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ABSTRACT 

 

This thesis reports on potential new mechanisms that contribute to sex 

differences in diabetic renal disease, focusing on estrogen (E2), growth 

hormone (GH) and two peptides implicated in diabetes- neuropeptide Y (NPY) 

and angiotensin II (Ang II). To develop this work, our hypotheses were that: 1) 

under normal conditions, E2 inhibits renal angiotensin II (Ang II) type 1 

receptors (AT1R), reducing the effects of circulating Ang II; 2) that diabetes 

results in a loss of E2 mediated protection, 3) that GH exacerbates renal 

damage in a sex-dependent manner; and 4) that NPY plays a role in diabetic 

renal disease. In rats, circulating E2 up-regulated renal estrogen receptors 

(ERalpha), and significantly reduced renal glomerular AT1R activity, supporting 

our hypothesis that circulating E2 levels, through renal ERalpha, inhibits AT1R 

activity in the female kidney, which may explain the female “advantage” seen in 

many pathologic states.  Our studies in diabetic rats induced by STZ (with low 
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circulating E2 levels) determined that renal damage progresses at a similar rate 

in female and male STZ-only rats, suggesting a loss of female protection with 

the loss of E2. GH significantly exacerbated renal damage only in male, not 

female diabetic animals; the pathology was associated with significant 

increases in many known downstream mediators, specifically implicating 

inflammation.  Finally, our findings of elevated circulating NPY only in STZ+GH 

males, led to studies focused on the NPY system.  We hypothesized that NPY 

exacerbates renal damage through the Y1 receptor, and that Y1R knock-out 

(Y1KO) mice would be protected from diabetic renal disease. While changes in 

NPY did not overtly affect diabetic renal damage in rats, diabetic 

Y1KO+stressed mice had significant increases in renal damage compared to 

diabetic WT mice; the Y1KO was also associated with a significant increase in 

renal Y5R gene expression.  We hypothesize that deletion of the Y1R results in 

a compensatory increase in renal Y5R gene expression, and that the 

subsequent up-regulation may stimulate a pro-inflammatory pathway. In 

conclusion, these findings implicate the interactions of sex, GH, and NPY in the 

progression of diabetic renal disease, providing a rationale for potential sex-

specific pharmacologic intervention.
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Diabetes mellitus is characterized by hyperglycemia and the 

development of long-term complications, including retinopathy, neuropathy, 

nephropathy and cardiovascular disease 1-4. In diabetes, development of 

nephropathy is associated with the highest mortality and is the most common 

cause of end-stage renal disease in the United States.  The pathology is 

progressive, and eventually causes irreversible destruction of the kidney.  

Diabetic nephropathy is characterized by specific renal morphological and 

functional alternations, which include hypertrophy of glomerular and tubular 

epithelial cells, and the thickening of the glomerular basement membrane. The 

alterations in the glomerular filtration barrier lead to hyperfiltration and the 

presence of small proteins in the urine (microalbuminuria) is seen.  As 

extracellular matrix proteins (collagen, fibronectin, and laminin) accumulate in 

the glomerular mesangium, the renal damage progresses to 

glomerulosclerosis5, and in a decrease in glomerular filtration rate.  

Tubulointerstitial fibrosis further damages the nephrons, until renal function is 

reduced to the point of end-stage renal disease, defined as a GFR of less than 

20% of normal 6-8. The mechanisms underlying the development of diabetic 

kidney disease are extremely complex and alterations in membrane 

components, inflammation, and hemodynamics have all been shown to be 

involved in the pathophysiologic processes.  
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General Scheme of Major Intrarenal Mechanisms Contributing 

to Diabetic Renal Damage 
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Factors involved in the progression of diabetic kidney disease 

 

Alterations in membrane components  

 

Transforming Growth Factor-β  (TGF-β)  

Certain cytokines and growth factors have been identified as likely 

mediators of the effects of high ambient glucose on the kidney.  TGF-β is a 

protypical hypertrophic and fibrogenic cytokine, associated with the normal 

mechanism of wound healing 9-11 as well as scarring and is also associated with 

diabetes 12-14. This cytokine has been studied extensively as a major mediator 

of the hypertrophic and prosclerotic changes in the diabetic kidney 15, 16. In the 

normal kidney, TGF-β is a major mediator of extracellular matrix health; it both 

increases synthesis and decreases degradation, for an overall effect of 

increasing extracellular matrix 15, 17, 18.  In the normal kidney, TGF-β has been 

shown to stimulate the synthesis of key extracellular matrix molecules including 

type 1 collagen, type IV collagen, fibronectin, and laminin 19, 20.  TGF-β also 

decreases matrix degradation by inhibiting proteases (such as 

metalloproteinases 2 and 9) as well as activating protease inhibitors such as 

plasminogen activator inhibitor-1 21.  Under normal conditions TGF-β allows for 

typical maintenance of the matrix and filtration barrier.  However, in the diabetic 

environment, glucose and other factors contribute to the upregulation of renal 
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TGF-β, stimulating overproduction of matrix products and glomerular  

damage12-14. 

In vitro, high glucose concentrations in cell culture stimulates the 

hypertrophy of proximal tubular and mesangial cells 22 and the production of 

matrix molecules such as fibronectin and collagen in proximal tubular and 

mesangial cells, as well as in epithelial, endothelial, and interstitial-fibroblastic 

cells 12-14, 22-24. Concomitantly, in almost all renal cell types, high ambient 

glucose up-regulates the expression and bioactivity of TGF-β 13, 25 and in some 

cases also up-regulates the TGF-β type II receptor 20. In fact, using specific 

TGF-β-neutralizing monoclonal antibodies, researchers have virtually abolished 

the high glucose-induced rise in matrix expression, indicating that TGF-β is a 

major mediator of the profibrotic effect of high glucose on the kidney 14.     

Many of the molecular mediators and intracellular signaling pathways 

that have been identified in diabetic kidney injury have also been found to 

stimulate renal TGF-β activity as an intermediary step in the pathologic 

pathway.  As mentioned earlier, high glucose concentrations as well as early 

and advanced products of nonenzymatic glycation of proteins (AGE) increase 

renal TGF-β expression 14 and have been shown to increase matrix proteins in 

diabetes 26, 27. Oxidative stress and overproduction of superoxides has also 

been reported to increase TGF-β in the diabetic kidney 28, 29.  And possibly 

most importantly, the presence of high levels of vasoactive substances such as 
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intrarenal angiotensin II 30, endothelin 31, and thromboxane stimulate renal TGF-

β in diabetic animals 32. 

Many diabetic animals models provide further evidence for the 

importance of TGF-β in diabetic kidney disease.  Both TGF-β mRNA and 

protein levels are increased in glomerular and tubular compartments in several 

models of experimental diabetes in rats and mice 33-37. Short-term treatment of 

diabetic mice with neutralizing monoclonal antibodies against TGF-β prevented 

both glomerular hypertrophy and increases in extracellular matrix production 38. 

Long-term antibody therapy in the db/db mouse, a spontaneous model of type 2 

diabetes, prevented glomerular basement membrane thickening and the 

mesangial matrix expansion, and preserved the creatinine clearance 39, directly 

implicating TGF-β in renal damage in the db/db mouse.   

These studies all indicate the importance of TGF-β in mediating the 

increase in extracellular matrix proteins and the progression of diabetic renal 

disease.  The Aims conducted in the upcoming studies will examine the effects 

of different factors on TGF-β expression. 

 

Metalloproteinases (MMP) 

As mentioned previously, diabetic renal disease is characterized by a 

progressive mesangial expansion mainly due to the accumulation in 

extracellular matrix of collagen IV, laminin, fibronectin, proteoglycans, and other 
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matrix proteins 40-45.  This accumulation is due to a disturbance in the balance 

between synthetic and degradation pathways.  As discussed above, TGF-β, is a 

major mediator of the matrix synthesis while matrix metalloproteinases (MMPs) 

are major proteolytic enzymes responsible for the degradation of the 

extracellular matrix 46, 47.  MMPs are a family of zinc-containing endopeptidases 

that are involved in remodeling the extracellular matrix and are crucial for tissue 

development and matrix stability 46-48.  Two metalloproteinases that are 

especially important in the kidney are MMP-2 and MMP-9, which specifically 

cleave collagen IV, laminin, and fibronectin 49, 50, to maintain matrix 

composition.  In rats, MMP-2 is expressed in the glomerulus and proximal 

tubules 51, 52, while the expression of MMP-9 appears to be confined to the 

glomerulus 47, 53.  Alterations in the expression of MMPs can cause dysfunction 

or overproduction of matrix proteins, which can lead to pathology. 

 The role for MMPs in the progression of glomerulosclerosis and 

tubulointerstitial fibrosis has been demonstrated in several experimental models 

in both rats and mice 54-56.  MMP-2 gene expression was decreased 16 weeks 

after ischemia-reperfusion injury in the rat, and was associated with enhanced 

matrix accumulation and reduced perfusion 57. Spontaneously hypertensive rats 

(SHR) with hypertensive nephropathy display reduced levels of renal cortical 

MMP-2 and MMP-9, suggesting a role for MMPs in renal damage in these 

animals 58.  Much information has been garnered from a new transgenic animal 

model that presents with MMP-2 overexpression in the renal proximal tubular 
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cells.  These mice mimic aspects of human chronic kidney disease, including 

tubular atrophy, glomerulosclerosis, and tubulointerstitial fibrosis, providing very 

compelling evidence for a role of MMP-2 in chronic kidney disease 59. 

MMPs have also been linked to the diabetic renal disease.  The 

expression of renal MMP-2 is decreased before any overt structural changes 

are observed in the streptozotocin (STZ) injected model of type-1 diabetes 60.  

This suggests that MMPs are an early part of the pathway of renal damage.  

Other animal models of diabetic renal disease have also shown a significant 

decrease in renal MMP-2 and MMP-9 expression as well as activity 61 62.  One 

clinical study also supports animal findings of reduced MMP activity in diabetic 

renal disease: Del Prete et al reported that glomerular MMP-2 expression was 

decreased in biopsies from patients with diabetic nephropathy compared to 

controls 63.  In all, there is good evidence that MMP activity is decreased in 

diabetes, and is consistent with increased extracellular matrix deposition in 

diabetic renal disease.   

The integrity of the basement membrane is absolutely essential to an 

optimally functioning kidney, and a disturbance the balance of production to 

degradation of matrix can have devastating effects on the kidney function.  This 

body of work will look at the effects of sex and growth hormone on specific 

mediators of matrix production and degradation, TGF-β, MMP-2, and MMP-9, 

and overall membrane damage in diabetic male and female animals.   
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Inflammation and Renal Damage 

Alterations in the internal milieu due to diabetes leads to a state of 

chronic metabolic, endocrine, and hemodynamic abnormalities which have 

been shown to promote chronic inflammation in many tissues, including the 

kidneys.  While the mechanism through which inflammation leads to damage is 

not completely clear, there is significant evidence that inflammation contributes 

to diabetic renal damage. In the kidney, diabetes can lead to the development 

of an innate immune response that is characterized by the accumulation of 

macrophages 64-66.  Studies in diabetic humans and several animal models of 

diabetic renal disease have shown that macrophage accumulation in the kidney 

is associated with the overall progression of diabetic complications as well as 

the development of renal injury and fibrosis. This suggests that diabetic renal 

damage is, at least in part, an inflammation-mediated disease 64, 66-68.   

This idea is further supported by animal studies that have demonstrated 

that immunosuppression reduces kidney macrophage accumulation and 

suppresses the development of diabetic renal damage 69-71. These findings 

have led researchers to evaluate the mechanisms by which macrophages are 

recruited into diabetic kidneys.  Recent evidence implicates the production of 

monocyte chemoattractant protein-1 (MCP-1) by diabetic kidneys as a major 

factor promoting macrophage accumulation 70.   
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Monocyte Chemoattractant Protein-1 (MCP-1) 

 MCP-1 is a protein secreted by epithelial and mesangial cells in the 

kidney, which specifically attracts blood monocytes and tissue macrophages to 

its source, via its interaction with the macrophage cell surface receptor 72, 73. 

Mesangial cells have been shown to produce MCP-1 in response to a variety of 

proinflammatory cytokines, and its expression has been identified in kidney 

diseases which involved significant inflammation, including diabetic 

nephropathy 74-77.  

In vitro, high glucose levels have been shown to stimulate MCP-1 

production by human and mouse mesangial cells 78, 79, and this stimulatory 

effect of high glucose is further enhanced by the presence of advanced 

glycation end (AGE) products or by mechanical stretch 80, 81.  In addition to 

kidney mesangial cells, epithelial cells including glomerular podocytes and 

tubular cells, also produce MCP-1 in response to high glucose and AGEs 70, 82.  

Mouse podocytes have also been found to rapidly produce MCP-1 mRNA in 

response to high glucose levels 82.  These in vitro findings support the concept 

that MCP-1 may be stimulated in the high glucose environment in diabetic 

humans and animals. 

 Patient biopsies and animal models have identified significant expression 

of MCP-1 mRNA and protein in diabetic kidneys, which directly correlates with 

the accumulation of CD68+ macrophages (indicating the presence of activated 
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macrophages in mice, rats, and humans) 64, 70, 77, 83.  MCP-1 is increased early 

in the progression of diabetic renal disease in animal models, with greatest 

abundance in tubules 70.  While circulating MCP-1 levels are shown to be 

elevated in diabetic patients in some studies, the circulating levels do not 

correlate with the development of diabetic nephropathy 77, 80, 84.  In sharp 

contrast, urine levels of MCP-1 closely reflect kidney MCP-1 production and 

correlate significantly with albuminuria and kidney CD68+ macrophage 

infiltration in human and experimental diabetic renal disease 70, 80, 85, 86. 

The importance of MCP-1 in the early development of diabetic renal 

disease has also been studied using both genetically altered mice and 

pharmacologic blockade of the MCP-1 receptor 67, 70, 87. MCP-1 knock-out (KO) 

mice treated with STZ to induce type 1 diabetes, were found to have reduced 

renal injury compared to wild-type mice 70. These mice also presented without 

albuminuria, and with a marked reduction in glomerular and interstital CD68+ 

macrophages and histological damage compared to WT diabetic mice 70.  

Similar findings were seen in a model of type II diabetes, the db/db mouse.  

MCP-1 deficient db/db mice were not protected from the development of obesity 

or type II diabetes, but were shown to present with a striking reduction in 

albuminuria, plasma creatinine, and macrophage recruitment and activation 

when compared to their wild-type diabetic controls 85.  Pharmacologic blocking 

of MCP-1 function in diabetic mice was also shown to reduce glomerular 

macrophage infiltration and glomerulosclerosis 87. These studies demonstrate 
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that MCP-1 does, in fact, promote macrophage recruitment and activation and 

is associated with the development of renal injury in diabetic kidneys.   

Several studies also suggest that MCP-1 can directly and indirectly 

promote renal fibrosis during diabetes.  The MCP-1 KO mice previously 

mentioned display a reduction in the accumulation of interstitial myofibroblasts 

as well as a reduction in the deposition of glomerular and interstitial collagen 

type IV 70, 85.  Furthermore, diabetic MCP-1 KO mice also had reduced 

glomerular deposition of fibronectin as well as a reduction in TGF-β in the total 

kidney 88.  Additionally, therapeutic blockade of MCP-1 in diabetic mice also 

reduced TGF-β as well as collagen IV in the mesangial matrix 87.  Most notably 

from each of these studies, a reduction in MCP-1 through genetic or 

pharmacologic manipulations, was associated with a decline in the number of 

kidney macrophages (as indicated by CD68+ cells), supporting the concept that 

MCP-1-mediated fibrosis is due to the recruitment of macrophages.   

The possibility that inflammation plays a role in the progression of 

diabetic renal disease is a relatively new area of exploration, and will be 

investigated in the present work.   
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Hemodynamic Factors Contributing to Renal Disease: Ang II 

Hemodynamic perturbations also contribute to the development and 

progression of renal disease.  Hypertension, both systemic and intraglomerular, 

is a key factor in diabetic and non-diabetic nephropathy 89-91.  Under normal 

conditions, an autoregulatory mechanism protects the renal microvasculature 

from the effects of increasing arterial pressure.  If this protective mechanism 

becomes impaired, as in diabetes, arterial hypertension can damage the kidney 

92-94.  The continued absence of the autoregulatory response further 

exacerbates pressure-induced effects, leading to glomerulopathy.  In the early 

phase of diabetic renal disease, the impaired autoregulatory system results in 

afferent arteriolar vasodilation and impaired pressure-induced vasoconstriction 

94, 95.  As renal disease progresses, the effect of systemic hypertension on 

glomerular pressure and renal flow contributes to the development of 

proteinuria and progressive renal failure 89, 94, 96. 

The Renin-Angiotensin System (RAS) 

 Multiple factors influence hemodynamic mediators of renal disease, 

including components of the renin-angiotensin system (general scheme 

illustrated on the next page):  
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The Renin-Angiotensin System (Circulating) 
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octapeptide Ang II by angiotensin converting enzyme (ACE), a membrane-

bound metalloproteinase, which is predominantly expressed in high 

concentrations on the surface of endothelial cells in the pulmonary circulation 98, 

100-103.  Ang II is considered the main effector peptide of the RAS, and acts on 

specific receptors to both induce vasoconstriction by interacting with AT1Rs on 

vascular smooth muscle cells, or by stimulating the release of aldosterone from 

the adrenal cortex 98, 104, 105. 

Ang II normally increases salt and water retention to maintain blood 

pressure, and it has also been implicated in systemic and glomerular 

hypertension 95, 106, 107.  The RAS is a complex system of enzymes, proteins, 

and peptides that are involved in blood pressure regulation and fluid and 

electrolyte balance 107-111. The net effect of the activation of the RAS is to 

elevate blood pressure and retain sodium (see scheme above).  Regulation of 

the RAS occurs primarily by the kidney and provides a rapid and efficient 

mechanism for producing acute changes in blood pressure and fluid and 

electrolyte balance 112, 113.  Decreases in renal perfusion pressure, and 

increases in renal β-adrenergic stimulation and sodium depletion are the major 

stimuli for renal renin release, which results in reduced renal perfusion.  It 

constricts the efferent arteriole, restoring intraglomerular pressure and 

glomerular filtration rate 114, 115.   

Under certain conditions, Ang II-induced intrarenal vasoconstriction can 

reduce renal blood flow and result in ischemia-induced injury and proteinuria.  
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Studies in normo- and hypertensive animals show that Ang II increases 

resistance in both afferent and efferent renal arterioles in a dose-dependent 

manner, which may lead to reductions in single-nephron glomerular filtration 

rate and glomerular plasma flow 116.  Glomerular hypertension causes 

endothelial, mesangial, and podocyte damage, which ultimately results in 

glomerulosclerosis 117-119.  The damage decreases the number of functioning 

nephrons, further elevating glomerular capillary pressure, resulting in additional 

damage to remaining nephrons.   

Ang II also has indirect effects on systemic hypertension.  For example, 

one of the components of the RAS is angiotensin converting enzyme (ACE) that 

is classically known to convert Ang I to Ang II in plasma and tissues 120, 121.  

ACE also promotes the degradation of bradykinin and down-regulates the 

endothelium-derived vasodilator nitric oxide (NO) 122-124.  NO plays an important 

role in glomerular vascular hemodynamics, regulating vascular tone of afferent 

glomerular arterioles, and, to a lesser degree, efferent arterioles 125.  In fact, in 

the early phase of hypertension, NO appears to be the central mechanism that 

preserves renal blood flow (in the afferent arteriole) and glomerular filtration rate 

116, 125.  There is a significant increase in the glomerular filtration rate and renal 

plasma flow following the blockade of the RAS, indicating that high intrarenal 

levels of Ang II are detrimental to the pre-glomerular microvasculature 126.  In 

addition, RAS blockade also reduces post-glomerular resistance, which lowers 

intraglomerular pressure and is protective of renal injury 126. 
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 Given the importance of hypertension in renal disease, it is not surprising 

that antihypertensive therapy has demonstrated benefits in patients with 

diabetes and/or renal damage.  Studies have established the effectiveness of 

tight BP control for reducing the risk of microalbuminuria in patients with type I 

or type II diabetes 127, 128.  

 

Ang II, Growth Hormone (GH) and Neuropeptide Y (NPY) in 

Diabetic Renal Disease 

 

Angiontensin II 

This classical view of the RAS has been generated over many years and 

has been greatly expanded by more recent findings that have significantly 

increased the complexity of the system.  Several receptors have been 

characterized (AT1, AT2, AT4) for Ang II, and signal transduction pathways 

involved have been characterized 129-138.  Moreover, additional truncated 

peptides such as Ang(1-7) have been identified 139-142 and alternative pathways 

of Ang II formation through addition converting enzymes has been proposed129-

138.     

Another important change to the classical view of the RAS is the concept 

of “local” or “tissue” renin angiotensin systems 143-145.  This concept was based 

on findings of RAS components in “unlikely” places, such as renin being found 
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in the brain, where the endocrine actions of the system could not explain the 

findings 146, 147.  This in turn led to new hypotheses and functional concepts of 

local RAS actions based on the tissue-based synthesis of Ang II.   

All of the components of the RAS are present within the kidney 148 and 

under normal conditions, the glomerular level of Ang II is elevated 

approximately 1000-fold above the plasma concentration of Ang II 149. This may 

be very relevant to previous studies that indicate that an increase in renal 

glomerular AT1R activity is responsible for glomerular hypertrophy and damage 

in uninephrectomized male rats 150. Recent studies indicate that intrarenal Ang 

II generation is elevated in the diabetic state, despite the normal or suppressed 

plasma renin activity 108, suggesting that intrarenal RAS may have a role in the 

development of diabetic kidney disease.  

Ang II plays a primary role in controlling cardiovascular function and fluid 

homeostasis by promoting vasoconstriction and fluid retention 109, 151, 152.  

Besides its action as a potent vasoconstrictive and hypertensive hormone, Ang 

II has various biological effects on cell proliferation, migration, and invasion 153-

156.  Ang II has been shown to influence vascular function in both physiological 

and pathological states via several mechanisms, such as the induction of 

vascular smooth muscle cell migration 157 and glomerular mesangial cell 

migration 158.  Concomitantly, over-activity of the RAS induces cardiovascular 

dysfunction 159 and renal sclerosis 109, 151, 160.  
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The importance of the renal circulation in blood pressure control has 

been substantially investigated, and several studies have shown that the control 

of hypertension not only reduces proteinuria but also delays progression of 

diabetic nephropathy 161, 162.  Among anti-hypertensive drugs, the ACE inhibitors 

(ACEi) have been found to be therapeutically more efficacious in protecting 

kidneys than other types of anti-hypertensive drugs 161-165.  Recent long term 

studies in diabetic patients with nephropathy indicate that ACE inhibition, as 

well as angiotensin receptor blockers (ARB), can reduce proteinuria 

independently of their effects on blood pressure, and improve the filtration 

properties of the glomerular basement membrane 166, 167 168.  Of interest, it has 

also been shown that ACEi treatment of normotensive patients with diabetes 

and little or no proteinuria (early stages of diabetic kidney disease) results in 

long-term stabilization of plasma creatinine levels and urinary protein excretion 

rates 169, 170. These observations implicate Ang II in diabetic renal disease, and 

suggest that angiotensin blockade has clinical benefits for patients who have 

diabetes and have no or early signals of renal disease. 

