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Recent studies demonstrated N°-(carboxymethyl) ly-
sine (CML) in several tissue proteins. Incubation of
proteins with glucose leads through a Schiff base to
Amadori products. Oxidative cleavage of Amadori
products is considered as a major route to CML forma-
tion in vivo, whereas it is not known which reactive
oxygen species (ROS) is involved. The present study is
undertaken to identify such a ROS. We prepared heav-
ily glycated human serum albumin (HSA) which con-
tained a high level of Amadori products, but an unde-
tectable level of CML. Incubation of glycated HSA with
FeCl,, but not with H,0,, led to CML formation which
was enhanced by H,O,, but inhibited by catalase or
mannitol, whereas superoxide dismutase had no ef-
fect. Similar data were obtained by experiments using
Boc-fructose-lysine as a model Amadori compound.
These data indicate that hydroxyl radical generated
by the reaction of Fe** with H,O, mediates CML forma-
tion from Amadori compounds. © 1997 Academic Press

Long-term incubation of proteins with glucose leads,
through formation of early products such as a Schiff
base and Amadori product, to advanced glycation end
products (AGEs), compounds that have unique proper-
ties, such as fluorescence, browning and cross-linking
(2). Among AGE-structures so far reported, pentosidine
and crosslines are fluorescent and cross-linking com-
pounds whereas pyrraline and N¢-(carboxymethyl)lys-
ine (CML) are non-fluorescent and non-cross-linking
ones. We have prepared a monoclonal anti-AGE anti-
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body (6D12) (2) and immunological studies using this
antibody have successfully demonstrated the presence
of AGEs in several human tissues, suggesting a poten-
tial link of AGEs to aging (3-5) and age-enhanced dis-
ease states such as diabetic complications (6, 7), athero-
sclerosis (8-10), dialysis-related amyloidosis (11, 12).
Our recent study has disclosed that this antibody recog-
nizes a CML-protein adduct as an epitope (13), strongly
suggesting an importance of CML among AGE-struc-
tures in vivo.

CML is formed in three pathways in vitro, by oxida-
tive cleavage of Amadori adducts (14, 15) or Schiff
bases (16) or by modification with glyoxal generated
directly through autoxidation of glucose (17). However,
CML formation from Amadori products is thought to
represent a major pathway in vivo (18). Since CML
formation is inhibited by antioxidants and antioxida-
tive conditions, the involvement of oxidative mecha-
nism in this process has been suggested (19, 20). How-
ever, it is not known which reactive oxygen species
is responsible for this process. To solve the issue, the
present study was undertaken to compare reactive oxy-
gen species such as superoxide anion radical (O3), hy-
drogen peroxide (H,0,), hydroxyl radical ("OH) in their
contribution to CML formation from Amadori product.

MATERIALS AND METHODS

Chemicals. Human serum albumin (HSA, fraction V) and hypo-
xanthine were purchased from Sigma (St. Louis, MO). Xanthine oxi-
dase was purchased from Boehringer Mannheim (Mannheim, Ger-
many). D-Glucose, glyoxylic acid, anhydrous FeCl,, Cu, Zn-superox-
ide dismutase (Cu, Zn-SOD) and catalase were purchased from Wako
(Osaka, Japan). NaCNBH; was obtained from Aldrich (Milwaukee,
WI). Horseradish peroxidase (HRP)-conjugated goat anti-mouse 1gG
antibody was purchased from Kirkegaard Perry Laboratories (Gaith-
ersburg, MD). Microtitration plates (96-well, Nunc Immunoplate I1)
were purchased from Nippon Inter Med (Tokyo, Japan). All other
chemicals were of the best grade available from commercial sources.

