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Tubulointerstitial disease, a prominent phenomenon in diabetic nephropathy, correlates with decline
in renal function. The underlying pathogenic link between chronic hyperglycemia and the development
of tubulointerstitial injury has not been fully elucidated, but myofibroblast formation represents a key
step in the development of tubulointerstitial fibrosis. RAGE, the receptor for advanced glycation end
products (AGEs), induces the expression of TGF-f} and other cytokines that are proposed to mediate
the transdifferentiation of epithelial cells to form myofibroblasts. Here we report specific binding of
1251-AGE-BSA to cell membranes prepared from a rat proximal tubule cell line and show that the bind-
ing site was RAGE. AGE exposure induced dose-dependent epithelial-myofibroblast transdifferentia-
tion determined by morphological changes, de novo alpha smooth-muscle actin expression, and loss
of epithelial E-cadherin staining. These effects could be blocked with neutralizing Ab’s to RAGE or to
TGF-f. Transdifferentiation was also apparent in the proximal tubules of diabetic rats and in a renal
biopsy from a patient with type 1 diabetes. The AGE cross-link breaker, phenyl-4,5-dimethylthiazolium
bromide (ALT 711) reduced transdifferentiation in diabetic rats in association with reduced tubular
AGE and TGF-P expression. This study provides a novel mechanism to explain the development of tubu-
lointerstitial disease in diabetic nephropathy and provides a new treatment target.

J. Clin. Invest. 108:1853-1863 (2001). DOI:10.1172/JCI1200111951.

Introduction

Nonenzymatic glycation is a ubiquitous reaction
between reducing sugars and polypeptides that ulti-
mately generates irreversibly advanced glycated end
products (AGEs). Advanced glycation occurs during nor-
mal aging but to a greater degree in diabetes (1), where
there is now increasing evidence of a causal role for AGEs
in the development of diabetic complications, including
nephropathy (2, 3). AGEs exert effects both directly
through the formation of protein cross-links that alter
the structure and function of ECM and by interacting
with specific cell surface receptors. The best character-
ized of the AGE receptors has been called the receptor for
advanced glycation end products (RAGE) (4), although
other AGE-binding sites have also been reported (5-7).
Interactions between AGEs and their binding proteins
lead to the activation of a range of secondary messenger
systems and increases the production of cytokines,
including TGF-B, PDGF, and IL-1 (8-10). Recently,
compounds that can cleave established AGE cross-links
(11), such as ALT 711, a stable 4,5-dimethylthiazolium
derivative of the prototype compound N-phenyl-thia-

zolium bromide, have been investigated. In vivo efficacy
has been demonstrated in animal models, showing that
these compounds can result in reduced AGE accumula-
tion (12) and can reverse age- and diabetes-dependent
increases in arterial stiffness (13, 14).

There are positive correlations between the degree of
interstitial fibrosis and the decline of renal function (15,
16). The myofibroblast, a cell with biochemical and
structural features of both the smooth muscle cell and
the fibroblast, is a major contributor to ECM accumu-
lation in fibrotic disease (17), and myofibroblast num-
bers correlate with renal function in diabetic nephropa-
thy (18). The origin of these cells is not fully elucidated,;
however, transdifferentiation of proximal tubular cells
into myofibroblasts is now suggested as a mechanism of
myofibroblast formation (19). Recent data have shown
that proximal tubular cells undergo transdifferentiation
in the presence of the cytokine TGF-f3 (20). Although it
has been shown that tubulointerstitial injury is a promi-
nent feature of diabetic nephropathy, the possibility that
there is proximal tubular transdifferentiation in diabetes
has not been examined. The aim of the present study was
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to address whether AGEs could cause proximal tubular
cell transdifferentiation and, furthermore, to explore the
role of TGF-B in this process.

Methods

Cell culture. The well-characterized normal rat kidney
epithelial cell line (NRK-52E) was obtained from the
American Tissue Culture Collection (Rockville, Mary-
land, USA). NRK-52E cells are believed to be of a prox-
imal tubular origin on the basis of patterns of collagen
secretion, C-type natriuretic peptide secretion, and the
presence of EGF receptors (20). Cells were maintained
in DMEM containing 4.5 g/1 glucose (Sigma Chemical
Co., St. Louis, Missouri, USA) with 10% FCS at 37°C in
a 5% CO; atmosphere and passaged twice a week.

In vitro preparation of ligands. AGE-BSA and AGE-RNase
were prepared by incubating BSA (10 mg/ml) or RNase
(10 mg/ml) at 37°C for 6 weeks with D-glucose (90 g/1)
(Sigma Chemical Co.) in a 0.4-M phosphate buffer con-
taining azide (21). Control preparations were treated
identically except that glucose was omitted. Finally,
preparations were extensively dialyzed against phos-
phate buffer to remove free glucose. The extent of
advanced glycation was assessed by characteristic fluo-
rescence (excitation 370, emission 440 nm) (3). Advanced
glycation was associated with an approximately tenfold
increase in fluorescence compared with controls.

Carboxymethyl lysine-modified (CML-modified)
BSA was prepared as described previously (22). Briefly,
50 mg/ml aliquots of BSA were incubated with increas-
ing concentrations of glyoxylic acid (5-90 mM) in the
presence of approximately fivefold molar excess of
sodium cyanoborohydride. Control proteins were pre-
pared under the same conditions, except that glyoxylic
acid was omitted. The extent of chemical modification
of lysine residues was determined as described previ-
ously using 2 4,6-trinitrobenzenesulfonic acid (23). The
extent of lysine modification was up to 34% for CML-
BSA preparations and 77% for AGE-modified proteins.

