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Susceptibility of actin to modification by 4-hydroxy-2-nonenal
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Abstract

4-Hydroxy-2-nonenal (HNE), a major lipid peroxidation product, reacts with histidine, lysine or cysteine residues of proteins to form
hemiacetal Michael adducts and thus interferes with the functions of the proteins. Here we undertook to identify HNE-modified proteins in the
target organ of a ferric nitrilotriacetate (Fe-NTA)-induced renal carcinogenesis model with histidine-specific HNEJ-2 antibody. Immunoaffinity
column separation and sequencing identified one of the major modified proteins as actin. To further explore the characteristics of actin as
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an HNE acceptor, we produced four novel monoclonal antibodies against HNE-modified keyhole limpet hemocyanin. All these
(HNEJ-1, 3–5) recognized histidine adducts, but were different from HNEJ-2 in recognizing lysine and cysteine adducts to some ex
albumin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), metallothionein and superoxide dismutase were treated in vitr
and evaluated with these antibodies. The results revealed that actin was most sensitive to HNE modification and metallothionein mo
Furthermore, the residue-specificity of GAPDH was in accord with that shown by our recent mass spectrometry data. Immunohist
with the antibodies revealed cytoplasmic staining with or without nuclear staining in the renal proximal tubules after Fe-NTA admin
The results suggest that actin is a major target protein for HNE modification in vivo, and that our monoclonal antibodies are
evaluating the HNE adducts produced.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Several lines of evidence indicate that oxidative modifi-
cation of proteins and the subsequent accumulation of the
modified proteins occur in cells and tissues during aging,
carcinogenesis and various pathological conditions, includ-
ing atherosclerosis, autoimmune diseases and neurodegener-
ative diseases[1,2]. The important chemicals that give rise
to the covalent modification of proteins may include reactive
aldehydes, such as keto aldehydes, 2-alkenals and 4-hydroxy-
2-alkenals[3,4]. These reactive aldehydes are considered to
be important mediators of cellular damage due to their ability
to covalently modify biomolecules in ways that may disrupt
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important molecular structures, cause genetic alteratio
activate certain signal pathways[4].

4-Hydroxy-2-nonenal (HNE), one of the reactive alde
des, is a major product of lipid peroxidation[4–6] and is be
lieved to be largely responsible for the cytopathologic eff
observed during oxidative stress. HNE exerts these e
because of its strong reactivity with biomolecules, espec
cysteine, histidine and lysine residues of proteins, produ
cyclic hemiacetal Michael adducts[4].

Administration of an iron chelate, ferric nitrilotriacet
(Fe-NTA), provides an intriguing model of iron-media
oxidative stress-induced carcinogenesis: intraperitonea
ministration of this chemical causes renal proximal tub
damage as a consequence of the Fenton reaction tha
mately leads to up to 90% incidence of renal cell carcin
in rodents[7–9]. This model is characterized by (1) high in
dence of pulmonary metastasis and peritoneal invasion,
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increase in molecules covalently modified by reactive oxygen
species[10] in the kidney during carcinogenesis, and (3) re-
duction of not only acute renal tubular damage but also tumor
incidence[11] by pretreatment with a lipophilic antioxidant,
�-tocopherol. We previously reported an increase in a variety
of oxidatively modified molecules such as 8-oxoguanine[12],
thymine-tyrosine cross-links[13], saturated and unsaturated
mutagenic aldehydes including HNE and malondialdehyde
(MDA), and HNE- and MDA-modified proteins[6,14,15]in
the kidney after Fe-NTA administration. Recently, we iden-
tified the p15INK4B and p16INK4A tumor suppressor genes
[16,17] and theannexin 2 gene[18] as target genes in this
model.

In the present study, we attempted to identify major HNE-
modified proteins in the kidneys of rats after a single ad-
ministration of Fe-NTA, and identified actin as one of them.
Furthermore, we evaluated the characteristics of actin as an
HNE acceptor by comparing its immunoreactivity with those
of selected proteins using five different monoclonal antibod-
ies (mAbs) produced against HNE-modified keyhole limpet
hemocyanin (KLH).