Preparation of glycated HSA and non-glycated HSA. A special

butyloxycarbonyl-N*-(1-deoxy-D-fructos-1-yl)-L-lysine; ELISA, en- attention was paid in the present study to obtain highly glycated
zyme-linked immunosorbent assay. HSA (high contents of Amadori products) but an extremely low level
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of CML (14, 20, 21). Briefly, 50 mg/ml of HSA was incubated for 7
days at 37°C with 1.6 M glucose in 10 ml of 50 mM sodium phosphate
buffer (pH 7.2) in the presence of 1 mM diethylenetriaminepentaace-
tic acid (DTPA), followed by dialysis against 50 mM sodium phos-
phate buffer (pH 7.2). To prepare non-glycated HSA, 1 g of HSA
dissolved in 300 ml of 0.5 M glycine-NaOH buffer with 2% MgCl,
(pH 8.5) was mixed with 500 ml of phenyl boronic acid resin (PBA-
60, Amicon, Beverly, MA). After mixing for 2 h at room temperature,
solution was filtrated through a glass filter. The solution thus ob-
tained was again incubated with another portion of the same resin,
followed by dialysis against 50 mM sodium phosphate buffer (pH
7.2). The finally obtained solution was concentrated to 30 mg/ml by
an ultrafiltration system and used for the experiments. The level of
fructosamine in the non-glycated HSA preparation was determined
by Fructosamine assay kit (Boehringer Mannheim).

Preparation of N¢-t-butyloxycarbonyl-N*-(1-deoxy-D-fructos-1-yl)-
L-lysine (Boc-fructose-lysine). Boc-fructose-lysine was synthesized
as a model Amadori compound according to Njoroge et al. (22).
Briefly, 1 g of N*-t-butyloxycarbonyl-L-lysine prepared from N*-t-
butyloxycarbonyl-N*-carbobenzoxy-L-lysine  (Kokusan Chemical
Works, Japan) was refluxed for 2 h with 2 g of glucose in 100 ml of
methanol. The reaction mixture was evaporated in vacuo and puri-
fied by silica gel column chromatography (methanol/ acetic acid/ ethyl
acetate: 60: 1: 39) to give 0.67 g of Boc-fructose-lysine. The purity was
assessed by a reverse phase high performance liquid chromatography
(HPLC) (column: Shimadzu Techno Research STR-ODSII; eluent:
30% methanol in 0.1% TFA), and the structure was confirmed by
'H-NMR (Bruker ARX-500) and sputtered ion mass spectrometry
(Hitachi M-80B).

Generation of reactive oxygen species. Glycated HSA or non-gly-
cated HSA (2 mg/ml) was incubated for 1 h at 37°C with 0.4 mM
anhydrous FeCl, in the absence or presence of indicated concentra-
tions (0.1 mM to 1.0 mM) of H,O, in 0.1 ml of 50 mM sodium phos-
phate buffer (pH 7.2), followed by extensive dialysis at 4°C against
phosphate buffered saline (PBS). To examine the effect of O3, gly-
cated HSA or non-glycated HSA (2 mg/ml) was incubated for 1 h at
37°C with 0.5 mM hypoxanthine and xanthine oxidase (1.0 units/ml)
in 0.1 ml of 50 mM sodium phosphate buffer (pH 7.2).

Preparation of CML-HSA. CML-HSA was prepared as described
previously (13, 23). Briefly, 175 mg of HSA was incubated at 37°C
for 24 h in 1 ml of 0.2 M sodium phosphate buffer (pH 7.8) with 0.15
M glyoxylic acid and 0.45 M NaCNBH3;, followed by dialysis against
PBS. CML-HSA thus prepared contained 12.94 mol/ mol of HSA upon
the amino acid analysis described below.

