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Abstract

 Aims—The receptor for advanced glycation end products (RAGE) contributes to the 

development and progression of diabetic nephropathy. In this study, we examined if the protective 

effects afforded by RAGE blockade are via modulation of the renal AT-2 receptor.

 Methods—Control and streptozotocin diabetic mice, wild type (WT) or deficient in either the 

angiotensin II type 2 receptor (AT-2 KO) or RAGE (RAGE KO), were studied for 24 weeks. 

Albumin excretion rate (AER), creatinine clearance (CrCl), renal cortical RAS components and 

RAGE expression were assessed.

 Results—With diabetes, RAGE deficient mice had lower AER and attenuation of 

hyperfiltration, as compared with both diabetic WT and AT-2 deficient mice. Gene expression of 

RAGE was elevated in diabetic kidneys, while elevations in renal membranous RAGE expression 

were evident in WT and AT-2 KO mice with diabetes. Diabetic RAGE KO mice had an 

amelioration of diabetes induced increases in renal AT-2 gene expression. Although renal AT-2 
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protein expression was increased by diabetes in WT mice, it was further elevated in diabetic 

RAGE KO mice. Diabetes-induced increases in renal superoxide, were prevented in diabetic 

RAGE KO but not diabetic AT-2 KO mice. Adenoviral overexpression of RAGE or AGE 

treatment, decreased cell surface AT-2 expression, resulting in superoxide generation which was 

reversed by apocynin in primary mesangial cells.

 Conclusions—We postulate that RAGE appears to be a common and key modulator of AT-2 

receptor expression, which implicates a newly defined RAGE/AT-2 axis in the development and 

progression of diabetic nephropathy.

 Introduction

The renin-angiotensin system (RAS) is a co-ordinated hormonal cascade, in which the 

protein angiotensin II (Ang II) elicits its effects by binding to cellular receptors, the 

angiotensin II type 1 receptor (AT1) or angiotensin II type 2 receptor (AT-2) (1–3). It is 

thought that AT1 and AT-2 receptors elicit opposing actions upon ligand interaction with 

Ang II, whereby ligation to the AT-1 is thought to promote vasoconstriction, cellular growth, 

proliferation and fibrosis. By contrast, the AT-2 receptor is thought to induce vasodilatation 

and natriuresis (4–7). While the systemic RAS is dampened with diabetes, there is evidence 

that the renal RAS is activated (8; 9). Not surprisingly, angiotensin II and its receptors play a 

major role in the pathogenesis and progression of diabetic complications including 

nephropathy. The most widely used therapies for these disorders are inhibitors of 

angiotensin converting enzyme-1 (ACE-1) (10; 11) and AT-1 receptor ligation (AT-1 

antagonists) (12; 13) or their combination (14). Although effective, these compounds do not 

completely abrogate renal disease, with progression to end stage still occurring, albeit it at a 

slower rate. Given that more clinically desirable, earlier intervention with these compounds 

does not confer additional renoprotection (15; 16), the discovery of additional synergistic 

pathways as potential drug targets is of paramount importance for diabetic complications.

There is strong experimental evidence supporting a pathogenic role for the receptor for 

advanced glycation end products (RAGE) in diabetic renal disease. Indeed, RAGE knockout 

(KO) mice have less renal injury with diabetes (17; 18). Conversely, diabetic mice 

genetically manipulated to over-express RAGE have significant glomerulosclerosis (19; 20). 

Our group along with others have demonstrated important interactions between the RAS and 

advanced glycation in diabetic nephropathy, first recognised by the finding that ACE 

inhibitors (21; 22) and AT-1 antagonists (22–24) are potent inhibitors of AGE accumulation. 

We have also shown that administration of AGEs to rodents results in activation of the renal 

RAS in a manner similar to that seen with diabetes (25). Moreover, we have also 

demonstrated that the benefits of ACE-inhibitors on nephropathy may involve modulation of 

soluble RAGE levels in both experimental models and in type 1 diabetic patients (21). In 

addition, in cell culture, Ang II upregulates RAGE expression in podocytes, which was 

postulated to be via the AT-2 receptor (26). Since it is likely that the most rational approach 

to treat diabetic complications are combination therapies, studies have also demonstrated 

that there may be some synergistic effects afforded by blockade of both the RAS and AGE 

accumulation (23; 27).
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Currently, compounds targeting advanced glycation by decreasing AGE formation or via 

RAGE antagonism, are under active investigation for the treatment of diabetic nephropathy. 