Iodination of AGE-BSA. AGE-BSA was iodinated by incu-
bating AGE-BSA with chloramine-T (24). Bound '2° was
separated from free 12 using a Biogel (Bio-Rad Labora-
tories Inc., Hercules, California, USA) P6DG desalting
gel. Specific activity of the tracer was 400 Ci/mM.

Membrane preparation. Membranes were prepared
based on the method of Skolnik (25). NRK-52E cells
were grown to confluence in 150-cm? tissue-culture
flasks. Cells were washed twice with PBS, then detached
from plates using a HEPES (100 mM) solution con-
taining BSA (0.1%) and Triton X-100 (0.1%) with EDTA
(5 mM), leupeptin (1 uM), and PMSF (2 mM). Cells were
centrifuged for 5 minutes at 2,000 gand resuspended in
the above buffer before disruption by ultrasound. Cell
debris was removed by further centrifugation (10 m at
2,000 g) and the supernatant ultracentrifuged at
100,000 g (Beckman Instruments, Oakleigh, Australia)
for 1 hour at 4°C. The supernatant was discarded, and
the cell membranes in the precipitate were resolubilized
in the above buffer. Protein concentrations were deter-

mined by the method of Bradford (26). The membrane
preparation was used in binding studies and for ligand
and Western blot analysis.

Binding studies. Cell membrane extracts were incubat-
ed with 125-AGE-BSA (0.5 nM) and increasing concen-
trations of unlabeled AGE-BSA (0.015-7.46 umol) for
3 hours at 4°C in HEPES (100 mM) binding buffer
with BSA (0.1%), Triton X-100 (0.1%), leupeptin (1 pM),
and PMSF (2 mM). A Brandel cell filter (Biomedical
Research and Development Laboratories, Gaithers-
burg, Maryland, USA) was used to separate bound and
free radioligand. A Tris-HCI (10 mM) polyethylene gly-
col (6.6%) buffer was used to wash components
through the apparatus onto glass filter papers, which
were counted in a y-counter (Wallac, Turku, Finland)
for 1 minute. Binding experiments were performed in
duplicate in five separate experiments, and the speci-
ficity of binding was assessed in further experiments
using unlabeled, unmodified BSA (1 pmol) as the com-
petitor. Binding data were analyzed using a specific
binding program (LIGAND; ref. 27).

Ligand and Western blot analysis. Cell membrane extracts
(20 pg of membrane protein per lane) were subjected to
nonreducing SDS (12-15%) PAGE and electroblotted
onto nitrocellulose membranes (Hybond; Amersham
Pharmacia Biotech, Castle Hill, Australia). For ligand
blotting the membranes were blocked overnight at 4°C
ina Tris (10 mM, pH 7.4), NaCl (150 mM), Tween (0.1%)
buffer containing BSA (2.5%), before incubation with
125]1-AGE-BSA (110 ng/ml) for 2 hours at room tempera-
ture. After washing with Tris (10 mM, pH 7.4), NaCl (150
mM), and Tween (0.1%), the membrane was exposed to
Kodak Biomax MS film (Eastman Kodak Co., Rochester,
New York, USA) for 1-4 hours. Receptor-ligand binding
specificity was studied in competitive experiments where
unlabeled AGE-BSA, AGE-RNase, BSA, and RNase (all
100 pg/ml) were added as competing ligands.

In Western blotting experiments, the nitrocellulose
membrane was incubated at room temperature for 1
hour with a polyclonal goat Ab against human RAGE
1:2,000 (gift of M. Neeper, Merck, West Point, Pennsyl-
vania, USA) (28, 29). Membranes were washed before a
15-minute incubation with a biotinylated secondary Ab
(DAKO Corp., Carpinteria, California, USA) and a
streptavidin-horseradish peroxidase conjugate (Vector
Laboratories, Burlingame, California, USA).
Immunoreactivity was detected using an enhanced
chemiluminescence kit (Amersham Pharmacia
Biotech) and exposure to Kodak Biomax MR film.
Recombinant RAGE (gift of K. Jansen, Merck, West
Point, Pennsylvania, USA), 900 ng per lane, and bovine
lung extract, 30 ug, were loaded onto gels as positive
controls. Primary Ab’s were omitted in experiments as
negative controls and RAGE Ab specificity was con-
firmed by preincubation of the membrane with recom-
binant RAGE before the addition of RAGE Ab.

To further explore the lower-molecular-weight band
seen on ligand blotting, Western blotting experiments
were performed with a primary Ab to lysozyme, 1:1,000
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Figure 1

Binding of AGEs to NRK 52E cell membranes. Unlabeled AGE-BSA
(filled squares) competed with 125 AGE-BSA for membrane binding;
unglycated BSA (filled triangles) did not. Shown is one representative
of five independent experiments. Maximal binding was defined as
binding in the absence of competition and was 4.27 + 0.4% of applied
radioactivity. Nonspecific binding was defined as binding in the pres-
ence of maximal competition (104 M AGE-BSA) and was 7.7 + 0.6%
of maximal binding. B/Bo(%), % specific binding.

(RB-372-A1; Lab Vision NeoMarkers, Fremont, Cali-
fornia, USA). Lysozyme (10 pg) was added to the gel as
a positive control.

