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bstract

Aim.  –  Albumin, a major protein in the blood circulation, can undergo increased glycation in diabetes. From recent studies, it has become evident
hat glycation has important implications for albumin actions and impact on cell functioning. This study compares the structural and functional
roperties of albumin glycated by glucose and methylglyoxal (MGO) with those of albumin purified from diabetic patients.

Methods.  –  Human serum albumin (HSA) was purified from diabetic patients and control subjects using affinity chromatography, and oxidation
arameters in various albumin preparations were determined. Tryptophan and 1-anilino-8-naphthalene sulphonic acid (ANSA) probe fluorescence,
edox state, antioxidant and copper-binding capacities of the different preparations of albumin were also determined and compared.

Results.  –  Occurrence of oxidative modifications was enhanced in albumin whether purified from diabetic patients, or glycated by glucose or
GO, after determination of their fructosamine and free thiol and amino group contents, carbonyl content and antioxidant activities. Whereas more

uantitative changes in oxidative and structural parameters were observed in the glucose- and MGO-modified albumins, significant impairment of
lbumin function (free-radical-scavenging and copper-binding capacities) were demonstrated in the HSA purified from diabetics. These findings
eveal different structural and functional features of diabetic HSA compared with in  vitro  models.

Conclusion.  –  This study provides new information supporting albumin as an important biomarker for monitoring diabetic pathophysiology. In
ddition, it reconfirms the influence of experimental conditions in which advanced glycation end-products (AGEs) are generated in tests designed
o mimic the pathological conditions of diabetes.

 2011 Elsevier Masson SAS. All rights reserved.
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ésumé

Modifications structurales de l’albumine au cours du diabète.

But.  –  Le stress oxydant et les modifications oxydatives des protéines sont directement impliqués dans les complications du diabète. Un facteur

uissamment protecteur contre le stress oxydant, produit par notre organisme, n’est autre que l’albumine, protéine la plus abondante du plasma.
ais, en particulier chez les diabétiques, la structure de l’albumine se trouve modifiée par des phénomènes de glycation qui confèrent à la protéine

hé à comparer les modifications structurales et fonctionnelles de l’albumine
es propriétés biologiques néfastes. Dans cette étude, nous avons cherc

lyquée in  vitro  avec celles de l’albumine purifiée à partir de patients diabétiques.

Méthodes.  –  L’albumine humaine a été purifiée à partir de patients diabétiques ou de témoins en utilisant la chromatographie d’affinité. La
lycation in  vitro  d’albumine humaine a été effectuée par des incubations en présence de méthylglyoxal (MGO) ou de glucose. Les statuts
tructuraux et fonctionnels (pouvoir antioxydant) des différentes préparations d’albumine ont été déterminés et comparés au moyen notamment de
esures de propriétés électrophorétiques, de fluorescence, de capacités de liaison de métaux ou de neutralisation de radicaux libres.

bbreviations: AAPH, 2,2′ azobis 2-amidinopropane; AGEs, Advanced glycation end-products; HRP, Horseradish peroxidase; HSA, Human serum albumin;
SA-C, Commercial human serum albumin; HSA-ND, Human serum albumin from non-diabetic patients; HSA-D, Human serum albumin from diabetic patients;
PAGE, Phenylboronate polyacrylamide electrophoresis; PBS, Phosphate-buffered saline; –SH, sulfhydryl group; SMBG, Self-monitoring of blood glucose;
NBS, 2,4,6-trinitrobenzene sulphonic acid.
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Résultats.  –  Une augmentation importante et significative des modifications de type oxydatif a été observée à la fois au niveau des préparations
’albumine glyquée in  vitro  par le glucose ou le MGO, mais également dans la protéine lorsqu’elle purifiée à partir de patients diabétiques. En
articulier, une altération des propriétés antioxydantes de piégeage des radicaux libres et de fixation des métaux a été mise en évidence pour
’albumine provenant de diabétiques.