Hence, the aims of this study were to examine the effects of manipulating RAGE expression 

on the AT-2 receptor, in order to assist in the design of more rational combination therapies, 

which target both the RAS and AGEs for diabetic nephropathy (DN).

 Materials and Methods

 Animals

Mice deficient in either the AT-2 receptor (AT-2 KO) (28), RAGE (RAGE KO) (29; 30) 

which were crossed onto C57BL/6J background,(wild-type) (WT; C57BL/6J), were obtained 

from colonies maintained at the Alfred Medical Research and Education Precinct Animal 

Services (AMREP AS), Melbourne, Australia. The protocols followed for animal handling 

and experimentation were in accordance with ethical guidelines of the AMREP animal 

ethics committee and the National Health and Medical Research Council of Australia.

 Experimental diabetes model

Groups of six week old (n=8–10/group) male mice were randomised to have diabetes 

induced via intraperitoneal injection with streptozotocin (50 mg/kg/day, MP Biomedicals, 

Eschwege, Germany) or sham injected with vehicle (sodium citrate buffer, pH4.5) for 5 

consecutive days as previously described (31). On the sixth day, blood glucose was tested 

using Accu-Chek® Advantage II test strips (Roche Diagnostics GmbH, Mannheim, 

Germany), and only mice with a blood glucose reading of >15mmol/L were included (> 

90% mice injected) into the diabetic groups of the study. Throughout the duration of the 

study, mice were given standard mouse chow and water ad libitum. After 24 weeks mice 

were anaesthetized with Euthal (10mg/kg; Delvet Limited, Seven Hills, Australia), followed 

by exsanguination by cardiac puncture. Plasma was obtained and kidneys removed and snap 

frozen for further analysis.

 Measurement of physiological and biochemical parameters

During week 23 of the study, mice were individually placed in metabolic cages (Tecniplast®, 

VA, Italy), for a period of 24 hours. A blood sample was taken, body weight, food and water 

intake monitored and urine collected. Glycated haemoglobin (GHb) was measured in whole 

blood by high performance liquid chromatography as per the AMDCC protocol (32) (HPLC; 

CLC330 GHb Analyser; Primus, Kansas City, MO, USA). Systolic blood pressure (mmHg) 

was measured using the computerised non-invasive tail-cuff method (AD Instruments, 

Powerlab, Chart version 5.2.2, Bella Vista NSW, Australia) as previously described (21; 27).

 Measurement of kidney function

Albumin excretion rates (AER) were measured in 24 hour urine collections by a Mouse 

Albumin ELISA Quantitation Set (Cat. No. E90-134, Bethyl Laboratories Inc, Montgomery, 

TX, USA) as per the manufacturer’s instructions. Creatinine clearance, corrected for body 

weight, was calculated using urine and plasma aliquots which were mixed with acetyl nitrile 

(sample 1:5), centrifuged at 4°C and the supernatant removed. The samples were then dried 

in a speedivac, resuspended in 10mM ammonium acetate, pH3.2 and injected into a C18 
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column (Waters Division of Millipore, Marlborough, MA, USA). HPLC was used for 

detection of creatinine at 235nm using a Hewlett Packard PDA detector.

 Renal fractionation

In total, 50mg of renal cortex were homogenised (Polytron PT-MR2100, Kinematica, 

Switzerland) in extraction buffer (20mM HEPES buffer, pH7.2, 1mM EGTA, 210mM 

mannitol, 70mM sucrose) to isolate nuclear, cytosol, mitochondrial and membranous 

fractions as previously described (27; 33). Total protein for all fractions were determined by 

the Bicinchoninic acid method (Pierce, Rockford, IL, USA), according to the manufacturer’s 

protocol.