To date, few studies looking at development of diabetic renal 

complications using genetic animal models with alteration in their RAS have 

been reported.  The only extensively studied animal is the transgenic rat 

(mREN-2) 27, in which tissue renin is overexpressed 108, 171.  In these animals, 

induction of diabetes using streptozotocin (STZ) injection, results in a rapid 

progression of diabetic renal disease with severe glomerulosclerosis 171.  By 
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contrast, only mild glomerulosclerosis was seen in the non-diabetic (mREN-2) 

27 rats or in diabetic SHR, another model of diabetic renal disease 171.  All 

complications were attenuated by ACEi or by ARB 172, implicating Ang II as a 

mediator of the renal damage, via AT1Rs.     

Many non-genetic rodent studies support a role for Ang II in renal 

disease. Physiologic doses of Ang II have been shown to cause murine 

mesangial cells to proliferate 153.  High glucose concentrations induce 

mesangial cell synthesis of Ang II, and increase synthesis of tissue inhibitors of 

metallproteinases, leading to decreased MMP activity and collagen 

accumulation 173, 174.  This increase in collagen is blocked by ARBs 175.  These 

non-hemodynamic effects, such as an increase in extracellular matrix 

production 30, have been studied in many animal models of renal pathology.  

The amelioration of renal function and regression of structural changes can be 

induced with Ang II blockade in the Munich Wistar Fromter rats, as well in 

models of puromycin aminonucleoside nephropathy, aging, and 5/6 

nephrectomy 149, 176-181. 

Mesangial cells are the main cells involved in the development of 

glomerulosclerosis.  Ang  II regulated mesangial cell growth, inducing 

proliferation or hypertrophy depending on the intracellular balance between 

growth factors, and increases the expression and synthesis of ECM proteins, 

such as fibronectin laminin and collagens151.  This increase in mesangial matrix 

is mainly mediated by TGF-β.  In fact, Ang II has consistently been shown to 
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activate TGF-β, a cytokine previously described, which implicates Ang II in renal 

cell growth and differentiation, as well as inhibiting the breakdown of extracelllar 

matrix18, 30, 182.  In rat mesangial cells, glucose-induced TBG-β secretion is 

abrogated by ARBs 174. Thus, in these, and other studies 183-185, the Ang II-TGF-

β pathway to diabetic renal damage is well established. 

While much research has been done on involvement of the RAS in renal 

damage, Aim 1 will focus on characterizing the AT1R in kidneys from normal 

animals, and determine if there are differences in receptor activity between the 

sexes. Aim 2 will then determine if there is a role for the AT1R in sex-related 

differences in diabetic renal damage, especially focusing on our proposed 

connection between growth hormone (GH) and Ang II.  

 

Gender, Ang II, and Diabetes 

Over the past decade, research into sex differences in the progression 

and severity of disease pathology has dramatically increased.  Of great interest 

are clinical studies that suggest the incidence of diabetes is higher in women 

than men 186-189.  Further studies suggest that the “female advantage” that is 

reported to attenuate the development of cardiovascular diseases 190 is lost in 

diabetic women, leaving them as susceptible as men to cardiovascular and 

renal diseases 191-193.  Studies also show that elderly diabetic women have a 

higher incidence of coronary death than in diabetic men 194-196.  This is 
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consistent with the fact that post-menopausal women already have an 

increased incidence of hypertension 197, 198.    

These studies highlight the potential importance of determining the role 

of gonadal steroids, especially estrogen (17β-estradiol, E2), in the development 

of diabetes and progression of diabetic renal disease.  Estrogen has been 

shown to have cardiovascular and renal protective effects. There is significant 

epidemiologic data showing that males present with a higher incidence of 

hypertension and renal disease than do age matched pre-menopausal women 

197, 198, however, the mechanisms contributing to this “protection” are not 

understood.   

Findings from Sandberg et al suggest that E2 regulates AT1R 

expression in many tissues including the adrenal, pituitary, and uterus 199, and 

our lab has extended this information by determining that estrogen up-regulates 

its own receptors, both ERα and ERβ in renal tissue 200. This increase in ERs is 

associated with a decrease in glomerular Ang II AT1R binding 200.  This 

evidence has led us to our hypothesis that under normal conditions, E2 inhibits 

the AT1R via the ERs, and this action contributes to the renal protective effects 

of E2.  Interestingly, several studies have reported that diabetic women have a 

more rapid progression of renal and cardiovascular pathology, three times that 

of age-matched non-diabetic women 201 202, indicating that this “protective” 

effect of E2 is indeed lost on female diabetic patients.  In fact, epidemiologic 
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studies have shown that circulating levels of E2 are significantly decreased in 

female diabetics, and E2 receptors are also decreased in many tissues 

including the brain and reproductive tract 203-205.  We hypothesize that the loss 

of E2 in these diabetic women will lift the E2 inhibition on the AT1Rs, allowing 

for an increase in Ang II-mediated pathologies, which would help explain the 

mechanism contributing to the loss of protection from in diabetic women. 

E2 and its major metabolites have also been shown to be reno-protective 

in a number of studies unrelated to Ang II.  E2 provides protection from diabetic 

renal disease by regulating genes involved in extracellular matrix turnover, 

increasing degradative proteins and preventing collagen accumulation in the 

mesangium 206 207.  Estrogen treatment increased the expression and activity of 

matrix metalloproteinase-9 in mesangial cells isolated from glomerulosclerosis-

resistant mice, via ERα activation 207.  Type I and Type IV collagen expression 

is decreased with E2 treatment 208, 209. Also, in cultured mesangial cells, E2 

inhibits apoptosis and decreases TGF-β activity and protein expression 210. As 

previously described, TGF-β is a major mediator of glomerular damage, causing 

hypertrophy and biosynthesis of collagen and other matrix components 17, 211, 

and thus, the action of E2 to decrease TGF-β would be protective.  

E2 has also been shown to modulate mesangial cell proliferation.  

Mesangial cells, the vascular smooth muscle-like cells in the glomerulus, play a 

central role in the pathogenesis of diabetic renal disease, because they 
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synthesize ECM as well as the ECM-degrading matrix metalloproteinases158.  

Not only has E2 been shown to alter the function of mesangial cells as 

described above, E2 has been shown to inhibit the growth and proliferation of 

mesangial cells207, adding to its protective effects on the kidney.  

Besides changes in extracellular matrix accumulation, E2 has been 

shown to modulate inflammation and oxidative stress in the kidney.  Tamoxifen, 

a selective estrogen receptor modulator, has been shown to reduce renal 

inflammation in female mice 212.  Ovx in tamoxifen-treated mice increases 

macrophage infiltration in a manner that was not associated with an increase in 

blood pressure 212. TNF-α, a proinflammatory, cytotoxic cytokine also implicated 

in diabetic renal disease, has been shown to be decreased in premenopausal 

woman compared with age matched men or postmenopausal women, again 

suggesting regulation by E2 213.  Thus, while many factors appear to contribute 

to the cascade of events leading to diabetic renal damage, the body of this work 

will investigate key mechanisms including the AT1R, TGF-β and MMPs. 

Previous studies (experimental and clinical) suggest that sex differences in 

progression of diabetic renal disease has a basis in the loss of putative 

protective effect of E2 on the kidney. A greater understanding of the role of E2 

in diabetic nephropathy and renal disease may provide new sex-related 

therapeutic strategies to protect against renal damage in the future.     
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Epidemiologic studies cannot not only be explained through estrogenic 

effects.  Androgens also have been shown to affect the cardiovascular and 

renal systems 197, 214-217.  Testosterone plays a role in the kidney and in 

diabetes, however, its role is not well understood.  The kidney can synthesize 

testosterone and dihydrotestosterone 218, and androgen receptors have been 

found in the glomeruli, proximal tubules, and cortical collecting ducts 219-221.  

Testosterone has also been linked to RAS as it has been shown to increase 

intrarenal angiotensinogen expression 217, 222, and diabetic men present with 

decreased levels of testosterone, compared to the general population 223. 

In some models of renal disease, androgens have been shown to be 

harmful.  For example, castration of aging SHR and Munich Wistar rats 

prevents reductions in GFR and glomerular injury as well as an increase in 

renal vascular resistance 224, 225.  Glomerular injury and proteinuria was also 

attenuated by castration in the mode of renal-wrap hypertension 216.     

In contrast, diabetes induced in castrated male rats with STZ injection 

were found to have more damage than intact males, as determined by 

increased albuminuria, glomerulosclerosis, tubulointerstitial fibrosis, as well as 

higher renal expression of TGF-β 226.  This data suggests that removal of 

androgens exacerbates diabetic renal disease. The Aims presented will 

investigate sex differences in the early progression of diabetic renal damage, to 

elucidate the role of sex hormones in diabetic renal disease.    
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Growth Hormone and Renal Damage 

Prior to our interest in diabetic renal disease, work has been performed 

in the field of compensatory renal growth and renal damage 150, 227-229.  The 

removal of one kidney (uninephrectomy, UNX) immediately stimulates growth in 

the remaining, or remnant kidney. This rapidly increases renal function to 

compensate for the 50% loss of functioning kidney mass 227.   

Like diabetic renal disease and other renal pathologies mentioned 

previously, there are significant sex differences in the progression of 

compensatory renal growth (CRG) post-UNX 150, 227. Two months post-UNX the 

growth causes significant damage to the remnant kidney, as seen by glomerular 

hypertrophy, glomerulosclerosis and an increase in proteinuria.  Importantly, 

this is only seen in adult male rats; adult female rats show no signs of 
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morphologic damage 150, 227.  This male specific growth and damage was found 

to be mediated through the pituitary growth hormone (GH) 228, because blocking 

GH release attenuates both remnant kidney growth and damage following UNX 

150.  Important to the present work, UNX male rats also present with an increase 

in glomerular AT1R binding that is GH-dependent, suggesting that the increase 

in growth and damage in these male rats is mediated by the RAS.  This theory 

is confirmed by the fact that RAS blockade with Losartan (an AT1R blocker) 

attenuates both compensatory renal growth and damage associated in the UNX 

male animals 150.  This previously known information coupled with other 

research investigating the effects of Ang II kidney damage provide the rationale 

for investigating the role of GH and the AT1R in diabetic renal disease.   

GH is secreted in a pulsatile manner from the pituitary, and its pattern is 

dependent upon the reciprocal actions of somatostatin and GH releasing GH 

(GHRH) on pituitary somatotropes 230.  GHRH is released from neurons whose 

cell bodies reside in the arcuate nucleus, and it stimulates the synthesis and 

secretion of GH from the pituitary 231-233.  Somatostatin is released from neurons 

whose cell bodies reside primarily in the periventricular nucleus, and it inhibits 

GH secretion 234, 235.  GH participates in the homeostatic control of its own 

secretion through a mechanism involving short-loop feedback regulation on the 

synthesis and release of somatostatin and GHRH.  

GH is the main regulator of postnatal growth as well as metabolism 

throughout life 236-239. GH mediates its somatotropic actions both directly, and 
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indirectly through the stimulation of insulin like growth factor-1 (IGF-1) 240. While 

it has long been known that GH stimulates proportional body growth 241, it has 

important actions in many tissues.  Adipose tissue is a target of GH activity, as 

it has profound effects on the formation and metabolism of adipocytes 242.  GH 

causes significant lypolysis in mature adipocytes; decreasing body fat by 

increasing the hydrolysis of triglycerides 242.  Another major target of GH’s 

anabolic actions is muscle, where GH enhances amino acid uptake and 

nitrogen retention 242.  

 

Growth Hormone and Diabetes 

Because of the involvement of GH in carbohydrate, lipid, and protein 

metabolism, researchers began to look other potential physiologic and 

pathophysiologic actions.  Soon after the discovery of GH, researchers quickly 

recognized a link between diabetes and GH.  Patients presenting with 

hypersecretion of GH would concomitantly present with an impaired insulin 

response or Type II diabetes 243, as well as increased renal damage 244-246. It 

was soon observed that GH was increased in Type I diabetic patients 247, 248.  

This supports a role for GH in the progression of kidney pathology.   

All three GH receptor (GHR) isoforms are expressed in the normal 

kidney, 249, where GH plays a role in renal hemodynamics and in tubular 

phosphate, sodium, and water absorption228, 250-252 as well as in 

ammoniogenesis 253. GH has been shown to increase glomerular filtration rate 
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(GRF) 254.  GH is a potent mitogen for glomerular mesangial cells, and has also 

been shown to increase synthesis of extracellular matrix proteins such as 

laminin, fibronectin, and type IV collagen in these cells 255.  Due to its growth-

promoting and proliferative effects, GH has been implicated in the pathogenesis 

of diabetes, including diabetic kidney disease.   

As mentioned previously, diabetic patients often exhibit GH 

hypersecretion 247, 248.  Non-diabetic transgenic male mice overexpressing GH 

exhibit glomerular enlargement and sclerosis 256.  These changes were not 

present in transgenic mice that overexpress IGF-1, indicating that the 

mesangial changes were due to increased circulating GH, not IGF-1 256.  The 

early experimental studies established a link between GH and renal damage, 

which has been extended to the diabetic animal. Male transgenic mice with GH 

receptor (GHR)/GH binding protein gene-disruption are protected against 

diabetes-induced renal changes. Animals treated from the onset of diabetes 

with a long acting somatostatin analogue (octreotide) to suppress circulating 

GH levels, are protected against the initial renal hypertrophy and resulting 

sclerosis 257, as well as the increases in kidney weight, hypertrophy, and urinary 

albumin excretion when compared to untreated STZ diabetic rats 245, 258.  The 

effect was again independent of renal or circulating IGF-1, suggesting a direct 

action of GH on renal tissue, or an action through a mediator other than IGF-1.   

Although the kidney is a target for GH mediated diabetic injury 259, 260, the 

streptozotocin (STZ)-injected rat, does not accurately represent GH patterns in 
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the diabetic human, since circulating GH decreases rapidly following injection of 

STZ and remains low 261. In both Type 1 and Type 2 diabetic humans, GH 

secretion is typically elevated 262, 263.  It is likely that the reduction in GH 

secretion in STZ-rats is due to suppression of hypothalamic growth hormone 

releasing hormone, or by central neuropeptide Y (NPY)264.  NPY has been 

shown to be elevated in diabetic animals 265 and the potential interactions 

between GH and NPY may be important in the diabetic milieu, as will be 

discussed later.  Thus, since GH appears to play a role in exacerbating diabetic 

renal disease (although the mechanism is not known), we hypothesize that 

replacing GH in the STZ rat will significantly enhance renal damage, by 

increasing known mediators of renal damage.  This hypothesis is examined in 

Aim 2 (Chapter 3).  

GH has been shown to increase immune cell infiltration.  GH has also 

been shown to play an important role in promoting T lymphopoiesis 266. Thymic 

growth as well as T cell development has been shown to be under GH 

influence, as well as it improves T cell function267, 268.  Pituitary removal, and the 

subsequent removal of circulating GH levels, present with immune dysfunctions 

such as transplant rejection, decreased ability to produce and antibodies, and a 

reduced mixed lymphocyte test reaction 269.  GH replacement in these animals 

reverses all of these immune changes269.  The effect of GH on the immune 

system could increase the inflammatory response in the diabetic kidney and 

potentially exacerbate renal disease.   
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The progression of diabetic kidney disease has separately been shown 

to be dependent on Ang II, as well as GH as mentioned previously. Blocking 

either of these hormones has been shown to attenuate the progression of 

diabetic kidney disease 108, 169, 258, 270. Furthermore our lab has previously 

determined that in other models of renal damage including unilateral 

nephrectomy, GH can stimulate glomerular hypertrophy and damage in male 

rats, through an AT1R mediated mechanism that is gender specific 150 227, 229.  

On considering the potential interactions of these systems outlined in this 

chapter. We hypothesize that under normal conditions, inhibition of AT1R by E2 

may be the underlying mechanism for the protective effects of E2 in females.  

However, in diabetic animals, the decrease in E2 and subsequent increase in 

AT1Rs allows for enhanced actions of Ang II, an action further stimulated by 

GH.  An imbalance in these major hormone systems could cause an over-

stimulation of the RAS and contribute to renal pathology seen in diabetics. 



 32 

 

 

 

 

 

 

 

 

 

 

 

NPY and Diabetic Kidney Disease 

To further understand the link between GH, gender, and diabetic renal 

disease, the potential role of NPY in diabetic renal damage was investigated. 

The findings from Aim 2 determined that there are GH-dependent sex 

differences in diabetic renal damage, where GH exacerbates diabetic renal 

disease in male rats, while having little effect on female rats.  These effects 

were independent of changes in the AT1R.  In an effort to explain what could be 

mediating the effects of GH in the male animals, we turned to NPY. 

NPY is a 36 amino acid neuropeptide hormone co-released with 

norepinephrine from sympathetic nerve terminals, as well as produced in the 

adrenal medulla 271.  NPY’s actions are mediated by its receptor family, Y1-Y6, 
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although the Y6 receptor has not been found to function in species other than 

the mouse 272, 273.  The NPY receptors are linked to the inhibition of adenylyl 

cyclase and an increase in intracellular calcium levels 274.  The preference of 

NPY for its different receptors is based on the length of NPY, which can be 

modified by the processing enzyme dipeptidyl peptidase IV (DPPIV) which 

cleaves full length NPY (NPY1-36) (that has high affinity for the Y1 receptor), to a 

Y2/Y5 receptor-preferring peptide, NPY3-36 275.  The Y4 receptor is found 

primarily in the gastrointestinal system where it inhibits gastric motility and 

secretion, and has very low affinity for NPY 276, 277.  Little is known of Y3, as it 

has failed to be cloned 278, 279. 
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NPY has a multiple effects, both centrally and peripherally, that work to 

maintain homeostasis.  The central effects have been studied extensively, and 

it is well known that NPY is an orexigenic peptide and has been the target of 

recent appetite-suppressing drugs 280.  NPY has also been shown to exert anti-

epileptic and anxiolytic actions, as well as inhibiting motor activity and 

reproductive function 281, 282.  While most of the central actions are inhibitory, 

many of the peripheral actions of NPY are stimulatory.  NPY has been shown to 

induce vasoconstriction, vascular smooth muscle cell proliferation, stimulate 

hyperlipidemia, glucose intolerance, as well as synergizing with glucocorticoids 

and catecholamines to potentiate the stress response 283-288.  

Central NPY is altered in several different metabolic states 289-292.  Both 

food deprivation and STZ-induced diabetes lead to an increase in NPY activity 

in the arcuate nucleus 289-292.  In the male rat, the fasting and STZ-induced 

increase in NPY neuronal activity is associated with a decline in hypothalamic 

GHRH expression and suppression of pulsatile GH release 293-296.  NPY may be 

responsible for suppression of the GH axis in the rat since 

intracerebroventricular (ICV) administration of NPY inhibits pulsatile GH release 

297-299.  This inhibitory action of NPY is predicted to be mediated by 

somatostatin, since ICV infusion of NPY did not suppress GH release in rats in 

which the periventricular somatostatin neuronal connections, considered to be 

responsible for the hypophysiotrophic actions of somatostatin, had been 
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eliminated by anterolateral deafferentation 298.  In addition, it has also been 

reported that chronic (7-day) ICV infusion of NPY suppresses GHRH mRNA 

levels in rat and mouse 300, 301.  

 Conversely, GH has also been shown to modulate central NPY.  NPY 

neurons reside in the arcuate nucleus, and GH induces rapid expression of the 

early response gene, c-fos, in these neurons 302.  GH acts directly on NPY 

neurons in the arcuate nucleus to increase NPY mRNA through the GH 

receptor.  This cross-talk between central NPY and GH levels made NPY an 

intriguing target for our studies.    

It has been shown that circulating NPY levels increase during both 

chronic stress and diabetes; NPY has also been implicated in diabetic 

retinopathy 202, 303, 304. Since stress is clinically considered a co-morbid factor in 

diabetic complications (including diabetic kidney disease) we hypothesize that 

the NPY increase seen with chronic stress will exacerbate early development of 

diabetic renal disease through GH/AT1R dependent or through completely 

independent mechanisms. 

NPY has been shown to be differentially regulated by the sexes.  After 

exposure to cold stress, male rats showed a significant increase in blood 

pressure and heart rate, along with a pronounced fall in mesenteric blood flow 

when compared to female rats.  This exaggerated vascular responses were 

associated with a greater rise in circulating NPY levels in male animals when 

compared to females305.  Also isolated adrenal medulla from male rats showed 
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both an increase in basal and potassium stimulated release in NPY into the 

media than female adrenal medullas305.  This suggests that males have a more 

active NPY response to stress than do females.  The same lab found that 

testosterone controlled the NPY stress response, showing that castration 

blunted plasma NPY release during cold stress305.  While animal studies 

suggest that testosterone is necessary for the elevation of NPY during stress, 

human studies suggest that estrogens may play a protective role.  Estrogen 

treatment of ovariectomized women not only lowered their circulating NPY 

levels during stress, but also their blood pressure305.  These studies show a 

sexual dimorphism in NPY responsiveness to stress, which appear to be under 

sex hormone control.  We intend to study these sex differences in NPY, and 

hypothesize that NPY will play a role in kidney damage      

Very little is known of the effects of NPY on the kidney.  Initially, NPY 

was thought to have little physiologic effect on the kidney, since NPY knockout 

mice have no major impairments or alterations in renal function 306. However, in 

normal rodents, pigs, and primates, NPY has subsequently been shown to 

reduce renal blood flow and increase renal vascular resistance 307, 308.  NPY is 

known to be a vasoactive substance, increasing vasoconstriction in many tissue 

beds.  Compared to the mesenteric and hindlimb vascular beds, the kidney 

vasculature appears to be uniquely sensitive to NPY actions 309.  The increase 

in renal vascular resistance appears to be mediated through the Y1 receptor, as 

evidenced by the fact that the renal vasoconstriction can be blocked by the Y1 
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receptor antagonist BIBP 3226 310.  Circulating NPY levels are increased in 

human Type 2 diabetic patients311, and urinary  NPY excretion is directly 

correlated with the severity of nephropathy in human patients312. 

