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Advanced glycation end products (AGEs) have been

shown to play a role in tubular epithelial-myofibro-

blast transdifferentiation (TEMT) in diabetic nephrop-

athy, but the intracellular signaling pathway remains

unknown. We report here that AGEs signal through

the receptor for AGEs (RAGE) to induce TEMT, as

determined by de novo expression of a mesenchymal

marker (�-smooth muscle actin, �-SMA) and loss of

epithelial marker (E-cadherin), directly through the

MEK1-ERK1/2 MAP kinase pathway, which is TGF-�

independent. This is supported by the following find-

ings: AGEs induced de novo �-SMA mRNA expression

as early as 2 hours followed by a loss of E-cadherin

before TGF-� mRNA expression at 24 hours and oc-

curred in the absence of TGF-� and AGE-induced ac-

tivation of ERK1/2 MAP kinase at 15 minutes and

TEMT at 24 hours were completely blocked by a neu-

tralizing RAGE antibody, a soluble RAGE receptor, an

ERK1/2 MAP kinase inhibitor (PD98059), and DN-

MEK1, but not by a neutralizing TGF-� antibody.

Thus, this study demonstrates that AGEs activate the

RAGE-ERK1/2 MAP kinase pathway to mediate the

early TEMT process. The findings from this study sug-

gest that targeting the RAGE or the ERK MAP kinase

pathway may provide new therapeutic strategies for

diabetic nephropathy and shed new light on the

pathogenesis of diabetic nephropathy. (Am J Pathol

2004, 164:1389–1397)

Reducing sugars react non-enzymatically with amino

groups of proteins to form Amadori products, which un-

dergo further complex reactions to form advanced gly-

cation end products (AGEs).1,2 AGEs have been impli-

cated in many of the diabetic complications, including

diabetic nephropathy.3,4 Tubulointerstitial fibrosis, a

prominent phenomenon in diabetic nephropathy, is char-

acterized by an increasing number of interstitial myofi-

broblasts that mediate excessive deposition of interstitial

matrix components leading to tubulointerstitial fibrosis.5–7

Indeed, myofibroblast formation is a key step in the de-

velopment of tubulointerstitial fibrosis and has been

shown to be a major determinant of disease progression

in glomerulonephritis including diabetic nephropa-

thy.8–12 We and other investigators have previously

shown that interstitial myofibroblasts may derive from

tubular epithelial cells (TECs) through tubular epithelial-

myofibroblast transdifferentiation (TEMT) in both experi-

mental and human chronic kidney diseases.13–17 This is

determined by de novo expression of the mesenchymal

marker, �-SMA, and the loss of an epithelial marker,

E-cadherin. The importance of TEMT in tubulointerstitial

fibrosis is further demonstrated in a recent study in a

transgenic mouse model of ureteral obstructive kidney

disease in which large numbers of interstitial fibroblasts

are derived from TECs as demonstrated by expression of

fibroblast specific protein-1 (FSP-1) reporter gene.18 In

addition, disruption of tissue-type plasminogen activator

also blocks tubular epithelial-to-myofibroblast transition

and tubulointerstitial fibrosis in obstructive nephropathy

in mice.19 All these demonstrate a critical role for TEMT in

tubulointerstitial fibrosis.20 There are numbers of media-

tors including TGF-�, fibroblast growth factor-2, epithelial

growth factor, and IL-1 that play a role in TEMT in vitro and

in vivo.21–22 In contrast, overexpression of hepatocyte

growth factor is able to inhibit TGF-�-induced TEMT.23

These observations indicate that regulation of TEMT may

involve multiple signaling pathways.

Oldfield et al24 has reported that TEMT is also an

important event in both experimental and human diabetic

nephropathy and is mediated by engagement of AGEs to

one of its receptor for AGEs, RAGE. This finding provides

evidence that the TEMT process may play a critical role in

the pathogenesis of diabetic nephropathy. However, the
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intracellular mechanism(s) whereby AGEs regulate TEMT

remains completely unknown. It has been shown that

AGEs interact with RAGE leading to activation of multiple

signaling pathways including NF.�B, p38 MAP kinase,

Ras-extracellular signal-regulated kinase1/2 (ERK1/2),

and stress-activated protein kinase/c-Jun-NH2-terminal

kinase (SAPK/JNK) signaling pathways.25–28 The MAP

kinase cascades have been shown to be important in cell

proliferation, differentiation including EMT, and apopto-

sis.29–31 Activation of RAGE has been shown to induce

ERK1/2 MAP kinase phosphorylation and is capable of

driving uncommitted embryonic stem cells to differentiate

toward a neuronal phenotype.32 Taken together, we hy-

pothesize that AGEs may signal through RAGE to acti-

vate ERK1/2 MAP kinase to induce TEMT. This has been

tested in the present study.

