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ABSTRACT 
 

The mechanisms that regulate the renal degradation of insulin are unknown. This dissertation 

research tests the overall hypothesis that in the kidney, sorting nexin 5 (SNX5) and dopamine D1 

receptor (D1R) regulate insulin receptor (IR) expression and insulin signaling pathway, as well as 

the insulin degrading enzyme (IDE). Two parallel objectives of this dissertation research are: 1) 

to investigate how SNX5 and D1R regulate the IR and insulin signaling pathway; and 2) to 

investigate how SNX5 and D1R regulate IDE and insulin degradation.  

SNX5 is one of the members of the sorting nexin family, which is composed of a diverse 

group of proteins that mediate trafficking of various receptors. The D1R is defective in 

individuals with essential hypertension and diabetes. In this work, we determined the roles of 

D1R and SNX5 in the regulation of the IR, IDE and insulin signaling pathway in human renal 

proximal tubule cells (hRPTCs). We studied the expression of these proteins and their interaction 

in hRPTCs, by laser scanning confocal microscopy and immunoprecipitation. Insulin promoted 

the co-localization of SNX5 and IRβ in the perinuclear area. SNX5 and IRβ did not co-

immunoprecipitate in the basal state or after treatment with insulin. In contrast, D1R and IRβ co-

localized and co-immunoprecipitated, and were increased by insulin. Moreover, IDE co-

immunoprecipitated with both SNX5 and D1R in the basal state and was also increased by 
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insulin. To silence stably the endogenous SNX5 and D1R expression, shRNA was transfected 

into hRPTCs. SNX5 or D1R depletion decreased IRβ and IDE expression, as well as IDE 

activity. SNX5 depletion also decreased the phosphorylation of IRS1 and Akt. In conclusion, 

SNX5 needed to interact with D1R to regulate IRβ expression, and the downregulation of SNX5 

or D1R impaired the insulin signaling pathway. Moreover, both SNX5 and D1R were involved in 

the degradation of insulin by increasing IDE expression and activity. This work may help explain 

why up to 65% of individuals with diabetes also suffer from hypertension and 25–47% of 

individuals with hypertension have insulin resistance or impaired glucose tolerance. 
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INTRODUCTION 
 
 
Hypertension 

The term “blood pressure” (BP) is the force of the blood that pushes against the walls of the 

arteries and is generally applied to the arterial blood pressure in the systemic circulation. Normal 

blood pressure is less than 120 mmHg systolic and less than 80 mmHg diastolic (120/80 mmHg). 

Blood pressures from 120/80 mmHg to 139/89 mmHg are considered to be in prehypertensive 

range and carries an increased risk for developing hypertension, which could be prevented by 

choosing a healthy lifestyle. Blood pressures equal to or higher than 140/90 are considered to be 

in the hypertensive range1. 

Hypertension affects about 74.5 million United States (US) middle-aged adults while about 85 

million have prehypertension2. It is a risk factor for stroke, kidney disease, and cardiovascular 

morbidity and mortality3. There are two general classes of hypertension: essential hypertension 

and secondary hypertension4,5. 

Essential hypertension (or primary hypertension), with no identifiable cause, is the most 

common type of hypertension in adults, affecting around 95% of hypertensive patients. It tends 

to be familial and is probably the consequence of an interaction of environmental and genetic 

factors4. Secondary hypertension, which affects about 5% of hypertensive patients, includes 

those with an identifiable cause, such as endocrine disease, kidney disease, and tumors5. 

Essential hypertension, the largest risk factor for cardiovascular diseases, can be prevented, 

controlled, and treated which leads to the reduction of the incidence of complications6. The long-

term control of blood pressure is mainly provided by the kidney, with input from several 
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systems, including the endocrine, vascular, and nervous system, through adjustment of sodium 

balance and peripheral resistance7. The hormones and neural and humoral factors that influence 

blood pressure are classified into 2 groups based on their effects on sodium excretion and 

vascular smooth muscle contractility. One group causes natriuresis and vasodilation and the 

other group causes sodium retention and vasoconstriction. There are exceptions. For example 

circulating ouabain, by inhibiting vascular smooth muscle Na+-K+-ATPase activity increases 

blood pressure, but by inhibiting renal tubular Na+-K+-ATPase activity, increases sodium 

excretion which should lead to a decrease in blood pressure8. The balance between these two 

groups keeps the blood pressure in the normal range7. In most of hypertensive patients, the 

activities of the prohypertensive systems, the sympathetic nervous and renin-angiotensin 

systems, are increased causing sodium retention and vasoconstriction9,10. At the same time, the 

activities of the antihypertensive systems, such as the dopaminergic, kinin, prostaglandin 

systems, are decreased or do not compensate for the increased activity of the prohypertensive 

systems, aggravating the sodium retention and vasoconstriction7. These topics will be discussed 

further in the following chapters.  

Diabetes mellitus  

Diabetes mellitus (DM) is a group of chronic metabolic diseases characterized by high blood 

glucose levels. In 2010, DM affected 25.8 million people in US and around 285 million people 

worldwide11. The US Center for Disease Control and Prevention (CDC) predicts that by 2050, 

between one-fifth to one-third of all adults could have diabetes, if the inception of this disease is 

not prevented12. 
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DM results from defects in insulin secretion, cellular responsiveness to insulin, or both. After 

eating, the stomach digests carbohydrates into sugars, including glucose. Normally, glucose 

enters the bloodstream and stimulates the β cells of the pancreas to secrete insulin. Glucagon, 

secreted by the α cells of the pancreas, has an effect opposite that of insulin. When blood glucose 

levels decrease, glucagon starts to break down glycogen (the stored form of glucose), which 

releases glucose for energy consumption. Insulin and glucagon work together to balance and 

regulate the level of blood glucose of the body in the normal range.  

There are two major types of DM, type I and type II13. Type I DM results from insufficient 

insulin secretion and exogenous insulin is necessary to regulate blood glucose levels. Thus, type 

I DM is also called insulin-dependent diabetes mellitus (IDDM). IDDM is caused by 

autoimmune, genetic, or environmental factors. IDDM develops when the immune system of the 

body destroys the β cells of the pancreas, making them unable to produce sufficient amounts of 

insulin to regulate blood glucose to normal levels. In adults, IDDM accounts for about 5-8% of 

all cases of diabetes14.  

There is no deficiency of circulating insulin in Type II DM. Therefore, type II DM is also 

called non-insulin-dependent diabetes mellitus (NIDDM). In NIDDM, there is a resistance to the 

ability of insulin to increase the cellular uptake of glucose, creating a state of relative insulin 

deficiency. The relative insulin deficiency is caused by many factors, including old age, physical 

inactivity, obesity, race/ethnicity, family history of diabetes, history of gestational diabetes, or 

drugs. The insulin resistance in type II DM patients causes the β cells of the pancreas to secrete 

more insulin to compensate the defective responsiveness15. In adults, type II DM accounts for 

about 90-95% of all diagnosed cases of diabetes. 
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Hypertension and diabetes 

Essential hypertension and type II DM are common diseases, especially in older persons16. 

Hypertension accelerates the vascular and cardiac abnormalities in diabetes, including 

atherosclerosis, arterial stiffness, left ventricular hypertrophy, and diastolic dysfunction17. 

Hypertension is also aggravated by the sodium retention caused by the increased insulin levels in 

type II DM, because the renal tubule cells remain responsive to insulin. When hypertension is 

present in patients with diabetes, the mortality rate increases more than seven-fold18.  

Metabolic syndrome 

Human essential hypertension and type II DM are frequently associated with other 

anthropometric and metabolic abnormalities. Three findings out of five meet the definition of the 

metabolic syndrome (elevated waist circumference, elevated triglycerides, reduced HDL 

cholesterol, elevated blood pressure, elevated fasting glucose, and reduced HDL), also called 

syndrome X19,20. Around 20%-30% of the population in developed countries have metabolic 

syndrome. In 2010, 50-75 million people in the US have metabolic syndrome21. 

Insulin resistance occurs when the ability of insulin to increase the cellular uptake of glucose 

is impaired. The body tries to compensate for this impairment by increasing the secretion of 

insulin, resulting in hyperinsulinemia. Because the ability of insulin to increase renal sodium 

transport is not impaired in type II DM, insulin resistance and hyperinsulinemia contribute to the 

development of hypertension by causing the kidney to retain sodium22.  

Obesity is measured by body mass index (BMI) which is the weight in kg divided by the 

square of the height in meters23. Normal BMI is 18.5 to 24.9, underweight is less than 18.5, 

overweight is between 25.0 and 29.9 and obese is greater than 3024. Increased fat distribution in 
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the abdominal trunk is called abdominal or central obesity usually defined by a waist-to-hip ratio 

(WHR), a ratio of the circumference of the waist to that of the hips. WHR is considered a better 

indicator of central obesity. Men with a WHR >= 1.00 and women with a WHR >= 0.85 are 

classified as obese25, which have high cardiovascular risk, including hypertension. Abnormally 

increased weight is an important risk factor in the development of hypertension and diabetes, 

while the loss of weight to the normal range generally leads to the normalization of blood 

pressure and prevention of and recovery from type II DM26-28. However, high BMI may not be 

associated with excess death among Indians and Bangladeshis29. 

A very important public health concern is the development of numerous other diseases when 

obesity, hypertension, and diabetes are present. These diseases exacerbate each other resulting in 

a decrease in overall health and life expectancy30. Therefore, it is extremely important to 

elucidate the mechanisms that promote the association of these diseases. 

This dissertation will identify novel mechanisms that promote the development of 

hypertension, diabetes, and insulin resistance. We expect that this work will help explain why up 

to 65% of individuals with diabetes also suffer from hypertension and that 25–47% of 

individuals with hypertension also have insulin resistance or impaired glucose tolerance. 

  

http://en.wikipedia.org/wiki/Ratio�
http://en.wikipedia.org/wiki/Waist�
http://en.wikipedia.org/wiki/Hip�


 

6 
 

CHAPTER I 
SORTING NEXIN FAMILY 

 
 

1.1 Sorting nexin classification 

Endosomal trafficking plays a vital role in regulating the physiological function of membrane 

receptors and transporters31. Recently, the sorting nexin (SNX) family has been shown to be 

associated with endosomal compartments. These proteins mediate the membrane and cytosolic 

trafficking of plasma membrane proteins, e.g., various receptors and transporters32,33. However, 

the mechanisms by which the SNX family regulates membrane receptors and transporters remain 

to be clarified34. 

The SNX family is composed of a diverse group of proteins. So far, 10 yeast and 33 

mammalian sorting nexins have been identified32,33. The members of the SNX family are 

characterized by the presence of phox-homology (SNX-PX) domain33. The PX domain-

containing proteins have diverse functions in different types of cells. However, the major 

function of the PX domain is to bind to specific phosphoinositides and to help target these PX-

domain-containing proteins to different endosomal compartments. In certain situations, PX 

domains may also be involved in protein-protein interaction35. The PX domain is able to bind to 

various phosphotidylinositol phosphates (PtdInsPs), thereby potentially targeting these PX-

containing proteins to specific cellular membranes that are enriched in these phospholipids36. 

Some of the PX domains, by themselves, are capable of membrane targeting. However, others 

require additional domains or components to target to PI(3)P-containing membranes in cells37. 

The BAR domain (Bin, amphiphysin, Rvs) that is located in the C-terminal region of some 

members of the SNX family may help the host proteins target to proper compartments. The BAR 
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domain is able to dimerize, causing membrane tubulation, and inducing and sensing membrane 

curvature. Therefore, SNX-BARs effectively integrate phosphoinositide and membrane-

geometry cues and target themselves to high-curvature, phosphoinositide-containing subdomains 

of the early endocytic network38. For SNX1, both functional PX and BAR domains are needed 

for its targeting to the sorting endosomes39. However, for SNX5, the results have been 

inconsistent. Some studies have shown that the BAR domain is sufficient for SNX5 target to 

subcellular membrane, but others have not34. Further investigation is needed to clarify this 

puzzle.  

Depending on the presence of the lipid-binding PX domain and the BAR domain35,38, the 

sorting nexins are classified into three sub-families: 1) SNX1, SNX2, SNX4, SNX5, SNX6, 

SNX7, SNX8, SNX9, SNX18, SNX30, SNX32, and SNX33 sub-family has a PX and a C-

terminal BAR domains; 2) SNX3, SNX10, SNX11, SNX12, SNX16, SNX20, SNX21, SNX22, 

SNX24, and SNX sub-family has only a PX domain; and 3) SNX13, SNX14, SNX15, SNX17, 

SNX19, SNX23, SNX25, SNX26, SNX27, SNX28, and SNX31 subfamily has a PX and a non-

BAR domains e.g., SH3 domain, PDZ domain, and regulator of G-protein signaling (RGS) 

domain40.  

1.2 Functions of SNXs 

SNXs, as sorting proteins, play vital roles in regulating the trafficking of membrane 

receptors41. It has been reported that SNX1, SNX5, SNX9, SNX18 and SNX33 are involved in 

macropinosome formation42. SNX1, SNX2, SNX9 and SNX13 have been reported to be 

involved in the sorting of G protein-coupled receptors (GPCRs). SNX1, SNX2, and SNX4 have 

also been reported to bind to the epidermal growth factor receptor (EGFR), platelet-derived 
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growth factor receptor (PDGFR), IR and leptin receptor43. SNX1, SNX6, SNX9 drive the 

PtdIns(3)P-mediated degradation of apoptotic cells44. The co-localization of SNX2 and androgen 

receptor has been detected in the higher vocal center of the zebra finch45. SNX25 interacts with 

TGF-β and negatively regulates TGF-β signaling by enhancing the degradation of TGF-β 

receptors. SNX6 has been reported to increase the breast cancer metastasis suppressor-1-

dependent repression of transcription46. SNX6 has also been reported to co-localize with β-site β-

amyloid precursor protein cleaving enzyme-1 trans-Golgi network of HELA cells47.  

Receptor sorting is mediated by the interaction of the receptor’s cytosolic domain with 

peripheral membrane proteins or their complexes. The peripheral membrane proteins, in contrast 

to integral membrane proteins, are associated with membranes but do not penetrate the 

hydrophobic core of the membrane. They are often found in association with integral membrane 

proteins and help in receptor sorting.  

1.3 Retromer 

SNX1/SNX2 and SNX5/SNX6 may be the SNX dimer in the mammalian retromer. The 

retromer, which was first identified in yeast, is a five-subunit complex composed of an SNX 

dimer and a Vps26-Vps29-Vps35 trimer48. Subsequently, a similar complex was found in 

mammals49. It is associated with the cytosolic face of endosomes and can regulate the retrograde 

transport of many transmembrane proteins from the endosomes to the trans-Golgi network50-52. 

In yeast, the SNX dimer consists of Vps5 and Vps1753. However, in mammals, the composition 

of the SNX dimer is not clear. SNX1 and SNX2 may be the mammalian orthologs of Vps549,54, 

while SNX5 and SNX6 may be the mammalian orthologs of Vps1755. In the retromer, the SNX 

dimer, the “membrane targeting complex” is responsible for the recruitment of the retromer to 
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endosomes through their PX and BAR domains. The Vps26-Vps29-Vps35, called the “cargo 

recognition complex”, is considered to be important in cargo binding56. Vps26 contains a two-

lobed structure with a polar core and fits into the retromer complex by interacting with Vps35 

subunit. Vps26 binds to the N-terminus of Vps35 via its C-terminal lobe and Vps29 binds to the 

C-terminus of Vps3557,58. Vps35 and Vps29 cooperate to associate with PI(3)-binding SNX 

complex49. 

