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ABSTRACT 

 

Ebaa M Alzayadneh 

A ROLE FOR ANGIOTENSIN-(1-7) TO ATTENUATE ADVANCED GLYCATION END 

PRODUCT -INDUCED MYOFIBROBLAST TRANSITION IN THE NRK-52E RENAL 

PROXIMAL TUBULE CELL LINE 

Dissertation under the direction of 

Mark C Chappell, PhD., Professor 

 

There is compelling evidence for a role of intracellular renin-angiotensin system (RAS) in cell 

signaling, function and cardiovascular pathologies.  Diabetic nephropathy is a very common 

complication in which tubulointerstitial fibrosis may arise from epithelial to mesenchymal 

transition (EMT) of the proximal tubules cells. Advanced glycated end product (AGEs) 

including methylglyoxal-modified albumin (MGA) may contribute to the development and 

progression of diabetic nephropathy via activation of the receptors for AGE (RAGE) and the 

RAS.  The RAS is functionally partitioned into the angiotensin II (Ang II)-angiotensin type 1 

receptor (AT1R) and the Ang-(1-7)-AT7-MasR pathways that generally oppose the actions of one 

another.  Although AGE-RAGE activation may stimulate the Ang II-AT1R axis, the role of Ang-

(1-7) in AGE-induced EMT in the kidney is not known. The present study characterized the 

intracellular expression of the RAS in renal proximal tubules utilizing NRK-52E tubular 

epithelial cell line.   Furthermore, we examined the influence of AGE on Ang-(1-7)-AT7-MasR 

axis in MGA-exposed in NRK-52E cells. The RAS precursor protein angiotensinogen (AGT), 

and its processing enzyme renin were visualized by immunofluorescent (IMF) staining in the cell 
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nuclei; we confirmed the protein expression in isolated nuclei by immunoblots.  Renin activity 

(AGT to Ang I conversion) was demonstrated in the nuclei of NRK-52E cells and trypsin 

activation studies on the pro-form of renin revealed a prorenin to renin ratio of 3:1.  Peptide IMF 

staining localized Ang II and Ang-(1-7) to the nucleus and immunoreactive peptide content 

averaged 59 ± 2 and 57 ± 22 fmol per mg protein (n=4), respectively.  Peptide metabolism 

studies in isolated nuclei revealed a pathway for the direct processing of Ang I to Ang-(1-7) by 

the enzyme thimet oligopeptidase. We then assessed the impact of AGE on the intracellular RAS 

of NRK-52E cells. MGA exposure for 48 hours significantly reduced the intracellular levels of 

Ang-(1-7) by 50%; however, expression of Ang I or Ang II was not altered. The reduced cellular 

content of Ang-(1-7) by MGA was associated with increased metabolism of the peptide to the 

inactive metabolite Ang-(1-4) with no change in the conversion of Ang I to Ang-(1-7).  

Exogenous addition of Ang-(1-7) reversed the cellular effects of MGA on cellular hypertrophy 

and myofibroblast transition; Ang-(1-7) reduced immunostaining and protein expression of α-

smooth muscle actin by 60% (α-SMA) [n=3, p<0.05].  Moreover, Ang-(1-7) abolished AGE-

induced activation of the MAP kinase ERK1/2 to a similar extent as the TGF-β receptor kinase 

inhibitor SB58059.  The inhibitory actions Ang-(1-7) were apparently mediated by the MasR as 

the antagonist D-Ala
7
-Ang-(1-7) (A779) abrogated these effects. Collectively, we conclude that 

NRK-52E cells express RAS components that may contribute to the intracellular expression of 

the bioactive peptides Ang II and Ang-(1-7). Moreover, Ang-(1-7) may provide a novel 

therapeutic approach in addition to the conventional RAS blockade regimen to attenuate AGE-

dependent diabetic renal injury. 
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CHAPTER I  

 

INTRODUCTION 

A. Circulating RAS 

 

The classical role of circulating renin-angiotensin system (RAS) in the regulation blood 

pressure and body fluid homeostasis has been extensively characterized over the past century.  

Identification of the RAS components in the circulation includes the ultimate precursor for 

angiotensin (Ang) peptides, angiotensinogen.  This precursor is a 453 amino acid protein 

secreted into the circulation constitutively from various tissues, but primarily from the 

hepatocytes. Plasma angiotensinogen is hydrolyzed by the aspartyl protease renin between 

residues 10 and 11 (Leu
10

-Leu
11

 for rat, mouse, dog, and sheep, but Leu
10

-Ile
11

 for human) to 

form the decapeptide angiotensin-(1-10) (Ang I) and (des-Ang I)-angiotensinogen.  The first 

evidence for renin activity was demonstrated in extracts of the dog kidney by Tigerstedt and 

Bergman in 1898 (137). Renin is synthesized and stored in substantial amounts in the 

juxtaglomerular cells (JG) and is released into the circulation upon sympathetic stimulation.  The 

N-terminal region of angiotensinogen that contains the His
6
-Pro

7
-Phe

8
 sequence is highly 

conserved between species and is important for recognition by the catalytic site of renin for Ang 

I formation (92). However, angiotensinogen can be also a substrate for other enzymes such as 

cathepsin D, tonin and kallikrein to produce Ang I or Ang-(1-8) (Ang II) (109). The circulating 

levels of angiotensinogen are approximately 1000-fold greater than that of the angiotensin 

peptides suggesting that renin is the rate limiting step for Ang I formation in the plasma (97; 
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109). Although a portion of renin (EC 3.4.23.15) stored in the juxtaglomerular (JG) cells is 

enzymatically active, a proform of the enzyme termed prorenin is inactive and is synthesized in 

the kidney as well as other tissues (100).  Both renin and prorenin are released into the 

circulation; however, the concentrations of prorenin in the plasma exceed active renin by up to 

100-fold (100) .  Although prorenin was first thought to be a non-functional protein, studies 

demonstrated that it can be proteolytically activated after removing or unfolding a 43-amino acid 

N-terminal propeptide that covers the active site of renin (29). Non-proteolytic activation of 

prorenin can also be achieved under low pH or cold temperatures (29). Conversely, neutral pH 

and physiological temperature inactivates the enzyme (29). Therefore, under physiological 

conditions only 10 % of “total renin” may exist in the active form (20). Activation of prorenin in 

the circulation and subsequent contribution to angiotensinogen processing to regulate blood 

pressure is generally not thought to occur. However, an increase in the circulatory prorenin levels 

that does not correlate to an increase in active renin has been reported in several chronic diseases 

including diabetes and physiological conditions such as pregnancy (30; 34; 46).  Furthermore, a 

(pro) renin receptor was identified by Nyguen and colleagues in the glomerulus of the kidney 

and in vascular smooth muscle cells.  Binding of prorenin to the receptor activates the enzyme to 

produce Ang I by inducing a conformational change in prorenin to expose the active site (53; 

101). Moreover, an interaction of prorenin or renin to the receptor induces multiple signaling 

pathways that are independent of angiotensin formation (53; 101).  

Following the formation of Ang I from angiotensinogen, the decapeptide is further 

metabolized to the biologically active peptide Ang II by angiotensin converting enzyme (ACE; 

EC 3.4.15.1).  ACE was first described in 1956 by Skeggs et al in studies directed at the isolation 

and distinction between the pressor properties of Ang I and Ang II from horse plasma (129). 
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ACE is a dipeptidyl carboxypeptidase that cleaves the Phe
8
-His

9
 bond of Ang I to form Ang II 

and the dipeptide His-Leu. ACE-dependent generation of Ang II is considered the predominant 

mechanism of Ang II production in the circulation due to the high levels of soluble ACE in the 

circulation and the significant expression of ACE on the endothelial surface of the vasculature 

including the lungs (54; 93). Ang II, a powerful biologically active peptide that promotes an 

increase in blood pressure, was first identified by Braun-Mendez and colleagues in 1940 (termed 

as angiotonin) and later by Page and colleagues in 1954 (described as hypertensin); the two 

groups subsequently agreed to rename the hormone angiotensin (12; 14; 79). In addition to Ang 

II production, ACE plays an important role in the metabolism of other peptides including 

bradykinin, substance P, the hematopoietic fragment acetyl-Ser-Asp-Lys-Pro (Ac-SDKP) and 

Ang-(1-7) that are capable of mediating cardiovascular actions (103). 

Alternatively, Ang I can be processed directly to Ang-(1-7) via several neutral 

endopeptidases (NEP) including neprilysin (EC 3.4.24.11), prolyl endopeptidase (EC 3.4.21.26) 

and thimet oligopeptidase (EC 3.4.25.15) (4). Ang-(1-7) is a biologically active heptapeptide of 

the RAS that was first reported by Chappell et al in 1989 in the brain, adrenal gland  and plasma 

of rat (24). Half a century after the identification of ACE, a homolog named ACE2 (EC 

3.4.17.23) was characterized.  ACE2 is also a metallopeptidase that cleaves either the Pro
7
-Phe

8
 

bond of Ang II to generate Ang-(1-7), or the His
9
-Leu

10
 bond of Ang I to form Ang-(1-9) (140). 

Noteworthy, the efficiency constant of ACE2 is markedly higher for the conversion of Ang II to 

Ang-(1-7) than for Ang I to Ang-(1-9) suggesting that Ang II is the preferred substrate for ACE2 

(140). Similar to ACE, ACE2 was found in multiple tissues including the kidney, heart, brain, 

lung and testes (23). However, circulating activity of ACE2 is very low compared to ACE 

implying that ACE2 may play a more important role in the local (tissue) RAS to metabolize Ang 
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II and generate Ang-(1-7) (32; 119; 128; 138). Interestingly, circulating  levels of Ang-(1-7) 

were significantly elevated following infusion of Ang I, but not Ang II, and the Ang I to Ang-(1-

7) conversion was sensitive to neprilysin inhibition and augmented by an ACE inhibitor (19; 

146). The physiological importance of ACE2 was demonstrated in several knockout models of 

the enzyme that exhibited a mild increase in blood pressure, exacerbation of myocardial 

pathology (147), and the development of renal injury (105; 143). Collectively, circulating levels 

of Ang II are reflected primarily by both renin and ACE activities, while Ang-(1-7) levels are 

influenced by neprilysin activity and the metabolism by ACE. Furthermore, smaller angiotensin 

peptides can be generated from Ang II other than Ang-(1-7) by several peptidases.  

Aminopeptidase A (EC 3.4.11.21) converts Ang II to Ang-(2-8) (Ang III) and Aminopeptidase 

M (EC 3.4.19.3) forms Ang-(3-8) (Ang IV) from Ang III.  These metabolites  may express some 

biological activities although their plasma levels are much lower in comparison to Ang II (44).  

The ACE-Ang II-AT1 receptor axis is defined as the classical RAS where the main 

function of Ang II is maintenance of body fluids homeostasis and blood pressure upon excessive 

loss of fluids (39). Ang II decreases renal plasma flow by inducing vasoconstriction of the renal 

vasculature and thus increasing vascular resistance (39; 65). Ang II also has various effects 

throughout the body such as inducing myocardial muscle contractility, stimulating the adrenal 

medulla to secrete catecholamines and the adrenal cortex to produce aldosterone, increased 

activation of the sympathetic nervous system and the stimulation of the renal and intestinal 

sodium transporters (65). In contrast, a non-classical aspect of the RAS may be defined as Ang 

II/Ang III-AT2 and the neprilysin /ACE2-Ang-(1-7)-Mas receptor pathways, which generally 

opposes the actions of the ACE-Ang II-AT1 receptor axis by inducing prostaglandins and nitric 

oxide (NO) release that facilitate vasodilation, water and sodium excretion (39). 
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B. Local RAS  

In addition to the circulating RAS, there is now substantial evidence for the presence of a 

local or tissue RAS in numerous tissues including the kidney and particularly in the proximal 

tubule segment of the renal cortex (109). Elements for the intrarenal RAS necessary for the local 

production of Ang II and signaling within the proximal tubules include angiotensinogen, renin, 

ACE, and AT1 receptors (65). However, both the biosynthesis and endocytosis of 

angiotensinogen accompanied by the continuous processing of its products complicates the 

precise nature of this local system (113).  In addition, the inappropriate activation of this local 

system has been associated with development and maintenance of hypertension and renal injury 

(65).  Early studies reported the expression of AT1 receptors on the brush border or the apical 

region of the tubules that directly contacts the tubular fluid (31). Tubular perfusion studies with 

an ACE inhibitor or AT1 receptor antagonist indicated that luminal Ang II controls sodium and 

water reabsorption suggesting a vital physiological role of a local RAS within the proximal 

tubules (95; 126). Furthermore, the precursor protein angiotensinogen and mRNA levels of the 

protein were demonstrated in proximal tubules (42; 63; 125). Due to the large molecular size of 

angiotensinogen (55-65 kDa), filtration of this protein was thought not to play a role in 

intratubular angiotensinogen expression (120). Instead, secretion of angiotensinogen by the 

proximal tubules  was the more likely source of the substantial levels of this protein in 

intratubular fluid (300 pmol/ml) (94). Interestingly, significant urinary excretion of 

angiotensinogen was found at steady state and increased upon Ang II stimulation (64). 

Moreover, selective overexpression of angiotensinogen in the proximal tubules increased Ang II 

excretion that was associated with an elevation in blood pressure in this transgenic mice model 

of dual human angiotensinogen and renin expression (72).  In Ang II-dependent hypertensive 
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rats, angiotensinogen excretion correlated with kidney Ang II levels and may be considered an 

index of intratubular RAS activation (66). Similarly in humans, urinary angiotensinogen levels 

correlated with blood pressure indicating that intratubular angiotensinogen may play an 

important role in the development and progression of hypertension in kidney disease (67). 

Therefore, the urinary excretion of angiotensinogen is proposed as a means of identifying the 

intrarenal status of the RAS in patients with chronic kidney disease, hypertension and diabetes 

mellitus (96).  

Apart from the juxtaglomerular or JG cells as the primary source of renin in the kidney, 

the enzyme was localized in the proximal nephron segment (88). In addition to renin activity and 

protein expression, renin mRNA was identified in the proximal tubules (71; 120).  The (pro) 

renin receptor is also present in the proximal tubules, and suggests the potential involvement of 

the receptor in the local generation of angiotensin peptides within the proximal tubules by 

activating prorenin (91; 99; 101). ACE is localized to the proximal tubule cells as well as in other 

kidney segments including the vasculature.  The role of intrarenal ACE has been determined in a 

transgenic model expressing ACE exclusively in the kidney (37). Ang I infusion resulted in 

higher renal Ang II content and the subsequent development of hypertension in the renal ACE 

transgenic mouse (37).  These findings along with the demonstration of Ang II and Ang I content 

in the intratubular fluid that exceed those in plasma, support the presence of a functional RAS in 

renal proximal tubules (95; 127). Therefore, activation of the intratubular RAS may significantly 

contribute to the progression of hypertension and renal pathologies such as tubulointerstitial 

fibrosis. 

In lieu of the evidence for a local RAS in the proximal tubules, we sought to study the 

tubular RAS utilizing a cell model that expresses the protein and enzymatic components of this 
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system. The NRK-52E cell line originated from normal kidney rat proximal epithelial cells and 

exhibits many cellular functions associated with the tubules such as ion and organic molecules 

transport (122), water reabsorption (86), endocytosis and protein synthesis (22). Furthermore, 

this cell line exhibits  many pathological features manifested in renal disease such as epithelial to 

mesenchymal transition (EMT) in response to Ang II, high glucose, transforming growth factor-β 

(TGF-β1) and advanced glycated end products (17; 18). My thesis studies on the characterization 

of these cells revealed that components of a local RAS are expressed intracellularly on the 

nucleus and provide an appropriate model to establish the regulation and functional roles of this 

system particularly following the perturbation with advanced glycation end products (AGEs). 

C. Intracellular RAS  

The RAS components are present within many types of cells including the kidney, 

suggesting that Ang II synthesis occurs at the intracellular level (39). An intracellular or 

“intracrine” RAS has been proposed to play a significant role of the Ang II-AT1 receptor axis to 

mediate cell growth, proliferation and metabolism (155). However, in this new paradigm of the 

RAS, the distinction between intracellular synthesis and uptake of its components is not 

completely understood. Furthermore, a local RAS is not fully supported by the biochemical 

evidence of membrane bound ACE and the secretory nature of angiotensinogen and renin (68). 

Nevertheless, identification of intracellular forms of ACE in renal mesangial cells (5) and other 

Ang II producing enzymes such as chymase in heart (139) and kidney (47), prorenin and renin in 

brain (73), heart (26), and kidney (120), has provided additional supportive evidence for an 

intracrine RAS. The intracellular colocalization of precursor components and enzymes of the 

RAS in secretory granules supports the intracrine RAS hypothesis. Carey and colleagues 

demonstrated the intracellular
 
localization of angiotensinogen and angiotensin peptides (Ang I 
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and Ang II) in renal cortical cells, and the release of renin which suggest that Ang I and Ang II 

are produced intracellularly (51). However, endocytosis of Ang II mediated by AT1 receptors 

also occurs on renal cells and may contribute to the intracellular levels of the peptide (77).  This 

pathway is thought to be essential in activating sodium and hydrogen exchanger-3 (NHE-3) 

expression in the proximal tubule cell (77).  Intact angiotensin peptides and ACE activity in renal 

inter-microvillar
 
clefts and endosomes has also been also shown indicating formation and/or 

trafficking through intracellular endosomal compartments
 

(55).  At the functional level, 

intracellular Ang II induces the activation of cAMP response element-binding protein (CREB) 

(27). Furthermore, Ang II stimulated transforming growth factor-β (TGF-β1), monocyte 

chemoattractant peptide-1 (MCP-1) and NHE-3 mRNAs via AT1 receptors on isolated nuclei 

(78). In proximal tubule cells, activation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κ B) by intracellular Ang II enhances the transcription of many 

proinflammatory and profibrotic components including sodium transporters, cytokines and 

chemokines, angiotensinogen, MCP-1, TGF-β, and RANTES (155). Direct microinjection of 

Ang II into proximal tubule cells increased intracellular calcium by stimulating intracellular AT1 

receptors and releasing calcium
 
from intracellular stores. These data suggest that intracellular 

Ang II may play a physiological role in proximal tubule cell function via modulation of 

intracellular calcium release (156).  Additional evidence for a functional role of intracellular or 

nuclear Ang II is the protein kinase C (PKC) - dependent generation of reactive oxygen species 

(ROS) by Ang II in isolated nuclei from rat kidney cortex (111).  Furthermore, in transgenic 

mice with increased intracellular Ang II, elevated blood pressure and renal microangiopathy 

correlated with an increase in kidney Ang II levels (116). 
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As previously mentioned, a (pro) renin receptor was shown to be involved in the non-

proteolytic activation of prorenin and local production of Ang I (91; 99; 101). However, an 

intracellular human (pro) renin receptor was localized to the perinuclear region of HeLa cells and 

was functionally coupled to the promyelocytic zinc finger protein (PLZF) transcription factor by 

the receptor ligand (pro) renin. The resultant downstream signaling suppressed the transcription 

of (Pro) renin receptor (123). Perinuclear localization of (Pro) renin receptor was also 

demonstrated in renal mesangial cells and showed an intracellular activity for Ang II synthesis 

and extracellular signal-regulated kinases (ERK1/2) phosphorylation (112).  Moreover, (pro) 

renin binding to the (Pro) renin receptor has been reported to induce intracellular signaling 

cascades independently from Ang II generation (48; 49).  In this case, prorenin activation of 

kinase signalling was not blocked by the AT1 receptor antagonist losartan (49). 