Immunological estimation of CML contents. Monoclonal anti-
AGE antibody termed 6D12 was prepared in mice using AGE-modi-
fied bovine serum albumin (2). 6D12 purified by protein A affinity
chromatography to 19gG; was used. Our recent study revealed that
6D12 recognizes a CML-protein adduct (13). The amounts of CML-
protein adducts in glycated and non-glycated HSA were determined
at room temperature as described previously by competitive enzyme-
linked immunosorbent assay (ELISA) using 6D12 (2). Briefly, each
well of a 96-well microtiter plate was coated with 0.1 ml of 1 pg/ml
CML-HSA in 50 mM sodium carbonate buffer (pH 9.6), and incubated
for 1 h. The wells were washed three times with PBS containing
0.05% Tween 20 (washing buffer). The wells were blocked with 0.5%
gelatin in 50 mM sodium carbonate buffer (pH 9.6) for 1 h. After
washing three times with washing buffer, the wells were incubated
for 1 h with the sample to be tested (50 ul) and 0.1 pg/ml of 6D12
(50 wl). The wells were incubated with HRP-conjugated anti-mouse
1gG antibody, followed by reaction with 1, 2-phenylenediamine dihy-
drochloride. The reaction was terminated by 1.0 M sulfuric acid, and
the absorbance at 492 nm was read on a micro-ELISA plate reader.
The immunoreactivity of CML-HSA, whose CML content was 12.94
mol/ mol of HSA, was defined as 100 arbitrary unit (A.U.). The immu-
noreactivity of each sample was expressed as the immunoreactivity
relative to CML-HSA. For experiments using ELISA, the same set

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

glycated HSA non-glycated HSA

~
H

CML formation (A.U.)

FIF=[=
+F =

0-
FeClz (0.4 mM)
H202 ( 0.1 mM)
_ NaCNBH3
0; generation

=+

+

111
11 H

1] ]

FIG.1. Effectsof Fe** and H,0, on CML formation from glycated
HSA. Glycated HSA and non-glycated HSA (2 mg/ml) were incubated
in the presence or absence of 0.4 mM FeCl, and 0.1 mM H,0, in 50
mM sodium phosphate buffer (pH 7.2) for 1 h at 37°C. Prior to incuba-
tion with Fe?* and H,0O,, the glycated HSA was pre-treated with
NaCNBH; to reduce Amadori products into hexitollysine and dia-
lyzed against 50 mM sodium phosphate buffer (pH 7.2). To examine
the effect of O3, glycated HSA or non-glycated HSA (2 mg/ml) was
incubated for 1 h at 37°C with 0.5 mM hypoxanthine and xanthine
oxidase (1.0 units/ml) in 50 mM sodium phosphate buffer (pH 7.2).
CML formation in each sample was determined by competitive
ELISA using 6D12 and was expressed as the immunoreactivity rela-
tive to CML-HSA. The immunoreactivity of CML-HSA was defined
as 100 arbitrary units (A.U.). Experimental details are described
under “Materials and Methods.”

of experiment was repeated at least three times and the representa-
tive data were shown in each figure.

Amino acid analysis. CML contents of modified proteins were
qguantitated by amino acid analysis as described (13). After acid hy-
drolysis with 6 N HCI for 24 h at 110°C, samples were subjected to
an amino acid analyzer (Model 835, Hitachi Co., Tokyo) using an ion
exchange HPLC column (#2622 SC, 4.6 X 60 mm, Hitachi Co.) and
ninhydrine post-column detecting system. Hippuryl-CML was pre-
pared by incubating hippuryllysine with glyoxylic acid and
NaCNBH; as described (13) and was used as a standard CML. The
identity of CML detected by HPLC was confirmed by fast atom bom-
bardment (FAB) mass spectrometry.

RESULTS

Effects of reactive oxygen species on CML formation
from glycated HSA. Glycated HSA was prepared by
7-days incubation at 37°C with 1.6 M glucose in the
presence of 1 mM DTPA in 50 mM phosphate buffer
(pH 7.2). Amino acid analyses showed that 21.9 out of
59 lysine residues were covalently modified by glucose
in glycated HSA, while its CML content was less than
a detectable level (<0.01 mol of CML/mol of HSA). On
the contrary, the level of Amadori compounds of non-
glycated HSA determined as fructosamine was negligi-
ble (10.9 umol/l).