1.4 Sorting nexin 5 

SNX5 contains a central PX domain and two coiled-coil regions at the C-terminal domain. Its 

PX domain interacts with both PtdIns(3)P (phosphatidylinositol (3)-phosphate) and 

PtdIns(3,4)P235. In overexpression studies, SNX5 was found to interact with and decrease the 

degradation of the epithelial growth factor receptor (EGFR), a member of the receptor tyrosine 

kinase family, upon EGF stimulation34.  

Previous work in our laboratory showed that SNX1 interacts with and regulates the 

internalization and intracellular trafficking of the dopamine D5 receptor (D5R)59, while SNX5 

interacts with and regulates the internalization and recycling of the D1R. The chronic intrarenal 

infusion of SNX5 siRNA in normotensive Wistar-Kyoto (WKY) rats increases their serum 

insulin levels. In contrast, the same maneuver in spontaneously hypertensive rats (SHRs) whose 

serum insulin are higher than those in their normotensive controls, WKY rats, are decreased by 

the selective renal SNX5 siRNA infusion. How a protein expressed in the kidney can regulate 

plasma insulin levels is not clear. It is known, however, that patients with chronic renal failure 

have increased plasma insulin levels and are insulin resistant60. It is also well known that 

increased insulin levels and insulin resistance play a role in the pathogenesis of essential 
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hypertension61,62. Compared to normotensives, hypertensives have increased plasma insulin 

levels and are insulin resistant63, similar to those observed in SHRs.  Humans with essential 

hypertension and SHRs also have impaired D1R function64. In this dissertation, the role of SNX5 

and D1R in insulin signaling and metabolism will be studied, results of which should enhance the 

understanding of the relationships among hypertension, diabetes, and insulin resistance. 
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CHAPTER II 
DOPAMINE AND DOPAMINE RECEPTOR 

 
 

2.1 Dopamine 

Dopamine is an important endogenous neurotransmitter in the mammalian brain where it 

affects a variety of physiological processes, including locomotor activity, cognition, emotion, 

behavior, memory, food intake, endocrine function, and the autonomic responses to stress by its 

effects on specific dopamine receptors65. It also serves as a precursor of epinephrine and 

norepinephrine in the central and peripheral nervous system66. The role of dopamine receptors in 

the central nervous system (CNS) has been extensively studied, which has yielded therapeutic 

benefits in diseases such as Parkinson’s and Alzheimer’s disease67. 

Dopamine is now recognized as an important regulator of blood pressure and fluid and 

electrolyte balance68. Dopamine controls systemic blood pressure through the regulation of fluid 

and sodium intake via “appetite” centers in the brain69 and by direct action on cardiovascular 

centers. Endogenous dopamine can also affect blood pressure by regulating the release or 

synthesis of hormones and humoral agents, such as aldosterone, catecholamines, endothelin, 

prolactin, proopiomelanocortin, renin, and vasopressin70-72.  

Dopamine, synthesized in non-neural tissues (e.g., intestine and kidney) and acting as a 

paracrine/autocrine humoral agent, is important in the regulation of sodium balance and blood 

pressure. In the kidney, dopamine is synthesized by renal proximal tubule cells and engenders 

natriuresis or the excretion of sodium by binding to its cognate receptors, resulting in the 

inhibition of sodium transport in almost all the segments of the nephron68. Dopamine receptors 

belong to the rhodopsin-like family of GPCRs, characterized by the presence of seven-
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transmembrane domains73,74. Based on their differential effects on adenylyl cyclase (AC) 

activity, the five mammalian dopamine receptors are classified into the D1-like receptors (D1R 

and D5R), which stimulate AC activity, and D2-like receptors (D2R, D3R, and D4R), which 

inhibit AC activity74,75. Circulating dopamine levels are in the picomolar range and are not 

sufficiently high to activate the dopamine receptors because the affinity of dopamine to its 

cognate receptors is in the low nanomolar range. High nanomolar concentrations of dopamine 

can be produced by dopamine-producing cells and tissues like the renal proximal tubule and 

jejunal cells.  

The exogenous administration of dopamine results in high concentrations that can stimulate 

other receptors, e.g., α-adrenergic receptor, β-adrenergic receptor, and serotonin receptor. At 

these high concentrations, dopamine serves as pharmacological inotrope to enhance cardiac 

contractility, via the β-adrenergic receptors. The increase in cardiac output and vascular smooth 

muscle contractility, via the α-adrenergic receptors, increases blood pressure66. Thus, dopamine 

is used to increase the blood pressure in patients in shock not caused by decreased blood volume. 

2.2 Renal dopamine D1 receptors 

All of the dopamine receptor subtypes are expressed in the kidney and are differentially 

expressed along all the segment of the nephron (Figure 1)74. D1R is expressed in the proximal 

tubule, distal convoluted tubule, macula densa, cortical collecting duct, and renal vasculature, 

including the juxtaglomerular cell76,77. The D1 receptor-mediated regulation of ion transport 

occurs predominantly in the proximal tubule and thick ascending limb of Henle, and has been 

characterized to a greater extent in the former than in the latter. Furthermore, the D1R has a 

higher expression in the proximal tubule compared to D5R, another D1-like receptor74. Therefore, 
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we have directed our studies to the renal proximal tubule. In the renal proximal tubule, D1-like 

receptor activation leads to inhibition of the activities of the sodium/hydrogen exchanger 3 

(NHE3), sodium-phosphate co-transporter (NaPi2), and Cl-/HCO3
-exchanger at the apical 

membrane, and electrogenic Na+/HCO3
- co-transporter and Na+-K+-ATPase at the basolateral 

membrane78-83, which results in the inhibition of sodium reabsorption and therefore, causes a 

natriuresis.  

 

 

Figure 1. Dopamine receptor expression along the nephron. All dopamine receptor subtypes 

are expressed in the kidney but differentially expressed along the segments of the nephron74.  

 



 

14 
 

The human D1 receptor gene (DRD1) locus (chromosome 5q35.1) is linked to human essential 

hypertension84. Single nucleotide polymorphisms in the non-coding region of DRD1 is 

associated with human essential hypertension (A-48G)85, and albuminuria (G-94A)86. There is a 

deficiency of D1R protein expression in the renal proximal tubule of obese Zucker rats which 

have hypertension87. Deletion of the Drd1 in mice increases blood pressure88. It is possible that a 

deficiency of D1R expression contributes to the development of essential hypertension in 

humans84. However, renal D1R expression is not decreased in humans with essential 

hypertension89. There are also no variants in the human DRD1 coding region that are associated 

with essential hypertension or impair D1R function. However, a constitutive desensitization of 

the renal D1R but not the D5R caused by activating variants of GPCR kinase type 4 (GRK4) has 

been reported in humans with essential hypertension; there are no GRK4 variants in rodent 

models of essential hypertension, but renal GRK4 expression is increased relative to their 

normotensive controls90-93. 

2.3 Intracellular signaling 

Upon agonist stimulation of the D1R receptor, activated D1R oligomers dissociate into 

monomers and couple with Gsα to stimulate adenylyl cyclase, and also recruit GRK4 to 

phosphorylate the 3rd cytoplasmic loop and C-terminal tail of D1R. This is followed by the 

binding of adaptor proteins such as the β arrestins, leading to the internalization of the activated 

receptors through the invagination of the plasma membrane94. Once internalized, the receptors, 

in vesicles termed “early endosomes”, are sorted by SNXs and follow divergent pathways: the 

receptors are either sorted into recycling endosomes for their return to the cell membrane 

(recycling and resensitization) or accumulate in late endosomes which target the lysosomes for 
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their subsequent degradation95. Additional proteolytic mechanisms, such as proteasomes or cell-

associated endopeptidases, are also implicated in mediating the down-regulation of certain 

GPCRs96.  
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CHAPTER III 
INSULIN RECEPTOR AND INSULIN METABOLISM 

 
 

3.1 Insulin receptor 

3.1.1 Insulin receptor (IR) synthesis  

The IR is a single-transmembrane receptor composed of two α and two β subunits. Both α and 

β subunits are encoded by a single gene which is larger than 120 kilobases in length and contains 

22 exons97. The earliest identifiable form of the IR has a molecular weight of approximately 180 

kDa. It is digested by a protease-furin98 into 125 kDa and 83 kDa proteins99. Subsequently, a 200 

kDa molecular weight form appears due to terminal glycosylation, and finally the mature α 

subunit (135 kDa) and β subunit (95 kDa) appear100,101. Only the mature 135 kDa (α) and 95 kDa 

(β) subunits contain terminal sialic acid residues. Monensin, which interferes with Golgi 

function, can hinder the maturation of the receptor and thus lead to the accumulation of the 180 

kDa molecular weight form102. The α subunit is extracellular and contains the ligand-binding 

domain, whereas the β subunit, which contains the transmembrane and intracellular domains, has 

the tyrosine kinase domain. The two subunits are held together by disulfide bonds. The formation 

of this α-β disulfide linkage prior to proteolytic cleavage of the proreceptor ensures the firm 

attachment of the external α subunit to the membrane bound β subunit during the transit to the 

plasma membrane103. 

3.1.2 Insulin signaling pathways 

IR is a protein tyrosine kinase. Ligand-binding results in receptor autophosphorylation on 

tyrosine residues. The receptor that is bound to insulin is internalized by invagination, resulting 
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in the formation of an intracellular vesicle, the orientation of which is opposite to that of the cell 

membrane, that is, the inside surface becomes the outside surface103. 

The phosphorylation of the IR allows its binding to the IR substrate (IRS) and SHC 

(squalene-hopene cyclase), both of them provide binding sites for the adaptor proteins that 

initiate the downstream signaling pathways104. There are two major insulin signaling pathways 

(Figure 2): PI3K (phosphatidylinositol 3-kinase)-PDK (phosphoinositide-dependent protein 

kinase)-Akt, and Ras-MEK-MAPK (mitogen-activated protein kinase)105,106. Ras-MEK-MAPK 

is involved in cell growth and regulation of gene expression. In contrast, PI3K-PDK-Akt is 

involved in the stimulation of glucose metabolism and glycogen/lipid/protein synthesis called 

“metabolic effects”. In my dissertation, the major effort was devoted to the determination of the 

roles of SNX5 and D1R in regulating IR and IDE. A study on insulin-IR-PI3K-Akt signaling 

pathway was also conducted. 

Akt is a serine/threonine kinase that belongs to the protein kinase B (PKB) family. Akt 

kinases are now known to be key mediators of signal transduction pathways downstream of 

activated growth factor and cytokine receptors. In addition to the insulin signaling pathway, Akt 

is a target of platelet-derived growth factor (PDGF)-activated PI3K107. Akt is also involved in 

other growth factor-activated signaling pathways, including epidermal growth factor (EGF), 

fibroblast growth factor (FGF), mammalian target of rapamycin (mTOR) kinase, and integrin108.  
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Figure 2. Insulin signalling pathway: Insulin binds to the α subunits of its receptor, leading to 

an increase in the autophosphorylation of the β subunits. The docking proteins, SHC and IRS, 

interact with Tyr(Y)960 in the juxtamembrane domain of the IR. Recruitment of the Grb2–SOS 

(growth factor receptor-bound protein 2-son of sevenless) complex to the tyrosine-

phosphorylated SHC activates the MAPK cascade, which is involved in cell growth and 

regulation of gene expression. Association of PI3K and IRS increases the amount of PtdIns3P 

which activates PDK1 and its effectors, the Ser/Thr kinases Akt/PKB (protein kinase B). These 

kinases are involved in the stimulation of glucose metabolism and glycogen/lipid/protein 

synthesis109.  
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3.1.3 Insulin receptor substrate (IRS) 

IRSs are central in mediating the IR tyrosine kinase signaling pathway104. The IRS family 

includes IRS1, IRS2, IRS3, and IRS4 isoforms110. They have several characteristics in common, 

such as a well-conserved pleckstrin homology (PH) domain at the extreme NH2-terminus, and a 

phosphotyrosine binding (PTB) domain110. Activated IRS acts as a second messenger within the 

cell to stimulate the transcription of insulin-regulated genes111. Insulin-resistant, obese, and 

diabetic animals and humans have decreased IRS protein expression112. Moreover, 3T3-L1 (3-

day transfer, innoculum 3 x 105) adipocytes and CHO (Chinese hamster ovary) cells, chronically 

treated with insulin, also have decreased IRS1 expression112,113. 

IRS1, the first identified isoform of IRS, transduces both metabolic and growth-promoting 

signals of insulin114. IRS1 null mice have impaired embryonic and postnatal growth, insulin 

resistance, and glucose intolerance but do not have diabetes. In contrast, IRS2 null mice have 

nearly normal growth, but have insulin resistance and diabetes115. IRS1 is more closely linked to 

glucose homeostasis while IRS2 is more closely linked to lipid metabolism116. IRS4 null mice 

have nearly normal glucose homeostasis, which probably indicates a limited role of IRS4 in the 

metabolic effects of insulin117. IRS3 is mainly expressed in adipocytes of rodents and probably 

not expressed in humans118. Therefore, IRS1 expression was studied in my dissertation because 

of its possible role in insulin resistance in the absence of overt diabetes. The expression and 

function of IRS2 will be studied in the future because of its possible role in insulin resistance 

with overt diabetes. 
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3.1.4 Insulin receptor (IR) crossover and degradation 

The IR, in addition to binding insulin with a high affinity, is capable of binding to IGF-I and 

IGF-II. The IGF-I receptor has high binding affinity for IGF-I, but much lower binding affinity 

for IGF-II or insulin. Of the three receptors IR, IGF-I receptor, and IGF-II receptor, the IGF-II 

receptor has the most selectivity for IGF-II and it does not bind insulin at all, but does, 

nonetheless, bind IGF-I, although with a lower affinity119. 

In most cell types, IRs are in a dynamic state. That is, while new IRs are being synthesized, 

existing IRs are being degraded; the half-life of IR is 6.7 hours120. The insulin bound to IR is 

internalized into endosomes where its degradation is initiated100. IR, in contrast, can either be 

degraded in the lysosome or recycled back to the plasma membrane121, 122. Before the IR is 

recycled, it needs to be dephosphorylated, a process that is mediated by protein tyrosine 

phosphatases (PTPs)123. PTPs are important regulators of signal transduction. PTP1B, the first 

PTP purified from human placental tissue, acts as an important negative regulator of insulin 

signaling by dephosphorylating the activated IR and IRS1124. An interaction between PTP1B and 

IR is detected as early as 5 minutes following IR activation125. Disruption of PTP1B activity 

results in an enhancement of insulin and leptin sensitivity126.  

3.2 Insulin metabolism 

3.2.1 Insulin 

Insulin is the first hormone that was identified (1922)127. Insulin, synthesized exclusively in 

the β cells of the pancreas, is a small hormone (6 kDa) consisting of two chains joined by 

disulfide bonds. It causes the uptake of glucose from the circulation, mainly by liver, muscle, and 

fat cells, resulting in a decrease in blood glucose concentration. Glucose taken up by liver and 
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muscle cells is stored as glycogen. In fat cells, glucose is metabolized, and the metabolic 

products are converted to glyceraldehyde 3-phosphate and eventually to triglycerides. Insulin 

increases fatty acid synthesis, amino acid transport, and protein synthesis predominantly in the 

liver. Insulin also prevents the breakdown of fat in adipose tissue by inhibiting the activity of 

intracellular lipase that hydrolyzes triglycerides to release fatty acids128. Thus, insulin promotes 

the synthetic phase of energy metabolism by activating glucose uptake, glycogen synthesis, and 

lipogenesis. Insulin also enhances the activities of Na+-K+-ATPases and sodium hydrogen 

exchanger (NHE) in renal proximal tubule cells, which will be discussed subsequently129,130.  

