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The effect of the carbonyl compound glyoxal on the
nduction of advanced glycation end products (AGEs)
n the fetal epithelial lung cells L132 was investigated
sing immunohistochemical, immunoelectron micro-
copic, and biochemical methods. It was found that
lyoxal treatment resulted in morphological changes
f the cells and in the membranous and cytosolic lo-
alization of AGEs such as methyl-glyoxal-derived
ompounds, N-(carboxymethyllysine) (CML) and imi-
azolone. The formation of AGEs was accompanied
ith a change in the intracellular expression of ca-

hepsin D and a loss of enzymatic activity. © 1999

cademic Press

Advanced glycation endproducts (AGEs) are reactive
erivatives of the Maillard reaction, a nonenzymatic
lycation and oxidation between carbohydrate-derived
arbonyl compounds and protein amino groups. Usu-
lly, glucose and other reducing sugars form in the first
tep with proteins reversible Schiff bases and, later,
madori products, which undergo further chemical
odifications to become irreversibly crosslinked, het-

rogeneous fluorescent and protease-resistant deriva-
ives (for review see [1]). AGEs have been implicated as
ausal factors for vascular complication in several dis-
ases and during normal aging [2–7]. Several reports
emonstrated the presence of AGEs in normal and
njured tissues as well as in body fluids [8–13]. AGEs
re effective modulators of the functional properties of
ellular and extracellular proteins and may be toxic for
elected cell types such as pericytes in diabetic mi-
roangiopathy [14] or neuronal cells in Alzheimer’s and

1 To whom correspondence should be addressed at Department of
natomy, Faculty of Medicine, Technical University of Dresden,
etscherstr. 74, D-01307 Dresden, Germany. Fax: 0049 351 458
329. E-mail: mkas@rcs.urz.tu-dresden.
175
ther neurodegenerative diseases [15–17]. The under-
ying molecular mechanism of these effects remain un-
nown though there is evidence for an AGE-induced
ctivation of intracellular signal transduction path-
ays leading to the generation of oxidative stress and
nally to the damage of cells [1, 6, 18].
AGEs accumulate in alveolar macrophages and

ronchial epithelial cells in patients with diffuse alve-
lar damage and idiopathic pulmonary fibrosis [19].
ince AGE-modified proteins have been shown to gen-
rate reactive oxygen species, oxidative stress reac-
ions in epithelial lung cells could also contribute to the
evelopment of pulmonary fibrosis.
Recently, Niwa et al. [20] provided a culture system

f neuronal cells in the presence of 3-deoxyglucosone
nd glyoxal for the experimental induction of AGEs.
his method allows the in vitro analysis of cellular
hanges after AGE formation and to evaluate the role
f glycoxidation reaction in neuronal degeneration. To
nderstand the biological role of AGE formation during
he development of pulmonary fibrosis, we applied this
echnique to the study of fetal lung cells L132. The
ffect of in vitro formed AGEs on the expression of
athepsin D, a protease which is involved in lung fibro-
enesis [21], was also investigated. Furthermore, lyso-
omal proteases like cathepsin B and L have been
hown to exhibit reduced enzyme activities after in
itro incubation with preformed AGEs [22].

ATERIALS AND METHODS

1. Cell culture. L132 embryonic lung cells (ATTC) were grown in
MEM/F12 medium supplemented with 5% fetal calf seum (FCS)
nd gentamycin (6.4 mg/ml) at 37°C in 5% CO2.

2. Application of glyoxal. Glyoxal at various concentrations (160
nd 320 mMol) was added to the culture medium for 24 hours. Cells
hat remained viable during incubation were determined by their
bility to exclude trypan blue. The viability of untreated and glyoxal-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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reated cells was about 92% and 84%, respectively. The glyoxal
xperiment was performed in triplicate.