 Renal superoxide production

Fresh kidney cortex pieces (1mm in size) were placed in oxygen-saturated Krebs buffer 

(containing 118mM NaCl, 4.7mM KCl, 1.2mM MgSO4.7H2O, 1.2mM KH2PO4, 11mM D-

glucose, 0.03mM EDTA and 2.5mM CaCl2, pH7.4). The rate of cytosolic and mitochondrial 

superoxide anion production was determined by lucigenin, as described previously (17.).

 Membranous RAGE expression

RAGE was measured in duplicate in 1:200 diluted membrane extracts using a DuoSet 

sandwich ELISA from R & D Systems (Minneapolis, MN, USA). The assay was performed 

according to the company’s instructions and the absorbance was measured at 540nm on the 

Victor 3 plate reader (Perkin Elmer 1420 multi-channel plate reader, Glen Waverley, 

Victoria, Australia).

 Measurement of Angiotensin II

Angiotensin II was measured in mouse plasma and renal cytosolic samples acquired at the 

completion of the study, by a quantitative competitive sandwich enzyme immunoassay, 

AssayMax Human Angiotensin II ELISA Kit as per manufacturer’s instructions (Assaypro 

St. Charles, MO, USA). There are limitations to this assay as the antibody may cross-react 

with Ang I and Ang III to low levels.

 Expression of AT-1and AT-2 receptors

A total of 35μg (for expression of AT-2 receptors) or 20μg (for expression of AT-1 receptors) 

of renal cortical membrane extracts were loaded onto 10% precise protein gels (Thermo 

Scientific, Rockford, IL, USA) and run in Tris-HEPES buffer at 120V for 60 mins. The 

protein was transferred onto a PVDF membrane (Immobilon, Millipore, Bedford, MA, 

USA) followed by blocking using 5% milk solution in PBST for 1 hour with agitation. The 

PVDF membranes were then hybridized overnight with their respective rabbit polyclonal 

IgG primary antibody prepared in 2.5% milk (AT-2 1:750 against peptide sequence CSQKP 

SDKHL DAIP (EZ Biolabs, Westfield, IL, USA; AT-1 1:750, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). The membrane was washed in PBST 3×10 minutes and the blot 

hybridized with 1:1000 secondary antibody anti-rabbit IgG (H+L) (Alpha diagnostic Intl. 

Inc., San Antonio, TX, USA). Following further washes, the blots were developed by 

incubating the blot in NuGlo (Luminol) ECL substrate (Alpha diagnostic Intl. Inc., San 
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Antonio, TX, USA). The expression image was captured and quantified using the gel 

imaging system (Alpha Innotech Corporation, San Leandro, CA, USA). The receptor band 

was normalized by the total protein loading, which was quantified by imaging and analysing 

the total protein amount visible following Coomassie Brilliant Blue R-250 (EMD Chemicals 

Inc. Gibbstown, NJ, USA) staining of the membranes.

 Quantitative Real-time Reverse transcription PCR (RT-PCR)

For all RT-PCR reactions, 6μg of total RNA extracted from kidney cortex was used to 

synthesis cDNA with the Superscript first-strand synthesis system for RT-PCR (Life 

Technologies Inc., Grand Island, NY, USA). Gene expression for Angiotensinogen, Renin 

AT-1a, Angiotensin II receptor type 2, RAGE, AGE-R1 and AGE-R3 were analysed by real-

time quantitative RT-PCR using specific probes and primers (Table 1) employing the 

TaqMan system based on real-time detection of accumulated fluorescence (ABI Prism 7700, 

Perkin Elmer, Glen Waverley, Victoria, Australia). To control for variation in the amount of 

DNA available for PCR between samples, gene expression of the target sequence was 

normalised in relation to the expression of an endogenous multiplexed control, 18S 

ribosomal RNA as described previously (21; 34).

