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long-lived proteins, such as collagen [4] and crystallins
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The extended exposure of proteins to reducing sug-
rs leads to nonenzymatic glycation with the accumu-
ation of advanced glycation end products (AGEs).
ong-lived proteins, such as collagen and crystallins,
re subjected to this modification, and are implicated
s causal factors in several diseases including diabetic
omplications, cataracts, and arteriosclerosis. One
eans through which AGEs modulate cellular interac-

ions is via binding to specific receptors. In the cur-
ent study, the existence of AGEs in human anterior
olar lens capsules of cataracts was confirmed using a
ombination of dot-immunoblot and fluorescent detec-
ion. Human lens epithelial cells (LECs) attached to
nterior lens capsules expressed mRNA for the recep-
or for AGEs (RAGE). The interaction of LECs with
GEs using bovine lens epithelial explants demon-
trated that AGEs induced mRNAs and proteins of
bronectin, collagen type I, aberrant extracellular ma-
rix proteins, and a-SMA, a specific marker for myofi-
roblastic cells. These findings suggest that AGEs may
lter cellular functions which induce mRNAs and pro-
eins associated with fibrosis in LECs. © 2000 Academic

ress

Key Words: glycation; AGEs; cataracts; extracellular
atrix; transdifferentiation; RAGE; bovine lens ex-

lants; fibrosis.

With aldoses, proteins become nonenzymatically gly-
ated through the formation of Schiff base and Ama-
ori rearrangement products, and further undergo a
omplex series of reactions, such as rearrangement,
yclization, fragmentation, dehydration and oxidative
odification, leading to a class of permanently modi-
ed proteins known as advanced glycation end prod-
cts (AGEs). AGEs have unique properties such as
uorescence, browning, and protein cross-links [1–3].
onenzymatic glycation is a major modification in

1 These authors contributed equally to this study.
53
5], and one of several mechanisms that may be in-
olved in the generation of diabetic complications [6],
ataracts [7], arteriosclerosis [8], and Alzheimer’s dis-
ase [9]. In vitro glycation of bovine lens capsules,
hich consists of more than 90% collagen type IV [10]
arkedly inhibits the basement membrane’s suscepti-

ility to matrix metalloproteinases due to the alter-
tion of the structural and functional integrity of the
xtracellular matrix [11].
AGEs have been shown to be taken up through AGE

pecific receptors [12–14]. Among these receptors, a
eceptor for AGEs (RAGE), a 35 kDa protein of the
mmunoglobulin superfamily of cell surface molecules,
as been extensively investigated. RAGE is localized in
any cells and tissues where it modulates AGE effects

uch as activation of p21ras, MAP kinases, NF-kB and
dc42/rac [15–17]. The interaction of RAGE with dis-
inct ligand molecules is implicated in the inflamma-
ory response [18], vascular perturbation [19], Alzhei-
er’s disease [20] and tumor invasion [21].
Interactions of glomerular epithelial cells with gly-

ated collagen type IV show reduced cell spreading,
hosphorylation of focal adhesion kinase and mitogen-
ctivated protein kinase activity, all of which suggest
hat the altered cell-matrix interactions induce intra-
ellular signaling that leads to alterations in diabetic
ephrology [22]. In glomerular mesangial cells, gly-
ated BSA stimulates mRNA and/or protein levels of
GF-b1 and extracellular matrix (ECM) components

23]. The induction of TGF-b by AGEs via a receptor-
ediated mechanism has been proposed in increased
CM deposition and altered cellular growth. In in vitro

ens epithelial explants, TGF-b induces distinct ante-
ior opacities accompanied by the formation of spindle-
haped cells that contain a-smooth muscle actin
SMA), capsule wrinkling, and deposition of abnormal
xtracellular matrix components, such as collagen type
(Col I) [24] which appear in human anterior subcap-
0006-291X/00 $35.00
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sular cataracts and in lens capsules which develop
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Measurement of human anterior lens capsular AGE proteins.
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brotic changes after cataract extraction [25–27].
These findings led us to hypothesize that AGE for-
ation in human anterior lens capsules via interaction
ith RAGE induces a transdifferentiation of lens epi-

helial cells. In the present study, we confirmed the
xistence of AGEs on human anterior capsules, found
or the first time, induction of RAGE mRNA on anterior
ECs from clinically distinct types of cataract, and
howed AGE-mediated induction of mRNAs and pro-
eins associated with transdifferentiation and ECM
ormation by LECs in bovine lens epithelial explants.

