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SUMMARY: Accumulation of advanced glycation end products (AGE) of the Maillard reaction increases by aging and in
age-enhanced diseases such as atherosclerosis and diabetic complications. Immunohistochemical analysis has been used to
demonstrate AGE in vivo. In immunochemistry, the heat-induced epitope retrieval technique is extensively used with
formalin-fixed, paraffin-embedded tissue sections. Here we examined whether AGE could be formed artificially through the
heating process. Normal rat skin and liver samples were divided into two groups, one rapidly frozen, the other formalin-fixed,
paraffin-embedded and submitted to heat-induced epitope retrieval treatment. In heat-treated sections, the cytoplasm of rat
epidermal cells and hepatocytes were strongly stained by monoclonal antibody against N�-(carboxymethyl)lysine (CML), while the
staining was negligible in either frozen sections or in paraffin-embedded but heat-untreated sections. To clarify the mechanism,
we conducted heat treatment to glycated human serum albumin (HSA), a model Amadori protein, and generation of CML was
determined by immunochemical and HPLC analysis. CML was generated from glycated HSA by heat treatment (above 80° C) and
increased in a time-dependent manner. In contrast, generation of CML from glycated HSA was significantly inhibited in the
presence of NaBH4, a reducing agent, diethylenetriamine pentaacetic acid, a chelator of transition metal ion, or aminoguanidine,
a trapping reagent for �-oxoaldehydes. Furthermore, heat-induced CML formation in rat liver samples determined by HPLC was
markedly reduced by pretreatment with NaBH4. Reactive intermediates such as glucosone, 3-deoxyglucosone, methylglyoxal,
and glyoxal were formed upon heat treatment of glycated HSA at 100° C, indicating that these aldehydes generated from Amadori
products by oxidative cleavage can contribute to further CML formation. CML generated by heating, directly from Amadori
products or via these aldehydes, might serve as an artifact upon immunohistochemistry. (Lab Invest 2002, 82:795–807).

L ong-term incubation of proteins with glucose
leads, through early-stage products such as Schiff

base and Amadori products, to the formation of ad-
vanced glycation end products (AGE), which are char-
acterized by fluorescence, brown color, and intra- or
intermolecular cross-linking (Maillard, 1912). Several
AGE structures have been identified including pyrra-
line (Hayase et al, 1989), pentosidine (Sell and Mon-
nier, 1989), N�-(carboxymethyl)lysine (CML) (Ahmed et
al, 1986), crosslines (Nakamura et al, 1992), imida-
zolone (Konishi et al, 1994; Lo et al, 1994), methylg-
lyoxal lysine dimer (Frye et al, 1998), N�-

(carboxyethyl)lysine (Ahmed et al, 1997), vesperlysine
A, B, and C (Nakamura et al, 1997), glyoxal lysine
dimer (Frye et al, 1998), argpyrimidine (Oya et al,
1999), and carboxymethylarginine (Iijima et al, 2000).
Among these products, several in vitro experiments
demonstrated that CML (Ikeda et al, 1996; Reddy et al,
1995) is a major antigenic AGE structure in vivo. CML
is generated through three pathways in vitro: by oxi-
dative cleavage of Amadori products, cleavage of
Schiff base through Namiki pathway, and autoxidation
of glucose through glyoxal. Among these, oxidative
cleavage of Amadori products into CML is considered
a major pathway in vivo because this pathway mostly
progresses under physiological phosphate concentra-
tions (Wells-Knecht et al, 1995b). Furthermore, we
have demonstrated that hydroxyl radical plays a major
role in the formation of CML from Amadori products
(Nagai et al, 1997).
Recent immunological studies have demonstrated

the presence of AGE proteins in several human and
animal tissues. AGE modification is potentially in-
volved in the normal aging process (Araki et al, 1992;
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Kimura et al, 1995, 1996), as well as in the pathogen-
esis of several age-enhanced diseases such as dia-
betic nephropathy (Imai et al, 1997; Makino et al,
1995; Suzuki et al, 1995), atherosclerosis (Kume et al,
1995; Sakata et al, 1998), diabetic retinopathy
(Hammes et al, 1996), hemodialysis-associated amy-
loidosis (Miyata et al, 1993, 1996; Morita et al, 1996),
chronic renal failure (Yamada et al, 1994b), and Alz-
heimer disease (Smith et al, 1994a, 1994b; Vitek et al,
1994; Yan et al, 1994). Furthermore, AGE accumulated
in hippocampal neurons (Kimura et al, 1996), neurofi-
brillary tangles (Kimura et al, 1996), peripheral nerves
(Sugimoto et al, 1997), atherosclerotic lesions in rat
aortas (Meng et al, 1996, 1998), atherosclerotic coro-
nary arteries (Nakamura et al, 1993), murine amyloid
(Hoshii et al, 1996), peritoneum in patients on contin-
uous ambulatory peritoneal dialysis (Nakayama et al,
1997), human skin elastin in actinic elastosis (Mizutari
et al, 1997), adrenal lipofuscin (Shimokawa et al,
1998), cardiac tissues of renal transplant patients
(Yoshida et al, 1998), pulmonary fibrosis (Matsuse et
al, 1998), hemoglobin (Ando et al, 1999; Makita et al,
1992b), and human plasma (Bucala et al, 1993; Makita
et al, 1992a). Therefore, accurate measurement of
AGE accumulation is fundamental to further studies on
the aging process and the pathogenesis of age-
dependent diseases as well as to future clinical
applications.