Transdifferentiation. The cells were grown to confluence
on eight-well glass slides (Nalge Nunc International,
Naperville, Illinois, USA). The media was changed to
DMEM supplemented with 1% FCS. Cells were then cul-
tured for 2, 4, and 6 days in the presence of AGE-modi-
fied BSA (AGE-BSA, 5-40 uM), AGE-ribonuclease (AGE-
RNase, 100 uM), or with the same nonglycated proteins
as controls. In further experiments, cells were incubated
for 6 days with variously CML-modified BSA (200 uM)
or control. In separate experiments, anti-human RAGE
ADb (1:200) (28), or neutralizing Ab to TGF-3 (MAB 240,
10-20 pg ml; R&D Systems Inc., Minneapolis, Minneso-
ta, USA) were added to evaluate the role of RAGE and
TGF-B in transdifferentiation. Azide-free control mouse
monoclonal or rabbit polyclonal Ab’s (Santa Cruz
Biotechnology Inc., Santa Cruz, California, USA) were
added at identical Ab concentrations. Fresh media con-
taining AGE-proteins and Ab’s were replaced at 3 days.

Light microscopy and immunocytochemistry. At the end
of the incubations described above, cells were exam-
ined for changes in cell morphology by light
microscopy (X200-400) and antigen expression by
immunohistochemistry. Cells were stained for the
myofibroblast marker alpha-smooth muscle actin
(0-SMA) (30, 31). As a further marker of transdiffer-
entiation, cells were examined for the presence of the
epithelial junctional protein E-cadherin in parallel
experiments, as described previously (20).

Immunobistochemistry. Ab’s used were to 0-SMA (1A4;
DAKO Corp.), a well-characterized Ab recognizing AGE
(28), and RAGE (gift of M. Neeper) (28, 29). Ab’s to

TGF-f (MAB 1835; R&D Systems Inc.) and E-cadherin
(C37020; Transduction Laboratories, San Diego, Cali-
fornia, USA) were used at 5 ug/ml.

Cells were fixed in 4% paraformaldehyde by the acid-
shift method (32). To aid E-cadherin antigen retrieval
fixed cells were treated with 10 minutes of microwave
oven heating in citrate buffer (10 mM, pH 6.0) at 2,450
MHz and at 800 W of power.

Kidney tissues examined for 0-SMA, AGE, and RAGE
were formalin fixed, and tissues used for TGF- stain-
ing were fixed in mercuric chloride.

In general, staining followed standard procedures
using an avidin-biotin-based Ab system. Nonspecific
binding was prevented by incubation with 10% normal
goat serum, and cells and tissues were incubated
sequentially with the primary Ab, 0.3% hydrogen per-
oxide in PBS, and a biotinylated secondary Ab (DAKO
Corp.). Finally, streptavidin-conjugated horseradish
peroxidase (Vector Laboratories Inc.) was added, fol-
lowed by signal development using diaminobenzidine
(DAB; DAKO Corp.) for AGE, RAGE, SMA, and TGF-§
or novo red (E-cadherin) as substrate.

In vivo transdifferentiation. Two normotensive rat mod-
els were studied, Wistar Kyoto (WKY) and Sprague Daw-
ley (SD) rats, to allow comparison of transdifferentiation
atvarious time points. Both strains were chosen because
our group has previously characterized the evolution of
diabetic nephropathy in detail in these animals (33, 34).
At age 8 weeks, rats were randomized into two groups,
control and diabetic. Diabetes was induced by intra-
venous injection of streptozotocin (STZ) 50 mg/kg, after
an overnight fast. Only rats with plasma glucose of more
than 15 mmol/l were considered diabetic. All diabetic
animals received 2 U insulin/zinc suspension (Ultratard
HM; Novo Nordisk, Bagsvaerd, Denmark) injected sub-
cutaneously three times a week to maintain body weight
and improve survival. The SD rats were further ran-
domized to receive the cross-link breaker, ALT-711,at 10
mg/kg/day or nothing by gavage (14). These thiazolium
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Ligand and Western blot analysis of NRK 52E membrane proteins.
(a) Ligand blot analysis of membrane preparations, SDS-12% PAGE,
using 251 AGE-BSA revealed major binding sites sized 35 kDa and 21
kDa. (b) Competitive incubations of radioligand with AGE-proteins
(AB, AGE-BSA; AR, AGE-RNase) and unglycated proteins (B, BSA;
R, RNase), all 100 pg/ml, demonstrating AGE binding specificity.
Western blotting of cell membrane proteins using anti-human RAGE
Ab (c), and anti-human lysozyme (d and e). Lysozyme (10 pg) was
used as positive control (e). The migration of molecular-weight mark-
ers run simultaneously is indicated in kilodaltons.
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compounds have been shown previously to specifically
cleave preformed AGEs (11) and are associated with
reduced AGE accumulation (12).

WKY rats were sacrificed after 16 and 24 weeks and
the SD rats at 32 weeks. Kidneys were formalin fixed
and paraffin embedded. Sections from diabetic and
control animals (» = 5) at each time point were
stained for 0-SMA as per cell culture experiments and
counterstained with periodic acid-Schiff reagent
(PAS) to aid the identification of basement mem-
branes and brush borders.

One animal that failed to become diabetic after
STZ administration was used as a control for non-
specific effects of STZ.

In addition, a number of human biopsy samples from
type 1 diabetic subjects with nephropathy were stained
and examined for tubular 0-SMA immunostaining. A
number of postmortem samples from patients with
diabetic nephropathy were also obtained and examined
for the presence of AGE and RAGE.

Quantitation of immunocytochemical staining. Slides were
blinded for identity and more than ten high-power
fields (x400, approximately 300 cells per field) were
counted with the aid of a graticule to identify cells
expressing 0-SMA or E-cadherin.