Materials and Methods

Cell Culture

A normal rat kidney tubular epithelial cell (TEC) line

(NRK52E) was used in this study. Cells were grown in

Dulbecco’s modified Eagle’s medium/F12 (Gibco, BRL,

Gaithersburg, MD) containing 10% fetal bovine serum

(BSA) in 6-well plastic plates or 8-chamber glass slides

(Nunc, Naperville, CT) at 37°C. Cells were stimulated with

AGE-BSA or control BSA at concentrations of 0, 10, 30,

and 100 �g/ml for periods of 5, 15, 30, and 60 minutes,

and 2, 4, and 6 hours for ERK1/2 signaling detection and

periods of 2, 6, 12, and 24 hours for examination of �-SMA

and E-cadherin mRNA and protein expression. The prepa-

ration and degree of modification of AGE-BSA and control

BSA were described previously.24 All AGE-BSA prepara-

tions and dilutions were performed under endotoxin-free

conditions and were passed over an endotoxin-binding af-

finity polymyxin column (Detoxi-gel, Pierce, Rockford, IL).

Before in vitro study, reagents were tested for endotoxin

levels by the Limulus amebocyte assay (E-Toxate, Sigma, St.

Louis, MO) and were found to contain less than 0.2 ng/ml of

endotoxin.

To block the binding of AGE to RAGE, a rabbit neu-

tralizing anti-RAGE antibody (10 �g/ml)24 or a soluble

and truncated receptor for AGE (sRAGE, 100 �g/ml) was

used.25 To block the TGF-� activity induced by AGEs, a

rabbit neutralizing TGF-� antibody (10 �g/ml, R&D Sys-

tem, Minneapolis, MN) or an isotype control normal rabbit

IgG (10 �g/ml, R&D), and a dominant-negative TGF-�

receptor II (DN-T�RII, an original gift from Rik Derynck,

University of California San Francisco) or a control plas-

mid (pcDAN3) were used. To inhibit AGE-induced

ERK1/2 MAP kinase activities, MAPK inhibitor PD98059

(10 �mol/L, Calbiochem, La Jolla, CA), a dominant-neg-

ative (DN) or wild-type (WT) MEK1 (DN-MEK1, WT-MEK1,

a gift from Dr. Michael J. Weber, University of Virginia),

and an empty vector control (pcDNA3) plasmids were

used. Each experiment was repeated at least three times

throughout the study. The transfection was conducted

using Lipofectamine (Invitrogen, Carlsbad, CA) accord-

ing to the manufacturer’s instruction. After a 24-hour

transfection, cells were rested with serum-free medium

for 24 hours and then were stimulated with AGE-BSA or

BSA as described above.

RNA Extraction and Real-Time Reverse

Transcriptase Polymerase Chain Reaction

Total RNA from cultured TEC was isolated and real-time

reverse transcriptase polymerase chain reaction (RT-

PCR) was performed using the method described previ-

ously.33 Real-time, one-step RT-PCR was performed with

SYBR Green PCR Reagents (Sigma), the Thermoscript

RT-PCR system (Invitrogen) and the Opticon DNA Engine

(MJ Research Inc.), according to manufacturer’s instruc-

tions. One hundred of total RNA was reverse transcribed

before PCR as follows: 94°C for 2 minutes followed by 40

cycles at 94°C for 15 seconds, 58°C for 30 seconds, 72°C

for 30 seconds with final extension at 72°C for 10 minutes.