To determine the CML content in vivo, tissue sam-
ples are solubilized in alkaline condition to enhance
solubility (Mitsuhashi et al, 1993; Nakayama et al,
1993). However, conversion of Amadori products to
CML is enhanced under alkaline conditions (Nagai et
al, 1998). Furthermore, 2-(2-furoyl)-4(5)-(2-furanyl)-
1H-imidazole was once characterized as a major AGE
structure (Chang et al, 1985; Pongor et al, 1984), but
later studies confirmed it to be an artifact substance
generated by ammonia treatment of Amadori products
(Horiuchi et al, 1988; Njoroge et al, 1988). These
reports demonstrated that pretreatment with alkaline
solution or ammonia might overestimate AGE content
in the samples.

AGE formation during the incubation of protein with
reducing sugar is temperature-dependent (Dawnay
and Millar, 1997; Millar et al, 1998; Yeboah et al, 1999).
Specifically, CML and pentosidine contents increase
in peritoneal dialysis fluid after heat sterilization
(Miyata et al, 2000; Ueda et al, 2000). However, the
effect of temperature on AGE formation from Amadori
products has not yet been studied.

Immunohistochemistry is an important method used
to demonstrate the presence of AGE in vivo. The
epitope unmasking method by high-temperature pro-
cess is effective and widely applied for antigen re-
trieval for immunohistochemical staining on formalin-
fixed and paraffin-embedded tissue sections (Shi et al,
1991). Because this method has also been applied in
some immunohistological studies on AGE (Horie et al,
1997; Sasaki et al, 1998; Takeda et al, 2001), we
speculated that Amadori products might potentially
convert into AGE as artifacts by high-temperature
treatment of those histological sections, leading to

false labeling of the samples as being AGE positive. To
investigate this possibility, normal rat skin and liver
samples were divided into two portions, half was
formalin-fixed, paraffin-embedded and conducted to
heat-induced epitope retrieval at 121° C for 10 min-
utes. The other half was rapidly frozen, followed by the
standard staining process but without heat treatment.
The reactivity to monoclonal anti-CML antibody was
evaluated in heat-treated and heat-untreated sec-
tions. To further confirm and demonstrate this possi-
bility in vitro, glycated human serum albumin (HSA),
which contained a high level of Amadori products but
an undetectable level of CML, was submitted to heat
treatment to analyze CML formation by enzyme-linked
immunosorbent assay (ELISA) with the anti-CML an-
tibody as well as by high performance liquid chroma-
tography (HPLC). Finally, CML contents of rat liver
samples before and after heat treatment were also
determined by HPLC to confirm the immunohisto-
chemical result.

Results

Differences in Immunoreactivity of Anti-CML Antibody to
Heat-Treated and Untreated Specimens

We first determined whether heat treatment could
affect the immunohistochemical identification of CML;
two different methods were employed with biopsy
samples of normal rat skin and liver. Half of these
samples were rapidly frozen and processed for the
standard staining, which did not include heat treat-
ment. This resulted in negative staining for CML in the
skin (Fig. 1A) and liver (Fig. 1B), indicating the absence
of CML in these tissues. In sharp contrast, the other
half of these samples that underwent formalin-fixation,
paraffin-embedding and autoclaving for antigen re-
trieval, followed by immunostaining with the anti-CML
antibody, showed a strongly positive staining in the
cytoplasm of skin epidermal cells and hepatocytes
(Fig. 1, C and D), and weakly positive staining in the
nuclei of skin epidermal cells (Fig. 1C). The positive
immunoreactivity of the anti-CML antibody to auto-
claved paraffin sections observed in Figure 1, C and D
was completely inhibited when these sections were
stained in the presence of excess amounts of CML-
modified bovine serum albumin (BSA), antigen of this
antibody (Fig. 1, E and F), confirming that CML-
modified proteins are specifically stained by the
present immunohistochemical method.

To evaluate the role of formalin fixation on the
unexpectedly strong staining observed with the par-
affin sections (Fig. 1, C and D), portions of these
tissues were treated in the same way as in Figure 1, A
and B except that formalin-fixation was performed
before rapid freezing, followed by immunostaining
with anti-CML antibody. The result showed that the
immunostaining pattern of the formalin-fixed and fro-
zen section was indistinguishable from that of the
frozen section (nonformalin fixed) (data not shown),
indicating that formalin fixation itself is not involved in
the strong positive staining of formalin-fixed and au-
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toclaved (heat treated) sections. These data demon-
strate it is possible that the heating process of sec-
tions might be responsible for these phenomena.

To clarify the role of heat treatment in the positive
staining of formalin-fixed, paraffin-embedded, and
heat-treated samples of skin (Fig. 1C) and liver (Fig.
1D), sections of skin and liver from the same paraffin
blocks were subjected to a similar staining process as
in Figure 1, C and D except that the heat-induced
epitope retrieval treatment was omitted. Both skin and
liver samples resulted in negative staining for CML
(data not shown), as was the case with frozen sections
(Fig. 1, A and B).