 Cell culture studies in primary mesangial cells

Our in-vitro studies were conducted in primary rat mesangial cells which are a homogenous 

population of cells which have been phenotyped as Thy 1.1 positive and negative for 

RECA-1 (endothelial cell marker) and P-vulgaris (epithelial cell marker) (35) and have 

previously been shown to express cell surface RAGE (33). In the first experiments, primary 

rat mesangial cells were incubated in the presence and absence of AGE-BSA or BSA 

100μg/mL for 7 days in DMEM containing 25mM d-glucose or 25mM L-glucose. For 

RAGE overexpression, primary rat mesangial cells were infected with an adenovirus vector 

encoding for RAGE or its empty vector control and cultured in high-glucose (25mM 

DMEM) for 24hrs at 2.85×108 PFU as previously described (17). On the second day cells 

were treated with either 100μg/mL of BSA or AGE- and cultured for a further 48hrs with 

some cells exposed to the antioxidant 1μM apocynin from day 2 to 3 (33). On the third day 

post-infection or seventh day for cells exposed to AGE-BSA or BSA alone, cells were 

washed and harvested by gentle scraping, centrifuged and the pellet resuspended in PBSF. 

Cells (1×105 /tube) were then transferred to FACS tubes to stain for the expression of 

RAGE, AT-1 and AT-2 expression as previously described (33). Briefly, cells were stained 

with 10μL of RAGE (N-16), AT-1 (N-10) or AT-2 (H-143) (Santa Cruz, USA) for 30min, 

RT, washed and then sequentially stained with 1:500 dilution of PE-conjugated secondary 

antibody, Donkey-anti-Goat (RAGE) or Goat-anti-Rabbit (AT-1 and AT-2) (Southern 

Biotech, USA) for 30mins at RT in the dark. Following washing and resuspension in PBSF, 

a minimum of 10,000 events were acquired and positive cells were identified according to 

fluorescence intensity above relative to the secondary antibody alone using histogram 

analysis. Data was presented as percentage of control (L-glucose or ADGO). To quantify 

superoxide production, cultured cells were stained with 10μM Dihydroethidium (Molecular 

Probes, Invitrogen, Australia) (30mins, 37°C, in dark), washed with excess PBS without 

Mg+2 and Ca+2 and centrifuged and resuspended in 100 μL PBS and analysed by flow 

cytometry as described above.
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 Results

 Metabolic and Physiological Parameters

As expected, all diabetic groups had elevations in both plasma glucose and glycated 

haemoglobin concentrations (Figure 1A&B). Furthermore, systolic blood pressure was 

modestly decreased in diabetic wild type mice, but was not altered in either diabetic RAGE 

or AT-2 deficient mice (Figure 1C). In addition, diabetic mice consumed more water and 

food, had a greater urine output and a corresponding decrease in body-weight (Table 2), 

although AT-2 deficient mice consumed less water and had a lower urinary output. Kidney to 

body weight ratios were also greater in all diabetic mice (Table 2), which was further 

increased in the diabetic AT-2 deficient mice.

 Renal Function

Increases in urinary albumin excretion rate (AER) were evident with diabetes in wild-type 

and AT-2 mouse groups (Figure 2A&B). Importantly, an increase in AER was not seen in 

diabetic RAGE deficient mice as compared with diabetic wild type mice (Figure 2A) While 

diabetes induced hyperfiltration in wild type mice, this was prevented in diabetic RAGE 

deficient mice (Figure 2C) and to a lesser extent in AT-2 deficient diabetic mice (Figure 2D). 

Interestingly, the control AT-2 KO mice had lower creatinine clearance rates when compared 

to the WT mice.

 Renal RAGE expression and Superoxide Production

RAGE gene expression was elevated with diabetes in the wild-type and AT-2 KO mouse 

groups, and as expected was not detectable in RAGE KO mice (Figure 3A). Elevations in 

renal membranous RAGE expression were also seen in both wild type and AT-2 KO mice 

with diabetes (Figure 3B). Excess renal cytosolic and mitochondrial superoxide generation 

were demonstrated in wild type diabetic mice (Figures 3C and D), which was attenuated 

only with RAGE deletion. By contrast, AT-2 KO mice exhibited significantly higher renal 

superoxide production relative to the wild-type groups (Figures 3C and D), which remained 

unaffected by diabetes.