ATERIALS AND METHODS

Preparation of human anterior lens capsules. Lens capsules and
he associated LECs were obtained from patients who underwent
ataract extraction. After injecting viscoelastic material into the
nterior chamber, continuous curvilinear capsulorrhexis was per-
ormed, and the anterior capsule was carefully removed with forceps.
he lens capsules were immediately frozen in liquid nitrogen, and
tored at 270°C for RNA preparation and protein extraction. These
linical anterior capsule samples prepared from the above extraction
ere used for dot blot assay, in which the sample sizes of anterior
olar cataracts (AP), cortical cataracts (C) and posterior poplar cat-
racts (PP) were 10 each. For fluorescence detection, separate sam-
les each from AP (n 5 3) and C (n 5 3) patients were used. The
xtents of fluorescence (mean 6 SD) are representative of five inde-
endent experiments.

Solubilization of lens capsules. For a dot immunoblot assay, the
uman lens capsules were solubilized as described previously [28]
ith a slight modification. The anterior capsules were added to a

olution containing proteolytic enzyme inhibitors: 1 mM phenyl-
ethylsulfonyl fluoride, 4 mg/ml of aprotinin, 4 mg/ml of leupeptin,
mg/ml of pepstatin, and 2 mM EDTA. Epithelial cell debris

dhering to the anterior lens capsule was separated by stirring
atches of 10 capsules in 10 ml of sodium deoxycholate (20 g/liter)
or 2 h at 4°C, followed by additional stirring in 10 ml of sodium
eoxycholate (5 g/liter) for 2 h at 4°C. Then, the lens capsules were
artially blotted dry, and suspended in 1 ml of solubilization
uffer which contained 27 mM Tris, 13.4 mM H2SO4, 20 g/liter
DS, pH 6.1, and all of the proteolytic enzyme inhibitors. To

acilitate solubilization, the capsules were sonicated at 4°C for 5
in twice in a sonicator (Branson Sonifier 250, Danbury, CT). The

amples were flushed with nitrogen, sealed, and shaken at 70°C
vernight. Undissolved capsules were pelleted by centrifugation
8700g) for 10 min at 4°C. The supernatant was collected, and the
ellets were dissolved by boiling in solubilization buffer for 2 h
ollowed by centrifugation (8700g) for 10 min at 4°C. The second
upernatant was combined with the first one to evaluate for AGE
ormation in human anterior lens capsules. Protein determina-
ions were performed using the BCA method according to the
anufacturer’s recommendations (Pierce, Rockford, IL).

Preparation of AGE-BSA. AGE-bovine serum albumin (BSA) was
repared by adding 5 mg of BSA (essentially fatty acid free; Sigma,
t. Louis), 25 mM glycolaldehyde and 1 mM diethylenetriaminepen-
aacetic acid in 1.0 ml of 0.1 M phosphate buffer (pH 7.0), sterile-
ltering and incubating at 37°C for up to 5 days. Unincorporated
ugar was removed by dialysis against a 5 mM phosphate buffer (pH
.0). Control BSA was exposed to 37°C for the same time interval and
n the same buffer without glycolaldehyde. The concentration of
GE-BSA and BSA was determined with the BCA method.
54
qual amounts (10 mg) of solubilized proteins from the anterior lens
apsules were dot blotted onto a nitrocellulose membrane (Schleicher