A negative staining was also observed with a control
experiment in which formalin-fixed, paraffin-embedded,
and heat-treated samples were stained with nonimmune
mouse IgG (data not shown). Because the actual ab-
sence of CML in those tissues was already confirmed by
immunohistochemistry with frozen sections (Fig. 1, A
and B), these data reinforce a dominant role of heating in
the positive staining of the formalin-treated, paraffin-
embedded, and autoclaved samples (Fig. 1, C and D).

Effect of Temperature on CML Formation

Glycated HSA that has high contents of Amadori
products but extremely low levels of CML, was sub-

Figure 1.
Immunoreactivity of the anti-N�-(carboxymethyl)lysine (CML) antibody to heat-treated and untreated specimens. The biopsy samples of normal rat skin and liver were
treated in two different ways. Half of these samples were rapidly frozen and processed for immunostaining with the antibody for CML, which did not include heat
treatment. Both, skin (A) and liver (B) were negative for CML. In sharp contrast, the other half of these samples that underwent formalin-fixation, paraffin-embedding
autoclaving for antigen retrieval, followed by immunostaining with the antibody, showed a strongly positive staining in skin epidermal cells (C) and hepatocytes (D)
and more weakly in the nuclei of the skin epithelial cells (C). The positive immunoreactivity of the anti-CML antibody to autoclaved paraffin sections observed in C
and D was completely inhibited when these sections were stained in the presence of 1 mg/ml of CML-BSA (E and F, respectively). Scale bars � 5 �M.
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mitted to a course of rising temperatures ranging from
30° C to 100° C for 40 minutes. As shown in Figure 2,
significant CML formation was detected by noncom-
petitive ELISA in 80° C-treated samples, and in-
creased steeply at 90° C.

Time Course of Heat-Facilitated CML Formation

To determine the effect of incubation time on CML
formation, glycated HSA was heat treated at 100° C for
up to 40 minutes, followed by determination of CML
contents by ELISA. As shown in Figure 3, glycated HSA
was recognized with anti-CML antibody as early as 5
minutes, and the extent of its reaction steeply increased
with time up to 20 minutes, where it reached a plateau
level. However, the reaction of this antibody to nongly-
cated HSA was almost negligible (Fig. 3).

Detection of CML by HPLC

To confirm the results of ELISA, CML content was
measured in each sample by amino acid analysis.
When hippuryl-CML was subjected to acid hydrolysis
and amino acid analysis, CML appeared with a reten-
tion time of 50.7 minutes (Fig. 4A). CML content of
glycated HSA incubated at 100° C for 40 minutes was
significantly higher (1.2 mol of CML/mol of HSA) (Fig.
4C) than that of heat-untreated glycated HSA (0.12
mol of CML/mol of CML) (Fig. 4B). In contrast, the
CML content of nonglycated HSA incubated at 100° C
for 40 minutes was below the detection limit (�0.01
mol of CML/mol of HSA) (Fig. 4D). The time depen-
dence of CML formation on glycated HSA incubated
at 100° C was also confirmed by HPLC (Fig. 4E). It is

likely, therefore, that the additional formation of CML
from Amadori products occurs through the high-
temperature treatment.

Inhibitory Effects of Metal Chelator, Sodium Borohydride,
and Aminoguanidine on CML Formation from
Amadori Products

To clarify the pathway involved in the heat-enhanced
formation of CML, we determined the effects of metal
chelator, NaBH4, and aminoguanidine on CML forma-
tion from Amadori products. Glycated HSA was re-
duced by NaBH4 (132 mM) to hexitollysine, then incu-
bated at 100° C for 40 minutes, followed by
determination of CML by ELISA. As shown in Figure 5,
CML content in glycated HSA was significantly in-
creased after heat treatment at 100° C for 40 minutes.
In contrast, CML formation from NaBH4-reduced-
glycated HSA was almost negligible (Fig. 5). Further-
more, diethylenetriamine pentaacetic acid (DTPA), a
chelator of transition metal ion, also markedly inhibited
CML formation (by �90%, Fig. 5). To examine the
contribution of intermediate aldehydes of the Maillard
reaction such as glyoxal, methylglyoxal, and
3-deoxyglucosone (Nagai et al, 2000; Thornalley et al,
1999), glycated HSA was incubated at 100° C in the
presence of 90 mM of aminoguanidine, a trapping
reagent for �-oxoaldehydes reacting with aminogua-
nidine to form aminotriazine derivatives, and deter-
mined CML content by ELISA. Enhanced formation of
CML by heat treatment was inhibited by aminoguani-
dine (Fig. 5). Because CML was not detected in
NaBH4-reduced glycated HSA, it is likely that CML
was formed from the conversion of Amadori products.

Figure 2.
Temperature-dependent CML formation from Amadori products. Glycated
human serum albumin (HSA) was incubated for 40 minutes at the indicated
temperatures. The wells of the enzyme-linked immunosorbent assay (ELISA)
plate were coated with 100 �l of samples (1 �g/ml). The wells were washed
and blocked with gelatin, followed by 1-hour reaction with 100 �l of 0.1 �g/ml
of the anti-CML antibody. The antibodies bound to wells were visualized by
horseradish peroxidase-conjugated anti-mouse IgG as described under “Ma-
terials and Methods.”