 Components of the Renin-Angiotensin System

Renin gene expression was elevated with diabetes in wild type mice. However this increase 

in renin mRNA was not observed in the diabetic RAGE or AT-2 KO mice (Table 3). The 

gene expression of angiotensinogen was also significantly elevated with diabetes, but 

remained unaffected by RAGE or AT-2 deficiency (Table 3). Although unchanged with 

diabetes in wild type and RAGE KO mice, circulating levels of Angiotensin II were 

significantly lower in diabetic AT-2 KO mice (Table 3). Renal cortical cytosolic Ang II 

levels, were also unchanged with diabetes in wild type mice, however, were modestly 

elevated in diabetic RAGE KO mice (Table 3). By contrast, both control and diabetic AT-2 

KO mice had significantly higher renal cytosolic concentrations of Ang II (Table 3).

Renal cortical AT-1a gene expression was elevated by RAGE and AT-2 deficiency in the 

absence of diabetes (Table 3). However, there were no changes seen in the gene expression 

of AT-1a with diabetes in RAGE KO mice in contrast to elevations in AT-1a gene expression 
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in diabetic AT-2 KO mice (Table 3). Western immunoblotting showed a lower expression of 

membranous AT-1 receptor in both RAGE and AT-2 KO control mice (Table 3). However, 

there were no differences seen among all groups of diabetic mice for AT-1 protein 

expression (Table 3).

Renal AT-2 gene was significantly increased with diabetes in wild type mice, which was 

ameliorated in diabetic RAGE KO mice (Figure 4A). Renal cortical membranous expression 

of AT-2 protein was also modestly elevated in diabetic WT mice and interestingly this was 

further increased by ~ 4 fold in diabetic RAGE KO mice (Figure 4C).

 In-vitro modulation of AT receptors by RAGE

Based on our in-vivo findings demonstrating potential interactions between RAGE and 

various components of the RAS, in particular the likelihood that RAGE influences the 

expression of the AT-2 receptor, a series of in-vitro studies in mesangial cells were 

performed. AGE-BSA, treatment of mesangial cells in high glucose conditions, increased 

cell surface RAGE expression (Figure 5A) and resulted in excess ROS production as 

measured by DHE (Figure 5D). In addition, while cell surface AT-1 receptor expression 

tended to be elevated, there was a concomitant decline in AT-2 receptor expression with 

AGE-BSA treatment (Figures 5B and 5C). Overexpression of RAGE in primary mesangial 

cells induced an up-regulation of RAGE on the cell surface (Figure 5E). AGE-BSA 

treatment further enhanced the cell surface expression of RAGE (Figure 5E) and ROS 

production (Figure 5H), which were prevented by concomitant incubation with the 

antioxidant apocynin (Figure 5F). Furthermore, RAGE overexpression decreased cell surface 

AT-2 receptor expression in primary mesangial cells, which was abrogated with apocynin 

(Figure 5G). The AT-1 receptor was elevated by RAGE overexpression. Furthermore, AT-1 

receptor expression declined with co-administration of ad RAGE adenovirus in the presence 

of AGE-BSA, but this was not altered by apocynin (Figure 5F).

 Discussion

This group of studies has investigated the relationship between RAGE and the AT-2 receptor 

in the development of diabetic renal disease. We first identified that a deficiency in the 

RAGE receptor but not the AT-2 receptor, prevented various diabetes related renal changes 

including hyperfiltration and albuminuria, as seen in diabetic wild type mice, in the absence 

of any effects on glycaemic control. Furthermore, diabetic RAGE KO mice had an increase 

in the expression of the AT-2 receptor and a decline in diabetes-associated renal 

mitochondrial and cytosolic superoxide production, changes that were not seen in diabetic 

AT-2 KO mice. Consistent with these in-vivo findings, RAGE adenoviral overexpression in 

primary mesangial cells, as well as exposure to the well-described RAGE ligand, AGE-BSA, 

which also elevated cell surface RAGE expression, induced a decrease in the cell surface 

expression of the AT-2 receptor, in the context of excess cellular superoxide production. 