 

1. Rationale for  the Studies in Chapter II 

Although there is a compelling body of evidence supporting an intracrine system for the 

RAS in various cell types the physiological relevance or the regulation of this intracellular 

system has not been elucidated. Indeed, the cellular biosyntheis of the main active peptides of 

this system Ang II and Ang-(1-7), or the role of these peptides in normal cell function and 

pathology is not well understood. In addition, localization of the (pro) renin receptor 

intracellularly rather than on the cell membrane indicates a potential role in the expression of 

intracellular peptides or intracellular signaling of prorenin/renin. Understanding the physiology 

of this intracrine system is clinically significant. The primary therapeutic regimens for the 

treatment of hypertension from associated renal and cardiovascular injury include AT1 receptor 
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antagonists (ARBs), angiotensin converting enzyme inhibitors (ACE) and renin inhibitors such 

as aliskiren. However, these regimens may not completely prevent the pathological 

consequences of an activated RAS.  This may arise from either an insufficient drug dose to 

effectively block the intracellular RAS, low lipophilicity of some drugs that leads to inadequate 

intracellular concentrations, or an inability to block downstream signaling pathways that are 

independent of Ang II generation. One clinical study demonstrated that increasing the dose of the 

ARB candesartan  to a much higher level than the maximal recommended dose for heart failure 

and hypertension significantly reduced the persistent proteinuria without a further decline in 

blood pressure (16). Indeed, renin inhibitors such as aliskiren do not block (pro) renin binding to 

the receptor, and would not attenuate (Pro) renin receptor-mediated signaling (121). Therefore, 

proinflammatory and profibrotic responses may not be completely blocked by RAS blockers that 

effectively reduce blood pressure. Previous findings from our group and others demonstrate the 

expression of high density Ang II receptors on isolated nuclei obtained from the kidney (39; 41-

43; 78). In the rat kidney, the AT1 receptor subtype accounted for the majority of nuclear 

binding sites and mediated Ang II-induced oxidative stress and calcium signaling (39; 110; 111; 

156). Isolated nuclei from sheep kidney also exhibit  Ang II-AT1-induced reactive oxygen 

species (ROS)(43); however,  both AT2 and Ang-(1-7) (AT7) binding sites were coupled to 

nitric oxide (NO) that oppose AT1 receptor actions (41; 42).  Furthermore, expression of both 

angiotensinogen and renin were demonstrated in isolated nuclei from proximal tubules of the 

sheep kidney which may constitute the source for intracellular or nuclear Ang II and Ang-(1-7) 

peptides (42). ACE and ACE2 activities that processed Ang I to Ang II and Ang II to Ang-(1-7), 

respectively were also demonstrated in intact nuclei from sheep kidney proximal tubules (40).  
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Our goal in the current thesis studies is to enhance our understanding of the intracellular 

RAS within the proximal tubules and to elucidate the functional aspects of the Ang II-AT1 

receptor axis, and the counteracting Ang-(1-7)-Mas receptor axis. The studies in chapter II 

characterized the renal cell line NRK-52E that express different intracellular RAS components 

including angiotensinogen, renin, (pro) renin receptor, and the angiotensin peptides Ang II and 

Ang-(1-7) localized to the nucleus. Moreover, renin activity and an Ang-(1-7) forming 

endopeptidase activity were detected in the nuclei of NRK-52E cells. These data indicate that 

this cell line is a particularly appropriate model to investigate the intracellular regulation of the 

RAS and functional processing of these components within the nucleus. Furthermore, these 

findings led us to investigate the role of intracellular RAS components in hypertrophy and 

myofibroblast transition under a pathological insult by AGE in the NRK-52E cells which 

constitute the studies described in Chapter III.   

 

D. Advanced Glycation End Products  and Diabetes 

1. Advanced glycated Species (AGEs) 

Advanced Glycation End products (AGEs) are a group of heterogenous molecules 

formed by non-enzymatic protein glycation reactions collectively termed the Millard reaction 

(2). Protein glycation is initiated by a nucleophilic addition between a free amino acid from one 

protein and a carbonyl group from a reducing sugar to form a reversible Schiff base within hours 

(1). The fragile Schiff base then rearranges to a more stable ketoamine or Amadori product (1). 

Protein glycation occurs under hyperglycemic conditions and depending on duration and severity 

can undergo further reactions, producing dicarbonyl intermediates including α-oxoaldehyde 

derivatives, such as 3-deoxyglucosones, glyoxal and methylglyoxal, to eventually form AGEs 
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(135). Methylglyoxal, a strong cross-linking reactive agent and physiological metabolite reacts 

irreversibly with arginine residues of proteins including albumin even at physiological 

concentrations (85; 135; 142). Protein glycation has been linked to the pathogenesis of multiple 

disease complications such as diabetes mellitus retinopathy and nephropathy, non-diabetic 

nephropathy, vascular diseases, Alzheimer’s disease, cataracts and aging (135). 

In diabetes, AGEs are proposed to be involved in various complications as they modify 

enzyme activity, affect ligand receptor binding, alter protein half-life, increase the 

immunogenicity of proteins and damage nucleic acids and lipids. The plasma concentration of 

the reactive agent methylglyoxal in diabetic patients was found to be increased 6-fold. 

Furthermore, in experimental streptozotocin (STZ)-induced diabetic rat model, both plasma and 

kidney levels of methylglyoxal were significantly increased (87; 136; 136). 

However, the cellular mechanisms involved in the effects of AGE-modified proteins 

remain to be defined. Therefore, we utilized a minimally-modified form of methylglyoxal-

albumin to examine AGE regulation of the intracellular RAS system as well as the phenotypic 

expression of NRK- 52E cells. 

 

2. AGE-RAGE Signaling 

In addition to their direct non-enzymatic modifications of proteins, AGEs have been 

reported to interact directly with effector proteins to induce various cellular transduction 

pathways. Several AGE binding receptors have been identified on different renal cells such as 

proximal tubules, mesangial cells and podocytes (52; 98; 102). These proteins include the 

receptor for advanced glycated end product (RAGE), AGE-R1 (or p60) as well other proteins; 

AGE-R2 or p90, AGE-R3 or galactin-3, macrophage scavenger receptors (ScR-II), and CD-36 
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(52; 98; 102). Interestingly, the expression of these receptors is largely enhanced under 

metabolic diseases including diabetes, dyslipidemia and renal failure uremia (52; 98; 102). 

RAGE proteins are the well-characterized of receptors for AGE and thought to mediate the 

majority of the AGE-induced adverse actions (115). RAGEs belong to the cell surface 

immunoglobulin super family that not only binds AGEs but also recognizes S100/calgranulin (a 

proinflammatory cytokine), high mobility group box 1 (HMGB1), lipopolysaccharides and β-

amyloid (50). Indeed, these ligands are proposed to serve as the first line of defense against 

pathological insults (115). However, in metabolic disorders such as diabetes, AGEs accumulate 

and lead to development of adverse effects mediated through RAGE (115). There is a compelling 

body of evidence that supports AGE-RAGE signaling in many diabetic complications including 

nephropathy (133). Glomerular RAGE expression was upregulated and positively correlated with 

AGE in diabetic nephropathy patients suggesting positive feedback that may sustain renal injury   

(133). A mouse model of RAGE overexpression, developed by Yamamoto and colleagues, 

exhibited more severe nephromegaly, glomerular hypertrophy, glomerular sclerosis and 

albuminuria than the nontransgenic diabetic littermates (148). Conversely, knockout of RAGE 

receptors decreased diabetes-induced renal injury (117). Moreover, neutralizing antibodies 

against RAGE in STZ-induced diabetic mice provided significant renoprotection (60).   Taken 

together, an AGE-RAGE interaction in diabetes may enhance signaling pathways that transduce 

inflammatory responses and promote subsequent cell damage. In regards to the cellular 

signaling, binding of AGEs to RAGE leads to the generation of ROS and further activation of the 

transcription factor NF-κB which in turn positively regulates RAGE expression, as well as 

expression of inflammatory cytokines.  The stimulation of NF-κB and cytokines may lead to a 

positive feedback loop (10; 89). In addition, AGEs (carboxymethyl-lysine - CML) signal via 
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RAGE to activate the ERK1/2 and p38 mitogen-activated protein kinase (MAPK) pathways 

required for NF-κB activation (124; 152). Yan et al, demonstrated that glycated albumin via 

RAGE activates p21
ras

 /MAPK signaling cascade by redox modification of a cysteine residue on 

p21
ras

 which culminates in NF-κB activation (70). Evidence for Janus kinase (JAK) and signal 

transducer and activator of transcription (JAK/STAT) signaling involvement in AGE/RAGE 

signaling has also been reported (149).  In addition, ERK/p38MAP/Smad cross talk may have a 

central role in AGE-induced EMT that is either TGF-β dependent or independent (75). 

Ultimately, the binding of AGE to RAGE  proteins results in the expression of various 

transcription factors, signaling molecules, the stimulation of proinflammatory and profibrotic 

cytokines including  TGF-β, CTGF, PDGF, TNF-α, IL-1B, and IL-6 that contribute to 

inflammation and cell injury (28). 

3. AGE-Induced Epithelial to Myofibroblast Transition   

Transdifferentiation of epithelial renal cells to a mesenchymal phenotype (epithelial to 

mesenchymal transition -EMT) is implicated in cellular and tissue responses to AGEs (76). The 

mechanism of EMT and its contribution to diabetic nephropathy is still under investigation; 

however, RAGE signaling is a key player in this process as receptor blockade attenuates the cell 

transition (76).   EMT is characterized by loss of epithelial cell-cell contact junctions, disruption 

of basement membrane, loss of cell polarity, synthesis and deposition of intracellular actin stress 

fibers and extracellular matrix proteins, and migration of the cells (145). Importantly for the 

current studies, Oldfield et al report that AGEs induce EMT via RAGE binding in a dose-

dependent manner in the NRK-52E cells (104). Moreover, administration of the compound 

ALT711 that breaks AGE cross links ameliorated diabetes-induced expression of the 

transdifferentiation marker α-smooth muscle actin in the kidney (α-SMA) (104).  
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E. EMT and Fibrosis 

The extent of renal fibrosis is positively correlated with renal dysfunction in progressive 

renal disease (62). The two potential mechanisms that contribute to renal fibrosis are 

extracellular matrix (ECM) deposition in the renal tubulointerstitium that accompanies tubular 

hypertrophy, and EMT as the source of myofibroblasts that secrete collagen and fibronectin, as 

well as cytokines and growth factors (82).  

Although the contribution of EMT to renal fibrosis is considered controversial, Iwano 

and his group presented a compelling evidence for the source of fibroblasts in the interstitium of 

kidney obstruction model (57). Utilizing genetically tagged proximal epithelial cells, they found 

about 35% of renal fibroblasts in the fibrotic lesions originated from epithelial cells (57). AGEs 

may induce tubulointerstitial fibrosis either directly by their cross linking nature inducing 

structural modifications to collagen fibers and rendering them resistant to degradation by matrix 

metalloproteinases, or through RAGE receptor signaling to stimulate profibrotic cytokines (TGF-

β1, PDGF-B, and CTGF) and ultimately expression of the extracellular proteins fibronectin, 

laminin, collagen I and IV (33). Previous in vivo studies showed that chronic infusion of AGEs 

induced both glomerular and tubular hypertrophy likely as a result of production of the growth 

factors (TGF, CTGF)  and the inflammatory cytokines (134; 141). TGF-β is an integral factor in 

EMT, tubular hypertrophy and ECM deposition (145). In the NRK-52E cells, TGF-β induces 

EMT and collagen deposition via Smad 2 phosphorylation (118). Moreover, the MAPKs ERK 

1/2, Rho-A, P38 MAPK, and c-Jun N-terminal kinases (JNK) are also involved in TGF-β 
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signaling (144).  Similar to RAGE signaling, generation of ROS may mediate TGF-β signaling 

to induce EMT directly through activation of ERK 1/2 and P38 MAPK, or indirectly through 

Smad 2 phosphorylation by ERK 1/2 (118). 

F.  EMT Therapies 

In lieu of the growing evidence for the role of AGE and EMT in the pathogenesis of 

diabetic renal fibrosis and renal injury, various therapeutic strategies have been investigated for 

potential clinical use. Although targeting the production of AGEs by pimagedine 

(aminoguanidine), a dicarbonyl scavenger of AGEs was beneficial in reducing proteinuria in 

diabetic type 1 and 2 patients with nephropathy, it did not advance clinically due to the high 

incidence of nephrotoxicity (11). However, this trial clearly supported the deleterious role of 

AGEs to promote diabetic nephropathy.  Different approaches were suggested by in vitro and in 

vivo studies to attenuate EMT, but these therapies are still awaiting translation into clinical trials 

to examine their efficacy and safety. Neutralizing antibodies against RAGE have been reported 

to attenuate EMT transition in vitro and to reduce proteinuria and improve renal function in STZ-

induced diabetes (60). A novel approach was to utilize a soluble form of RAGE (a splice variant) 

that lacks the membrane binding segment to form complexes with circulating AGEs and prevent 

their signaling through the membrane receptor (69). Alternatively, bone morphogenic protein-7 

(BMP-7), a member of TGF-β superfamily, was reported to antagonize the profibrotic effects of 

TGF-β and inhibit EMT in both in vitro and in vivo studies by possibly interfering with Smad 

signaling (153). Moreover, hepatocyte growth factor (HGF) is suggested as an antifibrotic factor 

that blocks the TGF-β-Smad 2/3 pathway and EMT (83; 150; 151). Exogenous administration of 

HGF enhanced renal function and abolished renal fibrosis in several animal models of kidney 

injury (81). Furthermore, induction of HGF expression by the peroxisome proliferator-activated 
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receptor agonist (PPAR-γ), 9-cic-retinoic acid, and 1,25-dihydroxyvitamin D3 may provide a 

therapeutic approach to prevent EMT (84). However, none of the previous mentioned antifibrotic 

factors have advanced to clinical trials at this time 

1.  Rationale for Ang-(1-7)  

There is a general agreement that Ang-(1-7) binds the Mas receptor to induce actions 

opposite to those of the Ang II-AT1 receptor axis. For example, Ang-(1-7) treatment ameliorated 

Ang II-induced proliferation of vascular smooth muscle cells and fibrosis in the myocardium 

(61; 132), as well as reduced lipopolysaccharide-induced-inflammation in macrophages (108; 

130).  Furthermore, Ang-(1-7) attenuated the Ang II-mediated activation of MAPKs in the 

proximal tubules, which is an important mediator in cell growth and differentiation (131).  Gava 

et al report that Ang-(1-7) inhibited glucose-induced activation of p38 MAPK via activation of 

the tyrosine phosphatase SHP-1 in porcine proximal tubules cells (35). Furthermore, Zhou et al 

demonstrated that Ang-(1-7) blocked the acute stimulation of ERK1/2 and p38 kinase, reduced 

TGF-β release and attenuated EMT in response to high glucose. In line with the previous 

findings, Chou et al find that chronic treatment with high glucose or TGF-β reduced the mRNA 

and protein expression of ACE2 and the Ang-(1-7)/Mas receptor in the NRK-52E cells (25). In 

animal studies, Benter et al show that endogenous Ang-(1-7) is associated with a reduction in 

blood pressure (6), natriuresis and diuresis, and reduction of proteinuria in spontaneously 

hypertensive rats (SHR) (7). Indeed, administration of Ang-(1-7) reversed the increase in blood 

pressure and proteinuria induced by chronic NO synthase inhibition (L-NAME) similarly to the 

effects following ACE inhibition in the spontaneously hypertensive rat (SHR) (9).  In essence, 

current anti-hypertensive regimens that block the RAS such as ACE inhibitors or AT1  receptor 

antagonists are associated with markedly increased  plasma levels of Ang-(1-7) which may 
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contribute to the beneficial actions of RAS blockade (58).   Although most experimental studies 

demonstrate beneficial actions of Ang-(1-7) treatment (8; 15; 35; 36; 58; 59; 90; 106; 113; 114; 

131; 154), Ang-(1-7) has been reported to exhibit deleterious effects similar to Ang II in the 

kidney (157). Walther et al demonstrated that Mas receptor null mice were less prone to renal 

injury than wildtype littermates in response to a high salt diet or to unilateral ureteral obstruction 

(22; (45).  Moreover, chronic administration of Ang-(1-7) into wildtype mice resulted in 

inflammation and renal injury (45).  In this regard, Burns et al. report that Ang II stimulated 

EMT  in the NRK-52E cells which was subsequently abolished by either the Ang-(1-7) 

antagonist D-Ala
7
-Ang-(1-7) (DAL or A779) or the ACE2 inhibitor MLN4760 (17).  The 

findings of the Burns’ study suggest that Ang-(1-7) induces EMT through stimulation of the Mas 

receptor (17).  In addition, Liu and colleagues found that Ang-(1-7) stimulated proliferation of 

human mesangial cells via activation of the MAPK ERK1/2 (80). These disparate findings for 

the actions of Ang-(1-7) in the kidney may result from diverse physiological and pathological 

experimental settings, as well as a dose related effect of the Mas receptor response. 

Diabetic nephropathy (DN) is associated with activation of the intrarenal RAS (3). 

Indeed, several large clinical trials  reported beneficial effects from blocking the RAS by AT1 

blockers (ARBs) or ACE inhibitors for the treatment of diabetic patients with early or overt 

nephropathy (13; 38; 74; 107). The crosstalk between RAS and AGE /RAGE signaling has been 

suggested to promote diabetic renal injury, although the molecular mechanisms are not well 

defined (134).  Cao and colleagues report enhanced expression of angiotensinogen, ACE and 

AT1 receptors with AGE (hydroxychloride-treated rat albumin) treatment of the NRK-52E cells 

(21).  Furthermore, chronic infusion of AGE-modified albumin in Sprague Dawley (SD) rats 

altered the mRNA levels of renal RAS components with increased expression of 
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angiotensinogen, ACE, renin, and the AT1 receptor, and decreased expression of ACE2 and the 

AT2 receptor (134).  In this study, AT1 receptor blockade by valsartan attenuated the expression 

of the renal injury markers α-SMA and vimentin, cell markers of EMT (134). With regard to the 

Ang-(1-7) axis, AGE (glutaraldehyde-treated BSA) reduced the mRNA expression of ACE2 and 

the secretion of Ang-(1-7) in human mesangial cells suggesting that AGE may alter the balance 

of the Ang II and Ang-(1-7) pathways (56).  In light of the previous findings, the role of Ang-(1-

7) in AGE-RAGE signaling has not been examined in the proximal tubules or the influence of 

AGE on the intracellular Ang-(1-7) axis.    For that reason, the thesis studies examined whether 

the beneficial or deleterious actions of Ang-(1-7) reflect the underlying pathological conditions.  

We assessed the influence of Ang-(1-7) on EMT and associated signaling pathways induced by 

the AGE product methylglyoxal albumin (MGA) in the rat kidney NRK-52E cells.  Additionally, 

we studied the influence of chronic MGA exposure on the Ang-(1-7) processing pathways in this 

proximal tubule epithelial cell line.  We find that MGA significantly reduced the cellular 

expression of Ang-(1-7) which was associated with the increased metabolism of the peptide to 

Ang-(1-4), but MGA did not alter the generation of Ang-(1-7) from Ang I.  Supplementation 

with Ang-(1-7) attenuated the MGA-induced EMT which was reversed by the Mas receptor 

antagonist DAL.  Moreover, Ang-(1-7) attenuated both the MGA- and TGF-β-dependent 

stimulation of ERK1/2, but did not reduce the MGA-induced release of TGF-β.  Overall, the 

present studies suggest that Ang-(1-7) abolishes the MGA-stimulated EMT by interfering with 

the chronic stimulation of the TGF-β/ERK pathway in the NRK-52E cells.   
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Abstract  

Introduction:  Isolated nuclei of sheep proximal tubules express angiotensin (Ang) receptors as 

well as angiotensinogen (AGT) and renin.  The present study characterized the NRK-52E tubular 

epithelial cell line for the intracellular expression of renin-angiotensin system (RAS) 

components.   

Methods:  RAS components were visualized by immunofluorescent staining in intact cells and 

protein expression in isolate nuclei.   

