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Although hemodynamic and metabolic factors are individually implicated in the development of diabetic nephropathy, their
interaction has not been defined clearly. In this study, the effects of angiotensin II (Ang II) and advanced glycation end
products (AGE) both individually on each other are explored and compared. In the first study arm, Sprague-Dawley rats
received a continuous infusion of AGE-modified rat serum albumin (RSA) or unmodified RSA for 4 wk with or without the
angiotensin receptor type 1 antagonist valsartan. In the second arm, animals received a continuous infusion of Ang II (58.3
ng/kg per min) with or without the AGE inhibitor pyridoxamine. Components of the intrarenal renin-angiotensin system were
measured using real time reverse transcription–PCR, immunohistochemistry, and standard angiotensin-converting enzyme
(ACE) activity assays. Renal and serum AGE were quantified by immunohistochemistry, ELISA, and AGE-fluorescence. After
an infusion of AGE-RSA, renal expression of angiotensinogen, ACE, renin, and angiotensin receptor type 1 were increased
significantly (all P < 0.01), and ACE activity was elevated. This was associated with tubular and glomerular hypertrophy and
AGE accumulation, which could be antagonized by valsartan. However, valsartan had no effect on increased filtration fraction
associated with an AGE-RSA infusion. At the same time, an infusion of Ang II increased the serum and renal accumulation
of AGE and advanced oxidation protein products and induced renal hypertrophy and salt retention that could be antagonized
by pyridoxamine. However, pyridoxamine had no effect on renal vasoconstriction manifested by reduced renal blood flow.
AGE and Ang II have overlapping activities in the kidney. The beneficial effects of blockade of either pathway underline the
importance of this interaction in diabetic renal disease and the aging kidney.
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S

everal metabolic and hemodynamic factors contribute to
the development and progression of diabetic nephropathy (1). Activation of the intrarenal renin angiotensin
system (iRAS) and the subsequent generation of angiotensin II
(Ang II) seem to be among the most important mediators of
hemodynamic changes in diabetic nephropathy (2). Advanced
glycation end products (AGE), formed after prolonged hyperglycemia and oxidative (carbonyl) stress, also have a wide
range of chemical, cellular, and tissue effects implicated in
diabetic nephropathy (3). However, neither metabolic nor hemodynamic stimuli act in isolation (1). Although hyperglycemia is fundamental for the initiation of renal injury in diabetes,
altered renal hemodynamics including glomerular hypertension may also be required for the development of kidney damage (4). In addition, recent studies demonstrate that Ang II–
dependent renal injury in the mRen-2 rat after the induction of
diabetes can be ameliorated after inhibition of AGE formation
(5). Furthermore, it has been demonstrated that blockade of the
iRAS significantly attenuates the formation and accumulation
of renal AGE in experimental diabetes (6,7). This study charac-
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terizes the interactions between AGE and the iRAS that occur in
the kidney in vivo and demonstrates important effects of each
stimulus on the other pathway of direct relevance to the pathogenesis of diabetic nephropathy and age-related reductions in
renal function.

Materials and Methods
Animals
Male Sprague-Dawley rats (Biologic Resource Laboratory, Perth,
Australia) that were aged between 8 and 9 wk and weighed between
200 and 250 g were used in this study. The protocols for animal
experimentation and the handling of animals were in accordance with
the principles established by the Animal Welfare Committee of the
Baker Heart Research Institute.