NPY has also been shown to potentiate the effects of other 

vasoconstrictive agents.   For example, NPY was shown to enhance the renal 

vasoconstriction elicited by norepinephrine, arginine vasopressin, and by Ang II 

in the isolated perfused rat kidney 308.  Since it is released from sympathetic 

nerve terminals, NPY may be of importance in pathophysiological situations 

with high sympathetic outflow, such as stress and diabetes.  

Affinity of NPY for its receptors is controlled, in part by cleavage of full-

length NPY to NPY3-36 by the enzyme, DPPIV. DPPIV is a cell-surface 

glycoprotein in lymphocytes expressed at low or undetectable levels in the 

nonactivated immune cell 313, 314.   DPPIV is a highly specific protease that 

cleaves off the penultimate proline of many peptides, however, full length NPY 

is one of its best substrates 315.  DPPIV generates NPY3-36, thereby inactivating 

NPYs actions at the Y1 receptor, in favor of the Y2 receptor. Thus, DPPIV 

functions as a “NPY-converting enzyme” or an endogenous Y1 receptor 

antagonist 316.  DPPIV is found in many tissue beds in the body, but some of the 

highest levels are found in the kidney, specifically in the brush border 

membrane of the proximal tubules 317, 318.  DPPIV levels are found to be up-

regulated following antigenic stimulation in macrophages and T and B 

lymphocytes 314, and DPPIV activity has been implicated in many immune 
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diseases, such as glomerulonephritis 319 and AIDS 320.   We hypothesize that 

both NPY and DPPIV are important factors to study when assessing the 

potential role of NPY in diabetic renal damage.   
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SPECIFIC AIMS 

 
The first aim of this study is to determine the effects of gonadal steroids 

on renal estrogen receptor subtypes and Ang II AT1 receptors in normal 

adult male and female rats.  While estrogen has been shown to up-regulate 

renal AT1R expression in non-renal tissues, it is unclear whether this occurs in 

the kidney, and whether this is associated with changes in renal estrogen 

receptor (ER) expression.  We hypothesize that in female rats estrogen (E2, 17-

β-estradiol) up-regulates ERα in the cortex of the kidney.  We also hypothesize 

that this increase in ERα in the kidney leads to a decrease in glomerular AT1R 

expression.  We believe that this provides inhibition of the AT1R receptor and 

its effects, and contributes to the renal protection seen when estrogen is 

present. 
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The second aim is to determine the role of GH in the progression of renal 

disease in early diabetes in male and female rats.  If we find that E2 

normally acts through renal ERs to down-regulate renal AT1Rs, we hypothesize 

that due to the decrease in circulating E2 levels in diabetes, female diabetic 

animals will not be protected from Ang II’s action, and will therefore progress in 

diabetic nephropathy at the same rate as male diabetic animals. However, in 

diabetes, ER expression is reduced due to the abnormal glucose environment.  

We hypothesize that the decreased ERα would elevate renal AT1R expression 

and increase extra cellular matrix proteins: combined this will contribute to the 

progression of renal damage in the female animals equal to that of the males.  

We also hypothesize that GH-replacement in STZ diabetic animals will increase 

the progression of diabetic kidney disease in both male and female rats 

potentially through an NPY mediated pathway. 
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The third aim is to determine the effects of NPY on the development 

diabetic kidney disease in male and female rats.  NPY has been shown to 

be up-regulated in diabetes and is implicated in diabetic retinopathy. Previous 

studies indicate that the kidney is a target for NPY actions through the Y1R, but 

the actions of NPY on mediators or renal damage are unknown. We 

hypothesize that NPY will exacerbate diabetic renal disease, that its actions are 

mediated through the Y1 receptor in the kidney, and that sex differences will be 

present. 
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The first aim of this study is to determine the effects of gonadal steroids 

on renal estrogen receptor subtypes and Ang II AT1 receptors in normal 

adult male and female rats.  While estrogen has been shown to up-regulate 

renal AT1R expression in non-renal tissues, it is unclear whether this occurs in 

the kidney, and whether this is associated with changes in renal estrogen 

receptor (ER) expression.  We hypothesize that in female rats estrogen (E2, 17-

β-estradiol) up-regulates ERα in the cortex of the kidney.  We also hypothesize 

that this increase in ERα in the kidney leads to a decrease in glomerular AT1R 

expression.  We believe that this provides inhibition of the AT1R receptor and 

its effects, and contributes to the renal protection seen when estrogen is 

present. 
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Abstract 

 Although the mechanisms are not well understood, evidence suggests 

that 17beta-estradiol (E2) confers protection from cardiovascular and renal 

complications in many diseases. We have reported that E2 decreases 

angiotensin type 1 receptors (AT1Rs) in different tissues and hypothesize that 

E2 exerts tonic inhibition on AT1Rs, reducing effects of circulating Ang II. This 

study determined the effects of E2 and dihydrotestosterone (DHT) on cortical 

estrogen receptors (ERs) and glomerular AT1R binding in rats. Animals 

underwent sham operation, ovariectomy (Ovx) or orchidectomy (Cas) and were 

treated with E2 or DHT (Ovx ± E2; Cas ± DHT) for 3 wks. Cortical ERα protein 

was 2.5 times greater, and ERβ was 80% less in females vs. males, while 

glomerular AT1R binding was lower in females than males. Ovx reduced ERα 

protein by 50%, whereas E2 increased ERα expression after Ovx. The 

decrease in cortical ERα in Ovx rats was associated with a significant increase 

in AT1R binding; E2 prevented this increase. There was no change in ERα or 

AT1R binding following Cas ± DHT (25 mg) treatment, although Cas did elevate 

cortical ERβ. Interestingly, the high dose DHT (200 mg) elevated ERα 150% 

above intact levels and profoundly decreased AT1R binding. These findings 

indicate that under normal conditions, glomerular AT1R binding is significantly 

greater in male than female animals, which may be important in development of 
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cardiovascular and renal disease in males. Furthermore, E2 up-regulates 

cortical ERα and is inversely associated with glomerular AT1R binding, 

supporting our hypothesis that E2 suppresses AT1Rs and suggesting a 

potential mechanism for the protective effects of estrogen. 
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Introduction 
 

 Estrogen treatment has been the subject of significant controversy, 

because it has been shown to have both beneficial and damaging effects on the 

cardiovascular and renal systems. As previously mentioned, premenopausal 

women are protected from cardiovascular disease compared with their age-

matched postmenopausal counterparts and age-matched men 321, and it is 

generally accepted that the ovarian hormone 17β-estradiol (E2) plays a major 

role in conferring the protection, although the potential mechanisms are unclear. 

However, the validity of this concept has been called into question.  Both arms 

of the Women’s Health Initiative, estrogen only, and estrogen and progestin, 

were discontinued because of significant negative cardiovascular outcomes 322, 

323.  While many are quick to point out flaws in the study, it is clear that further 

studies are needed to asses the role of E2 in the body, both in physiologic and 

pathophysiologic situations. 

 E2 has been thought to affect the cardiovascular and renal systems 

through many pathways, however, there is significant evidence that one of the 

mediators of E2 effects is the renin-angiotensin system (RAS) 199, 324. The RAS 

is a major endocrine, paracrine, and autocrine regulator within the 

cardiovascular system 30, 164. In addition to its regulation of fluid and electrolyte 

homeostasis and blood pressure, the RAS has been implicated in the initiation 
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and/or progression of several diseases 30, 151.  Although the classical, circulating 

RAS may contribute to these pathologies, it is becoming increasingly clear that 

the local tissue RAS is also a major contributor to progression of disease 199. In 

addition, E2 has been shown to regulate the RAS at many different levels 325, 

326.  Ovariectomy (OVX) reduces angiotensinogen levels in the plasma, and E2 

replacement restores physiologic angiotensinogen levels 327.  OVX also 

increases AT1R mRNA, AT1R binding, and ACE activity in the aorta, while E2 

treatment prevents the changes 328, 329.  OVX has been shown to increase 

AT1R binding density in the adrenal cortex 326 and brain 325, and changes were 

again prevented by E2 treatment.  E2 has also been shown to decrease some 

of the growth-promoting actions of Ang II in vitro 330.  These findings suggest 

that under normal conditions, E2 suppresses the effects of Ang II, and could 

contribute to the “protective” effects of E2 against renal and cardiovascular 

diseases.  

 If estrogen is considered a “protective” against cardiovascular and renal 

diseases, testosterone (TEST) is considered a damaging agent 197, 331.  TEST 

has been shown to increase AT1R binding in epididymal cells 215. Also, 

castration (Cas) has been reported to attenuate angiotensinogen and renin 

mRNA in the kidney and testosterone treatment prevents the decreases in 

angiotensinogen and renin mRNA in the kidneys of spontaneously hypertensive 

rats222.  Recent studies have used dihydrotestosterone (DHT), the active form 

of testosterone, to confirm these findings 332. This work supports the hypothesis 
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that testosterone may increase Ang II production in the kidney, leading to Ang 

II-related pathology 215.   

 While the effects of the gonadal steroids on renal AT1R activity is not 

completely understood, there is compelling evidence that the interactions of 

these important hormonal systems on the kidney are important in both health 

and disease and may account for the observed sex differences in susceptibility 

and rate of progression of vascular and kidney disease. This chapter reports on 

the effect of E2 and dihydrotestosterone (DHT) on cortical renal ERs as well as 

renal glomerular AT1Rs under normal physiologic conditions.   
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Methods 

Animal care and hormonal replacement 

 All procedures were approved by the Georgetown University Animal 

Care and Use Committee.  Female Sprague-Dawley (S-D) rats (Harlan, 

Indiananpolis, IN) were obtained and all protocols followed and were approved 

by the Georgetown Animal Care and Use Committee.  The animals were 

obtained at 12–14 weeks of age and the females were randomly divided into 

treatment groups: sham (intact control, n = 6); ovariectomized (Ovx, n = 6), and 

ovariectomized with E2 replacement (Ovx + E2, n = 6). Animals were 

anesthetized (12% tribromoethanol), the ovaries were exposed via bilateral 

flank incision and excised. Sham-operated animals underwent flank incision 

and manipulation of the ovaries before the wound was closed. Immediately after 

surgery, the animals were given daily injections of E2 (5 µg/day sc) dissolved in 

100 µl corn oil or corn oil vehicle (injections were used as they produced end-

organ results comparable to Control female rats). The animals were fed a 

phytoestrogen-free diet (Harlan) and given tap water ad libitum. After 21 days of 

treatment, the animals were weighed and anesthetized, and blood was 

collected via cardiac puncture for measurement of serum E2 levels. Kidneys 

were snap frozen in liquid nitrogen for Western blot analysis and binding 

assays. 
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 Male S-D rats (Harlan) were obtained at 12–14 wk of age and randomly 

divided into four treatment groups: sham (intact control, n = 6), castrated (Cas, 

n = 6), or castrated with physiologic dihydrotestosterone (DHT) replacement 

(Cas + DHT) (Innovative Research, Sarasota, FL; 25 mg/21 days pellet, n = 6, 

which produces end-organ responses comparable to intact males), and 

castrated with high dose (DHT) replacement (Cas+DHT 200) (Innovative 

Research, Sarasota, FL; 200mg/21 days pellet n=6). The testes were removed 

via a scrotal incision, while rats were under 12% tribromoethanol anesthetic. At 

the time of surgery, the DHT pellets (Innovative Research) were implanted on 

the lateral side of the neck between the ear and the shoulder. The animals were 

fed a phytoestrogen-free diet (Harlan) and tap water ad libitum. After 21 days of 

treatment, the animals were weighed and anesthetized, and blood was 

collected via cardiac puncture for measurement of plasma DHT levels. Kidneys 

were snap frozen in liquid nitrogen for Western blot analysis and binding 

assays. 

 

Tissue Homogenization and Western Blotting 

The kidneys were dissected, the cortical and medullary sections were 

separated, homogenized twice for 30 seconds each in a 40mMol TRIS buffer 

(7.4 pH) with protease inhibitor cocktail pills [Pancreas extract (0.02ng/ml), 

Pronase (0.005ng/ml), Thermolysin (0.0005ng/ml), Chymotrypsin (0.003 ng/ml), 

Papain (0.33 ng/ml)] (Roche Diagnostics). The homogenate was centrifuged for 
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10 min at (2000g) and the pellet was discarded. Protein concentration was 

determined using Bradford assay (BioRad). The protein (30mg) was boiled for 5 

minutes with Laemini sample buffer and loaded on a 4-15% Tris-HCL gel and 

electrophorectically separated at 200 mV until the dye front reaches an inch 

from the bottom of the gel. The proteins were then electrically transferred to a 

nitrocellulose membrane.  The blots were blocked in 5% non-fat milk in PBST 

for two hours at room temperature and then exposed to primary antibody in 

PBST overnight shaking at 4C [ERα (1:1,000 dil) or ERβ (1:500 dil), Santa Cruz 

Laboratories, Santa Cruz, CA].  Blots were washed three times for ten minutes 

and then incubated with horseradish perioxidase conjugated goat anti-rabbit 

secondary antibody.  Proteins were then detected by chemiluminescent 

peroxidase reaction (Lumiglo from KPL) and recorded by film. The relative 

density of the bands was determined using Image J software (NIH), normalized 

against a Coomassie blue protein band, and reported as arbitrary density units 

(ADU). Quantitative comparisons of male and female ER were made on the 

data from the same gels. At least three Western blot analyses were performed 

on each group of samples for both ERα and ERβ. To compare male and female 

samples (and confirm measurements), we used four samples in each group per 

gel, and multiple gels were used to analyze all of the samples from each group. 
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Angiotensin Radioligand Binding Assay 

Kidney sections were differentially sieved first through an 80µm sieve, 

then through a 100µm sieve, and finally collected on a 200µm sieve.  The 

glomeruli were collected on the 200µm sieve, and then resuspended in PBS.  A 

protein concentration assay was performed on the glomeruli suspension.  5 µg 

of glomeruli are added to four 12x75 glass tubes, all of which contain 1µl 125I-

Ang II per mL of buffer.  “Cold” saralasin at 5µM was added to two of the tubes 

to detect non-specific binding.  The tubes were incubated for three hours.  The 

glomeruli were then collected on glass-fiber filters (Whatman GF/C, Hillsboro, 

OR) on a Brandel cell harvester.  The filter paper was collected and counted on 

a gamma counter.   Quantitative comparisons of male and female AT1R binding 

were made from the same binding studies. 

 

Estrogen and Testosterone Levels 

Blood collected from cardiac puncture at time of death was thawed and 

sex steroid levels were measured using ELISA kits for E2 and DHT (Alpha 

Diagnostics Co., San Antonio, TX). 

 

Statistics 

Statistical analysis between groups was performed using two-way 

ANOVA, with Tukey post hoc tests. Analysis within groups was performed by 
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Student's t-tests or one-way ANOVA with Tukey post hoc tests. All data is 

presented as means ± SE; significance was designated at P < 0.05. 



 54 

Results 

Body and Organ Weights 

Body, kidney, and heart weights are given in Table 2-1 (n=6 for all 

groups).  Ovx increased body weight in the females, however, there was no 

significant change in organ weights compared to those of female controls.  In 

contrast, Cas was associated a significant reduction in weight gain, and 

significantly lower kidney and heart weights than in intact male rats.  DHT 

supplementation (both doses) brought these levels back to intact males. 

 

Plasma Estrogen and DHT levels 

 
Plasma estradiol levels were reduced following Ovx (54 ± 3 vs. 91 ± 27 

pg/ml in intact female controls; P = 0.12, n=6 for all groups) but did not reach 

significance most likely because of typical variability in the intact animals. 

Replacing E2 in the Ovx rats elevated circulating levels to physiological range 

(157 ± 27 pg/ml, P < 0.05 vs. Ovx). E2 levels in intact and Cas male rats were 

comparable to the Ovx female levels (45 ± 6 and 51 ± 4 pg/ml in intact and Cas 

male rats, respectively, n.s. vs. Ovx). Interestingly, the high DHT dose in the 

male rats produced extremely high E2 levels (>1,000 pg/ml), despite the fact 

that DHT is not supposed to be acted on by aromatase (which uses TEST as a 

substrate).  However, because the plasma was not extracted, there is potential 

for cross reactivity, which might explain the high E2 levels. 
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DHT levels were also determined in male and female rats. DHT was 

significantly reduced in Cas compared with control male rats (44 ± 5 vs. 2,025 ± 

238 pg/ml in intact males, P < 0.05), and DHT replacement in Cas males 

increased circulating DHT compared with Cas male rats (321 ± 163 and 3,363 ± 

1,106 pg/ml in 25 mg and 200 mg/21 day doses, respectively, P < 0.05 vs. 

Cas). 
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 Initial BW, g Final BW, g KW, g KW/BW, % HW, g HW/BW, % 

Sham female 213.3±6.5 236.8±5.2 1.42±.03 0.60±0.01 0.91±0.05 0.38±0.01 
Ovx 223.8±4.6 268.3±17.7 1.48±.09 0.55±0.01* 0.97±0.04 0.36±0.02 
Ovx + E2   224.8±2.1 241.5±5.3 1.48±.02 0.61±0.02 0.89±0.02 0.37±0.02 
Sham male 368.5±2.0 400.8±3.4 2.58±0.05 0.65±0.01 1.66±0.08 0.42±0.02 
Cas 359.5±3.5 364.0±2.0* 2.30±0.02* 0.63±0.01 1.43±0.05* 0.39±0.03 
Cas + DHT (25) 374.0±8.1 383.3±10.3* 2.50±0.23 0.65±0.02 1.68±0.13 0.44±0.01 
Cas + DHT (200) 374.5±5.2 392.1±4.1* 2.54±0.07 0.65±0.02 1.67±0.07 0.43±0.02 
 

Values are presented as means±standard error.  Ovx=ovariectomy; E2=17β-estradiol; Cas=castration; 
DHT=dihydrotestosterone; BW=body weight; KW=kidney weight; HW=heart weight.  *P<0.05 vs. sham 
same sex. n=6 for all groups 
 
 

Table 2.1 The Effect of Hormone Replacement on Body and Organ 
Weights in Male and Female rats.
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Sex Differences in the Regulation of Renal Estrogen Receptors 

 Figure 2-1 A-C illustrates ERα and ERβ proteins in intact male and 

female rats.  Renal cortical ERα was 2.5 times greater in kidneys from female 

rats when compared with male rats. In contrast, cortical ERβ expression was 

more than four times greater in kidneys from male, compared with female rats 

(Fig. 2.1B).  Representative gels are shown in Figure 2.1C 200.  

There was a 50% reduction (P < 0.01) in cortical ERα protein expression 

in kidneys from Ovx rats compared with expression in intact female rats (Fig 

2.2A).  Castration had no effect on ERα protein expression (Fig. 2.2A). Cas 

significantly increased cortical ERβ in male kidneys by 30%, while Ovx had no 

effect on cortical ERβ in female rats (Fig.2.2B).  E2 replacement in Ovx rats 

significantly increased cortical ERα levels towards levels observed in intact 

female controls (Fig 2.3A).  Physiologic doses of DHT supplemented to the Cas 

males had no significant effect on ERα expression (Fig 2.3B).  However, the 

high dose of DHT resulted in a profound increase in cortical ERα protein 

expression (Fig. 2.3B). 200.  

 

Sex Differences in Glomerular AT1R Binding 

Renal glomerular AT1R binding in intact, gonadectomized, and hormone-

replaced rats is illustrated in Figure 2.4.  Kidneys from Intact male rats had a 

~40% higher glomerular AT1R binding than found in female kidneys (P < 0.05). 



 58 

Compared with Control female rats, Ovx increased glomerular AT1R binding by 

~50% (P < 0.01). E2 replacement prevented this Ovx-induced increase in 

glomerular AT1R binding; no differences in binding were observed between 

intact and Ovx + E2 animals (Fig 2.4). Interestingly, glomerular AT1R binding in 

the Ovx female was not different from binding in glomeruli from intact or 

castrated male rats. The presence or absence of physiologic doses of DHT had 

no effect on AT1R receptor binding, however, high-dose DHT significantly 

suppressed AT1R binding by 80% (Fig. 2-4)200. 
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Figure 2.1 Sex differences in renal cortical ER protein expression in adult 
rats.  A: Kidneys from female rats have significantly greater cortical ERα 
protein expression than male rats.  B:  Kidneys from male rats have significantly 
greater ERβ protein expression than female rats.  C: Representative gels from 
Western blotting for ERα and ERβ.  *P<0.01, n=4 for each group   
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Figure 2.2.  Effect of gonadectomy on renal cortical ER protein 
expression.  A: Cortical ERα protein expression is reduced by Ovx, while Cas 
has no effect.  B: Ovx has no effect on ERβ expression in kidney cortex from 
female rats, while Cas significantly increases ERβ expression in kidneys from 
male animals.  *P<0.01 vs. intact of same sex, n=4 for each group. 
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Figure 2.3.  Effect of E2 and DHT replacement on renal cortical ER protein 
expression.  A:  Cortical ERα protein increased was increased with E2 replacement in 
OVX (*P<0.01 vs Ovx).  B:  DHT at physiologic levels (25 mg/21days) did not effect 
ERα protein expression, however, high does of DHT (200mg/21days) significantly 
increased ERα (*P<0.01 vs Intact and Cas, n=4 for each group). 
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Figure 2.4  Effect of sex hormones on glomerular AT1R binding in kidneys 
from male and female rats.  Ovx increased glomerular AT1R binding 
compared to binding observed in intact rats (*P<0.01 vs Intact); E2 replacement 
prevented this increase (P<0.01 vs Ovx).  Cas with or without DHT replacement 
had no effect on glomerular AT1R binding.  Interestingly, the high dose of DHT 
(200mg/21days) caused a significant reduction in AT1R biding, to levels lower 
than seen in intact females rats (#P<0.01 Intact male and Intact female, n=6 in 
each group). 
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Discussion 

The potential interactions between sex hormones and AT1Rs have 

become a focus of intense investigation, in great part because of the observed 

sex differences in the development and progression of Ang II-associated 

cardiovascular and renal diseases. Although recent reports have linked the 

presence of estrogen with down regulation of AT1R activity, the effects of 

estrogen on its own receptors and AT1R binding in both male and female 

kidneys are not well understood. The present findings extend previous reports 

that show that E2 attenuates AT1R binding in various tissues326  by 

demonstrating that Ovx decreases ERα protein expression in the renal cortex 

(Fig. 2.3A), which is associated with an increase in glomerular AT1R binding.  