3.2.2 Insulin degradation 

The primary sites of insulin clearance are the liver and kidney. About 50% of portal insulin is 

removed during the first-pass transit through the liver. The kidney removes from 30 to 80% of 

circulating insulin, depending on certain conditions131. The proximal tubule cell is very active in 

the degradation of circulating insulin132. Two different mechanisms have been proposed to 

explain the removal of insulin by the kidney (Figure 3): glomerular filtration and proximal 

tubular reabsorption and degradation133. IRs are found on glomerular endothelial134 and renal 

proximal tubule cells135.  

http://www.vivo.colostate.edu/hbooks/molecules/sodium_pump.html�
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Figure 3. Intra-renal pathway of insulin removal. Insulin is removed from the blood by the 

kidney via both receptor- and non-receptor-mediated uptake131. (A) Glomerular-filtration-

tubular-uptake pathway. Filtered insulin is internalized by endocytosis and degraded with the 

release of amino acids into the peritubular vessels. (B) Insulin is removed from the 

postglomerular peritubular vessels by binding to the contraluminal (basolateral) cell membrane. 

 - IR. 

 

The internalized insulin is separated from its receptor in the acidified endosomes, and then 

cross-linked to IDE, also known as insulysin/insulinase. Insulin-degrading activity was detected 

in tissue homogenates 60 years ago136. IDE was identified by its enzymatic cleavage of the β 

chain of insulin in the late 1990s137. Although protein disulfide isomerase (PDI) and cathepsin D 
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(CD) are also involved in insulin metabolism, IDE is the major insulin degrading enzyme138. 

IDE-null mice have a ~3-fold higher insulin levels than wild-type mice at 17-20 weeks of age139. 

3.2.3 Insulin degrading enzyme (IDE) 

IDE is a highly conserved and ubiquitous protein. IDE is present predominantly in the 

cytosol140 although small but significant amounts are also present in subcellular compartments, 

including the plasma membrane141, endosome142, peroxisomes143, and mitochondria144. IDE has 

been detected in almost all tissues and cell types (both insulin sensitive and insulin-insensitive 

cells) examined145. A recent multi-organ tissue microarray in humans showed that IDE is more 

highly expressed in liver, kidney tubule, pulmonary pneumocytic, pancreatic acinar, and bone 

marrow cells than neural, breast, placenta, striated muscle, thymic, and splenic cells146.Both 

nonspecific diffusion and specific receptor-mediated transport of insulin can occur in the 

glomerulus and proximal tubule147. The degradation of insulin by the renal proximal tubule 

follows processes similar those in the liver138 where the internalized insulin goes to endosome 

where its degradation is initiated148. Increased expression of IDE is associated with decreased 

circulating levels of insulin, while decreased expression of IDE is associated with increased risk 

of type 2 DM and Alzheimer’s disease because IDE is not only a major enzyme for insulin 

degradation, but also for amyloid β-protein (Aβ) which accumulates in Alzheimer’s disease149. 

Other peptides that are degraded by IDE include IGF-II, transforming growth factor-α, glucagon, 

amylin, atrial natriuretic peptide, calcitonin and C-terminal domain of Aβ precursor protein150,151. 

The proteins that are substrates of IDE are supposed to share high structural similarity152.  

Human IDE, synthesized as a single polypeptide with 1019 residues, is encoded by a gene 

located at chromosome 10153. Its molecular weight is around 110 kDa and is a Zn2+-requiring 



 

24 
 

insulinase, optimally works at pH of 7.0, and has the highest affinity to insulin (low nanomolar 

range), relative to its other substrates146,154. The degradation of insulin begins with two or more 

cleavages in the β chain, followed by reduction of the disulfide bond by PDI or a related enzyme, 

producing an intact α chain and several β chain fragments155. The insulin fragments are further 

cleaved by multiple proteolytic systems, including the lysozymes100. How these processes are 

regulated, is unclear.  

IDE, the key protease in insulin degradation, is also regulated by insulin as a downstream 

target of insulin signaling. For example, in hippocampal neurons, insulin treatment increases IDE 

protein levels by 25-50%, a case of a negative feedback inhibition of IDE. Wortmannin and LY 

294002, PI3 kinase (PI3K) inhibitors, blunt the IDE upregulation caused by insulin, providing 

evidence that insulin-induced increase in IDE is mediated by PI3K/Akt pathway156. 

3.2.4 Cathepsin D (CD) 

Endosomal acidic insulysin (EAI), which is not related to IDE, hydrolyzes internalized insulin 

at PheB24-PheB25, and seven other cleavage sites. Compared to IDE, EAI has a lower pH 

optimum (pH 4–5.5) and is easily extracted from endocytic vesicles157. EAI was subsequently 

shown to be actually cathepsin D, an aspartic insulinase158. 

3.3 Insulin function in the kidney 

Insulin is the body’s most potent anabolic hormone. Insulin plays a vital role in energy 

management159 with its primary function to regulate blood glucose levels160. In the kidney, 

insulin can work in multiple ways and some of them may have opposing effects on blood 

pressure161. It is well known that insulin is antinatriuretic by increasing sodium reabsorption in 

the proximal tubule162, thick ascending limb163,164, and collecting duct165. Insulin administration 



 

25 
 

causes a marked decrease in fractional sodium excretion and an increase in blood pressure in rats 

and humans166,167. However, insulin has also vasodilatory and natriuretic effects168, probably 

through its ability to induce nitric oxide (NO) production. The natriuretic effect of insulin via NO 

probably occurs in the distal nephron (thick ascending limb and beyond)169. Thus, the sodium 

retaining properties of insulin may occur predominantly in the proximal tubule and its 

counterregulatory effect on sodium transport occurs beyond the proximal tubule. This becomes 

evident only when IRs in the distal nephron is deleted. 

Various mechanisms could account for the pro-hypertensive action of insulin, e.g., an increase 

in renal sodium reabsorption, the stimulation of other antinatriuretic pathways (e.g., the renin-

angiotensin system), and impairment of natriuretic pathways (e.g., the renal dopamine 

system)170-172. Many reports have demonstrated that hyperinsulinemia can lead to sodium 

retention and consequentially result in hypertension173,174. As stated above, the SHR is not only 

genetically hypertensive but also has increased fasting levels of insulin and insulin resistance175. 

Insulin level are 5 times higher in the SHR than in the WKY rat176.  

It is well known that insulin suppresses glucose release and enhances gluconeogenesis in the 

liver and kidney177. There are two groups of renal glucose transporters sodium-glucose 

transporters (SGLTs) and facilitated glucose transporters (GLUTs)178. SGLTs, expressed 

predominantly on the luminal surface of proximal tubule epithelial cells, reabsorb glucose 

coupled with sodium from the glomerular filtrate179. In contrast, GLUTs present on the 

basolateral membrane of proximal tubule cells and mediate the passive transport and release of 

glucose into the circulation180. SGLT2 is located at S1 and S2 segments of the proximal tubule 

and absorbs 90% of filtered glucose; and SGLT1 at S3 segments reabsorbs the remaining 
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10%179. The two major GLUTs are GLUT2 and GLUT1. The former is expressed at the S1 

segment of the proximal tubule and its expression at protein and mRNA levels is increased at 

one-day insulin treatment181; and the latter at S3 segment of the proximal tubule where 

gluconeogenesis occurs180,182,183. Altogether, kidney takes up and releases glucose and therefore 

plays a role in the development of diabetes. 

As stated above, about 65% people with diabetes also suffer from hypertension, or high blood 

pressure. About 25-47% of individuals with hypertension have insulin resistance or impaired 

glucose tolerance184. More than 11 million Americans are living with both hypertension and 

diabetes, and this number is increasing185. Thus, elucidating the interaction among hypertension, 

diabetes, and insulin resistance is of paramount importance. 

SNX5 gene maps at chromosome 20p11, a locus linked to high insulin levels in hypertensive 

subjects186. SNX5 may regulate D1R and D1 and IRs play crucial roles in hypertension and 

diabetes, respectively187,188. D1R function is defective in renal proximal tubules of both 

hypertensive and diabetic individuals172. Fenoldopam (D1R-like receptor agonist, agonist for 

both D1R and D5R) decreases IRβ expression in vascular smooth muscle cells189 but its effect in 

renal proximal tubule cells is unknown. Insulin treatment decreases of D1R expression in rat 

renal proximal tubule cells172 but also increases D5R expression190. Whether or not these 

observations are pertinent to humans are not known. Therefore, the elucidation of the 

interactions among SNX5, D1R, IR and IDE, especially in humans, may lead to a better 

understanding of the relationships among hypertension, diabetes, and insulin resistance. 
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CHAPTER IV 
HYPOTHESES AND SPECIFIC AIMS 

 
 

4.1 Hypothesis 

 This dissertation tested the overall hypothesis that SNX5 and D1R in the kidney regulate IR, 

insulin signaling pathway, and insulin metabolism. Specifically, SNX5 and D1R depletion 

decreases IRβ expression and IDE expression and function in hRPTCs. 

4.2 Specific aim 1  

To test the hypothesis that SNX5 and D1R regulate the expression of the IRβ. SNX5 and D1R 

depletion disrupts the insulin signaling pathway, via the downregulation of IRβ. The hypothesis 

was tested by studying the: 

a) interaction among SNX5, D1R, and IRβ with insulin treatment; 

b) expression of SNX5, IRβ, IRS1, and Akt; and 

c) degradation of IRβ. 

In these and subsequent experiments, gene silencing was accomplished using shRNA; non-

transfected and empty vector-transfected cells served as controls. 

4.3 Specific aim 2  

To test the hypothesis that SNX5 and D1R regulate the expression and activity of IDE. The 

hypothesis was tested by studying the: 

a) interaction among SNX5, D1R, and IDE with insulin treatment; 

b) expression of IDE; and  

c) activity of IDE. 
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4.4 Significance  

Hypertension affects hundreds of millions of people worldwide. In the US alone, more than 

65 million individuals suffer from hypertension20. Essential hypertension, which is high blood 

pressure with no identifiable cause, affects 29% of the middle-aged adult population and is 

increasing in prevalence191. The kidney is a major organ that is involved in the long-term 

regulation of blood pressure and abnormal sodium retention is a common phenomenon in 

individuals suffering from essential hypertension64,192. Intrarenal dopamine, synthesized by 

RPTCs, by itself or by the interaction with other blood pressure-regulating systems, regulates 

renal sodium handling193. 

DM is a group of metabolic diseases characterized by high blood glucose levels caused by 

defects in insulin secretion, and/or function. Normally, blood glucose levels are controlled tightly 

by insulin, produced by the β cells of the pancreas. When blood glucose level increases, insulin 

is released from the pancreas to normalize the glucose level. In diabetic patients, the absence of 

or the inability of cells to use insulin properly and efficiently results in hyperglycemia and other 

metabolic consequences. The inability of cells to use insulin properly and efficiently, which is 

the primary problem in type II DM, leads to the insulin resistance13,15. 

Epidemiological data show that about 65% of individuals with diabetes also suffer from 

hypertension, and about 25-47% of individuals with hypertension also have insulin resistance or 

impaired glucose tolerance184. Approximately 75% and 65% of the cases of hypertension in men 

and women, respectively, are directly attributable to obesity. As mentioned above, the presence 

of three of the five metabolic risk factors constitute what is called the “metabolic syndrome” or 

“syndrome X”20. There are 47 million Americans suffering from the metabolic syndrome, 

http://www.medicinenet.com/script/main/art.asp?articlekey=17467�
http://www.medicinenet.com/script/main/art.asp?articlekey=32858�
http://www.medicinenet.com/script/main/art.asp?articlekey=30653�
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according to the American Heart Association. That means almost one out of every six people  

and that number is increasing194.  

The elucidation of the molecular interactions amongst D1R, SNX5, IR, and IDE should 

greatly increase the understanding of the pathogenesis of hypertension, diabetes, and insulin 

resistance, and hence of the metabolic syndrome. Results from these studies may provide clues in 

the prevention and treatment of the metabolic syndrome. 

4.5 Novelty  

The sorting nexin family is involved in the trafficking of many receptors32. The elucidation of 

the role of SNX5 and D1R in IR expression and insulin signaling pathway is of great importance 

and a novel research topic. Some SNXs have been reported to participate in the trafficking of the 

IR but its regulation in the kidney has not been studied43. Furthermore, the roles of SNX5 and 

D1R in IDE expression, activity, and insulin degradation are also shown for the first time. We 

expect that the studies on the interactions among SNX5, D1R, IR, and IDE will provide novel 

information and may provide important clues into the relationships among hypertension, 

diabetes, and insulin resistance.  

4.6 Rationale 

SNX5 gene maps at chromosome 20p11, a locus linked to high insulin levels in hypertensive 

subjects195. Studies have shown that dopamine and IRs play crucial roles in the development of 

hypertension and diabetes, respectively. D1R function is defective in the RPTs of both 

hypertensive and diabetic individuals. Stimulation of D1-like receptors decreases IRβ expression 

in vascular smooth muscle cells189. The observation that insulin decreases D1R172 but increases 

D5R expression in RPTCs190 indicates a close link between renal D1R, D5R, and IR. Therefore, it 



 

30 
 

is important to study the relationship among SNX5, D1R, IR, and IDE which may lead to a better 

understanding of the relationships among hypertension, diabetes and insulin resistance, three of 

the components of the metabolic syndrome. 
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CHAPTER V 
MATERIALS AND METHODS 

 
 
5.1. Cell lines 

Immortalized hRPTCs were used (passage < 20). hRPTCs were cultured in Dulbecco’s 

modified Eagle’s medium: Nutrient Mixture F-12 (DMEM/F12) (Invitrogen), supplemented with 

10% fetal bovine serum (Sigma), 1% penicillin-streptomycin (Invitrogen), hydrocortisone (36 

ng/mL) (Sigma), and epidermal growth factor (10 ng/mL) (Sigma). The cells were incubated at 

37°C in 95% O2/5% CO2. When the cells were 75-90% confluent, they were treated with 0.25% 

Trypsin-EDTA (Invitrogen) for 2 minutes. The reaction was stopped by adding 2 ml complete 

medium. The cells were seeded in 100 mm dishes, 6-well plates, or on coverslips, depending on 

the purpose of the experiments.  

5.2. Antibodies 

D1R (clone #408) antibodies were generated in our laboratory; D1R antibody (D2944) was 

obtained from Sigma-Aldrich and D1R (G-18) was obtained from Santa Cruz Biotechnology. 

These three antibodies were used to ensure reproducibility of our results. Antibodies directed 

against SNX5 (D-18), IRβ (C-19) and were from Santa Cruz. IRβ (Clone CT-3), IRS1 (Clone 

4.2.2) and GAPDH (MAB374) were from Millipore. Mouse IDE antibody [9B12.225] was from 

Genetex, and rabbit IDE antibody was from Abcam. Cocktail 1, tAkt and Cathepsin-D (CD) 

antibodies were from Cell Signaling. 