AGE Infusion Model
Previous studies have demonstrated that repeated infusion of AGEmodified albumin results in albuminuria and glomerular changes similar to that observed in diabetic nephropathy (8). For examining the
early changes in this model, either rat serum albumin (RSA; n ⫽ 10) or
AGE-modified RSA (n ⫽ 10) was infused into 20 male Sprague-Dawley
rats at a dose of 50 mg/kg per d for 28 d using Alzet osmotic
minipumps (Model 2002; Alzet Corp., Cupertino, CA) implanted subcutaneously in the midscapular region. Animals then were randomized
further to receive an angiotensin receptor type 1 (AT1) antagonist
(valsartan 30 mg/kg by gavage) in a dose previously demonstrated to
inhibit the iRAS and attenuate renal injury in diabetic nephropathy (2).
AGE-RSA was prepared by incubation of RSA (Sigma Chemical Co.,
ISSN: 1046-6673/1610-2976
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St. Louis, MO) with 0.5 M glucose in phosphate buffer, as described
previously (9). RSA was handled in the same way without the inclusion
of glucose. After incubation for 90 d at 37°C, samples were dialyzed
thoroughly against PBS for 48 h. AGE-RSA and RSA then were passed
over an Affiblue column (Bio-Rad Laboratories Inc., Hercules, CA), a
heparin Sepharose column (Pharmacia, Uppsala, Sweden), and an endotoxin column (Detoxigel; Pierce, Rockford, IL) to remove possible
contaminants. Samples finally were filtered through a 200-m filter to
remove aggregates and placed into osmotic minipumps in a sterile
fume hood. The resulting AGE-RSA contained 8 mol of carboxymethyl-lysine (CML) per mmol of lysine as assessed by GC-MS (Suzanne
Thorpe, University of South Carolina, personal communication, April
5, 2004).

Ang II Infusion Model
Chronic infusion of Ang II into normal rats results in tubulointerstitial injury associated with moderate systolic hypertension (10). In a
second protocol, either human Ang II (Auspep, Parkville, VIC, Australia) at a dose of 58.3 ng/kg per min (n ⫽ 10) or vehicle (0.15 mol/L
sodium chloride and 1 mmol/L acetic acid, n ⫽ 10) was infused into 20
male Sprague-Dawley rats for 14 d using an osmotic mini-pump (Alzet
Corp.) implanted subcutaneously in the midscapular region as described above. Animals were randomized further to receive the AGE
inhibitor pyridoxamine (1 g/L in drinking water) in a dose previously
shown to inhibit the development of diabetic nephropathy in experimental animals (11).

Measurement of Physiologic and Biochemical Parameters
The following parameters were measured serially in all groups: Body
weight; blood glucose, measured using a glucometer (Accutrend;
Boehringer Mannheim GmbH Biochemica, Mannheim, Germany); systolic BP, measured by tail-cuff plethysmography in conscious, warmed
rats (12); and glycated hemoglobin, measured by HPLC (CLC330 GHb
Analyzer; Primus, Kansas City, MO) (13). Urine was collected from
animals placed in individual metabolic cages (Iffa Credo, L’Arbresele,
France) for 24-h measurement of sodium excretion by flame photometry and albumin excretion rate by RIA (14). GFR was measured by a
single-injection isotopic technique (99Tc-diethylenetriaminepenta-acetic
acid) developed in our laboratory and expressed as milliliters per
minute corrected for body surface area (15).

Quantification and Localization of AGE
The level of circulating AGE in circulating plasma proteins was
estimated using an ELISA with a monoclonal AGE antibody that recognizes the nonfluorescent AGE, CML at its primary epitope (16).
Incomplete digestion of AGE-modified proteins (e.g., those infused in
this experiment) results in the production of low molecular weight
fluorophores (LMWF) that accumulate in the serum (17) and correlate
with the level of tissue AGE-modification in diabetes (6,7). LMWF
present in plasma samples were assayed using on-line spectrofluorometric detection in a flow system as described previously (6,17). Results
were normalized to the values for AGE-modified albumin hydrolyzed
with proteinase K.
AGE-fluorescence (370/440 nm) was determined in enzymatically
hydrolyzed renal tissue, using the same flow injection assay as described above. Results were expressed normalized for the protein content of the supernatant determined before hydrolysis using the BCA
assay (BioRad). Neither fluorescence assay was performed in pyridoxamine-treated animals because of interference from the intrinsic fluorescence of the pyridoxamine. Localization of renal AGE was deter-
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mined by immunohistochemistry using a polyclonal AGE antibody as
described previously (18).