E2 (17 β-estradiol) prevents these changes in cortical ERα and glomerular 

AT1R binding (Fig. 2.4).  

The findings strongly suggests that changes in AT1R binding is 

associated with ERα, since 1) the unique change in ERβ protein observed in 

the cortex of Cas male rats had no effect on AT1R expression (Figs. 2.2B and 

2.4); and 2) the dramatic change in ERα protein in the Cas+200mg DHT (Fig 

2.3C) was associated with a profound decrease in AT1R binding (Fig2.4).  

Another significant finding is that there are sex differences in basal glomerular 

AT1R binding. AT1R binding is ~40% lower in glomeruli from intact female 

compared with intact male animals (Fig. 2.4). Thus, this study reports on novel 
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findings that support the hypothesis that the E2-mediated attenuation of AT1R 

binding in the kidney is one potential mechanism by which E2 exerts 

"protection" from vascular and renal disease in the estrogen-replete female. 

That is, circulating E2 inhibits AT1R binding in the renal cortex; when this 

inhibition is lifted, such as when circulating E2 is reduced following menopause 

or in diabetes, AT1R binding is increased. This would result in enhanced 

actions of Ang II, which could increase the degree of susceptibility of the animal 

to vascular and renal disease, as well as increasing the rate of existing disease 

progression. 

The current study found that the level of AT1R binding was inversely 

related to ERα protein expression (Figs. 2.3, A and B, and 2.4), and this was 

true even with the high dose of DHT (200 mg pellet), which increased ERα 

protein profoundly and decreased AT1R binding compared with intact controls. 

This finding was unexpected and intriguing, as neither parameter was altered 

by castration or the lower dose of DHT. One explanation is that the plasma 

estradiol levels were very high in these animals (which supported our findings of 

high cortical ERα), despite the fact that DHT is not a substrate for aromatase. A 

potential explanation for the high estrogen levels observed when using the high 

concentration DHT pellet, may be in the composition of the pellet.  While the 

components of these pellets are proprietary, we do know that they contain high 

levels of cholesterols.  With the size of these larger dose pellets, we 
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hypothesize that perhaps the high levels of these cholesterols being introduced 

to the animal could be converted into estrogens, either directly or indirectly.  

This might lead to the high estrogen levels detected, and the resultant high 

renal cortical ERα protein. In addition to being unexpected support for the 

action of E2 on renal ERα expression and AT1R binding, this finding also 

suggests that very high circulating DHT may affect other hormones or systems 

(which could alter estradiol and ERs). Also, in the brain, DHT has also been 

shown to act through ERβ receptors to affect stress responses 332; this opens 

the possibility that under certain conditions, DHT might act through these 

receptors in peripheral organs.  However, the potential physiological relevance 

is unclear and in the present studies, the DHT was not associated with changes 

in renal ERβ. 

These studies also clearly demonstrate the sex differences in AT1R 

binding in glomeruli from intact female and male rats. Although higher AT1R 

binding was consistently observed in male kidneys in the presence or absence 

of physiological levels of DHT, intact and E2-supplemented female rats had 

significantly lower AT1R binding (Fig. 2.4) compared with males, while Ovx 

increased binding up to levels observed in male glomeruli. The glomeruli may 

be considered an important site of renal AT1Rs, and the actions of Ang II at this 

site has been associated with development of glomerular hypertrophy 150. This 

again supports the idea that E2 may limit the development of hypertension and 
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renal disease through tonic inhibition of the AT1R. Investigators have reported 

that Ovx significantly increases the density of glomerular 324, 333, and adrenal 333 

AT1Rs as well as blood pressure in the Dahl salt-sensitive rat, compared with 

E2-supplemented Ovx or intact rats.  Others have also demonstrated that AT1R 

blockade prevents the increase in blood pressure in salt-sensitive Ovx rats 324. 

These findings further support the concept that loss of E2 (as with age) 

increases AT1R activity and contributes to the development of hypertension. 

This interpretation fits well with the finding that tissue responsiveness to Ang II 

is reduced in the presence of E2 334. 

Whether the actions of E2 and TEST are tissue and/or disease specific 

or are more widespread remains to be determined; however, studies by our lab 

and others suggest that the degree of protection or damage may depend on the 

underlying physiological state. For example, in uninephrectomized rats (UNX), 

male but not female kidneys exhibit overt testosterone-mediated glomerular 

hypertrophy, tubular damage, and proteinuria 224, 227, 335, which is associated 

with increases in glomerular AT1R density, and is prevented by treatment with 

AT1R blockers 150. Interesting, while testosterone actively mediates renal 

damage in male UNX rats, estrogen has no effect on renal damage 227.  Li et al. 

have also reported that testosterone contributes to the sex-related differences 

in cardiac hypertrophy observed in male guanylyl cyclase-A knockout mice 331. 

These findings suggest that under certain circumstances, testosterone up-

regulates renal AT1Rs, as it has been shown to do in epididymal cell cultures 
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215. Thus, depending on the specific tissue and disease process, testosterone 

may promote vascular and tissue damage. 

Interestingly, while the progression of disease in many forms of chronic 

renal failure (including membranous nephropathy, IgA nephropathy, and 

polycystic kidney disease) is clearly accelerated in men compared with women 

336, this is not true for diabetes. In fact, in diabetes the progression of 

hypertension and nephropathy can be accelerated in women 186, 191, 192. 

Evidence is now building that the sex differences in diabetic disease are related 

to estrogen and ER status. 17β-estradiol levels are decreased in diabetic 

female rodents 203, 204, 337, and recent findings have also shown that ERs are 

significantly decreased in mesangial cells from female db/db mice (Type 2 

diabetes model) compared with wild type (apparently mediated by local IGF-

I)338, again supporting the notion that ER expression is altered in diabetes. 

Together with our findings, this further strengthens the concept that the loss of 

E2 with menopause or in diseases, such as diabetes, removes the protection, 

and places women at greater risk of developing Ang II-associated pathologies. 

In contrast, the presence of testosterone has been associated with increased 

disease progression. 

In conclusion, these studies support and extend the work of previous 

investigators by demonstrating that the E2-replete rat has higher ERα protein 

expression and lower glomerular AT1R binding in the renal cortex compared 
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with the intact male or the Ovx female. The basal action of E2 through ERα may 

normally contribute to a tonic suppress of the actions of Ang II.  The inverse 

relationship between ERα expression and glomerular AT1R binding (at a key 

site for development of renal pathology), strongly supports the concept that 

renoprotection in the female occurs, in part, by the E2-mediated attenuation of 

AT1R activity in the kidney. 
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Aim 2 
 

Sex Differences in the Effects of Growth 
Hormone on Early Diabetic Renal Disease 
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The second aim is to determine the role of GH in the progression of renal 

disease in early diabetes in male and female rats.  If we find that E2 

normally acts through renal ERs to down-regulate renal AT1Rs, we hypothesize 

that due to the decrease in circulating E2 levels in diabetes, female diabetic 

animals will not be protected from Ang II’s action, and will therefore progress in 

diabetic nephropathy at the same rate as male diabetic animals. However, in 

diabetes, ER expression is reduced due to the abnormal glucose environment.  

We hypothesize that the decreased ERα would elevate renal AT1R expression 

and increase extra cellular matrix proteins: combined this will contribute to the 

progression of renal damage in the female animals equal to that of the males.  

We also hypothesize that GH-replacement in STZ diabetic animals will increase 

the progression of diabetic kidney disease in both male and female rats 

potentially through an NPY mediated pathway.
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ABSTRACT 

 
Human and animal studies support the idea that there are sex 

differences in the development of diabetic renal disease, although the 

underlying mechanisms are not clear. Our lab and others have determined that 

in addition to Ang II (through AT1R), growth hormone (GH) contributes to renal 

damage in several different diseases, however, the impact of both GH and sex 

on the mechanisms initiating diabetic renal disease is not known. Our previous 

work suggests that sex differences in diabetic renal damage may be GH-

dependent. The focus of this study was to elucidate whether the GH-dependent 

exacerbation of renal damage in early, uncontrolled streptozotocin (STZ)-

induced diabetes is sex related, and if GH actions are via up-regulation of renal 

Ang II AT1R activity. Adult male and female S-D rats were injected with vehicle 

(ND), STZ (55 mg/kg, ip), or STZ+GH (2.5µg/ 2x daily) and euthanized after 8 

wks. Mild but significant glomerulosclerosis (GS) and tubulointerstitial fibrosis 

(TIF) was observed in both male and female diabetic kidneys, with GH 

significantly increasing GS and TIF by 30% and 25% above STZ-only, in male 

but not in female rats. STZ alone increased TGF-β expression in both male and 

female kidneys, however, while GH had no further effect on TGF-β protein in 

the female kidneys, it increased renal TGF-β protein in male kidneys an 

additional 30%. STZ significantly reduced renal MMP-2 and MMP-9 protein 



 72 

expression in both male and females, but again, GH exerted additional effects 

only in male rats. The same pattern was observed in the markers of 

inflammation; MCP-1 and CD68+ cell staining was significantly increased in 

kidneys from GH-treated male, but not female, diabetic rats. All GH-related sex 

differences were independent of AT1R activity, since AT1R activity was 

significantly elevated by GH in both male and female rats, but additional renal 

damage was only observed in the male rats. This suggests that GH is working 

directly, or indirectly though a mediator other than Ang II, potentially pointing to 

NPY.  This is based on the fact that NPY is elevated only in STZ+GH males, 

those with the highest amount of damage. These studies indicate for the first 

time that GH exacerbates diabetic renal injury in a gender specific manner, 

primarily by increasing tissue inflammation. 
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Introduction 

GH has long been implicated in kidney pathologies150, including chronic 

renal failure258 and diabetic nephropathy258, 260, 270, 339.  Human diabetic patients 

(both Type 1 and Type 2) present with dysregulated GH secretion, which 

ultimately results in overall GH hypersecretion247, 248, 263.  Bovine GH transgenic 

animals develop glomerulosclerosis that closely resembles human diabetic 

kidney disease, presenting with glomerular hypertrophy, increased glomerular 

cell turnover, and increased matrix accumulation; the animals eventually die 

from uremia270.  Diabetic dwarf rats are characterized by diminished renal and 

glomerular hypertrophy compared with diabetic control animals with intact 

pituitaries340.  These GH deficient animals are also protected against 

developing glomerulosclerosis after subtotal nephrectomy259.  Also, treatment of 

diabetic mice with a GH receptor antagonist prevented diabetes-associated 

renal hypertrophy or glomerular enlargement, and produced lower urinary 

albumin excretion than untreated diabetic mice259.  Collectively, these findings 

strongly suggest that GH plays an important role in the development of diabetic 

kidney disease, however the mechanism whereby GH acts on the kidney is not 

known.  While GH is known to stimulate liver and tissue insulin-like growth 

factor (IGF-1), this mechanism does not appear to play a role in diabetic renal 

damage263.  
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The streptozotocin (STZ) injected rat, one of the primary animal models 

of Type 1 diabetes, does not display the GH hypersecretion observed in human 

diabetes.  Within 24 hours of STZ injection, pulsatile GH secretion is abolished 

in adult rats341 and remains at low levels.  We hypothesize that this loss of GH 

impacts the development of diabetic disease in these animals, perhaps in part 

through the effect of GH to up-regulate glomerular AT1Rs150.  Since GH has 

previously been shown to up-regulate Ang II binding to glomerular AT1Rs and 

increases renal glomerular hypertrophy and damage in the remaining kidney of 

adult male uninephrectomized rats150, 229.  We hypothesize that a similar 

increase in renal AT1R receptor activation occurs in the diabetic kidney in the 

presence of GH.   

GH has also been demonstrated to impact the immune system.  

Transplant rejection, decreased ability to produce antibodies, and a reduced 

mixed lymphocyte test reaction have all been observed after pituitary removal, 

and improvements in all of these areas are seen with GH replacement269.  GH 

has also been shown to play an important role in promoting T lymphopoiesis266, 

thymic growth and T cell development, and improving T cell function267, 268.   

Because diabetic renal damage is considered an inflammatory process, we 

hypothesize that GH may exacerbate renal damage by enhancing the 

inflammatory process. 

Recent studies have suggested an emerging role in the inflammatory 

process in the pathogenesis of diabetic nephropathy64, 80, 342, 343.  Most 



 75 

glomerular diseases associated with sclerosis are characterized by the 

infiltration of macrophages into the glomerulus in the early stages, before the 

development of extracellular matrix expansion and glomerulosclerosis344.  

Monocytes could cause structural damage through the release of proteolytic 

enzymes and oxygen free radicals, glomerular remodeling by the release of 

growth factors, or glomerular functional alterations through the release of 

proinflammatory cytokines345-347.  The influence of GH in the immune system 

function could add to diabetic damage by increasing the infiltration and 

activation of monocytes.   

There are many unanswered questions regarding the early pathologic 

events occurring prior to diagnosis in the diabetic human.  Clearly, the high 

glucose environment can, in some cases, be present for years before treatment 

begins, and the potential changes occurring in the untreated diabetic patient are 

of great interest.  Our focus is on the early stage of diabetes (the first 2 months) 

where changes in renal pathology have not been well studied; most animal 

studies begin after 3 months, and are in insulin-treated animals.  The GH-

replete STZ diabetic animal provides an excellent opportunity to evaluate the 

effects of GH on early diabetic kidney disease and evaluate the potential for 

sex-specific therapeutic intervention.   

As mentioned in Chapter 2, there is evidence for sex differences in many 

diseases.  The relationship between sex hormones and GH is well known, as 

estrogen and testosterone set the characteristic patterns of GH release: 
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testosterone results in a peak/trough pulsatile release of GH, while estrogen 

results in erratic low peak secretion, with higher baseline levels of GH348 229.  

These characteristic patterns of GH secretion may be important for end-organ 

responsiveness.  In the diabetic milieu, neither the impact of GH on diabetic 

renal damage in male and female rats, nor the potential GH-associated 

mechanisms of damage have been addressed in previous studies.  We 

hypothesize that GH administration to STZ-diabetic rats will exacerbate early 

renal damage diabetic animals. The objective of this study was to determine the 

effect of sex and GH on downstream mediators of renal damage (AT1R, TGF-β) 

and inflammation (CD68, MCP-1), and subsequent renal disease (GSI, TIFI, 

albuminuria) in the initial stage of uncontrolled diabetes.   
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Methods 

Diabetes Induction and Animal Handling 

All procedures were approved by the Georgetown University Animal 

Care and Use Committee. Male and female Sprague-Dawley rats (Harlan, 

Indianapolis, IN) were obtained at 12-14 weeks of age, and randomly divided 

into three treatment groups for each sex: Non-diabetic control (ND, n= 8), 

streptozotocin (Sigma) (STZ, n=8), and streptozotocin+GH (STZ+GH, n=8). 

Animals were fasted overnight and diabetes was induced by an i.p. injection of 

STZ (55mg/kg, in 0.1M sodium citrate buffer).  The STZ+GH rats were injected 

with GH twice daily over the experimental period (sc, 2.5 µg/2 x daily, in 100 µl 

saline). STZ-only rats were injected 2x daily with saline vehicle. The animals 

were fed a phytoestrogen–free diet (Harlan, Madison, WI) and given tap water 

ad libitum. Animals were placed in metabolic cages (24 hrs) prior to STZ 

injection, and for 24 hours at 4 and 8 wks following STZ, to collect urine for 

albuminuria analysis. To mimic the changes present in early, uncontrolled 

diabetes, animals were not treated with insulin. Blood glucose levels were 

determined before STZ injection, and then weekly, using a One-Touch Ultra 

glucometer (LifeScan, Milpitas, CA) by tail puncture. After 8 weeks, the animals 

were weighed, anesthetized, and blood and organs were removed for assays.  

One kidney was snap frozen in liquid nitrogen for Western blotting (for TGF-β, 
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MMP-2, MMP-9 proteins) and AT1R radioligand binding assay, and the other 

kidney was fixed in 4% paraformaldehyde to determine glomerulosclerotic index 

(GSI), tubulointerstitial fibrotic index (TIF), and for immunohistochemical (IHC) 

analysis of MCP-1 and CD68+ cells.  Albumin concentration in urine was 

determined by ELISA (Exocell) and urine albumin excretion was calculated from 

24 hr urine volume. 

 

Tissue Homogenization and Western Blotting 

 Protocol as described in Chapter 2 was used.  Primary antibodies for 

TGF-β [(1:1,000 dilution) Santa Cruz Laboratories, Santa Cruz, CA] or MMP-2 

and MMP-9 (1:500 dilution), Oncogene Science Inc. Cambridge, MA] were used 

in this assay. 

 

AT1R binding 

As described in Chapter 2.  

 

Glomerulosclerotic Index (GSI) 

 The GSI is indicative of damage to the glomeruli, including mesangial 

expansions, matrix deposition, and capillary dilatation: the higher the GSI, the 

greater the damage.   
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PAS-stained 3 µm paraffin-embedded kidney sections were examined 

using a Nikon Eclipse E600 light microscope to assess the glomerulosclerotic 

index, as previously described349.  Eighty glomeruli per section were assessed 

and the degree of sclerosis was scored on a scale of 0 (normal glomeruli); 1, 

sclerotic area up to 25% (minimal); 2, sclerotic area 25-50% (moderate); 3, 

sclerotic area 50-75% (moderate-severe); 4, sclerotic area 75-100% (severe).  

The GSI was calculated using the formula: GSI= (1n x 1)+(2n x 2)+(3n x 3)+(4n 

x 4), where n is the number of glomeruli at each grade of sclerosis.  All samples 

were analyzed under blind conditions, and group assignments were made after 

analysis was completed. 

 

Tubulointerstitial Fibrotic Index (TIFI) 

 TIFI is indicative of damage to the renal tubules, including immune cell 

infiltration and inflammation, fibrosis, and tubular dilation. 

Masson's trichrome-stained 3 µm paraffin-embedded kidney sections 

were examined using a Nikon Eclipse E600 light microscope to assess the TIFI, 

as previously described349.  Forty areas per section were assessed and the 

degree of fibrosis was scored on a scale of 0 (normal interstitium); 1, fibrotic 

area up to 25% (minimal); 2, fibrotic area 25-50% (moderate); 3, fibrotic area 

50-75% (moderate-severe); 4, fibrotic area 75-100% (severe).  The TIFI was 

calculated using the formula: TIFI= (1n x 1)+(2n x 2)+(3n x 3)+(4n x 4), where n 
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is the number of areas at each grade of fibrosis. All samples were analyzed 

under blind conditions, and group assignments were made after analysis was 

completed. 

Immunohistochemistry (IHC) 

 4µm sections of paraffin imbedded kidney sections were deparaffinized 

and hydrated.  The sections were incubated in 10% normal goat serum for 

blocking of nonspecific immunoreactivity, and then incubated overnight in 

primary antibody to CD68 (1:100 dilution, Oncogen); Collagen IV (1:1000 

dilution Santa Cruz Biotechnology Santa Cruz, CA); or MCP-1 (1:1000 dilution 

Abcam).  Negative controls were incubated in 10% Normal Goat Serum only.  

Positive immunoreactions were detected using the Envision Plus peroxidase kit 

(Dako, Carpentaria, CA), and then the slides were counterstained with Mayer’s 

hematoxylin.  The slides were photographed at 40X.  Quantification was done 

using Image J (NIH) software, sampling all animals from each group and 

analyzing 10 visual fields from each animal. 

 

Statistics 

Statistical analysis between groups was performed using two-way 

ANOVA, with Tukey post-hoc tests. Analysis within groups was performed using 

one-way ANOVA, with Tukey post-hoc tests. Significance was designated at 

P<0.05. 
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Results 

 To mimic changes that may occur prior to diagnosis of diabetes in 

humans, diabetic rats were not treated with insulin during the two month study. 

All diabetic animals maintained elevated blood glucose levels throughout the 

experimental period (450±40 vs 100± 11 mg% in non-diabetic controls, P<0.01).  

Body (BW) and organ weights are given in Table 3.1.  While there was a 25% 

increase in BW in male controls over the 8 week period, STZ treatment resulted 

in a 30% loss in BW in male STZ rats +/- GH; BW increased ~17% in control 

females and female STZ rats showed only a 10% BW loss.  In contrast to 

males, female STZ+GH were able to sustain their BW during the period.  

Furthermore, at this early time period, there was greater increase in KW 

observed in the female rats (45% increase in STZ and 55% increase in KW in 

STZ+GH compared to control kidneys), compared to male STZ (only a 3% 

increase) and STZ+GH (only a 6% increase).  In contrast, heart weights were 

unchanged in females, and were significantly less than HW in control male 

animals. 

 Urine albumin excretion was elevated in both male and female STZ rats 

compared to controls as seen in Table 3.1 (P< 0.05 vs control).  GH 

replacement had no added effect albuminuria in the female diabetics, however, 

albuminuria was significantly elevated in GH replaced male STZ rats compared 

to that of Control (P <0.01) and STZ rats (P<0.05). 
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Effect of sex and GH on glomerular and tubular damage in diabetic rats 

 The glomerulosclerotic index (GSI) for the various groups is given in 

Figure 3.1A.  Neither male or female control animals had any glomerular 

damage; STZ treatment was associated with a modest, yet significant rise in 

GSI (4X control) in both male and female animals (P<0.01).  While GH did not 

enhance GSI in the diabetic females kidney, GH increased GSI 30% over that 

observed in kidneys from male STZ-only rats (P<0.05 vs STZ-only).  

Representative images of PAS stained glomeruli are shown in Figure 3.1B.  

While the damage noted is still relatively modest, this early effect of GH is 

statistically significant.   

 The tubulointerstitial fibrotic index (TIFI) for the various groups is 

illustrated in Figure 3.2A. Both male and female STZ animals had a significant 

increase in TIFI as compared to their sex-matched controls (P<0.01).  In 

contrast, GH increased TIFI to a greater extent than STZ-alone in both male 

and female diabetic kidneys.  However, GH still caused significantly greater 

damage in the male, increasing the TIFI 20% more than observed in the female 

kidney.  Figure 3.2B shows representative Masson’s Trichrome stained 

sections, illustrating the modest TIFI damage (~2 AU in the male kidneys) with 

tubular dilation and fibrosis in the GH treated animals which is significant at this 

early stage of diabetes.     
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The effects of sex and GH on makers of inflammation and renal damage in 

diabetic rats 

 Figure 3.3A&B shows staining of CD68+ cells in control and diabetic 

kidneys; CD-68 is used as a marker of the presence of activated macrophages 

and tissue inflammation.  While there was no evidence of CD68 staining in 

either male or female control animals, a slight (not significant) increase was 

observed (brown staining) in the STZ-only animals of both sexes (Fig. 3.3A).  