Using these glycated HSA and non-glycated HSA
preparations, we determined which type of reactive ox-
ygen species was involved in the CML formation from
glycated HSA (Fig. 1). Upon incubation with 0.4 mM
Fe?* for 1 h, the glycated HSA dramatically increased
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FIG. 2. Effects of several inhibitors on the Fe?*-induced CML
formation from glycated HSA. Glycated HSA was incubated at 37°C
for 1 h with 0.4 mM Fe?" in the absence or presence of indicated
amounts of SOD, EDTA, catalase, or mannitol. Samples were dia-
lyzed and their CML contents were determined by a competitive
ELISA as described under “Materials and Methods.” CML contents
were expressed as % of control.

its reactivity to the anti-CML antibody up to 0.5 A.U.
Amino acid analyses showed that this level corre-
sponded to 0.10 mol of CML/mol of HSA. Addition of
0.1 mM H,0, to this system resulted in a further in-
crease in the immunoreactivity by 6.3-fold (2.5 A.U.)
and CML content was 0.19 mol/mol of HSA. However,
the incubation with H,0, alone instead of Fe?* failed
to generate CML. When Amadori adducts of glycated
HSA were reduced with NaCNBH; into hexitollysine
in advance, CML was not generated by the incubation
with Fe*" and H,0,. In contrast, the CML formation
from non-glycated HSA was negligible (Fig. 1). We also
examined the effect of O, . However, O; had no effect
on CML formation from glycated HSA (Fig. 1). Under
the identical conditions, 52 uM of O; was generated by
the hypoxanthine/ xanthine oxidase system when de-
termined by ESR spin trapping with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO).

Three points became clear from these results. First,
CML formation from glycated HSA occurred only when
FeCl, was added to the system. Secondary, this was
enhanced by addition of H,O,. And finally, CML gener-
ation did not occur from non-glycated HSA or
NaCNBHz;-reduced glycated HSA. Thus, it is likely that
Amadori product of glycated HSA is converted to CML
by the action of "OH.

Effects of a metal chelator and inhibitors for reactive
oxygen species on the Fe?*-induced CML formation from
glycated HSA. This notion was further tested by de-
termining the effect of several inhibitors for reactive
oxygen species on the Fe®*-induced CML formation
from glycated HSA. As shown in Fig. 2, SOD, an O;
scavenger, failed to inhibit the formation of CML. On
the other hand, EDTA, a chelator of transition metal
ion, exhibited a marked inhibition (>95%). Catalase,
a H,0, scavenger, also showed significant inhibition in
a dose-dependent manner. The maximum inhibitory
effect of mannitol used as a "“OH scavenger was signifi-
cant (about 50%), but weaker than those of EDTA or
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catalase. Since the Fe?*-induced CML formation from
glycated HSA were sensitively inhibited by EDTA, cat-
alase and mannitol, these results strengthened our no-
tion that "OH generated probably by the reaction of
Fe?* with H,O, which is originated from glycated HSA,
plays a major role in CML formation from glycated
proteins.

Dose-dependent effects of H,O, on Fe?*-induced CML
formation. Next, dose-dependent effects of H,O, on
the CML formation were determined. As shown in Fig.
3, the incubation of glycated HSA with 0.4 mM FeCl,
for 1 h at 37 °C led to the CML formation (0.4 A.U.).
Parallel incubation in the presence of 0.1 mM H,0,
gave rise to a 6.3-fold increase in CML formation (2.5
A.U.). Upon further increases of H,O, concentrations
to 0.5 and 1.0 mM, CML levels generated from glycated
HSA were enhanced by 20-fold (8.0 A.U.) and 25-fold
(10.0 A.U.), respectively. H,O, alone even at the high-
est concentration again failed to generate CML from
glycated HSA. From the dose-dependent effect of H,O,
in the presence of FeCl,, it is evident that "OH gener-
ated through the Fenton reaction between Fe?* and
H,O0, is responsible for CML formation from Amadori
products of glycated HSA.