Conclusion.  –  Ce travail contribue à montrer l’importance de l’albumine comme un biomarqueur majeur à privilégier pour le développement de
tratégies nutritionnelles ou pharmaceutiques afin de limiter les désordres inhérents à la pathologie diabétique.

 2011 Elsevier Masson SAS. Tous droits réservés.

e

h
m
o
f
i
i
t
m
i
e
f

f
d
c

2

2

(
(
l
t
l
f
i
(
C
a

2

n
V
t
c
1
I
h
m

ots clés : Albumine ; Produits de glycation avancée ; Stress oxydant ; Diabèt

.  Introduction

Non-enzymatic glycation is one of the underlying modifi-
ation factors that contribute to various alterations of intrinsic
rotein functions. It is the result of covalent binding of glucose
o amino groups of circulating proteins, such as haemoglobin
HbA1c) and albumin, or proteins present in the extracellular
atrix (such as collagen and laminin) [1]. Because of its long

alf-life (about 21 days) compared with other proteins and its
igh concentrations in the circulatory system, serum albumin is

 plasmatic protein that is highly sensitive to glycation. Elevated
evels of glycated albumin (two- to threefold increases) in cases
f diabetes mellitus can lead to irreversible damage associated
ith metabolic disorders such as retinopathy, nephropathy, neu-

opathy and coronary artery disease [2,3]. The development of
hese diabetic complications is attributed to the formation of
eleterious and irreversible conjugates called “advanced glyca-
ion end-products” (AGEs) during the glycation process [3].

The two main clinical parameters used for chronic glycaemic
ontrol are glycated HbA1c levels and SMBG [4]. Measurement
f glucose in blood, a short-term indicator, reflects the diabetic
tatus over a 24-hour period, while the HbA1c value represents

 long-term glycaemic indicator. However, the HbA1c is not
lways a relevant indicator of glycaemic control in patients with
iabetes-associated pathologies that affect erythrocyte lifespan,
uch as haemolytic or renal anaemia and liver cirrhosis [5,6]. In
uch cases, glycated albumin appears to be an alternative marker
or glycaemic control: the glycated albumin level is thought to
ndicate blood glucose status over a short period (2 to 4 weeks),
hile HbA1c reflects the glycaemic state over a longer period

2 months). Indeed, numerous studies support the use of gly-
ated albumin levels in the detection of short-term changes in
lycaemic control [7–9].

Albumin is known to have a set of diverse beneficial func-
ions, including oncotic pressure regulation, and binding and
ransport capacities for a wide variety of metabolites, includ-
ng those of therapeutic drugs [10,11]. For this reason, albumin
an play an important role in drug disposition and efficacy [12].
owever, the most prominent property of albumin is its major

ntioxidant activity in a circulatory system that is constantly sub-
ected to powerful oxidative stress [13]. Previous reports from
ur group have demonstrated impairment of these properties
ith the glycation process [14,15]. In these studies, modified
lbumin in  vitro  exhibited different structural and functional
roperties attributed to the heterogeneous products formed by
lycation, depending on the nature of albumin used (bovine or

a
h
a

uman), the nature and concentration of carbohydrates (glucose,
ethylglyoxal [MGO]) and the duration of incubation (3 weeks

r more) [16]. These heterogeneous glycation products derived
rom albumin are often used as glycation models in studies deal-
ng with the involvement of AGEs in cellular pathophysiology
n the context of diabetes. However, the question remains as
o whether these glycated albumins in  vitro  constitute relevant

odels in diabetes-associated cellular disorders. For this reason,
t was important to compare the structural and functional differ-
nces between in  vitro  glycated albumins and albumin purified
rom diabetic patients.

The present study examined the differential structural and
unctional aspects of albumin purified from diabetic and non-
iabetic subjects. The study was also extended to compare
ommercial albumin glycated by glucose and MGO incubation.