3. Histology and immunohistochemistry. For the following inves-
igations, the cell medium was removed, cells were washed with
.1 M phosphate buffered saline (PBS), pH 7.4, scraped off, centrifu-
ated (twice, 5 min, 580 g) and transferred into Eppendorf cups.
ultured cells were carefully mixed with 60 ml fibrin glue (Tissuecol
uo S, Immuno GmbH, Heidelberg, Germany). The compound was

oagulated with 60 ml of a thrombin solution (Immuno GmbH) and
xed with 0.1 M PBS containing 4% paraformaldehyde for 1 h at 4°C,
ashed three times for 30 min in PBS, embedded in paraplast, cut (5
m) and mounted on silane-coated slides. The sections were de-
axed, dried over night and irradiated with microwaves in 0.01 M

odium citrate buffer (pH 6.0), 2 3 5 min at 850 W. After washing in
BS, the sections were treated with 0.3% hydrogen peroxide for 30
in, incubated with respective normal sera and then incubated for
h at 37°C with primary antibodies (Table 1). The specificity of

athepsin D-specific antibodies was previously shown by Western
lots of human lung tissue homogenates [21]. The characteristics of
he AGE-specific antibodies are described in detail [4, 23].

The antibodies were detected with biotinylated secondary antibod-
es followed by a streptavidin/biotin-peroxidase complex (Vectastain
lite, Vector, Burlingame, CA). The peroxidase activity was visual-

zed with 39-39-diaminobenzidine.

4. Antibody inhibition experiment. To test, if the polyclonal an-
ibody against methylglyoxal-derived modifications also recognizes
lyoxal-derived modifications, we incubated the protein-containing
ulture medium of L132 cells with 160 mM glyoxal for 1 h at 37°C,
dded the polyclonal antibody to the medium for further 30 min at
7°C and used this mixture for immunohistochemistry on paraffin-
mbedded lung cells (see below). As control we used medium without
lyoxal.

5. Transmission and immunoelectron microscopy. Cells were
xed in 0.1 M PBS containing 4% paraformaldehyde and 0.05%
lutaraldehyde for 1h at room temperature (RT). After a short rinse
n buffer, the specimens were incubated in 1% OsO4 in PBS for 2 h at
T, dehydrated with a graded alcohol series, contrasted with uranyl
cetate en bloc in 70% ethanol overnight at 4°C and flat-embeded in
pon 812. Ultrathin sections were mounted on Formvar-coated slot
opper grids. After a further rinse in buffer, the sections were stained
ith 2% aqueous uranyl acetate (8 min) and lead citrate (Reynolds,
min).
For immunoelectron microscopy, fixed L132 cells were incubated
ith 2.3 M sucrose in 0.1 M PBS overnight at 4°C and cryosubsti-

uted with methanol at 280°C for 90 h using the Leica AFS system.
he cells were embedded in Lowicryl HM20 (Polysciences Europe;
ethanol, methanol:Lowicryl 1:1, 1:2, Lowicryl) and polymerised in

he Leica AFS in flat embedding moulds with UV irradiation for 48
at 245°C. Ultrathin sections were mounted on pioloform-coated

lot nickel grids and preincubated with 10% normal goat serum in
RIS-buffered saline (TBS, pH 7.6) for 45 min, and incubated with
he polyclonal antisera against cathepsin D (dilution 1:4), and
gainst methylgyloxal-derived modifications (dilution 1:50). Wash-

List of Antibodies Used

Antibody Specificity Species

nti-CML CML Rabbit, polyclo
nti-MG-derived
modifications

Methylglyoxal-derived
modifications

Rabbit, polyclo

G-1 Imidazolone Mouse, monocl
U205-UP Cathepsin D Rabbit, monocl
S 13A Cathepsin D Mouse, monocl
176
ngs with buffer (TBS containing 0.2% BSA) were followed by incu-
ation with 10-nm gold-conjugated anti-rabbit IgG (1:50 in TBS) for
h. After further washings with buffer, the sections were stained
ith 2.5% uranyl acetate and 1% lead citrate for 2 min each.
As negative control, we replaced the primary antibodies by TBS.
at lung tissue containing alveolar macrophages served as positive
ontrol for cathepsin D immunostaining [21].