Effects of Fe?" and H,O, on CML formation from Boc-
fructose-lysine. Finally, we performed experiments
using Boc-fructose-lysine as a model Amadori com-
pound to confirm the contribution of "OH to CML for-
mation. When 1 nmol of Boc-fructose-lysine was sub-
jected to acid hydrolysis and amino acid analysis, 0.811
nmol of lysine residue was recovered as one of decompo-
sition products, whereas an amount of CML was negli-
gible (<0.005 nmol) (Fig. 4a). However, after incuba-
tion of Boc-fructose-lysine with 0.4 mM Fe®* for 1 h,
CML became a detectable level of 0.018 nmol (Fig. 4b).
Addition of 0.1 mM H,O, to this system resulted in a
further increase of CML to 0.110 nmol (Fig. 4c), while
lysine residue, a major decomposition product derived

CML formation (A.U.)
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FIG. 3. Dose-dependent effects of H,O, on the Fe?*-induced CML
formation. Glycated HSA (2 mg/ml) was incubated at 37°C for 1 h
with 0.4 mM FeCl, and indicated concentrations of H,O, in 50 mM
sodium phosphate buffer (pH 7.2). Samples were dialyzed and their
CML contents were determined by competitive ELISA and expressed
as arbitrary units (A. U.), a value relative to CML-HSA defined as
100 arbitrary units (A.U.) as in Fig. 1.
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FIG. 4. Effects of Fe?* and H,0, on CML formation from Boc-
fructose-lysine. Boc-fructose-lysine was incubated at 37°C for 1 h in
the presence or absence of 0.4 mM FeCl, and 0.1 mM H,0, in 50
mM sodium phosphate buffer (pH 7.2). Each sample was subjected
to acid hydrolysis and applied to amino acid analysis as described
under “Materials and Methods.” Lysine (Lys) derived from acid hy-
drolysates of Boc-fructose-lysine was eluted at 22.09 min (a). When
Boc-fructose-lysine was incubated with 0.4 mM FeCl,, a CML peak
eluted at 14.15 min which is identical to standard CML could be
detected (b). Addition of 0.1 mM H,0, and 0.4 mM FeCl, to this
system resulted in a further increase in the CML peak (c). On the
contrary, incubation of Boc-fructose-lysine with 0.1 mM H,O, alone
did not give a positive CML peak (d). NH; represents a peak of
ammonia.

from Boc-fructose-lysine, decreased from 0.811 to 0.414
nmol (Fig. 4c). In contrast, however, incubation of Boc-
fructose-lysine with 0.1 mM H,0, alone did not gener-
ate a significant level of CML (<0.005 nmol) (Fig. 4d).
These results obtained by the experiments using Boc-
fructose-lysine support the contention that fructose-ly-
sine is converted to CML by the action of "OH.

DISCUSSION

It has long been known that, since CML formation
from proteins upon incubation with glucose is inhibited
by antioxidants or antioxidative conditions, oxidation
plays an important role in CML formation (20). In the
present study, to examine effects of reactive oxygen
species on CML formation from Amadori product, CML
generated from glycated HSA was determined both by
the immunochemical method using 6D12 and the
amino acid analysis. When glycated HSA was incu-
bated with 0.4 mM Fe®* for 1 h, a significant amount
of CML became detectable by competitive ELISA using
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6D12 which was enhanced by the addition of H,O,,
whereas H,0, alone or O; had no effect on the CML
formation from glycated HSA.