Results:  An antibody to the angiotensin I (Ang I) sequence of AGT (AI-AGT) revealed only 

cytosolic staining, while an antibody to an internal epitope of AGT (Int-AGT) revealed primarily 

nuclear staining.  Immunoblots of nuclear and cytosolic fractions confirmed the differential cell 

staining of AGT.  Immunostaining for renin was present on nuclei of intact cells.  Nuclear renin 

activity averaged 0.77±0.05 nmol/mg protein/hr that was reduced by aliskiren (0.13±0.01 

nmol/mg/hr, n=3, p<0.01); trypsin activation increased activity three-fold.  Peptide staining 

localized angiotensin II (Ang II) and Ang-(1-7) to the nucleus and peptide content averaged 59 

±2 and 57±22 fmol/mg (n=4), respectively.  Peptide metabolism in isolated nuclei revealed the 

processing of Ang I to Ang-(1-7) by thimet oligopeptidase.   

Conclusion:  We conclude that the NRK-52E cells express an intracellular RAS localized to the 

nucleus and may be an appropriate cell model to elucidate the functional relevance of this 

system.  

Keywords 

NRK-52E, angiotensin, renin, thimet oligopeptidase, angiotensinogen 
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Introduction 

The renin angiotensin system (RAS) is an endocrine system that plays a major role in the 

physiological regulation of blood pressure and fluid homeostasis. Dysregulation of the RAS is 

also thought to contribute to the development and progression of cardiovascular and renal 

injuries.  Moreover, the pharmacological agents that block various components of the RAS now 

encompass the primary therapies for treatment of hypertension, heart failure and diabetic renal 

injury.  Although originally identified as a classic endocrine system, the evidence clearly reveals 

a local or tissue RAS in various organs including the kidney, heart, adrenals and brain (1-3).  In 

this regard, an intracellular system localized to cellular organelle including the nucleus and 

mitochondria have been described in the both tubular epithelial and mesangial cells of the 

kidney, as well as the myocytes and fibroblasts of the heart (4-11).  The physiological relevance 

and the regulation of this intracellular RAS have not been established.  Indeed, it is not clear 

precisely how the intracellular system functions at the cellular level to synthesize the active RAS 

peptides angiotensin II (Ang II) and Ang-(1-7), nor the contribution of these peptides to 

intracellular signaling and cell function.  Moreover, there is now compelling evidence for a 

functional renin receptor that binds prorenin to non-proteolytically activate the enzyme, as well 

as to mediate the functional signaling of the receptor that is not dependent on Ang II generation 

(12;13).  Interestingly, the prorenin receptor (PRR) is primarily localized intracellularly rather 

than on the cell membrane suggesting that the receptor may also contribute to a functional 

intracellular RAS (14).   

Elucidation of the physiological relevance of an intracellular RAS is important clinically 

as well. The current therapeutic regimens to treat high blood pressure and attenuate renal and 

cardiovascular injury include AT1 receptor antagonists (ARBs), angiotensin converting enzyme 
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(ACE) and renin inhibitors; however, the therapeutic benefit of these agents to target the 

intracellular system is not known.  Previous studies in our laboratory and others have 

demonstrated a high density of Ang II receptors on isolated nuclei from the kidney (15;16).  In 

the rat kidney, the majority of these nuclear binding sites are the AT1 subtype that is functionally 

linked to Ang II-dependent increases in oxidative stress and calcium (17;18).  AT1 receptor-

dependent formation of reactive oxygen species (ROS) was also demonstrated in isolated nuclei 

from the sheep kidney; however, both AT2 and Ang-(1-7) (AT7) sties were functionally coupled 

to nitric oxide formation and may antagonize the actions of the nuclear AT1 receptor (19-21). 

Additional studies revealed the precursor components angiotensinogen and renin in isolated 

nuclei from proximal tubules of the sheep kidney that may portend for the intracellular or nuclear 

formation of Ang II and Ang-(1-7) (20).   Moreover, we detected the peptidase activities for 

ACE and ACE2 in intact nuclei that processed exogenous Ang I to Ang II and Ang II to Ang-(1-

7), respectively (19).  To facilitate our understanding of the tubular RAS within the kidney, the 

current studies sought to identify a renal cell line that express the components of this system and 

determine their intracellular localization.    

 

Materials and Methods 

Cell Culture 

Normal kidney proximal epithelial cells (NRK-52E) cells were obtained from American 

Tissue Type Culture (Arlington VA; passage 8) and maintained at 37°C in plastic 75 cm
2
 flasks 

in Dulbecco’s modified Eagle’s medium (DMEM/F12, Invitrogen) containing 5% fetal bovine 

serum (FBS), L-Glutamine and 15 mM HEPES buffer. The culture flasks were kept in a 95% air 

and 5% CO2 humidified environment at 37°C.  At confluence, the cells were washed and 
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maintained in serum free DMEM/F12 without supplements for 48 hours prior to the biochemical 

studies.    

Nuclear and cytosolic fractions 

Confluent cells were washed twice with PBS and harvested.  Harvested cells were 

centrifuged at 1000 g for 10 minutes and the resulting cells pellet was homogenized on ice with a 

glass pestle in 20 mM Tris buffer containing 5mM MgCl2 and 25 mM KCl at pH 7.8. 

Homogenates were centrifuged at 1000 g to obtain the crude nuclear pellet and further purified in 

a high sucrose buffer.  The crude pellet was reconstituted with 0.3 M sucrose in 10 mM  HEPES 

buffer pH 7.4, layered over the 0.88 M sucrose buffer and centrifuged at 1200 g for 10 minutes at 

4
○
C to obtain the nuclear pellet (22). The cell supernatant was centrifuged at 100,000 g for 60 

min at 4
○
C to obtain the cytosolic fraction.  

Western blotting 

Nuclear and cytosolic pellets (~50 μg) were boiled in PBS (pH 7.4), diluted in Laemmli 

buffer with β-mercaptoethanol, separated on 10% sodium dodecyl sulfate (SDS) polyacrylamide 

gels for 1 h at 120V in Tris-glycine SDS and transferred to a polyvinylidene difluoride 

membranes (PVDF).   Blots were blocked with 5% Bio-Rad Dry Milk and TBS with Tween and 

probed overnight at 4°C with primary antibodies against the following:   rat AGT residues 42–57 

(internal sequence,  Int-AGT, 1:1000), Ang I sequence (residues 25–34) of AGT (AI-AGT, 

1:1000) and renin (1:5000; Inagami antibody no. 826). Membranes were treated with horseradish 

peroxidase (HRP)-labeled polyclonal anti rabbit secondary antibodies (1:5000) for 1 hour and 

detected with chemiluminescent substrates (Pierce Biotechnology, Rockford, IL). Membranes 

were probed with mouse monoclonal anti-β-actin (Sigma, St. Louis, MO, 1:5000) antibody as a 
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loading control and bands were quantified using MCID densitometry software (InterFocus 

Imaging, Linton, England). 

Immunofluorescent microscopy 

NRK-52E cells were grown in 8 chamber slides for two days in DMEM/F12 5% FBS 

which was replaced with serum free media for one day.  Cells were washed with PBS and fixed 

with 2% paraformaldehyde for 15 minutes. Following a PBS rinse, cells were permeabilized with 

0.2% Triton and then blocked with 3% BSA (Sigma A-8022). The fixed cells were probed with 

primary antibodies for AGT and renin previously described for western blot analysis. Cells were 

also probed with affinity purified antibodies to Ang II (Phoenix Pharmaceutical) and Ang-(1-7) 

(custom antibody), PRR (Abcam ab64957) antibodies. Antibodies were diluted in 3% normal 

donkey serum at the following: Int-AGT (1:100), AI-AGT (1:100), renin (1:500), PRR (1:500), 

Ang II (1:500) Ang-(1-7) (1:25), calnexin (1:100). After overnight incubation with the primary 

antibody at 4°C, cells were rinsed with PBS, incubated with fluorescent anti-rabbit Alexa Fluor 

488 secondary antibody (Invitrogen, Carlsbad, CA), and the slides mounted with Molecular 

Probes ProLong mounting media with DAPI (Invitrogen) to stain the nuclei.  

Peptide Assays 

Cell nuclei were isolated as described above and stored at -80°C.  The nuclear pellet was 

reconstituted in MilliQ water and placed in a boiling water bath for 15 minutes.  The nuclear 

fraction was acidified with trifluoroacetic acid (TFA) to a final concentration of 0.2%, sonicated 

and centrifuged at 20,000g for 20 min at 4°C.   The resultant supernatant was applied to an 

activated Sep-Pak C18 extraction column, washed with 0.2% TFA, and the peptide fraction 

eluted with 3 ml 80% methanol in 0.2% TFA.  Measurement of immunoreactive Ang II and Ang-

(1-7) in the extracted nuclei was performed using two distinct RIAs (23). The Ang-(1-7) RIA 
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fully recognizes Ang-(1-7) and Ang-(2-7), but cross-reacts less than 0.01% with Ang-(3–7), Ang 

II, Ang I, and their fragments. The Ang II RIA equally recognizes Ang III, Ang-(3-8), and Ang-

(4-8), but cross-reacts less than 0.01% with Ang I and Ang-(1-7). The limit of detection was 4 

fmol/ tube for Ang-(1-7) and 0.5 fmol/ tube for Ang II. 

Renin assay 

The cell nuclei were isolated as described above and stored at -80°C.  The nuclear pellet 

was reconstituted in 2 ml of 25 mM HEPES, 125 mM NaCl at pH 7.4 and left for 60 min on ice. 

A sample from the lysate was taken for protein content. For basal renin activity assay, 0.4 ml of 

nuclear lysate was added to 0.2 ml of nephrectomized rat plasma (NRP) as the source of 

exogenous AGT substrate.  The following protease inhibitors were added to prevent the 

metabolism of Ang I:  amastatin (AM; 2 μM), bestatin (BS; 10 μM), chymostatin (CHYM; 10 

μM), benzyl succinate (BSC; 10 μM), para-chloromercuribenzoic acid (PCMB; 0.5 mM) and 

EDTA (2.5 mM) (all at final concentrations).  The assay was performed at 37ºC for 90 minutes 

alone or with the renin inhibitor aliskiren (1 μM, final concentration) (23).  Activation of 

prorenin was performed by addition of 0.1 mg trypsin (Sigma) to the nuclear sample with the 

peptidase inhibitors for 60 minutes on ice (23).  Trypsin was inactivated using by incubation with 

an excess of soybean trypsin inhibitor (SBTI; 1 mg/ml, Sigma) for 15 min at room temperature. 

SBTI is a potent serine protease inhibitor that does not attenuate renin, an aspartyl protease.  

Following SBTI, the renin assay was performed as described above.  All renin and prorenin 

samples were extracted on Sep-Pak C18 columns prior to the assessment of the Ang I by RIA as 

described (23).   Blank values for the assay (aliskiren with and without lysates) were subtracted 

from the sample values; renin activity was expressed as nmol Ang I generated per hour per mg 

protein.   
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Angiotensinogen assay for renin  

A rat kidney cortical homogenate as a source for renin was added to a cocktail of protease  

inhibitors (Sigma) (1/100) and SBTI (1mg) in the presence or absence of aliskiren (10 μM) in a 

final volume of 1 ml buffer (10 mM HEPES, 125 mM NaCl, 10 μM ZnCl2, pH 7.4).  NRP as the 

source of intact AGT was then added and incubated at 37°C for 60 minutes. Aliquots were 

removed at 5, 15, 30 and 60 minutes and analyzed by western blot using the Ang I-intact AGT 

(AI-AGT) antibody.  The membrane was then stripped and probed with the second AGT 

antibody (Int-AGT). 

Peptide metabolism 

To characterize the processing of the peptides in vitro, 
125

I-Ang-I or Ang II (0.5 nM) 

were incubated with the solubilized nuclear fractions as previously described (24).  Metabolism 

assays were conducted at 37°C in 10 mM HEPES, 125 mM NaCl, 10 μM ZnCl2, pH 7.4, with 2-

3 μg protein of the nuclear fraction in a final volume of 0.5 ml with or without the indicated 

inhibitors. The reaction was stopped by addition of ice-cold 1.0% phosphoric acid, centrifuged at 

16,000 g, and the supernatants stored at −20°C. Samples were separated by reverse-phase high-

performance liquid chromatography (HPLC) and the 
125

I-products were detected by a flow-

through γ detector (24). Products were identified by comparison of their retention times to 
125

I-

angiotensn standards.  Peptides were iodinated by the chloramine T method and purified by 

HPLC (specific activity > 2000 Ci/mmol).   The aminopeptidase inhibitors amastatin AM (2 μM) 

and BS (10 μM) were included in the basal assay conditions. We subsequently used the 

following inhibitors to block thiol peptidases (PCMB; 0.5 mM); neprilysin (SCH39370 or SCH, 

10 μM), prolyl oligopeptidase (Z-prolyl prolinal or ZPP, 50 μM) and thimet oligopeptidase (c-
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phenylpropyl-alanine-alanine-phenylalanine-p-aminobenzoate or CPP, 50 μM). Enzyme activities 

were expressed as fmol product per mg protein per minute (fmol/mg/min).   

Statistical analysis 

All measurements are expressed as mean ± standard error (SEM).  Differences between 

the groups were analyzed by one-way ANOVA and Newman-Keuls multiple comparison 

analysis.  All figures were constructed with GraphPad Prism V (GraphPad Software, San Diego, 

California, USA). plotting and statistical software. A probability value of < 0.05 was required for 

statistical significance.    

Results 

Angiotensinogen (AGT) Antibodies 

The present study utilized antibodies raised against two different epitopes of the AGT protein. 

The AI-AGT antibody recognized the N terminus or Ang I sequence of rat AGT while the Int-

AGT antibody was directed against an internal sequence distal to Ang I (17).  We characterized 

both antibodies by protein immunoblots using 0.5 to 5.0 µl of either nephrectomized rat plasma 

(NRP) as a source of intact AGT or commercial fetal bovine serum (FBS) in which the NRK-

E52 cells were routinely maintained (Figure 1).  As shown in Figure 1A, the AI-AGT antibody 

recognized two protein bands of approximately 60 and 55 kDa from NRP, as well as two similar 

sized bands in the FBS.  The NRP samples were then exposed to renin from a rat cortical 

homogenate at 37°C or 4°C with or without the renin inhibitor aliskiren and the immunoblot 

probed with the AI-AGT antibody.  In the absence of aliskiren, the AGT band was reduced at 15 

min and essentially abolished by 30 min at 37°C (Figure 1B).  Addition of aliskiren or incubation 

at 4°C prevented the disappearance of the protein up to 60 min.   In contrast, the Int-AGT 

antibody clearly recognized AGT in the NRP samples (Figure 1C, 0.5-5.0 µl serum), but did not 
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detect AGT in FBS (Figure 1C).  The Int-AGT antibody appeared to exhibit greater sensitivity to 

rat AGT; the antibody detected 0.5 µl of NRP while the AI-AGT antibody required a sample 

volume 2 to 5-fold higher (lane 4, Figure 1C versus 1A).   Moreover, re-probing the immunoblot 

from Figure 1B with the Int-AGT antibody revealed the AGT bands in the samples incubated 

with renin (Figure 1D).  These data confirm that the Int-AGT antibody recognized residues distal 

to the Ang I sequence of AGT in rat plasma, but not FBS, and that the AI-AGT antibody does 

not detect the renin-processed or des-Ang I form of rat AGT (and likely FBS).  Utilizing the two 

AGT antibodies, we assessed expression of the protein by immunofluorescent (IMF) staining and 

protein immunoblots of isolated nuclear and cytosolic fractions of the NRK-52E cells (Figure 2).  

As shown in Figure 2A and 2B, IMF staining with the AI-AGT antibody revealed primarily 

cytosolic staining of the protein that was apparently exclusive of the nucleus.  Moreover, the 

immunoblot showed a 55 kDa band in the cytosolic fraction (lanes 4-6), but no immunoreactive 

band in the nuclear fraction of the NRK-52E cells (lanes 1-3, Figure 2C).   In contrast, IMF 

staining with the Int-AGT antibody revealed the predominant localization of AGT to the area of 

the cell nucleus (Figure 2D and 2E).  The immunoblot with the Int-AGT antibody also revealed a 

prominent protein band (55 kDa) in the nuclear fraction (lanes 1-3), as well as a faint band in the 

cytosol (lanes 4-6, Figure 2F).    

Renin and (Pro) renin receptor 

The apparent absence of intact AGT in the nucleus suggested that renin or a renin-like 

enzyme cleaved AGT either within the nucleus or outside the organelle with subsequent nuclear 

transport of the precursor.  As shown in Fig. 3A, IMF staining for renin revealed the 

predominant nuclear localization of the enzyme in the cells.  Protein immunoblots of the nuclear 

and cytosolic fractions also revealed a predominant immunoreactive band at ~ 55 kDa in the 
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nuclear fraction and a faint band in the cytosol (Figure 3B).  We next assessed renin activity in 

isolated nuclei of the NRK-52E cells by addition of exogenous NRP AGT in the absence or 

presence of aliskiren.  Renin activity averaged 0.77 ± 0.05 nmol Ang I/mg/hr and aliskiren 

reduced activity by 83% (Figure 3C).   To determine the prorenin levels, nuclear extracts were 

pretreated with trypsin to convert prorenin to renin and the generation of Ang I from NRP AGT 

was determined in the presence of the trypsin inhibitor SBTI.  Trypsin activation of nuclear 

prorenin significantly increased enzyme activity approximately 3-fold to 1.93 ± 0.23 nmol Ang 

I/mg protein/hr and aliskiren inhibited 93% of the Ang I-forming activity (Figure 3C).  These 

findings suggest the presence of both renin and prorenin in the NRK-52E cell nuclei.  Since 

prorenin may preferentially bind to the prorenin receptor to increase catalytic activity and/or 

induce cell signaling, we stained the cells with an antibody against the prorenin receptor.  As 

shown in Figure 3D, IMF staining revealed primarily perinuclear staining of the prorenin 

receptor in cells counter-stained with the nuclear marker DAPI shown in blue.  In comparison, 

cells were also stained with an antibody to calnexin, a protein intrinsic to the perinuclear/ER 

membrane and the DAPI marker (Figure 3E).     

Angiotensin Peptides 

The expression of both AGT and renin within the NRK-52E cell nuclei may suggest a 

pathway for the intracellular synthesis of angiotensin peptides.   Therefore, we assessed the cell 

staining and content of Ang II and Ang-(1-7) by two distinct antibodies specific to the C-

terminus of each peptide.  As shown in Figures 4A and 4B, the affinity-purified antibodies to 

Ang II and Ang-(1-7) revealed predominantly nuclear staining.  Consistent with this pattern of 

staining, nuclear extracts from four different cell passages contained 59 ± 2 fmol/mg protein of 

Ang II and 57 ± 22 fmol/mg protein of Ang-(1-7) (Figure 4C).  We then examined the potential 
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processing enzymes that may contribute to Ang II or Ang-(1-7) within the nucleus.   Solubilized 

nuclear fractions were incubated with 
125

I-Ang I or 
125

I-Ang II for 15 to 120 mins at 37
○
C and 

the products analyzed by a HPLC-coupled γ-detector (16).  As shown in the chromatographic 

panels of Figure 5, Ang-(1-7) was the major peak of Ang I metabolism at 15 and 60 mins (Figure 

5A and 5B, respectively). Ang I exhibited a half-life of 73 minutes in the nuclear cell extracts 

and Ang-(1-7) was the primary product over the 120 min time course (Figure 7).  In contrast, 

there was minimal metabolism of the Ang II in the nuclear extracts with >70% of the peptide 

intact at 120 min (data not shown).   