Primers used in this study were: �-SMA, fwd 5�-CTCTGGT-

GTGTGACAATGGTCC-3�, rev 5�-CGAAGCTCGTTATAGA-

AGGAGTG-3�; E-cadherin, fwd 5�-CCTGATGCCAGACCG-

GAAGTGATTCG-3�, rev 5�-GATCTGACTCAGAGTTCAG-

3�, TGF-�1, fwd 5�-CCTGGATACCAACTACTGCTTC-3�, rev

5�-CGATCATGTTGGACAACTGCTC-3�, GAPDH, fwd 5�-

ACCCCCAATGTATCCGTTGT-3�, rev 5�-TACTCCTTGGA-

GGCCATGTA-3�. Amplicon sizes were 265 bp (�-SMA),

247 bp (E-cadherin), 314 bp (TGF-�1), and 299 bp

(GAPDH). Reaction specificity was confirmed by electro-

phoresis analysis of products before real-time PCR and

bands of expected size were detected. Ratios for �-SMA/

GAPDH, E-cadherin/GAPDH, and TGF-�1/GAPDH mRNA

were calculated for each sample and expressed as the

mean � SD.

Western Blot Analyses

NRK52E TEC grown in six-well plates with or without

different stimuli at various time points were analyzed by

Western blotting as described previously.33 Briefly, after

cells were lysed in 1 ml of 1% Nonidet P-40, 25 mmol/L

Tris-HCl, 150 mmol/L NaCl, 10 mmol/L EDTA, pH 8.0,

containing a 1:50 dilution of a protease inhibitor cocktail

(P2714; Sigma), samples were centrifuged at 14,000 � g

for 5 minutes to pellet cell debris. Samples (20 �g) were

mixed with sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) sample buffer, boiled for 5

minutes, electrophoresed on a 10% SDS polyacrylamide

gel, and electroblotted onto Hybond-ECL nitrocellulose

membrane (Amersham International, Buckinghamshire,

UK). The membrane was blocked in PBS containing 5%

BSA and 0.02% Tween 20. To detect phosphorylated

ERK1/2, total ERK1/2, �-SMA, and E-cadherin, the mem-

brane was incubated for 1 hour with mouse monoclonal

(mAb) to phosphorylated ERK1/2, rabbit polyclonal anti-

bodies (Ab) to ERK1/2 (Santa Cruz Biotechnology Inc.,

Santa Cruz, CA), and mAbs to �-SMA (1A4, Sigma) and

E-cadherin (Transduction Laboratories, Lexington, KY).

After washing, the membrane was incubated with a

1:20,000 dilution of peroxidase-conjugated rabbit anti-

mouse IgG or swine anti-rabbit IgG in PBS containing 1%
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normal goat serum and 1% fetal calf serum. The blot was

then developed using the ECL detection kit (Amersham

International) to produce a chemiluminescence signal,

which was captured on X-ray film.

Two-Color Immunocytochemistry

NRK52E TEC were cultured in eight-chamber glass

slides with or without different stimuli at various time

points as described above. Cells were analyzed for TEMT

using microwave-based two-color immunostaining.33,34

Briefly, cells were fixed in 2% paraformaldehyde and

preincubated with 10% fetal calf serum and 10% normal

sheep serum to block non-specific binding. Cells were

then incubated with the anti-�-SMA mAb or an irrelevant

isotype control IgG (the mAb 73.5 that recognizes human

CD45R antigen) at 4°C overnight. After inactivation of

endogenous peroxidase, cells were incubated with per-

oxidase-conjugated rabbit anti-mouse IgG and then by

the mouse peroxidase anti-peroxidase complexes. After

being washed, slides were developed with diaminoben-

zidine to produce a brown product. After color develop-

ing, cells were treated with 10 minutes of microwave oven

heating in 10 mmol/L sodium citrate (pH 6.0) at 2450 MHz

and 800 watts of power to block antibody cross-reactivity

and to facilitate antigen retrieval. Cells were then incu-

bated with the anti-E-cadherin mAb or control mAb (73.5)

for 60 minutes and then with alkaline phosphatase-con-

jugated goat anti-mouse IgG and mouse alkaline phos-

phatase anti-alkaline phosphatase complexes. Finally,

sections were developed with Fast Blue BB Base

(Sigma), counterstained with hematoxylin, and cover-

slipped in an aqueous mounting medium. All procedures

were performed at room temperature.

ELISA Analysis for TGF-�1 Protein

After TEC were cultured in 24-well plates (5 � 104 cells/

well) with or without different stimuli at various time points

as described above, the supernatants were collected

and measured for TGF-� levels by ELISA (R&D) accord-

ing to the manufacturer’s specifications. Experiments

were performed in triplicates and results were expressed

as the mean � SD.