There could be two steps for Fe**-induced CML for-
mation from an Amadori product; the first step is inter-
action of Fe?* with an Amadori product and the second
one is its subsequent cleavage into CML and erythronic
acid. Sakurai et al. (24) proposed that enediol chelated
with Fe*" might be oxidized to 2, 3-dicarbonyl of gly-
cated HSA. However, a mechanism of subsequent
cleavage of 2, 3-dicarbonyl compound into CML and
erythronic acid is not clearly known. Since the Fe?'-
induced CML formation was enhanced by the addition
of H,0,, it seems reasonable to expect that "OH gener-
ated by Fenton reaction between Fe?** and H,0, derived
endogenously from Amadori products might play an
important role in decomposition of glycated HSA to
form CML.

Based on the observation that glycated paired helical
filament tau was able to generate O, and this reaction
was inhibited by the addition of SOD, Yan et al. (25)
proposed O, production from glycated paired helical
filament tau. Consistent with this notion, O, generated
from glycated RNase was demonstrated by electron
paramagnetic resonance (EPR) measurements (26).
Dismutation reaction is known to convert O; into H,0,.
It is also suggested that formation of O, and H,O, were
generated from Amadori compound even under physio-
logical conditions (15). Taniguchi and his co-workers
demonstrated that hydroxyl radicals produced from
glycated Cu, Zn-SOD are responsible for site-specific
fragmentation of the enzyme as well as its random frag-
mentation, indicating that "OH is produced through
Fenton reaction of Cu?* with H,O, released from the
glycated Cu, Zn-SOD (27, 28). Under the present condi-
tions, a significant amount of CML became detectable
when glycated HSA was incubated with Cu®" instead
of Fe?*, which was also greatly enhanced by the addi-
tion of H,0O, (data not shown). It is likely therefore that
endogenous H,0, is mainly produced from O3 which is
originally derived from glycated HSA.

To clarify a direct role of "OH in the Fe?"-induced
CML formation from glycated HSA, we tested effects of
several radical scavengers on CML formation. Results
clearly showed that Fe*"-induced CML formation was
significantly inhibited by the addition of catalase,
whereas SOD had no effect on it (Fig. 2). On the other
hand, mannitol, a well-known “OH scavenger, did de-
crease CML formation to 52% of control. The partial
inhibitory effect of mannitol could be explained by the
possibility that hydroxyl radicals generated in the vi-
cinity of metal-binding sites of glycated HSA such as
enediol can react readily with 2,3-dicarbonyl before
they are diffused and quenched by mannitol (29, 30).
Chevion suggested the possibility that Fenton reaction
occurs preferentially at or near metal-binding sites of
proteins where reactive oxygen species can generate
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FIG. 5. Proposed mechanism of CML formation by the action of
hydroxyl radical.

(31). Stadtman (32) also suggested that the metal ion-
catalyzed oxidation of amino acids is a ““‘caged” process,
since the oxidation is not significantly inhibited by "OH
scavengers.

To evaluate a potential participation of “OH, differ-
ent concentrations of H,O, were incubated with gly-
cated HSA in the presence of 0.4 mM Fe?*, followed
by determination of CML by competitive ELISA. The
result clearly indicated a major role of "OH in CML
formation, since Fe*"-induced CML formation was en-
hanced dose-dependently by the addition of H,0O,, but
1 mM H,0, alone had no effect on it (see Fig. 3).

The results obtained with glycated HSA was con-
firmed by experiments using Boc-fructose-lysine. When
Boc-fructose-lysine was incubated with 0.4 mM Fe**
for 1 h, a significant amount of CML became detectable
by amino acid analysis which was enhanced by the
addition of H,O,, whereas H,O, alone had no effect on
the CML formation from Boc-fructose-lysine.

Based on the present data, a possible mechanism of
Fe?*-derived CML formation from glycated HSA was
illustrated in Fig. 5. O; generated from Amadori com-
pound is converted to H,O, by nhonenzymatic dismuta-
tion reaction. Further reaction of this endogenous H,0,
molecule with Fe®*" by Fenton reaction gives rise to
hydroxyl radicals. A carbon chain between C-2 and C-
3 of dicarbonyl which has been converted from an Ama-
dori compound through enediol, is then cleaved by
these hydroxyl radicals, followed by cleavage into CML
and erythronic acid. During these reactions, catalase
and mannitol can inhibit the CML formation as a H,0O,
scavenger and a "OH scavenger, respectively, whereas
exogenously added H,O, results in acceleration of Fe®*-
induced CML formation by increasing "OH production.