There are several endopeptidases including neprilysin, prolyl oligopeptidase and thimet 

oligopeptidase that directly process Ang I to Ang-(1-7) (25)  The neprilysin agent SCH39370 

and the prolyl oligopeptidase inhibitor ZPP did not block the generation of Ang-(1-7) in the 

nuclear extract (Figure 5C and 5D, respectively).   Both the thimet oligopeptidase inhibitor CPP 

and the thiol protease inhibitor PCMB markedly reduced the peak of Ang-(1-7) and preserved 

the peak of Ang I (Figure 5E and 5F, respectively).  Evaluation of these inhibitors at the 60 min 

incubation period revealed that CPP and PCMB inhibited Ang-(1-7) formation by over 80% and 

suggests that thimet oligopeptidase converts Ang I to Ang-(1-7) in isolated nuclei (Figure 6).  

We next assessed the Ang-(1-7) and Ang-(1-4)-forming activities at 120 minutes in the presence 

of CPP and SCH39370.  Again, thimet oligopeptidase accounted for the majority of Ang-(1-7) at 

this time (Figure 8); however, there remained small peaks of Ang-(1-7) and Ang-(1-4) with CPP 

(Figure 8B).  Addition of SCH39370 to CPP appeared to further reduce both Ang-(1-7) and Ang-

(1-4) (Figure 8C), but the response did not reach statistical significance (Figure 8D).   
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Discussion 

In the present study we characterized the RAS in the NRK-52E epithelial cell line to 

facilitate our understanding of this intracellular system.  The NRK-52E cells are widely utilized 

to examine the functional aspects of the Ang II-AT1 receptor pathway, as well as the counter-

regulatory actions of the Ang-(1-7)-AT7/Mas axis (26-31).   The current findings revealed that 

NRK-52E cells express multiple components of an intracellular RAS and parallel our previous 

findings in the isolated tubules of the sheep kidney (9). In this case, both immunofluorescent 

staining and western blots demonstrated that NRK-52E cells express AGT, (pro) renin, (pro) 

renin receptor and the peptides Ang II and Ang-(1-7) in the nuclear or perinuclear compartments.  

Activity studies revealed renin-dependent conversion to Ang I; however, prorenin was the more 

abundant form of the enzyme in a 3:1 ratio in the nuclear fraction.  Finally, we demonstrate 

endopeptidase activity in the nuclear fraction that converts Ang I directly to Ang-(1-7) without 

the prerequisite formation of Ang II.  The identity of the nuclear endopeptidase is likely thimet 

oligopeptidase based on the sensitivity to both the selective inhibitor CPP and the thiol agent 

PCMB.   

Utilizing two different antibodies to rat AGT, we primarily detected the processed form 

of AGT (des-Ang I Aogen) in the nucleus.  Sherrod et al detected AGT primarily in the nucleus 

of human astrocytes and identified a nuclear localization signal in the C-terminal portion of the 

protein; however, these studies did not determine whether the precursor was processed or intact 

(7).  In the current study, the presence of the cleaved AGT in the nucleus suggests proteolytic 

processing potentially by renin which may contribute to local levels of Ang II and Ang-(1-7) 

detected in the nuclear fraction. Indeed, this may constitute a pathway for the generation and 

delivery of peptide ligands to nuclear angiotensin receptors evident in the tubule epithelium, as 
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well as in other tissues.  Alternatively, AGT may be processed outside of the nucleus and the 

des-Ang I form subsequently transported to the nucleus.  Apart from its role as the precursor to 

Ang II or Ang-(1-7), nuclear AGT may potentially contribute to cell signaling and function.  

Moreover two studies reveal that both intact and the Ang I-cleaved forms of AGT attenuated 

angiogenesis (32;33).  In this regard, Pan et al reported high affinity binding sites for AGT that 

internalized following binding in primary cultures of human proximal tubules (34).  In contrast 

to the nuclear localization of des-Ang I AGT, the Ang I-directed antibody revealed the protein in 

both the cytosolic compartment of the NRK-52E cells, as well as in FBS.  The circulating RAS is 

upregulated during pregnancy and the presence of AGT in FBS is not surprising.  Since the Int-

AGT antibody failed to recognize FBS AGT or detect AGT to the same extent as the AI-AGT 

antibody in the cell cytosol, it is possible that cytosolic AGT may primarily originate from 

uptake of AGT in the cell media.  Recent studies have questioned the prevailing tenet that 

tubular AGT solely reflects local synthesis of the protein (35;36).  Indeed, the protein transporter 

megalin may mediate the cellular uptake and stable sequestration of AGT within a subset of 

renal proximal tubules (36).  However, it is not clear as to the cellular fate of AGT taken up from 

the tubular fluid and whether this pathway contributes to the generation of angiotensin peptides.  

Based on the present findings, the intact form of AGT in the NRK-52E cytosol may localize to a 

subcellular compartment separate from rat renin.  Alternatively, provided the cytosolic form of 

AGT arises primarily from FBS, the presence of intact AGT may reflect inefficient processing 

by rat renin due to species differences in the recognition of AGT by renin.   Clearly, additional 

studies are required to elucidate whether the cytosolic from of AGT in the NRK-52E cells 

reflects the uptake of FBS AGT and the extent that megalin contributes to this process.   
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The present characterization of the RAS in the NRK-52E cells arose from the 

demonstration of nuclear renin and AGT in isolated sheep proximal tubules, as well as the 

expression of Ang receptors on isolated nuclei (9).  The localization of renin to the non-

juxtaglomerular (JG) compartments of the kidney is somewhat controversial.  Rohrwasser and 

colleagues originally demonstrated renin in the principal cells of the collecting duct in both the 

mouse and rat kidney (37;38).  Subsequent studies suggest that renin regulation in the collecting 

duct of the rat kidney differs from that of JG-derived renin (39;40).  Immunoreactive renin and 

mRNA expression were also reported in the proximal tubules; however, the intracellular 

localization of the protease was not determined (41-43).  In this regard, an intracellular or 

truncated form of renin was identified in the mitochondria which may contribute to local Ang II 

generation (44-46).  The isolated nuclei of the NRK-52E cells contained both active renin and 

prorenin that converted exogenous AGT to Ang I; this activity was essentially abolished by the 

renin inhibitor aliskiren.  IMF staining also revealed that the prorenin receptor localized to the 

perinuclear compartment of the NRK-52E cells which is consistent with the findings of Schefe 

and colleagues (14).  Apart from contributing to activation of the enzyme, the receptor may bind 

prorenin to stimulate cellular pathways including mitogen-activated protein kinase (MAP) kinase 

and transformation growth factor-beta (TGF-β) release that are not dependent on the Ang II-AT1 

receptor axis (12;13;47;48).  The extent that renin or activated prorenin contributes to the 

intracellular formation of Ang II or Ang-(1-7) in the NRK-52E cells awaits further study.  

Furthermore, studies are necessary to elucidate whether the prorenin receptor contributes to 

functional signaling pathways in these cells through an interaction with intracellular (pro) renin.   

In addition to AGT and renin, both immunoreactive Ang II and Ang-(1-7) were identified 

in the isolated nuclear fractions of the NRK-52E cells.  Camargo de Andrade et al initially 
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reported IMF staining for both Ang II and Ang-(1-7) in the nucleus of isolated mesangial cells 

(10).  Consistent with presence of Ang-(1-7) in the nuclei, we find an endopeptidase-like activity 

that processed Ang I predominantly to Ang-(1-7).  The inhibitor profile suggested that the 

nuclear peptidase is likely thimet oligopeptidase (EC 3.4.24.15).  Inhibitors selective for other 

endopeptidases that form Ang-(1-7) including neprilysin (EC 3.4.24.11) and prolyl-

oligopeptidase (EC 3.4.21.26) did not significantly reduce the conversion of Ang I to Ang-(1-7).  

Thimet oligopeptidase is a zinc-dependent member of the metallopeptidase M3 family, but is 

sensitive to thiol or cystine inhibitors such as PCMB and the selective inhibitor CPP (49). 

Interestingly, thimet oligopeptidase was localized to the nucleus of neurons in the rat brain by 

immunocytochemical staining (50;51).  In this regard, Thompson et al. identified the nuclear 

localization signal sequence for human thimet oligopeptidase (52). Moreover, the overexpression 

of intracellular thimet oligopeptidase in HEK cells attenuated Ang II-AT1 receptor signaling as 

well as the actions of other G protein-coupled receptors (53;54).  Blockade of Ang-(1-7) 

formation from Ang I did not result in the generation of Ang II in the nuclear fraction nor did we 

find extensive metabolism of Ang II to Ang-(1-7) or any other products.  Although these findings 

suggest that Ang II is stable in the nuclear fraction, they do not identify the pathway for the 

nuclear formation or sequestration of Ang II and we can only suggest several possibilities for the 

nuclear expression of Ang II at this time.  The peptide may arise from the direct processing of 

AGT through a non-renin mechanism or an intermediate peptide substrate such as Ang-(1-12) 

(2;25).  Alternatively, nuclear Ang II may reflect the trafficking of the Ang II-AT1 receptor 

complex from the plasma membrane to the nucleus (55-59).  Finally, Gonzalez-Villalobos et al. 

report that uptake of both Ang II and Ang-(1-7) was facilitated by the protein transporter megalin 

in the opossum kidney (OK) epithelial cell line, an accepted cell model for megalin-dependent 



50 
 

uptake of albumin;  however, the intracellular fate of the internalized peptides was not evaluated 

in these studies (60;61).     

In conclusion, the present study characterized the NRK-52E epithelial cell line as tubule 

model for the expression of the intracellular RAS components within the kidney.  The kidney is 

one of the primary targets to specifically block the ACE-Ang II-AT1 receptor axis by various 

therapeutic approaches including ACE inhibition, AT1 receptor antagonism, and more recently, 

renin blockade to attenuate blood pressure and renal injury.  However, these regimens may not 

completely prevent the pathological consequences of an activated RAS.  This may result from 

either insufficient drug doses to effectively block the intracellular RAS, low lipophilicity of 

certain agents that leads to inadequate intracellular concentrations, or an inability to inhibit 

downstream signaling pathways independent of Ang II generation (62).  Indeed, increasing the 

dose of candesartan to a level higher than the maximal recommended dose for heart failure and 

hypertension significantly reduced the persistent proteinuria without a further decline in blood 

pressure (63). Renin inhibitors such as aliskiren do not block the binding of (pro)renin to the 

receptor (64). Therefore, the proinflammatory and profibrotic responses of an activated RAS 

may not be completely attenuated by renin inhibitors that would effectively reduce blood 

pressure. In this regard, introducing membrane permeable nonpeptide agonists for the AT7 and 

AT2 receptors along with renin inhibition and ARBs may overcome the loss of either AT7 or AT2 

receptor activation by renin inhibitors, as well as achieve maximal blockade of the deleterious 

effects of the AngII-AT1 receptor axis. 
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Figure 1: Characterization of antibodies to rat and bovine angiotensinogen (AGT).  Panel 

A:  Immunoblot of nephrectomized rat plasma (NRP) and fetal bovine serum (FBS) probed 

with Ang I-AGT (AI-AGT) antibody.   The AI-AGT antibody detected AGT bands at 55 and 

60 kDa in both NRP and FBS samples.   Panel B: incubation of renin with AGT in NRP for 5 

to 60 minutes at 37°C or on ice (*5 & *60 minutes) in the absence (-) or presence (+) of the 

renin inhibitor aliskiren (10 μM) and probed with AI-AGT antibody.   Panel C:  Immunoblot of 

NRP and FBS samples with the AGT antibody directed to internal sequence distal to Ang I 

(Int-AGT) that recognized rat but not bovine AGT.  Panel D: the immunoblot from B was 

stripped and re-probed with the Int-AGT antibody revealing no effect of renin exposure on 

AGT expression. 



59 
 

 

Figure 2: Angiotensinogen (AGT) expression in the NRK-52E cells. Panel A: 

Immunofluorescent (IMF) staining of NRK-52E cells with the Ang I-intact AGT (AI-AGT) 

antibody revealing cytosolic staining.   Panel B: Immunoblot of nuclear and cytosolic fractions 

with AI-AGT antibody reveals a 55 kDa band in cytosolic fractions.  Panel C:  IMF staining with 

Int-AGT antibody reveals nuclear associated staining.  Panel D:  Immunoblot of nuclear and 

cytosolic fractions reveals predominant 55 kDa band in the nuclear fraction.  IMF staining was 

representative of 3 different cell passages.  Immunoblot fractions were from 3 different cell 

passages.     
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Figure 3: Renin and prorenin receptor (PRR) expression in NRK-52E cells.   Panel A:  

Immunofluorescent (IMF) staining of NRK-52E cells with the renin antibody reveals nuclear-

associated staining.  Panel B:  Immunoblot of nuclear and cytosolic fractions with renin antibody 

reveals a 55 kDa (arrow) band in the nuclear fraction from cells of 3 different passages.  Higher 

molecular weight bands were evidence in the cytosolic fractions.  Panel C:  Renin activity in the 

nuclear fraction of control (CON) or trypsin-treated (TRP) nuclear lysates treated with or without 

the renin inhibitor aliskiren (ALK).  Values are means ± SEM, *p< 0.01 vs. CON, #p<0.01 vs 

TRP; n = 3 different passages.  Panel D:  IMF staining of PRR reveals perinuclear staining and 

nuclear staining with DAPI in blue.  Panel E:  IMF staining of the endoplasmic reticulum marker 

calnexin and nuclear staining with DAPI in blue. 
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Figure 4: Expression of Ang II and Ang-(1-7) in NRK-52E cells.  Immunofluorescent staining 

using affinity-purified antibodies for Ang II (A) and Ang-(1-7) (B) reveal nuclear-associated 

staining.  Panel C: Immunoreactive concentrations of Ang II and Ang-(1-7) in the nuclear 

fractions of NRK-52E cells. Values are means ± SEM; n=4. 
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Figure 5: Conversion of Ang I to Ang-(1-7) in isolated nuclei from NRK-52E cells. HPLC 

analysis of 
125

I-Ang I metabolism at 37°C revealed primarily Ang-(1-7) at 15 minutes (A) and 60 

minutes (B). The neprilysin inhibitor SCH39370 (SCH; 10 μM) or prolyl oligopeptidase 

inhibitor z-prolyl-prolinal (ZPP; 50 μM) did not inhibit Ang-(1-7) generation (C and D, 

respectively). The thimet oligopeptidase inhibitor CPP (50 μM) and the thiol inhibitor PCMB 

(500 μM) essentially abolished Ang-(1-7) production (E and F, respectively).   A minor peak of 

Ang-(1-4) was detected in panels B-F.   
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Figure 6: Time course for the disappearance of Ang I and formation of Ang-(1-7) in 

isolated nuclei from NRK-52E cells. The conversion of 
125

I-Ang I to 
125

I-Ang-(1-7) in nuclei at 

37°C was quantitated by HPLC separation coupled to a γ-counter.  Values are means ± SEM, 

n=4 of different cell passages. Non-linear decay curve for Ang I and exponential one-phase 

association of Ang-(1-7) were constructed in GraphPad Prism V. 
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Figure 7: Influence of peptidase inhibitors on the generation of Ang-(1-7) from Ang I in the 

isolated nuclear fraction of NRK-52E cells.  Peptidase inhibitors were neprilysin inhibitor 

SCH, prolyl oligopeptidase inhibitor ZPP, thimet oligopeptidase inhibitor CPP and thiol protease 

inhibitor PCMB.  All values represent mean ± SEM, n=4 from different cell passages; P < 0.01 

vs Control (CON). 
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Figure 6: Influence of combined thimet oligopeptidase and neprilysin inhibition on Ang-(1-

7) and Ang-(1-4) formation in isolated nuclei NRK-52E cells.  Panel A:  Metabolism of 
125

I-

Ang I to Ang-(1-7) and Ang-(1-4) following 120 minute incubation with nuclei at 37°C.   Panel 

B:  Addition of thimet oligopeptidase inhibitor CPP (50 µM) blocked the majority of Ang-(1-7) 

formation.  Panel C:  Addition of CPP and neprilysin inhibitor SCH39370 (SCH, 10 µM).  Panel 

D:  Influence of CPP or CPP/SCH on the formation of Ang-(1-7) and Ang-(1-4) in nuclei at 120 

minutes.   All values represent mean ± SEM, n=3 from different cell passages; *P < 0.05 vs 

Control.    
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ABSTRACT   

 

 Angiotensin-(1-7) (Ang-(1-7)/AT7-Mas receptor axis is an alternative pathway within the renin 

angiotensin system (RAS) that generally opposes the actions of Ang II/AT1 receptor pathway. 

Advanced glycated end product (AGEs) including glucose- and methylglyoxal-modified albumin 

(MGA) may contribute to the development and progression of diabetic nephropathy in part 

through activation of the Ang II/AT1 receptor system; however, the influence of AGE on the 

Ang-(1-7) arm of the RAS within the kidney is unclear. The present study assessed the impact of 

AGE on the Ang-(1-7) axis in NRK-52E renal epithelial cells. MGA exposure for 48 hours 

significantly reduced the intracellular levels of Ang-(1-7) approximately 50%; however, Ang I or 

Ang II expression was not altered. The reduced cellular content of Ang-(1-7) was associated with 

increased metabolism of the peptide to the inactive metabolite Ang-(1-4) [MGA: 175 ± 9 vs. 

Control: 115 ± 11 fmol/min/mg protein, p<0.05, n=3] but no change in the processing of Ang I 

to Ang-(1-7). Treatment with Ang-(1-7) reversed MGA-induced cellular hypertrophy and 

myofibroblast transition evidenced by reduced immunostaining and protein expression of α-

smooth muscle actin (α-SMA) [0.4±0.1 vs. 1.0±0.1, respectively, n=3, p<0.05].  Ang-(1-7) 

abolished AGE-induced activation of the MAP kinase ERK1/2 to a similar extent as the TGF-β 

receptor kinase inhibitor SB58059; however, Ang-(1-7) did not attenuate the MGA-stimulated 

release of TGF-β. The AT7-Mas receptor antagonist D-Ala
7
-Ang-(1-7) (A779) abolished the 

inhibitory actions of Ang-(1-7). In contrast, AT1 receptor antagonist losartan did not attenuate 

the MGA-induced effects. We conclude that Ang-(1-7) may provide an additional therapeutic 

approach to the conventional RAS blockade regimen to attenuate AGE-dependent renal injury. 
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1. INTRODUCTION 

Angiotensin-(1-7) is an alternative product of the renin-angiotensin system (RAS) 

expressed in the circulation, brain and various peripheral tissues including the heart, vasculature 

and kidney (13; 14).  The peptide is derived either from Ang I by direct processing of 

endopeptidases including neprilysin and thimet oligopeptidase or from Ang II by the mono-

carboxypeptidases such as angiotensin converting enzyme 2 (ACE2) (14).   Conversely, ACE 

which processes Ang I to Ang II is the predominant metabolizing enzyme for Ang-(1-7) in the 

circulation (14) .   Ang-(1-7) primarily recognizes the Mas receptor, a protein distinct from either 

the AT1 or AT2 receptors that bind and transduce the actions of Ang II (52).  Indeed, 

accumulating evidence over the past 25 years now functionally partitions the RAS into two 

divergent pathways that comprise the ACE-Ang II-AT1 receptor and ACE2/NEP-Ang-(1-7)-Mas 

receptor (12).   In general, the Ang-(1-7) system exhibits biological effects that are opposite from 

those of the Ang II-AT1 receptor axis; chronic administration of Ang-(1-7) is associated with a 

reduction in blood pressure (1), natriuresis and diuresis (2),  anti-proliferative and anti-fibrotic 

effects (32; 59) as well as reduced inflammation (45).  Moreover, pharmacological approaches 

that block the RAS including ACE inhibitors or AT1 receptor antagonists increase circulating 

levels of Ang-(1-7); thus, circulating levels of the peptide may contribute to the beneficial 

actions of RAS blockade (30).    