In animal experiments tubules containing o-SMA
positive (+ve) cells were counted with more than 40
high-power fields per section and expressed as a pro-
portion of total tubule number. In the ALT 711 study
the proportion of a-SMA +ve cells in each affected
tubule was also quantitated. The observer was blind-
ed as to the status of each section. Results are shown
as the percentage of a-SMA +ve tubules of total
tubules counted and percentage of 0-SMA +ve cells
per affected tubule.

Tubular TGF-f immunostaining performed in the SD
rat group was quantitated using a computerized imag-
ing system as described previously (35). Areas including
tubules only were selected, and proportional immunos-
taining was assessed in more than 40 high-power fields,
with observers masked as to slide identity. Results are
expressed as the proportional stained area.

TGF-B analysis. NRK 52E cells were passaged into six-
well plates and treated as above with AGEs or unmod-
ified proteins in the presence or absence of Ab’s. After
3 days, the media was removed and analyzed for
TGF-B using a sandwich ELISA kit (Promega Corp.,
Annandale, Australia) per the manufacturer’s instruc-
tions. Total TGF-B was measured in duplicate sam-
ples from three separate experiments and final
TGF-B concentrations adjusted for cell number.

Statistical analysis. Values are means plus or minus
SEM. Data were analyzed by ANOVA and compared
using Tukey post hoc test. A two-tailed unpaired ¢
test was used to compare control and diabetic ani-
mals for a-SMA staining. P values less than 0.05 were
considered significant.

Results

AGE-binding site. Competitive binding studies showed
that 2I-AGE-BSA bound specifically to NRK 52E cell
membranes (Figure 1). AGE-BSA, but not nonglycated
BSA effectively competed with radioligand for binding.
Analysis of binding data using LIGAND showed
single-site binding with an association constant of
2.7 +0.5x 107 M! and half-maximal binding of 36 nM.

Table 1
Clinical characteristics

The Journal of Clinical Investigation |

Group n Weight Glucose HbA;.
(8) (mmol/l) (%)

WKY
Control 16 week 6 427 +7 6.0+0.2 3.1+0.8
Control 24 week 6 431+8 59+0.2 4.4+0.2
Diabetic 16 week 6 331 +127 23.8+1.84 11.8+0.54
Diabetic 24 week 6 316+ 154 27.7 £ 0.7 12.6 £ 0.5
SD
Control 32 week 5 694 + 20 6.3+0.5 45+0.5
Diabetic 32 week 5 516 + 407 26.4 +0.47 15.7 £ 1.67
Diabetic 32 week 5 529 + 507 26.0 £ 0.47 16.6 + 2.4A
+ALT-711
Data are mean + SEM. AP < 0.01 vs. control.
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To further characterize this binding site, ligand blot
analysis of the membrane preparations was performed.
Major 125I-AGE-BSA binding sites sized 30-35 kDa and
21 kDa were revealed (Figure 2a). To assess the speci-
ficity of 12I-AGE-BSA binding at these sites the exper-
iment was repeated in the presence of unlabeled AGEs
and unlabeled, non-AGE-modified proteins in excess
(Figure 2b). AGE-BSA and AGE-RNase completely
inhibited radioligand binding, whereas unmodified
BSA and RNase did not, suggesting that observed bind-
ing was specific for the AGE epitope.

The binding characteristics and the observed molec-
ular weight of the 35-kDa site was similar to that pub-
lished previously for the RAGE receptor (4). This led us
to further explore the identity of this binding protein
by immunoblotting with the RAGE Ab (Figure 2c).
This confirmed that the 30-35 kDa doublet seen on
the ligand blot represented RAGE.

The lower-molecular-weight band seen on the ligand
blot was considered to possibly represent the presence
of lysozyme in our preparation, because lysozyme has
been shown previously to bind to AGEs (36).
Immunoblotting using an Ab to lysozyme failed to
bind to the 14- to 21-kDa band seen in our RAGE
immunoblot (Figure 2, d and e), suggesting that this
band was not lysozyme. The identification of RAGE in
this cell line and its relevance to our in vitro system was
further explored by repeating transdifferentiation stud-
ies in the presence of Ab to RAGE (see below).

Morphological and immunobistological demonstration of
AGE-mediated transdifferentiation of NRK 52E cells. The
effects of AGE exposure on NRK 52E cells were exam-
ined through changes in light-microscopic appearance

and alterations in antigen expression. NRK 52E cells
cultured in media alone grow as a confluent monolay-
er with a typical “cobblestone” appearance (Figure 3a).
Incubation with AGE-BSA caused progressive mor-
phological changes, including initial cellular hypertro-
phy and dissociation of neighboring cells, indicative of
a more invasive phenotype. Ultimately, a “fibroblast-
like” appearance was attained (Figure 3, b-c). There was
no effect on morphology when cells were incubated
with the nonglycated control protein (Figure 3d).

0-SMA expression is considered to be a characteristic
immunological marker for the myofibroblast (30, 31).
Untreated NRK cells rarely expressed 0-SMA (Figure 3a
and Figure 4). However, exposure of cells to AGEs
caused a dose- and time-dependent increase in 0-SMA
expression (Figure 3, b-c; Figure 4, a and b). Approxi-
mately 75% of cells expressed 0-SMA after 6 days when
incubated with AGE-BSA (40 uM) (P < 0.001; ANOVA).
Cells incubated in the presence of unglycated BSA had
a similar level of a-SMA expression as untreated cells
(Figure 3d). To confirm that advanced glycation was
responsible for transdifferentiation, a further experi-
ment using AGE-RNase and unglycated RNase was per-
formed (Figure 3e; AGE-RNase only shown). Typical
morphological changes and the development of
0-SMA staining occurred in the presence of AGE-mod-
ified RNase, but not with the unglycated protein.