Thus, these findings suggest that RAGE plays a pivotal role in modulating renal AT-2 

receptor expression, particularly in the context of hyperglycaemia, as seen in diabetes 

(Figure 6).
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We and others have previously described the amelioration of diabetic nephropathy in 

chronically diabetic RAGE KO mice (17; 18). Therefore it is not surprising that in the 

present study, diabetic RAGE KO mice followed for 24 weeks had a reduction in 

albuminuria when compared to C57BL/6J (wild type) mice with diabetes. Importantly, the 

wild type C57BL/6J strain used in the present study are more susceptible to renal injury in 

diabetes than previously reported (36) and this has been attributed to their decreased 

expression of the nicotinamide nucleotide transhydrogenase due to mutation of this gene 

(37). By contrast, AT-2 deficient mice, bred on the same background C57BL/6J strain, 

demonstrated no protection against diabetes induced renal injury. Although this is studied 

for the first time in the context of diabetes within the present study, the role of the AT-2 

receptor as a protective receptor has been suggested previously in other models of chronic 

kidney disease in AT-2 deficient mice (38).

One important emerging function of the AT2 receptor is the attenuation of the physiological 

effects mediated by the AT1 subtype. In numerous studies, including knockout experiments, 

the AT2 receptor has been shown to counteract the effects of Ang II mediated by the AT1 

receptor, suggesting that AT2 might provide a brake for the peptide signal. Since Ang II 

binds to the two receptor subtypes, AT1 and AT2, with similar affinity, the cellular response 

is likely to be highly dependent on the relative expression level and/or responsiveness of 

both receptors (39). Indeed in the present study, there was no increase in renal membranous 

AT1 receptor expression in diabetic WT mice, despite a 4–5 fold increase in gene expression 

of the AT1a receptor in AT-2 KO mice. This discrepancy may be due to the differences in 

measurement of AT1 receptor in the membrane by immunoblotting versus total cortical 

AT-1a mRNA used for the gene studies. In contrast, while RAGE KO mice had no increases 

in the AT1 receptor, diabetic RAGE KO mice had elevated membranous AT-2 expression in 

the context of higher renal expression of AngII. This suggests that once kidney disease is 

established, the presence of AngII may in fact be protective if it remains below the 

concentrations required to modulate increased AT1 receptor expression. Furthermore, in the 

present study, mesangial cells overexpressing RAGE had an increase in the expression of the 

AT-1a receptor in the context of a significant decline in AT-2 cell surface expression and 

enhanced superoxide generation. Interestingly, blockade of ROS production by apocynin 

restored cell surface AT-2 expression, while the AT-1 receptor remained unaffected, 

suggesting that the loss of AT-2 is the major pathway for promoting superoxide generation in 

this model. This was also the case in our in vivo studies where diabetes induced ROS 

generation was attenuated in RAGE KO mice when renal AT2 receptors were increased in 

the absence effects on the AT1 receptor. Interestingly, inhibition of the AT-2 receptor by 

PD123319 has been shown to be ineffective in preventing generation of ROS (40; 41), 

although this may be due to its lack of specificity for the AT-2 receptor. However, AT-2 is 

thought to be a counter-balance to the NADPH-mediated increases in ROS generation 

signalled via the AT-1 receptor, although our current findings suggest an additional role for 

the AT-2 receptor in superoxide generation independent of AT-1. Indeed, signalling via the 

AT-2 receptor is thought to induce the expression of bradykinin and nitric oxide, in addition 

to promoting growth inhibition, apoptosis and vasodilation in an attempt to counteract 

elevations in ROS (42; 43). It is therefore not surprising, that we have demonstrated that a 
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loss of AT-2 expression is associated with increased renal superoxide production in diabetes 

and shown for the first time that this phenomenon appears to be mediated by RAGE.