Schuell, Inc., Keene, NH). AGEs were detected by using the
olyclonal anti-AGE antibody, which was synthesized by injecting
lycolaldehyde-incubated keyhole limpet hemocyanine into rabbits,
nd recognizes carboxymethyllysine and pentosidine, two well-
haracterized AGEs, as well as several other AGE epitopes [29]. The
mmnunocomplexes were visualized using an enhanced chemilumi-
escence (ECL) kit (Amersham International, Amersham, UK), and
uantified by scanning densitometry using an ImageMaster VDS
Pharmacia Biotech Inc., Uppsala, Sweden). The assay was stan-
ardized by blotting with different amounts of AGE-BSA.
For fluorescence detection of general AGE formation, the above

hree LEC-free capsules which had had the epithelial cell debris
etached, were digested extensively by sequential treatment with
ollagenase and pepsin according to the method described [30] with
odifications. Anterior lens capsules from each cataract sample
ere re-suspended with bacterial collagenase in 50 mM Tris, 0.2 M
aCl, 2 mM CaCl2, pH 7.4, at 1:100 enzyme to substrate ratio, and

ncubated for 18 h at 37°C. At the end of incubation, the samples
ere centrifuged at 70,000 rpm for 6 h. The pellets were re-

uspended with pepsin in 0.1 M acetic acid and 0.02% sodium azide
t a 1:150 enzyme-to-substrate ratio, and incubated for 36 h at 37°C
ith intermittent sonication. At the end of the incubation period,
onsolubilized material was pelleted by centrifugation (2000 rpm for
min), and fluorescence of the supernatant was determined to esti-
ate AGE formation using excitation/emission wavelengths of 370/

40 nm and 335/385 nm. These wavelengths detect general AGE
ormation [31] and pentosidine-related fluorescence [32], respec-
ively. Readings were obtained with a spectrofluorometer (Kontron
nstrument Model SFM 25, Jürich, Switzerland).

Treatment of bovine lens epithelial explants. Young bovine eyes
ere obtained from a local abattoir, and transported to the labora-

ory in a 4°C cold chamber. After the cornea, iris, and ciliary body
ere removed, the lens capsule was removed from the remainder of

he lens with a forceps and fine scissors. The separated layer con-
aining LECs was transferred to a 6-well plate coated with collagen
ype IV in Dulbecco’s Minimum Essential Medium (DMEM; Gibco-
RL, Grand Island, NY) containing 20% (wt/vol) fetal bovine serum

FBS; GibcoBRL). After incubation for 20 h, the fresh explants in the
bsence of FBS were incubated with the cell layer downward on cell
ulture dishes in alternatively the absence or presence of 50, 100,
nd 200 mg/ml of AGE-BSA as well as 10 ng/ml of TGF-b1 as a
ositive control. After the indicated time points, total cellular RNA
nd cell lysates were prepared for RT-PCR and Western blot analy-
is, respectively.

RNA isolation and RT-PCR. Total cellular RNA was isolated
rom LECs attached to anterior capsules of human lenses from AP,
, PP, and nuclear (N) cataracts, or bovine lenses using TRIZOL
eagent (GibcoBRL) according to the manufacturer’s instruction.
ne mg of RNA was reverse transcribed in a 20-ml reaction mixture
y using a kit (1st strand cDNA synthesis kit; Boehringer-Mannheim
orp., Indianapolis, IN). The cDNA (0.2 to 1 ml) was amplified in a
0-ml reaction mixture. Conditions for PCR were as follows: 0.4 mM
ach primer, 0.2 mM deoxynucleoside triphosphate mixture (Perkin–
lmer Corp., Foster City, CA), 50 mM KCl, 10 mM Tris–HCl (pH
.3), 1.5 mM MgCl2, and 1.0 U of Taq DNA polymerase (Perkin–
lmer Gaithersburg, MD). Reaction mixtures were incubated in a

hermal controller (Model PTC-100; MJ Research, Inc., Watertown,
A) for 30 to 40 cycles (denaturation at 94°C for 45 s, annealing at

