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Oxidation and Carboxy Methyl Lysine-Modification 
of Albumin: Possible Involvement in the Progression 

of Oxidative Stress in Hemodialysis Patients

Katsumi MERA**, Makoto ANRAKU**, Kenichiro KITAMURA*, 

Keisuke NAKAJOU, Toru MARUYAMA, Kimio TOMITA*, and Masaki OTAGIRI

Hemodialysis (HD) patients are frequently in a state of increased oxidative stress, and hyperglycemia

appears to be a major factor. We recently found that oxidized human serum albumin (HSA) is a reliable

marker of oxidative stress in HD patients. However, the issue of whether oxidized HSA is associated with

the progression of oxidative stress in HD patients with or without diabetes is not clear. In the present study,

we examined the effect of a qualitative modification of HSA in HD patients with or without diabetes. Blood

samples from 10 HD patients with diabetes, 7 HD patients without diabetes, and 10 healthy age-matched

controls were examined. The increase in plasma protein carbonyl content and advanced glycation endprod-

ucts (AGEs) in HD patients was largely due to an increase in the levels of oxidized HSA. Furthermore, these

increases were greatest in HD patients with diabetes. Purified HSA from HD patients (non-DM-HSA) was car-

bonylated and AGE-modified. The amount of modified HSA was the highest in HD patients with diabetes

(DM-HSA). Carboxy methyl lysine (CML)-modified HSA triggered a neutrophil respiratory burst, and this

activity was closely correlated with the increase in the CML/HSA ratio. These findings indicate that uremia

plays an important role in the progression of oxidative stress in HD patients via an increase in CML-modified

HSA. They also indicate that diabetic complications further exacerbate the progression of oxidative stress

by further increasing the amount of these modified HSA molecules. (Hypertens Res 2005; 28: 973–980)
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Introduction

Cardiovascular disease (CVD) is the leading cause of mortal-
ity in hemodialysis (HD) patients (1). Both inflammation (2,
3) and malnutrition increase the risk of death from cardiovas-
cular causes in a synergistic process via malnutrition, inflam-

mation, and the atherosclerosis (MIA) syndrome (4, 5). The
oxidative modification of proteins and lipids has been impli-
cated in the etiology of numerous disorders and diseases (6,
7), and is generally thought to contribute to inflammation in
HD patients (8).

The causes of oxidative stress in HD patients are poorly
understood. Oxidative stress arises when the normal balance
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between the production of reactive oxygen species (ROS) and
antioxidant activity is tilted in favor of the former. Protein
oxidation may be a consequence of the increased production
of ROS, a deficiency in antioxidant systems, or both. We pre-
viously demonstrated that oxidative stress in HD patients is
manifested by an increase in the extent of oxidation of plasma
proteins, including thiol oxidation and the formation of carbo-
nyl groups on proteins. We also showed that human serum
albumin (HSA) is the major plasma protein target of oxidative
stress in uremia, and that increased levels of carbonyl com-
pounds are correlated with the oxidation of HSA in HD
patients (9). It has been suggested that circulating HSA is a
major antioxidant in plasma. It has also been postulated that
excess oxidized HSA in plasma increases the production of
ROS by stimulating a neutrophil respiratory burst.

It has been demonstrated that the levels of oxidized HSA
and the levels of advanced glycation end products (AGEs) in
plasma are increased in HD patients (10) and that AGEs are a
complex and heterogeneous group of compounds that have
been implicated in diabetes-related complications (11). HSA,
a very abundant plasma protein, appears to be involved in the
formation of AGEs, suggesting that the oxidation and AGE-
modification of HSA play important roles in the progression
of oxidative stress in HD patients. Because diabetic nephrop-
athy is now one of the main causes of chronic renal disease,
there is a need to separately evaluate the contributions of ure-
mia alone and uremia in conjunction with diabetes to oxida-
tive stress in HD patients (12, 13).

Therefore, in the present study, we investigated the oxida-
tion and AGE-modification of HSA in HD patients with or
without diabetes and age- and gender-matched control sub-
jects. The effect of modified HSA on the neutrophil respira-
tory burst, which has been shown to mediate inflammation via
the progression of oxidative stress, was also studied.

