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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-Ala7-Ang-(1-7) 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.

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 (10; 42). The peptide is derived either from Ang I by direct processing of 
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endopeptidases including neprilysin and thimet oligopeptidase or from Ang II by the 

monocarboxypeptidases such as angiotensin converting enzyme 2 (ACE2) (9; 44). 

Conversely, ACE which processes Ang I to Ang II is the predominant metabolizing enzyme 

for Ang-(1-7) in the circulation (9; 44). 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 (42). 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 (9;10). 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, natriuresis and 

diuresis, anti-proliferative and anti-fibrotic effects, as well as reduced inflammation (10; 42; 

54). 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 (9).

Although most experimental studies demonstrate beneficial actions of Ang-(1-7) treatment, 

Ang-(1-7) may induce deleterious effects similar to Ang II that are particularly evident in 

the kidney (54). Walther and colleagues reported that Mas receptor null mice exhibit a lower 

degree of renal injury than wildtype littermates when exposed to a high salt diet (21) 

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 (21). 

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 

(5). In these studies, Ang II-stimulated MT was abolished by the Ang-(1-7) antagonist D-

Ala7-Ang-(1-7) (DAL or A779) and the ACE2 inhibitor MLN4760 (5). 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 (5). 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 (31). 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 (4; 20). A growing body 

of evidence indicates that advanced glycated end products (AGEs) are increased in diabetes 

and are associated with diabetic nephropathy (15; 32). AGEs induce MT and consequently 

tubulointerstitial fibrosis through activation of specific receptors for AGEs (RAGE) (46; 

47). 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 that expresses an intracellular RAS (1;7). 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 significantly reduced the cellular 

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

directly to Ang-(1-4), but not the conversion of Ang I to Ang-(1-7). Exogenous Ang-(1-7) 
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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 cm2 

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

bovine serum (FBS), L-Glutamine and 15 mM HEPES buffer (1). 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 (50). 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 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 aliskerin (1 μM, 

Tocris) and the ACE inhibitor lisinopril (1 μM, Sigma).

2.3. 3H-Leucine incorporation

Cellular hypertrophy was determined by 3H-leucine incorporation (18). Cells were incubated 

for 48 hours in serum-free media with or without 100 μM MGA in 24 well plates. The MGA 

cells were treated with 100 nM Ang-(1-7), 10 μM DAL, 1 μM PD98059 and 1 μM Losartan. 

The cells were pulsed with 0.5 μCi of 3H-Leucine (L-[4, 5-3H (N)], Perkin Elmer, Boston, 

MA, USA) for the last 24 hours at 37°C. 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 37°C 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.
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2.4. Western blotting

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 (17). 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

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 (1). 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. Cell Area

Cells area was assessed utilizing ImageJ 1.4 software (http://rsb.info.nih.gov/ij/) in a subset 

of immunofluorescent images (section 2.5) to demonstrate the influence of MGA on cellular 

hypertrophy in the absence or presence of Ang-(1-7) or the ERK inhibitor PD98059. Fields 

were chosen at random and all cells were measured in each field. The data was expressed as 

a percentage of the control cell area.
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2.7. Peptide Assays

Cells in serum free medium for 24 hours were treated with 100 uM MGA for an additional 

48 hours. Cells were washed twice in ice-cold PBS, harvested, and the cells pellets snap-

frozen and stored at −80°C (1). 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 (1). The Ang-(1-7) 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.

2.8. Angiotensin metabolism

To characterize the processing of the peptides in vitro, metabolism assays were conducted 

on cells homogenates as described previously (1; 34). 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 125I-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 37C°. 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 125I-products were 

detected by a Bioscan flow-through γ detector (44). Products were identified by comparison 

of their retention times to 125I-angiotensn standards. We employed gradient elution for Ang 

I metabolism (1), and isocratic elution for Ang-(1-7) metabolism (34). 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.
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2.9. 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 (1; 7; 53). 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 × g supernatant 

fraction, we determined both the rate of Ang-(1-7) metabolism and the conversion of Ang I 

to 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) as assessed under isocratic elution conditions (34). 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 as assessed under gradient elution conditions 

(1). Although the generation of Ang-(1-7) from Ang I tended to decline in the MGA-treated 

cells [56 ± 7 vs. 66 ± 8 fmol/mg/min, n=3], this did not reach statistical significance (Figure 

3). Note that the different peak shapes for Ang-(1-7) in Figures 2 and 3 reflect the two 

separation methods utilized for the Ang-(1-7) and Ang I metabolism studies.

3.2. Cellular hypertrophy

Tubular hypertrophy is a common and early response in the diabetic kidney (39; 40). 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 3H-leucine (17; 28). As shown in Figure 4, MGA treatment for 48 hours 

significantly increased 3H-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)
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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 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]. In addition, MGA treatment for 48 hours increased cell area 

approximately 4-fold [467 ± 70% of control, p < 0.05, n=3] (Figure 3 inset). Ang-(1-7) 

significantly decreased the MGA-induced cell area [204 ± 15% vs. 467 ± 70%; respectively, 

p<0.05, n=3]. Treatment with PD98059 (PD, 1μM) also significantly reduced the effect of 

MGA on cell area [149 ± 12% vs. 467 ± 70%, p < 0.05, n=3].