0°C for 30 s, extension at 72°C for 45 s). The amounts of amplified
roducts were analyzed using an image documentation system (Im-
geMaster VDS, Pharmacia Biotech Inc., Uppsala, Sweden). DNA
ize markers were run in parallel to validate the predicted sizes of
he amplified bands (D-15 DNA marker; NOVEX, San Diego, CA).
he primer sequences specific for the genes examined and the pre-
icted product sizes are shown in Table 1.
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Western blot analysis. Bovine LECs cells were lysed on ice in lysis
uffer (20 mM Tris–HCl [pH 7.5], 120 mM NaCl, 10% glycerol, 1%
riton X-100, 2 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol, 1 mM
henylmethylsulfonyl fluoride, 4 mg/ml of leupeptin, 4 mg/ml of pep-
tatin and 4 mg/ml of aprotinin; Sigma). After centrifugation for 10
in at 12,000g, the supernatant was stored at 270°C. The lysates

ontaining 20 mg of protein were boiled for 5 min in SDS sample
uffer, fractionated by SDS–polyacrylamide (8 or 10%) gel electro-
horesis, transferred to a nitrocellulose membrane (Hybond; Amer-
ham Life Science, Inc., Cleveland, OH), and incubated with poly-
lonal anti-bovine fibronectin (Sigma) and anti- bovine a-smooth
uscle actin antibodies (Sigma) as described above.

ESULTS

AGEs are detected in human anterior lens capsule
rom cataract patients. The glycation of proteins that
ave very slow turnover such as collagen and crystallin
as been extensively studied [5, 21]. Since the lens
apsule is mainly composed of collagen IV [10], and the
queous humor of cataract patients contains high lev-
ls of H2O2 [33], we hypothesized that AGEs form in
ens capsules. Human anterior lens capsules from cat-
ract samples were assessed for AGE formation by dot
lotting equal amounts (10 mg) of solubilized anterior
ens capsule from cataracts onto nitrocellulose mem-
ranes after standardizing the assay with different
mounts of AGE-BSA. AP samples (16.3 AGE units/mg)
ontained higher amounts of AGEs than C samples
13.9 AGE units/mg) and PP samples (8.1 AGE units/
g) (Fig. 1A). Fluorescence readings of digested capsu-

ar proteins from AP samples showed 20 and 55% (P ,
.01) increase in fluorescence at 370/440 nm (general
GE formation) [31] and 335/385 nm (pentosidine-

elated fluorescence) [32], respectively, when compared
o anterior capsules from C samples (Figs. 1B and 1C).

Human lens epithelial cells express RAGE mRNA.
he observation of AGEs in anterior lens capsules from
ataract samples prompted us to examine LECs from
ataract samples for RAGE, the best characterized re-
eptor of AGEs. Human anterior subcapsular LECs
ere freshly isolated from patients having clinically
ifferent types of cataracts such as AP and C, and were
nalyzed by RT-PCR using specific primers for human
AGE [34]. Figure 2 shows clearly that the expression

Primer Pairs and Predicted Lengt

Gene
Size
(bp) Upstre

Bovine
Fibronectin 735 ggtaacgaaggc
Collagen I 387 gaaaggagaga
b-Actin 350 aggccaaccgcg

Human
RAGE 480 caccttctcctgta
55
f RAGE mRNA was prominent in LECs of AP com-
ared with other subtypes of cataracts. In all cases,
-actin expression remained uniform between epithe-

ial cell samples from different cataracts.

Induction by AGEs of fibronectin, collagen type I and
-smooth muscle actin mRNAs and proteins in LECs.
n AP, LECs transdifferentiate into mesenchyme-like
ells, and abnormal extracellular matrix including fi-
ronectin (FN), collagen type I (Col I), and a-smooth
uscle actin (SMA) accumulate around the fibroblast-

ike cells [35, 36]. The presence of AGEs in anterior
ens capsules and the abundance of RAGE in LECs of
P suggested that the binding of AGEs to RAGE on
ECs may influence cellular functions. We examined
he effects of AGE-BSA on the transdifferentiation of
ECs using the above myofibroblast markers in bovine

ens epithelial explants. Figure 3A shows that AGEs as
ell as TGF-b1 mediated a marked increase of mRNA

or FN and Col I in bovine explants within 24 h. Im-
unoblot analysis confirmed that AGE treatment led

o an increased accumulation of FN and SMA in bovine
ECs (Figs. 3B and 3C). Also significant expression of
MA was observed by TGF-b1 treatment (Fig. 3C).
ecause a primer sequence for bovine SMA was not
vailable through a Web site (the Whitehead Institute
or Biomedical Research, Cambridge, MA, www.genome.
i.mit.edu), the RNA level was not determined.