Activity of iRAS
Renal gene expression of mRNA for component mediators of the
RAS (angiotensin-converting enzyme [ACE], ACE-2, angiotensinogen,
renin, AT1, and AT2) was assessed by real-time quantitative reverse
transcription–PCR. This was performed using the TaqMan system
based on real-time detection of accumulated fluorescence (ABI Prism
7700; Perkin-Elmer Inc., PE Biosystems, Foster City, CA) as previously
used by our group (6,7,9,10).
Renal and serum ACE activity was determined after incubation with
the synthetic ACE-specific substrate hippuryl histidylleucine, as
adapted from Freidland et al. (19). The presence of activated ACE was
assessed in the AGE infusion model using in vitro quantitative autoradiography (20). Renal expression of AT1 and AT2 proteins was quantified by Western blotting using specific polyclonal antibodies (both
1:250; Santa Cruz Biotechnology Inc., Santa Cruz, CA). Intrarenal localization of ACE, ACE-2, AT1, and AT2 were characterized further by
immunohistochemistry in Bouin’s fixed tissue. Staining for ACE was
performed using a polyclonal anti-ACE antibody (1:500; Chemicon,
Temecula, CA) (21). Staining for ACE-2 was performed using a polyclonal ACE-2 antibody donated by Millennium Pharmaceuticals (1:200;
Cambridge, Boston, MA) (22). Staining for AT1 and AT2 was performed
using specific polyclonal antibodies (both 1:250; Santa Cruz Biotechnology Inc.).

Estimation of Renal Plasma Flow
Effective renal plasma flow (ERPF) was estimated from the clearance
of endogenous hippuric acid clearance in conscious animals as described by Baunack et al. (23). Serum samples were taken in the morning, at the time of constant low hippurate excretion. Urine samples
were collected in metabolic cages as detailed above and analyzed in a
1:50 dilution. Hippuric acid was measured in serum and urine samples
using liquid chromatography after Kubota et al. (24). ERPF was calculated as the urinary volume multiplied by the area under the urine
hippurate curve divided by that of plasma hippurate and expressed as
ml/min per m2 body surface area. Interassay variability was 2% and,
interday variability was 5%.

Morphometry and Markers of Renal Hypertrophy
and Injury
The volume of glomeruli in the outer cortex of each kidney was
determined in periodic acid-Schiff sections, using the point-counting
method described by Weibel and Gomez (25). The presence of early
tubular hypertrophy was estimated by the measurement of mean least
tubular diameter as described by Okada and Takahashi (26).
Ang II–mediated hypertrophy is thought to occur in the G1-phase of
the cell cycle and depends on the induction of the cyclin-dependent
kinase inhibitor protein p27kip1 via stimulated production of oxygen
radicals (27). Expression of p27kip1 was estimated by Western blotting
in whole kidney samples using cortical preparations. Tubular expression of the proliferating cell nuclear antigen (PCNA) was estimated
using immunohistochemistry.
The renal expression of early markers of tubular injury in diabetes,
vimentin and ␣-smooth muscle actin (␣-SMA), were determined by
Western blotting. Cortical homogenates were obtained as above and
probed using antibodies directed against vimentin (monoclonal, mouse
anti-human [L-6 ascites fluid]; 1:500 dilution in 1% milk in TBST;
Sigma) and ␣-SMA (monoclonal, mouse anti-human [clone 1A4], 1:1000
dilution in 0.5% milk in TBST; Dako, Carpinteria, CA). The level of
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expression was determined by analysis of staining using the Optimax
image system. Results are expressed relative to control animals, which
were given the arbitrary value of 1. Constitutive expression of ␤-tubulin
is shown as loading control.
Induction of oxidative stress is a key component to Ang II– and
AGE-mediated cellular injury (3,6). As a marker of oxidative stress,
advanced oxidation protein products (AOPP) were measured by spectrophotometry in renal homogenates as described by Witko-Sarsat et al.
(28). Data are expressed calibrated with results obtained from chloramine-T standard.

Statistical Analyses
Continuous data are expressed as mean ⫾ SEM except where otherwise specified. Differences in continuous variables were compared
using t test (two groups) or one-way ANOVA (three or more groups).
Spearman rank order correlation was used to analyze associations
between continuous variables. Differences in categorical variables were
compared using the Mann-Whitney rank sum test. P ⬍0.05 was considered statistically significant.