When GH was replaced in the female animals, no additional change was seen 

(Fig. 3.3A).  However, GH treatment in the diabetic male rats resulted in a 

robust and significant increase in staining of CD68+ cells both in the glomeruli 

and in the surrounding tubules, indicating significant infiltration of macrophages 

in the presence of GH.  Representative images are shown in Figure 3.3B.   

 Monocyte chemoattractant protein-1 (MCP-1) is a specific chemokine 

that recruits and activates monocytes from the circulation into sites of 

inflammation.  MCP-1 staining in control and diabetic kidneys is shown in Figure 

3.4A. Little or no MCP-1 staining was observed in the kidneys of control male or 

female rats.  At this early (2 month) time point, there was a similar, significant 

increase in MCP-1 (brown staining) in both male and female rats with STZ 

treatment (Fig. 3.4A).  While GH replacement had no further effect on kidneys 

from STZ+GH female rats, there was a significant increase in MCP-1 staining in 

the kidneys from GH-treated diabetic male rats.  Representative images of 

MCP-1 staining in control and diabetic kidneys are shown in Figure 3.4B.   
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Effect of sex and GH on TGF-β , MMP-2 and MMP-9 proteins in diabetic 

rats 

 The effects of GH on renal TGF-β protein expression are illustrated in 

Figure 3.5A&B (samples from each sex were analyzed on separate gels, and 

data was analyzed by one-way ANOVA). TGF-β protein expression increased 

5-fold from control values in kidneys from in both male and female STZ treated 

rats (P<0.05 vs control).  While GH repletion had no additional effects in 

kidneys from diabetic females rats (Fig 3.5A), there was a dramatic 4+-fold 

increase in cortical TGF-β expression in kidneys from STZ+GH male rats 

compared to kidneys from STZ-only male rats, and a 10-fold increase in TGF-β 

compared with controls  (P<0.01 vs control and P<0.05 vs STZ-only). 

 Figure 3.6 shows the effects of sex and GH on protein expression of two 

different metalloproteinases (MMP) within the cortex of the kidney.  These 

MMPs normally reduce matrix build-up, and have been shown to be reduced in 

kidneys of STZ-diabetic rats, a factor promoting matrix deposition350.  Figures 

3.6A and B illustrate a 30% decrease in MMP-2 protein expression with STZ 

treatment in both male and female rats.  However, GH replacement only 

decreased MMP-2 further in the diabetic male kidneys (P<0.05 vs STZ-only, Fig 

3.6B).  Figures 3.6 C and D indicate that MMP-9 protein expression was 

significantly decreased in kidneys of both sexes with STZ treatment (P<0.01), 
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and GH treatment reduced MMP-9 only in kidneys from the diabetic male rats 

(P<0.01 vs STZ-only). 

 

Effect of sex and GH on glomerular AT1R binding in diabetic rats 

 Renal glomerular AT1R binding is shown in Figure 3.7.  As previously 

reported200, AT1R binding was significantly lower in glomeruli from non-diabetic 

females compared with control male animals (P<0.05).  While STZ treatment 

alone had no significant effect on AT1R binding, both male and female rats 

showed a increase in specific AT1R binding with GH treatment as compared to 

control and STZ-only male and female rats (P<0.05). 

 

Effect of sex and GH on cortical ERα  protein expression in diabetic rats 

 Our previous findings in male and female animals indicate that under 

normal conditions, E2 up-regulates cortical ERα and significantly reduces AT1R 

binding200.  E2 levels decrease in the diabetic animals187, 204, 351. However, this 

decrease in circulating E2 levels is not associated with a decrease in renal 

cortical ERα expression (Fig 3.8), suggesting that E2 regulation of its receptors 

is dysregulated in diabetes}204. In support of this, the change in AT1R binding in 

the presence of GH (Fig 3.7) is not associated with changes in ERα compared 

to STZ-only animals.  
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Effect of sex and GH on plasma NPY levels in diabetic rats 

 Figure 3.9 illustrates changes in circulating NPY levels in control and 

diabetic animals. There was no sex difference observed in circulating NPY 

levels from control male and female animals. Although NPY tended to rise in 

male STZ-treated rats, there was no significant effect on circulating NPY in 

either male or female rats.  In sharp contrast, GH replacement in male diabetic 

animals significantly increased circulating NPY levels (P< 0.05 compared to ND 

controls and diabetic females ± GH).   
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 Initial BW (g) Final BW (g) KW (g) HW (g) Albuminuria 
mg/day 

Control Female 244.5±5.5 284.0±9.0 1.52±0.04 0.99±0.11 2.9±1.2 

STZ 225.3±1.8 201.0±4.4* 2.20±0.02* 0.94±0.04 11.3±2.7* 

STZ+GH 227.4±2.3 227.4±18.7 2.36±0.11* 0.95±0.07 8.6±1.8* 

Control Male 369.7±2.7 461.0±14.0 2.68±0.10 1.42±0.02 3.1±0.4 

STZ 352.8±8.1 251.8±22.0# 2.75±0.21 1.00±0.08# 10.4±0.8# 

STZ+GH 353.0±8.7 249.0±25.6# 2.85±0.19 1.13±0.10# 16.1±1.7#$ 

 

BW=body weight; KW=kidney weight; HW=heart weight: *p>0.05 vs Sham Female; # p>0.05 vs 
Sham Male; $ p>0.05 vs STZ male, by one-way ANOVA, and Tukey post-hoc tests. (n=8 for 
each group) 

 

Table 3.1  The effect of sex and GH on organ and body weights and 
albuminuria in male and female rats. 
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A.  

 
B. 

 

 
Figure 3.1  Effects of sex and GH on GSI in diabetic rats.  A.  STZ treatment increased the 
GSI in both male and female rats.  While GH replacement had no additional effects on kidneys 
from diabetic female rats, GH significantly increased GSI in kidneys from diabetic male rats. 
*P<0.01 vs control; #P<0.05 vs male STZ, by two-way ANOVA and Tukey tests. (n=8 for each 
group)  B.  Representative images of Periodic Acid Schiff-stained 5µ kidney sections.  Mild 
glomerulosclerosis was evidenced by mesangial expansion (solid arrow) and dilated capillaries 
(dashed arrow), as seen in STZ, and was most abundantly in male STZ+GH kidneys.  Original 
magnification 400X, bar representes 100µm. 
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Male Control Male STZ Male STZ+GH 

Female STZ Female STZ+GH 
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B. 

 

 
Figure 3.2 Effects of sex and GH on TIFI in kidneys from diabetic rats.  A.  STZ 
treatment significantly increases the TIFI in kidneys from both sexes; GH treatment further 
increased the TIFI in both sexes, however, tubular damage mediated by GH was greater in 
diabetic male compared to female kidneys. *P<0.01 vs control of the respective sexes, 
#P<0.05 vs STZ of the respective sex: &P<0.05 vs STZ+GH female, by two-way ANOVA 
and Tukey tests.  (n=8 for each group)  B.  Representative images of Masson’s Trichrome-
stained kidneys sections.  Images of kidneys from STZ-diabetic rats are characterized by 
moderate tubule interstitial fibrosis, indicated by the presence of extracellular matrix 
deposits (blue staining) and tubular dilation (arrows), seen most abundantly in male 
STZ+GH rats.  400X magnification, bar represents 100µm.   
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Female STZ Female STZ+GH 

Male STZ+GH 
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Figure 3.3  Effects of sex and GH in CD68 staining in diabetic rats.  A. No significant 
changes were observed in CD68 protein expression in kidneys from diabetic female rats. 
While CD68 staining was not increased in kidneys from STZ-only rats, GH significantly 
increased CD68 staining in glomeruli and tubules in diabetic male, but not female, rats. * 
P<0.01 compared to all other data, by two-way ANOVA and Tukey tests. (n=8 for each 
group)  B. Representative images of CD68+ cells in kidney sections (dark brown dots). The 
intensity of staining is significantly increased in the STZ+GH males.  Original magnification 
400X, bar represents 100µm. 

A. 

B. 

* 
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B. 

 
 
Figure 3.4  Effects of sex and GH in MCP-1 staining in diabetic rats.  A. STZ 
increases the MCP-1 staining in kidneys from diabetic male and female rats, however, 
GH-treatment increased MCP-1 only in kidneys from diabetic male rats. * = P<0.01 vs 
control and # = P<0.05 vs female, by two-way ANOVA and Tukey tests.  (n=8 in each 
group) B.  Representative images show an increase in brown staining on dilated and 
injured tubules, (solid arrows show dilated tubules, dashed arrows show brown 
staining). Original magnification. 400X, bar represents 100µm. 

A. 
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* 
* 
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A. 

 

 
B. 

 
 
Figure 3.5 Effects of sex and GH on renal cortical TGF-β  protein in control 
and diabetic rats.  A. TGF-β protein levels were significantly elevated in renal 
cortex from STZ treated female rats; GH did not increase TGF-β levels above 
STZ-only group.  *P<0.01 vs intact, by one-way ANOVA, and Tukey tests. (n=4 
for each group)  B.  STZ treatment significantly increased male cortical TGF-β, 
and GH supplementation further increased TGF-β 5-fold higher than levels in 
STZ-only kidneys, and 10-fold higher than in controls.  *P<0.01 vs. controls; 
#P<0.05 vs STZ, by one-way ANOVA and Tukey tests 

 

Control 
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A.                                                        B. 
 

 
 
C.                                                         D. 
 

 
 
 
Figure 3.6 Effects of sex and GH on renal cortical MMP-2 and MMP-9 
protein expression in control and diabetic rats.  A.  STZ decreased female 
cortical MMP-2 levels compared to control levels: GH did not alter the response.  
*P<0.01 vs control, by one-way ANOVA and Tukey tests B.  STZ significantly 
decreased MMP-2 protein levels compared to control males, and STZ+GH 
treatment further reduced MMP-2 lower than STZ alone.  *P<0.01 vs control, 
#P<0.05 vs STZ, by one-way ANOVA and Tukey tests C.  As seen with MMP-2, 
STZ and STZ+GH treatments significantly decreased female MMP-9 to the 
same level.  *P<0.01 vs. control, by one-way ANOVA and Tukey tests D.  STZ 
significantly decreases MMP-9 protein levels in male kidneys; GH treatment 
further reduces MMP-9 protein. *P<0.01 vs control, #P<0.05 vs STZ, by one-
way ANOVA and Tukey tests.  (n=4 for each group) 
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Figure 3.7 Effects of sex and GH on glomerular AT1R binding.  STZ has no 
effect on glomerular AT1R binding in female kidneys, while GH repletion 
significantly increases binding (*P<0.05 vs female control). GH increases 
glomerular AT1R binding in diabetic males kidneys. *P<0.05 vs male and 
female controls, by two-way ANOVA and Tukey tests.  (n=8 for each group)  
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Figure 3.8 Effects of sex and GH on cortical ERα  protein. Expression of 
renal cortical ERα increased in both male and female rats with STZ treatment.  
GH treatment had no additional effects on either sex. *P<0.05 vs respective sex 
control animal, by two-way ANOVA and Tukey test.  (n=4 for each group)   

* * 
* 

* 
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Figure 3.9 Effects of sex and GH on plasma NPY levels.   Circulating NPY 
levels were unchanged with or without GH in diabetic female rats.  In sharp 
contrast, GH replacement in male diabetic rats significantly increased 
circulating NPY levels. *P<0.05 vs male control and female STZ±GH, by two-
way ANOVA and Tukey tests.  (n=8 for each group)

* 
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Discussion 

 The present aim has built significantly on the work of previous 

investigators187, 250, 260 by determining that there are early, sex-related 

differences in both the mechanisms and outcomes of diabetic renal disease, 

and this difference is mediated, in part by GH.   This study reports that the 

presence of GH exacerbates development of renal damage in male, but not 

female animals, by consistently magnifying the diabetes-induced effect of 

proteins associated with renal damage (increased TGF-β, MCP-1 and reduced 

MMPs) and diabetes-associated pathology (increased GSI, TIFI, CD68+ cells, 

and albuminuria). The remarkable and specific male-related increases in TGF-

β, MCP-1 and CD68+ cells strongly suggests that GH is acting though pro-

inflammatory pathways. 

 The outcomes from this work indicates that renal damage in the female 

STZ-only diabetic rat was indeed at a level observed in the male STZ-only 

animals, supporting the concept that a loss of E2 causes progression similar to 

the STZ-only male animals. However, unexpectedly, the current work 

dramatically expands on that information by describing a specific sex-related 

mechanism for the damaging effects of GH in the diabetic animals. The fact that 

human diabetes is associated with overall high plasma GH levels increases the 

relevance of the present work to diabetic renal damage in men, and opens the 

possibility for sex-specific therapeutic disease intervention.   
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The STZ rat is an excellent model for studying the importance of GH in 

diabetes, since STZ treatment results in the suppression of pulsatile GH 

release, and hence low plasma GH levels341: this low GH model can be 

compared to STZ+GH replacement to identify specific GH associated changes 

in diabetes. This model has been shown to be instrumental in identifying the 

differential pattern of response to GH in male and female diabetic animals.  Our 

original hypothesis, that GH would exacerbate renal damage in both male and 

female diabetic animals, was proved incorrect: instead, there are overt sex 

differences in the effects of GH. Furthermore, the sex effects are not specific to 

increases in AT1R binding, as observed in the UNX model150.  

While we found that STZ-only injection in male and female animals did 

not increase glomerular AT1R, it was associated with significant increases in 

cortical TGF-β expression, and decreases cortical MMP-2 & 9 which confirm 

findings of other investigators49, 53, 59, 350. However, when GH was supplemented 

to the STZ-treated animals, while glomerular AT1R binding was significantly 

increased in kidneys from diabetic female rats (Fig 3.7), it was not associated 

with changes in downstream proteins (Fig. 3.3-3.6) or exacerbated renal 

pathology (Table 3.1, Figs 3.1 &3.2). In combination with our previous findings, 

it appears that there may be AT1R-dependent and –independent actions of GH 

in the diabetic female kidney.  While Ang II plays a known critical role in diabetic 

renal damage, the GH-related effect increasing glomerular AT1R binding is not 

relevant in the female STZ model. This is probably because AT1R binding was 
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elevated to the same extent in both male and female GH-treated diabetic rats, 

with dramatically different results.  

In sharp contrast to the diabetic female animal, in response to GH 

replacement, kidneys from diabetic male rats had significantly enhanced 

changes in ALL of the downstream proteins, (TGF-β, CD-68, MCP-1, MMP-2, 

and MMP-9) (Figs. 3.3-3.6), which was consistently associated with 

exacerbation in renal pathology (GSI, TIFI, albuminuria) (Table 3.1, Figs 3.1 

&3.2).  This supports the previously reported sex differences in GH-dependent 

renal damage observed in UNX male but not female rats150, 227.   

An important aspect of the present work is that while GH has been 

shown to have effects on immune cells, including increasing thymic growth, and 

T cell development and function267, 268, whether GH has a pro-inflammatory 

effects on the diabetic kidney was previously unknown.  The present study 

provides important, novel information, illustrating a profound sex-dependent 

effect of GH to increase TGF-β and markers of tissue inflammation only in 

kidneys from diabetic male rats(Figs 3.3 & 3.4).  This provides mechanisms by 

which GH exacerbates diabetic renal damage. We hypothesize that the sex 

differences in GH action in diabetic kidneys are mediated by interactions 

involving testosterone and GH, promoting increases in TGFβ and tissue 

inflammation. In non-diabetic mice, testosterone treatment alone has been 

shown to increase renal TGF-β mRNA and protein levels in vivo, which was 
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associated with an increase in glomerulosclerosis, as well as an increase in 

lymphocyte and macrophage infiltration352.  These changes in TGF-β mRNA 

and protein and resulting pathology were reversed with flutamide treatment (an 

antiandrogen)331. In the present study, we did not see sex differences with the 

STZ treatment alone, suggesting that both testosterone and GH are needed to 

uncover the sex differences—this mechanism may play a role despite the fact 

that circulating testosterone is reported to be reduced in diabetic patients353-356.  

In light of the close relationship between GH and testosterone, a synergistic 

mechanism contributing to renal damage is highly possible.   

Another hypothesis to potentially explain the GH male-specific effect is 

through testosterone alone.  GH is known to increase circulating testosterone 

levels357.  As mentioned before, testosterone is known to increase TGF-β 

protein expression and mediate renal damage through an inflammatory 

mechanism331, 352.  Testosterone has also been shown to increase circulating 

NPY levels and NPY levels in some tissues358, 359.  Potentially, in this model, our 

repletion of lost GH could be increasing circulating testosterone levels, which 

could mediate the effects seen.  Since we were unable to measure plasma 

testosterone levels in this particular experiment, future studies will be needed to 

clarify the role of testosterone in the GH male-specific renal damage seen in 

this study.   

Evaluating the events occurring during this early time point (relating to 
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pre-diagnosis in humans) provides insight into the mechanisms contributing to 

initial renal remodeling, and highlights the interactions between upstream 

factors such as Ang II and GH, and downstream mediators of renal damage.  It 

is clear that sex is also an important aspect of these mechanisms. Other 

investigators have stated that the female advantage of protection from 

cardiovascular and renal disease is lost in diabetes as a result of reduced 

circulating E2204, 352, 360. While this probably does play a role, it is becoming 

clear that it may be only one part of a problem, and that multiple systems may 

override the ability of E2 to reduce renal AT1R binding. Our finding that GH 

elevates AT1R binding in both male and female diabetic animals supports the 

concept that AT1R binding is regulated by GH, but indicates that an increase in 

AT1Rs alone does not mediate the GH-dependent mechanisms for diabetic 

renal damage.    

In strong support of a sex-dependent GH mechanism of renal damage is 

the finding that GH has a dramatic effect on renal TGF-β in the diabetic male, 

but not female animals, and this increase is directly correlated with exacerbated 

renal damage in the male kidney. The stimulation of TGF-β by GH has been 

reported by others7, 258, however, the sex differences we report are novel, and 

suggest that the effect of GH to increase renal TGF-β is either overridden in the 

female, or that GH needs a co-factor (such as some threshold level of 

testosterone) to be effective. The fact that GH does not exacerbate renal 
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damage in the diabetic female animal may provide a layer of protection in the 

female attenuating against some of the GH-associated early damage observed 

in the diabetic male rats. Indeed, a relationship has been suggested between 

E2 and TGF-β, since E2 supplementation in (non-diabetic) TGF-β transgenic 

mice significantly reduces the GSI and TIFI352. In our diabetic females, the 

presence of E2, albeit at a reduced level, may provide this protection against 

the actions of GH on TGF-β-- alternatively, the lack of some threshold level of 

testosterone may also confer protection. Studies in ovariectomized and 

castrated diabetic rats ± GH could illuminate this issue. 

The concept that GH may provide another target for therapy in diabetes 

has been suggested258, and is supported by many animal studies over the past 

15 years246, 361-363.  Our data supports the idea of this new pharmacologic 

therapy of blocking the action GH for the prevention and treatment of diabetic 

kidney disease, but suggests that it would be best used as a sex-specific 

therapy, relevant only in males. Previous reports using GH antagonist treatment 

from the onset of diabetes in non-obese diabetic mice found a normalization of 

diabetes-induced renal effects, including reduced renal hypertrophy, glomerular 

hypertrophy, and urine albumin content260; it is notable that these studies were 

performed in male animals.  It has also been shown that late intervention with a 

GH antagonist also resulted in regression of some of the diabetes-associated 

renal changes258. The present findings suggest that this potential therapy 
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should be targeted only to males.    

In addition, the use of our early time point without insulin treatment 

highlights the potential mechanisms of early damage that could occur prior to 

diagnosis and treatment in humans. Of additional relevance to the sex-specific 

GH-related renal damage in male rats, the present study found a dissociation 

between the elevated MCP-1 staining in STZ-only male kidneys, and the 

CD68+ cells in the same kidneys: this was one of the only areas that didn’t 

correspond consistently, and it could be accounted for by the early time point of 

two months post-STZ injection. The dissociation could represent the possibility 

that the immune response is still at an early stage, and recruitment 

macrophages is just beginning: the addition of GH in the diabetic male rats 

appears to increase the inflammatory response, yielding recruitment and 

activation of macrophages as illustrated by the remarkable increase in CD68+ 

cells (Fig. 3.3).  

 In conclusion, sex differences exist in the mechanisms governing early, 

uncontrolled diabetes in the presence of GH.  GH replacement in diabetic male 

rats results in significantly greater renal damage than observed in diabetic 

female rats via AT1-dependent and independent mechanisms, involving the 

inflammatory pathway.  This suggests that GH-suppression may be explored as 

a new sex-specific pharmacologic target in diabetic humans. 
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Aim 3 

Effects of NPY on Diabetic Kidney Damage 
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The third aim is to determine the effects of NPY on the development 

diabetic kidney disease in male and female rats.  NPY has been shown to 

be up-regulated in diabetes and is implicated in diabetic retinopathy. Previous 

studies indicate that the kidney is a target for NPY actions through the Y1R, but 

the actions of NPY on mediators or renal damage are unknown. We 

hypothesize that NPY will exacerbate diabetic renal disease, that its actions are 

mediated through the Y1 receptor, and that sex differences will be present.
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Abstract 

Circulating neuropeptide Y (NPY) has been shown to increase in diabetic 

humans, and has been linked diabetic retinopathy. Most of the known actions of 

NPY on the kidney are mediated through the NPY Y1 receptor (Y1R).  

However, the role of NPY in the progression of diabetic renal disease is 

unknown.  We hypothesize that elevated NPY in diabetes will exacerbate renal 

damage, and that the actions will be mediated through the Y1R.  The objective 

of this study was to determine if elevations in circulating NPY in diabetic rats 

exacerbates renal damage in a gender dependent manner; and if diabetic renal 

damage is mediated by the NPY Y1R. Male and female adult diabetic and non-

diabetic rats were treated for 8 weeks and subjected to cold stress (standing in 

ice-cold water for 2 hr/day) for the last two weeks of treatment, to elevate 

circulating NPY.  Male Y1KO mice were also utilized to further elucidate the role 

of the Y1R in mediating the effects of NPY in the diabetic kidney.  Circulating 

NPY was significantly elevated in male, but not female diabetic rats, however, 

stress had no further effect on NPY levels. As seen in previous chapters, the 

glomerulosclerotic index (GSI) was increased in both male and female diabetic 

rats compared to control rats, but again, stress had no additional effects at this 

time point.  STZ treatment also increased the tubulointerstitial fibrotic index 

(TIFI) in kidneys from the same rats compared to controls. Interestingly, there 

was a small, but significant stress-induced increase in TIFI in kidneys from both 
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control and diabetic rats of each sex.  However, this change in damage was not 

shown in the downstream mediators of inflammation like MCP-1 and CD68.  