Methods

Patients

The protocol used in this study was approved by the institu-
tional review board and informed consent was obtained from
all subjects. A total of 27 subjects were enrolled: 17 stable
HD patients (8 men, 9 women) aged 36 to 87 years, with a
duration of dialysis ranging from 1 to 9 years, and 10 age- and
gender-matched healthy control subjects. The HD patients
were divided into 2 groups: HD patients with diabetes (DM)
(n=10) and HD patients without diabetes (non-DM) (n=7).
End-stage renal failure in the HD patients was caused by
glomerulonephritis (n=5), nephrosclerosis (n=2) or diabetic
nephropathy (n=10). At enrollment, all HD patients were
receiving regular bicarbonate hemodialysis therapy (4 to 5 h
per session, 3 times per week) using high-flux polysulfone
hollow-fiber dialyzers. The profiles of healthy controls and
DM or non-DM group are summarized in Table 1.

Purified HSA from Healthy Controls and DM or
non-DM Group

HSA samples were isolated by the polyethylene glycol frac-
tionation of blood plasma followed by chromatography on a
Blue Sepharose CL-6B column (Amersham Pharmacia Co.,
Uppsala, Sweden) (14). The resulting fraction was then dia-
lyzed against deionized water for 48 h at 4°C, followed by
lyophilization. The purity of the HSA samples was at least
95%, and the percentage of dimers did not exceed 7%, as evi-
denced by SDS-PAGE and native-PAGE, respectively. The
long-chain fatty acid contents of isolated HSA samples was
determined using the copper triethanolamine method (15),
and no significant change in long-chain fatty acid content was
found in purified HSA from healthy controls and HD patients.

Chromatographic Analysis of HSA in Normal
Subjects and DM or non-DM Group

The high-performance liquid chromatography (HPLC) analy-
sis of HSA was performed as described in a previous report
(9). HSA is a mixture of mercaptalbumin (HMA; reduced
form) and nonmercaptalbumin (HNA; oxidized form). HMA
contains one highly reactive sulfhydryl group at position 34
(Cys-34), while other serum proteins contain few or no highly
reactive sulfhydryl groups. HNA is comprised of at least three
types of molecules. The major HNA component is a mixed
disulfide with cysteine or glutathione (HNA-1). The other is a
more highly oxidized product than the mixed disulfide, in
which the thiol group has been oxidized to the sulfenic
(SOH), sulfinic (SO2H) and sulfonic (SO3H) states (HNA-2),
the proportions of which are extremely small in extracellular
fluids (16, 17). The method of HPLC analysis of albumin
developed by Sogami et al. (16) and Era et al. (17) permits the
clean separation of HSA into HMA and HNA, and is used for
the determination of the redox state for various pathophysio-
logic conditions. This method was applied as follows. Serum
samples were frozen immediately after they were drawn, and
were stored at -80°C until used for HPLC. The HPLC was
performed using 5 μl aliquots of each serum sample and a
Shodex Asahipak ES-502N column (Showa Denko Co., Ltd.,
Tokyo, Japan; column temperature: 35±0.5°C). The HPLC
system consisted of an L-6200 intelligent pump equipped
with a gradient programmer and an F-1050 fluorescence
detector (Jasco Co., Ltd., Tokyo, Japan). Elution was per-
formed using a linear gradient of ethanol (from 0% to 5%)
with the serum dissolved in a mixture of 0.05 mol/l sodium
acetate and 0.40 mol/l sodium sulfate (pH 4.85) at a flow rate
of 1.0 ml/min. From the HPLC profiles of HSA, the value of
each albumin fraction (f(HMA), f(HNA-1), and f(HNA-2))
was estimated by dividing the area of each fraction by the
total area corresponding to HSA.
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Total Plasma Protein and Individual Plasma Car-
bonyl Contents Measurement

Plasma protein carbonyl content was determined using the
method of Climent et al. (18). In short, the samples were
derivatized with fluoresceinamine, and their contents were
quantified from the absorbance of the complexes at 490 nm
(Jasco Ubest-35 UV/VIS spectrophotometer, Jasco Co.). The
oxidation of individual plasma proteins was measured by
Western blot analysis, as described by Shacter et al. (19).
Plasma was diluted to 2 mg/ml of total protein with phos-
phate-buffered saline (PBS) and derivatized with an anti-2,4-
dinitrophenylhydrazine (DNP) using an OxyBlot Kit (Sero-
logicals Corp., Norcross, USA). Samples were diluted to 1
mg/ml of total protein by the addition of an equal volume of
nonreducing sample buffer, and 15 μl samples were electro-
phoresed on duplicate SDS-PAGE gels. Following elec-
trotransfer to a PVDF membrane, one blot was stained for
DNP using the OxyBlot Kit reagents. The second blot was
stained with Coomassie brilliant blue G for protein. Bands
were visualized with chemiluminescent chemicals and cap-
tured on film at 10 min.