. Methods

.1.  Materials

The bicinchoninic acid, albumin from human serum
96 to 99%), MGO solutions (40% aqueous), anti-DNPH
dinitrophenyl hydrazine) antibody, 2,2′-azobis-(2-methy-
propionamidine) dihydrochloride (AAPH) and 3,3′,5,5′-
etramethylbenzidine liquid substrate system for the enzyme-
inked immunosorbent assay (Elisa) tests were all obtained
rom Sigma-Aldrich (St Louis, MO, USA). ECLTM anti-rabbit
mmunoglobulin G (IgG) and HRP-linked whole antibody
from donkey) were purchased from GE Healthcare Ltd (Little
halfont, Buckinghamshire, UK), and the monoclonal anti-AGE
ntibody was from Cosmo Bio Co., Ltd (Tokyo, Japan).

.2. Purification  of  albumin

Blood was obtained from a pool of diabetic patients and
on-diabetic subjects, and anticoagulated in EDTA tubes (BD
acutainer®) in the biochemistry laboratory of our insti-

ution in Saint-Denis, Réunion. Albumin purification was
onducted using pooled serum from 15 diabetic patients (HbA1c:
2.0 ±  1.8%) and 38 non-diabetic subjects (HbA1c: 5.3 ±  0.3%).
ncluded in the diabetic pool were only those patients with
igh albuminaemia levels (> 40 g/L) but no acute inflam-
atory syndrome (C-reactive protein [CRP] levels < 2 mg/L),
cute coronary syndrome (troponin Ic < 0.03 �g/L) and high
ypertriglyceridaemia (> 3.5 g/L) in the 2 months prior to the
nalysis (Table S1, Supplementary data). Patients with HbA1c
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bnormalities and/or hyperleukocytosis were excluded from the
lasma pool.

Purification of serum albumin from fresh human plasma was
ased on extensive dialysis against 50 mM Tris/HCl (pH 7.4)
ollowed by affinity chromatography using Cibacron Blue 3G
inked to agarose (Amersham catalogue number 17-0948-01) as

 ligand for albumin. A 1.5-M NaCl (pH 7.4) buffer was used for
he desorption of bound albumin from Cibacron Blue–agarose,
ollowing the elution of other plasma proteins using a 50-mM
ris/HCl (pH 7.4) buffer. Each fraction of eluate was examined
y gel electrophoresis, and the most purified and concentrated
xtracts were pooled before extensive dialysis against phosphate
uffered saline (PBS), then stored at –80 ◦C.

.3. Preparation  of  advanced  glycation  end-products
AGEs)

AGEs were prepared, as described elsewhere [15], by incu-
ating 0.37 mM of HSA-C and purified HSA from a HSA-ND
ool without and with glucose (100 mM) in PBS (pH 7.4) under
terile conditions at 37 ◦C for 3 weeks or with MGO (10 mM) for

 days. The proteins were dialysed against PBS, sterile-filtered
ith a 0.2-�m Millipore filter and stored at –80 ◦C.

.4. Fructosamine  assay  and  albuminaemia

Albumin concentrations were determined using an albumin
eagent kit (ALB2, COBAS®) based on a colorimetric assay
t 570 nm of albumin mixed with bromocresol green (BCG,
′,3′′,5′,5′′-tetrabromo-m-cresolsulphonephthalein) [17]. Fruc-
osamine was determined by the method developed by Johnson
t al. [18] using a commercial reagent kit (FRA, COBAS®). The
esults were expressed as mmol/L of 1-deoxy-1-morpholino-
-fructose (DMF), a synthetic ketoamine used as a primary
tandard.

.5. Quenching  of  tryptophan  and  1-anilino-8-naphthalene
ulphonic  acid  (ANSA)  fluorescences

Fluorescence spectra were carried out on a Perkin-Elmer
S55 spectrometer with protein samples at a concentration of
0 �M in PBS. Tryptophan emission spectra were obtained in
he range of 250 to 600 nm under excitation at 270 nm. All
uorescence spectra were corrected for their different respective
bsorptions.