5.3. RNA preparation and reverse transcription PCR (RT-PCR) 

All of the following reactions were performed either in BioRad iCycler PCR Detection 

System or C1000™ Thermal Cycler machine. Cultured hRPTCs were washed twice with 1X 
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PBS (phosphate buffered saline), after which total RNA was extracted using an RNease plus 

mini kit from Qiagen. Semi-quantitative RT-PCR was performed with SuperScript® III One-

Step RT-PCR System with Platinum® Taq High Fidelity (Invitrogen), using the following 

reaction mixture: 12.5 μl of 2x reaction mix, 1 μg RNA, 1 μl Superscript III RT/Taq, 1.0 μl each 

of forward and reverse primers for human SNX5 (Santa Cruz), and variable nuclease-free 

deionized H2O to make a final reaction mixture of 25 μl. The following thermal cycler settings 

were: 55oC for 30 minutes; followed by a denaturation step of 94oC for 2 minutes; 30-40 cycles 

of 94oC for 30 seconds; then an annealing step of 55oC for 30 seconds; and amplification at 68oC 

for 1 minute. These steps were followed by a single elongation step consisting of 68oC for 7 

minutes. The amplificates were run in a 2% agarose gel (with 0.5 μg/ml ethidium bromide) along 

with an appropriate DNA ladder (100 bp or 1 kb plus ladder). DNA bands were visualized using 

the UVP Biospectrum ®500 imaging system. 

5.4. Quantitative real-time PCR (qRT-PCR)   

Equal amounts of RNA (1 μg) were loaded for cDNA synthesis, which was conducted using 

Tetro cDNA Synthesis Kit from Bioline. One μl cDNA was used as template for the reaction, 

and the standard curve was obtained for each pair of primers. RT-qPCR was then performed 

using a 7900HT Fast Real-Time PCR machine and SYBR® Green PCR Master Mix (Applied 

Biosystems). Relative amounts of SNX5, IRβ and IDE were normalized by β-actin. Thermal 

cycler settings were: 50oC for 2 minutes; 95oC for 10 minutes; 40 cycles of 95oC for 15 seconds; 

59oC for 1 minute, 95oC for 15 seconds; and 60oC for 15 seconds (dissociation curve).  
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The cDNA sequences were obtained from PubMed website (http://www.ncbi.nlm.nih.gov/ 

sites/entrez?db=nucleotide). The primers were designed using GenScript Real-time PCR 

(TaqMan) Primer Design tool in the Genscript website (http://www.genscript.com). 

Primers are listed below:  

Genes Primers 

SNX5 
Forward: ACGTTTCAGAGCCCAGAGTT 

Reverse: TCGAGGACCATCAAAGTCG 

IRβ 
Forward: AGACCTTGGAAATTGGGAACT 

Reverse: TCTGACAAGCAGAGTTTGGG 

IDE 
Forward:TTCCAAGAAGAACATCTTAAACAACT 

Reverse: ACCTTCATGCCCAATGAGAT 

β-actin 
Forward: ACCTGTACGCCAACACAGTG 

Reverse: ACACGGAGTACTTGCGCTCA 

 

5.5. SNX5 and D1R shRNA stable transfection 

Fugene 6 transfection reagent was used to transfect an SNX5 shRNA construct into hRPTCs. 

One day post-transfection, puromycin, a selective antibiotic, was added into the plates at various 

concentrations, and the cells were incubated for 14 days at 37oC. Single clones were selected for 

subsequent experiments. 

5.6. SNX5 siRNA transfection 

Lipofectamine™ RNAiMAX Transfection Reagent was used to transfect hRPTCs with SNX5 

siRNA (Santa Cruz). The cells were seeded into 6-well plate one day before the transfection. 

http://www.ncbi.nlm.nih.gov/%20sites/entrez?db=nucleotide�
http://www.ncbi.nlm.nih.gov/%20sites/entrez?db=nucleotide�
http://www.genscript.com/�
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After the cells reached 70-80% confluence, the medium was changed to serum-free medium. 

Four μl transfection reagent and 5 μl siRNA stock solution (10 μM) were mixed and incubated at 

room temperature for 20-30 minutes. Non-transfected, transfection reagent only, and scrambled 

siRNA-transfected hRPTCs were used as negative controls. Between 4-6 hours post-transfection, 

the same amount of complete medium was added into each well. The cells were harvested after 

48 hours for RNA extraction and RT-qPCR and after 72 hours for total protein extraction and 

western blot. 

5.7. Western blot  

Total cell lysates were prepared from cells using RIPA lysis buffer supplemented with a 

cocktail of protease and phosphatase inhibitors. Samples were centrifuged at 2,500 x g to remove 

the insoluble debris. The protein concentration of the supernatant was quantified using a BCA kit 

(Pierce). Uniform amounts of protein were run in a 10% SDS-polyacrylamide gel along with a 

protein marker (Fermentas* PageRuler* Protein Ladder from Fisher Scientific), and electro-

transferred using the semi-dry method onto a nitrocellulose membrane from BioRad. PBS with 

1% casein was used to block the membranes at room temperature for 1 hour. The primary 

antibodies were diluted in antibody diluent (Invitrogen) and incubated with the membranes 

overnight with rocking at 4oC. For each antibody, the following dilutions were used: SNX5 

(1:500); IRβ (1:500); IDE (1:1000); D1R (1:500); IRS1 (1:1000); Cocktail 1 (1:1000); tAkt 

(1:1000); GAPDH (1:5000); and Cathepsin D (1:500). This was followed by 3 ten-minute 

washes in 1X PBST (20X PBS with 0.05% Tween-20 from TEKNOVA). The secondary 

antibodies were obtained from Santa Cruz or from Li-cor. Donkey anti-mouse IgG-HRP, donkey 

anti-rabbit IgG-HRP and donkey anti-goat IgG-HRP were from Santa Cruz and used at a 1:5000 
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dilution. IRDye donkey anti-mouse 800CW and 680LT, IRDye donkey anti-rabbit 800CW and 

680LT, IRDye donkey anti-goat 800CW and 680LT were from Li-cor Biosciences and used at a 

1:10,000 dilution. The bands were analyzed by either Image J or Li-cor Odyssey software. 

5.8. Co-immunoprecipitation 

Co-immunoprecipitation was performed using an Immunoprecipitation Kit (Protein G) from 

Roche Applied Science. Buffer 1 (50 mM Tris-Hcl, pH 7.5, 150 mM NaCl, 1% Nonidet P40, 

0.5% sodium deoxycholate, protease inhibitor) was used to lyze the cells, and the cell lysates 

were pre-cleared by using 50 μl of protein A/G Plus-Agarose (Santa Cruz) for 30 minutes with 

rocking at 4oC. The protein levels in the supernatant were quantified using the BCA kit, and 

uniform amounts (500~800 μg) of protein were immunoprecipitated with a primary antibody (2 

μg) specific for the protein of interest for 2 hours at room temperature. Fifty μl of Protein G 

beads were then added, and the mixture was incubated overnight at 4oC. Normal Goat IgG, 

normal Mouse IgG and normal Rabbit IgG were obtained from Santa Cruz and used as controls. 

The beads were washed twice with buffer 1, twice with buffer 2 (50 mM Tris-Hcl, pH 7.5, 500 

mM NaCl, 0.1% Nonidet P40, 0.05% sodium deoxycholate), and once with buffer 3 (10 mM 

Tris-HCl, pH 7.5, 0.1% Nonidet P40, 0.05% sodium deoxycholate) before fifty μl of 2X loading 

buffer was added to the tube. The samples were boiled for 5 minutes then resolved by western 

blot.  

5.9. Immunofluorescence and laser scanning confocal microscopy  

All of the following reactions were performed at room temperature, unless otherwise 

specified. Cells were grown on glass coverslips and fixed for 20 minutes with 4% cold 

paraformaldehyde (USB Corporation #19943). They were then permeabilized for 5 minutes with 
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0.05% Triton X, followed by three washes with PBS. The cells were then subjected to 

immunostaining with appropriately diluted antibodies against SNX5, IRβ, D1R, and IDE in PBS 

containing 3% normal donkey serum (blocking buffer) for one hour at room temperature or 

overnight at 4oC. The secondary antibodies (Alexa Fluor® 488 donkey anti-mouse IgG (H+L), 

Alexa Fluor® 488 donkey anti-rabbit IgG (H+L) and Alexa Fluor® 568 donkey anti-goat IgG 

(H+L) were used at room temperature for 1 hour. The fluorescence images of the immunostained 

cells were obtained using laser scanning confocal microscopy and the fluorescence densities 

were quantified using the MetaMorph image analysis software. 

5.10. Immunohistochemistry 

Kidney samples (rat and human) were embedded in paraffin and 4-μm thick sections were 

mounted on glass slides. Immunohistochemistry was performed following standard procedures. 

In a dry oven (60oC), the slides were incubated in xylene for 1 hour for deparaffinization. They 

were then washed twice for 3 minutes in 100%, 95%, and 75% ethanol, followed by a 5-minute 

wash in tap water for hydration. The slides were boiled in sodium citrate buffer (pH 6.0) for 3 

minutes for antigen retrieval and then cooled to room temperature. Then, the slides were washed 

3 times for 5 minutes in PBS and blocked in 1% BSA blocking buffer for 30 minutes at room 

temperature. Double-staining with the following pairs of antibodies was performed: SNX5 and 

IRβ, D1R, and IRβ; SNX5 and IDE; and D1R and IDE. The primary antibodies were added to the 

top of the tissues at a 1:50 dilution and incubated at 4oC overnight. After washing 3 times, each 

for 5 minutes in PBS, the secondary antibodies were added and incubated for 1 hour at room 

temperature. The slides were then washed three more times for 5 minutes in PBS. The slides 

were mounted using ProLong ® Gold antifade reagent with DAPI (from Invitrogen) and imaged 
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with an LSM 510 confocal microscope at Children’s National Medical Center. 

5.11. Antibody labeling 

Antibodies directed against SNX5, D1R, IRβ, and IDE were labeled with the APEX™ Alexa 

Fluor® 488 Antibody Labeling Kit and APEX™ Alexa Fluor® 555 Antibody Labeling Kit. An 

APEX™ antibody labeling tip was hydrated by applying 100 μL of washing buffer to the resin in 

the labeling tip and incubated for 30 minutes at room temperature. Ten μl of IgG antibody 

solution was added to the top of the resin and gently pushed onto the resin using an elution 

syringe. Two μL DMSO and 18 μL labeling buffer were added to dissolve the reactive dye. Ten 

μL of the reactive dye were added to the top of the resin and incubated overnight at 4°C. An 

APEX™ antibody labeling tip was washed twice with 50 μL washing buffer, and then 40 μL 

elution buffer were added to the top of resin and transferred to a clean microcentrifuge tube 

containing 10 μL neutralization buffer. A 1:10 dilution of labeled antibodies was used for 

Fluorescence Resonance Energy Transfer (FRET). 

5.12. FRET microscopy and data processing  

The fluorophore pairs used for FRET imaging in this study were Alexa Fluor 555 (acceptor 

dipole) conjugated with D1R antibody and pIR-Alexa Fluor 488 (donor dipole). Fluorophore 

pairs were obtained from Invitrogen. Seven images were acquired for each FRET analysis with 

an Olympus Fluoview FV300 laser scanning confocal microscope equipped with a 60 × /1.4 NA 

objective, an Argon (488 nm) and HeNe (543 nm) laser, emission filters of 515/50 nm, and a 

590-nm long press (LP) filter. Images were acquired using the facilities and equipment at the 

Georgetown University Lombardi Cancer Center. 
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Samples were labeled either individually with donor or acceptor fluorophores, or with both 

donor and acceptor fluorophores, simultaneously. All samples were imaged under the same 

conditions. Uncorrected FRET images (uFRET) were acquired with donor excitation in the 

acceptor channel, which included pure FRET (pFRET) and contaminations from both donor and 

acceptor spectral bleed-through (DSBT and ASBT). pFRET images were generated by removal 

of DSBT and ASBT on the basis of matched fluorescence levels between the double-labeled 

specimen and the single-labeled reference specimens. ROIs (regions of interest) were then 

selected from the uFRET images and subjected to further analysis196,  

E% = 1 – {Ida/(Ida + pFRET × (Pd/Pa) × (Sd/Sa)× (Qd/Qa) },) 

where Pd and Pa are the photo multiplier tube (PMT) gains of donor and acceptor channels; 

Sd and Sa are the spectral sensitivity of donor and acceptor channels provided by the 

manufacturer; Qd and Qa are the donor and acceptor quantum yield measured by 

spectrofluorometer, as described197. Ida is the image of donor excitation in the donor channel of 

the double-labeled samples after removing the background; and pFRET is the “processed FRET” 

or “pure FRET.” The calculation of distance between donor and acceptor (r) was based on the 

equation as described in r=R0[(1/E)−1]1/6,198. 

5.13. Insulin degrading enzyme (IDE) activity 

InnoZyme™ Insulysin/IDE Immunocapture Activity Assay Kit (Calbiochem) was used to 

measure IDE activity. hRPTCs were lysed with CytoBuster™ Protein Extraction Reagent from 

EMD 4Biosciences. The cell lysate protein concentration was quantified using a BCA kit 

(Pierce). Uniform amounts of protein were adjusted with lysis buffer. The standard curve was 

created using different dilutions of purified rat insulin provided in the kit and 100 μL of sample 
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buffer used as a blank control. One hundred μL total lysates were added to the plate provided 

with the kit and incubated at room temperature for 1 hour with shaking followed by 5 washes 

with 1X sample buffer. Finally, one hundred μL substrate was added to the plate and followed by 

a 2-4 hour long incubation at 37oC. The fluorescence of the plate with 100 μL substrate was 

measured with Vector at 350-410 nm.  

5.14. Insulin receptor (IR) degradation 

hRPTCs were seeded in 6-well plates and transfected with non-silencing mock and SNX5 

siRNA. Cells were treated with cycloheximide solution (CHX, 100 mg/mL diluted 1:2000 in 

DMSO), chloroquine (25 mM diluted 1:1000), 66 hours post-transfection. The first group was 

treated with CHX only and the second group was treated with CHX plus chloroquine. After a 7-

hour treatment, the cells were harvested and the protein expression of the samples was detected 

by western blot. All of the drugs were obtained from Sigma.  

5.15. Densitometry 

Band densities of amplificates in agarose gels were measured with Image J software. The 

band densities of proteins in SDS-polyacrylamide gels were measured using either an Image J 

software or a Li-cor machine. 

5.16. Co-localization measurement 

Co-localization of SNX5 and IRβ, D1R and IRβ, SNX5 and IDE, and D1R and IDE was 

analyzed by MetaMorph image analysis software. 

5.17. Statistical analysis 

Results are reported as Mean ± SEM (standard error of the mean). Significant differences 

between two groups were determined by Student’s t-test. Significance among groups was 
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determined by one-way factorial ANOVA followed by Student-Newman-Keuls tests. A P value 

< 0.05 was considered significant difference. 

5.18. Pharmacological agents and final concentrations 

All drugs were freshly prepared from stock solutions in a dark environment. A 1:1000 dilution 

was usually used. The final concentrations of different drugs were as follows: 

Dopamine D1-like receptor agonist: Fenoldopam (1 μM) 

Insulin solution (100 nM) 

De novo protein synthesis inhibitor: CHX (50 μg/mL)  

Lysosomal inhibitor: Chloroquine (25 μM)  

Proteasosomal inhibitor: Epoxomicin (50 nM)  
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CHAPTER VI 
RESULTS OF THE STUDIES ON SNX5, D1R AND IRΒ 

 
 

6.1 SNX5 expression in models of hypertension and obesity 

6.1.1 Serum insulin levels in WKY rats with SNX5 siRNA injection into the renal cortex 

SNX5 is one of the members of the SNX family that is involved in many aspects of 

endocytosis and receptor trafficking32,33. SNXs are involved in the trafficking of GPCRs in the 

kidney and the Center for Molecular Physiology Research is involved in deciphering the role of 

some members of the GPCR superfamily (e.g., dopamine, angiotensin, endothelin, 

cholecystokinin) in the regulation of ion transport.  