Figure 3.
Time course of heat-enhanced CML formation. Glycated HSA and nonglycated
HSA were incubated at 100° C for up to 40 minutes. To determine CML
contents by ELISA, 1 �g/ml of glycated HSA (closed squares) or nonglycated
HSA (open squares) were coated to ELISA plate and incubated for 1 hour,
blocked with gelatin, and reacted for 1 hour with 0.1 �g/ml of the anti-CML
antibody. The antibodies bound to wells were detected by horseradish
peroxidase-conjugated anti-mouse IgG as described under “Materials and
Methods.”
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Detection of �-Oxoaldehydes by 2,
3-Diaminonaphthalene (DAN)

Because CML formation from glycated HSA was sig-
nificantly inhibited in the presence of aminoguanidine,
we next determined whether reactive aldehydes were

generated as intermediates for CML formation from
glycated HSA by the heating process. When glycated
HSA was incubated at 100° C for 40 minutes in the
presence of 10 mM of DAN, four separated peaks
emerged at 7.1, 9.8, 27.8, and 39.1 minutes. These
peaks were identified at 7.1 minutes as glucosone, at
9.8 minutes as 3-deoxyglucosone, at 27.8 minutes as
glyoxal, and at 39.1 minutes as methylglyoxal. Time-
course study demonstrated that the generation of
each aldehyde was increased in a time-dependent
manner (Fig. 6). At the end of 40 minutes of incubation
at 100° C, the concentration of these compounds
generated were 14.38 �M for glucosone, 23.41 �M for
3-deoxyglucosone, 5.77 �M for glyoxal, and 17.01 �M

for methylglyoxal.

Figure 4.
High performance liquid chromatography (HPLC) analysis of the effect of heat
treatment on CML formation from glycated HSA. Glycated HSA and nongly-
cated HSA were incubated at 100° C for 40 minutes, subjected to acid
hydrolysis, and applied to amino acid analysis as described in “Materials and
Methods.” When glycated HSA was heat treated, a CML peak eluted at 50.7
minutes (C), which is identical to standard CML (A), could be detected and
reached 1.2 mol of CML/mol of HSA. In contrast, formation of CML in
heat-treated nonglycated HSA was less than the detection limit (D). Time-
dependent CML formation on glycated HSA incubated at 100° C was also
detected by HPLC (E)

Figure 5.
Inhibitory effects of metal chelator, NaBH4-reduction, and aminoguanidine on
CML formation from Amadori products. Glycated HSA was incubated at 100° C
for 40 minutes with or without 132 mM of NaBH4, 1 mM of diethylenetriamine
pentaacetic acid (DTPA), or 90 mM of aminoguanidine. The CML content was
determined by noncompetitive ELISA as described in Figure 2.

Figure 6.
Detection of �-oxoaldehydes by 2,3-diaminonaphthalene (DAN). Glycated HSA
was incubated in the presence of 10 mM of DAN, and �-oxoaldehydes-DAN
adducts were identified on reverse-phase HPLC as described under “Material
and Methods.” Time-course study demonstrated that the generation of each
aldehyde was time dependent. At the end of 40 minutes of incubation at
100° C, the concentration of these compounds generated were 14.38 �M for
glucosone, 23.41 �M for 3-deoxyglucosone, 5.77 �M for glyoxal, and 17.01 �M

for methylglyoxal.
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Quantification of CML Contents by HPLC in Heat-Treated
Rat Liver Samples

Finally, to obtain much solid evidence that CML de-
tected by immunohistochemical study after the high-
temperature unmasking method (Fig. 1, C and D) was
not the retrieved antigen of the embedded tissue but
was derived from Amadori products, CML contents of
rat liver samples before and after heat treatment were
quantitated by HPLC. Whereas CML in the nonheated
rat liver sample was below detection levels (Fig. 7A),
the autoclaved sample showed a high level of CML (21
mmol of CML/mol of lysine) (Fig. 7B). In sharp con-
trast, when the sample was pretreated with NaBH4

before heat treatment, the marked increase in CML
content was significantly suppressed (1.03 mmol of
CML/mol of lysine) (Fig. 7C). These quantitative results
give convincing support to the notion that conversion
of Amadori product to CML in the tissue sample’s
CML occurs through heating.

Discussion

In the present study, the high-temperature heating
process was conducted as antigen retrieval for immu-
nohistochemical staining of formalin-fixed, paraffin-
embedded tissue sections because of the effective-
ness of this technique in enhancing the staining for a
wide range of antibodies (Shi et al, 1997; Taylor et al,
1996) and some immunohistochemical studies em-
ployed to identify AGE structures in various tissues.
During fixation of the histological sample, biochemical
studies indicated that hydrolysis of cross-linkages
between formalin and protein is limited by certain
amino acid residues, such as imidazole and indol, but
that these cross-linkages can be reversed by high-
temperature heating (121° C) (Fraenkel-Conrat and
Olcot, 1948). However, over-treatment by prolonged
heating may also result in false-positive or undesirable
high background staining (Ezaki, 2000). Furthermore,
it has long been known that AGE formation during
incubation of proteins with glucose is enhanced tem-
perature dependently because this early reaction de-
pends on the reactivity between aldehyde of glucose
and amino residues of amino acids such as lysine,
histidine, and arginine. However, whether temperature
is involved in the conversion of Amadori products to
AGE structures has not been investigated.