1-anilino-8-naphthalene sulphonic acid (ANSA) was dis-
olved in 5-�M albumin samples at an ANSA/albumin ratio of
pproximately 0.4 (mol/mol) to ensure that the dye was linked
o the hydrophobic sites of albumin. ANSA–protein complex
mission fluorescence spectra were performed in the range of
50 to 700 nm under an excitation wavelength of 470 nm.

.6. Oxidative  modification  of  –SH
Thiol groups in native and modified albumin were mea-
ured by Ellman’s assay using 5,5′-dithiobis-(2-nitrobenzoic
cid) (DTNB) [19], as has been well described elsewhere [14].

2

1
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arious concentrations of l-cysteine (10 to 100 nmol) were used
o perform the standard curve. Thiol group content was measured
y reading the absorbance at 412 nm. Results were expressed as
he number of free–SH groups per mol of bovine serum albumin
BSA).

.7. 2,4,6-trinitrobenzene  sulphonic  acid  (TNBS)  assay

The TNBS assay is a sensitive method for determining the
rimary free amino groups in proteins [20]. Again, this method
as been described in detail elsewhere [16].

.8. Methacrylamido  phenylboronic  acid  (MPBA)
olyacrylamide  gel

Discriminating analysis between glycated and non-glycated
lbumin has previously been performed using MPBA polyacry-
amide electrophoresis [21]. MPBA-resolving acrylamide gels
ere prepared by adding 1% (w/v) of MPBA (provided by J. van
en Elsen, Department of Biology and Biochemistry, University
f Bath, UK) to 8% acrylamide solution. The 4% stacking acry-
amide gel was prepared without boronic acid. Albumin samples
20 �g) were applied to the gel in denaturing sodium dodecyl
ulphate (SDS) and reductive dithiothreitol (DTT) buffers.

.9. Copper-binding  affinity

The capacity of albumin to bind copper ions can be mea-
ured spectrophotometrically using bathocuproinedisulphonic
cid (BCS, Fluka #11870) [22,23]. AGE preparations (40 nmol
n 0.15 M of NaCl) were incubated in triplicate for 2 h with
0 nmol CuSO4 in a final volume of 500 �L. The unbound
igand fractions were separated from the albumin-linked lig-
nd fractions by ultrafiltration, using the Amicon© Ultra system
Millipore, Billerica, MA, USA), with centrifugation at 3000 g
or 20 min. The concentration of copper bound to albumin was
etermined by adding BCS (1.2 mM) diluted in 1 mM of sodium
scorbate solution, followed by an absorbance reading at 480 nm
fter 5 min of incubation at room temperature. The concentra-
ions of copper bound to modified albumins were calculated
sing a calibration standard curve by increasing the amount of
uSO4 up to 100 nmol.

.10.  Enzyme-linked  immunosorbent  assay  (Elisa)
uantification  of  carbonylated  proteins

The degree of carbonylation of glycoxidized albumin was
etermined by carbonyl Elisa assay based on recognition of
rotein-bound DNPH in carbonylated proteins with an anti-DNP
ntibody. This method has been described in detail in previous
ublished studies from our group [16,24].
.11.  Haemolysis  test

Each well of a 96-well plate was filled with 100 �L (about
.108 erythrocytes; final concentration: 400,000 cells/�L) of a
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iluted solution of red blood (1/10 in 0.15 M of NaCl). Differ-
nt albumin samples (final concentration: 10 �M) were added
n triplicate. Haemolysis was initiated by adding 100 �L of
.45 M of AAPH solution to each well. Turbidimetry at 450 nm
as recorded at 10-min intervals using a 37 ◦C thermostated
icroplate reader. Results were expressed as 50% of maximum

aemolysis time (HT50) in min.
.12. Statistical  analysis

Data were expressed as the means ±  standard deviation (SD)
f a minimum of three experiments. Statistical significances

p
t

ig. 1. Characterization of purified human serum albumin from non-diabetic patien
ommercial human serum albumins (HSA-C) modified by glycation; a: coomassie st
ulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) (12%); b: electrophore
dvanced glycation end-product (AGE) content of human serum albumin samples a
amples using phenylboronate acrylamide gel electrophoresis (mPAGE).
 Metabolism 38 (2012) 171–178

ere determined using one-way analysis of variance (Anova)
ollowed by Tukey’s test for multiple comparisons, with a P
alue < 0.05 required for significance.

