic nephropathy 182, which was 

demonstrated by showing that RAS blockade delays the onset of kidney injury in 

patients with type 2 DM 101. Thus, the attenuation of proximal tubular AGT 

elevation may contribute to the favorable outcomes associated with SGLT2 

inhibition. 
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The suppressing effect of SGLT2 knockdown on high glucose-induced 

AGT upregulation in cultured PTC was expected and shown in this study. 

However, there are conflicting studies on the effects of SGLT2 inhibition on 

urinary AGT levels in rat models of spontaneously developing type 2 DM. 

Different reports have shown that urinary AGT levels are either lowered 183 or 

further increased 184 during SGLT2 inhibition. In the study showing increased 

urinary AGT levels by SGLT2 inhibitors in type 2 DM, the rats were also on a 

high-salt diet, which could explain the differing results. Moreover, at 15 and 20 

weeks of age, postprandial blood glucose levels were not statistically different 

among non-diabetic and diabetic rats with or without SGLT2 inhibitors 184, 

indicating that the rats in all groups did not exhibit hyperglycemia under non-

fasting conditions. Therefore, elevated urinary AGT might be induced by other 

stimuli, but not hyperglycemia in the reported study. Indeed, in the paper 

reporting decreased urinary AGT by SGLT2 inhibitors in type 2 DM, the rats 

showed clear hyperglycemia after 12 weeks, which was significantly attenuated 

by the SGLT2 inhibition 183. As another possible explanation, inhibition of glucose 

reabsorption by SGLT2 blockade in the S1 segment would increase glucose 

levels in the tubular fluid of the S2 and S3 proximal tubular segments, where 

AGT is highly expressed. The elevated glucose levels could facilitate AGT 

expression in the later proximal tubule segments in the early phase of treatment. 

However, the treatment finally lowers blood glucose levels, resulting in the 

normalization of proximal tubular AGT expression. Namely, SGLT2 blockade 

could biphasically regulate intrarenal AGT levels, which can explain the 
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conflicting reports on the effects of SGLT2 inhibitors on intrarenal AGT regulation 

in DM. 

While AGT was upregulated by 15 mM glucose in cells receiving the 

negative control plasmid (Fig. 3.6), AGT augmentation was smaller than in the 

other experiments of this project. This could be a result of the electroporation 

treatment although the shRNA transfection did not alter basal AGT expression 

levels (5 mM glucose without shRNA versus with shRNA). Since SGLT2 

knockdown completely prevented AGT upregulation induced by high glucose, 

other transporters, such as GLUT2, are unlikely to significantly contribute to the 

augmentation of AGT. Although GLUT2 is expressed in PTC, and is present on 

the apical membrane during DM 79, it transports glucose via facilitated diffusion. 

On the other hand, SGLT2 is able to transport glucose up its concentration 

gradient, suggesting that it can further concentrate intracellular glucose levels 78, 

thus promoting the generation of ROS. Another potential source of intracellular 

glucose in PTC is gluconeogenesis, which is paradoxically increased during DM 

185. However, a recent study demonstrated that SGLT2 inhibition attenuates the 

increase in gluconeogenesis during DM 186. Taken together, an increase in 

SGLT2-dependent glucose transport is a primary factor leading to AGT 

upregulation in response to high glucose in S1 PTC. 

 

Effects of Ang II on AGT Expression in PTC 

Though Ang II stimulates ROS and intrarenal AGT expression 54, 116, 187, a 

direct enhancing effect of Ang II or AT1R on glucose-induced AGT expression 
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was not observed under our experimental conditions (Fig. 4.1 & 4.2). In addition, 

treatment with an AT1R blocker had no effect on AGT expression, demonstrating 

that AT1R activation by endogenous Ang II did not contribute to AGT 

upregulation by high glucose (Fig. 4.1). While increased renin secretion in PTC 

has been reported during DM 109, intrarenal Ang II generation may also be 

increased by elevated renin in the collecting duct 188, not the proximal tubule in 

DM. In addition, Ang II treatment did not alter AGT protein levels under normal 

glucose conditions, and none of the levels had an enhancing effect on AGT 

expression during high glucose treatment (Fig. 4.2). Ang II may require co-factors 

present in the diabetic and hypertensive milieu to stimulate AGT expression, 

such as TGF-β or IL-6. Therefore, in vitro experiments in this project failed to 

show that Ang II directly enhances AGT expression. Previous studies reporting 

that TGF-β1 upregulates AGT in PTC 189, and that TGF-β1 is upregulated by Ang 

II during high glucose exposure starting after 24 hours 105. Thus, extended 

treatments with Ang II could be required to determine the contribution to ROS 

and AT1R activation. 

 

Effects of High Glucose and Ang II on SGLT2 Expression 

SGLT2 protein levels were not altered by exposure to high glucose or Ang 

II under our experimental conditions (Fig. 4.3). SGLT2 upregulation has been 

reported during DM 93, 94, 190, and there is evidence that Ang II stimulates SGLT2 

expression during hypertension 191, but this has not been well-established. Other 

studies in models of both type 1 and 2 DM have reported that SGLT2 expression 
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is unchanged 98, 99, 192 or downregulated 96, 97. In addition, studies in rabbit PTC 

have demonstrated a decrease in SGLT2-mediated elevation of intracellular 

glucose by Ang II 193 and high glucose 100. Our results are consistent with reports 

that stimulation with Ang II and hyperglycemia are not sufficient to enhance 

SGLT2 expression in PTC. Therefore, augmented SGLT2 levels are not required 

for SGLT2-mediated AGT upregulation by high glucose in PTC. This indicates 

that DM-associated SGLT2 augmentation is mediated by other factors, and that 

SGLT2 expression in DM could be sensitive to specific conditions over the 

course of the disease. 

 

Conclusion 

 SGLT2 mediates the upregulation of AGT in PTC under hyperglycemic 

conditions. The response of AGT upregulation to high glucose is highly sensitive 

compared to other factors reported to stimulate proximal tubular AGT. 

Furthermore, the high glucose-induced upregulation of AGT does not require 

extracellular co-factors, which was shown in this study using in vitro settings. 

These results support the previous findings that AGT is augmented in the early 

stages of DM, before the contribution of other inflammatory stimuli that are 

elevated in developed kidney injury. High glucose enhances glucose metabolism 

and increases ROS generation, which is involved in glucose-induced AGT 

upregulation. In addition, enhanced SGLT2-mediated AGT augmentation does 

not require enhanced SGLT2 expression in PTC. Taken together, these findings 

help to elucidate the molecular mechanisms underlying intrarenal RAS activation 
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during diabetes and suggest novel therapeutic strategies in the treatment of 

diabetic nephropathy. 
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Recognizing that we have the kind of internal environment we have because we 
have the kind of kidneys we have, we must acknowledge that our kidneys 
constitute the major foundation of our physiological freedom. Only because they 
work the way they do has it become possible for us to have bones, muscles, 
glands, and brains. Superficially, it might be said that the function of the kidney is 
to make urine; but in a more considered view one can say that the kidneys make 
the stuff of philosophy itself. 
 
-- Homer Smith 
 