The evident immunoreactivity of the tissues that
were formalin-fixed, paraffin-embedded, and submit-
ted to the high-temperature unmasking method to the
anti-CML antibody, in comparison with the frozen
tissues, implicates the involvement of temperature as
an important factor for that difference. To confirm
these results in vitro, CML, a major AGE structure
identified in vivo, generated from glycated HSA (a
model Amadori-rich protein) was determined by im-
munochemistry using the anti-CML antibody as well
as by HPLC (Fig. 4). The experiments showing the
direct correlation of rising temperature (Fig. 2) and
incubation time (Fig. 3) with the amount of CML
formed from Amadori products reinforces the role of
temperature in this process. The results for other AGE
structures such as N�-(carboxyethyl)lysine, pyrraline,
and pentosidine were negative by ELISA in heated
glycated HSA (data not shown). Because paraffin-
embedded tissue sections were submitted to 121° C
for up to 20 minutes with the normal unmasking
procedure (Sasaki et al, 1998), glycated HSA was also
submitted to autoclaving (121° C), followed by deter-
mination of CML. The reactivity of the antibody to
glycated HSA was significantly enhanced after auto-
clave treatment (data not shown). These in vitro results
confirm that CML was generated from Amadori prod-
ucts under the condition used for unmasking.

To clarify the pathway of CML formation under heat
treatment, glycated HSA was reduced by sodium
borohydride to convert the Amadori product in hexi-
tollysine and incubated under the same conditions.
Because CML was not detected after heating using
borohydride-reduced glycated HSA, it is therefore
likely that CML was generated by conversion of Ama-
dori product.

Figure 7.
Quantification of CML contents by HPLC in heat-treated rat liver samples. The
rat liver slices were homogenized in two ways: one in 50 mM phosphate buffer
pH 7.4 and the other in the same buffer plus 1 mM DTPA as described under
“Methods and Materials.” The sample homogenized in phosphate buffer was
autoclaved for 30 minutes (121° C) (B), and the other was treated with 50 mM

NaBH4 for 2 hours at 37° C before autoclaving under identical conditions (C).
The sample homogenized in 50 mM phosphate buffer in the presence of 1 mM

DTPA was used to determine CML contents of nonheated samples (A). HPLC
analyses were performed in identical way as in Figure 4. CML contents
measured by these analyses were 21 mmol of CML/mol of lysine for B, 1.03
mmol of CML/mol of lysine for C, and below a detection level for A.
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Because metal-induced oxidative cleavage of Ama-
dori product is considered to play a major role in CML
formation (Nagai et al, 1997; Wells-Knecht et al,
1995b), we next determined the involvement of oxida-
tion in CML formation during the heating process by
adding metal chelator. The formation of CML from
glycated HSA was significantly inhibited by DTPA (Fig.
5), indicating that oxidation contributed to CML for-
mation during the heating process. We also reported
previously that CML formation from Amadori product
is highly accelerated under alkaline conditions (Nagai
et al, 1998). The possibility of the influence of this
factor in our experiment was excluded because the pH
of the samples of glycated HSA before and after
incubation was neutral (data not shown).

Aminoguanidine, a potent �-oxoaldehydes trapping
reagent and inhibitor of AGE formation (Brownlee et al,
1986), significantly inhibited the heat-enhanced CML
formation (Fig. 5), indicating that �-oxoaldehydes
could be generated through the incubation of glycated
HSA and become involved in further CML formation.
To address the contribution of �-oxoaldehydes to
CML formation from Amadori products, glycated HSA
was incubated at 100° C with DAN, an �-oxoalde-
hydes trapping reagent, followed by determination of
�-oxoaldehydes by HPLC, which lead us to detect
3-deoxyglucosone, methylglyoxal, glyoxal, and glu-
cosone (Fig. 6). Although �-oxoaldehydes, such as
3-deoxyglucosone (Hayase et al, 1995; Niwa et al,
1998; Zyzak et al, 1995), glyoxal (Glomb and Monnier,
1995; Reddy et al, 1995; Wells-Knecht et al, 1995a,
1995b), and methylglyoxal (Lo et al, 1994; Thornalley
et al, 1999, 2000) were already pointed as important
precursors for AGE formation, our results suggested
that glucosone might also play an important role in the
formation of CML because 14.38 �M of glucosone was
detected after incubation of glycated HSA at 100° C
for 40 minutes (Fig. 6).

Miyata et al (2000) demonstrated that peritoneal
dialysis fluid, which contains 76 mM of glucose, gen-
erated abundant 3-deoxyglucosone, glyoxal and
methylglyoxal, after heat sterilization. In the present
study, we demonstrated for the first time that
3-deoxyglucosone, methylglyoxal, glyoxal, and glu-
cosone were generated from Amadori products by
heating and further contributed to AGE formation, as
illustrated in Figure 8. Among aldehydes detected in
the present study, glucosone, 3-deoxyglucosone, and
glyoxal are known as a precursor for CML formation,
whereas methylglyoxal gives rise to other AGE-
structures such as N�-(carboxyethyl)lysine (Ahmed et
al, 1997), imidazolone (Thornalley, 1996), methylg-
lyoxal lysine dimer (Frye et al, 1998), and argpyrimi-
dine (Oya et al, 1999). As shown in Figure 8, possible
pathways for CML formation from Amadori products
by heating are two-fold. First, heating enhances the
oxidative cleavage of Amadori products between C2
and C3 of the carbohydrate chain, which directly leads
to generation of CML-protein adduct (pathway A).
Second, these �-oxoaldehydes react with amino
groups of proteins to form CML-modified proteins
(pathway B). Because heating-accelerated CML for-

mation from Amadori products significantly inhibited
aminoguanidine (�70%) (Fig. 5), pathway B may play
a dominant role in the formation of CML from Amadori
products by short-term heating.