2. Experimental

2.1. Materials
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2.3. Animal experiments

The acute study of a single intraperitoneal injection of
Fe-NTA (15 mg iron/kg; 0, 3, 6, 12, 24, 48 and 96 h) was
carried out as previously described using 6 week-old spe-
cific pathogen-free male Wistar rats (Shizuoka Laboratory
Animal Center, Shizuoka, Japan). This experiment was ap-
proved by the committee for animal experiments in the Grad-
uate School of Medicine, Kyoto University. The animals were
killed at the assigned time after Fe-NTA administration. Both
of the kidneys were immediately excised and stored frozen at
−80◦C until use. A small portion of the kidney was fixed with
Bouin’s solution[23] overnight for histological examination
with hematoxylin and eosin staining or immunohistochem-
istry of paraffin-embedded specimens[14].

2.4. Antibodies

MAbs HNEJ1-5 were produced and purified as previously
described[19]. Briefly, the HNE-modified KLH (HNE-KLH)
immunogen was prepared by reacting KLH with HNE as
described[22]. HNE-modified BSA (HNE-BSA) was pre-
pared by incubating 1 mg/ml of BSA with 2 mM HNE at
37◦C for 1 h. HNE-KLH (100�g/100�l) was emulsified in
an equal volume of Freund’s complete adjuvant (Difco, De-
troit, MI) and injected intraperitoneally, subcutaneously and
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trans-4-Hydroxy-2-nonenal was prepared as previo
escribed[19] by acid treatment (1 mM HCl) of HNE d
thylacetal, which was synthesized according to the p
ure of De Montarby et al.[20]. The concentration of th
NE stock solution was determined by measurement o
bsorbance at 224 nm[21]. Ferric nitrate enneahydrate w

rom Wako (Osaka, Japan); nitrilotriacetic acid (NTA) d
dium salt was from Nacalai Tesque Inc. (Kyoto, Japan).N�-
cetyl-l-histidine, N�-acetyl-l-lysine, glutathione, bovin
uscle actin, rabbit metallothionein and bovine supero
ismutase (SOD) were from Sigma (St. Louis, MO). G
raldehyde 3-phosphate dehydrogenase (GAPDH) was
albiochem (La Jolla, CA) and bovine serum albumin (BS
rotease-free, was from Nacalai Tesque. All the chem
sed were of analytical quality and deionized water was

hroughout. Fe-NTA solution was prepared immediately
ore injection as previously described[14]. Briefly, ferric
itrate enneahydrate and NTA disodium salt were each
olved in deionized water to form 300 and 600 mM soluti
espectively. They were mixed at a volume ratio of 1:2 (m
atio, 1:4) with magnetic stirring at room temperature (R
he pH was adjusted with sodium carbonate to 7.4.

.2. Modification of proteins with HNE

Each protein (1 mg/ml) was incubated with 1 or 2 m
NE for 1 h at 37◦C in 0.1 M phosphate buffer, pH 7.4
escribed[22], and dialyzed against phosphate buffer to
ove free HNE.
ntramuscularly (1/2, 1/4 and 1/4 volume, respectively) to
ale BALB/c mice (7 weeks of age; Shizuoka Labora
enter, Shizuoka, Japan). After 4 and 8 weeks, booster

ions were done. The antibody level in serum was monit
y Western blotting and enzyme-linked immunosorben
ay (ELISA) using BSA and HNE-BSA as paired antig
s described below. Fusion was performed by the use
zaguanine-resistant murine myeloma P3X63-Ag8.653
t the ratio of 5:1 as described[24]. The culture medium
as RPMI-1640 in the presence of 10% fetal calf ser
.03% (w/v)l-glutamine, 0.0015% (w/v) 8-azaguanine
.5× 10−7 M 2-mercaptoethanol. Screening was done
LISA using BSA and HNE-BSA as paired antigens as
cribed below. MAbs were purified by ammonium sul
recipitation from ascites of nude mice (BALB/c, nu/