Quantitative Analyses

AGE-induced de novo expression of �-SMA and lose of

E-cadherin by TECs were quantitatively analyzed as de-

scribed previously.33 Briefly, the percentage of positive

cells in eight-chamber slides stained for mAbs to �-SMA

and E-cadherin as described above was determined by

counting at least 1000 cells under high power (�400) in

each well. Analysis was performed blind on coded slides.

Statistical Analyses

Data obtained from this study are expressed as the

mean � SD. Statistical analyses were performed using

GraphPad Prism 3.0 (GraphPad Software, Inc. San Di-

ego, CA). Differences in p-ERK1/2, �-SMA, E-cadherin,

and TGF-�1 expression were assessed by one-way anal-

ysis of variance or by t-test.

Results

AGEs Induce TEMT Directly and Independently

of TGF-�

It is noted that de novo expression of �-SMA and loss of

E-cadherin have been used as the markers to determine

TEMT in both in vivo and in vitro.15–17,19,20,22–24, 33 In the

present study, we first examined the kinetic changes of

these two distinct markers during AGE-induced TEMT

and tested the hypothesis that AGEs induce TEMT di-

rectly and independently of TGF-�. As shown in Figure 1,

AGEs, but not control BSA, were able to induce TEMT at

24 hours as demonstrated by de novo �-SMA expression

and partial loss of E-cadherin by TECs (Figure 1, A and

B). This was further demonstrated by real time PCR and

Western blot analyses as shown in Figures 2 and 3.

Indeed, AGEs induced significant �-SMA mRNA expres-

sion in both a time- and dose-dependent manner, being

significant at 2 hours, and significantly stimulated �-SMA

protein expression at 6 hours (Figure 2), which preceded

the significant reduction of E-cadherin mRNA and protein

expression first detected at 24 hours (Figure 3).

We next examined the mechanism by which AGEs

induce TEMT. Because TGF-� has been shown to be a

key mediator for TEMT,16,20–23 we tested whether early

AGE-induced TEMT is TGF-� dependent. As shown in

Figures 1 and 4-6, addition of a neutralizing TGF-� anti-

body did not inhibit AGE-induced TEMT in terms of de

novo �-SMA expression and loss of E-cadherin as dem-

onstrated by two-color immunocytochemistry (Figure 1, C

and D), real time PCR (Figure 4), and Western blot anal-

ysis (Figures 5 and 6). This was further demonstrated by

the finding that overexpression of DN-T�RII in TEC did

not block AGE-induced TEMT in terms of �-SMA expres-

sion and a loss of E-cadherin, although TGF-�-induced

TEMT was completely inhibited (Figure 7). In addition,

there was no TGF-� in the medium as measured by

ELISA and no significant TGF-� mRNA expression was

detected by real time PCR until 24 hours after AGE-

stimulation (Figure 8).

AGEs Induce TEMT via the RAGE and ERK1/2

MAP Kinase Signaling Pathway

We further explored the signaling pathway where by

AGEs induce TEMT via a TGF-�-independent mecha-

nism. It has been shown that engagement of RAGE by

AGE activates the ERK1/2 MAP kinase pathway, leading

to embryonic stem cell differentiation.32 We tested

whether the ERK1/2 MAP kinase pathway plays a role in

the pathogenesis of AGE-induced TEMT. As shown in

Figure 9, treatment of NRK52E cells with AGEs, but not

BSA, resulted in the activation of ERK1/2 in both a time-

RAGE-ERK MAP Kinase in AGE-Induced TEMT 1391
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and a dose-dependent manner, being significant at 15

minutes and declining to baseline levels at 4 hours (Fig-

ure 9a). This is confirmed by the finding that an ERK1/2

MAP kinase inhibitor (PD98059) was able to completely

block AGE-induced ERK1/2 activation at 30 minutes (Fig-

ure 9b). In addition, the ability of sRAGE to completely

inhibit AGE-induced ERK1/2 activation at the peak of 30

minutes (Figure 9b) indicated AGEs activating ERK1/2

signaling through RAGE.