To further explore the role of RAGE and the cytokine
TGF-B, neutralizing Ab’s to either RAGE, TGF-f, or
control Ab’s were added to the system in separate
experiments (Figure 3, f-h, and Figure 4a). AGE-
dependent changes in phenotype and 0-SMA staining
were completely abrogated by the addition of an Ab to
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Figure 4

Time- and dose-dependent 0-SMA expression by NRK 52E cells. (a) Cells cultured in the presence of increasing concentrations of AGE-BSA or
unglycated BSA, in the presence or absence of Ab’s to RAGE, TGF-B, or control Ab’s, were counted in three or more separate experiments. Rep-
resented are 0-SMA +ve cells counted in ten or more high-power fields (x200) expressed as a percentage of total cell number (mean + SEM).
**P<0.01, ***P < 0.001 compared with untreated cells. The observed increase in a-SMA staining with AGE-BSA (40 UM) was prevented by
Ab’s to either RAGE (R) or to TGF-B (T), but not by control Ab’s (C). ##P < 0.01, ###P < 0.001 compared with AGE-BSA (40 uM). (b) Effects of
exposure of NRK cells to AGE-BSA (40 LM) over time. Cells were examined at 2, 4, and 6 days in three or more separate experiments;
**p<0.01, ***P<0.001 compared with 0 days. (c) Effects of exposure of NRK cells to CML-modified BSA. Variously, CML-modified BSA was
prepared by incubating BSA with sodium cyanoborohydride, in the presence or absence of glyoxylic acid. Incubation of NRK cells in the pres-
ence of CML-BSA (200 uM) caused a modification-dependent increase in a-SMA staining. Shown are results of three or more independent
experiments; degree of lysine modification versus SMA positive cells as percentage of total cell number (mean = SEM). *P < 0.05, **P < 0.01.
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E-cadherin expression is lost in cells cultured with AGE-BSA. After 6
days under experimental conditions, cells were stained for E-cadherin.
(a) NRK 52E cells grown in media alone. (b) Culture with AGE-BSA
(20 M), () AGE-BSA (40 M). (d) Cells cultured with AGE-BSA (40
UM) and neutralizing Ab to RAGE. Original magnification, X200. (e)
E-cadherin quantitation. Cells expressing E-cadherin were counted in
six or more high-power fields (x400) and expressed as a percentage of
total cell number (mean + SEM). Coincubation in the presence of Ab’s
to RAGE (R) or TGF-f (T) abrogated the expected E-cadherin loss,
whereas control Ab’s (C) did not. **P < 0.01 compared with untreat-
ed cells; #P < 0.01 compared with AGE-BSA (40 tM) by ANOVA.

RAGE (Figure 3f; P < 0.001, ANOVA). The addition of
a TGF-B-neutralizing Ab (20 pug/ml) also largely pre-
vented AGE-dependent increases in 0-SMA expression
(Figure 3g; P < 0.01, ANOVA). AGE-mediated changes
in cell morphology and o-SMA staining were not pre-
vented by the presence of control Ab’s (Figure 3h), indi-
cating specific actions of Ab’s to RAGE and TGF-f3.
Manufacture of AGEs in the laboratory creates high-
ly modified molecules that may have limited in vivo rel-
evance. CML is a known in vivo modification that has
been shown previously to bind to RAGE (22) and was
assessed in this system. Exposure of cells to CML-BSA
(200 uM BSA equivalent, 34% lysine modification) was
associated with an increase in 0-SMA staining in
14.1 + 3.3% of cells (Figure 4¢; n = 4, P < 0.01, ANOVA),
with only an occasional cell changing to a fibroblast

phenotype. Lesser CML modifications of free lysine on
the BSA molecule induced lesser increases in 0.-SMA
expression (5% lysine modification, 4.0 + 1.6%; 9% mod-
ification, 5.2 + 1.2%; 17% modification, 12.1 + 2.1%;
mean + SEM shown, n = 4 per group, P < 0.05, ANOVA)
with no evidence of phenotypic changes in the cells.

Loss of the epithelial cell antigen E-cadherin was also
examined as a further phenotypic marker of transdif-
ferentiation (Figure 5). Confluent cultures of NRK 52E
cells nearly all expressed immunostainable E-cadherin
(Figure 5a). Exposure to AGE-BSA caused a dose-
dependent loss of E-cadherin expression in a largely
reciprocal pattern to increasing 0-SMA staining (Fig-
ure 5,b, ¢, and e). After 6 days of exposure to AGE-BSA
(40 uM), E-cadherin expression was lost in approxi-
mately 85% of cells (Figure 5¢; P < 0.01, ANOVA). Cul-
tured cells exposed to unglycated BSA maintained sim-
ilar E-cadherin expression to untreated cells. The
addition of Ab’s to RAGE or TGF-f3, but not control
Ab’s, prevented AGE-mediated loss of E-cadherin
(P<0.01, ANOVA; Figure 5, d and e; cells cultured with
AGE, 40 uM, and RAGE only shown).

TGF-f expression. TGF-B has been shown previously to
mediate transdifferentiation and was considered to be
a likely candidate cytokine within our system. The
exposure of NRK 52E cells to AGEs caused a significant
dose-dependent increase in total TGF-P protein pro-
duction at 3 days from approximately 5 ng/ml untreat-
ed to nearly 12 ng/ml after exposure to the higher AGE
concentration (Figure 6; P < 0.05). This effect was
blocked by the presence of RAGE or TGF-§ Ab’s, but
not by control Ab’s (P < 0.05, ANOVA).