Although most experimental studies demonstrate beneficial actions of Ang-(1-7) 

treatment (3-5; 7; 22; 23; 30; 42; 44; 47; 48; 58; 65), Ang-(1-7) may induce deleterious effects 

similar to Ang II that are particularly evident in the kidney (68).  Walther and colleagues 

reported that Mas receptor null mice exhibit a lower degree of renal injury than wildtype 
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littermates when exposed to a high salt diet (22)   Moreover, chronic administration of Ang-(1-7) 

into wildtype mice was associated with an increased incidence of injury, including a pronounced 

extent of inflammatory markers (26).  In this regard, Burns et al. reported that Ang-(1-7) induced 

epithelial to mesenchymal or myofibroblast transition (MT) in the normal rat kidney (NRK-52E) 

proximal tubule cell line (8).  In these studies, Ang II-stimulated MT was abolished by the Ang-

(1-7) antagonist D-Ala
7
-Ang-(1-7) (DAL or A779) and the ACE2 inhibitor MLN4760 (8).  The 

results of the Burns study implies that either Ang II was directly converted to Ang-(1-7) by 

ACE2 or that Ang II stimulated Ang-(1-7) synthesis to induce the myofibroblast phenotype via 

the Mas receptor (8).   Additionally, Liu et al. find that Ang-(1-7) stimulated proliferation of 

human mesangial cells that was associated with an activation of the mitogen activated kinase 

(MAPK) ERK (37).  Diabetic nephropathy (DN) in particular, has been linked to activation of 

intrarenal RAS where suppression of this hormonal system by AT1 blockers (ARBs) or ACE 

inhibitors attenuates proteinuria and declining renal function (6; 24). A growing body of 

evidence indicates that advanced glycated end products (AGEs) are increased in diabetes and are 

associated with diabetic nephropathy (19; 38). AGEs induce MT and consequently 

tubulointerstitial fibrosis through activation of specific receptors for AGEs (RAGE) (43). 

However, the role of Ang-(1-7) in AGE-mediated effects within the tubular epithelium has not 

been established.  The current study tested the hypothesis that the beneficial or deleterious 

actions of Ang-(1-7) may reflect the underlying pathological conditions.  We assessed the 

influence of Ang-(1-7) on MT and associated signaling pathways induced by the AGE product 

methylglyoxal albumin (MGA) in the rat kidney NRK-52E cells, a well-characterized cell model.  

Additionally, we determined the extent that chronic MGA exposure influences the Ang-(1-7) 

processing pathways in this epithelial cell line.   We report that MGA signficantly reduced the 
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cellular expression of Ang-(1-7) which was associated with the increased metabolism of the 

peptide to Ang-(1-4), but not the conversion of Ang I to Ang-(1-7).  Exogenous Ang-(1-7) 

treatment abrogated the MGA-induced MT which was reversed by the Mas receptor antagonist 

DAL.  Moreover, Ang-(1-7) attenuated both the MGA- and TGF-β-dependent stimulation of the 

extracellular regulated kinase 1/2 (ERK1/2) pathway, but did not reduce the MGA-induced 

release of TGF-β.  The present studies suggest that Ang-(1-7) abrogates the MGA-stimulated 

myofibroblast phenotype by inhibiting the chronic stimulation of the TGF-β-ERK pathway in 

NRK-52E cells.   

 

2. METHODS 

2.1. Cell Culture 

Normal kidney proximal epithelial cells (NRK-52E) cells were obtained from American 

Tissue Type Culture (Arlington VA; passage 8) and maintained at 37°C in plastic 75 cm
2
 flasks 

in Dulbecco’s modified Eagle’s medium (DMEM/F12, Invitrogen) containing 5% fetal bovine      

serum (FBS), L-Glutamine and 15 mM HEPES buffer. The culture flasks were kept in a 95% air 

and 5% CO2 humidified environment at 37°C.  At confluence, the cells were washed and 

maintained in serum free DMEM/F12 without supplements for 24 hours prior to the MGA 

exposure and subsequent biochemical studies.    

2.2. Cell Treatments 

 Glycated albumin (MGA) was prepared as described (63). Briefly, 500 µM 

methylglyoxal (Sigma, St. Louis, MO, US) was incubated with 100 uM BSA (Sigma) dissolved 

in phosphate buffered saline (PBS)  for 24 hours, then washed on 10 kDa filters (Macrosep® 

Advance Device, Pall Life Sciences, MI, USA) to remove excess methyl glyoxal, reconstituted 
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with DMEM/F12 serum free media and passed through a 0.2 µmicron filter. TGF-β (5 

nanograms (ng)/ml, Peprotech, NJ, USA) was prepared according to manufacturer to treat cells 

in a subset of experiments. Cells were co-treated with one or combinations of the following: 

Ang-(1-7) (100 nM, Bachem, CA, USA), D-Ala7-Ang-(1-7) (10 µM, DAL, Bachem), ERK1/2 

kinase inhibitor, PD 98059 (1 µM, PD, Sigma), TGF- β receptor kinase inhibitor; SB525334 (1 

µM, SB, Selleckchem, TX, USA), the AT1 receptor antagonist losartan (1 µM, Merck 

Pharmaceuticals, NJ, USA), the renin inhibitor aliskiren (1 µM, Tocris) and the ACE inhibitor 

lisinopril (1 µM, Sigma). 

 

2.3. 3
H-Leucine incorporation 

 Cellular hypertrophy was determined by 
3
H-leucine incorporations as described by Harris 

et al. with slight modifications (15). Cells were incubated for 48 hours in the media with or 

without 100 µM MGA in 24 well plates. The following were co-treated with MGA as indicated: 

Ang-(1-7), DAL, PD98059 and Losartan. The cells were pulsed with 0.5 µCi of 
3
H-Leucine (L-

[4, 5-3H (N)], Perkin Elmer, Boston, MA, USA) for 24 hours at 37ºC. The cells were washed 

twice with PBS, fixed in ice cold 10% trichloroacetic acid (TCA) and kept on ice for 15 minutes, 

and then washed twice in 5 % TCA. The acid insoluble proteins were dissolved in 0.05 N NaOH 

and 0.1 % sodium dodecyl sulfate (SDS) at 37ºC and incorporation was determined by liquid 

scintillation counting.  All experiments were performed in triplicate. Values were expressed as 

the percentage (%) of control per well for each experiment.  

 

2.4. Western blotting 
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After 24 hours starvation of the cells in serum free medium, cells were incubated for 48 

hours with MGA (100 uM) or 15 min with TGF-β (5 ng/ml), followed by immunoblot assays for 

phosphorylation or protein expression. The phosphorylation of the ERK1/2 was measured by 

western blotting as described (21). Briefly, cells were lysed in a Triton-lysis buffer consisting of 

100 mM NaCl, 50 mm NaF, 5 mM EDTA, 1 % tritonX-100, 50 mM Tris-HCl, pH 7.4, with 0.01 

mM NaVO4, 0.1mM phenylmethylsulfonylfluoride (PMSF), and 0.6 µM leupeptin. The lysates 

were then sonicated for 5 seconds, and centrifuged at 10,000 g for 5 min to remove insoluble 

debris. Supernatants (10-50µg) were diluted in Laemmli buffer with β-mercaptoethanol and 

boiled for 5 min, separated on 10% SDS polyacrylamide gels for 1 h at 120V in Tris-glycine 

SDS and transferred to a polyvinylidene difluoride membrane (PVDF).   Blots were blocked with 

5% Bio-Rad Dry Milk and TBS with Tween and probed overnight at 4°C with primary 

antibodies for phospho-p44/42 MAPK (ERK1/2) (1:2000; rabbit polyclonal, Cell Signaling, 

Cambridge, MA), 44/42 MAPK (ERK1/2) (1:3000, rabbit poly clonal, Cell Signaling), α-SMA   

( 1:5000, mouse monoclonal, Sigma),  

Membranes were treated with HRP-labeled polyclonal anti rabbit secondary antibodies 

(1:5000) or anti-mouse secondary antibodies (1:3000) for 1 hour and detected with 

chemiluminescent substrates (Pierce Biotechnology, Rockford, IL). For ERK phosphorylation 

assays, membranes probed with P-ERK1/2 were stripped and re-probed for total ERK1/2. 

Membranes for α-SMA were stripped and re-probed with rabbit polyclonal anti-EFα1 (1:3000) 

antibody as a loading control and bands were quantified using MCID densitometry software 

(InterFocus Imaging, Linton, England). 

2.5. Immunofluorescent microscopy 
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NRK-52E cells were grown in 8 chamber slides for two days in DMEM/F12 containing 

5% FBS which was replaced with serum free media for 24 hr.  Cells were treated with either 

serum free media as control conditions or 100 µM MGA with or without Ang-(1-7), DAL, PD, 

SB, LOS, TGF-β (5 ng) or their combination for 72 hours.  Cells were washed with PBS and 

fixed with 2% paraformaldehyde for 15 minutes. Following a PBS rinse, cells were 

permeabilized with 0.2% Triton and then blocked with 3% BSA (Sigma #A-8022). The fixed 

cells were probed with a primary antibody for α-SMA (1:200, mouse monoclonal, Sigma). 

Antibodies were diluted in 3% normal donkey serum. After overnight incubation with the 

primary antibody at 4°C, cells were rinsed with PBS twice, incubated with fluorescent anti-

mouse Alexa Fluor 568 secondary antibody (1:400; Invitrogen, Carlsbad, CA), and the slides 

were mounted with Molecular Probes ProLong mounting media with DAPI (Invitrogen) to stain 

the nuclei.   

2.6. Peptide Assays  

Cells in serum free medium for 24 hours were treated with 100 uM MGA for additional 

48 hours. Cells were washed twice in ice-cold PBS, harvested, and the cells pellets snap-frozen 

and stored at -80°C.  The cell pellet was reconstituted in MilliQ water on ice and immediately 

placed in a boiling water bath for 15 minutes.  The homogenate was then sonicated and acidified 

with trifluoroacetic acid (TFA) to a final concentration of 0.2%, and centrifuged at 20,000g for 

20 min at 4°C.   The resultant supernatant was applied to an activated Sep-Pak C18 extraction 

column, washed with 0.2% TFA, and the peptide fraction eluted with 3 ml 80% methanol/0.2% 

TFA. Blank solutions contained only the MillQ water and TFA. Their extracted values were 

subtracted from those determined for the cells.  Measurement of immunoreactive Ang I, Ang II 

and Ang-(1-7) in the extracted cells was assessed by three distinct RIAs (14; 46). The Ang-(1-7) 
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RIA fully recognizes Ang-(1-7) and Ang-(2-7), but cross-reacts less than 0.01% with Ang-(3–7), 

Ang II, Ang I, and their fragments. The Ang II RIA equally recognizes Ang III, Ang-(3-8), and 

Ang-(4-8), but cross-reacts less than 0.01% with Ang I and Ang-(1-7). The Ang I RIA fully 

recognizes Ang-(2–10) and Ang-(3–10), but cross-reacts with Ang II and Ang - (1–7) less that 

0.01%.  The limits of detection for each RIA were as follows: Ang-(1–7), 4 femtomoles 

(fmol)/tube; Ang II, 0.5 fmol/tube; and Ang I, 5 fmol/tube.   

For TGF-β quantification in the media, cells were seeded in 12-well plates. The cells 

were placed in serum free for 24 hours before being treated with MGA and the following: Ang-

(1-7), DAL, PD, or LOS. Cells maintained in the serum free media served as the controls. The 

cell media was collected on ice and the TGF-β content was quantified by Quantikine® ELIZA 

(R&D Systems, MN, US) immunoassay according to manufacturer instructions. The sensitivity 

of the assay was 15 pg/ml and the release data expressed as ng/ml.   

2.7. Angiotensin metabolism 

To characterize the processing of the peptides in vitro, metabolism assays were 

conducted on cells homogenates as described previously (54). Confluent cells were starved for 

24 hrs, and treated with either serum free or MGA containing media (100 uM) for 48 hrs. Cells 

then were washed with cold PBS, harvested and immediately frozen at -80°C.  The cell pellets 

were homogenized in metabolism buffer (10 mM HEPES, 125 mM NaCl, 10 μM ZnCl2, pH 7.4), 

then centrifuged at 100,000g for 10 min.  Either 
125

I-Ang-I or Ang-(1-7) (0.5 nM) was incubated 

with 2 μg protein of the cell supernatant in a final assay  volume of 0.5 ml at 37Cº.  The reaction 

was stopped by addition of ice-cold 1.0% phosphoric acid, centrifuged at 16,000 g, and the 

supernatants stored at −20°C. Samples were separated by reverse-phase high-performance liquid 

chromatography (HPLC) and the 
125

I-products were detected by a Bioscan flow-through γ 
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detector (54). Products were identified by comparison of their retention times to 
125

I-angiotensn 

standards.  Peptides were iodinated by the chloramine T method and purified by HPLC (specific 

activity > 2000 Ci/mmol). Enzyme activities were expressed as fmol product of Ang-(1-4) or 

Ang-(1-7) per mg protein per minute (fmol/mg/min). Total protein content was determined in the 

cell supernatant by Bradford protein assay with a standard of BSA. 

2.8. Statistical analysis 

The data were expressed as mean ± standard error (SEM).  Differences between the 

groups were analyzed by one-way ANOVA and Newman-Keuls multiple comparison analysis. 

Differences between control and MGA treated cells for peptides content and enzyme activities 

were analyzed by paired Student’s t test.  A probability value of P<0.05 was required for 

statistical significance.   All figures were constructed with GraphPad Prism V plotting and 

statistical software. 

3. RESULTS 

3.1. Angiotensin expression and metabolism 

As previous studies indicated the NRK-52E cells express a complete RAS, we 

determined the influence of chronic MGA exposure on the intracellular expression of angiotensin 

peptides (16; 65; 66).  As shown in Figure 1, Ang-(1-7) peptide content was significantly 

decreased in the MGA-exposed  cells at 48 hours as compared to the control cells; 396 ± 59 vs. 

219 ± 54 fmol/mg protein, respectively (P<0.05; n=3). In contrast, the peptide levels of Ang I 

and Ang II were not different between the control and MGA treatment (Figure 1).   

  We then assessed whether the reduced cellular content of Ang-(1-7) with MGA reflects 

alterations in the metabolism or synthesis of the peptide.   Using a 100,000 x g supernatant 

fraction, we determined both the rate of Ang-(1-7) metabolism and the conversion of Ang I to 
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Ang-(1-7) (Figures 2 and 3, respectively).  As shown in the chromatographs from control and 

MGA cells, Ang-(1-7) was exclusively hydrolyzed to a single peak corresponding to Ang-(1-4).  

However, Ang-(1-7) was metabolized at a greater rate in the MGA-treated cells as compared to 

the control cells [175 ± 9 vs. 115 ± 11 fmol/ /mg/min, P<0.05, n=3] (Figure 2). As shown in 

Figure 3, Ang I was processed to Ang-(1-7) in the cell supernatant; however, there was no 

significant difference in rate of Ang-(1-7) generation between the MGA-exposed and control 

cells [56 ± 7 vs. 66 ± 8 fmol/mg/min, n=3].  

 

3.2. Cellular hypertrophy 

Tubular hypertrophy is a common and early response in the diabetic kidney (49; 50; 53).  

Since AGEs directly induce cellular hypertrophy, we assessed the influence of MGA on 

hypertrophy in confluent monolayers of NRK-52E cells by determining the cellular 

incorporation of
 3

H-leucine (17; 28).   As shown in Figure 4, MGA treatment for 48 hours 

significantly increased 
3
H-leucine incorporation approximately 2-fold [176 ± 10% of control; P< 

0.05, n=5].   Co-treatment with 100 nM Ang-(1-7) abolished the extent of hypertrophy induced 

by MGA [87± 7% of control, n=5]. Co-treatment with the specific antagonist to the Mas receptor 

DAL (10 µM) reversed the inhibitory effects of Ang-(1-7) on MGA-induced hypertrophy [162 ± 

18% vs. 87± 7%].  Treatment with the antagonist DAL alone did not influence the extent of 

MGA-dependent hypertrophy (162 ± 18%, Figure 4) 

The MAP kinase ERK1/2 constitutes one of the signaling pathways activated by AGEs 

involved in the hypertrophic response (20; 36).  As shown in Figure 4, co-treatment with the 

selective ERK1/2 inhibitor PD98059 (PD, 1µM) also abolished MGA-induced hypertrophy [67 ± 

11% vs. 176 ± 10%, p < 0.05]. Co-treatment of both Ang-(1-7) and PD did not reveal additive 
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effects [69 ± 10%] to PD or Ang-(1-7) treatment alone.  Finally, treatment with different RAS 

blockers including the AT1 receptor antagonist Losartan (LOS, 1 µM), the renin inhibitor 

Aliskiren (1 µM), and the ACE inhibitor lisinopril (1 µM) did not significantly reduce cellular 

hypertrophy induced by MGA [159 ± 22%; 143 ± 32%, 182 ± 26%, respectively]. 

3.3. Myofibroblast transition 

The NRK-52E cell line is a well-characterized model of epithelial to mesenchymal or 

myofibroblast transition (MT) (9; 36).  AGEs induce a myofibroblast phenotype in these cells 

that is dependent on TGF-β expression (9; 36).  We examined the effect of Ang-(1-7) on MGA-

induced MT by immunofluorescent staining and protein expression of α–SMA (Figures 5 and 6). 

MGA induced an apparent increase in α-SMA staining compared to the control cells that was 

accompanied by an altered cellular morphology characterized by extensive actin filament 

crosslinking (Figures 5A and 5B- high magnification; 5C and 5D- low magnification). Ang-(1-7) 

(100 nM) treatment appeared to attenuate the MGA-induced phenotype (Figure 5E). Moreover, 

the inhibitory effects of Ang-(1-7) on MT appeared to be reversed by the Ang-(1-7) receptor 

antagonist DAL (10 µM) (Figure 5F). Furthermore, both the ERK inhibitor PD98059 (PD, 1 

µM) and the TGF-β receptor kinase inhibitor SB525334 (SB, 1 µM) appeared to prevent this 

transition (Figure 5G and 5H). Finally, the addition of the AT1 receptor antagonist losartan did 

not appear to attenuate α-SMA in comparison to treatment with Ang-(1-7), PD or SB (Figure 5, 

I). As a positive control, cells treated with TGF- β (5 ng/ ml) demonstrate extensive α-SMA 

staining similar to that with MGA (Figure 5J). 

As shown in Figure 6, MGA significantly induced α-SMA protein expression 3-fold as 

compared to the control cells [1.0 ± 0.1 vs. 0.3 ± 0.1, respectively, n=3, P<0.05]. Consistent with 

the immunofluorescent staining, Ang-(1-7) significantly reduced the MGA-induced expression 
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of α-SMA (Figure 6) [0.4 ± 0.1 vs. 1.0 ± 0.1, respectively, n=3, P<0.05]. The inhibitory effects 

of Ang-(1-7) were blocked by DAL (Figure 6). We further show that the MGA-dependent 

stimulation of α-SMA expression was abolished by both the ERK1/2 inhibitor PD98059 (PD) 

and the TGF-β receptor kinase inhibitor SB525334 (SB) [0.04 ± 0.02 and 0.01 ± 0.01, 

respectively, n=3, P<0.05 versus MGA]. In agreement with the immunofluorescent studies, 

losartan (LOS) treatment did not significantly reduce α-SMA expression (Figure 6). 

  

3.4. TGF-β release 

Since TGF-β may be a key mediator for MT in the NRK-52E cells we determined 

whether Ang-(1-7) reduces TGF-β release (9). As shown in Figure 7, MGA significantly 

increased TGF-β release approximately 3-fold compared to control [1.16 ± 0.1 vs. 0.4 ± 0.1 

ng/ml, respectively; P<0.05, n=6], and consistent with previous studies on AGE-induced 

stimulation of TGF-β (36; 43). However, co-treatment with Ang-(1-7) did not influence the 

release of TGF- β.  We noted a trend for reduction in TGF-β release with PD or the combination 

of PD and Ang-(1-7), and these values were not significantly different than control. Treatment 

with the AT1 receptor antagonist losartan (LOS) did not influence the MGA-dependent release of 

TGF-β. 