We further examined the potential role of the RAGE-

ERK MAP kinase cascade in AGE-induced TEMT. As

shown in Figure 1, E to G, two-color immunohistochem-

istry showed that both neutralizing anti-AGE antibody and

ERK1/2 inhibitor (PD98059) were able to completely

block AGE-induced TEMT in terms of increased �-SMA

and decreased E-cadherin expression at 24 hours. Sim-

ilar results were also found by real-time PCR (Figure 10)

and Western blot analyses (Figures 5 and 6). AGE-in-

duced up-regulation of �-SMA and decrease in E-cad-

herin expression were substantially inhibited by the neu-

tralizing anti-RAGE antibody (Figure 10), sRAGE (Figures

5 and 6), and the ERK1/2 inhibitor (Figures 5, 6, and 10).

The critical role of MEK1-ERK signaling pathway in AGE-

induced TEMT was further demonstrated in TEC that

were transfected with the WT or DN-MEK1 plasmid. As

shown in Figure 11, overexpression of DN-MEK1 resulted

in substantial inhibition of AGE-induced p-ERK1/2 activa-

tion, which was associated with the inhibition of �-SMA

expression and prevention of the loss of E-cadherin.

However, overexpression of WT-MEK1 caused no signif-

Figure 1. Double immunocytochemistry demonstrates that AGEs induce TEMT as determined by de novo expression of �-SMA and a partial loss of E-cadherin
in NRK52E cells. NRK52E cells were stimulated with control BSA (30 �g/ml, A) or AGE-BSA (30 �g/ml, B–F) for 24 hours in the presence of an isotype control
normal rabbit IgG (10 �g/ml, C), a neutralizing TGF-� antibody (10 �g/ml, D), a neutralizing RAGE antibody (10 �g/ml, E), or a specific ERK1/2 MAP kinase
inhibitor (PD 98059, 10 �mol/L, F). Cells were stained with mAbs to �-SMA (myofibroblasts, red) and E-cadherin (epithelial cells, blue). The percentage of
transformed cells (�-SMA�) is shown in (G). Results show that AGE-induced �-SMA expression in TECs is blocked by a neutralizing RAGE and an ERK1/2 MAP
kinase inhibitor, but not by a neutralizing TGF-� antibody. Tab, anti-TGF-� antibody; Cab, control antibody; Rab, anti-RAGE antibody; PD, PD 98059. Data
represent the mean � SD for five experiments. Nuclei are stained with hematoxylin. Magnification, �250. ***, P � 0.001 compared with BSA, anti-RAGE antibody,
and ERK1/2 inhibitor.

Figure 2. Real-time PCR and Western blot analysis demonstrate that AGEs
induce de novo expression of �-SMA by NRK52E cells. a: Real-time PCR
shows that AGE-BSA (30 �g/ml), but not BSA (30 �g/ml), induce �-SMA
mRNA expression in a time-dependent (left panel) and a dose-dependent
manner (right panel, at 24 hours after AGE stimulation). b: Western
blotting shows that AGEs induce �-SMA protein expression, being signif-
icant at 6 hours after AGE-BSA (30 �g/ml) stimulation. Each bar repre-
sents the mean � SD for at least three independent experiments. *, P �

0.05, **, P � 0.01, ***, P � 0.001 compared to either the BSA control or
with time (or dose) 0.

Figure 3. Real-time PCR and Western blot analysis demonstrate that AGEs
induce loss of E-cadherin by NRK52E cells. Results show that AGE-BSA (30
�g/ml, closed bars), but not BSA (30 �g/ml, open bars), significantly
reduce E-cadherin mRNA and protein expression at 24 hours as demon-
strated by real-time PCR (a) and Western blotting (b). Each bar represents
the mean � SD for three independent experiments. *, P � 0.05, **, P � 0.01
compared to either the BSA control or with time 0.

RAGE-ERK MAP Kinase in AGE-Induced TEMT 1393
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icant changes in p-ERK1/2 and expression of �-SMA and

E-cadherin.

Discussion

There is increasing evidence that AGEs are an important

mediator of diabetic nephropathy including tubulointer-

stitial fibrosis.1–5 Interstitial myofibroblasts are a major

cell type and play a critical role in the development of

tubulointerstitial fibrosis in both diabetic and non-diabetic

kidney diseases.6–12 Myofibroblasts within the diseased

kidney may derive from the transformed tubular epithelial

cells under pathological conditions.13–19 TGF-� is a key

mediator responsible for this transdifferentiation in vivo

and in vitro.16,17,20,22,23 Indeed, in a recent study, we

have demonstrated that blockade of the TGF-� signaling

pathway by overexpression of Smad7 results in a com-

plete inhibition of TGF-�-induced TEMT in vitro.33 Impor-

tantly, it has been also demonstrated that TEMT occurs in

both experimental and human diabetic nephropathy and

that AGEs are able to induce TEMT, which is blocked by

both a neutralizing RAGE and an anti-TGF-� antibody.24

However, it remains completely unknown as to the spe-

cific signaling pathway(s) by which AGEs induce TEMT.