3.3. Myofibroblast transition

The NRK-52E cell line is a well-characterized model of epithelial to mesenchymal or 

myofibroblast transition (MT) (6; 30). AGEs induce a myofibroblast phenotype in these 

cells that is dependent on TGF-β expression (29). 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 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).
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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. 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; 44). 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 (30). 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 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 (14; 28; 51). 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-(1-7) 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 
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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 (54). Although studies by Benter's group 

as well as others demonstrate renoprotective effects of Ang-(1-7) (2; 3; 42), there is 

additional evidence that the Ang-(1-7) axis may exacerbate renal damage (54). Utilizing the 

Mas knockout mouse, Walther and colleagues demonstrated this transgenic model exhibited 

reduced renal injury following a high salt diet (21). 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 (21). Shao et al reported that exogenous Ang-(1-7) exacerbated diabetic injury in 

streptozotocin-treated rats (45). 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 (54). Scholey and colleagues further show that 

Ang-(1-7) stimulated the ERK1/2 pathway via cAMP/protein kinase A in human mesangial 

cells (31). 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 (5). 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 (5). In contrast to the latter study, we 

treated the NRK-52E cells with Ang-(1-7) in the presence of MGA to provide a pathological 

stimulus. It is possible that the higher dose of Ang-(1-7) 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 cells (5). 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 (8). 

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) (22). 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 (52). 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 (52). Gava et al also find that 

Ang-(1-7) attenuated the release of TGF-β and p38 phosphorylation, as well as reduced 3H-

leucine incorporation in the porcine epithelial LLPK1 cell line following high glucose 

exposure (18). 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 (28). 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) (18). 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 (35). 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 (14; 15; 37; 38; 

46-48). Myofibroblast transdifferentiation may contribute to tubular injury that accompanies 

diabetic nephropathy, although the extent that MT contributes to fibrosis is controversial 

(25; 27). Both AGEs and TGF-β are reported to stimulate MT and fibrosis (14; 29; 30; 37). 

AGEs reportedly induce MT by interacting with their protein receptors RAGE through both 

TGF-β dependent and independent pathways (29; 48). 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 (48). Cao and colleagues find that AGEs 

(hydoxychloride-treated rat albumin) increased the expression of the precursor protein 

angiotensinogen, ACE and AT1 receptors in the NRK-52E cells (8). Chou et al also reported 

that chronic treatment of NRK-52E cells with high glucose or TGF-β reduced the mRNA 

and protein expression of ACE2 and the Ang-(1-7)/Mas receptor (12). 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 (24). 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) (34). 

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 (34). 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 
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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; the NRK-52E cells express a complete RAS capable of expressing the active 

peptides Ang II and Ang-(1-7), as well as their respective receptors and associated signaling 

pathways (1; 8; 52; 53). 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 (41). Moreover, recent clinical trials with dual or combined RAS blockade may 

not provide optimal renal protection and may increase deleterious outcomes (33; 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; 48). Clearly, our 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, we demonstrate 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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Highlights

• AGE product methylglyoxal albumin (MGA) induces myofibroblast transition 

(MT)

• MGA reduced intracellular Angiotensin-(1-7) [Ang 7] but increased TGF-β 

release.

• Ang 7 treatment abolished TGF-β activation of ERK1/2 but not TGF-β release.

• Ang 7 treatment also abolished MGA-induced MT and ERK1/2 stimulation.

• Ang 7 limits MT by inhibiting ERK1/2 in MGA-exposed renal epithelial cells.
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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 × g supernatant fraction from control and 

MGA-treated (48 hours) NRK-52E cells for 30 minutes at 37°C. Peptide products were 

determined by HPLC separation with isocratic elution conditions (38). 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 × g supernatant fraction from control and 

MGA-treated (48 hours) NRK-52E cells for 30 minutes at 37°C. Peptide products were 

determined by HPLC separation under gradient conditions (1). 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.
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Figure 4. Ang-(1-7) attenuates MGA-induced cell hypertrophy in the NRK-52E cells
Left: MGA treatment for 48 hours significantly increased 3H-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-Ala7-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. 3H-leucine incorporation is expressed as percentage (%) from 

control cells for each experiment. Data are the mean ± SEM from 5 different cell passages. 

Inset: MGA treatment for 48 hours increased cell area as measured in immunofluorescent 

images. Ang-(1-7) (A7, 100 nM) and PD98059 (PD, 1 μM), reversed the increase in cell 

area induced by MGA.*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-Ala7-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-Ala7-

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-Ala7-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-Ala7-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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