Most importantly, stressed male Y1KO diabetic mice showed significant renal 

damage after just 8 weeks of treatment, compared to WT+stress diabetic mice.  

They also demonstrated significant increases in both GSI and TIFI, which were 

remarkable for the normally damage-resistant mouse kidney.  These changes 

were mirrored by significant increases in inflammatory markers such as MCP-1, 

CD68, and TGF-β protein expression compared to their WT+stress diabetic 

controls.  Interestingly, these Y1KO mice exhibited a significant increase in Y5R 

mRNA when compared to WT+stress diabetic controls, which supports the 

concept that the Y5 receptor may promote diabetic renal damage in the Y1KO 

mice.  In conclusion, while little effects were observed with two weeks of cold 

stress in adult male and female rats, Y1KO animals exhibited a significantly 

damaged kidney, suggesting a role for the NPY system in diabetic renal 

damage in the Y1KO mouse.  
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Introduction 

 NPY is a 36 amino-acid neurotransmitter belonging to the pancreatic 

polypeptide family that also includes peptide YY and pancreatic polypeptide 271.  

NPY has been reported to have many functions, from modulating feeding 

behavior to responding to physical and mental stressors. It is one of the best-

characterized orexigenic peptides and is well known to stimulate feeding, 

decrease energy expenditure, and increase body weight272, 364, 365. NPY is also 

considered a stress-associated neurotransmitter.  NPY is mainly released from 

sympathetic nerve terminals, as well as from the adrenal gland, both sources 

having known ties to the stress response287, 288, 366, 367.  It has been shown to 

increase in rodents in many different kinds of stress including footshock305, 

hemorrhage368, and cold pressor stress368. Relevant to this work are the 

findings that NPY is expressed in pancreatic islets and is implicated in the 

regulation of islet function369-371, and thus, has been linked to diabetes 271, 290, 

303, 306, 312; however the possible effects of NPY on the diabetic kidney are 

unknown. 

In “normal” humans, circulating NPY is not detectable, however, it has 

been reported to be increased in human Type 2 diabetics311, 312 and urinary 

NPY excretion is directly correlated with the severity of nephropathy in human 

patients312, suggesting a potential up-regulation of NPY in the diabetic human. 
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Unlike humans, many rodents do have detectable circulating NPY, primarily 

arising from platelets286, 306, 367. Although NPY has yet to be linked to diabetic 

kidney disease, central NPY levels are reported to increase in STZ diabetic 

rats290, 372, and  diabetic retinopathy was prevented in both Y2 receptor (Y2R) 

knock out mice as well as in wild type animals treated with a Y2R antagonist303, 

suggesting a role for the vascular, angiogenic effects of NPY through its Y2R.  

To support and extend the reports of previous investigators, our findings 

outlined in Chapter 3 indicate that there are sex-related differences in plasma 

NPY levels in diabetic rats. We found a significant increase in plasma NPY 

levels in diabetic male, but not female rats, only in the presence of GH (Fig. 

3.9): these male STZ+GH animals had the highest level of kidney damage of all 

groups. While this is just a correlative finding, it is intriguing. 

As discussed in Chapter 1, there are several NPY receptor types found 

in the kidney. We focused on the Y1 receptor (Y1R), since it is present in the 

kidney310, is the predominant vascular receptor, and has been implicated in 

pathology in other tissues303, 373, 374. In addition, DPPIV activity is high in the 

kidneys, and they cleave full-length NPY to NPY3-36, which has increased 

affinity for the Y2 receptors. We hypothesize that this action of DPPVI may play 

a role in the diabetic kidney. 

 NPY could be linked to diabetic renal disease by its association with Ang 

II, a known mediator of renal damage.  Tissue NPY and Ang II are often found 

co-localized375, and NPY has been shown to potentiate the vasoconstrictor 
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response to Ang II, and inhibit renin release376, 377.   Ang II has also been shown 

to modulate NPY secretion378, and stress-induced NPY may further increase 

Ang II to may mediate renal and vascular damage.  NPY may also cause renal 

damage through the potentiation of the pressor effects of norepinephrine in 

sympathetic nerves through the Y1 receptor379, potentially contributing to 

damage through the hemodynamic pathway previously discussed. However, 

our previous findings that that the sex-related exacerbation of diabetic renal 

damage in the male animal is not associated with differences in AT1R binding, 

suggests that an NPY/AT1R pathway may not be present in this model, at least 

in the AT1R binding affinity that was measured. 

 The following studies examined the effect of NPY on early diabetic renal 

disease using two animal species: the STZ-treated rat, and the Y1R KO mouse.  

To elevate NPY levels, diabetic animals were subjected to cold stress 2 hr/day 

for two weeks.  The effects of chronic cold stress were evaluated in normal and 

diabetic rats, with the working hypothesis that chronically stressed diabetic 

animals would exhibit increased renal damage compared to unstressed diabetic 

animals, and the stressed diabetic male animals would have the highest NPY 

levels, and greatest renal damage due to NPYs actions through the Y1 receptor 

to increase inflammation. This is based on the reports from other investigators 

that chronic cold stress acts via an NPY-dependent mechanism to increase 

smooth muscle cell proliferation and vascularization following angioplasty380, 

and promote a metabolic syndrome-like disorder in mice fed a high fat/high 
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sugar diet381.  

To further investigate the hypothesis that any NPY-mediated renal 

effects observed are mediated through the Y1R, we utilized male Y1R knock-

out mice (Y1KO) and their wild type (WT) controls (no genetically altered rats 

were available at the time of the study).  In addition, as discussed previously, 

STZ-diabetes in mice is a widely used model382, however it is generally noted 

that the diabetic mice are more resistant to renal damage compared to STZ-

treated rats382, 383. We hypothesized that the male Y1KO mice would be 

resistant to stress-induced exacerbation of diabetic renal disease.  Of 

importance is the fact that the only literature available on the effect of Y1 gene 

ablation on the kidney involved regulation of renal blood flow384; thus, all 

information in the present study is novel. 
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Methods 

Induction of diabetes in the rat and the chronic stress protocol 

All procedures were approved by the Georgetown University Animal 

Care and Use Committee. Male and female Sprague-Dawley rats (Harlan, 

Madison, WI) were obtained at 12-14 weeks of age, and randomly divided into 

six treatment groups for each sex: Control (non-diabetic, non-stressed control, 

n= 10), Control+Stress (Control+Stress n=6), diabetic (STZ, n=6), 

Diabetic+Stress (STZ+Stress, n=6).  Animals were fasted overnight and 

diabetes was induced by an i.p. injection of STZ (55mg/kg, in 0.1M citrate). The 

animals were fed a phytoestrogen–free diet (Harlan, Indianapolis, IN) and given 

tap water ad libitum. Animals were placed in metabolic cages (for 24 hrs) one 

day before STZ, and at 4 and 8 wks following STZ, to collect urine for 

albuminuria analysis. To mimic the changes present in early, uncontrolled 

diabetes, animals were not treated with insulin. Blood glucose levels were 

determined before STZ, and then weekly, using a One-Touch Ultra glucometer 

(Life Scan, Milpiltes, CA) by tail puncture. After 6 weeks, the stressed animals 

were placed in 1 inch of ice-cold water for two hours a day over 14 days.  After 

two weeks of stress, the animals were weighed, anesthetized, and blood and 

organs were removed for analysis.  One kidney was snap frozen in liquid 

nitrogen for Western blotting (for TGF-β, MMP-2, MMP-9 proteins) and AT1R 

radioligand binding assay, and the other kidney was fixed in 4% 
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paraformaldehyde to determine glomerulosclerotic index (GSI), tubulointerstitial 

fibrosis Index (TIFI), and for immunohistochemistry (IHC) analysis of MCP-1 

and CD68+ cells.  Urine albumin concentration was determined by ELISA 

(Exocell) and urine albumin excretion was calculated from 24 hr urine volume.   

 Animals Treatment Period 

 

 

 

 

 

 

Induction of diabetes in mice and chronic stress protocol 

Male Y1 knockout (KO) mice from the B6/129/J strain were obtained at 6 

months of age, along with their wild type B6/129/J controls.   Diabetes was 

induced with 5 consecutive days of i.p. STZ injections (50mg/kg in 0.1M sodium 

citrate) as advised in the Animal Models of Diabetic Complications Consortium 

guidelines, and non-diabetic controls were given vehicle only (0.1M sodium 

citrate). The animals were separated into five groups, non-diabetic (control, 

n=6)), diabetic (STZ, n=6), Diabetic+Stress (STZ+Stress, n=6), Y1R knockout 

diabetic (Y1KO+STZ, n=5), and Y1 knockout diabetic +Stress (Y1KO 

STZ+Stress, n=5).  The animals were fed a phytoestrogen–free diet (Harlan, 

Indianapolis, IN) and given tap water ad libitum. Animals were placed in 

Control                             8 wks 

Control + Stress               6 wks                           Stress 2 wks 

Stress 2 wks Stress 2 wks 

STZ                                  8 wks                           

STZ+Stress                       6 wks                           
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metabolic cages (for 24 hrs) one day prior to STZ, and at 4 and 8 wks following 

STZ, to collect urine for albumin analysis. To mimic the changes present in 

early, uncontrolled diabetes, animals were not treated with insulin. Blood 

glucose levels were determined before STZ, and then weekly, using a One-

Touch Ultra glucometer by tail puncture. After 6 weeks, the animals to be 

stressed were placed in 1 inch of ice-cold water for two hours a day over 14 

days.  After two weeks of stress the animals were weighed, anesthetized, and 

blood and organs were removed for analysis as previously described. 

Creatinine clearance was determined using a creatinine assay (BioAssay 

Systems) and calculated using 24 hr urine output, urine creatinine 

concentrations, and plasma creatinine concentrations.   

 Animals Treatment Period 
  

 

 

 

 

 

 

 

 

 

 WT Control                                   8 wks 

 WT STZ                                        8 wks 

 WT STZ+ Stress                            6 wks 

 Y1 Control                                     8 wks 

 Y1 STZ                                          8 wks 

Stress 2 wks 

 Y1 STZ+ Stress                              6wks Stress 2 wks Stress 2 wks 
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Tissue homogenization and western blotting 

Western blots were done as described in Chapter 2 and performed with 

antibodies as described in Chapter 3. 

Glomerular AT1R binding 

Kidney glomeruli were isolated in preparation for AT1R binding studies 

as previously described in Chapter 2.  

 

Kidney morphology 

 Glomerulosclerotic index (GSI) and tubulointerstitial fibrotic index (TIFI) 

were determined as described in Chapter 3. 

Immunohistochemistry (IHC) 

IHC analyses were conducted as described in Chapter 3. 

 

Plasma NPY levels 

 Plasma NPY was extracted on C18 Sep-columns and measured by 

ELISA (Peninsula Labs Inc., CA).   

 

Quantitative RT real time PCR 
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 RNA was extracted from kidney samples using Tri-reagent (Sigma) and 

purified using centrifugation and ethanol.  cDNA was synthesized through 

reverse transcriptase PCR using a RT-PCR kit (iScript Reverse Transcriptase, 

Biorad).  cDNA was amplified for 40 cycles using the TaqMan PCR Reagent Kit 

and pre-designed primers and fluorescein-labeled probes from Applied 

Biosystems for mouse Y1R, Y2R, and Y5R according to the manufacturer’s 

procedure.  The results were analyzed using Bio-Rad software and expression 

levels were calculated compared to β-actin as a reference gene. 

  

Statistics 

Statistical analysis within groups was performed using a one-way 

ANOVA and Tukey post hoc tests; analysis between groups was performed 

using two-way ANOVA, with Tukey post-hoc tests. Significance was designated 

at P<0.05. 



 117 

 

Results 

 

Part 1: Effects of chronic stress on diabetic renal damage in 

male and female rats 

 

Body and organ weights and results are given in Table 4.1.   As seen in 

Chapter 3, while body weights increased over the two month period in ND 

control animals, body weight in both male and female diabetic rats decreased 

over the experimental period. Two weeks of cold stress had no effect on body 

weight compared to control ND and diabetic rats. Kidney weights were not 

affected by stress in control or diabetic animals of either sex (Female Control 

1.52±0.04g; Control+Stress 1.51±0.07g; Male Control 2.68±0.09g; 

Control+Stress 2.52±0.03g; Female STZ 2.11±0.08g; STZ+Stress 2.20±0.02g); 

Male STZ 2.63±0.11g; STZ+Stress 2.75±0.21g). As observed previously at this 

early time point without insulin treatment, significant diabetic renal hypertrophy 

was observed in female by not male animals, however the KW/BW ratios were 

elevated from ND controls due to the decrease in BW (Table 4.1); stress did not 

alter this pattern.   

Albuminuria is given in Table 4.1.  In agreement with data found in Table 

3.1, STZ treatment increases albumin output in both male and female diabetic 
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rats, and chronic stress had no significant effect on albuminuria in either ND or 

diabetic animals.   

 

Circulating NPY levels and specific plasma and renal DPPIV activity in 

control and diabetic rats in the presence and absence of chronic stress 

 Overt sex differences were observed in circulating NPY levels from 

stressed animals. In female rats neither diabetes nor chronic stress had an 

effect on plasma NPY, compared to controls. In sharp contrast, NPY was 

significantly increased with chronic cold stress in control male rats, although 

there was not an additional increase in circulating NPY in the diabetic male rats 

(Figure 4.1). 

 As mentioned before, DPPIV is known to regulate the amount of full-

length NPY levels in plasma and tissue, and thus regulating the receptor 

preference of NPY385.  We investigated whether there were changes in plasma 

and renal DPPIV in the stressed and non-stressed diabetic animals. Figure 

4.2A illustrates that plasma DPPIV was unchanged following chronic stress in 

control and diabetic rats of either sex. Of potential relevance is the finding renal 

DPPIV was significantly greater in control female, compared to control male 

animals (Fig. 4.2B). Furthermore, while there was no effect of stress or diabetes 

on renal DPPIV from male rats, there was a significant decrease in DPPIV 

activity from control levels in kidneys from stressed and diabetic female rats 

(Fig 4.2B). This lower DPPIV activity was maintained in the stressed diabetic 

* 
* 

* * * 
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rats, which is novel, and different than the compensatory increase in DPPIV 

activity typically observed in other disease states319, 320. 

 

Renal glomerular AT1R binding  in diabetic animals in the presence and 

absence of chronic stress 

As seen in Figure 4.3, STZ treatment had no effect on the renal AT1R 

binding, confirming findings in STZ-only rats in Chapter 3.  Chronic stress also 

had no effect on AT1R binding in renal glomeruli in control or diabetic rats of 

either sex. This suggests that any effects of stress on the diabetic kidney are 

independent of increases in AT1R binding activity. 

 

GSI and TIFI in kidneys from male and female control and diabetic rats in 

the presence and absence of chronic stress 

 Figure 4.4 illustrates that GSI was significantly increased in STZ-treated 

male and female animals after 2 months, however the addition of 2 wks of 

chronic cold stress did not increase GSI further in either sex. Thus, at this early 

stage of diabetes chronic cold stress does not appear to exacerbate glomerular 

damage.   

Figure 4.5 illustrates the effect of chronic stress on TIFI in control and 

diabetic rats. Interestingly, there was a small but significant increase in TIFI in 

kidneys from both male and female non-diabetic rats—this was the only stress-

induced pathologic change noted in the study. Furthermore, chronic stress also 
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increased TIFI in kidneys from STZ-treated male and female rats to near 

moderate damage range (P<0.05 vs respective kidneys from non-stressed 

diabetic rats).  

 

Renal CD-68 and MCP-1 proteins control and diabetic animals in the 

presence and absence of chronic stress 

 Figure 4.6 shows quantitative results from CD68 IHC.  Consistent with 

results found in Chapter 3, STZ alone had no effect on CD68 staining on the 

kidneys of either male or female rats.  Furthermore, chronic stress also had no 

effect on CD68+ staining.  

 Figure 4.7 illustrates the quantitative results from MCP-1 IHC.   Again, 

consistent with results found in Chapter 3, STZ increased MCP-1 staining in the 

kidneys of both male and female rats, indicating tissue inflammation in the 

diabetic kidneys. Stress had no additional effect on MCP-1 protein in the 

kidneys from non-diabetic or diabetic animals of either sex.  
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 Initial BW (g) Final BW (g) KW/BW HW/BW Albuminuria 
mg/day 

Control Female 244.5±5.5 284.0±9.0 0.54±0.03 0.35±0.05 2.9±1.2 

Control+Stress 246.7±5.0 272.0±4.6 0.57±0.02 0.35±0.03 2.55±0.4 

STZ 225.3±1.8 201.0±4.4* 1.09±0.02* 0.47±0.03 11.3±2.7* 

STZ+Stress  225.0±2.2 200.3±5.9* 1.05±0.02* 0.44±0.03 10.96±2.2* 

Control Male 369.7±2.7 461.0±14.0 0.58±0.01 0.31±0.01 3.1±0.4 

Control+Stress 369.7±13 460.0±5.8 0.55±0.01 0.32±0.09 5.78±3.2 

STZ 352.8±8.1 251.8±22.0# 1.10±0.05# 0.40±0.06 10.4±0.8# 

STZ+Stress 351.5±6.7 243.0±13.6# 1.08±0.02# 0.46±0.02 12.8±3.3# 

BW=body weight; KW=kidney weight; HW=heart weight: *p>0.05 vs Control Female; # p>0.05 vs Control 
Male by one-way ANOVA and Tukey tests.  (n=6 for all groups)  
 
 
Table 4.1  Effects of chronic cold stress on body weights, organ weights 
and albuminuria in diabetic male and female rats.   
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Figure 4.1   Sex differences in plasma NPY levels in control and diabetic 
rats.  A. There was no effect of stress or STZ on circulating NPY levels in 
female rats.  Stress alone resulted in a significant increase in plasma NPY 
levels in male rats. STZ also increased NPY compared to controls, however 
there was no additional effect of stress on circulating NPY in the male diabetic 
rats. *P<0.05 vs sex-matched Male Control, #P<0.05 compared to male 
Control+Stress by two-way ANOVA and Tukey tests.  (n=6 for all groups)   
 

* 

* # 
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A.  

B. 

  
Figure 4.2.  Sex differences in plasma and renal DPPIV activity in control 
and diabetic rats.  A. Plasma DPPIV activity was unchanged with diabetes or 
stress in any groups.  B.  Control female rats displayed significantly higher renal 
DPPIV activity than observed in control male rats. In male rats renal DPPIV 
activity was unchanged by stress or diabetes, however, stress and STZ 
treatment significantly decreased renal DPPIV activity in female rats compared 
to the high levels found in control animals.  *P<0.05 vs all other groups except 
Female Control+Stress, by two-way ANOVA and Tukey tests.  (n=6 for all 
groups) 
 

* 
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Figure 4.3 Renal glomerular AT1R binding in control and diabetic rats in 
the presence and absence of chronic stress. Chronic stress had no effect on 
glomerular AT1R binding in female or male diabetic rats. N.S. by two-way 
ANOVA. (n=6 for all gropus) 
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Figure 4.4 GSI in kidneys from control and diabetic rats in the presence 
and absence of chronic stress.  As previous observed, STZ treatment 
significantly increased GSI in kidneys from both sexes, compared to same sex 
Control; chronic stress had no additional effect on GSI in control or diabetic 
rats. *P<0.01 vs sex matched controls, by two way ANOVA and Tukey tests.  
(n=6 for all groups)  
 

* 
* 

* 

* 
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Figure 4.5 TIFI in kidneys from control and diabetic male and female rats 
in the presence and absence of chronic stress. Chronic stress increased 
TIFI in kidneys from both Control and STZ-treated rats compared to their non-
stressed controls. STZ treatment alone significantly increased TIFI in both male 
and female rats, as previously demonstrated in Chapter 3. *P<0.05 vs. 
respective sex Control; #P<0.05 vs respective sex Control+Stress; $P<0.05 vs 
respective sex STZ, by two-way ANOVA and Tukey tests.  (n=6 for all groups) 

* 

*#      *# 
*#$     *#$ 

*       * 
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Figure 4.6 CD68+ staining in kidneys from control and diabetic rats in the 
presence and absence of chronic stress.  Quantitative IHC results of CD-68 
staining in kidneys. Staining of CD-68+ cells was not altered in any of the 
groups of female and male rats. N.S. by two-way ANOVA.  (n=6 for all groups)  
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Figure 4.7. MCP-1 staining in kidneys from control and diabetic rats in the 
presence and absence of chronic stress. Quantitative IHC results of MCP-1 
staining in kidneys. STZ increases MCP-1 staining in kidneys from both female 
and male.  Chronic stress treatment had no additional effect on renal MCP-1 
staining in diabetic rats of either sex.   *P<0.05 vs. respective sex controls by 
two-way ANOVA and Tukey tests.  (n=6 for all groups) 
 
 
 

* 
* 

* * 
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Part 2: Effects of chronic stress on diabetic renal damage in 

male Y1KO and WT control mice 

Note: The unstressed Y1KO/STZ group that were initially prepared, are 

not part of the analysis; this group of animals died one week before scheduled 

sacrificed, due to husbandry issues. No additional Y1KO animals were available 

for use, so this important control is missing. However, the previous findings in 

rats (Figures 4.1-4.7) suggest that stress alone does not significantly 

exacerbate renal damage, and thus, the Y1KO/STZ+Stress group may be a 

true reflection the effect of the diabetic milieu. Nonetheless, future studies will 

readdress this issue.  Although not optimal, non-diabetic Y1KO animals were 

used as the controls for the diabetic Y1KO group for most measurements. 

Future studies will include all controls. 

Body Weights and organ weights are given in Table 4.2. There were no 

significant differences in body weights between any of the treatment groups, 

despite induction of diabetes. Glucose levels were significantly elevated due to 

STZ treatment, and Y1KO had no additional effect on plasma glucose levels 

(WT Control 94±5.7; WT STZ 477±4.3; WT STZ+Stress 498±5.6 mg/dl, P<0.01 

vs control: Y1KO Control 89±6.1; Y1KO STZ+Stress 492±4.9 mg/dl, P<0.01 vs 

control). Also kidney to body weight ratio is not altered due to diabetes or Y1R 

gene knock-out.  Final kidney weights were also unaltered (WT Control 

0.42±0.01g; WT STZ 0.38±0.02g; WT STZ+Stress 0.37±0.01g; Y1KO 
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STZ+Stress 0.44±0.11g).  Creatinine clearance (a marker of glomerular filtration 

rate and renal function) is also given in Table 4.2.  While there were no 

significant changes in creatinine clearance in any of the WT groups, there was 

a dramatic increase in creatinine clearance in diabetic Y1KO+Stress mice 

compared to WT controls and diabetic WT mice. 