Figure 4. Real-time PCR demonstrates that AGE-induced �-SMA mRNA and
reduced E-cadherin mRNA expression are TGF-�-independent. Results show
that AGE-induced �-SMA (a) and reduced E-cadherin (b) mRNA expression
by NRK52E cells at 24 hours are not inhibited by a neutralizing TGF-�
antibody. CTL Ab, control antibody. Each bar represents the mean � SD for
three independent experiments. **, P � 0.01, ***, P � 0.001 compared to the
BSA control.

Figure 5. Western blot analysis demonstrates that AGE-induced loss of
E-cadherin protein expression is TGF-�-independent and RAGE-ERK-depen-
dent. Results show that AGE-induced loss of E-cadherin expression by
NRK52E cells at 24 hours is not inhibited by a neutralizing TGF-� antibody
(A), but is prevented by addition of sRAGE and an ERK1/2 inhibitor,
PD98059. The specificity of a neutralizing anti-TGF-� antibody to block
TGF-�-induced loss of E-cadherin is demonstrated in the last two lanes. CTL
Ab, control rabbit antibody (IgG). Each bar represents the mean � SD for
four independent experiments. *, P � 0.05, **, P � 0.01, compared to the BSA
control, sRAGE, and PD98059, or as indicated.

Figure 6. Western blot analysis demonstrates that AGE-induced �-SMA pro-
tein expression is TGF-�-independent, but RAGE-ERK-dependent. Results
show that AGE-induced �-SMA expression by NRK52E cells at 24 hours is not
inhibited by a neutralizing TGF-� antibody, but is completely blocked by
sRAGE and an ERK1/2 inhibitor, PD98059. The specificity of a neutralizing
anti-TGF-� antibody to block TGF-�-induced �-SMA expression is shown in
the last two lanes. CTL Ab, control rabbit antibody (IgG). Each bar repre-
sents the mean � SD for three independent experiments. *, P � 0.05, **, P �

0.01, compared to control BSA, sRAGE, and PD98059 or as indicated.
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A new and significant finding in the present study is

that AGEs signal through RAGE to activate the ERK1/2

MAP kinase pathway to induce TEMT at 24 hours and that

this process is TGF-� independent. The identification of a

TGF-�-independent signaling pathway involved the AGE-

induced early process of TEMT is demonstrated by a

number of findings in the present study. Firstly, AGEs are

able to induce de novo �-SMA expression as early as 2

hours, which precedes the synthesis of TGF-� that oc-

curs after 24 hours of exposure to AGEs. Secondly, the

early TEMT induced by AGEs occurred when there was

no TGF-� detectable within the medium. Finally, block-

ade of TGF-� signaling using a neutralizing anti-TGF-�

antibody and overexpression of a DN-T�RII could not

block AGE-induced TEMT at 24 hours as assessed by de

novo �-SMA expression or a loss of E-cadherin.

Interestingly, in contrast to the TEMT process induced

by TGF-� in which loss of E-cadherin is a critical step in

this process,16 we found that de novo expression of

�-SMA mRNA by tubular epithelial cells is the first evi-

dence for TEMT induced by AGEs as demonstrated by

quantitative real-time PCR. Indeed, AGEs induce signifi-

cant �-SMA expression at 2 hours, which precedes the

reduction of E-cadherin that occurs at 24 hours. This

indicates that the activation of the mesenchymal gene

may be a key process in TEMT induced by AGEs. This

discrepancy between these two studies may also relate

to the difference in stimuli, cells, and methods.