Analysis of Blots

Each Western blot included samples from both HD patients
and healthy controls. Thus, the HD patient’s samples could be
compared with equivalent data for healthy controls developed
under the same conditions in all experiments. These data were
recorded as DNP area/protein area, and were reported as den-
sitometric units. The mean for each subject group was calcu-
lated from each blot.

AGE Content of Plasma HSA and Purified HSA

Based on a report by Westwood et al. (20), we recorded fluo-
rescence emission spectra of plasma HSA and purified HSA
in PBS at an excitation wavelength of 350 nm, with an emis-
sion scan from 350 to 600 nm (slit width, 5 nm), using a fluo-
rescence spectrometer (Jasco International Co., Ltd., Tokyo,
Japan).

Enzyme-Linked Immunosorbent Assay

An enzyme-linked immunosorbent assay (ELISA) was per-
formed as described elsewhere (21). Briefly, each well of a

Table 1. Characteristics of the Normal and Patient Groups

Normal subjects 
(n=10)

HD patients

non-DM 
(n=7)

DM 
(n=10)

Age (years) 68.3±1.7 58.7±9.8 65.1±15.6
Creatinine (mg/dl) 0.9±0.2 11.8±1.8* 9.6±3.0*
Gender (M/F) 5/5 3/4 5/5
HbA1C (%) ⎯ ⎯ 7.0±1.1

Values are expressed as mean±SD. HD, hemodialysis; DM, HD patients with diabetes; M, male; F, female. *p<0.01 as compared with
normal subjects.

Table 2. Determination of Serum Protein and Purified Albumin Oxidation

Serum protein Purified HSA

Normal subjects 
(n=10)

HD patients

normal-HSA non-DM-HSA DM-HSAnon-DM 
(n=7)

DM 
(n=10)

Carbonyl content
(nmol/mg protein) 2.06±0.33 2.51±0.18a 2.96±0.48a,b 2.13±0.14 2.66±0.07c 2.88±0.22c,d

AGE content
(fluorescence intensity [a.u.]) 232±54 746±58a 1,006±116a,b 245±25 722±25c 956±43c,d

f(HMA) (%) 55.7±5.9 45.3±7.3a 37.9±6.0a,b 50.0±3.9 37.6±4.2c 30.3±5.4c,d

f(HNA-1) (%) 36.5±5.8 44.8±6.7a 52.3±5.7a,b 38.7±4.1 49.9±4.6c 56.8±5.1c,d

f(HNA-2) (%) 7.8±1.0 9.3±0.9a 9.8±1.0a 11.3±0.3 12.6±0.9c 12.9±0.9c

Values are expressed as mean±SD. HD, hemodialysis; DM, HD patients with diabetes; HSA, human serum albumin; AGE, advanced
glycation endproduct; HMA, human mercaptalbumin; HNA, human nonmercaptalbumin; f(X), fraction of X. ap<0.01 as compared with
Normal subjects. bp<0.01 as compared with non-DM group. cp<0.01 as compared with normal-HSA. dp<0.01 as compared with non-
DM-HSA.
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96-well microtiter plate was coated with 100 μl of the sample
to be tested in 50 mmol/l sodium carbonate buffer (pH 9.6).
Each well was then blocked with 0.5% gelatin, and washed 3
times with PBS containing 0.05% Tween 20 (washing
buffer). The wells were incubated for 1 h with a monoclonal
antibody against pentosidine, carboxy methyl lysine (CML),
pyrraline or imidazolone dissolved in washing buffer. The
wells were then washed with washing buffer 3 times, incu-
bated with a horseradish peroxidase (HRP)-conjugated anti-

mouse IgG antibody, and finally incubated with 1,2-phe-
nylenediamine dihydrochloride. The reaction was terminated
by the addition of 0.1 ml of 1.0 mol/l sulfuric acid, and the
absorbance at 492 nm was read on a micro-ELISA plate
reader.