AGE-mediated increases in RAGE expression and subsequent modulation of down-stream 

pathways which lead to the development of diabetic nephropathy, have been previously 

reported by our group and others (17; 33; 44; 45). In our present studies, increases in renal 

RAGE mRNA and renal membrane RAGE protein expression, were associated with 

increases in both renal mitochondrial and cytosolic superoxide production in the presence of 

AGEs, which is consistent with previous studies from our group demonstrating that 

increased ligation of AGEs to renal RAGE induces an increase in cytosolic ROS production 

which subsequently drives mitochondrial ROS (17). Moreover, in our present study, we 

found that elevated levels of ROS production, were seen with RAGE overexpression only in 

the presence of AGE-BSA. This further highlights, the importance of RAGE as a central and 

key modulator of both AGEs and RAS, which conjointly drive the development of DN. In 

addition, the antioxidant apocynin, prevented ROS production in mesangial cells which is 

consistent with our previous studies showing improvements in renal ROS production and 

renoprotection in diabetic rodents treated with apocynin (17; 33).

The absence of the AT-2 receptor has been postulated to lead to vascular and renal 

hypersensitivity to Ang II, including sustained anti-natriuresis and hypertension (46). In 

addition, increased levels of AT-1 (47), decrease levels of bradykinin and cGMP (42), which 

increased interstitial fluid levels of prostaglandins (48) and enhanced fibrosis within the 

kidney of AT-2 KO mice (5). As AT-2 KO mice did not have increases in circulating AngII 

in the present study, this may explain the absence of hypertension in these mice. This is in 

contrast to previous studies in AT-2 KO mice on a mixed background, although this may be 

due to the pure C57BL/6J background used in the present study. Interesting however, were 

the local elevations in renal AngII levels. Furthermore, AT-2 KO mice did not adapt their 

water intake in response to diabetes to the same degree as was seen WT and in particular 

RAGE KO mice. Indeed, previous studies have shown that AT-2 KO mice do not respond to 

AngII mediated signals to increase water intake (49; 50). This was also reflected by the 

lower glomerular filtration rate and urinary output seen in diabetic AT-2 KO mice in the 

present study.

A decline in renal RAGE expression was associated with an increase in renal cortical AT-2 

receptor expression in the current study. Importantly, this finding was supported by our 

mesangial cell studies where either induction of RAGE with AGEs or RAGE adenoviral 

overexpression resulted in a decline in the cell surface expression of the AT-2 receptor 

subtype. A previous study in podocytes has suggested that RAGE expression itself can be 

modulated by the AT-2 receptor (26). However, we did not identify specific changes in renal 

RAGE gene or protein expression in AT-2 deficient mice. This is possibly due to the 

diversity of cell types present within renal tissues, with the podocyte, being only one of more 

than six resident cell types in the kidney.

Hence, within the present study we have identified that the receptor for advanced glycation 

end products appears to confer at least some of its renoprotective effects via modulation of 

the AT-2 receptor in diabetic renal disease (Figure 6). Of particular interest was the finding 
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that manipulation of RAGE resulted in direct effects on the renal expression of the AT-2 

receptor in diabetes, most likely via direct induction of ROS. Indeed for the first time, we 

suggest that AT-2 receptor deficiency is associated with enhanced renal disease in diabetes, 

while confirming that RAGE deficiency is protective. Taken together, these results suggest 

that RAGE antagonists, which are currently under clinical investigation for Alzheimer’s 

disease and under consideration for diabetic complications, may have multiple effects in 

diabetic renal disease not only via modulation of both RAGE but also the AT-2 receptor 

subtype.
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Figure 1. Metabolic measures in diabetic and non-diabetic mice at week 24
(A) Plasma glucose and (B) Glycated Haemoglobin were measured in plasma and whole 

blood respectively collected from all mice at the completion of the study. C) Mean systolic 

blood pressure by tail cuff plethysmography. Data presented as Mean ± SD (n=10/group). 

WT – Wild Type, WT D – Wild Type Diabetic, RAGE KO – RAGE Knockout, AT-2 KO – 

Angiotensin II type 2 receptor Knockout. * p <0.05 vs WT, † p <0.05 vs RAGE KO, ‡ p 

<0.05 vs AT-2 KO, § p <0.05 vs RAGE KOD, ¶ p <0.05 vs WTD.
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Figure 2. RAGE KO provides superior renoprotection with diabetes than AT-2 receptor 
deficiency
(A–B) Twenty four hour albumin excretion rates (AER) and (C–D) creatinine clearances 

were quantitated on plasma and urine samples collected from all mice with and without 

diabetes at study completion. AER and creatinine clearance were quantitated using ELISA 

and HPLC respectively. Since AER data was not normally distributed it is expressed as 

geometric mean ± tolerance factors. Values expressed as mean ± SD (n=10/group). WT – 