It is known that the early stages of the Maillard
reaction progress under physiological conditions and
most of proteins occur in vivo as adducts with Ama-
dori products. Our results demonstrated that CML
formation from Amadori products is enhanced by heat
treatment in vitro. This notion was also confirmed by
quantitative analysis of rat liver samples (Fig. 7). Taken
together, results of the present study may well explain
false-positive results observed in the immunohisto-
chemical study with the anti-CML antibody after anti-
gen retrieval by heating.

Materials and Methods

Chemicals

D-glucose and HSA (fraction V) were purchased from
Sigma (St. Louis, Missouri). Aminoguanidinium chlo-
ride was purchased from Wako (Osaka, Japan). DTPA
and DAN were purchased from Dojindo Labora-
tories (Kumamoto, Japan). 1-Ethyl-3-(3-Dimethylamino-
propyl) carbodiimide hydrochloride was purchased from
Pierce (Rockford, Illinois). Horseradish peroxidase-
conjugated goat anti-mouse IgG antibody was pur-
chased from Kirkegaard Perry Laboratories (Gaithers-
burg, Maryland). Microtitration plates (96-well, Nunc
Immunoplate-maxisorp) were purchased from Nippon
Inter Med (Tokyo, Japan). Glyoxal was obtained from
Nakarai Chemicals (Kyoto, Japan) and methylglyoxal
from Sigma. All other chemicals were of the best grade
available from commercial sources.

Tissue Preparation

The skin and liver samples were obtained from a male
Wistar rat that was 7 weeks old. Each sample was
sectioned in two and processed using two different
methods: the first section was formalin-fixed and
paraffin-embedded, the other was rapidly frozen and

Figure 8.
Possible pathways of CML formation from Amadori product by heating. Two
pathways could explain heating-enhanced CML formation from Amadori
products. Because 3-deoxyglucosone, methylglyoxal, glyoxal, and glucosone
were generated from glycated HSA (Amadori products) by heating, CML is
generated not only by direct cleavage of Amadori products (pathway A) but
also by contribution of reactive intermediates (pathway B). In pathway A,
heating enhances the oxidative cleavage of Amadori products between C2 and
C3 of carbohydrate chain, which directly leads to generation of CML-proteins.
In pathway B, heating enhances the generation of glucosone,
3-deoxyglucosone, and glyoxal from the cleavage reaction of Amadori prod-
ucts. These �-oxoaldehydes then react with epsiron amino residues of lysine
on proteins to form CML-proteins (pathway B). See text for details.
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stored at �80° C. In addition, the rat samples were also
formalin-fixed, rapidly frozen, and stored at �80° C.

The remaining liver from the same rat was used as a
sample for CML quantification by HPLC analysis. The
tissue was minced and delipidized with chloroform
and methanol (2:1, vol/vol) by mild shaking overnight
at 4° C. The solvent was removed by suction, and
pellets were washed three times with methanol and
three more times with deionized water. We did not use
collagenase for digestion of the tissue because it
contained CML detected by ELISA (data not shown).
The pellets were divided into two portions, one ho-
mogenized, on ice, in 50 mM phosphate buffer pH 7.4,
and the other in the same buffer plus 1 mM DTPA. They
were centrifuged at 8000 g for 15 minutes at 4° C (Ling
et al, 2001). The protein concentration of the super-
natant was measured by bicinchoninic acid assay with
BSA as the standard (Pierce, Rockford, Illinois) (Smith
et al, 1985; Wiechelman et al, 1988). An aliquot of the
sample homogenized with phosphate buffer was au-
toclaved for 30 minutes (121° C), and the other was
treated with 50 mM NaBH4 for 2 hours at 37° C before
autoclaving under identical conditions. The rat liver
sample homogenized in 50 mM phosphate buffer in the
presence of 1 mM DTPA described above was used to
determine CML contents of the nonheated sample.

Preparation of the Monoclonal Anti-CML Antibody

The experimental protocol was approved by the local
ethics review committee for animal experimentation.
The monoclonal anti-AGE antibody named 6D12 was
prepared in mice using AGE-modified BSA as an
antigen (Horiuchi et al, 1991) and purified by protein G
affinity chromatography to IgG1. Our subsequent
study revealed that this antibody recognizes CML-
protein adduct (Ikeda et al, 1996).

Immunohistochemical Studies

The rapidly frozen samples, a portion nonfixed and
another portion prefixed with formalin, were sectioned
into 4 �m, air-dried, and fixed in 100% ice-cold
acetone for 5 minutes. These sections were washed
three times with phosphate buffer saline (PBS) and
incubated overnight at 4° C with the anti-CML anti-
body (0.5 �g/ml) as the primary antibody, washed
again three times with PBS, then incubated at room
temperature for 30 minutes with biotinylated horse
anti-mouse IgG antibody (Vector Laboratories, Burlin-
game, California). The sections were washed again
three times with PBS, and endogenous peroxidase
was inactivated by incubating the sections with 0.3%
hydrogen peroxide in methanol for 30 minutes. Immu-
noreaction was detected with the avidin-biotin-
horseradish peroxidase complex (Vector Laborato-
ries), using 4-dimethylaminobenazobenzene as
chromagen. Hematoxylin was used as the contrast
staining. Nonimmune mouse IgG (DAKO, Glostrup,
Denmark) was used as a negative control. To evaluate
the specific immunoreactivity of the anti-CML anti-
body to CML, the tissue specimens were immuno-

stained with the antibody (1 �g/ml) in the presence of
100 �g CML-BSA. CML-BSA was prepared by incu-
bating BSA with glyoxylic acid and NaCNBH3 as
described previously (Ikeda et al, 1996).