In experiments performed at the Center for Molecular Physiology Research, Children’s 

National Medical Center, renal SNX5 expression was decreased selectively in the remaining 

kidney of uninephrectomized WKY rats. SNX5 siRNA was infused continuously into the renal 

cortex for 7 days via an osmotic minipump implanted in the abdomen. Vehicle and scrambled 

siRNA were used as controls. SNX5 is located at chromosome 20p11, a locus that is linked to 

high insulin levels in hypertensive subjects186. Therefore, serum insulin levels were measured in 

these rats. A selective decrease in renal SNX5 expression in uninephrectomized WKY rats 

resulted in a significant increase in serum insulin levels (Figure 4). 

6.1.2 SNX5 expression in animals and RPTCs 

We quantified the renal expression of SNX5 by immunoblotting. Specificity of the SNX5 

antibody was tested by preblocking the SNX5 antibody with its immunizing peptide prior to 

using it for immunoblotting. The band (~47-51 kDa) was detected only when the antibody was 

not pre-incubated with the immunizing peptide, indicating the specificity of the SNX5 antibody 
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(Figure 5). In rats, the expression of SNX5 was the highest in the liver and followed by the 

kidney and pancreas. There was minimal expression of SNX5 in the intestine and heart (Figure 

5).  

In obese, insulin-resistant Zucker rats on normal salt diet, renal SNX5 expression was 

decreased significantly compared to lean Zucker rats (Figure 6). To determine the mechanism by 

which SNX5 regulates serum insulin levels, we measured SNX5 protein expression in RPTCs 

from WKY and SHRs (wRPTCs and sRPTCs, respectively). SNX5 expression was significantly 

decreased in sRPTCs compared to that in wRPTCs (Figure 7). To determine the relevance of the 

rodent studies to humans, SNX5 expression in hRPTCs from normotensive subjects and 

hypertensive patients was also measured. SNX5 expression was significantly decreased in 

hRPTCs from hypertensive patients compared to hRPTCs from normotensive subjects (Figure 

8). These data suggest that SNX5 may be involved in hypertension, obesity, insulin resistance, 

and/or their combination (metabolic syndrome). In addition, SNX5 may interact with D1R 

because D1R function is impaired in SHRs7,64,68,72,74,78,88,91,192 and obese Zucker rats87,172. 
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Figure 4. Serum insulin levels resulting from the chronic decrease in renal SNX5 

expression in WKY rats. A decrease in renal SNX5 expression increased serum insulin levels 

in WKY rats. Veh: vehicle-infused rats, Scr: scrambled siRNA- infused rats, siRNA: SNX5 

siRNA-infused rats (Student’s t-tests). 
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Figure 5. SNX5 antibody specificity and SNX5 distribution in rat tissues. The band that 

SNX5 antibody recognizes is around 47~51 kDa. Addition of the immunizing peptide to the 

diluted SNX5 antibody solution prior to immunoblotting prevented the visualization of the 

47~51 kDa band. GAPDH expression was used as internal control (A). The tissues were 

homogenized and total lysates and immunoblotted using the specific SNX5 antibody (B). SNX5 

expression was highest in the liver followed by the kidney and pancreas. SNX5 was expressed 

minimally in the intestine and heart. 
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Figure 6. SNX5 expression in the kidney of lean and obese rats. SNX5 expression was 

significantly decreased in obese Zucker rats compared to lean Zucker rats (n=4, Student’s t-test). 
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Figure 7. SNX5 expression in wRPTCs and sRPTCs. SNX5 expression was significantly 

decreased in sRPTCs compared to wRPTCs (n=3, Student’s t-test). 
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Figure 8. SNX5 expression in hRPTCs from normotensive subjects and hypertensive 

patients. SNX5 expression was significantly decreased in hRPTCs from hypertensive patients 

compared to hPTCs from normotensive subjects (n=3, Student’s t-test). 
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6.2 Interaction among SNX5, D1R, and IRβ in hRPTCs 

Akt is a downstream protein of PDK1 in the insulin signaling pathway and is highly 

phosphorylated by insulin106. To determine if hRPTCs respond to insulin, we quantified the 

phosphorylated form of Akt (pAkt) after treating the cells with insulin. We found that the lowest 

concentration of insulin that increased pAkt abundance was 100 nM (Figure 9), in agreement 

with published reports199. 

6.2.1 Interaction between SNX5 and IRβ 

The cellular distribution of SNX5 and IRβ in hRPTCs was determined by laser scanning 

confocal microscopy. There was minimal co-localization between SNX5 and IRβ in the basal 

state. Some co-localization was observed between SNX5 and IRβ after 15 and 30 minutes of 

insulin (100 nM) treatment (Figure 10). The distribution of SNX5 and IRβ was also studied in 

human kidney. Both SNX5 and IRβ were expressed in all the nephron segments where the co-

localization (yellow signal) was observed. IRβ but not SNX5 was expressed in glomeruli 

(Figure 11). The cellular distribution of SNX5 and IRβ in rat kidney was also determined. As in 

the human kidney, both SNX5 and IRβ are expressed in all segments of the nephron. Their co-

localization (yellow signal) was observed only in the brush border and apical membranes 

(Figure 12) of proximal tubules, which was unlike that observed in the human kidney where 

both SNX5 and IRβ were evenly distributed throughout the cell. However, there was no co-

immunoprecipitation between SNX5 and IRβ in the basal state or even with insulin (100 nM) or 

fenoldopam (1 μM) treatment (Figure 13).  

To determine if SNX5 regulates IRβ, a plasmid that encodes for a short hairpin loop RNA of 

SNX5 (shRNA) was transfected into hRPTCs to silence the expression of endogenous SNX5. 
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One day post-transfection, puromycin, a selective antibiotic, was added into the plates, and then 

the cells were incubated for 14 days at 37oC. Single clones were selected and allowed to grow to 

70-80% confluence. Immunoblotting showed that SNX5 expression was decreased by about 50% 

in SNX5 shRNA-transfected hRPTCs (Figure 14). Silencing the expression of SNX5 decreased 

the expression of IRβ by 70% (Figure 15). The decreased expression of IRβ may be related to 

decreased transcription, decreased translation, or increased degradation.  

To determine if the decreased protein expression is related to decreased gene transcription, 

mRNA expression of IR was quantified by real-time PCR (qRT-PCR) in SNX5 shRNA-

transfected hRPTCs. Silencing SNX5 caused a ~40% decrease in IR mRNA expression without 

affecting the mRNA expression of actin, a housekeeping gene, (Figure 16). These results 

indicate that SNX5 regulates the transcription of IR. However, our studies show that the decrease 

in IRβ protein expression when SNX5 is silenced cannot be explained completely by its effect of 

transcription. Whereas, silencing of SNX5 decreased the protein expression of IRβ by 70%, IRβ 

mRNA expression was decreased by only ~40%. Therefore, the degradation of IRβ was also 

measured.  

CHX (50 μg/ml, 7 hours) inhibits translation and blocks de novo protein synthesis. 

Chloroquine inhibits protein degradation by being a lysosomal inhibitor200. The decreased 

expression of IRβ in SNX5-siRNA-treated hRPTCs was partially prevented by CHX treatment. 

However, it was almost completely abrogated by chloroquine (25 μM, 7 hours) in SNX5 siRNA-

transfected hRPTCs (Figure 17).  

IRS1 is an adaptor protein and its phosphorylation initiates downstream insulin signaling 

pathways. The expression of total IRS1 (tIRS1) was increased in SNX5 shRNA-transfected 
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hRPTCs compared to NT and EV-transfected hRPTCs. In contrast, the amount of 

phosphorylated IRS1 (pIRS1) was decreased significantly in SNX5 shRNA-transfected hRPTCs 

(Figure 18).  

Akt is downstream of pIRS in the insulin signaling pathway that is involved in the metabolic 

effects of insulin. The phosphorylated Akt (pAkt) abundance was markedly increased when 

SNX5 was silenced in SNX5 shRNA-transfected hRPTCs. However, the expression level of total 

Akt (tAkt) was not changed (Figure 19).  

In the basal state, pAkt abundance was significantly increased when SNX5 is silenced. 

However, its (SNX5) silencing impaired the increase in pAkt abundance in response to insulin 

(100 nM, 30 minutes) in hRPTCs (Figure 20).  

  



 

51 
 

 

 

Figure 9. Effect of insulin on pAkt abundance in hRPTCs. hRPTCs were treated with varying 

concentrations of insulin, and then tAkt and pAkt abundance were quantified by immunoblotting. 

The lowest concentration of insulin that increased pAkt abundance was 100 nM. 
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Figure 10. Co-localization of SNX5 and IRβ in hRPTCs. IRβ (green) co-localized weakly 

with SNX5 (red) after 15 and 30 minutes of insulin (100 nM) treatment in hRPTCs. 
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Figure 11. Co-localization of SNX5 and IRβ in human kidney (100X). IRβ (green) and SNX5 

(red) co-localized (yellow signal) in renal proximal tubules and other nephron segments of the 

human kidney. The inset shows an area under higher magnification. 
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Figure 12. Co-localization of SNX5 and IRβ in rat kidney (200X). IRβ (green) and SNX5 

(red) co-localized at the brush borders (yellow signal) of RPTs in rat kidney. IRβ was also 

expressed in sub-apical areas of RPTs in rat kidney. The inset shows an area under higher 

magnification. 
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Figure 13. Co-immunoprecipitation of SNX5 and IRβ in hRPTCs. SNX5 and IRβ did not co-

immunoprecipitate in hRPTCs in the basal state or even when treated with insulin (100 nM) or 

fenoldopam (1 μM) for 30 minutes. Negative control: goat normal IgG, positive control: 

immunoprecipitation and immunoblotting with IRβ antibody, another positive control: whole 

lysates. 
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Figure 14. SNX5 expression in SNX5 shRNA-transfected hRPTCs. SNX5 expression was 

decreased in SNX5 shRNA-transfected hRPTCs compared to NT and EV-transfected hRPTCs 

(n=3, one-way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected 

hRPTCs, EV: empty vector-transfected hRPTCs, SNX5 shRNA: SNX5 shRNA-transfected 

hRPTCs. 
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Figure 15. IRβ expression in SNX5 shRNA-transfected hRPTCs. The expression of IRβ was 

decreased in SNX5 shRNA-transfected hRPTCs compared to NT and EV-transfected hRPTCs 

(n=3, one-way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected 

hRPTCs, EV: empty vector-transfected hRPTCs, SNX5 shRNA: SNX5 shRNA-transfected 

hRPTCs. 
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Figure 16. IR expression in SNX5 siRNA-transfected hRPTCs at mRNA level. IR mRNA 

expression, determined by quantitative real-time PCR (qRT-PCR), was decreased in SNX5 

siRNA-transfected hRPTCs. However, the quantity of actin, a housekeeping gene, was not 

changed in these cells. The standard curve was performed for each pair of primers to obtain 

directly the relative quantity (n=6, Student’s t-test). 
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Figure 17. IRβ expression in SNX5 siRNA-transfected hRPTCs treated with CHX and 

chloroquine. CHX (50 μg/ml) inhibits the translation and blocks de novo protein synthesis, 

while chloroquine inhibits protein degradation by being a lysosomal inhibitor. The decreased 

expression of IRβ in SNX5-siRNA-treated hRPTCs was partially prevented by CHX treatment. 

However, it was almost completely abrogated by chloroquine (n=6, Student’s t-test).   
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Figure 18. tIRS1 and pIRS1 abundance in SNX5 shRNA-transfected hRPTCs. The ratio of 

pIRS1 to tIRS1 was decreased in SNX5 shRNA-transfected hRPTCs (A, B). However, the 

expression of tIRS1 was increased significantly in SNX5 shRNA-transfected hRPTCs (C) (n=3, 

one-way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected hRPTCs, EV: 

empty vector-transfected hRPTCs, SNX5 shRNA: SNX5 shRNA-transfected hRPTCs.  
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Figure 19. tAkt and pAkt abundance in SNX5 shRNA-transfected hRPTCs. The ratio of 

pAkt to tAkt was increased in SNX5 shRNA-transfected hRPTCs (A, B). In contrast, tAkt 

expression was not changed in SNX5 shRNA-transfected hRPTCs (C) (n=3, one-way ANOVA 

followed by Student-Newman-Keuls test). NT: non-transfected hRPTCs, EV: empty vector-

transfected hRPTCs, SNX5 shRNA: SNX5 shRNA-transfected hRPTCs. 
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.  

 

 

Figure 20. Akt phosphorylation with or without insulin treatment. The ratio of pAkt to tAkt 

increased significantly in SNX5 siRNA-transfected hRPTCs in the basal state. tAkt expression 

was not changed with SNX5 depletion. However, pAkt abundance was markedly increased by 

insulin (100 nM) in control cells but the increase was blunted in cells depleted of their 

endogenous SNX5 (n=3, Student’s t-test). 
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6.2.2 Interaction between D1R and IRβ 

There have been numerous reports on the role of renal dopamine receptors in diabetes. D2-like 

receptor stimulation with bromocriptine does not affect serum glucose or insulin levels in type II 

diabetic humans. However, addition of bromocriptine to sulfonyl urea improves serum glucose 

control201 without increasing insulin concentrations202. The involvement of the D2-like receptor 

in type II DM is unclear. 

Renal D1R function is defective in hypertension and diabetes. Fenoldopam, a D1-like receptor 

agonist, improves the decreased insulin sensitivity and renal function in streptozotocin (STZ)-

induced type II diabetes in rats. Fenoldopam decreased serum glucose, insulin, cholesterol, 

triglyceride, urea, creatinine and blood pressure in these diabetic rats172,203. These observations 

indicate a close link between dopamine receptors and diabetes mellitus.  

The cellular distribution of the D1R and IRβ in hRPTCs was determined by laser scanning 

confocal microscopy. There was some co-localization of D1R and IRβ at the perinuclear area in 

the basal state. Their co-localization increased with insulin (100 nM) treatment, reaching 

maximum co-localization at 30 minutes. However, 60 minutes of insulin treatment decreased 

their co-localization relative to 30 minute-treatment (Figure 21). The distribution of D1R and 

IRβ in human kidney was also determined. Both D1R and IRβ were expressed at the brush border 

of proximal tubules where co-localization (yellow signal) was observed (Figure 22) different 

from the co-localization of SNX5 and IRβ. The distribution of D1R and IRβ in rat kidney was 

also determined; IRβ was expressed to the greatest extent in brush borders of proximal tubules 

(Figure 23) similar to those shown in Figure 12. There was minimal expression of D1R and IRβ 

in glomeruli consistent with that seen in the human kidney (Figure 11). As expected D1R 
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expression was found in all cortical tubules, especially in the brush borders of proximal tubules. 

There was co-localization of D1R and IRβ at the brush border of proximal tubules (yellow signal) 

(Figure 23), similar to the co-localization of SNX5 and IRβ (Figure 12). Co-localization was 

minimal in other nephron segments. 

As aforementioned the resolution of laser scanning confocal microscopy is around 200 nm. 