 Albuminuria is shown in Figure 4.8.  In the WT mice, STZ treatment 

resulted in a significant increase in albuminuria; stress had no additional effect 

on albumin excretion.  Albuminuria was significantly higher in Y1KO 

STZ+Stress rats, when compared to their WT STZ+Stress counterparts 

(P>0.01).  

 

Effects of stress on kidney morphology in diabetic Y1KO mice   

 Quantitative changes in the glomerulosclerotic index are shown in Figure 

4.9A.  Consistent with the findings in rats, STZ treatment was associated with a 

significant increase in GSI in the diabetic WT mice; however, the overall lower 

level of damage compared to the rat kidney (Fig. 3.1) is consistent with mouse 

data from other investigators, attesting to the limited renal damage observed in 

diabetic mice382, 383, 386, 387.  The Y1KO non-diabetic controls had no glomerular 

damage. In sharp contrast to the very mild GSI in the diabetic WT mice, diabetic 

Y1KO+Stress had significantly higher GSI, which is associated with moderate 

glomerular damage, something normally observed much later in the 

progression of diabetic renal disease in the rat model.  Representative PAS-
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stained images are shown in Figure 4.9B. Control WT and Y1KO glomeruli and 

tubules were similar.  Damage (obvious gross capillary dilation and mesangial 

expansion) was evident in the diabetic Y1KO+stress kidneys when compared to 

the diabetic and stressed WT mice (lower right panel, Fig. 4.9B). 

 Quantitative changes in the tubulointerstitial fibrotic index (TIFI) are 

illustrated in Figure 4.10A.  The results mirror those observed with the GSI.  WT 

STZ and WT STZ+Stress groups shown an equal, slight but significant increase 

in TIFI from WT controls that was far less than found in kidneys from diabetic 

STZ male rats at the same time point (Fig 3.2).  TIFI in kidneys of control Y1KO 

mice were not different from WT mice, however, TIFI in kidneys from diabetic 

Y1KO+Stress mice was 4-fold greater compared to WT STZ+Stress and ~8-fold 

greater than Y1KO controls.  Representative Masson’s Trichrome-stained 

images are shown in Figure 4.10B.  Tubular dilation was present as well as a 

significant increase in fibrosis (shown in blue staining). 

 

Markers of renal damage in kidneys from diabetic WT and Y1KO mice in 

the presence and absence of chronic stress 

 Representative collagen IV immunohistochemistry is shown in Figure 

4.11B, and quantified levels are represented in 4.11A.  STZ significantly 

increased collagen IV protein expression in WT mice, which is consistent with 

the slight increase in GSI and TIFI seen above.  Chronic stress had no 

additional effect.  Y1KO controls were similar to WT controls, however, collagen 



 132 

IV expression in kidneys from diabetic Y1KO mice was significantly increased 

compared to collagen IV in kidneys from WT STZ+Stress mice (P<0.04).  This 

is also consistent with the large increase seen above in GSI and TIFI in the 

diabetic Y1KO+Stress mice.   

 Figure 4.12A shows the quantification of IHC for MCP-1 protein 

expression, with the same results as seen above with collagen IV staining. 

There was a significant increase in MCP-1 positive cells in kidneys from 

diabetic WT mice, and chronic stress had no additional effect on MCP-1 

expression. Kidneys from diabetic Y1KO+Stress mice had a greater than 2.5-

fold increase in MCP-1 positive cells compared to expression in kidneys from 

WT STZ+Stress mice (P<0.05).  Representative images are shown in Figure 

4.12B, with MCP-1 protein depicted in brown/gold staining.  MCP-1 staining is 

seen predominately in tubular epithelial cells, and specifically in the cells of 

dilated or damaged tubules.     

 Figure 4.13A shows quantified results of staining for CD68 protein. WT 

STZ and WT STZ+Stress were associated with a mild increase in CD68+ 

stained cells, with only the WT STZ+Stress group attaining significance 

compared with WT controls (P<0.05). In contrast, CD68+ cells significantly 

increased in the diabetic Y1KO+stress animals (P<0.05 vs WT STZ+Stress).  

Fig 4.13B shows representative images at 40X magnification.  Unlike the MCP-

1 staining, the CD68 positive cells appear to be seen mainly in the glomerulus, 

and the amount of staining appears proportional to the amount of damage to 
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the glomerulus.  Only in the severely damaged tissue, as seen in diabetic 

Y1KO+stress animals, is there infiltration of CD68 into the tubules.  

 

Renal TGF-β  protein in diabetic male WT and Y1KO mice in the presence 

and absence of chronic stress 

 There was no significant increase in TGF-β protein in kidneys from 

diabetic WT mice or Y1KO controls.  However, there was a significant increase 

in TGF-β in kidneys from the Y1KO STZ+Stress mice.  This is consistent with 

the changes in CD68, MCP-1 staining and greater renal damage (GSI and TIFI) 

observed in these mice.   

 

Renal NPY receptors in diabetic male WT and Y1KO mice in the presence 

and absence of chronic stress   

The effect of diabetes and Y1KO on renal NPY receptors has not been 

reported.  Figure 4.14 shows RT-PCR data from the three relevant NPY 

receptors found in the kidney. In WT mice, STZ-diabetes was associated with a 

3-fold increase in renal Y1R mRNA (P<0.01 vs ND control); stress had no 

additional effect.  As expected, kidneys from Y1KO control and STZ+Stress 

mice had no detectable levels of Y1R mRNA (Figure 4.15A).  Figure 4.15B 

illustrates quantitative results on Y2R mRNA, showing no significant changes in 

any treatment group. In WT animals, STZ and STZ+Stress had no significant 
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effect on Y5R mRNA (Fig. 4.15C).  In sharp contrast, control Y1KO mice 

presented with significantly higher (5-fold) basal levels of Y5R mRNA compared 

to WT controls (P<0.01), and diabetic Y1KO+stress mice displayed a further 

increase in renal Y5R mRNA compared with non-diabetic Y1KO mice (P<0.05). 

These findings represent the first report of the NPY receptors and renal damage 

in diabetic Y1KO rats.
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 Initial BW 

(g) 
Final BW 

(g) 
KW/BW Cr Clearance 

(µl/min) 
WT Control 24.5±1.2 30.3±2.2 1.39±0.07 235.5±34 

WT STZ 25.8±1.5 25.0±2.1 1.57±0.10 234.6±84 

WT STZ+Stress 24.0±1.1 26.5±1.4 1.42±0.11 385.4±68 

Y1KO 
STZ+Stress 
 

28.0±2.6 29.7±0.8 1.47±0.11 586.4±11* 

Body weight, BW; kidney weight, KW; Cr, creatinine 
 
Table 4.2.  Effect of chronic cold stress on body and organ weights in 
diabetic male WT and Y1KO mice. * = P<0.05 vs all other values, by two-way 
ANOVA and Tukey tests. (n=6 in WT groups, n=5 in Y1KO groups)  
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Figure 4.8 Urinary albumin excretion in diabetic male WT and Y1KO mice 
in the presence and absence of chronic stress.  Diabetic WT mice exhibited 
a significant increase in albuminuria, however stress had no additional effect.  
In contrast, the Y1KO STZ+Stress mice had significantly  increased albumin 
excretion compared with the WT STZ+Stress rats.  *P<0.01vs WT Control 
#P<0.05 vs WT STZ+Stress, by two-way ANOVA and Tukey tests. (n=6 in WT 
groups, n=5 in Y1KO groups) 

* 

# * 

* 
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Figure 4.9 GSI in kidneys from diabetic male WT and Y1KO mice in the presence and 
absence of chronic stress.  A.  GSI in WT and Y1KO control kidneys was comparable. 
STZ treatment in WT animals was associated with a slight but significant increase in GSI 
with no additive effect of stress.  Diabetic Y1KO+stress displayed a significant increase in 
GSI when compared to their stressed, diabetic WT counterpart. * P<0.01 vs WT or Y1KO 
control; #P<0.01 vs WT STZ+Stress by two-way ANOVA and Tukey tests. (Again, no 
unstressed diabetic Y1KO+stress were available for analysis). (n=6 in WT groups, n=5 in 
Y1KO groups)  B. Representative images of PAS stained kidney sections showing 
mesangial expansion (solid arrows) and capillary dilation (dashed arrows).  400X 
magnification, bar represents 100µm.  

A. 

B. 

* * 

# * 
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Figure 4.10. TIFI in diabetic male WT and Y1KO mice in the presence and absence of 
chronic stress.  A. TIFI in kidneys from WT and Y1KO control mice was comparable. 
Kidneys from STZ-treated WT and Y1KO mice had a slight increase in TIFI, and stress had 
no additive effect in the diabetic WT mice.  In contrast, kidneys from diabetic Y1KO mice 
had significantly higher TIFI (dark blue) than WT & Y1KO controls. *P<0.05 vs WT and 
Y1KO controls; #P<0.01 vs WT STZ+Stress, by two-way ANOVA and Tukey tests. (n=6 in 
WT groups, n=5 in Y1KO groups) B.  Representative images of Masson’s Trichrome 
stained kidney sections. TIF is depicted by the presence of extracellular matrix deposits 
(blue staining) and tubular dilation, seen most abundantly in kidneys from Y1KO 
STZ+Stress mice.   400X magnification, bar represents 100µm. 

B. 

A. *# 

* * 
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Figure 4.11 Renal collagen IV protein in diabetic male WT and Y1KO mice in the 
presence and absence of chronic stress.  A.  Quantified IHC results indicate that 
collagen IV production increases in kidneys from diabetic WT animals, and chronic stress 
has no additive effect.  Diabetic Y1KO animals have significantly increased renal collagen 
IV production compared to WT STZ+Stress mice.  *P<0.05 vs. respective Control; #P<0.04 
vs WT STZ+Stress by two-way ANOVA and Tukey tests. (n=6 in WT groups, n=5 in Y1KO 
groups) B. Representative images with collagen IV protein depicted in brown/gold staining.  
Magnification 400X, bar represents 100µm. 

* * 

* # 
 

A. 

B. 
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Figure 4.12 Renal MCP-1 protein expression in diabetic male WT and Y1KO mice in 
the presence and absence of chronic stress.  A.  Quantified IHC of renal MCP-1 protein 
expression.  Non-diabetic controls had minimal MCP-1 positive cells. There was a 
significant increase in MCP-1 expression in kidneys from diabetic WT mice, and again, 
stress caused no additional changes.  In contrast, there was a 2.5-fold increase in MCP-1 
protein expression in kidneys from diabetic Y1KO+Stress mice. * P<0.05 vs respective 
non-diabetic controls; #P<0.05 vs WT STZ+Stress by two-way ANOVA and Tukey tests. 
(n=6 in WT groups, n=5 in Y1KO groups) B.  Representative IHC images, with MCP-1 
protein shown as brown/gold staining primarily associated with tubular epithelial cells.  
400X magnification, bar represents 100µm.   

A. 

B. 

* * 

* # 
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B. 

 
Figure 4.13. CD68 Protein Expression in Diabetic male WT and Y1KO mice in the 
presence and absence of chronic stress.  A.  Quantitative IHC shown above.  
STZ+Stress increased CD68 protein expression vs. Control.  Diabetic Y1KO+stress 
was associated with an increase in CD68 staining vs WT and YIKO counterparts. * 
P<0.05 vs WT control; #P<0.05 vs WT STZ+Stress by two-way ANOVA and Tukey 
tests. (n=6 in WT groups, n=5 in Y1KO groups) B.  Representative images of CD68+ 
(brown/gold) staining. Positive cells are primarily seen in the glomeruli, however as 
tissue is damaged to a greater extent CD68 is seen in tubules (Y1KO STZ+Stress).  
400X magnification, bar represents 100µm.   

A. 
# 

* 

* 
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Figure 4.14. TGF-β  protein expression in diabetic male WT and Y1KO 
mice in the presence and absence of chronic stress. TGF-β protein 
expression is not altered in diabetic WT animals, nor in Y1KO mice without 
diabetes.  However, Y1KO STZ+Stress mice have a 2.5-fold increase in TGF-β 
protein compared to WT STZ+Stress controls.  *P<0.01 vs all other groups by 
two-way ANOVA and Tukey tests.  (n=4 for all groups)  

 
 
 
 

* 
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Figure 4.15. Renal NPY receptors in diabetic male WT and Y1KO mice in the presence 
and absence of chronic stress.  A.  RT-PCR of renal Y1R mRNA  STZ-diabetes was 
associated with an increase in renal Y1 receptors in WT mice, with stress having no additional 
effect.  The Y1KO mice had no detectable levels of Y1R mRNA.  B. RT-PCR of renal Y2R 
mRNA  There were no significant changes in Y2R in any treatment group.  C.  RT-PCR of 
renal Y5R mRNA While there were no changes in renal Y5R in WT mice, there was a 
significant increase in Y5R in the Y1KO controls, which was increased further in the kidneys 
from diabetic Y1KO+Stress.mice  *  P<0.01 vs WT control; # P<0.05 vs ND Y1KO by two-way 
ANOVA and Tukey tests. (n=6 in WT groups, n=5 in Y1KO groups) 

A. 

C. 

B. 

*# 

* 

* 
* 
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Discussion 

The findings reported in Chapter 3 that, 1) there is a GH-dependent 

progression of diabetic renal damage in male but not female rats, and that 2) 

circulating NPY level are elevated when GH is replaced in diabetic male rats 

(Chapter 3), we initiated studies designed to investigate the potential role of 

NPY (as a metabolic stress hormone) in the progression of diabetic renal 

damage. Although NPY has been implicated in diabetic retinopathy, the effects 

of NPY on the diabetic kidney were unknown; we hypothesized that NPY 

contributes to the progression of diabetic renal disease via the renal NPY Y1 

receptor (Y1R). This hypothesis was examined for the first time ever, using both 

rats and subsequently, Y1R knockout (KO) mice.  Initial studies examined renal 

damage, and known mediators of renal damage in STZ-diabetic S-D rats, 

treated with chronic cold stress for two weeks, (a stressor that has been shown 

to increase circulating NPY levels).  To investigate the role of NPY through its 

Y1R, studies were continued in male Y1 receptor KO (Y1KO) and WT mice.  

Overall, while chronic cold stress significantly increased circulating NPY 

in control male rats but not females, cold stress did not further increase plasma 

NPY in the diabetic rats or mice, thus the concept of using cold stress to elevate 

NPY and enhance diabetic renal damage was not necessarily able to be 

assessed at this time point.  Because of the paradigm used, we didn’t see an 

increase in NPY that could potentially cause an increase in damage. Instead, 
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the initial, novel studies in diabetic Y1KO mice indicated that indeed, the NPY 

system may play a role in diabetes. 

 

Studies in Rats 

Our paradigm employed a chronic cold stress model to attempt to 

increase circulating NPY in the1diabetic rats, to mimic the purported co-morbid 

stress environment in diabetic humans. Because the effects of chronic stress 

have not been evaluated in kidneys from normal animals, assessments were 

also made in kidneys from control male and female rats. We found sex 

differences in the response to chronic cold stress in normal rats; 2 weeks of 

daily cold stress was associated with elevations in circulating NPY levels in 

male, but not female control rats (Fig. 4.1). This confirmed recent findings of 

other investigators388, 389.  We extended these observations, by finding that 2 

weeks of chronic cold stress, while having no negative effects on the 

glomerulus (Fig. 4.4), resulted in a slight but significant increase in 

tubulointerstitial fibrosis in the kidneys from both male and female control 

animals (Fig. 4.4). This was not associated with significant increases in any of 

the pro-inflammatory markers assessed (TFG-β, MCP-1), and suggests that 

other inflammatory factors may be involved in this mild action.  

In the STZ-diabetic rats, chronic cold stress was again associated with a 

slight, but significantly enhanced TIFI (Fig. 4.3B) in kidneys from both male and 

female animals. This occurred without a significant increase in circulating NPY, 
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or without significant changes in any of the pro-inflammatory markers 

associated with tubular damage (TGF-β, MCP-1) compared with non-stressed 

diabetic animals, suggesting that the mild inflammation may be mediated by 

other factors. The results do suggest that stress alone initiates a specific 

inflammatory response in renal tubular tissue (as observed by the increases in 

TIFI); while tissue inflammation is a known action of NPY through the Y1 (and 

possibly Y5) receptor307, 308, 390, 391, this is the first study suggesting a rapid 

effect of chronic stress on the otherwise normal kidney. NPY may play a 

supportive role in this action, although it is probably not the only factor, since 

this also occurred in the female kidneys. 

In the current paradigm, the novel finding that stress increases TIFI in 

control kidneys is supported by many reports that NPY exerts a 

proinflammatory action on many tissues.  NPY has the ability to induce 

inflammation by activating mast cells392, and cause connective tissue mast cells 

to release histamine390.   NPY has also been shown to accelerate cell migration 

and the wound healing process385.  And in support of our findings, NPY has 

been shown to promote macrophage infiltration into other tissues as well381.   

NPY also modulates macrophage activity by increasing adhesion, chemotaxis, 

as well as phagocytosis391.  Our findings extend previous information, and open 

the possibility that NPY could be inducing the inflammatory pathway in the 

kidney during diabetes.  

Glomerular Ang II AT1R binding was also unchanged in any of the 
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experimental groups, confirming the previous findings detailed in Chapter 3, 

and indicating that there is no overt interactions between NPY and AT1R 

binding in this paradigm.  

The findings that circulating NPY is elevated in the diabetic male (but not 

female rats), and does not increase further with chronic stress is intriguing, and 

may suggest that in this paradigm, if NPY is contributing to the renal damage, it 

may be through changes in levels of end-organ NPY receptors.  It could also 

potentially suggest that the paradigm we used obscured this.   Further studies 

must be done to truly elucidate NPYs role in contributing to renal damage.  

Perhaps the age of the rats, the time course of stress, and the starting point of 

the stress need to be altered to fully understand the role of circulating NPY in 

diabetic renal damage. 

Another issue that was investigated was whether changes in DPPIV 

levels might explain enhanced effects of NPY, despite little or no increases in 

plasma NPY levels. The EIA used in to measure NPY levels does not 

differentiate between the full length NPY (NPY1-36) and the DPPIV-cleaved 

NPY3-36, which have affinity for different NPY receptors and elicit very different 

actions.  Interestingly, while circulating NPY was not elevated in the kidneys 

from stressed female rats, renal DPPIV activity was significantly reduced in 

kidneys from diabetic female rats compared to ND controls; no changes were 

observed in male kidneys (Fig. 4.2B). This novel finding in the control female 

suggests that high renal DPPIV could act to keep full-length NPY at lower levels 
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in the circulation (favoring NY 3-36). When DPPIV is reduced in the diabetic 

female, while plasma NPY levels would appear unchanged, there could be an 

increased action of the full-length circulating NPY in the kidneys of diabetic 

female animals. This novel finding of high basal renal DPPIV activity in the 

normal female kidney may provide “protection” against the actions of full-length 

NPY at it Y1/Y5 receptors. However, in total, the findings indicate that the 

addition of chronic stress to the STZ-only diabetic animal does not exacerbate 

renal damage. 

The findings we report in the diabetic rat kidney add to the information on 

NPY effects in other pathologic conditions303, 312. Our current findings support 

the idea that while chronic stress accelerates early tubulointerstitial damage in 

the diabetic kidney, there was no overt effect of chronic stress to increase NPY 

in the animals, and thus, the effect of NPY on diabetic renal damage remained 

unclear. Unfortunately, the rat studies could not address the hypothesis that 

NPY plays a role in the diabetic renal damage through the NPY Y1R. While the 

most direct way to assess this would involve selective blockage of the Y1R 

using an antagonist, this was cost prohibitive. Instead, to address our 

hypothesis, we expanded our paradigm to utilize Y1R knockout (KO) mice. 

 

Studies in WT and Y1KO mice 

As stated in Chapter 1, diabetic renal disease has been studied in both 

rat and mouse models349, 387 , and in general, mouse kidneys are more resistant 
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to development of diabetic renal damage than rat kidneys382, 383, 386, 393.  

However, the factors that are associated with damage are consistent with those 

observed in other models of diabetes. Because of this relationship, we chose to 

use the B6129 cross strain (a cross of C57BL/6J and 129P3/J).  The C57BL/6J 

strain has been studied the most extensively of all mouse strains in diabetic 

nephropathy, but is known to have low circulating NPY levels394, 395.  The 

129P3/J mice are known to have high circulating NPY levels, and a cross 

between the two gives a background strain with measurable NPY levels395.  

This cross strain was used as the background strain for our Y1KO mice in our 

diabetic paradigm, with the hypothesis that renal damage would be attenuated 

in the diabetic Y1KO mice compared to kidneys from diabetic WT mice. The Y1 

receptors seem the most likely candidate as the mediator of damaging effects 

of NPY on the kidney seen above, because of the previously mentioned renal 

hemodynamic effects, and its role in the progression of diabetic retinopathy303.  

We hypothesized that these genetic variants would be partially protected if not 

immune to any and all renal damage caused in this early diabetic state. 

While Y1KO+STZ animals were not able to be analyzed (died apparently 

from husbandry problems prior to sacrifice), our findings in rats (Figs 4.1-4.8) 

and WT mice (Figs 4.9-4.15) strongly suggest that 2 weeks of chronic cold 

stress does not increase circulating NPY or renal damage at this early time 

point in the diabetic animals. However, further studies are needed to confirm 

this idea.  
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While stress did not appear to exacerbate diabetic renal damage, the 

potential impact of NPY was determined in the Y1KO studies. Opposite to our 

hypothesis, the diabetic Y1KO mice displayed significantly worsened diabetic 

renal damage than their WT controls. This was illustrated in the substantial 

increase seen in both the GSI and TIFI (Fig 4.9, Fig 4.10), which was 

associated with significantly greater albuminuria compared to diabetic WT mice.  

These morphological changes were associated with significant increases in 

renal cortical TGF-β protein and collagen IV production (stimulated by TGF-

β)(Fig 4.11, Fig 4.14).  There was a consistent, strong immune component to 

the damage seen in these genetically altered mice, as evidenced by the 

substantial increase in MCP-1 stained cells as well as CD68 stained cells (Fig 

4.12, Fig 4.13), compared to diabetic WT or control Y1KO mice. In fact, all of 

the downstream proteins associated with renal damage were elevated in the 

Y1KO+STZ+Stress kidneys, and this consistent effect suggests that NPY 

system does indeed play a significant role in early diabetic renal damage in the 

Y1KO mouse. However, since our hypothesis was disproved, we looked further 

into the NPY system for a potential mechanism for the renal damage in the 

diabetic Y1KO mice. One potential answer may be found in the changes in NPY 

receptors in the Y1KO mice. We determined that genetic ablation of the Y1R 

results in a significant increase in Y5R mRNA in kidneys from control Y1KO 

mice, and this expression increases significantly in kidneys from diabetic Y1KO 
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mice (Fig 4.15C). This unique finding suggests a compensatory mechanism for 

loss of the Y1R. 