emale, 8 weeks of age) after intraperitoneal injection
07 hybridoma cells as described[24]. Immunoglobulin sub
lass was determined using a kit from Amersham Pharm
iotech.
Anti-pan-actin mAb (clone MAB1501) was pu

hased from Chemicon International Inc. (Temecula, C
orseradish peroxidase-conjugated rabbit antibody ag
ouse IgG was from Amersham Pharmacia Biotech (Pi

way, NJ) and biotin-labeled rabbit antibody against m
gG was from Dako (Kyoto, Japan).

.5. ELISA

For monitoring antibody response and cloning hybr
as, the wells of 96-well microtiter plates were filled w
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100�l of either 1 mg/ml BSA or HNE-BSA, and incu-
bated at 4◦C overnight. After three washes with 10 mM
phosphate-buffered saline, pH 7.4 (PBS) containing 1%
BSA, 0.5% Tween 20, each well was filled with 200�l
of PBS/BSA to block non-specific binding for 1 h at room
temperature (RT). After three washes, 150�l of serum (di-
luted 1:100) or culture supernatant (diluted 1:3) was added
to each well and the plates were incubated for 1 h at
RT. Pre-immune BALB/c mouse serum or isotype-matched
irrelevant commercial mAb (Dako) was used as a neg-
ative control. After three washes, 200�l of peroxidase-
conjugated anti-mouse IgG antiserum (1:1000) was added
and the plates were incubated for an additional 1 h at RT.
After washing, 100�l of 0.05 M citrate buffer (pH 5.0) con-
taining 0.4 mg/ml ofo-phenylenediamine (Wako, Osaka)
and 0.015% H2O2 was added and the plates were incu-
bated for several minutes at RT. The reaction was termi-
nated by the addition of 2 M sulfuric acid and was quantitated
by measuring absorbance at 490 nm with a microtiter plate
reader (M-Emax; Molecular Devices, Menlo Park, CA). For
studies of HNE specificity and competition, HNE-modified
GAPDH and the haptens (HNE-N-acetylhistidine, HNE-
N-acetyllysine and HNE-glutathione) were prepared and a
competitive ELISA was carried out as previously described
[22].
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deoxycholate, pH 7.4) in the presence of protease inhibitors
(Complete Mini®, Roche, Tokyo, Japan), and the super-
natants collected after centrifugation at 15,000× g for 15 min
were used. The protein concentration was determined with
BCA protein reagents (Pierce, Rockford, IL). Immunopre-
cipitation was performed as described[18]. Briefly, 10�l of
HNEJ-2 mAb (5 mg/ml) was added to 400�g of lysate in
a 100�l volume, and incubated on ice for 3 h, followed by
addition of protein A Sepharose CL-4B (Amersham Phar-
macia Biotech) and incubation on ice for 1 h. After washing
with 100 mM HEPES buffer (pH 8.0), the Sepharose beads
were separated by centrifugation, and boiled with 50�l of
Laemmli sample buffer containing 2-mercaptoethanol for
3 min. Twenty microliters of the supernatant was used for
each lane. Western blotting was carried out after 12.5%
SDS–PAGE under reducing conditions (4�g of protein in
each lane) and semi-dry blotting on polyvinylidene difluo-
ride membranes (Immobilon, Millipore, Tokyo, Japan) as de-
scribed[25]. Briefly, after the membranes were blocked with
Blockace (Yukijirushi Co. Ltd., Sapporo, Japan), they were
incubated sequentially with primary antibody (HNEJ 1–5,
20�g/ml; anti-actin monoclonal antibody, diluted 1:2000)
and horseradish peroxidase-conjugated rabbit anti-mouse
IgG (Dako Japan Co. Ltd., Kyoto, Japan; diluted 1:2000) after
washing with 0.1% Tween-20, 100 mM Tris-buffered saline
(TTBS, pH 7.4). ECL detection reagents (Amersham Phar-
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.6. Purification of HNE-modified proteins from rat
idney