The chemical conversion of a-dicarbonyl compounds
into carboxylic acid is known as Baeyer-Villiger reac-
tion in which two carboxylic acids are generated from
a-dicarbonyl by incubation with ~40 M H,0, (33).
However, the participation of this mechanism in the
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present study is unlikely because 1 mM H,0, failed to
generate CML from glycated HSA (Fig. 3).

The present study has demonstrated that “OH gener-
ated by Fenton reaction between Fe?* and Amadori
product-derived endogenous H,0O, plays an important
role in oxidative cleavage of Amadori compounds into
CML. Since the presence of CML has been demon-
strated in a variety of tissue proteins, "OH is also ex-
pected to be involved in CML formation as well as long-
term oxidative damage in vivo.

ACKNOWLEDGMENTS

We thank Dr. Takaaki Akaike (Department of Microbiology, Ku-
mamoto University School of Medicine) for ESR experiments and
Drs. Yoshitaka Nakazawa, Ko Nakamura, and Kazuharu lenaga (De-
partment of Natural Products Chemistry, Institute of Bio-Active Sci-
ence, Nippon Zoki Pharmaceutical Co. Ltd.) for Boc-fructose-lysine
preparation. We are grateful to Drs. Kayoko Shimoi, Eri Aotani, and
Naohide Kinae (Laboratory of Food Hygiene, School of Food and
Nutritional Sciences, University of Shizuoka) for helpful comments
and suggestions. This work was supported in part by Grants-in-Aid
for Scientific Research (06454170 and 07557076) from the Ministry
of Education, Science, and Culture of Japan.

REFERENCES

1. Maillard, L. C. (1912) C. R. Acad. Sci. 154, 66—-68.

2. Horiuchi, S., Araki, N., and Morino, Y. (1991) J. Biol. Chem.
266, 7329-7332.

3. Araki, N., Ueno, N., Chakrabarti, B., Morino, Y., and Horiuchi,
S. (1992) J. Biol. Chem. 267, 10211-10214.

4. Kimura, T., Takamatsu, J., Araki, N., Goto, M., Kondo, A., Miya-
kawa, T., and Horiuchi, S. (1995) NeuroReport 6, 866—868.

5. Kimura, T., Takamatsu, J., Ikeda, K., Kondo, A., Miyakawa, T.,
and Horiuchi, S. (1996) Neurosci. Lett. 208, 53-56.

6. Yamada, K., Nakano, H., Nakayama, M., Nozaki, O., Miura, Y.,
Suzuki, S., Tuchida, H., Mimura, N., Araki, N., and Horiuchi,
S. (1994) Clin. Nephrol. 42, 354-361.

7. Makino, H., Shikata, K., Hironaka, K., Kushiro, M., Yamasaki,
Y., Sugimoto, H., Ota, Z., Araki, N., and Horiuchi, S. (1995)
Kidney Int. 48, 517-526.

8. Kume, S., Takeya, M., Mori, T., Araki, N., Suzuki, H., Horiuchi,
S., Kodama, T., Miyauchi, Y., and Takahashi, K. (1995) Am. J.
Pathol. 147, 654—667.

9. Meng, J., Sakata, N., Takebayashi, S., Asano, T., Futata, T.,
Araki, N., and Horiuchi, S. (1996) Diabetes 45, 1037—-1043.

10. Horiuchi, S. (1996) Trends Cardiovasc. Med. 6, 163—168.

11. Miyata, T., Oda, O., Inagi, R., lida, Y., Araki, N., Yamada, N.,
Horiuchi, S., Taniguchi, N., Maeda, K., and Kinoshita, T. (1993)
J. Clin. Invest. 92, 1243-1252.