6. Enzymatic assay of cathepsin D. Cathepsin D activity was
ssayed spectroscopically by measuring the release of tyrosine-
ontaining peptides from acid-denatured hemoglobin [24]. Briefly,
ell-free extracts were prepared by sonication and centrifugation.
ach 10 mg of total protein was incubated with 10 mg/ml hemoglobin

n acetate-buffer (pH 3.5) for 10 min at 37°C. After acid-denaturation
5% TCA) and centrifugation (13000 rpm for 10 min), the peptide
oncentration in the supernatant was determined at 280 nm. Ty-
osine released was calculated from a standard curve prepared with
yrosine. Cathepsin units (mMol tyrosine released per minute and
g protein) were calculated from a standard curve using a purified

athepsin D (Calbiochem, Bad Soden, Germany). To test the speci-
city of the protease action, the cathepsin D inhibitor pepstatin was
dded to the assay.

7. RT-PCR. Total RNA was prepared by phenol extraction and
olumn purification using the RNeasy system (Quiagen, Hilden,
ermany). Reverse transcription of total RNA (5 mg) was performed
ith the reverse transcription system provided by Promega (Pro-
ega, Madison, U.S.A.). The cathepsin D cDNA (0.1 mg) was ampli-

ed by PCR (30 cycles with 60 s at 94°C, 60 s at 54°C and 30 s
t 72°C) using the primer pair 59-CCAGCCCCCAATCCCAACC-
CACCTCCAG-39 and 59-CACTGAAGCTGGGAGGCAAAGGCTAC-
AGC-39 [25] and analyzed by 1% agarose gel electrophoresis.

8. Western blot analysis. Cells were washed with ice-cold PBS
nd lysed with 400 ml sample buffer for SDS–PAGE [26]. The cell
ysate was passed 5 times through a 20G and a 27G syringes. The cell
ysate was loaded on a 12.5% SDS–PAGE, stained with Coomassie
rilliant Blue, and total protein concentration was estimated with
ensitometry. Identical amounts of total protein were loaded on
2.5% SDS–PAGE gels, separated electrophoretically and trans-
erred to nitrocellulose (Sartorius, Göttingen, Germany) with a mini
et blot chamber (Sigma, Deisenhofen, Germany). The blotted pro-

eins were processed for immunolabelling as recently described [27].
he blotted nitrocellulose was probed against AGEs with antibodies
gainst methylglyoxal-derived modifications and CML (Table 1). An
lkaline-phosphatase-conjugated anti rabbit IgG served as second-
ry antibody and was visualized with NBT/BCIP staining solution.

ESULTS

In the present study, we demonstrated that the car-
onyl compound glyoxal is able to induce the formation
f AGEs in the epithelial lung cell line L132. When
ections of paraffin embedded cells from normal and

Immunohistochemistry

Dilution Pretreatment Source

1:8000 No Dr. Perry, Cleveland
1:1000 No Dr. Nagaraj, Cleveland

l 1:200 Microwave Dr. Niwa, Nagoya
l 1:320 No Biogenex
l 1:100 Microwave Becton Dickinson
for

nal
nal

ona
ona
ona
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FIG. 1. Paraffin sections of human fetal lung cell line L132. Immunohistochemical demonstration of AGEs in glyoxal-treated cells (b:
ntibody against imidazolone; d: antibody against methylglyoxal-derived modifications). Untreated cells (a, c) were negative. (e, f) Cathepsin
immunoreactivity in untreated (e) and glyoxal-treated (f) cells. ABC technique, HE counterstain; 3300.
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FIG. 2. Conventional transmission electron microscopy of untreated (a, b) and glyoxal-treated (c, d) L132 cells. a, c, 311600; b, d, 325000.
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lyoxal-treated L 132 cells were examined, the most
triking feature was the prominent immunolabelling of
lyoxal treated cells with antibodies against the

FIG. 3. Immunogold localization of AGEs in glyoxal-treated L132 c
ells in b. c: Lysosomal localization of cathepsin D in untreated cells (1
179
pitopes of early advanced glycation endproducts such
s methylglyoxal-derived modifications, imidazolone
Fig. 1) and carboxymethyllysine (CML; not shown).