Results
Physiologic Parameters
AGE Infusion. AGE infusion did not significantly influence glycemic control or systolic BP levels over the study
period (Table 1). Animals that were treated with AGE-RSA had
slightly greater weight gain during the 4-wk study period (36 ⫾
1%) compared with RSA control animals (32 ⫾ 1%) and animals
that were treated with valsartan (both 31 ⫾ 2%, respectively,
both versus AGE-RSA; P ⬍ 0.01). Neither urine output nor
water or food intake was significantly different among the
various treatment groups (data not shown). However, urinary
sodium excretion was significantly reduced in animals that
received infusions of AGE-RSA compared with animals that
received RSA alone (Table 2). Furthermore, treatment with
valsartan increased the urinary salt excretion in animals that
received AGE-RSA (versus AGE-RSA, P ⬍ 0.01).
Ang II Infusion. An infusion of Ang II resulted in systemic
hypertension and an increase in albuminuria (P ⬍ 0.01) but had
no significant effect on glycemic control as measured by HbA1c
or fasting plasma glucose levels (Table 1). Pyridoxamine had no
significant effect on either systolic BP levels or albuminuria in
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this model. However, mean urinary salt excretion was reduced
in animals that were treated with pyridoxamine (versus Ang II,
P ⫽ 0.05).
Renal Hemodynamics. The mean GFR was lower in animals after a 4-wk AGE-RSA infusion compared with those that
received RSA alone. In addition, ERPF was reduced and filtration fraction was elevated in animals after an AGE infusion
(Table 2). Treatment with valsartan normalized the GFR but not
the ERPF in AGE-RSA–treated animals. A 2-wk Ang II infusion
had no significant effect on GFR, although ERPF was significantly reduced. This was not significantly modified by pyridoxamine.

Estimation of AGE Exposure
An infusion of AGE-RSA resulted in a significant increase in
circulating LMWF levels compared with animals that received
RSA alone (Figure 1A). Although the AGE-modified RSA contained a significant number of CML modifications, there was no
significant difference in the level of CML-AGE in circulating
plasma proteins by ELISA. Nonetheless, renal immunostaining
with a polyclonal anti–CML-AGE antibody was increased in
animals after an infusion of AGE-RSA (Figure 2). In addition,
tissue AGE fluorescence was significantly increased in these
animals (Figure 1B), correlating with serum LMWF levels (R ⫽
0.54, P ⬍ 0.01). Treatment with valsartan reduced both tissue
AGE and serum LMWF levels in animals that were treated with
AGE-RSA.
Ang II infusion also produced an elevation in levels of
circulating LMWF, to levels similar to that achieved with an
infusion of AGE-RSA (Figure 1A). Similar changes were seen
with respect to renal AGE fluorescence (Figure 1B) and on
immunohistochemistry in response to Ang II infusion (Figure 2). Again, there was a good correlation between renal
AGE fluorescence and serum LMWF (R ⫽ 0.42, P ⬍ 0.01).
Owing to the intrinsic fluorescence of pyridoxamine, AGE
fluorescence could not be assessed accurately in the serum of
pyridoxamine-treated animals. However, consistent with its
known effects as an AGE inhibitor, pyridoxamine was asso-

Table 1. Biophysical parameters of the two study modelsa

AGE infusion
sham
RSA
AGE-RSA
AGE-RSA ⫹ valsartan
Ang II infusion
vehicle
Ang II
Ang II ⫹ pyridoxamine

Glucose
(mmol/L)

HbA1c (%)

Systolic BP
(mmHg)

Weight (g)