To further refine the resolution of the interaction between D1R and IRβ, Fluorescence Resonance 

Energy Transfer (FRET) was employed. FRET is a biophysical imaging method used to 

determine the distance between two specific molecules. The distance by which FRET can occur 

is limited to 1-10 nm204. Alexa Fluor 488 labeled-IRβ was the donor and Alexa Fluor 555 

labeled-D1R was the acceptor. The cells were treated by insulin (100 nM) for 30 minutes and the 

time of their maximum co-localization observed with confocal microscopy. There was FRET 

between IRβ and D1R with the efficiency of transfer (E%) between D1R and IRβ around 30% 

(Figure 24). 

Unlike the absence of a physical interaction between SNX5 and IRβ (Figure 13), there was a 

physical interaction between D1R and IRβ in hRPTCs, determined by co-immunoprecipitation. 

Co-immunoprecipitation between D1R and IRβ, observed in the basal state, was an increased 

with insulin (100 nM, 30 minutes) treatment (Figure 25).  

To determine if D1R can regulate IRβ, a plasmid that encodes for a hairpin loop RNA 

(shRNA) of D1R was transfected into the hRPTCs to silence the expression of endogenous D1R. 

D1R expression was decreased by 70% in D1R shRNA-transfected hRPTCs (Figure 26).  

Endogenous IRβ, IRS1, and Akt expression was also measured in the D1R shRNA-transfected 

hRPTCs. The shRNA-mediated silencing of D1R decreased IRβ protein expression (Figure 27), 
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and pIRS1 (Figure 28), similar to the effect of SNX5 silencing in Figure 18.  Silencing of D1R 

did not affect tIRS1 expression (Figure 28), unlike the increase observed with SNX5 silencing in 

Figure 18. Silencing of D1R decreased pAkt abundance (Figure 29) the opposite of that 

observed with silencing of SNX5 which increased pAkt in hRPTCs (Figure 19), although it 

decreased the stimulatory effect of insulin (Figure 20) in these cells. However, silencing of D1R 

did not affect tAkt expression (Figure 29) similar to that observed with SNX5 silencing in 

Figure 19.  

Previous studies in our laboratory (Jose et al.) showed that SNX5 physically interacted with 

D1R and SNX5 is involved in D1R trafficking (Jose et al., unpublished data). Since the D1R 

physically interacts with both SNX5 and IRβ, it is possible that SNX5 regulates IRβ through its 

interaction and regulation of D1R. Therefore, we studied the co-localization of D1R, SNX5, and 

IRβ. There was a slight co-localization at the perinuclear area (white signal) in the basal state 

that gradually increased with insulin treatment (100 nM), and peaked at 30 minutes treatment. 

Their co-localization decreased within 60 minutes of insulin treatment (Figure 30), reminiscent 

of the decrease in D1R and IRβ co-localization with 60 minutes of insulin treatment in Figure 

21. The co-localization of D1R, SNX5, and IRβ was quantified using MetaMorph Image 

Analysis Software. The images processed by that software showed that the co-localization was 

maximal at 30 minutes of insulin treatment (Figure 31).  
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Figure 21. Co-localization of D1R and IRβ in hRPTCs. D1R (red) and IRβ (green) co-

localized in hRPTCs. Their co-localization, observed in the basal state, was increased gradually 

by insulin (100 nM) at the perinuclear areas, reaching a maximum at 30 minutes. Co-localization 

decreased with 60 minute-treatment. 
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Figure 22. Co-localization of D1R and IRβ in human kidney (400X). IR (green) and D1R (red) 

co-localized at the brush borders (yellow signal) of renal proximal tubules in human kidney. The 

inset shows a local area under higher magnification. 
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Figure 23. Co-localization of D1R and IRβ in rat kidney (200X). IRβ (green) and D1R (red) 

co-localized at the brush borders (yellow signal) of renal proximal tubules in rat kidney. The 

inset shows a local area under higher magnification. 
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Figure 24. Fluorescence Resonance Energy Transfer (FRET) between D1R and IRβ. Alexa 

Fluor 488-labeled IRβ was used as the donor while Alexa Fluor 555-labeled D1R was used as the 

acceptor in the FRET dipole. The cells are treated with insulin for 30 minutes, the time of 

maximum co-localization observed with confocal microscopy. Seven images were taken and 

analyzed by image J FRET calculation program. The images (from left to right) are uFRET or 

uncorrected FRET, pFRET or processed or pure FRET, and E% or efficiency of energy transfer. 

The presence of fluorescence indicates that the distance between D1R and IRβ is less than 10 nm 

with an E% around 30%. 
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Figure 25. Co-immunoprecipitation of D1R and IRβ in hRPTCs. There was co-

immunoprecipitation of D1R and IRβ in the basal state that was increased by insulin treatment 

(100 nM, 30 minutes). Negative control: rabbit normal IgG, positive control: 

immunoprecipitation and immunoblotting with D1R antibody, another positive control: whole 

lysates. Note: IRβ antibody (Ab) was used for co-immunoprecipitation and D1R antibody (Ab) 

was used for immunoblotting. 
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Figure 26. D1R expression in D1R shRNA-transfected hRPTCs. The expression of D1R was 

decreased in D1R shRNA-transfected hRPTCs relative to NT and EV-transfected hRPTCs (n=3, 

one-way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected hRPTCs, EV: 

empty vector-transfected hRPTCs, D1R shRNA: D1R shRNA-transfected hRPTCs.  
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Figure 27. IRβ expression in D1R shRNA-transfected hRPTCs. The expression of IRβ was 

decreased significantly when D1R was silenced in D1R shRNA-transfected hRPTCs (n=3, one-

way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected hRPTCs, EV: 

empty vector-transfected hRPTCs, D1R shRNA: D1R shRNA-transfected hRPTCs. 

 



 

73 
 

 

           

 

Figure 28. tIRS1 and pIRS1 abundance in D1R shRNA-transfected hRPTCs. The ratio of 

pIRS1 to tIRS1 was decreased significantly in D1R shRNA-transfected hRPTCs compared to NT 

and EV-transfected hRPTCs (A, B). In contrast, tIRS expression was unchanged (C) (n=3, one-

way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected hRPTCs, EV: 

empty vector-transfected hRPTCs, D1R shRNA: D1R shRNA-transfected hRPTCs. 
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Figure 29. tAKT and pAKT abundance in D1R shRNA-transfected hRPTCs. The ratio of 

pAkt to tAkt was decreased significantly in D1R shRNA-transfected hRPTCs compared to NT 

and EV-transfected hRPTCs (A, B). In contrast, tAkt expression was unchanged (C) (n=3, one-

way ANOVA followed by Student-Newman-Keuls test). NT: non-transfected hRPTCs, EV: 

empty vector-transfected hRPTCs, D1R shRNA: D1R shRNA-transfected hRPTCs.  
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Figure 30. Co-localization of D1R, SNX5, and IRβ in hRPTCs. D1R (green), SNX5 (red) and 

IRβ (blue) co-localized in hRPTCs. Their co-localization was increased gradually by insulin (100 

nM) at the perinuclear area, reaching maximum at 30 minutes of treatment. Co-localization 

decreased with 60 minutes of insulin treatment. 
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Figure 31. Quantification of the co-localization of D1R, SNX5, and IRβ in hRPTCs. The co-

localization of D1R, SNX5, and IRβ shown in Figure 30 was quantified using MetaMorph Image 

Analysis Software. The images were processed images by MetaMorph Image Analysis Software. 

The bar graph (A) shows that the co-localization of SNX5 and IRβ reached maximum at 30 

minutes (30 minutes vs. other groups, * P=0.007, n=3, one-way ANOVA followed by Student-

Newman-Keuls test) and decreased at 60 minutes of insulin treatment. The bar graph (B) shows 

that the co-localization of D1R and IRβ also gradually increased from 5 to 30 minutes (30 

minutes vs. 0 minute, * P=0.016, n=3, student’s t-test) and also decreased at 60 minutes of 

insulin treatment. 
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CHAPTER VII 

RESULTS OF THE STUDIES ON SNX5, D1R AND IDE 
 
 

7.1 Interaction between SNX5 and IDE 

IDE works as a major insulinase and degrades insulin with a high degree of specificity. The 

internalized insulin that is separated from IRβ in the acidified endosomes becomes cross-linked 

to IDE146,154.  

As shown earlier, the selective intrarenal infusion of SNX5 siRNA increased the serum 

insulin levels in WKY rats but decreased them in SHRs (Jose et al, unpublished data), a rat strain 

that is hypertensive with some components of the metabolic syndrome, including a much higher 

serum insulin levels than WKY rats. The IDE protein expression was also decreased in RPTCs 

from SHRs compared to those from WKY rats (Figure 32).  

The distribution of SNX5 and IDE was observed in hRPTCs by laser scanning confocal 

microscopy. SNX5 co-localized weakly with IDE at the perinuclear area in the basal state. 

Insulin (100 nM) treatment gradually increased the co-localization of SNX5 and IDE at the 

perinuclear area from 5 to 15 minutes of treatment, reaching maximum at 30 minutes of 

treatment. Co-localization decreased with 60 minutes of insulin treatment, relative to 30 minutes 

of treatment (Figure 33). These findings are similar to that observed with the co-localization of 

SNX5 and IRβ in Figure 10, D1R and IRβ in Figure 21, and SNX5 and D1R (Jose et al., 

unpublished data) with insulin treatment. 

The distribution of SNX5 and IDE in human kidney was also determined. SNX5 and IDE are 

expressed and co-localized in both proximal tubules and distal tubules where the yellow signal 
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was observed (Figure 34). The distribution of SNX5 and IDE in rat kidney was also determined. 

There was minimal or no expression of IDE and SNX5 in glomeruli, consistent with those shown 

in Figure 11. Both SNX5 and IDE are expressed and co-localized in the brush borders of 

proximal tubules and luminal membranes of distal tubules (yellow signal) (Figure 35). The co-

localization of SNX5 and IDE in brush borders is similar to those observed with SNX5 and IRβ 

in Figures 12 and D1R and IRβ in Figures 22 and 23 and D1R and SNX5 (Jose et al., 

unpublished data). 

The physical interaction between SNX5 and IDE was confirmed by co-immunoprecipitation. 

Co-immunoprecipitation between SNX5 and IDE was observed in the basal state and after 

insulin treatment for 30 minutes (Figure 36), which coincided with the time when co-

localization was most evident by confocal microscopy (Figure 33).  

The expression and activity of IDE were also determined in SNX5 shRNA-transfected 

hRPTCs. Both IDE expression and activity were decreased significantly in SNX5 shRNA-

transfected hRPTCs (Figure 37). The decreased IDE protein expression in SNX5 shRNA-

transfected hRPTCs was associated with decreased IDE mRNA expression (Figure 38). 

Cathepsin-D (CD), another insulinase, is an aspartic protease that gets activated at pH 5 in the 

endosomes where it degrades insulin157. CD protein expression was unaltered in SNX5 siRNA-

transfected hRPTCs (Figure 39). 
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Figure 32. IDE expression in WKY and SHRs. IDE expression was significantly decreased in 

RPTCs from SHRs relative to those from WKY rats (n=3, Student’s t-test). 

  



 

81 
 

 

 

Figure 33. Co-localization of SNX5 and IDE in hRPTCs. SNX5 (red) and IDE (green) co-

localized in hRPTCs. Their co-localization, observed in the basal state, was increased gradually 

by insulin (100 nM) at the perinuclear areas, reaching a maximum at 30 minutes. Co-localization 

decreased with 60 minute treatment. 
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Figure 34. Co-localization of SNX5 and IDE in human kidney (100X). IDE (green) and 

SNX5 (red) co-localized at brush borders (yellow signal) of proximal tubules and luminal 

membranes of distal tubules of human kidney. The inset shows an area under higher 

magnification. 
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Figure 35. Co-localization of SNX5 and IDE in rat kidney (200X). IDE (green) and SNX5 

(red) co-localized at the brush border (yellow signal) of proximal tubules and luminal side of 

distal tubules in rat kidney. The inset shows an area under higher magnification. 

  



 

84 
 

 

 

Figure 36. Co-immunoprecipitation between SNX5 and IDE in hRPTCs. There was co-

immunoprecipitation of SNX5 and IDE that was increased with insulin treatment (100 nM, 30 

minutes). Negative control: goat normal IgG, positive control: immunoprecipitation and 

immunoblotting with IDE antibody, another positive control: whole lysates. SNX5 antibody (Ab) 

was used for immunoprcipitation and IDE antibody was used for immunoblotting. 
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Figure 37. IDE expression and activity in SNX5 shRNA-transfected hRPTCs. IDE 

expression (A, B) and activity (C) were decreased in SNX5 shRNA-transfected hRPTCs 

compared to NT and EV transfected hRPTCs (n=3, one-way ANOVA followed by Student-

Newman-Keuls test). NT: non-transfected hRPTCs, EV: empty vector-transfected hRPTCs, D1R 

shRNA: D1R shRNA-transfected hRPTCs. 
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Figure 38. Expression of IDE mRNA in SNX5 siRNA-transfected hRPTCs. IDE mRNA 

expression, quantified by real-time PCR (qRT-PCR), was decreased significantly in SNX5 

siRNA-transfected hRPTCs. However, the expression of actin, a housekeeping gene, was not 

changed in these cells. The standard curve was performed for each pair of primers to obtain 

directly the relative quantity (n=6, Student’s t-test). 

  



 

87 
 

 

 

Figure 39. Cathepsin-D expression in SNX5 siRNA-transfected hRPTCs. Cathepsin D 

expression, another insulinase, was not changed in SNX5 siRNA-transfected hRPTCs (P>0.05, 

n=3, Student’s t-test). 
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7.2 Interaction between D1R and IDE 

The distribution of D1R and IDE was determined in hRPTCs by laser scanning confocal 

microscopy. The D1R co-localized with IDE at the perinuclear area in the basal state and their 

co-localization gradually increased after insulin treatment, reaching maximum at 30 minutes. Co-

localization decreased after 60 minutes of insulin treatment, relative to 30 minutes of insulin 

treatment (Figure 40). The co-localization of D1R and IDE, quantified using the MetaMorph 

Image Analysis Software, reached the maximum at 30 minutes of treatment with insulin (Figure 

41), similar to those observed with SNX5 and IDE in Figure 38 and SNX5 and IRβ in Figure 

10, D1R and IRβ in Figure 21 and SNX5 and D1R (Jose et al., unpublished data) with insulin 

treatment.  

The distribution of D1R and IDE in the human kidney was also studied. Both D1R and IDE 

are expressed in the proximal tubules and co-localized mainly in the subapical areas (yellow 

signal) (Figure 42), unlike the diffuse co-localization of SNX5 and IRβ in Figure 11 and D1R 

and IRβ in Figure 22 only in the brush borders, in the human kidney. 

The physical interaction between D1R and IDE was confirmed by co-immunoprecipitation in 

the basal state which increased after insulin (100 nM, 30 minutes) treatment (Figure 43). In D1R 

shRNA-transfected hRPTCs, IDE expression and activity were significantly decreased (Figure 

44). These studies indicate that a decrease in D1R expression and function results in a decrease in 

IDE expression and activity. Indeed, IDE expression is decreased significantly in SHRs which 

have decreased D1R function64. 

To determine if D1R, SNX5 and IDE interact, their co-localization was studied in hRPTCs. 