 

3.5. ERK activation  

Previous studies suggest that AGEs release TGF-β to activate ERK1/2 signaling and 

stimulate MT (35; 36). Therefore, we examined whether Ang-(1-7) targets activation of the 

ERK1/2 pathway following MGA or TGF-β treatment (Figures 8 and 9, respectively).  As shown 

in Figure 8, treatment of the NRK-52E cells with MGA for 48 hours resulted in a sustained 
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activation of ERK1/2.  Quantitation of the immunoblot data revealed a 2.5- and 4-fold increase 

in the density of phosphorylated ERK 1 and 2, respectively (Figure 8).  Ang-(1-7) abolished the 

MGA-induced phosphorylation of both ERK isoforms. The inhibitory effects of Ang-(1-7) were 

likely mediated by the Mas receptor as the DAL antagonist completely blocked the Ang-(1-7) 

effect.  Additionally, both the ERK1/2 inhibitor PD98059 (PD) and TGF-β receptor kinase 

inhibitor SB525334 (SB) abolished the MGA-induced stimulation of ERK1/2 phosphorylation 

(Figure 8). In contrast, the AT1 receptor antagonist losartan (LOS) did not attenuate AGE 

mediated ERK1/2 phosphorylation. Finally, we show that Ang-(1-7) reduced the TGF-β-

dependent phosphorylation of ERK1/2 in the MGA-exposed NRK-52E cell (Figure 9).   The 

inhibitory effect of Ang-(1-7) was reversed by Mas-receptor antagonist DAL (Figure 9).    

 

4. DISCUSSION 

The present study demonstrates that the angiotensin heptapeptide Ang-(1-7) attenuates 

AGE-induced cellular hypertrophy and the myofibroblast phenotype likely through activation of 

the Mas receptor in NRK-52E epithelial cell line. Furthermore, we report that Ang-(1-7) 

abolished the chronic activation of the ERK1/2 pathway following the sustained exposure to the 

advanced glycated albumin product MGA.  Although Ang-(1-7) did not attenuate the MGA-

induced release of the cytokine TGF-β, the peptide abolished the direct stimulation of ERK by 

TGF-β.  These data are consistent with the outcome of previous studies that TGF-β is a key 

component of AGE-induced cellular signaling (18; 31; 64).  The current results revealed an 

apparent regulatory pathway between MGA and the intracellular expression of Ang-(1-7). 

Chronic MGA exposure significantly reduced the intracellular levels of Ang-(1-7) but did not 

influence the expression of either Ang II or Ang I.   The selective effects of MGA on the Ang-(1-
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7) axis of the RAS appear to reflect an increase in the metabolism of the peptide rather than 

alterations in the formation of Ang-(1-7) from Ang I. Finally, we could not demonstrate a 

protective influence of RAS blockade with the AT1 receptor antagonist losartan suggesting that 

the Ang-(1-7)-Mas receptor axis of the RAS may constitute a more relevant therapeutic target for 

the AGE-mediated effects than the Ang II-AT1 receptor pathway in the NRK-52E cells.  

As recently reviewed, the beneficial influence of the Ang-(1-7)-Mas receptor pathway of 

the RAS within the kidney is somewhat controversial (67).  Although a number of studies by 

Benter’s group as well as others demonstrate renoprotective effects of Ang-(1-7) or its 

nonpeptide analog AVE0991 (3-5; 7; 22; 23; 30; 42; 44; 47; 48; 58), there is additional evidence 

that the Ang-(1-7) axis may exacerbate renal damage.  Utilizing the Mas knockout mouse, 

Walther and colleagues demonstrated this transgenic model exhibited reduced renal injury 

following a high salt diet (26).   Moreover, administration of Ang-(1-7) to wildtype mice on the 

high salt diet exhibited enhanced injury that was absent in the Mas null mice (26).  Shao et al 

reported that exogenous Ang-(1-7) exacerbated diabetic injury in streptozotocin-treated rats (55).  

In this regard, Ang-(1-7) stimulated cellular proliferation in human primary mesangial cells 

through both ERK and p38 kinase pathways that were sensitive to the Ang-(1-7) antagonist DAL 

(68).  Scholey and colleagues further show that Ang-(1-7) stimulated the ERK1/2 pathway via 

cAMP/protein kinase A in human mesangial cell (37).   Moreover, Burns et al reported that the 

Ang II-induced MT in the NRK-52E cell line was abolished by both an ACE2 inhibitor and the 

DAL antagonist, but not the AT1 receptor antagonist irbesartan (8).  The Burns study further 

showed that Ang-(1-7) directly induced MT in the NRK-52E cells, as well as enhanced α-SMA 

expression in rat kidney cortex following a 10 day infusion of the peptide (8).   In contrast to the 

latter study, we treated the NRK-52E cells with Ang-(1-7) in the presence of MGA to provide a 
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pathological stimulus. It is possible that the higher dose of Ang-(1-7) utilized in the Burns study 

may explain the marked cellular differences apparent in the two studies.   Indeed, the latter study 

reported that 10 µM Ang-(1-7) increased the release and mRNA levels of TGF-β while we found 

no effect of 100 nM Ang-(1-7) on cytokine release in MGA-exposed (8). It is worth noting that 

both studies demonstrate that the Ang-(1-7)/Mas antagonist DAL blocked the cellular actions of 

Ang-(1-7) suggesting the Mas receptor may transduce dose-dependent effects of the peptide.  In 

this regard, de Mello-Aires and colleagues reported dose-dependent biphasic effects of Ang-(1-7) 

on the proximal tubule NHE3 exchanger that were completely blocked by DAL (11). Ang II also 

exhibits biphasic effects on sodium reabsorption that are mediated through the AT1 receptor and 

multiple signaling pathways, albeit the tubular actions of Ang II are opposite to those of Ang-(1-

7) (27). The cellular effects of Ang-(1-7) following MGA exposure are consistent with a recent 

report that the peptide attenuated MT induced by high glucose conditions in the NRK52 cells 

(65).  In this regard, Zhou et al demonstrated that Ang-(1-7) blocked the acute stimulation of 

both ERK1/2 and p38 kinase, as well as reduced TGF-β release in response to the hyperglycemic 

conditions (65).  Gava et al also find that Ang-(1-7) attenuated the release of TGF-β and p38 

phosphorylation, as well as reduced 
3
H-leucine incorporation in the porcine epithelial LLPK1 

cell line following high glucose exposure (22).  In the present study, we failed to demonstrate a 

significant effect of Ang-(1-7) to attenuate the MGA-induced release of TGF-β.  Since the 

cellular actions of MGA are closely linked to TGF-β, the current results suggest that Ang-(1-7) 

may influence the TGF-β dependent phosphorylation of ERK1/2 rather than the induced release 

of the cytokine.  Although activation of SMAD proteins is considered the canonical TGF-β 

signaling pathway, TGF-β stimulates ERK1/2 through phosphorylation of the adaptor protein 

SRC homology 2 domain-containing-transforming A (SHCA) and subsequent formation of a 
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SHCA/GRB2/SOS complex (34).  Since Ang-(1-7) blocked both MGA and TGF-β stimulation 

of ERK1/2, it is unclear whether the peptide directly influences the TGF-β receptor or the 

downstream target ERK.  The Gava study reported that Ang-(1-7) increased the activity of the 

cellular phosphatase SHP-1 and that the tyrosine phosphatase inhibitor phenylarsine oxide 

blocked the inhibition of p38 phosphorylation by Ang-(1-7) (22).  Tallant and colleagues 

demonstrate that Ang-(1-7) activates the dual specificity phosphatases (DUSPs) that targets 

phosphorylated forms of both tyrosine and serine/threonine residues, and inhibits MAP kinase 

pathways including ERK1/2 (41).  Additional studies are necessary to identify whether cellular 

phosphatases are responsible for the inhibitory effects of Ang-(1-7) on both the acute and chronic 

ERK activation in the NRK-52E cells.   

 A growing body of experimental evidence suggests that AGEs contributes to the 

development of diabetic injury and other renal and non-renal pathologies (43; 56; 57; 60).  

Myofibroblast transdifferentiation may contribute to tubular injury that accompanies diabetic 

nephropathy, although the extent that MT contributes to fibrosis is controversial (33).  Both 

AGEs and TGF-β are reported to stimulate MT and fibrosis (18; 31; 64).  AGEs reportedly 

induce MT by interacting with their protein receptors RAGE through both TGF-β dependent and 

independent pathways (35; 36).  Treatment with TGF-β1 receptor kinase inhibitor SB525334 

abolished the MGA-induced MT and the chronic activation of ERK1/2 implying the 

predominance of the TGF-β pathway in the NRK-52E cells.   Functional links between AGEs, 

TGF-β and the differential activation of the renal RAS are becoming increasingly evident as well 

(61).  Cao and colleagues find that AGEs (hydroxychloride-treated rat albumin) increased the 

expression of the precursor protein angiotensinogen, ACE and AT1 receptors in the NRK-52E 

cells (10). Chou et al also reported that chronic treatment of NRK-52E cells with high glucose or 
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TGF-β reduced the mRNA and protein expression of ACE2 and the Ang-(1-7)/Mas receptor 

(16).  In human mesangial cells, AGEs (glutaraldehyde-treated BSA) reduced the mRNA 

expression of ACE2 and the secretion of Ang-(1-7) in the media of the cells (29).   We did not 

assess the synthetic components of the RAS; however, the intracellular levels of Ang I and Ang 

II were not changed following MGA exposure.  In contrast, exposure to MGA was associated 

with reduced cellular content of Ang-(1-7), and this may reflect the enhanced metabolism of the 

peptide to Ang-(1-4) as opposed to alterations in the synthesis of Ang-(1-7) from Ang I.  The 

identity of this metabolizing peptidase induced by MGA in the NRK-52E cells is currently 

unknown.  We recently characterized an Ang-(1-7) metalloendopeptidase in sheep cerebrospinal 

fluid (CSF) and brain medulla that metabolized Ang-(1-7) to Ang-(1-4) (40).  The peptidase 

activity was significantly higher in glucocorticoid-exposed animals and inversely correlated to 

the CSF levels of Ang-(1-7) consistent with a reduced “Ang-(1-7) tone” in this model of fetal 

programming (40).  Studies are in progress to identify the Ang-(1-7) endopeptidase in the NRK-

52 cells, as well as the mechanism for the increased expression of activity following MGA 

exposure.   

 The present studies in the NRK-52E cells support the renoprotective effects of Ang-(1-7); 

however, we could not demonstrate the benefit of blockade of the ACE-Ang II-AT1 receptor axis 

in the NRK-52E cells.   Indeed, the three treatment regiments that included the ACE inhibitor 

lisinopril, the renin inhibitor aliskiren and the AT1 receptor antagonist losartan failed to attenuate 

the cellular hypertrophy induced by MGA.  We also found no effect of AT1 receptor blockade on 

α-SMA, TGF-β release or chronic ERK1/2 phosphorylation by MGA.  Although we did not 

perform an extensive characterization of the RAS components in these cells;  others report the 

NRK-52E cells express a complete RAS capable of expressing the active peptides Ang II and 
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Ang-(1-7), as well as their respective receptors and associated signaling pathways (16; 65; 66).  

It is important to emphasize that the current findings do not imply  that RAS inhibition is not 

beneficial in the treatment of diabetic renal disease, although the current therapeutic regimen of 

RAS blockade does not abolish or reverse diabetic nephropathy (51).  Moreover, recent clinical 

trials with dual or combined RAS blockade may not provide optimal renal protection and may 

increase deleterious outcomes (39; 44).  In this regard, these therapies may actually reduce the 

renal expression of Ang-(1-7), and RAS blockade may not provide the potential benefit to the 

kidney due to the loss of local Ang-(1-7) expression (39; 62).  Clearly, our present studies 

utilizing an in vitro cell approach in the NRK-52E cells require further validation in a diabetic 

animal model or following chronic in vivo AGE treatment.    

 In conclusion, the present study demonstrates that the alternative peptide product of the 

RAS Ang-(1-7) attenuates AGE-induced hypertrophy, chronic ERK activation, TGF-β-induced 

ERK, and MT of the proximal tubule NRK-52E cell line.  The reduced expression of 

intracellular levels of Ang-(1-7) by AGE may contribute to the cellular responses associated with 

AGE exposure in the NRK-52E.  Hence, supplementation of an orally active form of Ang-(1-7) 

with either an AT1 receptor antagonist or ACE inhibitor may potentially provide a more effective 

therapeutic approach to attenuate renal injury associated with increased expression of advanced 

glycated products. 
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Figure 1: MGA exposure reduces intracellular levels of Ang-(1-7) in the in the NRK-52E 

cells. Panel A: Ang I peptide levels are not different between control and MGA treated cells. 

Panel B: There are no difference in Ang II peptide levels between MGA treated cells and control 

cells. Panel C: Ang-(1-7) peptide levels were significantly lower in the MGA treated cells than 

control cells. Intracellular peptide content was quantified by separate RIAs to Ang I, Ang II and 

Ang-(1-7). Data are the mean ± SEM from 3 different cell passages.*P< 0.05. 
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Figure 2: MGA exposure increases Ang-(1-7) metabolism in the NRK-52E cells.   Peptide 

metabolism was assessed in the 100,000 x g supernatant fraction from control and MGA-treated 

(48 hours) NRK-52E cells for 30 minutes at 37ºC. Peptide products were determined by HPLC. 

Panel A: Ang-(1-7) conversion to Ang-(1-4) in control cells. Panel B: Ang-(1-7) conversion to 

Ang-(1-4) in MGA-treated cells. Panel C: Quantification of Ang-(1-4) generation from Ang-(1-

7) revealed a higher rate of Ang-(1-7) conversion with MGA exposure. Data are the mean ± 

SEM of 3 different cell passages. *P< 0.05 vs. control. 
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Figure 3: MGA exposure does not influence Ang I to Ang-(1-7) formation in the NRK-52E 

cells.  Peptide metabolism was assessed in the 100,000 x g supernatant fraction from control and 

MGA-treated (48 hours) NRK-52E cells for 30 minutes at 37ºC. Peptide products were 

determined by HPLC. Panel A: Ang I conversion to Ang-(1-7) in control cells. Panel B: Ang I 

conversion to Ang-(1-7) in MGA treated cells. Panel C: Quantification of Ang-(1-7) generation 

from Ang I revealed no differences between control and MGA treated cells. Data are the mean ± 

SEM of 3 different cell passages. 

 



101 
 

 

Figure 4: Ang-(1-7) attenuates MGA-induced cell hypertrophy in the NRK-52E cells.  MGA 

treatment for 48 hours significantly increased 
3
H-leucine incorporation approximately 180% of 

control. Ang-(1-7) (A7, 100 nM) significantly reduced the extent of hypertrophy induced by 

MGA. The Ang-(1-7) receptor antagonist D-Ala
7
-Ang-(1-7) (DAL, 10 µM), reversed the 

inhibitory effects of Ang-(1-7) on MGA-induced hypertrophy.  The ERK 1/2 inhibitor PD98059 

(PD, 1 µM), abolished the cellular hypertrophy induced by MGA. Ang-(1-7) and PD98059 

exhibit no additive effects on hypertrophy. The DAL antagonist alone or the AT1 antagonist 

losartan (LOS) alone did not influence the MGA-dependent hypertrophy. 
3
H-leucine 

incorporation is expressed as percentage (%) from control cells for each experiment. Data are the 

mean ± SEM from 5 different cell passages. *P < 0.05 vs. control, #P < 0.05 vs. MGA-treated 

cells. 
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Figure 5: Ang-(1-7) appears to inhibit MGA-induced fluorescent staining for de novo 

expression of α-SMA in NRK 52-E cells.  Cells were incubated with serum free media (A and 

C) or MGA (100 µM, B, D-I) or TGF-β (5 ng, J) for 72 hrs. MGA-treated cells were treated with 

either Ang-(1-7) (100 nM, E), Ang-(1-7) and DAL (10 µM, F), ERK1/2 inhibitor PD98059 (1 

µM, G), TGF-β receptor kinase inhibitor SB525334 (1 µM, H) or AT1 receptor antagonist 

losartan (1 µM, I). The immunofluorescent images are representative of 3 different cell passages. 
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Figure 6: Ang-(1-7) inhibits MGA-induced protein expression of expression of α-

SMA in NRK 52-E cells.  Western blot analysis of MGA (100 µM) induced α-SMA 

expression after 48 hours. Ang-(1-7) (A7, 100 nM) attenuated the increase in α-SMA, 

which was blocked by the Mas receptor antagonist D-Ala
7
-Ang-(1-7) (DAL, 10 µM). Both 

the ERK1/2 inhibitor PD98059 (PD, 1 µM) and TGF-β receptor kinase inhibitor 

SB525334 (SB, 1 µM) abolished the increase in α-SMA expression. The AT1 antagonist 

losartan (LOS, 1 µM) did not influence the α-SMA expression. Data are the mean ± SEM 

from 3-4 different cell passages. *P < 0.05 vs. control, #P < 0.05 vs. MGA. 
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Figure 7: Ang-(1-7) does not influence MGA-induced release of TGF-β in NRK-52E cells. 

Cells were exposed to MGA for 48 hours and TGF-β in the cell media determined by ELISA.  

MGA exposure increased TGF-β release approximately 3-fold. There were no significant effects 

on MGA-induced TGF-β release by Ang-(1-7) (A7, 100 nM), D-Ala
7
-Ang-(1-7) (DAL, 10 µM), 

or the AT1 receptor antagonist losartan (LOS, 1 µM). TGF-β release was not significantly 

different between the ERK1/2 inhibitor PD98059 (PD, 1 µM) or combined Ang-(1-7) and PD 

(A7/PD) treatment to control. Data are the mean ± SEM from 4-5 different cell passages. *P < 

0.05 vs. control. 
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Figure 8: Ang-(1-7) inhibits MGA-induced phosphorylation of ERK 1/2 in NRK 52-E cells 

Western blot analysis of ERK1/2 with MGA treatment for 48 hours. MGA increased the 

phosphorylation of ERK1/2.  Ang-(1-7) attenuated that MGA-induced phosphorylation which 

was blocked by D-Ala
7
-Ang-(1-7) (DAL, 10 µM).  Inhibitors to TGF-β1 receptor kinase (SB, 1 

µM) and ERK1/2 (PD, 1 µM) abolished ERK1/2 phosphorylation. The AT1 receptor antagonist 

losartan (LOS, 1 µM) did not inhibit the MGA-induced ERK1/2 activation. Data are the mean ± 

SEM from 3 different cell passages. *P < 0.05 vs. control, #P < 0.05 vs. MGA. 
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Figure 9: Ang-(1-7) inhibits TGF-β induced phosphorylation of ERK 1/2 in NRK-52E cells. 

Western blot analysis of TGF-β-induced ERK1/2 phosphorylation. TGF-β (5 ng/ml) stimulated 

ERK1/2 phosphorylation after a 15 min incubation. Ang-(1-7) (A7, 100 nM) pretreatment 

inhibited TGF-β induced-ERK1/2 phosphorylation. The inhibitory effect of Ang-(1-7) was 

reversed by the antagonist D-Ala
7
-Ang-(1-7) (DAL, 10 µM).  Pretreatment with TGF-β receptor 

kinase inhibitor SB525334 (SB, 1 µM) abolished ERK1/2 phosphorylation and there was no 

additive effect of Ang-(1-7) and SB.  Data are the mean ± SEM from 3 different cell passages.    