6.1 ⫾ 0.2
6.2 ⫾ 0.3
6.8 ⫾ 0.3
6.9 ⫾ 0.3

3.1 ⫾ 0.2
3.1 ⫾ 0.2
3.0 ⫾ 0.2
3.0 ⫾ 0.2

122 ⫾ 5
120 ⫾ 2
119 ⫾ 3
110 ⫾ 4b,c

439 ⫾ 6
436 ⫾ 7
452 ⫾ 9b
426 ⫾ 10c

6.4 ⫾ 0.1
6.1 ⫾ 0.3
6.1 ⫾ 0.3

3.0 ⫾ 0.2
3.1 ⫾ 0.2
3.1 ⫾ 0.2

125 ⫾ 5
175 ⫾ 7b
165 ⫾ 9b

318 ⫾ 11
302 ⫾ 9
310 ⫾ 6

Data are shown as mean ⫾ SEM. AGE, advanced glycation end products; RSA, rat serum albumin; Ang II, angiotensin II.
P ⬍ 0.05 bversus model control, cversus AGE-RSA.
a
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Table 2. Renal parameters of the two study modelsa
Glomerular
Volume
(mm3 ⫻ 106)

Proximal
Tubular
Diameter
(m)

GFR
(ml/min
per m2)

ERPF
(ml/min
per m2)

Na Excretion
(mmol/d)

AER
(mg/d)

47.4 ⫾ 0.6
47.6 ⫾ 0.6
49.8 ⫾ 0.9b
47.0 ⫾ 0.8c

0.8 ⫾ 0.1
0.9 ⫾ 0.1
1.2 ⫾ 0.1b
0.9 ⫾ 0.1c

46 ⫾ 1
47 ⫾ 1
52 ⫾ 1b
48 ⫾ 1c

62 ⫾ 3
60 ⫾ 2
55 ⫾ 2b
60 ⫾ 1d

242 ⫾ 23
236 ⫾ 22
158 ⫾ 13b
160 ⫾ 9b

1.2 ⫾ 0.1
1.1 ⫾ 0.1
0.8 ⫾ 0.1b
1.7 ⫾ 0.1b,c

0.5 ⫾ 0.1
0.5 ⫾ 0.1
0.6 ⫾ 0.1
0.5 ⫾ 0.1

48.4 ⫾ 1.0
55.5 ⫾ 1.7b
46.8 ⫾ 0.8b,d

0.8 ⫾ 0.1
0.9 ⫾ 0.1
0.9 ⫾ 0.1

46 ⫾ 1
55 ⫾ 2b
48 ⫾ 1c

75 ⫾ 2
77 ⫾ 2
75 ⫾ 2

255 ⫾ 9
182 ⫾ 9b
171 ⫾ 13b

1.3 ⫾ 0.1
2.1 ⫾ 0.2
1.4 ⫾ 0.2b,d

0.3 ⫾ 0.1
2.6 ⫾ 0.6b
2.8 ⫾ 0.5b

Renal Mass
(g/m2)

4-wk AGE infusion
sham
RSA
AGE-RSA
AGE-RSA ⫹ valsartan
2-wk Ang II infusion
vehicle
Ang II
Ang II ⫹ pyridoxamine

Data are shown as mean ⫾ SEM. ERPF, effective renal plasma flow; AER, albumin excretion rate.
P ⬍ 0.05 bversus model control, cversus AGE-RSA, dversus Ang II.
a

Figure 1. (A) Serum low molecular weight fluorescence (LMWF)
and (B) renal advanced glycation end product (AGE)–fluorescence in the two models. Mean ⫾ SEM; *P ⬍ 0.01 versus vehicle;
#P ⬍ 0.01 versus AGE–rat serum albumin (RSA).

ciated with a reduction in AGE immunostaining in Ang
II–infused animals (Figure 2).

Activation of iRAS
Intrarenal expression of components of the RAS were significantly modified after infusion of AGE-RSA. Notably, the expression of ACE-2 and AT2 were reduced in animals that received an infusion of AGE-RSA compared with RSA alone,
whereas the renal expression of ACE, angiotensinogen, renin,

Figure 2. (A) Immunohistochemical staining for AGE in the
kidney in animals that received infusions of RSA (A), AGE-RSA
(B), AGE-RSA ⫹ valsartan (C), vehicle alone (D), angiotensin II
(Ang II; E), and Ang II ⫹ pyridoxamine (F).
and AT1 were elevated in animals after an infusion of AGE-RSA,
compared with animals that received RSA alone or sham (Figures 3 and 4). This was associated at the tissue level with an
increase in renal ACE binding sites and a concomitant increase
in ACE activity (Figure 5). By contrast, serum ACE activity was
reduced in animals after an infusion of AGE-RSA compared
with animals that received RSA or sham infusions (both P ⬍
0.01).
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Figure 3. Renal gene expression of components of the intrarenal renin angiotensin system (iRAS) as measured by real-time reverse
transcription–PCR. Mean ⫾ SEM; *P ⬍ 0.05 versus RSA.