Measurement of Neutrophil Respiratory Burst

Neutrophils were isolated from heparinized peripheral blood

Fig. 1. Immunochemical carbonyl content of major plasma proteins from normal controls and HD patients with or without dia-
betes (DM or non-DM). A: Plasma samples from DM or non-DM were derivatized with DNP and subjected to duplicate SDS-
PAGE. Following electrotransfer, 1 blot was stained for protein with Coomassie brilliant blue G (I), and the second blot was
stained for DNP using OxiBlot kit reagents (II). B: Carbonyl modification of major plasma proteins (albumin, transferrin, immu-
noglobulin, and fibrinogen) was evaluated as the densitometric ratio of DNP area and protein area, and was recorded in densi-
tometric units. Values are expressed as the mean±SEM; n=11 for the control group and each patient group. *p<0.05,
compared with plasma from controls. **p<0.05, compared with plasma from non-DM.
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of healthy donors using Polymorphoprep (Nycomed, Oslo,
Norway) density gradient centrifugation. The purity of the
neutrophil preparations routinely exceeded 95%, and cell via-
bility, as determined by propidium iodide staining, was at
least 98%. The accumulation of dihydrorhodamine 123
(DRD) in the neutrophil suspension was measured using a
flow cytometer, by monitoring the fluorescence at 526 nm
(22). Suspensions of neutrophils (1 × 106 cells) were incu-
bated with 5 μmol/l DRD for 15 min at 37°C in serum-free
medium. After DRD incubation, the neutrophil suspension
was centrifuged and washed to remove unincorporated probe.
The cells were treated with several concentrations of HSA
medium for 1 h at 37°C, and then placed on ice. The mean flu-
orescence intensity of rhodamine (RD) in the cells was mea-
sured using a flow cytometer (FACS Calibur; Becton
Dickinson Biosciences, Franklin Lakes, USA).

Statistics

Statistical significance was evaluated using the two-tailed,
unpaired Student’s t-test for comparisons between 2 means,
or ANOVA analysis followed by the Newman-Keuls method
for more than 2 means. A value of p<0.05 was considered to
indicate statistical significance. The results are reported as the
mean±SD.

Results

Carbonylation and AGE-Modification of Plasma
Protein from Normal Controls and DM or non-DM
Group

Protein oxidation is typically associated with an increase in
carbonyl and AGE contents. An increase in carbonyl and
AGE contents reflects the oxidation of Lys, Arg, or Pro resi-
dues in a protein. The plasma protein carbonyl and AGE con-
tents were significantly increased in HD patients, and, in the
diabetic group, the carbonylation and AGE-modification of
plasma protein was further increased (Table 2).

Figure 1 summarizes the results obtained from Western blot
analysis. HSA was the only major plasma protein that was

significantly oxidized in HD patients (p<0.05) and, in the
diabetic group, the oxidation of HSA was further increased.
No significant difference in the carbonyl contents of other
plasma proteins (transferrin, immunoglobulin, and fibrino-
gen) was found among the 3 groups. These findings suggest
that the increase in plasma protein carbonyl and AGE con-
tents in HD patients is largely due to an increase in oxidized
HSA, and that this increase in oxidized HSA was greatest in
DM group.

Oxidation of HSA in Normal Controls and DM or
non-DM Group

In a previous study, we examined the redox states of HD
patients during oxidative stress, especially the oxidation of
HSA. In the present study, using HPLC analysis, we deter-
mined the oxidation status of the Cys-34 residues in HSA.
The ratio of each HSA fraction to the total HSA (f(HMA),
f(HNA-1), and f(HNA-2)) was calculated, and these data are
summarized in Table 2. The non-DM group had a markedly
increased f(HNA-1) and f(HNA-2) ratio, compared with nor-
mal controls (p<0.01), and f(HNA-1) was further increased
in the DM group (p<0.01). These results may suggest that
diabetes increases the oxidation of HSA via the effects of
hyperglycemia.