The mechanism by which AGEs induce TEMT directly

and independently of TGF-� was shown to be regulated

by RAGE and the ERK1/2 MAP kinase-dependent path-

way. Specifically, AGEs are able to activate ERK1/2

within 15 minutes and this is blocked by a soluble trun-

cated receptor for AGE, sRAGE, and an inhibitor to

ERK1/2, PD98059. Furthermore, AGE-induced TEMT is

completely inhibited by addition of a neutralizing anti-

Figure 7. Western blot analysis demonstrates that overexpression of DN-
T�RII cannot block AGE-induced TEMT. Results show that the AGE-in-
creased �-SMA and reduced E-cadherin expression by NRK52E cells at 24
hours is not inhibited by overexpression of DN-T�RII. In contrast, overex-
pression of DN-T�RII prevents TGF-�-induced TEMT in terms of increased
�-SMA and decreased E-cadherin expression. Each sample represents the
results from at least three independent experiments.

Figure 8. Real-time and ELISA demonstrate that AGEs induce de novo TGF-�
mRNA and protein expression at 24 hours. Results shown that AGE-BSA (30
�g/ml), but not BSA (30 �g/ml), induce TGF-� mRNA expression at 24 hours
as demonstrated by real-time PCR (a). This is associated with the TGF-�
protein secretion in the medium as demonstrated by ELISA (b). Each bar
represents the mean � SD for three independent experiments at triplicates.
*, P � 0.05, **, P � 0.01 compared to the BSA control.

Figure 9. Western blot analysis demonstrates that AGEs signal through RAGE
to activate the ERK1/2 signaling pathway. a: A representative Western blot
shows that AGE-BSA (30 �g/ml) induces ERK1/2 phosphorylation in
NRK52E in a time-dependent manner, being significant at 15 minutes. b:
AGEs, but not BSA, induce ERK1/2 phosphorylation (at 30 minutes) in a
dose-dependent manner and this is blocked by both sRAGE and a specific
ERK1/2 inhibitor, PD 98059. Each sample represents the results from three
independent experiments.

RAGE-ERK MAP Kinase in AGE-Induced TEMT 1395
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RAGE antibody, a soluble RAGE, an ERK1/2 MAP kinase

inhibitor, PD98059, and specifically, by overexpression of

DN-MEK1. Thus, the present study provides the first evi-

dence that AGEs induce TEMT directly and independently

of TGF-� via the RAGE-ERK1/2 MAP kinase pathway.

Engagement of RAGE by AGEs is critical for the patho-

genesis of diabetic complications. Overexpression of

RAGE results in the development of diabetic nephropathy

and blockade of RAGE prevents a range of diabetic

vascular complications, including atherosclerosis.35–37 In

addition, AGEs may also play an important role in a

non-diabetic context of transdifferentiation. For example,

up-regulation of RAGE is associated with myofibroblast

transdifferentiation in rat hepatic stellate cells.38 The

present study provides further information that blockade

of the AGE-RAGE interaction and RAGE-activated

ERK1/2 MAP signaling results in complete inhibition of

TEMT, a critical process in renal tubulointerstitial fibrosis.

This suggests that targeting RAGE and/or the ERK1/2

MAP kinase pathway may provide new therapeutic strat-

egies for the prevention and treatment of diabetic ne-

phropathy.

While RAGE-ERK MAP kinase signaling appears to be

important in the early process of TEMT, it should be noted

that TEMT is a complex process and may involve multiple

signaling pathways. It is possible that the TGF-� signal-

ing pathway may also play a role in AGE-induced TEMT.

This is supported by the previous finding that AGEs are

able to stimulate TGF-� production and the addition of a

neutralizing TGF-� antibody is able to partially inhibit

TEMT and collagen matrix production after AGE stimula-

tion for 6 days.24,39–41 Indeed, the present study also

found that AGEs could stimulate tubular TGF-� expres-

sion at 24 hours, although this does not appear to con-

tribute to the early process of TEMT. This finding is con-

sistent with TGF-�-dependent signaling pathways

participating and enhancing further the later process of

TEMT induced by AGEs.24 Interestingly, we also found

that AGE-induced TGF-� expression is also RAGE-

ERK1/2 dependent since the addition of a neutralizing

anti-RAGE antibody, sRAGE, or an ERK MAP kinase in-

hibitor were able to completely block AGE-induced

TGF-� mRNA expression.41 Thus, it is likely that AGEs

mediate TEMT directly through the RAGE-ERK MAP ki-

nase pathway and indirectly via the TGF-� signaling

pathway. The latter phenomenon may involve multiple

intracellular signaling processes,42,43 which requires fur-

ther investigation.
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