The paraffin-embedded sections (4-�m thick) were
dried, deparaffinized, and unmasked by autoclaving
for 10 minutes (121° C) in 2 mM acetic acid solution.
One set of tissue sections was not autoclaved. After
washing twice with PBS, endogenous peroxidase was
inactivated by incubating the sections with 0.3% H2O2

in methanol for 30 minutes. These sections were
washed three times with PBS and incubated overnight
at 4° C with the anti-CML antibody (0.5 �g/ml) as the
primary antibody. The following day, they were
washed three times with PBS, and the sections were
incubated at room temperature for 30 minutes with
biotinylated horse anti-mouse IgG antibody (Vector
Laboratories). Immunoreaction was detected with the
avidin-biotin-horseradish peroxidase complex (Vector
Laboratories), using 4-dimethylaminobenazobenzene
as chromagen. Hematoxylin was used as the contrast
staining. Nonimmune mouse IgG was used as a neg-
ative control. The specific immunoreactivity of the
antibody to CML was also evaluated in the same way.

Preparation of Glycated and Nonglycated HSA

Glycated HSA and nonglycated HSA were prepared
as described previously (Nagai et al, 1997). Briefly, 50
mg/ml of HSA was incubated at 37° C for 7 days with
1.6 M glucose in 10 ml of 50 mM sodium phosphate
buffer (pH 7.2) in the presence of 2 mM DTPA, followed
by dialysis against 50 mM sodium phosphate buffer
(pH 7.2). Amino acid analyses showed that 21.9 out of
59 lysine residues were modified by glucose in gly-
cated HSA. The fructosamine contents of glycated
HSA (30 mg/ml), determined by fructosamine assay kit
(Boehringer Mannheim, Mannheim, Germany), was
1186 �mol/l. To prepare nonglycated HSA, 1.0 g of
HSA was dissolved in 300 ml of 0.5 M glycine-NaOH
buffer (pH 8.5) in the presence of 2% MgCl2, mixed
with 500 ml of phenyl boronic acid resin (PBA-60,
Amicon, Beverly, Massachusetts) and incubated for 2
hours at room temperature, followed by filtration
through a glass filter. The obtained solution was
concentrated to 30 mg/ml by an ultrafiltration system
and used for the experiments. The level of fruc-
tosamine in the nonglycated HSA (30 mg/ml) was
negligible (10.9 �mol/L).

Preparation of 3-Deoxyglucosone

3-deoxyglucosone was prepared as described previ-
ously (Hayase et al, 1995). Briefly, a solution of
D-glucose (20 g) and p-toluidine (11 g) in a mixture of
95% of ethanol (450 ml) and acetic acid (22 ml) was
boiled under reflux for 30 minutes. To this solution was
added benzoylhydrazine (33 g), and reflux was contin-
ued for 7 hours. The solution was allowed to cool to
room temperature with stirring for 12 hours. The
insoluble materials were separated by filtration,
washed three times with 100 ml of methanol, three
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times with 100 ml of ether, and three times with 100 ml
of methanol, and dried under reduced pressure, to
yield 19 g of material. The crude product of 3-deoxy-
D-erythro-hexos-2-urose bis(benzoylhydrazone) mo-
nohydrate was recrystallized from 95% ethanol. A
suspension of bishydrazone monohydrate (5 g) in
ethanol (150 ml), water (250 ml), acetic acid (1.5 ml),
and freshly distilled benzaldehyde (8 ml) was boiled
under reflux. The reaction was terminated by evapo-
ration within 30 minutes, and the solution remained
clear for an additional 30 minutes, at which time
benzaldehyde benzoylhydrazone began to precipitate.
Reflux was then continued for an additional 1.5 hours.
With the concurrent addition of water (250 ml), 250 ml
of distillate was collected in less than 30 minutes. The
mixture was cooled and filtered, the filtrate was neu-
tralized with Dowex 1 (CO3

2-) anion-exchange resin
(The Dow Chemical Company, Midland, Michigan),
and the mixture was filtered again. The filtrate was
concentrated under low pressure to 100 ml, washed
three times with 50 ml of ether, treated with activated
charcoal, filtered, and evaporated under low pressure
to a thick syrup. This material was dissolved in water
(2 ml), and hot ethanol (50 ml, 50° C), filtered, and
stirred with a mixture of Dowex 1 and Dowex 50W
ion-exchange resin. The mixture was filtered, and the
filtrate was concentrated under low pressure, frozen,
and lyophilized to give an amorphous 3-deoxy-
glucosone powder (1.7 g). The structure was con-
firmed by proton nuclear magnetic resonance.