*P < 0.05 vs. control, #P < 0.05 vs. MGA treated cells. 
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CHAPTER IV 

 

SUMMARY AND CONCLUSIONS 

1- General Summary of Findings 

 

Although there is clearly a consensus on the role of the classical hormonal renin-

angiotensin system (RAS) in regulating blood pressure and fluid homeostasis, the 

physiological relevance and regulation of newly identified aspects of the local and 

cellular RAS are well established. In this regard, tissue or local RAS components have 

been identified in numerous organs including the brain, heart, kidney, pancreas and 

adrenal glands (47). Furthermore, compelling evidence has emerged identifying the 

intracellular expression of RAS components in various cell types such as cardiomyocytes, 

astrocytes, vascular smooth muscle cells, as well as renal elements other than the juxta-

glomerular (JG) cells including podocytes, mesangial cells and proximal tubules cells 

(17; 26). Intracellular components of the RAS that have been detected on the nuclei of 

proximal tubules by our laboratory and others include angiotensinogen, renin, ACE, 

ACE2, neprilysin, and angiotensin receptor subtypes (AT1, AT2, Mas receptor) (17-20). 

However, the mechanisms underlying cellular synthesis of the bioactive angiotensin 

peptides (Ang II and Ang-(1-7)) or the role of these components in cell function, 

signaling or pathology are not well established.  

Indeed, elucidation of the intracellular RAS is critical regarding the clinical treatement of 

cardiovascular pathologies. Currently, the classical therapeutic protocols for high blood 

pressure and renal and cardiovascular complications from diabetes are centered on RAS 
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blockade by AT1 receptor antagonists (ARBs), angiotensin converting enzyme (ACE) 

and renin inhibitors.  However, the efficacy of these agents in targeting the intracellular 

system is not known.     

 

 Therefore, the present study aimed to characterize a cell model that expresses an 

intracellular RAS. Our studies utilized the NRK-52E cell line, an epithelial cell line 

derived from the proximal tubule cells of the normal rat kidney. The experiments 

described in Chapter II demonstrate the differential intracellular expression of two forms 

of the precursor protein angiotensinogen in the NRK-52E cells. While the intact form of 

angiotensinogen was only detected in the cytosol of the cells by an antibody directed to 

the Ang I sequence of the protein (Ang I-angiotensinogen), a clipped form of the protein 

that does not contain the Ang I sequence (Int-angiotensinogen) was localized mainly to 

the nucleus.  Renin was also expressed primarily in the nucleus as demonstrated by both 

immuno-fluorescent (IMF) staining and western blot analysis.  Additionally, activity 

studies using nephrectomized rat serum as a source of intact angiotensinogen revealed a 

specific activity of 0.77± 0.05 nmol Ang I formed/mg protein/hour in isolated nuclei 

from the NRK cells. The majority of nuclear renin was in the proform as indicated by the 

higher molecular weight of the protein on immunoblots (60 kDa).  Moreover, activation 

by treatment of the isolated nuclei with trypsin increased renin activity 3-fold.  Ang II 

and Ang-(1-7) were also localized mainly to the nucleus as indicated by IMF staining and 

the peptide content in the nuclear fractions averaged 59±2 and 57±22 fmol/mg protein, 

respectively. Furthermore, metabolism assays conducted on the isolated nuclei revealed 

an enzymatic mechanism for Ang-(1-7) production directly from Ang I by the 



109 
 

endopeptidase thimet oligopeptidase. In contrast, we could not demonstrate Ang II-

generating activity in the nuclei of the NRK-52 E cells. The studies in Chapter III further 

examined the regulation of intracellular RAS under a pathological insult by treatment of 

the NRK-52E cells with advanced glycated end products (AGEs). A minimally-modified 

albumin preparation by methyl-glyoxal (MGA) was utilized in these studies. We find that 

MGA treatment decreased the intracellular content of Ang-(1-7), but did not affect 

cellular levels of Ang II or Ang I. We further assessed the metabolism of Ang I and Ang-

(1-7) within the NRK cells. We find that Ang I was processed directly to Ang-(1-7) and 

that Ang-(1-7) was mainly converted to Ang-(1-4) in the cell supernatant fraction. We 

noted a significant increase in the rate of Ang-(1-7) metabolism to Ang-(1-4) following 

MGA exposure after 48 hours, but we did not find significant differences in the 

conversion of Ang I to Ang-(1-7).  

In accordance with previous reports, MGA induced epithelial to mesenchymal or 

myofibroblast transition (EMT) in the NRK-52E cells. This phenotype change is linked 

to diabetic tubulointerstitial fibrosis by both in vivo and in vitro studies (32; 44). 

Interestingly, our studies demonstrate that Ang-(1-7) via the Mas receptor abolished 

cellular hypertrophy and the EMT as revealed by the reduced expression of the 

myofibroblasts marker α-SMA. Both the ERK1/2 inhibitor PD98059 and TGF-β receptor 

kinase inhbitor SB525334 attenuated the MGA-induced EMT.  We also found that Ang-

(1-7) abrogated the sustained activation of ERK1/2 by MGA – similar to that obtained 

with the ERK and TGF-β receptor kinase inhibitors. In contrast, the AT1 receptor 

antagonist losartan did not block EMT or the sustained activation of ERK1/2. While we 

demonstrate that TGF-β release was enhanced 3-fold by MGA, Ang-(1-7) did not reduce 
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TGF-β release. However, the ERK inhibitor PD98059 or the combination of PD98059 

and Ang-(1-7) exhibited a trend for a reduction in TGF-β release following MGA 

treatment.   

Collectively, these data identify an intracellular RAS in the NRK-52E cells that express 

components necessary for production of active angiotensin peptides that are localized to 

the nuclear compartment. Moreover, following chronic exposure to MGA, reduced 

intracellular levels of Ang-(1-7) may contribute to the cellular events associated with 

EMT.  This permissive role of Ang-(1-7) was further supported by abrogation of the 

AGE-induced EMT phenotype upon supplementation with exogenous Ang-(1-7). While 

these findings indicate a key role for the Ang-(1-7)-Mas receptor axis in MGA-induced 

EMT and downstream signaling, the influence of Ang II- AT1 receptor axis appeared to 

be less prominent under these conditions or in the NRK-52E cells.    

 

2- Intracellular RAS in NRK-52E Cells  

The present study revealed that NRK-52E cells express various components of the RAS 

that support our previous findings in isolated proximal tubules of the sheep kidney and 

the rat kidney cortex (17-20). As discussed in Chapter II, utilizing two antibodies directed 

to distinct epitopes of the precursor protein, a processed form of angiotensinogen was 

detected primarily in the nucleus. In accordance with our findings, Sherrod et al reported 

the expression of angiotensinogen in the nuclei of human brain astrocytes (56).  These 

investigators identified a nuclear localization signal located at the C-terminus of the 

protein, although they did not determine the status of the processed form of the protein 

(56). We also detected prorenin in the nucleus of the NRK-52E cells; nuclear renin 
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exhibited increased activity following trypsin incubation. Moreover, we demonstrate by 

IMF staining that the (pro) renin receptor was localized to the perinuclear compartment 

of the cells.  This latter finding along with the expression of nuclear (pro) renin may 

suggest a mechanism for prorenin activation and processing of angiotensinogen to [des-

Ang I]-angiotensinogen in the nucleus.  In essence, this may also constitute a pathway for 

the generation of angiotensin peptides in close proximity to their corresponding receptors 

to transduce functional signaling effects on the nucleus. Alternatively, angiotensinogen 

may influence intracellular signaling and function apart from serving as a precursor to the 

generation of angiotensin peptide. In this regard, Corvol and colleagues report that 

angiotensinogen and the des-Ang I form inhibit cell growth and angiogenesis in the renal 

vasculature (6; 10). Furthermore, Pan et al demonstrated high affinity binding sites for 

both intact and des-Ang I forms of angiotensinogen in human renal cells (45). Utilizing 

an Ang I-angiotensinogen antibody, we detected an intact form of the protein only in the 

cytosol of the NRK-52E cells. In contrast, probing with the des-Ang I or Int-

angiotensinogen antibody we could only detect the protein in the nuclei.  From the 

characterization studies, the Ang I-angiotensinogen antibody detected the protein in fetal 

bovine serum (FBS), as well as nephrectomized rat plasma (NRP).  However, the Int-

angiotensinogen antibody only detected the protein in NRP indicating that the Int-

angiotensinogen antibody is specific for rat angiotensinogen, while the Ang I-

angiotensinogen antibody can detect both bovine and rat proteins.  This is not surprising 

as the rat and bovine Ang I only differ by an Ile
5
 to Val

5 
substitution.  Moreover, we find 

that the Int-angiotensinogen antibody is more sensitive than the Ang I-angiotensinogen 

antibody to detect rat angiotensinogen by immunoblot; however, the Int-angiotensinogen 
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antibody failed to detect the protein in the cytosol by IMF staining or in the cytosolic 

fraction by immunoblot of the NRK cells.   Based on the findings with these two 

antibodies, we suggest that cytosolic angiotensinogen reflects the uptake of the protein 

from the FBS-containing media. This assumption is supported by a report of megalin-

mediated uptake of angiotensinogen in mouse proximal tubules (49). Since the precursor 

is primarily in the intact form within the cytosol, angiotensinogen may localize to 

subcellular compartments or vesicles that do not contain renin or other proteases that 

process the protein. Alternatively, rat renin may not efficiently recognize and cleave 

bovine angiotensinogen following uptake in the cytosol of the NRK-52E cells. Our 

findings on the expression of (pro) renin in the NRK-52E cells parallel those of 

Rohrwasser et al for evidence of renin expression in mouse and rat kidney principal cells 

of the collecting duct (52). Further evidence was demonstrated for renin expression and 

regulation in the proximal tubules that is distinct from JG cell renin (14). Moreover, both 

the mRNA and protein expression of the enzyme has been reported by several studies in 

the tubules, although the subcellular localization for renin was not determined (40; 62).  

Interestingly, a nuclear form of renin was identified by Lavoie and colleagues in the brain 

(5). In addition, a truncated form of renin was localized to the mitochondria of the 

adrenal gland (11).  Finally, Ishigama et al recently reported novel renin transcripts in the 

proximal tubules of mice that may express intracellular renin (25).  In line with the 

findings by Schefe et al for the intracellular (pro) renin receptor, the present study 

revealed IMF staining of the (pro) renin receptor in the perinuclear compartment of the 

NRK-52E cells (55). In this regard, the (pro) renin receptor may indirectly contribute to 

cell signaling via activation of  prorenin that facilitates the local formation of angiotensin 
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peptides in the nuclear compartment  (21; 48).  Additionally, the (pro) renin receptor by 

binding to (pro) renin or renin may directly induce signaling pathways including the 

activation of ERK1/2; however, we did not investigate this role in the current studies (20; 

22; 23). We also identified both Ang II and Ang-(1-7) in the nuclei, but the 

immunoreactive levels of Ang I were not detectable by RIA.  The absence of Ang I may 

likely reflect the immediate processing of the peptide in the absence of proteases 

inhibitors during the isolation of the nuclei.   We further investigated metabolism of Ang 

I in the nuclei and detected an endopeptidase-like activity that directly generated Ang-(1-

7) from Ang I.  Based on the inhibitor profile, the nuclear endopeptidase activity likely 

corresponds to thimet oligopeptidase (EC 3.4.24.15) which belongs to the M3 family of 

metallopeptidases. In accordance with our findings, Massarelli et al identified thimet 

oligopeptidase expression in the nuclei of neuronal cells (36). Furthermore, Thompson et 

al detected a nuclear localization signal for human brain thimet oligopeptidase (57).  An 

intracellular role for thimet oligopeptidase in the metabolism of cellular peptides 

involved in AT1 receptor signaling was demonstrated in human embryonic kidney (HEK) 

cells (3; 53). Overexpression of thimet oligopeptidase reduced activation of the luciferase 

gene reporter that was stimulated by Ang II. Four novel peptides from rat brain tissue 

were found to alter Ang II transduction probably by interacting with regulatory proteins 

in the cell such as dynamin and adaptor protein-complex 2 that are involved in AT1 

receptor signaling (12). 

While an enzymatic pathway to generate Ang-(1-7) in the nucleus of the NRK cells was 

identified, we could not demonstrate Ang II generation from Ang I even with the 

complete blockade of Ang-(1-7) production.   Ang II may originate from intracellular 
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synthesis in compartments other than the nucleus, or from extracellular AT1-mediated 

endocytosis of the peptide-receptor complex to the nuclear compartment (31). In this 

regard, Ang II uptake via the AT1 receptor was demonstrated in proximal tubules and the 

internalization process contributed to the stimulated expression of the sodium hydrogen 

exchanger channel (NHE-3) (31). Alternatively, megalin uptake of both Ang II and Ang-

(1-7) may also contribute to the intracellular levels of the peptides, however, this requires 

further investigation in the NRK 52E (15; 16). Overall, the studies in Chapter II 

characterized the NRK-52E cells as a cell model for a proximal tubule intracellular RAS.  

Thus, utilizing this model will enhance our understanding of the regulation of this 

intracellular system under pathological conditions. 

Furthermore, this cell model may be important clinically to improve the pharmacological 

approaches currently used for treatment of hypertension and associated cardiovascular 

and renal injuries. In this regard, further studies are necessary to elucidate the effects of 

various therapeutic agents on the intracellular regulation of this system and address the 

efficacy of these agents to attenuate its activation.  Finally, a summary of our 

characterization of the intracellular RAS in the NRK-52E cells is depicted in Figure 1. 

3-  Influence of MGA Treatment on Intracellular RAS  

The studies in Chapter III examined the effect of MGA treatment on the intracellular 

RAS in the NRK-52E cells.  Ang-(1-7) peptide content significantly decreased following 

MGA exposure; however, Ang II or Ang I content did not change.  These differential 

responses suggest that Ang-(1-7) may play a key role in the cellular responses to chronic 

stimulation with AGEs. The MGA-dependent effects on Ang-(1-7) appeared to result 

from the enhanced metabolism of the peptide rather than decreased generation of Ang-(1-



115 
 

7) from Ang I. In this regard, we examined the metabolism activity in the 100,000 xg 

fractions of the cells that corresponds mainly to the cytosolic enzymatic activity.  

Although we did not identify the Ang-(1-7) metabolizing enzyme, the inhibitor profile 

indicates the activity is likely a cysteine peptidase.  The Ang-(1-7)-degrading activity was 

sensitive to the cystine or thiol inhibitor para-chloromercuribenzoic acid (PCMB, see 

Appendix, Figure 1). Marshall et al recently characterized an Ang-(1-7) 

metalloendopeptidase in sheep cerebrospinal fluid (CSF) and brain medulla (34; 35).  

This peptidase processed Ang-(1-7) to Ang-(1-4) and exhibited higher activity in 

glucocorticoid-exposed animals that correlated with the lower expression of Ang-(1-7) in 

the CSF (34; 35). We investigated whether the same enzyme is expressed in our cell 

model. While the sheep Ang-(1-7) endopeptidase enzyme is strongly inhibited by both 

the thiol protease agent PCMB and the metallopeptidase inhibitor JMV-390, the NRK 

cytosolic Ang-(1-7) endopeptidase was only inhibited by PCMB (see Appendix, Figure 

1) (34). However, we could detect an Ang-(1-7) endopeptidase in the cell media sensitive 

to both PCMB and JMV-390 (see Appendix, Figure 2).  Preliminary findings by Wilson 

et al also reported a JMV-390senstive Ang-(1-7) endopeptidase in the soluble fraction 

and cell media of the human kidney HK-2 tubule cells suggesting secretion of the 

peptidase (60).  Additional studies are necessary to address the identity and source of the 

two distinct enzymatic activities that degrade Ang-(1-7) in the NRK-52E cells.  In 

essence, the increased activity of the Ang-(1-7) endopeptidase in MGA-treated NRK-52E 

cells may be due to upregulation of the enzyme.  Our preliminary findings demonstrate 

that the MGA-induced increase in intracellular metabolism of Ang-(1-7) was reversed by 

both the ERK 1/2 and TGF-β inhibitors (Appendix, Figure 3). It is not clear whether the 
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ERK pathway directly stimulates the expression of the Ang-(1-7) peptidase or whether 

myofibroblast cells express higher levels of the enzyme to maintain a low level of 

intracellular Ang-(1-7).  Since activation of ERK is directly linked with EMT in the 

NRK-52E cells, it is difficult to distinguish which pathway(s) regulates the Ang-(1-7) 

endopeptidase.  To distinguish this, one possibility would be to induce EMT through 

another pathway that does not require ERK activation and determine whether metabolism 

of Ang-(1-7) is altered.   Alternatively, one could induce ERK stimulation without 

necessarily inducing EMT and determine whether activation of ERK alone influences the 

peptidase expression. Additional studies are also required to elaborate the influence of 

MGA treatment on the regulation of other intracellular RAS components such as 

angiotensinogen, (Pro) renin, (pro) renin receptor, AT1 receptor and Mas receptor in the 

NRK-52E cells.  The influence of MGA exposure on the Ang-(1-7) axis is summarized in 

Figure 2. 

 

4- Ang-(1-7) Attenuates Cellular Hypertrophy and Epithelial to Mesenchymal 

Transition (EMT) via Inhibition of ERK1/2 and TGF-β Signaling 

Studies in Chapter III revealed that MGA reduced intracellular Ang-(1-7) tone in the 

NRK-52E cells.  As depicted in Figure 3, we find that supplementing the NRK-52E cells 

with Ang-(1-7) reversed the deleterious effect of AGEs on cell hypertrophy and the 

induced mesenchymal phenotype. Moreover, Ang-(1-7) abrogated the MGA-induced 

ERK 1/2 activation. Indeed these findings are consistent with those of Zhou et al, where 

Ang-(1-7) ameliorated EMT and abolished TGF-β release and activation of ERK1/2 and 

p38 MAPK in high glucose-treated NRK-52E cells,. Gava et al also reported that Ang-(1-
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7) attenuated high glucose-induced cell hypertrophy, p38 kinase and TGF-β release in 

LLPK-1 porcine tubule cells (13). However, we could not demonstrate a significant 

inhibitory effect of Ang-(1-7) on TGF-β release.  In contrast, Ang-(1-7) inhibited TGF-β-

induced ERK1/2 stimulation. While TGF-β plays a central role in the cellular responses 

to MGA treatment including EMT and cellular hypertrophy, Ang-(1-7) appeared to 

attenuate downstream signaling of TGF-β rather than the local release of the cytokine. 

TGF-β is essentially secreted as a homodimer of two precursor proteins each containing a 

propeptide N-terminal segment (latency associated peptide (LAP)) and the mature C- 

terminal polypeptide (42). Upon exocytosis, the latent TGF-β dimer is released and may 

deposit in the ECM.  When the C-terminal of the dimer is activated by proteases such as 

matrix metalloproteinase 2 (MMP2), active TGF-β links the constitutively active TGF-β 

receptor II (TGF-βRII) to the dormant TGF-βRI resulting in its phosphorylation and 

subsequent activation of multiple signaling pathways (42). The classical signaling 

cascade for TGF-β is activation of the Smad pathway; however, others showed that 

ERK1/2 is necessary for both AGE and TGF-β-induced EMT (28; 29; 61). We do not 

underscore the potential contribution role of Smads in the current studies, but we focus 

on the ERK1/2 signaling cascade as it has been strongly suggested to play a key role in 

EMT (29). Indeed, ERK1/2 signaling is activated by TGF-β through phosphorylation of 

the SRC homology 2 domain-containing-transforming A (SHCA) and subsequent 

recruitment of GRB2 and SOS (27). Further studies will be required to establish the 

possible differential effects of Ang-(1-7) on Smad2/3 or Smad 7 and whether these 

pathways are downstream of ERK1/2 activation.  Smad 2/3 stimulation may play an 

important role in the progression to EMT, while Smad 7 has an inhibitory effect on 
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Smad2/3 and subsequently on the transition (29). Although our studies did not establish 

the mechanism for Ang-(1-7) to inhibit ERK1/2 activation by MGA and TGF-β, we 

suggest several potential mechanisms. First, Ang-(1-7) may upregulate or activate 

cellular phosphatases that are involved in ERK1/2 regulation. Tallant et al report that 

Ang-(1-7) activates a dual specificity phosphatases (DUSPs) that dephosphorylate both 

phospho-threonine and phospho-tyrosine residues, and thus deactivates MAPK pathways 

such as ERK1/2 (38). In addition, Gava and colleagues demonstrate that Ang-(1-7) 

increased activity of the src homology 2-protein-tyrosine phosphatase-1 (SHP-1) to 

inhibit glucose-induced p38 activation (13). Additional studies are required to examine 

whether cellular phosphatases are activated or upregulated by Ang-(1-7) treatment in 

MGA-treated NRK-52E cells.  In this regard, we can apply a micro array analysis of 

mRNA expression of a number of well-known MAPK phosphatases involved in ERK1/2 

signaling in response to MGA with and without Ang-(1-7). Utilizing 

immunoprecipitation techniques with selective phosphatase antibodies coupled to a 

phosphatase activity assay, we could also confirm the cellular effects of Ang-(1-7) (13).  