Oxidation of Purified HSA from Normal Controls
and DM or non-DM Group

Although it has been hypothesized that HSA becomes oxi-
dized in some diseases, this hypothesis has yet to be con-
firmed. Several physicochemical peculiarities of HSA have
been observed in patients with renal diseases, including
changes in structural properties (23). However, none of these
features is indicative of functional changes in HSA isolated
from normal controls or HD patients. To determine the roles
that oxidized HSA plays in the effects of oxidative stress,
such as neutrophil activation, we purified HSA from normal
controls (normal-HSA) and HD patients with or without dia-
betes (DM-HSA or non-DM-HSA). Purified HSA carbonyl
and AGE contents were significantly increased in HD
patients, and were further increased in DM group (Table 2).
Also, the non-DM-HSA had a markedly increased f(HNA-1)
and f(HNA-2) ratio, compared with normal-HSA (p<0.01),
and f(HNA-1) was further increased in the DM group
(p<0.01). In addition, the HNA/HMA ratio of purified HSA
was closely correlated with the HNA/HMA ratio for sera
(r=0.952, p<0.01; n=27; data not shown). These results
suggest that the state of the purified HSA accurately reflects
the redox state of HSA in blood.

AGE Content (Pentosidine, CML, Pirraline, Imida-
zolone)

The accumulation of AGEs in plasma increases with the pro-

Table 3. Amount of Pentosidine, CML, Pyrraline or Imida-
zolone Determined by ELISA

normal-HSA non-DM-HSA DM-HSA

Pentosidine 1,101±60 1,086±42 1,044±42
CML 1,622±115 1,843±144* 1,874±208*
Pyrraline 2,152±180 2,188±158 2,352±246**
Imidazolone 2,399±128 2,529±219* 2,503±152*

Values are expressed as mean±SD. CML, carboxy methyl lisine;
ELISA, enzyme-linked immunosorbent assay; HSA, human
serum albumin; DM, hemodialysis patients with diabetes.
*p<0.01, **p<0.05 as compared with normal-HSA.
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gression of diabetic complications and atherosclerosis. The
AGE content of each of the purified HSA samples is shown in
Table 3. The findings indicate that uremia can induce the
CML- and imidazolone-modification of HSA and that hyper-
glycemia appears to further increase the extent of those mod-
ifications.

Neutrophil Respiratory Burst

It was recently reported that in vitro-oxidized albumin up-reg-
ulated reactive oxygen species (ROS) generation in neutro-

phil suspensions. Therefore, in the present study, in order to
directly determine whether non-DM-HSA or DM-HSA could
induce oxidative stress in neutrophil suspensions, we used the
DRD method and a fluorescence-activated cell sorter (FACS)
analysis. The levels of ROS were higher for non-DM-HSA
than for normal HSA (Fig. 2). Furthermore, the levels of ROS
were higher for DM-HSA than for non-DM-HSA. Interest-
ingly, the increase in ROS production was closely correlated
with the increase in the CML/HSA contents ratio (r=0.502,
p<0.05, Fig. 3), but not correlated with those of other AGEs/
HSA contents ratio. These results suggest that the CML-mod-
ification of HSA increases the neutrophil burst.

Discussion

The findings herein demonstrated that the oxidation and
AGE-modification of HSA are increased in non-DM group,
and that these HSA modifications are increased even further
in DM group. We also demonstrated that the treatment of neu-
trophils with purified HSA from HD patients without diabetes
induced oxidative stress, as evaluated by neutrophil respira-
tory burst measurement, and that the diabetic state further
stimulated the burst. The stimulation of the neutrophil respi-
ratory burst was closely correlated with an increase in the
CML modification of purified HSA. Oxidative stress led to
increased levels of circulating oxidized and CML-modified
HSA in HD patients. These findings might suggest that an
increase in the levels of modified HSA contributes to
increased vascular oxidative stress and increased risk of car-
diovascular disease in HD patients, especially those with dia-
betes.