ISCUSSION

The results presented in this study demonstrate for
he first time, to the best of our knowledge, that AGEs
ccumulate in anterior lens capsules of human cata-
acts, that RAGE mRNA is expressed by LECs from
ataract specimens, and that AGEs induce the expres-
ion of myofibroblastic markers of epithelial transdif-
erentiation during AP cataract development. These
ndings implicate AGEs in the development of anterior
ubcapsular cataracts.
AGEs can form from compounds other than sugars,

nd are accelerated by oxidative stress through a pro-
ess known as glycoxidation. One example is the oxi-
ation products of ascorbate, which is present in the

of PCR Products with Each Pair

primer Downstream primer

actgc accagattcctcttatcaactg
gcaac tcaataccagggagacccac
aagatgacc aggccaaccgcgagaagatgacc

ca tgccacaagatgaccccaat 34
hs

am

tcc
gcg
ag

gctt
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ighest concentration compared to other sugars in the
ens, and are highly reactive nonenzymatic glycation
gents in vitro [37]. The concentration of ascorbate in
uman aqueous humor is 1.4 to 1.8 mM which is ap-
roximately 20 times higher than in plasma [38]. The
xidation of ascorbate produces several degradation
roducts such as glycolaldehyde, glyceraldehyde and
hreose [39, 40]. In this study we prepared AGEs in
itro by incubating the reaction mixture containing

FIG. 1. Determination of AGEs in anterior polar capsules from
ataracts (PP). (A) Capsular AGEs were determined by scanning d
roteins from the anterior lens capsules were dot blotted onto a nitr
olyclonal anti-AGE antibody [29]. (II) Dot immunoblot assay was c
nalysis, the three capsules were solubilized using sequential dig
xcitation/emission wavelengths of 370/440 and 335/385 nm, whic
espectively. Values were corrected for the protein concentration of ea
f five independent experiments. The asterisk denotes a P value of ,
56
SA and glycoaldehyde, which is known to produce
oth carboxymethyllysine [41] and pentosidine [32],
wo well characterized in vivo glycoxidative agents. If
AGE on LECs recognizes AGEs, where do they come

rom? Lens capsules comprise more than 90% collagen
ype IV and laminin, which have a very slow turnover
42]. The level of H2O2 prevalent in the aqueous humor
f patients with cataracts is relatively high (189 6 88
M) [33] which would promote oxidation of ascorbate.

erior polar cataracts (AP) and cortical cataracts (C)/posterior polar
itometry of immunoblots; (I) Equal amounts (10 mg) of solubilized
llulose membrane, the membrane was incubated with AGE-specific
ed as described under Materials and Methods. (B) For fluorometric
ion with collagenase and pepsin. Fluorescence was measured at
etect general AGE formation and petosidine-related fluorescence,
sample. The extents of fluorescence (mean 6 SD) are representative
1.
ant
ens
oce
arri
est

h d
ch
0.0
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hus, the environment for nonenzymatic glycation of
hese long-lived basement membrane components ap-
ears to be optimal during anterior subcapsular cata-
act development. In fact, our study supports this hy-
othesis since, AGEs in anterior lens capsules of
ataracts were detected by using an anti-AGE anti-
ody, which is capable of detecting a variety of AGE
pitopes including carboxymethyllysine and pentosi-
ine [29], and also by fluorescent analysis (Fig. 1).

FIG. 2. Identification of human receptor for advanced glycation
nd products (RAGE) mRNA level in human LECs from AP, C, PP,
nd nuclear (N) cataracts using RT-PCR. Total cellular RNA was
solated from LECs attached to four combined anterior capsules of
uman lenses for each clinical types of cataract. M, molecular size
tandards (base pairs).