Eight rats were killed 3 h after administration of 15
ron/kg of Fe-NTA, and the kidneys were excised imm
tely. After homogenization of the kidney sample with 9 v
mes of 10 mM Tris–HCl buffer (pH 7.5) containing 0.25
ucrose, 1 mM EDTA, and 1 mM phenylmethanesulfonyl
ride, the cytosolic soluble fraction was obtained by ultra

rifugation (105,000× g, 60 min, 4◦C). The supernatant w
ecovered (∼30 ml) and passed through a Sepharose 4B
mn (Ø11 mm× 20 mm) to avoid non-specific binding. T
NEJ-2 Sepharose 4B column (Ø17 mm× 65 mm) was pre
ared by coupling HNEJ-2 to CNBr-activated Sepharos
Amersham Pharmacia Biotech) according to the proced
ecommended by the manufacturer and the excess re
ng groups were blocked by incubation with 0.1 M Tris–H
uffer, pH 8.0, at 4◦C overninght. Then, an aliquot of t
ample was loaded onto the HNEJ-2 Sepharose 4B co
ccording to the procedures recommended by the man

urer. After the column was washed with 10 mM phoph
uffered saline and 1 M NaCl, bound proteins were el
ith 0.2 M Glycine–HCl buffer (pH 2.5) and analyzed
2.5% sodium dodecyl sulphate–polyacrylamide gel e

rophoresis (SDS–PAGE).

.7. Immunoprecipitation and Western blot analysis

Tissue lysates were prepared by homogenization in R
uffer (20 mM Tris, 0.1% SDS, 1% Triton X-100, 1% sodi
s
-

n
-

macia Biotech, Tokyo, Japan) were finally used accordin
the manufacturer’s instructions for visualization of the sig
on film. The exposure time of the membrane to the film
1 min.

2.8. Immunohistochemical analysis

The animals were killed 3 h after administration
15 mg iron/kg of Fe-NTA, and a portion of the kidn
was fixed with Bouin’s solution. The avidin–biotin co
plex method with peroxidase was used for immunoh
chemistry as described[26]. Serial sections were prepared
enable better comparison of each immunostaining. Br
after deparaffinization, the specimens were incubated
0.3% H2O2 in methanol for the inhibition of endog
nous peroxidase. Then, normal rabbit serum (diluted 1
Dako) for inhibition of non-specific binding of the se
ondary antibody, mAbs against HNE-modified prote
(HNEJ-1–5; 50�g/ml), biotin-labeled rabbit anti-mouse Ig
serum (diluted 1:300; Dako) and avidin-biotin complex
luted 1:100; Vector Laboratories, Burlingame, CA) w
sequentially used. 3,3′-Diaminobenzidine solution (Dak
Liquid DAB, K3466) was used for color developme
Three registered pathologists (AMH, TS and ST) inde
dently evaluated the immunostaining without the infor
tion of antibody used, and the results these three a
was used. Procedures using nonimmune mouse IgG1 or
10 mM PBS instead of HNEJ-1–5 antibody showed
positivity.
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2.9. Amino acid sequencing

HNE-modified proteins recovered from the affinity col-
umn were separated by SDS–PAGE and portions of the target
bands were collected. They were sequenced by a commercial
amino acid sequencing service (AproScience, Tokushima,
Japan).