.  Results

.1.  Biochemical  characterizations  of  human  serum
lbumin (HSA)  samples
Clinical and biochemical characteristics of the diabetic
lasma samples are presented in Table S1, Supplemen-
ary data. All purified albumin samples exhibited approximately

ts (HSA-ND) and human serum albumin from diabetic patients (HSA-D) and
aining of human serum albumin (HSA) samples separated by sodium dodecyl
tic migration profile of native polyacrylamide gel electrophoresis (12%); c:
s assessed by Western blotting (WB); d: separation of human serum albumin
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dentical molecular weights (about 66 kDa), with a slight vari-
tion of a few Daltons for modified HSA corresponding to
ttachment to the protein of one or several glucose (162 Da)
r MGO (54 Da) units (Fig. 1a). In contrast, these albumins
iffered in their net charge, as confirmed by native polyacry-
amide gel electrophoresis (PAGE, Fig. 1b). In this situation, the
rotein charge constituted the main factor affecting its migra-
ion. A higher migration was observed for albumins (HSA-ND
nd HSA-C) modified by glucose and MGO compared with
ative HSA. Indeed, electrophoretic migration was dramatically
nhanced for albumin modified by MGO. Such enhanced migra-
ions for HSA-ND and HSA-C modified by glucose and MGO vs
ative HSA indicate impairment of the isoelectric point of albu-
in following glycation. Also, there was a decrease in cationic

harges in albumin after glycation that could be attributed to the
nvolvement of positively charged residues (arginine and lysine)
n condensation with carbohydrate [14].

The end stage of the glycation process gives rise to irre-
ersible conjugates known as AGEs [3]. Of these AGEs,
�-carboxymethyl-lysine (CML) and N�-carboxyethyl-lysine

CEL) were formed during the incubation of albumin with glu-
ose and MGO, respectively. Western blotting (Fig. 1c) revealed
hat using antibodies directed against AGEs showed enhanced
ignals only for HSA modified by 100 mM of glucose, whereas
o signal was observed for HSA purified from the plasma of
iabetic patients. The lack of signal for MGO-modified albu-
in suggests that our AGE antibody was directed against CML

ather than CEL.
Several oxidative parameters in our albumin preparations are

hown in Table 1. As expected, levels of free thiol and amino
roups decreased significantly in albumin after glycation by
lucose and MGO. For both parameters, the decrease was more
vident with MGO HSA-ND (HSA-C) modification than with
lucose, although such severe decreases with MGO have been

reviously reported [25]. Similarly, the increase in carbonyl rate,
ttributed to enhanced oxidation of albumin HSA-ND (HSA-C)
ith in  vitro  modification, was more marked with MGO than

i
d
s

able 1
xidation parameters for various albumin preparations from three independent exper

ethods Frutosamine/human serum
albumin (HSA) (�g/g)

Thiols/huma
albumin (HS

urified HSA-NDa

HSA-NDG0 1.96 ± 0.08 0.483 ± 0.0
HSA-NDG100 45.77 ± 1.83*** 0.371 ± 0.0
HSA-NDMGO 31.02 ± 1.24*** 0.307 ± 0.0

urified HSA-Da

HSA-DG0 5.65 ± 0.10*** 0.263 ± 0.0

ommercial HSAb

HSA-CG0 2.62 ± 0.23 0.372 ± 0.0
HSA-CG100 47.54 ± 1.90*** 0.325 ± 0.0
HSA-CMGO 29.76 ± 1.19*** 0.329 ± 0.0

ructosamine levels were obtained by nitroblue tetrazolium (NBT assay); free thiol
roup content in proteins was by trinitrobenzene sulphonic acid (TNBS) assay; carb
eans ± SD; ***P < 0.001, **P < 0.01, *P < 0.05.
a Effect of glycation or diabetes in purified human serum albumin (HSA) (vs HSA-
b Effect of glycation in commercial human serum albumin (vs HSA-CG0).
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ith glucose. Significant differences in the levels of free thiol
nd amino groups and carbonyl rate were also found between
lbumin from non-diabetic subjects (HSA-NDG0) and diabetic
atients (HSA-D). Their free amino group modification level
nd carbonyl rate values were similar to the values obtained for
SA-NDG100. In contrast, free thiol content was more affected