(a; 20 nm gold). Compare the negative immunoreactivity of untreated
m gold); Lowicryl HM20 embedding. a, b, 319400; c, 341700.
ells
0 n
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hereas the imidazolone-specific antibody preferably
eacted with cytoplasmic constituents (Fig. 1b), the
taining of the polyclonal antiserum against methyl-
lyoxal-derived compounds was mainly confined to
he cell membrane and to the nucleus (Fig. 1d). The
atter reaction patterns were confirmed by postem-
edding immunoelectron microscopy (Fig. 3a,b). In the
nhibition experiment, the polyclonal antiserum, which
robably has been absorbed by AGEs, preformed dur-
ng incubation of glyoxal with serum proteins of the
ulture medium, failed to react with the glyoxal-
reated L 132 cells (not shown). Western blot analyses
f cell homogenates with antibodies against methyl-
lyoxal-derived modifications or CML revealed multi-
le bands after incubation with 160 mM and with 320
M glyoxal and no bands after incubation with 5 mM
lyoxal (Fig. 4).
In previous experiments, we found that concentra-

ions of glyoxal from 32-320 mM are effective to form
GEs with a cell viability over 80% (own unpublished
ata). The cells did not show clear signs of morpholog-
cal damage or an apoptotic phenotype (i.e., cellular
hrinkage, nuclear fragmentation and chromatin con-
ensation). However, we observed a change from a
ound to a long-shaped morphology and further some
lebs at the plasma membrane. Conventional electron
icroscopy revealed subcellular changes such as swell-

ng of mitochondria, presence of new vesicles, protru-
ions of the cell surface (Fig. 2).
Cathepsin D immunohistochemistry with two differ-

nt antibodies against cathepsin D revealed a dra-
atic loss of immunoreactivity after glyoxal treatment

Fig. 1e,f ). In a few cells, glyoxal treatment caused
n immunohistochemically detectable redistribution of
maller cathepsin D-positive lysosomes to the cell
embrane (not shown). At both the light microscopical

FIG. 4. Western blot of cultured L132 cells incubated wtih 5
M (lane 2), 160 mM (lane 3) and with 320 mM (lanes 4 and 6)
lyoxal for 24 h. Multiple bands are found after incubation with
60 and 320 mM glyoxal using an antibody against CML (lanes
– 4) or against methylglyoxal-derived modifications (lane 6). No
ands are found without (lanes 1 and 5) or after incubation with
mM glyoxal.
180
nd electron microscopical levels, cathepsin D was
ound primarily in lysosomal structures in the un-
reated lung epithelial cells (Fig. 1e,f; Fig. 3c). Using
mmunoelectron microscopy, however, cathepsin D was
ot found in lysosomes and in the cytosol of glyoxal-
reated cells.

The loss of immunoreactivity was accompanied by a
oncomitant, approximately 3-fold loss of enzymatic
ctivities (Fig. 5). Furthermore, determination of cyto-
olic cathepsin D mRNA by RT-PCR showed an ap-
roximately 3-fold reduction of cathepsin D mRNA lev-
ls after 12 hours of incubation with 160 mM glyoxal
Fig. 6).