Their co-localization (white signal), which was observed in the basal state, increased gradually at 
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the perinuclear area with insulin treatment (100 nM), and reached maximum co-localization at 30 

minutes. Their co-localization decreased with 60 minutes treatment with insulin, relative to the 

60 minute treatment (Figures 45). The co-localization of D1R, SNX5 and IDE was quantified 

using MetaMorph Image Analysis Software. The images processed by that software showed that 

the co-localization was maximal at 30 minutes of insulin treatment (Figure 46). These findings 

are similar to those observed with the co-localization of SNX5 and IRβ in Figure 10, D1R and 

IRβ in Figure 21, SNX5 and IDE in Figure 33 and SNX5 and D1R (Jose et al., unpublished 

data) with insulin treatment. 
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Figure 40. Co-localization of D1R and IDE in hRPTCs. D1R (green) and IDE (red) co-

localized in hRPTCs. Their co-localization, observed in the basal state, was increased gradually 

by insulin (100 nM) at the perinuclear areas, reaching a maximum at 30 minutes. Co-localization 

decreased with 60 minute treatment, relative to the 30 minute treatment. 
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Figure 41. Quantification of the co-localization of D1R and IDE in hRPTCs. The co-

localization of D1R, and IDE shown in Figure 40 was quantified using MetaMorph Image 

Analysis Software. The images were processed images by MetaMorph Image Analysis Software. 

The bar graph shows that the co-localization of D1R and IDE reached maximum at 30 minutes 

(30 minutes vs. other groups, * P=0.009, n=3, one-way ANOVA followed by Student-Newman-

Keuls Method) and decreased at 60 minute insulin treatment, relative to 30 minute insulin 

treatment. The cellular distribution of D1R, SNX5, and IDE are also shown. 
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Figure 42. Co-localization of D1R and IDE in proximal tubules of human kidney (400X). 

IDE (green) and SNX5 (red) co-localized at the apical membranes (yellow signal) of proximal 

tubules in human kidney. The inset shows a local area under higher magnification. 
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Figure 43. Co-immunoprecipitation between D1R and IDE in hRPTCs. There was co-

immunoprecipitation of D1R and IDE that was increased slightly with insulin treatmenty (100 

nM, 30 minutes). Negative control: goat normal IgG and mouse normal IgG, positive control: 

immunoprecipitation and immunoblotting with IDE antibody, another positive control: whole 

lysates. D1R antibody (Ab) was used for immunoprecipitation while IDE antibody was used for 

immunoblotting.  
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Figure 44. IDE expression and activity in D1R shRNA-transfected hRPTCs. IDE expression 

(A, B) and activity (C) were decreased in D1R shRNA-transfected hRPTCs compared to non-

transfected and EV transfected hRPTCs (n=3, one-way ANOVA followed by Student-Newman-

Keuls Method). NT: non-transfected hRPTCs, EV: empty vector-transfected hRPTCs, D1R 

shRNA: D1R shRNA-transfected hRPTCs. 
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Figure 45. Co-localization among D1R, SNX5 and IDE in hRPTCs. D1R (green), SNX5 (red) 

and IDE (blue) co-localized in hRPTCs. Their co-localization which was observed in the basal 

state increased gradually at the perinuclear area with insulin treatment (100 nM), reaching 

maximum co-localization at 30 minutes of insulin treatment. Co-localization decreased within 60 

minutes of insulin treatment. 
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Figure 46. Quantification of the co-localization of SNX5 and IDE in hRPTCs. The co-

localization of D1R, SNX5 and IRβ shown in Figure 45 was quantified using MetaMorph Image 

Analysis Software. The co-localization of SNX5 and IDE reached maximum at 30 minutes of 

insulin treatemtn (30 minutes vs. other groups, * P=0.025, n=3, one-way ANOVA followed by 

Student-Newman-Keuls Method) and decreased with 60 minutes of insulin treatment.  
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CHAPTER VIII 
DISCUSSION 

 
 
8.1 SNX5 regulates IRβ protein and mRNA expression and insulin signaling 

Considerable progress has been made toward the elucidation of the cellular mechanisms of 

membrane receptor trafficking and signaling by SNXs. SNXs have been found to bind many 

receptors. For example, SNX1, SNX2, SNX4, and SNX6 have been reported to bind epithelial 

growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), leptin receptor 

and IR43, 205. SNX5 and SNX6 structurally resemble each other with 66% identity at amino acid 

level206. However, the interaction of SNX5 with those receptors has not been well studied.  

In rodents, we have shown that the protein expression of SNX5 was highest in the liver 

followed by the kidney and pancreas, and there was minimal protein expression of SNX5 in the 

intestine and heart. Although to date, there are no reports on tissue-specific expression of SNX5 

protein expression, one research group did show tissue-specific expression of SNX5 mRNA by 

Northern blot207 in human tissue. That study demonstrated that there were two different 

molecular sizes of SNX5 mRNA and that the highest levels of SNX5 mRNA were found in 

skeletal muscle and the kidney followed by the pancreas. They also reported that the liver has the 

least SNX5 mRNA expression207. Species differences might explain the difference in high SNX5 

protein expression in the rat liver versus low mRNA expression in human liver. Another 

possibility is that the tissue-specific distribution of SNX5 mRNA expression does not correlate 

with tissue-specific distribution of SNX5 protein expression due to translational regulation. Most 

studies regarding the tissue distribution of SNXs have been conducted at the mRNA level. 

Hence, it is not known whether the mRNA distribution reflects the protein distribution. In future 



 

98 
 

studies, it will be important to investigate the relationship between SNX5 mRNA and protein 

expression in rodents as well as other species including humans.  

In our findings, the highest protein expression of SNX5 in liver, kidney and pancreas suggest 

a potential role of SNX5 in insulin metabolism since the pancreas is the only organ to produce 

insulin, in contrast, the liver and kidney are major organs for insulin clearance100. 

Interestingly, we found that renal SNX5 protein expression is decreased in RPTCs from SHRs 

and hypertensive patients and in obese Zucker rats that are not only hypertensive but also insulin 

resistant. It is, therefore, possible that SNX5 may be involved in insulin resistance. Indeed, high 

insulin levels in hypertensive patients has been linked to chromosome 20p11, where SNX5 gene 

is located186. This observation, in combination with our findings, suggests a potential role of 

SNX5 in both hypertension and insulin signaling. To date, as far as we know, no report has 

shown either that any other SNXs protein expression variance in those hypertensive and insulin 

resistant cell lines and animal models or that SNX5 protein expression variance in other animal 

models, such as ob/ob mouse. Clearly this research field is still open for further investigations in 

the future. 

Our data showed that both in vivo and in vitro SNX5 and IRβ are adjacent to each other. 

However, they do not co-immunoprecipitate either in the basal state or after insulin or 

fenoldopam treatment indicating that they do not physically interact. Therefore, SNX5 and IRβ 

co-localize, within 200 nm, the resolution of confocal microscopy, but do not physically interact. 

These results indicate the limitation of confocal laser scanning microscopy. Besides IRβ, SNX5 

also has been shown to co-localize with SNX1 and lysosomal-associated membrane protein 1 

(LAMP1), and weakly co-localize with early endosome antigen 1 (EEA1) and TGN38, a marker 
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for the recycling endosome and trans-Golgi Network (TGN)34. Because the interaction of other 

SNXs with the IR was mainly studied by way of co-immunoprecipitation, the interaction 

between SXN5 and IR went unnoticed. Recently, SNX9 is detected to co-immunoprecipitate 

with IR208. It is possible that the co-immunoprecipitation gives a false negative result, but it can 

be ruled out by using appropriate positive and negative controls. In this dissertation, besides the 

whole cell lysate that was used as a positive control, I also co-immunoprecipitates and 

immunoblots with the same antibody and use it as another positive control which was processed 

under exactly the same conditions with immunoprecipitation samples to avoid the false negative 

result. 

Our data indicate that SNX5 seems to upregulate IR protein expression, in part by increasing 

IR gene transcription. The mechanism by which SNX5 regulates the transcription of IR was not 

studied. However, it has been recently shown that SNX6 regulates transcription through binding 

breast cancer metastasis suppressor 1 (BRMS1)46. The Pim1-mediated phosphorylation of SNX6 

causes its translocation from cytoplasm to the nucleus and consequent binding to the BRMS1209. 

Although SNX6 and BRMS1 interact both in cytoplasm and the nucleus, the BRMS1 has largely 

been restricted to the cell nucleus where it functions as a transcriptional repressor210. SNX6, 

which is structurally and functionally close to SNX5, interacts with BRMS1 and enhances 

BRMS1-dependent transcriptional repression46. To data, however, whether or not a similar 

mechanism is involved in the SNX5 regulation of IR transcription remains to be determined.  

Our studies showed that the decrease in IRβ protein expression in human RPTCs when SNX5 

is silenced cannot be explained completely by its effect of transcription or translation. Whereas, 

silencing of SNX5 decreased the protein expression of IRβ by 70%, IRβ mRNA expression was 
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decreased by only ~40%. When de novo protein synthesis of IRβ was blocked with CHX, 

silencing SNX5 was still associated with a decrease in IRβ protein expression, indicating a role 

of protein degradation. However, chloroquine, an inhibitor of lysosome activity, was found to 

nearly completely block the decrease in IRβ protein expression, suggesting a crucial role of 

lysosomes in SNX5 protecting IR from degradation. Indeed, SNX5 predominantly co-localized 

with the late endosomal and lysosomal marker LAMP1. It has been reported that overexpression 

of SNX5 protects the EGFR from degradation under EGF stimulation through the PX domain34. 

SNX1, SNX2, SNX9, and SNX16 also have been shown to be involved in EGFR regulation. 

However, they promote the EGFR degradation and exert antagonistic role with SNX5211-214. 

Interestingly, SNX5 and EGFR, as with SNX5 and IR do not physically interact, which suggests 

that protection from degradation may involve one or more adapter proteins34. Our demonstration 

that SNX5 regulates IRβ expression at both protein and mRNA level indicates a novel function 

of SNX5 in regulation of gene expression.   

We also found that SNX5 protein expression is decreased in the kidney of obese, insulin-

resistant Zucker rats. The notion that SNX5 regulates IRβ protein expression is supported by Dr. 

Ecelbarger’s work in which they showed that IRβ protein expression is also decreased in the 

kidney of these rats159. SNX5 is not the major regulator of IR protein expression, but rather by 

insulin. Insulin exhibits a time and concentration-dependent decrease in IR concentration, which 

plays a vital role in the pathogenesis of insulin resistance in many disease states215. Recently, this 

process has been found to be mediated by growth factor receptor-bound protein 10 (Grb10), an 

adapter protein that interacts with a number of tyrosine-phosphorylated growth factor receptors, 

including the IR216.  
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Since a lack of SNX5 was found to decrease the phosphorylation of IRS1 and Akt in response 

to insulin treatment in SNX5-depleted hRPTCs, the decrease in IRβ expression caused by 

downregulation of SNX5 expression in RPTCs is physiologically important. However, in the 

basal state, the ratio of pAkt to tAkt was significantly increased when SNX5 was silenced. 

Phosphorylated IRS acts as a second messenger within the cell to stimulate the transcription of 

insulin-regulated genes111. Insulin-resistant, obese, and diabetic animals and humans have 

decreased IRS protein expression112. Akt is a serine/threonine kinase that belongs to the protein 

kinase B (PKB) family. It (Akt) is a downstream protein in the signaling of insulin but also those 

others, including EGF, PDGF, fibroblast growth factor (FGF), integrin and others107,108. It is 

possible that impairment in pAkt abundance in response to insulin is secondary to indirect 

activation of those other signaling pathways. To our best knowledge, no studies have shed light 

on the mechanism how SNXs regulate insulin signaling pathway. However, SNX9 has been 

shown to interact with IR and is translocated from cytosol to plasma membrane with insulin 

stimulation. The impaired IRS-PI3K-PDK-Akt insulin signaling with SNX5 depletion could 

contribute to the development of some diseases, such as hypertension and the metabolic 

syndrome, because IRS-PI3K-PDK-Akt is mainly involved in the stimulation of glucose 

metabolism and glycogen/lipid/protein synthesis, called “metabolic effects”109. In contrast, 

another major insulin signaling pathway is Ras-MEK-MAPK which is predominantly involved 

in cell growth and regulation of gene expression105,106. Our demonstration implies a potential role 

of SNX5 in insulin signaling and provides a promising target for the treatment of type II DM or 

insulin resistance. 
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8.2 D1R interacts with IRβ and regulates its protein expression 

The mechanism by which SNX5 regulates the IRβ protein expression does not involve 

physical interaction. Although SNX5 and IRβ co-localize in proximal tubules of the kidney and 

in RPTCs in rodents and humans, they do not physically interact, even with insulin treatment. If 

a physical interaction is important in the SNX5-mediated regulation of IRβ, then other proteins 

are that tether both SNX5 and IRβ are needed. D1R has been identified as a novel partner of 

SNX5 (Jose et al.). Therefore, we determined if the D1R could be that interacting protein.  

Our data showed that both in vivo and in vitro D1R and IRβ are co-localized to each other. 

Moreover, the FRET was performed to narrow down the resolution (200nM) of confocal laser 

scanning microscopy because the distance over which FRET can occur is limited to 1-10 nm. 

The pFRET signal between D1R and IRβ provides further evidence that D1R and IRβ are in close 

proximity. Co-immunoprecipitation between D1R and IRβ, observed in the basal state, is 

increased with insulin treatment. Therefore, unlike the absence of a physical interaction between 

SNX5 and IRβ, there is a physical interaction between D1R and IRβ. These observations suggest 

that D1R interacts with IRβ and raise the possibility that the D1R may serve to tether SNX5 and 

IRβ since the D1R physically interacts with both SNX5 and IRβ. SNX5, D1R, and IRβ co-

localize in human RPTCs and their colocalization is also increased with insulin treatment, which 

presents the evidence that SNX5 regulates IRβ through the D1R because the D1R physically 

interacts with both SNX5 and IRβ. SNX1 interacts and regulates D5R protein expression and 

trafficking like what SNX5 does to D1R. It is known that SNX1 co-immunoprecipitates with 

IR43, however, the interaction between D5R and IRβ has not been studied. It is good to clarify 
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how other dopamine receptors interact with and regulate IRβ in the future, and these findings 

will deepen the understanding of their relationships and the mechanisms of related diseases. 

The downregulation of the D1R decreases IRβ protein expression by about 35% which is 

much less than the 70% decrease in IRβ protein expression caused by SNX5 downregulation. IR 

transcription after D1R downregulation was not determined yet, therefore any of D1R-mediated 

regulation of IR transcription similar to that observed with SNX5 cannot be determined. These 

data indicate that the D1R may be less important than SNX5 in the regulation of IR protein 

expression in human RPTCs. Numerous studies have described alterations in renal D1R receptor 

function in hypertension and diabetes. Fenoldopam improves the decreased insulin sensitivity 

and renal function in STZ-induced type II diabetes in rats172,203. In contrast, high insulin level 

decreases D1R protein expression in plasma membrane of proximal tubule cells172. Furthermore, 

insulin increased D1R serine phosphorylation mediated in a PI3K-dependent manner, which 

increases PKC activity and GRK2 membranous translocation. D1R serine phosphorylation is 

known to contribute to receptor desensitization217. Moreover, fenoldopam decreases IR protein 

expression in vascular smooth muscle cells (VSMCs)189, which is opposite with our findings that 

D1R actually increase IR protein expression in hRPTCs, suggesting that the regulation may be 

tissue-specific. Dr. Zeng’s work has shown that PD128907, a D3R agonist, decreases IRβ protein 

expression in VSMCs, which is confirmed to be tissue-specific since D3R stimulation does not 

affect IRβ protein expression in RPTCs218. These observations indicate a close link between 

dopamine receptors and diabetes. Our data are expected to give an explanation, although partial, 

of why hypertension coincides with diabetes so frequently (up to 65% of people with diabetes 

also suffer from hypertension). 
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A simplified model of the interaction among SNX5, D1R, and IRβ is proposed and depicted in 

Figure 47. We conclude that both SNX5 and D1R regulate the protein expression of IRβ, SNX5 

regulates the protein expression of IRβ by regulating its transcription and its degradation in 

lysosomes. The mechanism by which SNX5 increases the degradation of IRβ is not known, but it 

is for sure not due to direct physical interaction, However, D1R, which can directly interact with 

IRβ and regulate its protein expression, may act as the conduit to enable SNX5 to regulate IRβ. 