An infusion of Ang II was associated with increased renal
expression of ACE mRNA (1.9 ⫾ 0.5 AU) when compared with
animals that received vehicle alone (1.0 ⫾ 0.2 AU). Treatment
with pyridoxamine abrogated these changes (0.8 ⫾ 0.1 AU).
Ang II infusion has no significant effect on serum ACE activity
(data not shown).

Renal Hypertrophy
Body weight–adjusted renal mass was increased after a 4-wk
infusion of AGE-RSA compared with animals that received
RSA alone or sham controls. In addition, there was a significant
increase in both glomerular volume and mean tubular diameter
seen in animals that received AGE-RSA compared with animals
that received RSA alone or sham controls (Table 2). Tubular
hypertrophy was associated with increased immunostaining
for the proliferative marker PCNA in the proximal tubule in
AGE-RSA–infused animals (AGE-RSA 0.68 ⫾ 0.04 versus RSA
0.38 ⫾ 0.05 AU; P ⬍ 0.05). The increase in glomerular volume,
tubular mass, and proliferation response to AGE-RSA was
abolished with valsartan treatment (tubular PCNA in AGERSA ⫹ Val 0.41 ⫾ 0.06 versus AGE-RSA; P ⬍ 0.01).
Body weight–adjusted renal mass was also increased after an
infusion of Ang II (Table 2). This was attributable to an increase
in tubular mass. As previously reported in this model, there
was no significant change in glomerular volume. An infusion of
Ang II also increased PCNA staining in the cortical tubules,
compared with animals that received vehicle alone (Ang II
0.56 ⫾ 0.09 versus vehicle 0.33 ⫾ 0.04; P ⬍ 0.01). Notably, this
proliferative response was attenuated by pyridoxamine (Ang II
⫹ pyridoxamine 0.38 ⫾ 0.06 versus Ang II; P ⬍ 0.05). However,
the increase in tubular mass was unaffected by pyridoxamine.
Neither pyridoxamine nor valsartan had significant effects on
renal mass in the absence of Ang II or AGE-RSA infusion (data
not shown).
The expression of p27kip1 was increased significantly after an
infusion of either Ang II or AGE-RSA (Figure 6). The effect of
AGE-RSA on p27kip1 was prevented after blockade of AT1 with

valsartan. Treatment with pyridoxamine attenuated the increase in P27kip in Ang II–treated animals, although it did not
completely normalize this parameter.

Markers and Mediators of Tubular Injury
After an infusion of AGE-RSA, protein expression of markers
of tubular injury (vimentin and ␣-SMA) were increased compared with animals that had received RSA alone. Treatment
with valsartan partly attenuated these changes (Figure 6).
Equally, a 2-wk infusion of Ang II increased the cortical expression of ␣-SMA and vimentin. Treatment with pyridoxamine
reduced the expression of ␣-SMA and vimentin (Figure 6).
Serum and renal AOPP were significantly increased after an
infusion of AGE-RSA (Figure 7). Treatment with valsartan
partly attenuated these changes. Similarly, a 2-wk infusion of
Ang II increased the renal and serum AOPP, which were normalized after treatment with the pyridoxamine.