Y1 and Y5 receptor genes are found in close proximity but opposite and 

overlapping orientation on chromosome 11, suggesting coordinate regulation396.  

Y5 mRNA expression was found to coincide with regions of Y1 mRNA 

expression in rat brains397, and the Y1 and Y5 receptors have been colocalized 

in many brain regions (and many cells) using double labeled 

immunohistofluorescence398.   

These receptors have also been shown to have similar effects.  Y1 and 

Y5 receptors have both shown their ability to reduce anxiety, modulate neuronal 

excitability, increase food intake and regulate hormone secretion399-403, however 

their effects on the kidney are not clear.  Due to their similar effects, we 

hypothesize that the increase in renal Y5 mRNA seen in Figure 4.15 is a 

compensatory mechanism, from lack of Y1 at birth. We hypothesize that 

ablation of the Y1R causes a compensatory increase in Y5R expression, and 

that the significant damage observed in the diabetic Y1KO mice above could 

potentially be through the increase in renal Y5 receptors (Fig 4.15C).  

While NPY stimulation of Y1 and Y5 receptors have many similar effects, 

as named above, not all are the same.  For example, many of the known effects 

of NPY on the kidney, including vasoconstriction and alterations of GFR, have 

been shown to be mediated through Y1, with Y5 having no effect309, 310.  Also 

the Y1 receptor has been shown to have a bimodal effect on the T cell 
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activation, while the Y5 receptor has not been linked to T cells404.   While there 

are many similarities between the Y1 and Y5 receptors that could, in part, 

explain the compensatory increase in Y5 mRNA, the differences between the 

two receptors could help to explain the results seen.   

Y5 receptors are found in the kidney, but their role in unknown405.  The 

present work provides evidence that there may be significant effects on the 

kidney, especially during pathologic states. Y5 has been shown to be a 

modulator of NPY’s effects on the immune system.  Peripheral NPY Y1 and Y5 

receptors participate in epinephrine-induced leukocyte mobilization, as well as 

edema406, 407.  NPY has also been shown to modulate various functions of 

macrophages, like adherence capacity, chemotaxis, and phagocytosis, 

however, the receptor responsible is not yet known391, 408, 409.  When Y1KO mice 

T cells were isolated, they showed signs of hyperreactivity, responding better in 

alloreactions, and inducing severe colitis upon transfer into lymphopenic 

mice404.  We hypothesize that the increase in Y5 receptors elevated the 

inflammatory response in our Y1KO mice, leading to a chronic inflammation and 

fibrosis of the kidney. Because the renal effects of the Y5R are not known, it is 

also possible that in WT mice Y1R is not destructive, and the high affinity of 

NPY for the Y1R over the Y5R limits the actions of Y5R. However, with the loss 

of Y1R, the Y5R significantly increases, and in the diabetic environment, NPY 

could act on Y5Rs to mediate a potentially destructive pro-inflammatory 

cascade.      
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Although the Y1KO mice and their WT controls had similar body sizes, 

they showed a significant increase in creatinine clearance.  This indicates a 

substantial increase in GFR, probably due to hyperfiltration of the kidney. One 

possible hypothesis is based on NPYs actions on the RAS.  NPY decreases 

renin release from the kidney376.  This decrease in renin could potentially 

decrease Ang II levels in the kidney, which could cause an effective 

vasodilation.  This vasodilation could increase GFR.  NPY, mediated through 

the Y1 receptor, causes significant vasoconstriction, to which the kidney is 

particularly sensitive310.  Perhaps the loss of the Y1 receptors coupled with the 

hyperfiltration seen in diabetic animals causes a significant increase in GFR.  

The observed concomitant increase in albuminuria supports the breakdown in 

the normal glomerular filtration barrier from glomerular damage. 

In conclusion, while chronic cold stress did not elevate circulating NPY in 

diabetic animals, the current studies were instrumental in determining that there 

are sex differences in circulating NPY in non-diabetic and diabetic rats; that 

renal DPPIV activity is significantly elevated in normal female (but not male) 

rats, and this activity is reduced to male levels in diabetic female rats—an 

action that may provide “protection” in the normal female from the actions of 

full-length NPY.  Of greatest importance are the findings from the Y1KO mice, 

indicating that genetic ablation of the Y1R causes an increase in the renal Y5R 

mRNA. In the diabetic mice this was associated with a dramatic increase in 

renal damage that was mediated through known pro-inflammatory pathways. 
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While this implicates the NPY system in diabetic renal damage in the Y1KO 

mouse, it is unclear as to whether under normal conditions the Y1R is 

“protective” or destructive. In the diabetic environment the Y1R actually may be 

benign, and dysregulation of the system from (hormonal or neuronal factors), 

and increased affinity for the Y5R may promote renal damage. These novel 

concepts will be an area of future investigation. 
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Chapter 5: 

Summary and Discussion 
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 The importance of sex differences in the development and progression of 

different diseases has come to the forefront of research relatively recently.  

Many pathologic processes, including diabetes, have been shown to progress 

differently in male and female humans 336, 410-414.  In fact, many animal models 

of diabetes show significant cardiovascular and renal sex differences in the 

progression of the disease415-424.  In diabetes, sex differences in progression of 

renal and cardiovascular complications are seen, however the mechanisms for 

the differences are still unclear415-424.  Many factors such as angiotensin II (Ang 

II)108, 151, 172, 177, nitric oxide 125, 425, 426, and endothelin-1427, 428 have already been 

implicated in the potential mechanisms contributing to sex differences in 

diabetic renal damage.   

The current body of work developed three main ideas related to the general 

topic of sex differences and the kidneys. Focusing on three major hormones 

(growth hormone (GH), Ang II, and neuropeptide Y (NPY)), we explored the 

concepts that; 1) estrogen confers “protection” by up-regulating renal estrogen 

receptors, and down-regulating renal Ang II AT1R; 2) GH (dependent or 

independent of Ang II (through the AT1R)) provides a basis for sex differences 

in diabetic renal disease; 3) and the potential role of the NPY system in sex 

differences in diabetic kidney disease.  An important aspect of Aims 2 & 3 is 

that they investigated the early stage (first 2 months) of untreated diabetes, 
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which is relevant to the initial pathophysiologic processes occurring prior to 

diagnosis and treatment in humans. A summary of the key results of each Aim 

follows:  

 

Summary of Aim 1: The role of circulating E2 in regulating the renin-

angiotensin system has been considered a possible mechanism contributing to 

the cardiovascular and renal “protection” observed in female humans and 

animals.  Aim 1 focused on the role of E2 on the regulation of its own receptors 

in the kidney, as well as regulating renal Ang II AT1 receptors.  In this Aim we 

report several novel findings:  

• Circulating E2 increases the expression of ERα and ERβ receptor protein in 

renal cortex: this was confirmed in hormone replacement studies in both 

female and male rats. Loss of E2 (OVX) causes a significant decrease in 

ERα in the cortex of female rats, and E2 replacement brings those receptor 

levels back to basal levels.  This novel finding has implications in many 

pathologic states that have altered E2 levels. 

• There are significant sex differences in basal glomerular AT1R binding. 

Glomerular AT1R binding is significantly higher in age-matched male, 

compared to female rats.  We hypothesize that this difference is due to the 

presence of E2 in female rats, because while testosterone has no effect on 

AT1R binding, E2 down-regulates renal AT1R activity.    
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• Circulating E2 significantly down-regulates glomerular AT1R levels, while 

testosterone has no effect on AT1R binding. Furthermore, upon removal of 

E2 (OVX), AT1R binding rises to levels found in male glomeruli; E2 

replacement brings the glomerular AT1R levels back to control levels.  This 

information corroborates similar E2 regulation of AT1R in other tissue 

beds326,and led to the hypothesis that E2 inhibits AT1Rs through ERα, and 

this mechanism could, in part, confer protection to the female kidney, and 

contribute to the female “advantage” seen in most renal pathologies336.  

 

Many important aspects regarding the impact of sex hormones on renal Ang II 

AT1R activity were elucidated in this study.  Sex steroids working through their 

respective receptors have many diverse effects on the kidney, including gender 

differences in renal transporters429-432 and nephrotoxicity433-435.  Our findings 

reporting the effects of estrogen and testosterone on basal expression of renal 

ERs, and the finding that circulating E2 up-regulates renal ERα, adds important 

information to our understanding of the mechanisms contributing to sex 

differences in renal function and pathology.  This has potential impact on many 

pathologic situations that present with altered E2 levels, such as menopause436-

438, polycystic ovary syndrome439, 440 and diabetes188, 198, 351. 

 Of direct importance to our overall hypothesis is the finding that there are 

significant differences in basal glomerular AT1R expression between male and 
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female rats, which could in part, help to explain the female protection from 

damage found in many renal diseases197, 227, 336, 349.  It has long been known 

that E2 influences the RAS in many tissue beds152, 199, 334.  Components of the 

RAS system have been shown to change with the monthly menstrual cycle of 

women, with an increase in circulating RAS components during the luteal 

phase441, 442.  Also oral contraceptives containing E2 have been shown to 

activate the RAS system and increase creatinine clearance443, 444.   

 The present work increases the body of knowledge about the role of E2 

in regulating RAS by determining that there is not only a relationship between 

E2 and AT1R, but also between AT1R and ERα in the kidney.  In multiple 

paradigms (including in the male rat), findings were consistent; when ERα 

increased, AT1R binding would decrease. Because the primary actions of Ang 

II are through the AT1Rs, a reduction in AT1R binding is consistent with 

reduced actions of Ang II. This could be reflected in a maintenance of lower 

blood pressure, reduced renal sodium retention, and reduced influence on TGF-

β-induced renal inflammation: hence protection.   

The AT1R gene contains an estrogen response element in the promoter 

region, suggesting direct action by E2445.  However, further study is needed to 

continue to elucidate this relationship.  Blocking studies are needed using a 

specific renal ERα antagonist such as ICI 182780446, to garner additional 

information about the relationship between renal ERs and AT1Rs333. In all, 
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these findings are the first to report an E2-ERα-AT1R mechanism for 

renoprotection, and provide the basis for the putative protective actions of 

estrogen against cardiovascular and renal diseases.    

 

 

 

 

 

 

 

 

 

 

 

Summary of Aim 2: The sex differences observed on E2 actions to regulate 

glomerular AT1R binding led us to question whether sex differences in diabetic 

renal disease are related to a diabetes-induced reduction in circulating 

estrogen. We hypothesized that the decrease in circulating E2 observed in 

diabetic humans and female animals would reduce the female “advantage”, and 

that diabetic kidney damage would progress equally in male and female 

animals. Furthermore, since GH has previously been linked to diabetic renal 

damage, we sought to determine if the sex differences observed in diabetic 
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renal damage were mediated by GH. The model of diabetes used, the STZ-

injected rat, was perfect, since STZ abolishes pulsatile GH release, and the 

actions of GH can be determined upon GH replacement. As previously 

discussed, another aspect of this work is that the analysis was performed at a 

very early time following induction of diabetes, and insulin was not replaced. 

This paradigm was developed to try to mimic the changes occurring in early, 

uncontrolled diabetes in humans, to identify the initial changes occurring prior to 

insulin treatment. The novel findings in Aim 2 include: 

• Sex differences do not exist in the STZ-only diabetic rats at this early 

time point. All changes in protein expression (TGF-β, MCP-1, CD68, 

MMP-2, MMP-9) and pathologic markers (GSI, TIFI, albuminuria) seen 

were statistically equal between male and female diabetic rats at this 

time point.  This suggests, as we predicted, that the female “advantage” 

was lost in the STZ-diabetic animals, and unlike other renal pathologies 

that progress at a much faster rate in the male336, diabetic renal disease 

appears to be progress more equally.  

Sex differences exist in GH-replaced STZ animals, a model that more closely 

mimics GH status in diabetic humans.  Male STZ+GH rats displayed 

significantly greater renal damage than observed in STZ-only animals, which 

was characterized by consistently significant increases in TGF-β, MCP-1, and 

CD68 proteins compared to STZ-only male rats.  GH replacement in female 
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diabetic rats had no effect on renal damage. The sex differences GH-mediated 

diabetic renal damage is consistent with findings in other models of GH-

associated renal damage150, 229, 258.   

• The increased renal damage in the STZ+GH male rats is associated with 

a substantial inflammatory response.  There were increases in immune 

infiltrates and immune markers like CD68-positive cells and increases in 

MCP-1 staining.  Also, TGF-β, a main mediator of kidney damage was 

significantly increased in the GH-replaced diabetic male animals; TGF-β 

is known to play a role in the immune response10, 343. This male-specific 

induction of TGF-β is an important new finding, and provides rationale for 

the significantly greater renal damage observed in the diabetic male 

kidneys. In addition, the sex-specific GH-induced increased in TFG-β 

was associated with reductions in metalloproteinases (2 & 9), an action 

consistent with the elevated inflammatory response.  

• There are sex differences in circulating NPY levels in diabetic rats. 

Plasma NPY is elevated in male, but not female, STZ+GH rats. This 

finding is novel, as most studies dealing with GH/NPY interactions are 

centrally based; this is the first time that GH has been shown to increase 

circulating NPY levels, and the fact that it was clearly sex-specific is 

intriguing. This increase in NPY the diabetic GH-replete male rats could 

potentially impact end-organ damage because of NPY-associated 
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inflammatory response.   

 

There was complete consistency in the findings from Aim 2, with overt GH-

dependent sex differences observed in the downstream protein responses, and 

development of renal damage in diabetic male and female rats. Of great interest 

is the finding that the effects of GH are independent of changes in renal Ang 

AT1R activity, supporting the concept that the regulation of the AT1Rs is 

disrupted in diabetes. The role of GH and its role in exacerbating renal damage 

has been well studied256, 258, 270, 361.  However, this is the first time GH-

dependent sex differences have been considered and demonstrated in 

diabetes. An important aspect in the GH-related mechanism, is the significant 

increase in TGF-β and inflammatory response in the male. Whether this is a 

direct action of GH, or indirect, will be addressed in future studies, however, the 

present findings strongly suggest that significant pathophysiologic renal 

damage may be occurring in diabetic humans, prior to diagnosis and insulin 

therapy. 

The sex-specific exacerbation of renal damage leads us to consider the 

possibility for a potential therapeutic modality for diabetic renal disease.  GH 

antagonists have been suggested in the past as a possible treatment245, 257, 260, 

and this data extends the case for its use, and provides a case for gender 

differential treatment. Based on the above novel findings, GH antagonists may 

be an efficacious treatment to attenuate renal damage in males but not female 
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kidneys. Further studies will work toward evaluating the efficacy of GH-

antagonists for sex-specific treatment for diabetic renal disease.  

Sex-specific exacerbation of diabetic renal damage by 

growth hormone 

Black arrows indicate actions of STZ alone, red arrows indicate additional actions of GH 
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Summary of Aim 3: Aim 2 uncovered sex differences in circulating NPY in 

diabetic animals, and Aim 3 expanded on the idea that NPY may be implicated 

in diabetic renal damage. This was based on the work of other investigators 

including findings that NPY plays a role in diabetic retinopathy303; that the 

kidney expresses the key NPY receptors and appears to be a target organ for 

NPY307, 308, 310; and that  DPPIV activity is high in the kidney317, 318, suggesting 

that NPY processing (to NPY3-36) may be a factor in the renal actions of NPY.  

In this Aim, chronic cold stress was also used to stimulate additional NPY 

secretion in the rats, and animals with Y1R gene deletion were then used to 

further our understanding of the role of NPY in diabetic renal disease.  Novel 

findings include: 

• There are sex differences in the plasma NPY response to chronic cold 

stress. Chronic cold stress was associated significant increases in 

circulating NPY levels in control and diabetic male rats however, cold 

stress had not effect on plasma NPY levels in control or diabetic female 

rats. Thus, identifying the effects of increased NPY in diabetic animals 

was not able to be addressed in this Aim. 

• Chronic cold stress increased TIFI in kidneys from control and diabetic 

rats of both sexes. Chronic cold stress had no effect on albuminuria or 

GSI, however, there was a slight but significant increase in 

tubulointerstitial damage (increased TIFI) in control and diabetic male 

and female animals.  This was not associated with any significant 
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changes in known mediators of tubular damage. 

• Diabetic Y1KO mice display an increase in GFR (measured by creatinine 

clearance), as well as a significant increase in albuminuira.  This 

illustrates two signs of diabetic renal damage; the beginnings of a 

breakdown of the glomerular filtration barrier causing hyperfiltration 

and.protein in the urine.    

• Diabetic Y1KO mice also display significantly greater kidney damage 

compared to diabetic WT mice.  The moderate GSI and TIFI observed at 

this early time point (2 months of diabetes) is remarkable in the mouse 

model, which is usually resistant to renal damage (as seen in the kidneys 

from WT STZ mice). Furthermore, the damage was associated with 

significant increases in renal TGF-β, Collagen IV, MCP-1, and CD68 

proteins. The increase in pro-inflammatory proteins (TGF-β, MCP-1, 

CD68) is consistent with other previously reported inflammatory actions 

of NPY381, 392, suggesting that the kidney is a target for NPY actions in 

the diabetic animal. Also of interest is that at this early time, as seen in 

the diabetic rats, chronic stress did not enhance renal damage in the 

diabetic WT mice. 

• Ablation of the Y1R induces a significant increase in renal Y5R gene 

expression. While there were no changes in Y2R mRNA expression, 

there was a significant 3-fold elevation in Y5R mRNA compared with WT 
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control animals.  

• STZ-diabetes significantly increases Y5R expression in the Y1KO mice, 

and significantly exacerbates diabetic renal damage. While Y5R mRNA 

was not increased in kidneys from diabetic WT mice, Y5R mRNA was 

significantly increased in diabetic Y1KO+stress kidneys. Furthermore, 

the increase in Y5R expression was associated with a dramatic increase 

in renal damage (GSI, TIFI, hyperfiltration, albuminuria) and the 

mediators of damage (TGF-β, collagen IV, MCP-1, CD-68). This 

remarkable result of Y1R deletion will be studied further, but strongly 

suggests that NPY does play a role in diabetic renal damage, in these 

mice, possibly through the Y5R. 

 

  NPY appears to play a role in pathophysiologic conditions in the kidney.  

While studies have been done to understand the potential physiologic role of 

NPY on the kidney, little has been found273, 309, 310, 377, 405.  Mice with genetic 

deletions of NPY or the Y1R appear to have little to no change in their renal 

structure or function377, 405, 447.  However, our data shows that while NPY may 

have little physiologic effects on the kidney, under certain conditions, it may 

play a pathophysiologic role in diabetic renal disease. However, additional work 

is needed to understand whether NPY normally has a “protective” or destructive 

role, and whether dysregulation in the renal NPY system (receptors, DPPIV), 

may alter its actions.  
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 As discussed in previous chapters, there is a significant interaction 

between GH and NPY293-295, 297, 298, 302. While there appears to be significant 

cross-talk between central NPY and GH levels, little is known about their 

peripheral interactions. The current studies extend previous work by 

determining that peripheral GH injections can stimulate an increase in plasma 

NPY, but only in male rats. Future studies will be needed to further understand 

this potential sex-specific relationship. 

 This exciting first look at the role of NPY on diabetic kidney disease by 

focusing on the Y1R has unearthed many questions that require further study.  

We showed a significant increase in morphologic damage in the Y1KO mice, 

which was associated with a substantial increase in renal Y5R mRNA.  This 

suggests several potential explanations as to the mechanism for the 

exacerbated renal damage.  Our broad hypothesis is that the damage could 

either be caused by a loss of protection (possibly conferred by Y1R) or by an 

increase in damage (through elevated renal Y5R expression).   

             Potentially the Y1R could act as a protective factor possibly through 

modulation of the immune system.  Signaling through the Y1R on T cells 

inhibits T cell activation and controls the magnitude of T cell responses404.  

Perhaps without the inhibiting effects of Y1R signaling in the Y1KO mice, the T 

cells become hyperactive, causing infiltration and damage. The loss of this 

protective factor in the Y1KO animals may leave the kidney vulnerable and thus 

lead to the exacerbated damage we see.  Another explanation could be that 
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damage is actually mediated by the Y5R in the diabetic Y1KO mice.  Because 

of the close relationship and function between Y1R and Y5R mentioned 

earlier396, 398-400, we hypothesize that Y5R mRNA increases in the Y1KO 

animals as a mechanism to compensate for the loss of Y1 receptors.  Little is 

know about the functions of the Y5 receptor in the kidney, and this study 

provides important new information on a potential pro-inflammatory pathway 

mediated by NPY through the Y5R. Also, under normal circumstances, the 

affinity of NPY for the Y5R is much lower than for the Y1R, and therefore, the 

Y1 actions would predominate.  

  Because of compensatory mechanisms that occur in KO animals, these 

are not the ideal models with which to study the role of a particular protein.  A 

blocking studying, using a specific Y1R blocker (such as BIBP 3226) would help 

to further our knowledge of the role of NPY. Selectively blocking the Y1R with 

BIBP 3226 during early diabetes would show the actual effects of NPY through 

the Y1R, without having to separate it from the effects of the compensatory 

increase in Y5R.  From this data, we would be able to clarify the function of the 

Y1R in the development of diabetic renal disease.  

 As discussed above, the possibility also exists that the NPY is a direct 

mediator of damage through the Y5R.  As discussed in Manuscript 3, Y5R has 

been shown to modulate NPY’s effects on the immune system391, 404, 406, 407.  

We hypothesize that the increase in Y5R could increase the inflammatory 

response in the Y1KO mice, leading to a chronic state of inflammation and 
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fibrosis in the kidney.  This hypothesis could also be tested using Y5R 

antagonist (such as L-152804).  Future studies could include diabetic animals 

treated with a Y5R antagonist, and evaluate the inflammatory state of the 

kidneys compared to kidneys from diabetic control animals.   
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In conclusion, the overall scope of this work has clarified a role for 

gender in diabetes, estrogen/ERα suppression of renal AT1R activity as 

contributing to the renoprotective effects of estrogen; identified a sex-specific 

role for growth hormone in exacerbation of diabetic renal damage; and 

identified the kidney as a target for potential pro-inflammatory actions of NPY 

possibly via Y5R. These findings will be expanded on in future studies, and 

provide significant areas for potential sex-specific therapeutic intervention for 

diabetic renal disease. 
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