Indeed, SNX5 has been shown to directly interact with D1R. The co-immunoprecipitation of D1R 

and IRβ is increased by insulin, and the co-localization of SNX5 and IRβ, SNX5 and D1R, as 

well as SNX5, IRβ and D1R are increased by insulin. Therefore, an interaction between SNX5 

and D1R regulates the protein expression of IRβ in the absence or presence of insulin. This 

regulation of IRβ by SNX5 and D1R is important in the insulin signaling pathway.  

The other SNXs that bind IR include SNX1, SNX2, SNX4, SNX6 and SNX943,205,208. Until 

now, some work has been done in exploring the interactions among SNXs families, dopamine 

receptors and IR, however, the map is far from being completed. One of the limited number of 

these exemplary samples is the experimentally confirmed SNX1 binding to D5R59. It therefore 

can be expected that in the near future, the interaction between dopamine receptors and these 

SNXs and the corresponding regulation mechanism will be one of the hotspots in the field of 

receptor trafficking and regulation. 
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Figure 47. A simplified model of the interaction among SNX5, D1R, and IRβ. (A) In this 

model, insulin binding initiates the autophosphorylation of IRβ, the recruitment and 
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phosphorylation of IRS, and phosphorylation of Akt. After insulin and IRs are delivered to the 

endosomes, insulin separates from the IR in this acidic environment. Most of the ligand-

unoccupied IRs is recycled back to the plasma membrane and only a small fraction of the ligand-

unoccupied IRs goes to the lysosomes for degradation. SNX5 also increases IR transcription. (B) 

In the absence of SNX5 and D1R, most of the IRs goes to the lysosomes for degradation. Less 

IRs is recycled back to plasma membrane and consequently, the insulin signaling pathway is 

impaired, as indicated by the decreased phosphorylation of both IRS1 and Akt. The lack of 

SNX5 also decreases the IRβ at mRNA level, which contributes to the decrease in IRβ protein 

expression and impairment of the insulin signaling pathway. 
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8.3 SNX5 and D1R regulate the protein expression and activity of IDE 

Our studies showed that the selective decrease in renal SNX5 protein expression in 

uninephrectomized WKY rats caused a significant increase in serum insulin levels (Jose et al.). 

Insulin is only produced by pancreas β cells219 and allows glucose in the blood to be taken up by 

liver and skeletal muscle cells  where it is converted into glycogen220. The liver and kidney are 

the primary sites for insulin degradation. About 50% of portal insulin is removed during the first-

pass transit through the liver. The kidney removes from 30 to 80% of circulating insulin, 

depending on certain conditions131. Thus, the increase in serum insulin levels after renal selective 

SNX5 depletion may be caused by the changes in renal insulin degradation. IDE functions as a 

major insulinase and degrades insulin with a high degree of specificity. The highest enzymatic 

activity is found in the liver and kidney which is consistent with the idea that IDE plays a crucial 

role in the degradation of insulin221.  

We found that SNX5 and D1R co-localize and co-immunoprecipite with IDE in hPTCs, and 

silencing the expression of SNX5 or D1R decreases endogenous IDE protein expression and 

activity. The co-localization of SNX5 and IDE, D1R and IDE is similar to that observed with the 

co-localization of D1R and IRβ. However, the interaction between SNX5 and IRβ is indirect via 

D1R because SNX5 and IRβ do not co-immunoprecipitate. The decrease in the activity seen after 

downregulation of SNX5 or D1R is probably due to a decrease in the protein expression since 

enzyme activity was measured with saturating concentrations of substrate which reflects the 

amount of enzyme221. The decreased IDE protein expression in SNX5-depleted hRPTCs is 

associated with decreased IDE mRNA expression, indicating a role of transcription in the SNX5-

mediated regulation of IDE protein expression. We did not determine IDE transcription after 

http://en.wikipedia.org/wiki/Glycogen�
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D1R downregulation so we cannot rule out that D1R like SNX5 also affects IDE transcription. 

Therefore, both SNX5 and D1R regulate the protein expression and activity of IDE. Indeed, IDE 

protein expression is decreased in RPTCs from SHRs and from hypertensive patients which have 

decreased SNX5 protein expression and D1R function compared to their normotensive controls 

respectively64. No reports are available about the co-localization and co-immunoprecipitation 

between IDE and dopamine receptors or other SNXs, but a dopamine receptor agonist, 

apomorphine, has been shown to increase IDE activity222 which is consistent with our findings 

that D1R increases the IDE protein expression and activity. These findings would be able to 

provide more therapeutic targets for type II DM and Alzheimer’s in which reduced IDE activity 

have been observed223. IDE is subject to fine control by ambient conditions. In addition to SNX5 

and D1R that regulate IDE protein expression and activity, IDE is downstream of Akt in insulin 

signaling, and its protein expression and activity are increased by activated insulin signaling 

serving as a negative feedback to bring insulin back to normal range156. At high glucose 

concentrations, the insulin-induced change in IDE activity is undetectable in HepG2 cells, 

suggesting that glucose inhibits the insulin-induced activation of IDE, which should maintain 

high insulin level to bring blood glucose to normal level224. Moreover, IDE activity also can be 

inhibited by nitric oxide (NO), reactive oxygen species (ROS)225, fatty acids, polyphosphates and 

ATP226. 

Our data show that the protein expression of cathepsin D (CD), another major insulinase 

tested in this dissertation158, was unaltered in SNX5-depleted hRPTCs, proving that the effect of 

SNX5 on IDE protein expression is specific. Since the activity of CD has not been measured in 
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SNX5-depleted hRPTCs, the regulation of SNX5 on CD activity cannot be ruled out and could 

be the subject of future work. 

The co-localization of SNX5, D1R, and IDE was found to be similar to that observed with the 

co-localization of SNX5, D1R, and IRβ. Their co-localization suggested that SNX5, D1R, and 

IDE could interact, and SNX5 and D1R could regulate the protein expression and activity of IDE. 

Another possibility is that IDE, as a downstream molecule of insulin signaling pathway156, is 

regulated by IRβ which is decreased with SNX5 and D1R depletion. This, however, does not 

seem to be the case since the decrease in IDE activity is similar in cells in which D1R or SNX5 

have been downregulated while the protein expression of IRβ is lower in those in which SNX5 

has been silenced. 

A simplified model of the interaction among SNX5, D1R, IRβ, and IDE in hRPTCs and 

tissues, and their potential roles in hypertension, diabetes, and insulin resistance are depicted in 

Figure 48. Normally, when sodium intake is increased, renal dopamine production is also 

increased. Dopaminergic stimulation of D1R located at the plasma membrane increases sodium 

excretion by inhibiting the activity of NHE3 in apical membrane and Na+-K+-ATPase in 

basolateral membrane, which keeps the blood pressure in a normal range. Immediately following 

D1R occupation by dopamine, D1R is desensitized, in part, by its internalization from the plasma 

membrane into cytosolic endosomes. SNX5 mediates the internalization and trafficking of D1R 

back to the plasma membrane.  

In contrast, insulin exerts an anti-natriuretic effect by increasing the activity of NHE3 and 

Na+-K+-ATPase. SNX5 plays an important role in increasing the protein and mRNA expression 

of IRβ and increasing the protein and mRNA expression and activity of IDE, serving a dual 
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purpose of increasing sensitivity to insulin and returning the increased insulin levels in response 

to an increase in blood glucose back to normal.  

When SNX5 protein expression is decreased, the internalization and plasma membrane 

trafficking of D1R are impaired, resulting in a decreased number of D1R expressed at the plasma 

membrane, (Jose et al., unpublished data) which further impairs the inhibition on NHE3 and 

Na+-K+-ATPase activities and the ability to excrete a sodium load. Sodium retention eventually 

leads to elevation of the blood pressure, the body’s attempt to eliminate the retained sodium. A 

decrease in SNX5 and D1R protein expression also causes a decrease in IRβ protein expression 

and insulin signaling, evidenced by a decrease in pAkt. SNX5 and D1R depletion also decreases 

IDE protein expression and activity. IDE activity, as a downstream of pAkt in insulin signaling, 

is further decreased in response to the impairment in insulin signaling, which also decreases 

insulin degradation. As a consequence of the decreased IRβ protein expression and impaired 

insulin signaling pathway, there is a relative deficiency of insulin, the consequence of which is 

an increase in blood glucose levels which promote more insulin secretion. The decrease in 

insulin degradation in the face of the increase in insulin secretion leads to hyperinsulinemia. This 

causes an increase in the activity of NHE3 and Na+-K+-ATPase and subsequently and increase in 

renal sodium retention. High insulin level also decreases plasma membrane D1R protein 

expression exacerbating the sodium retention. Inevitably, hypertension develops. 

Based on our findings in hRPTCs, it is reasonable to assume that SNX5 depletion in liver and 

skeletal will also decrease the IR protein expression and impair the insulin signaling, which leads 

to a decrease of glucose uptake, resulting in hyperglycemia (Figure 48). In an attempt to keep 
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the glucose in a normal range, more insulin is secreted by the pancreas resulting in a vicious 

cycle and eventually leading into overt type II DM.  
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Figure 48. A simplified model of the interaction among SNX5, D1R, IRβ, and IDE in 

hRPTCs and different tissues and their roles in hypertension, insulin resistance, and 

diabetes. (A) Normally, SNX5 mediates the internalization and trafficking of D1R back to the 

plasma membrane and D1R increases the natriuresis by inhibiting the activity of NHE3 in apical 

membrane and Na+-K+-ATPase in basolateral membrane. In contrast, insulin exerts an anti- 

natriuretic effect by increasing the activity of NHE3 and Na+-K+-ATPase. SNX5 increases the 

protein expression of IRβ and IDE as well as the activity of IDE, serving a dual purpose of 

increasing sensitivity to insulin and returning the increased insulin levels in response to an 

increase in blood glucose back to normal. (B) When SNX5 is depleted, the internalization and 
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plasma membrane insertation of D1R are impaired, which results in a decreased number of D1R 

expressed at the plasma membrane and impaired ability to excrete a sodium load. Sodium 

retention eventually leads to elevation of the blood pressure. A decrease in SNX5 or D1R protein 

expression also causes a decrease in IRβ protein expression and IDE protein expression and 

activity, which decrease the insulin degradation. As a consequence of the decreased IRβ and 

impaired insulin signaling pathway, there is a relative deficiency of insulin, which promote more 

insulin secretion. The decrease in insulin degradation in the face of the increase in insulin 

secretion leads to hyperinsulinemia which increases the activity of NHE3 and Na+-K+-ATPase, 

and renal sodium retention. High insulin level also decreases plasma membrane D1R protein 

expression exacerbating the sodium retention. Inevitably, hypertension develops. (C) SNX5 

depletion in liver and skeletal muscle is assumed to decrease the IR protein expression and 

impair the insulin signaling, which leads to a decrease of glucose uptake, resulting in 

hyperglycemia. In an attempt to keep the glucose in a normal range, more insulin is secreted by 

the pancreas resulting in a vicious cycle and eventually leading into overt type II DM.  

In summary, first, we found that the SNX5 and IRβ co-localize in hRPTCs and kidney tissue, 

but do not co-immunoprecipitate. In contrast, D1R and IRβ co-localize in hRPTCs and kidney 

tissue and also co-immunoprecipitate each other in hRPTCs. D1R serves as a tether to connect 

SNX5 and IRβ. Second, SNX5 or D1R depletion decreases the IR protein expression and impairs 

the IR-IRS-Akt insulin signaling pathway evidenced by a decrease in pIRS1 and pAkt in 

hRPTCs. Third, both SNX5 and D1R co-localize and co-immunoprecipitate with IDE in 

hRPTCs, and SNX5 or D1R depletion decreases the protein expression and activity of IDE. 

Fourth, SNX5 regulates the transcription of IRβ and IDE. The regulation on IDE protein 
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expression is specific because SNX5 doesn’t regulate CD protein expression. Conclusively, this 

dissertation research elucidates the possible molecular interactions among D1R, SNX5, IR, and 

IDE, which will greatly deepen our understanding about the pathogenesis of hypertension, 

diabetes, and insulin resistance, and hence of the metabolic syndrome. We expect that results 

from these studies may provide clues in the prevention and treatment of the metabolic syndrome.  

Along with the achievements that have been made in this dissertation, in the future, this 

research is expected to expand to obesity, another important component of “metabolic 

syndrome”. In details, the leptin receptor, its variations associated with obesity, will be studied. 

Some of the SNXs, such as, SNX1, SNX2, SNX4 and SNX6, have already been reported to 

interact with the leptin receptor. However, whether or not SNX5 regulates leptin receptor protein 

or mRNA expression, function, and trafficking is not clear yet and will be the subject of future 

work.  

  

http://en.wikipedia.org/wiki/Obesity�
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APPENDIX A 
 
 

LIST OF ABBREVIATIONS 

AC    Adenylyl cyclase 

AKT/PKB  Protein kinase B 

cAMP   Cyclic adenosine monophosphate 

CD   Cathepsin D 

CHX  Cycloheximide 

CO2   Carbon Dioxide 

D1R   Dopamine D1 receptor 

D5R   Dopamine D5 receptor 

DRD1  D1 receptor gene  

EGFR   Epithelial growth factor receptor 

FGF  Fibroblast growth factor 

GPCRs   G protein-coupled receptors 

hRPTCs  human renal proximal tubule cells 

IDE   Insulin degrading enzyme 

IR   Insulin receptor 

IRβ   Insulin receptor β subunit 

IRS1   Insulin receptor substrate 1 

MAPK   Mitogen-activated protein kinase 

Na+, K+-ATPase  Sodium-Potassium ATPase 
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NaPi2  Sodium-phosphate co-transporter 

NHE3   Sodium/hydrogen exchanger 3 

NO    Nitric oxide 

PDGFR  Platelet-derived growth factor receptor 

PDK1   Phosphoinositide-dependent protein kinase 1 

PI 3-kinase   Phosphoinositide 3-kinase 

PtdIns(3)P   phosphatidylinositol (3)-phosphate 

PX domain  Phox-homology domine 

RGS   Regulator of G-protein signaling 

RT- qPCR  Real-time Quantitative Polymerase Chain Reaction 

RT-PCR   Reverse Transcriptase Polymerase Chain Reaction 

Scr    Scrambled 

SHR   Spontaneously hypertensive rat  

shRNA  Short-hairpin RNA  

siRNA  Small interfering RNA 

SNX  Sorting nexin 

SNX5  Sorting nexin 5 

Vps   Vacuolar protein sorting 

WKY   Wistar-Kyoto rats 
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