Preparation of Glucosone

Glucosone (D-arabino-hexosulose) was synthesized
as described previously (Whistler and Wolfrom, 1963),
with some modifications. Briefly, D-arabino-hexose
phenylosazone (6.5g), suspended in 200 ml of ethanol
(99%), was mixed with 300 ml of distilled water in a 1
L round flask with a condenser. Acetic acid (7.6 ml)
and distilled benzaldehyde (10.2 ml) were added, and
the mixture was refluxed. After 3 hours, osazone
dissolved completely, and the solution remained clear
for a short time before precipitation of benzaldehyde
phenylhydrazone began. From this stage, reflux was
continued 90 minutes, then 50 ml of water was added.
The mixture was evaporated under reduced pressure
to remove ethanol and allowed to cool overnight at
2° C before the benzaldehyde phenylhydrazone was
removed by filtration with suction. The filtrate was
evaporated under reduced pressure to 100 ml, cooled,
washed 10 times with 50 ml of ether, and evaporated
under reduced pressure to remove the dissolved
ether. Ten milliliters of this aqueous solution was
treated with activated carbon. The carbon was re-
moved by filtration with suction, and the filtrate was
evaporated under reduced pressure to a thick syrup.
The syrup was dissolved in 10 ml of water, and then
charged on an ion exchange resine column (Amberlite
IR-120; H�, 30 ml; Mallinckrott Chemicals, Phillips-
burg, New Jersey). The eluate was lyophilized and
then dissolved in a small quantity of ethylacetate,
methanol:water (3:1:1). Then glucosone was further

purified on a flash column (silica gel 60, 6 cm � 20 cm)
with the above solvent system. The fast atom bom-
bardment (negative)-mass spectrometry spectrum for
glucosone showed an (M-H)� ion at m/z � 177.

Preparation of Samples

To determine the effect of temperature on CML for-
mation in vitro, glycated HSA (2 mg/ml) was incubated
at the indicated temperatures for 40 minutes, and the
immunoreactivities of these samples to the anti-CML
antibody were determined by noncompetitive ELISA.
Under the same experimental conditions, the time
course of CML formation at 100° C was also deter-
mined by noncompetitive ELISA. To confirm the con-
tribution of Amadori product on CML formation, gly-
cated HSA was reduced by 132 mM of NaBH4 to
hexitollysine, followed by incubation at 100° C for 40
minutes. To clarify the pathway involved in this pro-
cess, glycated HSA was incubated for 40 minutes at
100° C in the presence of DTPA (1 mM) or aminogua-
nidinium (90 mM), followed by determination of CML
by noncompetitive ELISA using the antibody. For
negative control, nonglycated HSA (2 mg/ml) was also
incubated at 100° C for 40 minutes to verify the
immunoreactivity to the anti-CML antibody.

Enzyme-Linked Immunosorbent Assay

ELISA was performed as described previously (Ikeda
et al, 1996; Nagai et al, 1997). Briefly, each well of a
96-well microtiter plate was coated with 100 �l of the
sample to be tested in 50 mM sodium carbonate buffer
(pH 9.6), blocked with 0.5% gelatin, and washed three
times with PBS containing 0.05% Tween 20 (washing
buffer; Wako, Osaka, Japan). Wells were incubated for
1 hour with 0.1 ml of the anti-CML antibody (0.1 �g/ml)
dissolved in washing buffer. The wells were then
washed three times with washing buffer and reacted
with horseradish peroxidase-conjugated anti-mouse
IgG antibody (Kirkegaard and Perry Laboratories),
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
by a micro-ELISA plate reader.

Detection of CML by HPLC

The CML content in the glycated HSA and in homog-
enized rat liver samples were quantified by amino acid
analysis after acid hydrolysis with 6 N HCl for 24 hours
at 110° C in an amino acid analyzer (L-8500A, Hitachi,
Tokyo) equipped with an ion exchange HPLC column
(#2622 SC, 4.6 ' 80 mm, Hitachi) and the ninhydrin
post-column detecting system as described previ-
ously (Nagai et al, 2000). Hippuryl-CML was prepared
by incubating hippuryllysine (benzoylglycyllysine,
Peptide Institute, Osaka, Japan) with glyoxylic acid
and NaCNBH3 as described previously (Nagai et al,
1998) and was used as a standard CML.
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Detection of �-Oxoaldehydes by DAN

Reactive �-oxoaldehydes including glucosone,
3-deoxyglucosone, methylglyoxal, and glyoxal were
determined by DAN as described previously (Yamada
H et al, 1994). Briefly, 2 mg/ml of glycated HSA was
incubated in PBS in the presence of DAN (10 mM) at
100° C for up to 40 minutes. The aldehyde-DAN
adducts were analyzed with HPLC (Hitachi) using a
reverse phase column (Cat. #25546–96, Mightysil,
RP-18 GP 150–3.0, 3 �m; Cica-Reagent, Tokyo, Ja-
pan). Effluents were monitored by fluorescence at Ex.
271 nm/Em. 503 nm. All analyses were performed at
40° C at an elution rate of 0.4 ml/minutes using as
elution buffer composed of 70% phosphoric acid (50
mM), 15% methanol, and 15% acetonitrile. The
glucosone-DAN, methylglyoxal-DAN, and glyoxal-
DAN adducts were prepared by incubating the re-
spective aldehydes (1 mM) with DAN (10 mM) at 100° C
for each period of the analyzed time course as the
standards.
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