A number of epidemiological studies have demonstrated an

Fig. 2. ROS production by neutrophils incubated with purified HSA. *p<0.05, compared with normal-HSA. **p<0.05, com-
pared with non-DM-HSA.
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inverse relationship between serum albumin levels and mor-
tality risk (24−27). The fact that HSA is a major antioxidant
in extracellular fluids suggests that a decrease in HSA levels
in HD patients contributes to the high incidence of cardiovas-
cular events that are frequently associated with an increase in
oxidative stress. Like the plasma concentration of HSA, the
chemical state of HSA may affect its biological properties.
Witco-Sarsat et al. demonstrated that carotid artery intima-
media thickness is associated with the levels of plasma
advanced oxidation protein products (AOPP), and with struc-
tural and functional alterations of HSA (11). Therefore, the
chemical state of HSA may be a determinant of the level of
oxidative stress in plasma. In fact, Terawaki et al. found that
oxidative stress, determined the oxidation status of the Cys-
34 residues in HSA, was enhanced in correlation with the
level of renal dysfunction among HD patients (28). We also
suggested that telmisartan effectively lowers the blood pres-
sure in addition to reducing aldosterone concentration, brain
natriuretic peptide, and oxidative stress, and is safe and well-
tolerated by HD patients (29). Thus, these reports suggest that
the “redox state of HSA” is a good marker to investigate the
current status of oxidative stress in HD patients with renal
failure.

Cardiovascular diseases continue to be the major cause of
morbidity and mortality for patients requiring HD therapy.
For HD patients, the annual mortality rate for cardiovascular
disorders is approximately 9%, which is 10−20 fold higher
than that of the general population, even when adjusted for
age, sex, race, and the presence or absence of diabetes (30). In
diabetes, the binding of glucose to albumin is more frequent,
and involves the non-enzymatic covalent attachment of glu-
cose to the ε-amino group of a lysine residue. Approximately
6% to 10% of the albumin in normal human serum is modi-
fied by non-enzymatic glycation (31). This proportion typi-
cally increases two- to three-fold in hyperglycemia (32).
Moreover, diabetic patients exhibit elevated levels of iron and
copper ions that, in the presence of glycated protein, have
been shown to generate free radicals in vitro (33). That dia-
betic nephropathy has become one of the main causes of end-
stage renal disease suggests that the hyperglycemia associ-
ated with diabetic nephropathy increases the level of modified
HSA, thereby contributing to the increase in vascular oxida-
tive stress. Therefore, a more complete understanding of oxi-
dative mechanisms in HD patients requires the evaluation of
modified HSA in HD patients with and without diabetes.

In the present studies, using a Western blot immunoassay,
we demonstrated that the oxidation of HSA accounts for
nearly all of the excess plasma protein oxidation in HD
patients with uremia alone or with uremia and diabetes, and
that diabetic complications further increase the extent of oxi-
dation of HSA (Fig. 1). Plasma AGE levels were also signifi-
cantly increased in non-DM group, and diabetic
complications further increased AGE levels (Table 2). The
overall level of modified HSA was increased in DM group.
Various amino acids such as Cys, His, Trp, and Lys are

thought to play important roles in free radical damage to pro-
teins, and, the thiol group of Cys residues is thought to play a
particularly important role in such damage (34). This is con-
sistent with the present observation that the number of thiol
groups in purified HSA from HD patients was less than 60%
of the number of thiol groups in HSA from healthy controls,
as indicated by HPLC analysis (Table 2). Dean et al. (34) pro-
posed that thiol groups function either as a radical sink, thus
protecting the protein from complete denaturation, or as
agents that transfer damage to other residues such as His, Trp,
and Lys. This in turn suggests that excess modified HSA,
which acts as a pro-oxidant, increases cardiovascular compli-
cations in HD patients with or without diabetes. To test the
hypothesis that the increased oxidative stress in the blood of
HD patients is caused by the oxidation and AGE-modification
of HSA, we evaluated the effects of incubating neutrophils
with purified HSA from healthy donors or DM or non-DM
group. non-DM-HSA induced oxidative stress, as indicated
by the neutrophil respiratory burst, and DM-HSA further
stimulated the burst (Fig. 2). In addition, the CML ratio of
purified HSA was closely correlated with the strength of the
neutrophil burst (r=0.502, p<0.05, Fig. 3). In previous stud-
ies, excess AGE-modified HSA was reported to be associated
with a high level of respiratory burst, and this activity was
blocked completely by excess soluble antibody to CML-mod-
ified albumin (35). Taking these results together, it seems
likely that CML-modified HSA contributes substantially to
the risk of cardiovascular events in HD patients.
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