12. Miyata, T., Taneda, S., Kawai, R., Ueda, Y., Horiuchi, S., Hara,
M., Maeda, K., and Monnier, V. M. (1996) Proc. Natl. Acad. Sci.
USA 93, 2353-2358.

13. lIkeda, K., Higashi, T., Sano, H., Jinnouchi, Y., Yoshida, M., Ar-
aki, T., Ueda, S., and Horiuchi, S. (1996) Biochemistry 35, 8075—
8083.

14. Ahmed, M. U,, Thorpe, S. R., and Baynes, J. W. (1986) J. Biol.
Chem. 261, 4889-4894.

15. Smith, P. R., and Thornalley, P. J. (1992) Eur. J. Biochem. 210,
729-739.

171



Vol. 234, No. 1, 1997

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

Glomb, M. A., and Monnier, V. M. (1995) J. Biol. Chem. 270,
10017-10026.

Wells-Knecht, K. J., Zyzak, D. V., Litchfield, J. E., Thorpe, S. R.,
and Baynes, J. W. (1995) Biochemistry 34, 3702—3709.

Wells-Knecht, M. C., Thorpe, S. R., and Baynes, J. W. (1995) Bio-
chemistry 34, 15134-15141.

Baynes, J. W. (1991) Diabetes 40, 405-412.

Fu, M.-X., Wells-Knecht, K. J., Blackledge, J. A., Lyons, T.J.,
Thorpe, S. R., and Baynes, J. W. (1994) Diabetes 43, 676—683.

Hunt, J. V., Bottoms, M. A, Clare, K., Skamarauskas, J. T., and
Mitchinson, M. J. (1994) Biochem. J. 300, 243-249.

Njoroge, F. G., Fernandes, A. A., and Monnier, V. M. (1988) J.
Biol. Chem. 263, 10646—10652.

Reddy, S., Bichler, J., Wells-Knecht, K. J., Thorpe, S.R., and
Baynes, J. W. (1995) Biochemistry 34, 10872—-10878.

Sakurai, T., Sugioka, K., and Nakano, M. (1990) Biochim. Bio-
phys. Acta 1043, 27-33.

Yan, S.D., Yan, S. F., Chen, X., Fu, J., Chen, M., Kuppusamy,

172

26.

27.

28.

29.

30.

31.
32.

33.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

P., Smith, M. A,, Perry, G., Godman, G. C., Nawroth, P., Zweier,
J. L., and Stern, D. (1995) Nature Med. 1, 693-699.
Mullarkey, C. J., Edelstein, D., and Brownlee, M. (1990) Bio-
chem. Biophys. Res. Commun. 173, 932-939.

Ookawara, T., Kawamura, N., Kitagawa, Y., and Taniguchi, N.
(1992) J. Biol. Chem. 267, 18505-18510.

Taniguchi, N., Ookawara, T., and Ohno, H. (1994) in Maillard
Reactions in Chemistry, Food, and Health (Labuza, T. P., Reinec-
cius, G. A,, Monnier, V. M., O'Brien, J., and Baynes, J. W., Eds.),
pp. 217-221, Royal Society of Chemistry, Cambridge.

Chace, K. V., Carubelli, R., and Nordquist, R. E. (1991) Arch.
Biochem. Biophys. 288, 473-480.

Kato, Y., Uchida, K., and Kawakishi, S. (1992) J. Biol. Chem.
267, 23646—23651.

Chevion, M. (1988) Free Rad. Biol. Med. 5, 27-37.

Stadtman, E. R., and Berlett, B. S. (1991) J. Biol. Chem. 266,
17201-17211.

Reid, E. B., and Fortenbaugh, R. B. (1951) J. Org. Chem. 16, 33—
42.