Discussion
AGE and the activation of the iRAS both are important
mediators of early diabetic kidney disease, as the blockade of
either pathway individually is capable of slowing the progression of experimental nephropathy, in the absence of changes in
glycemic control (5–7). In addition, a close interaction between
hyperglycemia and altered renal hemodynamics in diabetes has
long been established. For example, glomerular hypertension
modifies the threshold for and the severity of renal injury
associated with hyperglycemia (29). Our data demonstrate that
an infusion of AGE-RSA is able to modify key components of
the iRAS and that an infusion of Ang II is able to increase the
accumulation of AGE, both in the serum and in the kidney.
Moreover, blockade of AT1 is able to prevent some of the
pathogenic changes induced by AGE, suggesting that activation of the iRAS represents a key pathogenic mechanism by
which AGE are able to induce tissue and cellular dysfunction.
The clinical relevance of these findings remains to be determined. The AGE-RSA used in this experiment was highly

J Am Soc Nephrol 16: 2976 –2984, 2005

Interactions between AGE and RAS

2981

Figure 5. Active renal angiotensin-converting enzyme binding
(top), renal activity (middle), and serum activity (bottom) in
animals that were treated with RSA (a), AGE-RSA (b), or
SHAM (c). Mean ⫾ SEM; *P ⬍ 0.05 versus RSA; #P ⬍ 0.05 versus
AGE-RSA.

Figure 4. Protein expression of components of the iRAS in RSA
(left) and AGE-RSA (right) infusion models.

modified with 0.5 M glucose, unlike the minimally modified
protein found in vivo. However, intact AGE-RSA was not
recovered from the plasma protein, whereas an increase in
AGE fluorescence in the LMW fraction was demonstrated in
both models. This suggests that LMW fragments of incompletely digested AGE proteins were most likely the mediators of renal dysfunction in our model, reaching the tubule
after filtration. Notably, the degree of modification of these
LMW fragments may not be dissimilar to fragments derived
from senescent protein in vivo. The proximal tubule is known
to be the main site for reabsorption of filtered AGE (30) (as
well as Ang II synthesis) and therefore may be considered
uniquely sensitive to the effects of circulating AGE, even in
the absence of diabetes.
Patients with poor glycemic control have a greater reduction
in intrarenal vascular resistance after blockade of the RAS than

those with good control (31), consistent with the hypothesis
that iRAS activity may be influenced by metabolic factors. High
extracellular glucose is known to stimulate directly angiotensinogen synthesis in tubular cells (32–35). Osmotic diuresis
may also contribute to activation, although this does not seem
to be the major cause in diabetes as blockade of glucose transport with phlorizin has different effects on the RAS to those
seen in diabetes (36). Factors beyond the glucose levels therefore must contribute to activation of the RAS in diabetes, as
euglycemia does not normalize the response to AT1 blockade in
patients with diabetes (37). This study demonstrates that an
infusion of exogenous AGE is able to modify critical components of the iRAS, including ACE, AT1, and angiotensinogen. In
addition, renal expression of AT2 and ACE-2 were reduced in
this model, leading to increased signaling through vasoconstrictor arm of the iRAS.
Whether these changes in the RAS are a direct or indirect
effect of AGE remains to be established. There is good evidence
that AGE are able to induce local inflammation and oxidative
stress, both of which may modify expression of the local RAS.
Activation of receptors for AGE and AT stimulate a proinflammatory cascade involving the transcription factor NF-B (9,38).
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Figure 6. Expression of markers of renal injury and hypertrophy
in AGE infusion and Ang II infusion models.

Figure 7. Advanced auto-oxidation protein products (AOPP) in
serum (A) and renal tissue (B). Mean ⫾ SEM; *P ⬍ 0.05 versus
RSA/vehicle; #P ⬍ 0.05 versus AGE-RSA/Ang II.
AOPP in both kidney and systemically were induced by both
Ang II and AGE-RSA. We showed previously that tissue AGE
and LMWF are reduced in experimental diabetes by the ACE
inhibitor ramipril, possibly by inhibiting the formation of reac-