3. Results

3.1. Identification of a major HNE-modified protein in
the kidney after Fe-NTA administration

SDS–PAGE analysis of the sample after HNEJ-2
column separation revealed two major bands of∼33
and ∼46 kilodaltons (kDa) (Fig. 1A). The band of
∼46 kDa was subjected to amino acid sequencing. The ob-
tained partial sequence was DLYANTVLSG, which was
identified as an actin fragment using NCBI database
analysis (http://www.ncbi.nlm.nih.gov/BLAST). Immuno-
precipitation and Western blot analysis confirmed the results
(Fig. 1B). Analysis of actin in the kidney 3 h after Fe-NTA
administration revealed bands with smaller molecular weight
as well, suggesting fragmentation, and at least two fragments
s is
w aled
a
T and
w Fe-
N el at
4

Table 1
Affinity of monoclonal antibodies to each 4-hydroxy-2-nonenal-induced
Michael adduct

Clone Histidine-adduct Lysine-adduct Cysteine-adduct

HNEJ-1 High High High
HNEJ-2a High Low Low
HNEJ-3 High Moderate Moderate
HNEJ-4 High Moderate Moderate
HNEJ-5 High High Moderate

a See reference[19].

3.2. Characterization of four monoclonal antibodies
against HNE-modified proteins

In order to explore the characteristics of actin as an HNE
acceptor, we have produced and characterized four mAbs
against HNE-modified proteins (HNEJ-1, 3–5). The results
of competitive ELISA assays are summarized inFig. 2 and
Table 1. In contrast to mAb HNEJ-2, which preferentially rec-
ognizes histidine adducts as reported previously[19], HNEJ-
1 and 3–5 recognized lysine and cysteine adducts to some
extent in addition to histidine adducts. HNEJ-1 recognized
the three adducts with the same affinity. MAb HNEJ-5 rec-
ognized histidine and lysine adducts with approximately the
same affinity (Table 1).

3.3. Susceptibility of each protein to modification by
HNE

Actin, albumin, glyceraldehyde 3-phophate dehydroge-
nase (GAPDH), metallothionein and superoxide dismutase
(SOD) were incubated in vitro with two different concen-
trations (1 or 2 mM) of HNE, and analyzed by Western

F modifie
i y affinit nt an
b (SDS– ecipit
a t first DS–PA
w ted (3 h st
a nted a e kidne
r mall ar
howed HNE modification (Fig. 1B). Western blot analys
ith HNEJ-2 or actin antibodies after SDS–PAGE reve
minor band with a lower molecular weight of∼41 kDa.

his minor band was detectable in the control sample
as significantly increased between 3 and 24 h after
TA administration, and then returned to the normal lev
8 h.

ig. 1. Identification of actin as a major 4-hydroxy-2-nonenal (HNE)-
stration. (A) Separation of the cytosolic fraction of kidney samples b
y 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
nalysis of the cytosolic fraction of kidney samples. Samples were a
ith either anti-actin or HNEJ-2 antibody; C, control; Fe, Fe-NTA-trea
nalysis (large arrow head, actin at 43 kDa; small arrow head, fragme
ats after Fe-NTA administration (large arrow head, actin at 43 kDa; s
d protein in the kidney of rats 3 h after ferric nitrilotriacetate (Fe-NTA) admin-
y chromatography with HNEJ-2 monoclonal antibody, and subsequealysis
PAGE); kDa, kilodalton (arrow head, 43 kDa protein). (B) Immunopration

immunoprecipitated with anti-actin antibody, and then analyzed by SGE
); IgH, immunoglobulin heavy chain; IP, immunoprecipitation; W, Weern blot

ctin). (C) Time-course of Western blot analysis after SDS–PAGE of thys of
row head, minor bands at 41 kDa). Refer to text for details.

http://www.ncbi.nlm.nih.gov/blast/
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Fig. 2. Characterization of four monoclonal antibodies against HNE-
modified proteins with competitive ELISA assays. Assays used HNE-
modified glyceraldehyde 3-phosphate dehydrogenase as the adsorbed anti
gen. The numbers on the abscissa indicate the concentration of competitors
as candidate epitopes of Michael adducts (indicated in the box) when anti-
body was preincubated with competitors at 4◦C for 20 h.B/B0 was calcu-
lated as [experimental OD− background OD (no antibody)]/[total OD (no
competitor)− background OD]. Refer to text for details.