In vivo transdifferentiation. STZ-induced diabetes in
both rat strains was associated with reduced weight
gain, and a marked increase in plasma glucose and
HbA1c (Table 1). In control animals, 0-SMA staining
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Figure 6

Effect of AGE-BSA exposure on total TGF-B production. Total TGF-{ lev-
els were measured by ELISA (mean + SEM). AGE-BSA, but not BSA,
exposure caused a dose-dependent increase in TGF-f3 protein levels at 3
days that was abrogated by the presence of either Ab’s to RAGE (R) or
TGF-B (T), but not by control Ab’s (C). *P < 0.05, **P < 0.01 vs. AGE-
BSA (0 uM); #P < 0.05, #P < 0.01 vs. AGE-BSA (40 uM) by ANOVA.
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Figure 7

In vivo 0-SMA staining in the tubules of chronically diabetic rats. Kid-
ney sections from WKY rats (control, 16- and 24-week diabetic) were
stained for a-SMA with a PAS counterstain. (a) In control animals
0-SMA staining was limited to vascular smooth muscle cells (arrow).
Diabetes was associated with an increase in tubular 0-SMA expres-
sion at all time points: (b) 16 weeks and (c) 24 weeks of diabetes,
0-SMA +ve cell with a fibroblast phenotype within a disrupted prox-
imal tubule (arrows). Original magnification, X1,000. Distal tubular
staining was seen rarely (d) (arrows). (e) Proximal tubules were
counted in control and diabetic WKY rat kidney sections (masked for
identity, 20 high-power fields, X400; n > 4 per group). The number
of tubules containing &-SMA-positive cells is shown as a percentage
of total tubule number (mean + SEM). ***P < 0.001 compared with
age-matched control using unpaired t test.

was limited to vascular smooth muscle cells and an
occasional interstitial cell (Figure 7a). The induction
of diabetes caused a time-dependent increase in tubu-
lar 0-SMA staining. In the WKY rat strain, two time
points were evaluated, with o-SMA evident in 0.3 and
0.5% of tubules at 16 and 24 weeks respectively
(P <0.001, Figure 7, b, ¢, and e). After 32 weeks of dia-
betes, in the SD rat strain approximately 5% of
tubules expressed a-SMA (see Figure 9e and Figure
10, P < 0.001, £ test).

Proximal tubules were the major site of transdiffer-
entiation in both rat strains, while unequivocal distal
tubular staining occurred rarely (Figure 7d). Staining
for -SMA in a STZ-treated rat that did not become
diabetic was the same as control.

Evidence of increased proximal and distal tubule
accumulation of AGEs was clearly seen in WKY rats
(Figure 8). In addition, RAGE was detectable in both
proximal and distal renal tubules (Figure 8, c and d).

To further explore the importance of the AGE-RAGE
pathway in in vivo transdifferentiation we studied a
group of SD rats that received the specific AGE-cross-
link breaking compound, ALT-711 (14). ALT 711 did
not affect weight, fasting plasma glucose, or HbAlc,
compared with the diabetic animals. In SD rats, there
was increased accumulation of AGEs, which was ame-
liorated by the cross-link breaker ALT 711 (Figure 9).

As observed in WKY rats, 0-SMA staining was restrict-
ed to smooth muscle cells within blood vessels and
occasional interstitial cells in nondiabetic rats. Howev-
er, after 32 weeks of diabetes, in the SD rat strain
approximately 5% of tubules expressed a-SMA (Figure
9e and Figure 10; P < 0.001, ¢ test). Diabetic animals that
received ALT 711 had significant reductions in 0-SMA
staining (Figure 9f and Figure 10). More significantly,
the number of individual cells expressing 0-SMA with-
in affected tubules was significantly reduced (67% vs.
18%, P < 0.01; Figure 10b).

To further address the relationship of TGF-f to transd-
ifferentiation, TGF-B immunostaining was evaluated and
shown to be increased approximately threefold in the
tubules of diabetic SD rats and reduced, though not nor-
malized, by ALT-711 treatment (Figure 10c and Figure 11).

Human diabetic nephropathy. Evidence of tubular-epithe-
lial myofibroblast transdifferentiation (TEMT) was also
seen in a renal biopsy of a human type 1 diabetic subject
with nephropathy (Figure 12a). Clear 0-SMA immunos-
taining of an epithelial cell within an intact tubule indi-
cates an early stage in the transdifferentiation process in
which there is expression of a mesenchymal marker
before morphological change has taken place. In addi-
tion, AGE and RAGE were both clearly detectable, par-
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Figure 8

AGE and RAGE immunostaining in WKY rats. Kidney sections from
24-week WKY control and diabetic rats were stained for the presence
of AGEs (a and b) and RAGE (c and d).

The Journal of Clinical Investigation |

December 2001 |

Volume 108 | Number 12 1859



Figure 9

In vivo AGE and 0.-SMA staining in the tubules of chronically diabetic rats.
Kidney sections from SD rats, control, 32-week diabetic, and 32-week dia-
betic that received the AGE-cross-link breaker, ALT 711 (n = 5 each
group), were stained for AGE and separately for 0-SMA. Representative
pictures of AGE staining in (a) control, (b) diabetic, and (c) diabetic ani-
mals that received ALT 711. (d and e) a-SMA staining. In control animals
0-SMA staining was limited to vascular smooth muscle cells (d). Diabetes
was associated with an increase in tubular 0-SMA staining (e) (arrow-
heads) that was ameliorated in diabetic animals receiving ALT 711 (f).