J Am Soc Nephrol 16: 2976 –2984, 2005

tive oxygen species (ROS) (6). Pyridoxamine is also known to
have potent antioxidant effects (39). The importance of ROS
generation in both id these pathways is illustrated further by
the use of antioxidants to antagonize the effect of hyperglycemia and Ang II, respectively. For example, inhibitors of oxidation are able to block enhanced Ang II generation under hyperglycemic conditions (39). Similarly, the generation of
superoxide is necessary for the renal actions of Ang II (40). As
ROS can be considered part of the signaling cascade of both
AGE and the RAS, it is conceivable that part of their interaction
may be explained by each increasing the sensitivity to the other.
For example, depletion of endogenous antioxidants increases
the susceptibility of tubular cells to activation by AGE (41).
Similarly, activation of the receptor for AGE (RAGE) may result
in increased sensitivity to Ang II–mediated injury in vascular
smooth muscle cells (42).
ROS do not act solely as downstream mediators of glucose,
AGE, and the iRAS. Indeed, the generation of ROS may lead to
both the activation of the RAS (36) and the formation of AGE
through the formation of reactive glycoxidation and lipoxidation products such as methylglyoxal. It is conceivable that the
renal AGE-accumulation seen in animals that were treated with
Ang II may have occurred through an increase in tubular
oxidative stress and tissue injury. Furthermore, pyridoxamine
is a potent antioxidant and may have inhibited AGE-accumulation through this pathway (36). Notably, this protective effect
was independent of hemodynamic changes induced by Ang II,
including albuminuria, suggesting that there is a separation
between the direct vasoconstrictor effects of Ang II and pathways that lead to renal hypertrophy in this model.
Renal hypertrophy may be considered a key event in the
development of diabetic nephropathy (43). However, continuous florid hyperglycemia is not required for tubular growth to
occur, and hypertrophy may persist in patients with diabetes
even after sustained euglycemia (44). Previous studies have
shown that a chronic infusion of AGE is able to induce a ⬎50%
increase in glomerular volume (8). Our study replicates these
findings and, in addition, demonstrates that AGE may also
stimulate tubular hypertrophy and proliferation in vivo. Because the AT1 antagonist valsartan was able to prevent changes
induced by AGE, one may speculate that activation of the iRAS
may play an important role in AGE-mediated renal hypertrophy. Certainly, Ang II is an important stimulus for renal hypertrophy in diabetes (25,45). In addition, recent studies suggest that AGE-induced activation in TGF-␤–Smad signaling
could be mediated mainly by autocrine production of Ang II
(46). However, tubular injury that arises from exposure to AGE
may also result in the production of growth mediators and
cytokines. Notably, treatment with valsartan was also able to
reduce the expression of markers of tubular injury, including
␣-SMA and vimentin, suggesting that the effects of AT1 antagonism is not merely antitrophic but also modulates other pathways that are linked to progressive renal injury.
The mechanism by which valsartan blocks AGE-mediated
renal hypertrophy need not be a direct one. Basal ROS production in renal tissue may exert a tonic regulatory action on
tubular function, and its reduction, after blockade of the RAS or
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inhibition of glycation, may act to modify the threshold required for activation of pathogenic pathways. This synergistic
mechanism has previously been demonstrated for other antioxidants (43). This hypothesis is supported further by the recent finding that the combination of an agent that interrupts the
iRAS with one that inhibits AGE formation provides superior
renoprotection, in a model of experimental diabetes, than either
agent alone (7).
Unlike diabetes, which is generally associated with early
hyperfiltration, GFR was reduced in animals after an infusion
of AGE-RSA. This effect is opposite to that seen after an infusion of glycated albumin (47) and more consistent with changes
seen in advanced disease or with severe hyperglycemia (48).
Notably, both of these states are associated with high levels of
circulating AGE. The hemodynamic effects of AGE are thought
to be mediated by a variety of pathways. Although the experiments performed in this research point to the activation of the
iRAS, tonic vasoregulatory effects of ROS production and nitric
oxide synthase activity may also be influenced by AGE (49). In
addition, aging is associated with a progressive reduction in
ERPF associated with activation of the iRAS, and these agerelated changes can be attenuated by treatment with aminoguanidine, an inhibitor of advanced glycation (50).
In summary, this study demonstrates a fundamental interaction between AGE and the iRAS that occurs in vivo, with both
stimuli activating the other pathway. As both pathways and
their effects could be partly blocked by inhibitors of the other,
this reinforces the potential utility of combination therapy in a
diabetic context. Furthermore, these findings provide an important insight into the synergistic effects of both metabolic and
hemodynamic pathways in the development and progression
of diabetic kidney disease.
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