FIG. 3. Induction of AGEs of fibronectin (FN), collagen type I (C
A) Bovine lens epithelial explants were freshly prepared and cultur
r with TGF-b1 (10 ng/ml). After 20 h, total RNA was isolated, a
xtracellular matrix proteins. At the indicated time points, cell lys
ssessed for FN accumulation (B) and SMA expression (C). Data sho
esults. M, molecular size standards (base pairs, A; kilodaltons, B an
00 mg/ml; A3, 200 mg/ml); T, cell cultured with TGF-b1 (10 ng/ml).
57
ataract samples. Interestingly, LECs of AP samples
howed a marked induction of mRNA RAGE compared
o other types of cataract. A key signaling pathway
hrough which AGEs induce their cellular effects re-
uires interaction with cellular receptors, of which the
ost highly investigated receptor is RAGE [15, 16]. In

ur preliminary data, a dose-dependent activation of
F-kB by AGEs was observed in lens epithelial cell

ultures suggesting that AGE-RAGE interaction may
ccur (data not shown). However, the possibility can
ot be excluded that RAGE on LECs might have other
unctions like a receptor for certain growth factors,
ecause RAGE has been reported to interact with sev-
ral other ligands such as amphoterin [21]. Further
tudies are necessary to determine the specific path-
ay by which AGEs alter the phenotype of LECs.
Human LECs have remarkably different morpholog-

cal and immunohistochemical characteristics depend-
ng on the type of human cataract. Degenerative
hanges such as shrunken and vacuolated cellular ma-
rix, and condensed nuclear chromatin are observed
n LECs beneath the anterior capsule of N, while
ransdifferentiated changes such as spindle-shaped
broblast-like cells embedded within a fibrillar mesh-
ork mass are found in AP [43]. The transdifferentia-

ion of epithelium to mesenchyme (EMT) or vice versa
ccurs during embryonic development [44]. During the
ormation of AP, and posterior capsule opacification

) and a-smooth muscle actin (SMA) mRNAs and proteins in LECs.
with or without AGEs (A1, 50 mg/ml; A2, 100 mg/ml; A3, 200 mg/ml)
subjected to RT-PCR analysis to determine mRNA expression of

s were prepared from cultured bovine lens epithelial explants and
are from one of two independent experiments that produced similar
); CON, control cells; A, cells cultured with AGEs (A1, 50 mg/ml; A2,
ol I
ed
nd
ate
wn
d C
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ntiate into fibroblast-like cells via the EMT process
27]. Abnormal extracellular matrix components, such
s FN and Col I deposit around the transdifferentiated
ells [24], and a cytoskeletal component SMA is local-
zed in spindle-shaped cells in AP. Our experiments
how that AGEs induce FN mRNA and protein, Col I
RNA, and SMA protein, which are established mark-

rs of EMT. Thus, our results suggest that AGEs me-
iate at least some of this phenotypic change to myo-
broblasts during AP.
One pathway by which AGEs induce myoblastic

ransdifferention is via a mechanism involving Trans-
orming growth factor-b (TGF-b). A multifunctional
ytokine, TGF-b promotes EMT in many cell types
ncluding mammary epithelial cells [45] resulting in
ollagen and FN mRNA accumulation and SMA pro-
ein in LECs [35]. The overproduction of TGF-b and
xtracellular matrix by their sustained gene expres-
ion via autocrine control of TGF-b is proposed to be an
nderlying mechanism of AP formation [34]. Glycated
SA increases mRNA and protein levels of TGF-b1 and
N, an ECM component in mesangial cell cultures, and
he production of TGF-b1 by AGEs is hypothesized to
romote mesangial matrix expansion in diabetic ne-
hropathy [23, 46]. In this regard, it would be worth-
hile to determine in a future study, whether the
bserved enhancement of mRNA and protein levels of
CM markers in bovine LEC explants is altered by the

ncreased active TGF-b levels by AGEs.
This study confirmed the development of AGEs in

ens capsules, the existence of RAGE on LECs, and the
ffects of AGEs on LECs in vitro by which relevant
nductions of mRNAs and proteins associated with
ransdifferentiation in bovine lens epithelial explants.
owever, this observation needs to be repeated with
hole lenses in organ cultures, and further studies are
ecessary to clarify the mechanism by which AGEs

nteract with RAGE causes the transdifferentiation of
ECs. In addition the characterization of which AGE
oieties are responsible for the alteration of cellular

esponses in LECs is required.
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