Fig. 3. Western blot analysis of various proteins modified by HNE in vitro.
(A) actin; (B) albumin; (C) glyceraldehyde 3-phosphate dehydrogenase;
(D) metallothionein; (E) superoxide dismutase. The left-most panel shows
Coomasie brilliant blue (CBB) or silver staining after 10–15% sodium do-
decyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE). The other
five panels show the results of Western blot analyses after SDS–PAGE with
each monoclonal antibody. Each panel consists of three lanes: C, control;
H1, incubated with 1 mM HNE for 1 h; and H2, incubated with 2 mM HNE
for 1 h. Compare the original band after CBB or silver staining with the
numerous bands after Western blot analyses. Bands with higher molecular
weight denote polymerization (arrow head indicates the position of each
dimer) whereas bands with lower molecular weight denote fragmentation
of the protein. Note that the amount of each protein loaded was adjusted
to obtain optimal experimental conditions. HNEJ-1–5 indicates the names
of the monoclonal antibodies used. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. Refer to Section3 for further details.

blotting using five different mAbs against HNE-modified
proteins (HNEJ-1–5). The amount of each protein sample
loaded was adjusted to provide the optimal experimental
conditions. With Coomassie brilliant blue staining or sil-
ver staining, no major changes were observed in the HNE-
modified proteins tested (Fig. 3). All the five mAbs recog-
nized the HNE modification. However, the susceptibility of
-
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Fig. 4. Immunohistochemistry using monoclonal antibodies against HNE-modified proteins. Kidneys of rats 3 h after Fe-NTA administration were fixed with
Bouin’s solution, embedded in paraffin and used for immunohistochemical analysis as described in Section2.1. HNEJ-1–5 indicates the names of the monoclonal
antibodies used. Panels A–E are serial sections showing approximately the same areas of the specimen. Immunopositively stained areas are seen as brown
color, and the specimens were counterstained with hematoxylin (blue color). GL, glomerulus;∗immunopositive renal proximal tubules (original magnification
×200).

each protein to HNE modification and the patterns of recog-
nition were different. Adjustment of the amounts of protein
loaded in each lane revealed that actin was most suscepti-
ble and metallothionein most resistant to HNE modification
among the proteins tested (Fig. 3). Only actin and GAPDH
showed detectable HNE modification in the control samples
without incubation with HNE. All the proteins showed HNE-
modified polymers, whereas only actin and GAPDH showed
HNE-modified small fragments (Fig. 3). GAPDH and met-
allothionein revealed the highest levels of HNE modification
by Western blotting with HNEJ-5, whereas the other proteins
showed the highest level with HNEJ-2 (Fig. 3).

3.4. Immunohistochemistry of HNE-modified proteins in
the kidney

All the mAbs were useful for immunohistochemistry of
the paraffin-embedded specimens fixed with Bouin’s so-
lution. Immunohistochemistry using mAbs HNEJ-1–5 re-
vealed immunopositivity in the renal proximal tubules 3 h
after Fe-NTA administration. However, the patterns of im-
munostaining differed among the mAbs. HNEJ-2 showed
cytoplasmic immunostaining in the majority of proximal
tubules, whereas HNEJ-1 or 3–5 revealed cytoplasmic and
nuclear immunostaining in a limited area of the proximal
tubular cells (Fig. 4A–E).
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was confirmed by immunoprecipitation and Western lot anal-
yses (Fig. 1B and C). Interestingly, HNE induced fragmenta-
tion of actin, and at least two of the fragments were modified
with HNE, suggesting that protein inactivation by free radi-
cals had occurred.