ISCUSSION

The in vitro study of AGEs has focused on the
ffects on living systems, such as, for example, the

FIG. 5. Cathepsin D activity in cell-free extracts of glyoxal-
reated L132 cells. Cathepsin activities of untreated cells (control)
nd cells incubated in the presence of 160 mM glyoxal are
hown. The specificity of the reaction was confirmed by the inhi-
ition of protease activities by the cathepsin D-specific inhibitor
epstatin.

FIG. 6. Effect of glyoxal on cathepsin D mRNA expression mea-
ured by RT-PCR. Treatment with glyoxal (160 mM glyoxal for 24 h)
auses a decrease in cathepsin D mRNA levels (lane 2) while b-actin
RNA levels are not affected.
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xpression of adhesion molecules or tissue factor af-
er stimulation of monocytes with AGEs [3, 28], the
nduction of the expression of VEGF in retinal Mül-
er cells [29], the activation of NF-kB in endothelial
ells [6], the modulation of the nitric oxide synthase
athway in retinal vascular endothelial cells [14],
he inhibition of protease activities in kidney proxi-
al tubulus cells [22], or the induction of the expres-

ion of PDGF in retinal pigment epithelial cells [30].
n all described cases preformed AGEs were used.
ery recently, Niwa et al. [20] provided first evidence

or the experimental induction of AGEs in neuronal
ells under serum-free condition using the carbonyl
ompounds 3-deoxyglucosone and glyoxal. We ap-
lied this technique for the investigation of the epi-
helial lung cell line L132 and found positive immu-
oreactions with antisera against methylglyoxal-
erived modifications, CML and imidazolone. Our
mmunocytochemical findings of a strong immunore-
ction of glyoxal-treated cells for AGEs was further
upported by immunoelectron microscopy. Western
lot analyses demonstrated the formation of AGEs
s indicated by the multiple bands after incubation
ith glyoxal. We can, however, not exclude the ex-

racellular formation of AGEs during the incuba-
ion time of glyoxal with the FCS-containing cell
ulture medium. AG-1 antibody reacts only with imi-
azolone derived from 3-deoxyglucosone and argi-
ine, but does not react with other glyoxal-derived

midazolone-like compounds [23].
Searching for other phenotypic changes in the cells

fter induction of AGEs we observed a remarkable
oss of cathepsin D immunoreactivity, cathepsin D

RNA expression as well as enzymatic activity. It is
ell known that AGE-modified proteins are stimuli

or cell activation associated with cell proliferation,
poptosis and oxidative stress (reviewed by Thornal-
ey [1]). Oxidative stress may down-regulate glial
ysosomal cathepsins as part of a concerted cellular
tress response [31]. Also, Sebekova et al. [22] re-
orted impaired protease activities in LLC-PK1 cells
fter AGE-BSA incubation. Moreover, in cell culture
xperiments using different cell types such as fibro-
lasts, myocytes and lymphoma cells, oxidative
tress caused a redistribution of cathepsin D from
ysosome-like structures to the cytosol [18]. In con-
rast, increased expression of cathepsin D in neurons
f the aged brain and its colocalization with aged
roteins has been described [32].
The cellular mechanisms by which AGEs inhibit

ysosomal enzyme activities have yet to be deter-
ined. Our data of impaired protease activities are

n line with previous immunohistochemical findings
f a reduced cathepsin D immunoreactivity in des-
uamated, detached pneumocytes in human pulmo-
ary fibrosis specimens [21]. Whether this finding is
elated to the in vivo formation of AGEs in alveolar
181
pithelial cells during fibrogenesis, has to be proved
n future studies.

Furthermore, it has not unequivocally been shown
y our experiment whether the carbonyl compound
lyoxal is directly responsible for the dramatic
ellular alterations described already by previous
roups (reviewed by Thornalley [33]), or whether
GEs induced by carbonyl stress exert the biochem-

cal and morphological effects on the fetal lung cells.
In summary, our study establishes that gyloxal-

erived products form in vitro in epithelial lung cells
nd strongly reduce the intracellular contents of the
ysosomal protease cathepsin D.
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