Western blot analysis of the enzyme can be useful to demonstrate upregulation of the 

enzyme, although the overall protein levels of the phosphatase may not change 

suggesting a post-transcriptional effect on the phosphatase in response to Ang-(1-7) (38). 

 A second mechanism for the inhibitory effects of Ang-(1-7) is by attenuating AGE-

induced reactive oxygen species (ROS).  ROS is thought to play a key role in both AGE-

RAGE and TGF-β signaling mechanisms to activate MAPK pathways (30; 51). In fact, 

Benter et al presented in vivo evidence for the Ang-(1-7)/Mas receptor in decreasing 

NADPH oxidase-mediated ROS in the diabetic spontaneously hypertensive rats (SHR) 
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(2). Others have shown inhibitory effects on AGE-induced intracellular ROS with the 

AT1 receptor antagonists irbesartan and olmesartan (24; 37). Interestingly, Ishibashi el al 

report that beneficial effects of olmesartan in abrogating AGE-iduced vascular cell 

adhesion molecule (VCAM-1) expression in mesangial cells were blocked by the Mas 

receptor antagonist D-Ala
7
-Ang-(1-7) (24). However, the present study did not 

demonstrate inhibitory effects of losartan similar to Ang-(1-7). We should note that 

efficacy of the losartan dose used to potentially block AGE-induced intracellular ROS is 

not known. Furthermore, beneficial effects of AT1 receptor blockade to reduce oxidative 

stress in diabetes have been linked to decrease in the extent of protein glycation and the 

subsequent formation of AGEs (41). The hypothesis that Ang-(1-7) may attenuate AGE-

induced ROS in our cell model needs to be investigated in future studies. 

In contrast to our findings that demonstrate beneficial effects of Ang-(1-7) on MGA-

induced EMT, Burns et al report the peptide induced EMT via Mas receptors in the same 

cell line (8). It is possible that Ang-(1-7) elicits opposite effects under basal verus 

pathological conditions. Additionally, a 100-fold higher dose of Ang-(1-7) (10µM) was 

used in the Burns study as compared to a lower concentration of the peptide (100 nM) we 

utilized which may explain the different findings (8). Indeed, the Burns study reported 

that Ang-(1-7) induced the mRNA expression of TGF-β, while we find no effect on 

AGE-induced TGF-β release with 100 nM Ang-(1-7). Notably, both studies found that 

the Mas receptor antagonist D-Ala
7
-Ang-(1-7) abrogated the effects of Ang-(1-7) 

suggesting that the higher dose of peptide is not activating the AT1 receptor to stimulate 

TGF-β and EMT.  In this regard, de Mello-Aires and colleagues report that Ang-(1-

7)/Mas receptor-mediated actions are biphasic to regulate bicarbonate transport in the 
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proximal tubules (9). Low doses (nM range) of Ang-(1-7) inhibited bicarbonate transport 

while higher doses (µM range) stimulated bicarbonate uptake in perfused proximal 

tubules; both the inhibitory and stimulatory actions of Ang-(1-7) were blocked by D-

Ala
7
-Ang-(1-7) (9).  Thus, Ang-(1-7) may elicit dose-dependent biphasic effects through 

the Mas receptor.   

In conclusion, the present studies demonstrate that Ang-(1-7)-Mas receptor axis may 

provide renoprotection from AGE-induced cellular profibrotic responses that potentially 

leads to renal failure. Indeed, the current regimens for treatment of diabetes and 

associated renal and cardiovascular injuries including glucose control and RAS blockade 

do not abolish the progression of the disease (33; 43; 46). Although our current studies 

need further validation in vivo, Ang-(1-7) may potentially enhance the therapeutic 

benefits of AT1 receptor blockers and ACE inhibitors in attenuating diabetic renal injury. 

 

5- General limitations 

The primary limitation of the present study is the lack of in vivo studies in either an animal 

model of diabetes or an AGE-infused model to support our findings in the NRK-52E cells for 

Ang-(1-7) to attenuate cellular hypertrophy, myofibroblast transition and sustained ERK 

activation. There are obvious advantages for utilizing a cell model in general, and 

specifically to dissect the regulation of RAS intracellularly and its role in cell function and 

under pathological conditions. However, in our present studies, we are studying a single type 

of immortalized kidney cells (derived from proximal tubules cells).  Hence, the further 

validation in whole animal studies is mandated to extend to the interaction of other cell types.   

Examining the role of Ang-(1-7) treatment in an established mouse model of AGE-induced 
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diabetic nephropathy would provide a useful pre-translational testing of the peptide’s 

beneficial effects as a potential renoprotective therapeutic agent (7). In a mouse model of 

AGE infusion first described by McVerry et al, intravenous infusion of AGE 

[carboxymethyl-lysine (CML)]-modified rat albumin for 5 months increased renal AGE 

content 50% and stimulated diabetic markers of renal injury including glomerular sclerosis 

with basement membrane widening, mesangial extracellular matrix (ECM) expansion, and 

albuminuria (39; 58). Alternatively, a diabetic rat model could be utilized to examine Ang-

(1-7) renoprotective effects from EMT.  Oldfield and colleagues report tubular 

transdifferentiation in streptozotocin (STZ)-induced diabetic SD and WKY rats (44).  This 

group also reported that maximal transdifferentiation and de novo expression of the 

myofibroblast marker α-SMA was found in the SD rat after a long period of diabetes (32 

weeks). Furthermore, accumulation of AGEs and upregulation of RAGE were demonstrated 

in kidney sections of both models. Interestingly, the administration of a cross-linking 

breaking agent (ALT711) improved the indices of renal injury and significantly reduced the 

content of AGEs.  

A second limitation of the current study is utilizing high concentrations of the chemically 

modified-bovine albumin (100 µM), although this dose was used previously in several 

previous studies (29; 59). In diabetes, AGEs’ levels are approximately double in the plasma 

of human and animal models and can be trapped in numerous organs including the kidney 

(4). Furthermore, AGEs may react with intracellular or extracellular proteins to produce 

several glycation products including MGA-albumin (1). Proximal tubules are likely to be 

involved in albumin handling (tubular uptake of ~ 1 g/day in rats) in which impaired tubular 

reabsorption of protein is linked to early stage microalbuminuria that is distinct from 
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mesangial or glomerular injury (54). Therefore, these high concentrations of the MGA-

albumin used in the cell studies may be physiologically relevant in both early and advanced 

renal injury. Finally, AGE-RAGE signaling transduces various signaling pathways within the 

cell and we have not attempted to dissect each pathway separately and establish the targets of 

Ang-(1-7) to attenuate EMT (50). In the present study, we demonstrated Ang-(1-7) effects on 

TGF-β-ERK1/2 signaling pathway; however, further studies are necessary to establish 

whether similar pathways are involved in the kidney or other tissues in vivo.  
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Figure 1: Scheme for the intracellular renin-angiotensin system in NRK-52E cells. A 

processed form of angiotensinogen (AGT) or (Des-Ang I AGT) and (pro) renin are located to the 

nuclei. Both Ang II and Ang-(1-7) are expressed in the nuclei. (Pro) renin may bind to the (Pro) 

renin receptor (PRR) localized to the perinuclear area to activate the proform of renin to produce 

Ang I and Des-AGT. Thimet oligopeptidase (TOP) metabolizes Ang I to produce Ang-(1-7) in 

the nuclei. The intact form of AGT is present in the cytosol and may originate from megalin-

mediated uptake of bovine AGT present in the serum of the cell media.  
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Figure 2: Scheme for influence of MGA on the intracellular renin-angiotensin system in 

NRK-52E cells. Binding of methyl-glycated-albumin (MGA) to the receptor for the advanced 

glycation end product (RAGE) may induce activation of TGF-β via reactive oxygen species 

(ROS). MGA treatment induces metabolism of Ang-(1-7) through TGF-β and ERK1/2 

dependent pathways. Both the TGF-β-receptor kinase inhibitor SB431542 and the ERK1/2 

inhibitor PD98059 reverse the AGE-induced increase in Ang-(1-7) metabolism. 
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Figure 3: Scheme for role of Ang-(1-7) on methyl-glycated albumin (MGA)-induced 

epithelial to myofibroblast transition (EMT) and signaling pathways in NRK-52E cells. 

Binding of MGA to the receptor for advanced glycated end products (RAGE) may activate TGF-

β via the generation (ROS). Ang-(1-7) via the Mas receptor inhibits MGA-induced TGF-

β/ERK1/2 activation and EMT characterized by expression of actin stress fibers and deposition 

of extracellular matrix (ECM) proteins such as collagen and fibronectin. The inhibitory effects of 

Ang-(1-7) are blocked by the Mas receptor antagonist D-Ala7-Ang-(1-7) (DAL or A779). Both 

the TGF-β-receptor kinase inhibitor SB431542 and the ERK1/2 inhibitor PD98059 reverse 

MGA-induced ERK1/2 activation and EMT. 
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APPENDIX 

The data shown here are supplementary findings that are relevant to the thesis, but have no 

logical place with the main body of text.  However, some data were used in the Summary and 

Conclusion sections (Chapter IV). 

1. Methods 

Cell Treatment 

Glycated albumin (MGA) was prepared as described previously (4). Briefly, 500 µM 

methylglyoxal (Sigma, St. Louis, MO, US) was incubated with 100 µM BSA (Sigma) dissolved 

in phosphate buffered saline (PBS) for 24 hours at 37°C, then washed on 10 kDa filters 

(Macrosep® Advance Device, Pall Life Sciences, MI, USA) to remove excess methyl glyoxal, 

reconstituted with DMEM/F12 serum free media and passed through a 0.2 µmicron filter. Cell 

were treated for 48 hours with 100 µM MGA. Subsets of cells were co-treated with either 

ERK1/2 kinase inhibitor, PD 98059 (1 µM, PD, Sigma), or TGF-β receptor kinase inhibitor; 

SB525334 (1 µM, SB, Selleckchem, TX, USA).  

Enzyme Metabolism 

After treatment, cells were washed with cold PBS, harvested and immediately frozen at    

-80°C.  The cell pellets were homogenized in the metabolism buffer (10 mM HEPES, 125 mM 

NaCl, 10 μM ZnCl2, pH 7.4), then centrifuged at 100,000g for 10 min.  Media from 48-hour 

treated cells was collected on ice and concentrated 10-fold using 10 kDa Macrosep® filters. 

Either 
125

I-Ang-I or 
125

I-Ang-(1-7) (0.5 nM) was incubated with 2 μg protein of the cell 
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supernatant or 100 µl of concentrated media with or without the indicated inhibitors in a final 

assay volume of 0.5 ml at 37ºC.  The reaction was stopped by addition of ice-cold 1.0% 

phosphoric acid, centrifuged at 16,000 g, and the supernatants stored at −20°C. Samples were 

separated by reverse-phase high-performance liquid chromatography (HPLC) and the 
125

I-

products were detected by a Bioscan flow-through γ detector (3). Products were identified by 

comparison of their retention times to 
125

I-angiotensn standards.  Peptides were iodinated by the 

chloramine T method and purified by HPLC (specific activity > 2000 Ci/mmol). The following 

peptidase inhibitors were used: thiol peptidase inhibitor para-chloromercuribenzoic acid (PCMB, 

100 µM), the metallopeptidase inhibitor N-[3-[(hydroxyamino) carbonyl]-1-oxo-2(R)-

benzylpropyl]-L-leucine (JMV-390, 1 µM), and the cysteine peptidase inhibitor leupeptin (LEP, 

100 µM).  Enzyme activities were expressed as fmol product of Ang-(1-4) per mg protein per 

minute of incubation time (fmol/mg/min) for cell supernatant and fmol Ang-(1-4) per ml of 

media per minute (fmol/ml/min) for the cell media. Total protein content was determined in the 

cell supernatant by Bradford protein assay with a standard of BSA.  

Statistical analysis 

The data were expressed as mean ± standard error (SEM).  Differences between the groups were 

analysed by one-way ANOVA and Newman-Keuls multiple comparison analysis. A probability 

value of P<0.05 was required for statistical significant. 

2. Results 

Ang-(1-7) Endopeptidase in the NRK-52E Cell Supernatant 

As described in Chapter III, Ang-(1-7) peptide content significantly decreased following MGA 

exposure, suggesting that Ang-(1-7) may play a key role in the cellular responses after chronic 
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stimulation with AGEs.  In addition, the decrease in Ang-(1-7) levels appeared to be due to the 

metabolism of Ang-(1-7) to Ang-(1-4) rather than decreased production of Ang-(1-7). As 

recently demonstrated by Marshall et al, an Ang-(1-7) endopeptidase activity in the brain and 

cerebrospinal fluid was markedly higher in betamethasone-exposed sheep as compared to non-

treated controls (1; 2). Further characterization of this endopeptidase indicated a marked 

sensitivity to the thiol inhibitor PCBM and the metallopeptidase inhibitor JMV-390 (2). 

Moreover, Wilson et al demonstrated similar Ang-(1-7) endopeptidase activity in human kidney 

(HK-2) cells also sensitive to the PCMB and JMV compounds (5). To further characterize the 

Ang-(1-7) peptidase in the NRK-52E cells we incubated the 100,000 g supernatant from treated 

and control NRK-52E cells with 
125

I-Ang-(1-7) in the presence or absence of each of the 

following endopeptidases inhibitors; PCMB (100µM), JMV-390 (1µM) and LEP (100µM).  We 

find that only PCMB inhibited the conversion of Ang-(1-7) to Ang-(1-4) (Figure 1).  

 Secreted Ang-(1-7) Endopeptidase in the Media 

Wilson et al demonstrated secreted Ang-(1-7) endopeptidase activity from the HK-2cells in to 

the media (5). To investigate whether Ang-(1-7) endopeptidase is released, we incubated the 

concentrated media from treated and control NRK-52E cells with 
125

I-Ang-(1-7) in the presence 

or absence of PCMB (100uM) or JMV-390 (1 µM).  Ang-(1-7) was converted primarily to Ang-

(1-4) in the cell media, although the activity was less than found in the cell cytosol (Figures 1 

and 2). Similar to the Marshall and Wilson reports, both PCMB and JMV significantly abolished 

Ang-(1-7) processing to Ang-(1-4). These results indicate a distinct Ang-(1-7) endopeptidase 

activity in the cell media as compared to the cell supernatant activity of the NRK-52E cells. 

 



135 
 

 

Influence of MGA Treatment on The Ang-(1-7) Endopeptidase with Inhibition of ERK1/2 

or TGF-β Signaling. 

As we reported in Chapter III, MGA treatment enhanced the breakdown of Ang-(1-7) to Ang-(1-

4). In addition, MGA also induced cell hypertrophy, expression of the EMT marker α-SMA and 

sustained activation of ERK1/2. Interestingly, addition of Ang-(1-7), the ERK1/2 inhibitor 

PD98059 and the TGF-β receptor inhibitor SB525334 abolished the MGA-induced cell 

responses. Hence, we investigated whether the enhanced activity of the Ang-(1-7) endopeptidase 

is regulated similarly to the other cellular responses to MGA. We determined Ang-(1-7) 

processing to Ang-(1-4) in control, MGA-treated cells with and without addition of the ERK or 

TGF-B inhibitors. Similar to the findings in Chapter III, MGA increased the rate of Ang-(1-4) 

production from Ang-(1-7) I [143 ± 6 vs. 107 ± 7 fmol/min/mg protein; respectively, p<0.05, 

n=4].  Both PD98059 and SB525334 reversed the increase in Ang-(1-4) production back to 

control levels [100 ± 9 and 106 ±8 fmol/min/ml; respectively, p<0.05 versus MGA alone, n=4]. 

Additionally, we examined the secreted Ang-(1-7) metabolism activity in concentrated media of 

the control, MGA, PD98059, and SB525334 treated cells. We find that MGA also significantly 

induced the metabolism of Ang-(1-7) to Ang-(1-4) in the cell media [1.36±0.01 vs 1.42±0.01 

fmol/min/ml, p<0.05, n=3]. PD98059, but not SB525334 reversed that MGA-induced increase 

[1.35±0.02 fmol/min/ml, p<0.05 versus MGA, n=3]. These results suggest that the ERK pathway 

might be directly involved in stimulating the expression of the Ang-(1-7) endopeptidase. 

Alternatively, the phenotypic transition from epithelial cells to myofibroblasts may encompass 

expression of higher levels of the enzyme to maintain a low level of intracellular Ang-(1-7).  

From the present data it is difficult to distinguish which pathway regulates the Ang-(1-7) 
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endopeptidase as inhibition of ERK also inhibits EMT of the NRK-52E cells in our experiments.  

Therefore, further studies are required to elaborate the pathways involved in the regulation of the 

Ang-(1-7) degrading endopeptidases.  
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Figure 1: Influence of endopeptidase inhibitors on the generation of Ang-(1-4) from Ang-

(1-7) in supernatant of NRK-52E cells.  The endopeptidase inhibitors tested against the 

supernatant activity were the thiol inhibitor PCMB (100µM), metallopeptidase inhibitor JMV-

390 (JMV, 1 µM), and the cysteine and serine peptidase inhibitor leupeptin (LEP, 100µM). Only 

PCMB inhibited the cells Ang-(1-7) peptidase activity.  All values represent mean ± SEM, n=3 

from different cell passages; *P<0.05 vs. control (CON). 
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Figure 2: Influence of endopeptidase inhibitors on the generation of Ang-(1-4) from Ang-

(1-7) in the media of NRK-52E cells.  Endopeptidases inhibitors were the thiol inhibitor PCMB 

(100µM) and the metallopeptidase inhibitor JMV-390 (JMV, 1µM). Both PCMB and JMV-390 

significantly inhibited the secreted Ang-(1-7) peptidase activity.  All values represent mean ± 

SEM, n=3, from different cell passages, *P<0.05 vs. Control (CON). 
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Figure 3: MGA exposure increases Ang-(1-7) metabolism in the NRK-52E cell supernatant.  

Both the ERK 1/2 inhibitor PD98059 (PD, 1µM) and the TGF-β receptor kinase inhibitor 

SB525334 (SB, 1µM) abolished the MGA-induced increase in Ang-(1-7) metabolism. All values 

represent mean ± SEM, n=4, from different cell passages, *P<0.05 vs. Control (CON), #P<0.05 

vs. MGA.  
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Figure 4: MGA exposure increased the secreted Ang-(1-7) endopeptidase activity from the 

NRK-52E cells.  The ERK 1/2 inhibitor PD98059 (PD, 1µM) significantly reduced the MGA-

induced Ang-(1-7) metabolism to control levels. There was no significant effect of the TGF-β 

receptor kinase inhibitor SB525334 (SB, 1µM).   All values represent mean ± SEM, n=3, from 

different cell passages, *P<0.05 vs. Control (CON), #P<0.05 vs. MGA. 
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