P<

ticularly in tubules in a postmortem kidney sample from
a diabetic patient with nephropathy and Kimmelstiel-

Wilson lesions (Figure 12, b and c).

Discussion

Evidence has accumulated over the last decade impli-
cating the formation of AGEs as a major factor in the
pathogenesis of diabetic nephropathy (2, 3). The pres-
ent study has identified a potential pathogenic path-
way for the development of tubulointerstitial fibrosis
in diabetic nephropathy.

It has been demonstrated that AGEs exert their
effects in part through an interaction with specific cell
surface-binding proteins. RAGE, a multiligand mem-

Figure 10

Quantitation of in vivo a-SMA and TGF-$3
staining. Kidney sections from SD rats, con-
trol, 32-week diabetic, and 32-week diabet-
ic+ ALT 711 (n = 5 each) were examined. (a)
The number of a-SMA +ve tubules counted
in 20 or more high-power fields (x200;
> 600 tubules) is expressed as a percentage
of total tubule number. ***P < 0.001 com-
pared with control, *P < 0.05 compared
with diabetic, using unpaired t test. (b) In
addition, the number of individual tubular
cells that stained for a-SMA in affected
tubules were counted and are expressed as
a percentage of total tubular cell number,
##P < 0.01 compared with diabetic. (c)
TGF-B immunostaining. Diabetes was asso-
ciated with a significant increase in TGF-f
immunostaining that was ameliorated, but
not normalized by ALT 711 treatment. The
tubular TGF- staining was quantitated by
a computer-based imaging system. Results
are expressed as a proportion of total area;
n =5 animals per group.
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ber of the immunoglobulin superfamily is the best
characterized of the AGE receptors (37). Purified RAGE
migrates as a single band on SDS-PAGE, but has been
shown to appear as a doublet due to posttranslational
modification of the molecule (29). The lower-molecu-
lar-weight binding site detected with ligand blotting
was initially considered possibly to represent the pres-
ence of lysozyme in our membrane preparation,
because lysozyme has been shown previously to bind
AGEs (36). Immunoblotting failed to confirm this, and
the identity of the band remains unclear and may rep-
resent a RAGE breakdown product. However, the rela-
tive importance of the binding sites seen in this study,
and specifically the relevance of the AGE-RAGE inter-
action, was further confirmed by the ability of a well-
characterized neutralizing Ab to RAGE to prevent
AGE-mediated transdifferentiation.

Recently, mesangial cells and smooth muscle cells
have both been shown to produce TGF-B when exposed
to AGEs (8, 38). Although RAGE has been independ-
ently detected at both sites (29, 39), the receptor was
not explicitly identified in the aforementioned studies.
The present study clearly identified TGF-f} generation
in response to an interaction between AGEs and RAGE.
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Figure 11
TGF-f immunostaining in the SD rats. Diabetes was associated with a marked increase in TGF-§ immunostaining (b) when compared with
controls (a). This increase was ameliorated by treatment with ALT 711 (c). Representative pictures are shown at magnification X400.

AGE-RAGE-mediated transdifferentiation appeared
to be dependent upon the production of TGF-f. This
cytokine is considered to be highly important in the
phenomenon of myofibroblast transdifferentiation
and has been shown to cause the acquisition of myofi-
broblast characteristics in fibroblasts (40). Similar
changes in cell morphology and antigen expression
have been observed in studies of TGF-f (10-50 ng/ml)
administration to the NRK 52E cell line (20). These
phenotypic alterations were associated with ultra-
structural changes, the appearance of stress fibers, and
a new front-to-back polarity, typical of the develop-
ment of a myofibroblast phenotype. Furthermore, all
these changes could be prevented by the inhibition of
TGF-f with a neutralizing Ab.

AGE-RAGE interaction has also been demonstrated
to induce the production of a number of other
cytokines such as IL-1 and PDGEF (8, 9). This study can-
not exclude a role for these other cytokines in mediat-
ing the observed transdifferentiation; indeed, IL-1 has
been reported to induce transdifferentiation in this cell
line (41). This action of IL-1 is probably mediated via
the induction of TGF-J (42).

To further explore the relevance of these findings to
the in vivo context, the effects of CML-BSA, one of a
number of AGE modifications known to occur in vivo
were evaluated. This AGE has been demonstrated to
bind to RAGE, activating intracellular transcription fac-
tors (22). In our system, the culture of cells with CML-
BSA was associated with an increase in 0-SMA expres-
sion in a dose- and modification-dependent manner,
although with less effect than exogenous AGEs on phe-
notypic changes of these cells. AGEs in vitro and in vivo
constitute a heterogeneous group of protein modifica-
tions and the present study suggests that the changes
seen with exogenous AGE administration cannot be
fully explained by CML. However, the degree of transd-
ifferentiation that occurs in vivo would be consistent

appears to increase in diabetes (44), and increased
glomerular and tubular AGE staining was seen in this
study, confirming previous observations using both
immunohistochemical and radioimmunoassay tech-
niques (34). AGEs were shown to induce in vitro epithe-
lial-mesenchymal transdifferentiation in a time- and
dose-dependent manner, and proximal tubular trans-
differentiation was seen to increase with duration of
diabetes in these rat models.