Oxidative stress mediated by iron has been shown to be as-
sociated with carcinogenesis[27,28]. Fe-NTA-induced renal
carcinogenesis presents a unique model to study a molecular
mechanism in which produced aldehydes might play an im-
portant role[4]. Here we focused on the acute phase of the
oxidative renal tubular damage by Fe-NTA in vivo[14]. Thus
far, a variety of enzymes have been shown to be susceptible
to inactivation by HNE, including glucose-6-phosphate de-
hydrogenase[29], glutathione S-transferase[30], glutathione
reductase[31], interleukin-1� converting enzyme[32] and al-
dose reductase[33]. However, one of the criticisms of those
experiments is that they were all in vitro experiments and the
proteins were not selected with a proper screening method
in vivo. We found that actin is a major target of HNE mod-
ification in vivo. Of note was the fact that HNE-modified
actin with various molecular weights was detected as seen in
Fig. 1A (∼46 kDa) and C (∼41 kDa). Presumably, higher
molecular weight species were caused by massive HNE-
modification of actin, which has higher affinity for the col-
umn. The presence of a minor band of∼41 kDa (Fig. 1C)
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In the present study, we identified for the first time
f the major HNE-modified proteins as actin in an oxi

ive stress-induced carcinogenesis model of rats by th
f HNEJ-2 mAb affinity chromatography. The identificat
e

may suggest the presence of a covalent intramolecular
formational change in actin with a faster mobility in the g

To further explore the characteristics of actin as an H
acceptor, we produced and characterized four novel m
oclonal antibodies against HNE-modified proteins. Th
mAbs (HNEJ-1, 3–5) differed from HNEJ-2 mAb in that th
reacted with lysine and cysteine adducts, albeit with differ
affinity (Fig. 2andTable 1), whereas HNEJ-2 was histidin
adduct-specific[19].



M. Ozeki et al. / J. Chromatogr. B 827 (2005) 119–126 125

We selected four different proteins with distinct localiza-
tion and function for in vitro HNE modification in compari-
son with actin. Actin is a cytosolic protein and together with
myosin forms the contractile protein complex, actomyosin. In
the absence of salt it can exist as a globular protein. However,
on the addition of traces of salt, it changes into a highly asym-
metrical fibrous protein, F-actin[34]. It was recently reported
that HNE induces actin remodeling and barrier function in en-
dothelial cells via mitogen-activated protein kinases pathway
[35]. Albumin is a multifunctional serum protein produced by
hepatocytes. GAPDH is a cytosolic enzymatic protein asso-
ciated with glycolysis. Metallothionein is a cytosolic protein
that sequesters heavy metals and is associated with detoxi-
fication[36]. SOD is a cytosolic enzymatic protein that dis-
mutates superoxide to H2O2 and ground-state oxygen[37].

The new four mAbs in combination with HNEJ-2 were
helpful in analyzing HNE modification of proteins by West-
ern blot analysis. All the proteins except metallothioneon
showed dimers, but further polymers were observed in all
the proteins (Fig. 3), revealing a role of HNE in covalent
polymerization of proteins. Only actin and GAPDH showed
detectable immunoreactivity in the control proteins. This
means that these two proteins are prone to oxidative dam-
age during the purification process. Among these proteins,
actin was found to be most susceptible to HNE modifica-
tion, and metallotheionein was most resistant as evaluated by
s
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Other interesting finding is that HNEJ-1 which recognizes
three types of Michael adduscts in the competitive ELISA
assay (Fig. 2A) does not necessarily react strongly with all
the adducts in the Western blot analysis (Fig. 3). Considera-
tion of stereoisomers of each Michael adducts may be nec-
essary to explain the results[39]. These mAbs were further
used for immunohistochemistry on paraffin-embedded sec-
tions with success. The obtained results (Fig. 4A–E) suggest
that each mAb reacts with a different set of proteins or other
biomolecules in vivo. These differences should be clarified
in the near future.

In conclusion, actin is susceptible to HNE-modification
in vivo. The four newly characterized mAbs against HNE-
modified proteins will be useful for analyzing the nature of
HNE modification in vivo.
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