Wild Type, WT D – Wild Type Diabetic, RAGE KO – RAGE Knockout, AT-2R KO – 

Angiotensin II type 2 receptor Knockout.* p <0.05 vs WT, † p<0.05 vs AT-2 KO, ‡ p<0.05 

vs WT D, § p < 0.05 vs RAGE KO D
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Figure 3. Renal RAGE expression and superoxide production
At completion of the study renal tissue was collected to measure (A) RAGE gene expression 

by RT-PCR, (B) Renal membranous RAGE protein expression by ELISA, and (C) cytosolic 

and (D) mitochondrial superoxide production by lucigenin substrate enhanced 

chemiluminescence. Data presented as mean ± SD (n=10/group). WT – Wild Type, WT D – 

Wild Type Diabetic, RAGE KO – RAGE Knockout, AT-2R KO – Angiotensin II type 2 

receptor Knockout.

* p<0.05 vs WT, † p<0.05 vs WT D, ‡ p<0.05 vs AT-2 KO, § p<0.05 vs RAGE KO D, ¶ p 

<0.05 vs RAGE KO
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Figure 4. Modulation of the Angiotensin II Type 2 receptor by RAGE
Renal AT-2 expression were quantitated at the gene and protein level on tissue collected at 

the completion of the study (n=10/group). (A) Gene levels of AT-2 in renal cortex were 

measured by RT-PCR. (B) Representative western blot of AT-2 expression in renal 

membranes from c57 (WT) and RAGE KO (RAGE) control and diabetic. (C) The protein 

expression of AT-2 receptor was measured on membranous fraction of renal cortex by 

western immunoblotting and corrected for total protein. Data presented as mean ± SD. WT – 

Wild Type, WT D – Wild Type Diabetic, RAGE KO – RAGE Knockout, AT-2 KO – 

Angiotensin II receptor type 2 Knockout.

* p<0.05 vs WT, † p<0.05 vs WT D, ‡ p<0.05 vs RAGE KO.
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Figure 5. AGE-RAGE interactions modulate AT-2 receptor expression in primary mesangial cells
(A–D) Primary mesangial cells were treated with 100μg/mL AGE-BSA. Data is 

representative of duplicate experiments (n=3–4/group/experiment). (A) Cell surface RAGE 

(B) AT-1 (C) and AT-2 receptor expression by flow cytometry. (D) Intracellular ROS 

production was measured by DHE and flow cytometry. (E–H) Mesangial cells were infected 

with an adenovirus overexpressing human full length RAGE and treated with/without 

100μg/mL BSA or AGE-BSA. Cells were analysed by flow cytometry for the cell surface 

expression of (E) RAGE, (F) AT-1, (G) or the AT-2 receptor in addition to (H) intracellular 

ROS production. Data presented as mean ± SD. L-GLU – 25mM L-glucose control, UNT – 

untreated cells cultured in 25mM D-glucose, ADGO – adenoviral empty vector control 

RAGE BSA – cells infected with RAGE adenovirus and treated with BSA, RAGE AGE – 

Cells infected with RAGE adenovirus and treated with AGE-BSA, RAGE AGE APO – Cells 

infected with RAGE and treated with AGE-BSA in the presence of 1μM Apocynin *p<0.05 

vs L-GLU, †p<0.05 vs UNT, ‡p<0.05 vBSA §p<0.05 vs AGE-BSA, ||p < 0.05 vs ADGO, ¶p 

< 0.05 vs RAGE BSA, # p < 0.05vs RAGE AGE BSA.
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Figure 6. Schematic diagram of the postulated interactions among pathogenic pathways in the 
development of diabetic renal disease
AGEs – advanced glycation end products, RAGE – receptor for AGEs, AT2 – angiotensin II 

Type 2 receptor, ROS – reactive oxygen species, AngII – angiotensin II
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