To further explore the role of this pathway in vivo, a
group of SD rats were studied that had received the
cross-link breaker, ALT 711. This class of agents has
been shown to cleave preformed AGEs (11) and in the
diabetic milieu to reduce AGE accumulation (12).
More recently, ALT 711 has been shown to improve
vascular compliance in diabetic rats (14). In the pres-
ent study, ALT 711 was associated with reduced renal

Figure 12

Evidence of transdifferentiation in a case of human diabetic
nephropathy. A patient with type 1 diabetes of 15 years’ duration was
diagnosed with nodular diabetic glomerulosclerosis and moderate
interstitial fibrosis and tubular atrophy upon biopsy. (a) Clear cyto-
plasmic immunostaining for a-SMA is apparent in a single epithelial
cell (arrow) within an intact tubule. (b and ¢) AGE and RAGE
immunostaining. A postmortem kidney section from a patient with
diabetic nephropathy and Kimmelstiel-Wilson nodules was stained
for AGE (b) and RAGE (c).Original magnification for all x400.

with the effects of endogenous AGEs such as CML.
Indeed the major epitope recognized by the Ab used in
the present study to detect increased AGEs in diabetic
tubules is CML-bound to proteins (12).

The proximal tubules in diabetes are potentially
exposed to high levels of AGE-peptides due to active
proximal tubular reabsorption and catabolism (43).
Indeed binding of AGEs to the proximal tubules
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AGE accumulation. The reduction in AGE staining
was associated with both reduced TGF-f immunos-
taining and less transdifferentiation, as evidenced by
decreased number of 0-SMA +ve tubular cells. This is
consistent with the hypothesis that AGEs in vivo are
associated with epithelial to myofibroblast transfor-
mation. It should be noted that while a-SMA and
TGF-B immunostaining were both reduced by ALT 711
treatment, neither were completely normalized, sug-
gesting that other mechanisms may be involved. The
likelihood that these effects are mediated via reduction
of AGEs, rather than effects on hyperglycemia per se,
are supported by a lack of effect of this agent on plas-
ma glucose or the Amadori product HbAlc.

RAGE distribution in tubules has been demonstrat-
ed by a number of groups. Brett, et al., detected RAGE
in the proximal but not the distal convoluted tubule
(29), whereas our group and others had previously
localized immunostainable RAGE predominantly, but
not exclusively, to the distal tubules (28, 45). In the
present study, diabetes was associated with an accu-
mulation of RAGE in both proximal and distal tubules
in both the rat model and in human postmortem spec-
imens using an anti-human RAGE Ab. The specificity
of this well-characterized Ab has been confirmed by
antigen preincubation with recombinant forms of
human RAGE having been shown previously to negate
Ab recognition of RAGE (29, 45, 46). However, the sta-
tus of RAGE in proximal tubules remains controversial,
because a recent study failed to find evidence of RAGE
gene expression by RT-PCR in purified proximal
tubules obtained from diabetic subjects (47). This dis-
crepancy between gene and protein expression requires
further study and may relate to differences in sensitiv-
ity and specificity for the various techniques used.

TGF-P expression is increased in the diabetic kidney
and is increasingly recognized as playing a central role
in the development of diabetic nephropathy and
tubulointerstitial fibrosis (48). All three isoforms of
TGF-3 have been reported to be upregulated in the
tubulointerstitium in diabetes (49), and studies of the
TGF-B-inducible gene Big-H3 have demonstrated that
a major site for increased TGF-P activity in diabetes is
in tubules (50). A further study using a novel inhibitor
of AGE formation, OPB 9195, has also shown a reduc-
tion in the diabetes-associated increase in TGF-f in
parallel with reduced AGE accumulation (51). Con-
sidering the pivotal role that TGF- plays in the phe-
nomenon of epithelial-mesenchymal transdifferenti-
ation (20), colocalization of AGEs, RAGE, and TGF-f3
in tubules in association with transdifferentitaion
suggests a similar phenomenon may occur in vivo.

In a previous study, 0-SMA staining was detected in
the proximal tubular cells of diabetic animals (52),
although this was not quantitated. In the same study
another mesenchymal marker, vimentin, was noted to be
present in at least 2% of proximal tubular cells at approx-
imately 16 weeks. In another in vivo model of renal dis-
ease, the remnant model was associated with up to 5% of

cortical tubules expressing o-SMA (53). In the present
study, after 32 weeks of experimental diabetes, a similar
degree of transdifferentiation was observed.

In the human, a renal biopsy stained for evidence of
tubular transdifferentiation convincingly identified the
phenomenon in a diabetic patient. A more rigorous
evaluation of transdifferentiation in diabetic patients
with varying degrees of diabetic nephropathy and, in
particular, differences in the presence and degree of
tubulointerstitial fibrosis is now warranted. Since dia-
betic renal disease is a process that occurs slowly over
many decades in only a minority of diabetic patients, it
is likely that a very detailed evaluation of this phenom-
enon in human biopsies will be required to determine
the relevance of TEMT in this condition. This issue is
of major clinical relevance with diabetic nephropathy
now the major cause of end-stage renal failure in the
Western world, and the pathogenesis of tubulointer-
stitial fibrosis and its relationship to glucose-depend-
ent events not fully defined.

This study has provided evidence that AGEs mediate
tubular to myofibroblast transdifferentiation through
RAGE in vitro and that this effect is dependent upon
the prosclerotic cytokine TGF-f. Furthermore, this
phenomenon was observed in the tubules of chroni-
cally diabetic rats, was detected in a human diabetic
nephropathy specimen, and was attenuated by an
inhibitor of AGE accumulation. This study provides
evidence that an AGE-dependent pathway may play a
role in the development of tubulointerstitial fibrosis in

the diabetic kidney.
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