n diabetic albumin than in MGO-modified albumin in  vitro
ompared with non-modified and non-diabetic albumins.

Fructosamine levels (�g/g of HSA) were significantly
nhanced in albumin from diabetic patients compared with the
ontrols. In comparison to diabetic albumin, fructosamine levels
ncreased markedly with modification by glucose in  vitro  and, to

 lesser extent, by MGO of both albumins (HSA-ND and HSA-
). The lower fructosamine level for HSAMGO can be explained
y the higher reactivity of MGO compared with glucose, thereby
iving rise more quickly to AGE formation.

In numerous studies, boronate affinity chromatography has
roved its efficacy in separating Amadori products (ketoamine)
rom non-modified albumin [14,27]. According to Morais
t al. [21], Amadori products such as fructosamine can also
e directly characterized by using phenylboronate incorpo-
ated into acrylamide gel electrophoresis. Phenylboronic acid
as also shown its capacity to function as a saccharide
eceptor in the aqueous solution of many sensory systems
26,27].

In mPAGE gel profiles (Fig. 1d), a shift in the main protein
and to a higher molecular weight (> 90 kDa) was observed for
odified commercial and purified HSA, and accompanied by

roadening for MGO-modified HSA. A slight shift in the protein
and (≈  80 kDa) was observed for diabetic HSA.

.2. Fluorescence  studies
Tryptophan fluorescence emission (at 350 nm) decreased
n both modified HSA (HSA-NDG100 and HSA-NDMGO) and
iabetic HSA (HSA-D). The quenching of fluorescence was
tronger for HSA-NDMGO than for HSA-NDG100 in comparison

iments.

n serum
A) (mol/mol)

Free amino groups
(% /control)

Carbonyl rate increase
(% /control)

23 100.00 ± 4.70 100.00 ± 5.72
19* 60.39 ± 6.72*** 87.12 ± 11.25
16** 29.43 ± 1.39*** 593.76 ± 16.39***

03*** 79.07 ± 3.20** 195.66 ± 19.39***

04 100.00 ± 5.05 100.00 ± 7.96
06** 61.45 ± 2.35*** 86.55 ± 8.13
08* 21.99 ± 3.39*** 348.13 ± 22.33***

 group content was assessed by Ellman’s method; unmodified primary amino
onyl rate (%) was assessed by Elisa carbonyl assay; all data are expressed as

NDG0).
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Fig. 2. Impairment of functional albumin properties in diabetes; a: antioxidant
activities as assessed by free-radical-mediated blood haemolysis test (HT): his-
tograms represent haemolysis test half-time (HT50 in min) expressed as the
means ± SD of three separate experiments. The thin line allows comparison
with controls (no albumin). Statistical analyses were performed using one-way
Anova for multiple comparisons. * Effect of HSA-ND or HSA-C (vs. con-
trol): ***P < 0.001, **P  < 0.01, *P < 0.05; effect of glycation in commercial
human serum albumin (vs HSA-CG0): b: copper-binding capacity of human
serum albumin (HSA) samples as assessed by the bathocuproinedisulphonic
(BCS) method: histograms represent copper-binding capacity of modified albu-
min (nmol/�mol albumin). Data are expressed as means ± SD (n = 3); statistical
analyses were performed using one-way Anova for multiple comparisons. Effect
of glycation or diabetes in purified human serum albumin (vs HSA-NDG0):
*
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ies. Of albumin properties, the redox state, scavenging capacity
*P < 0.01, *P < 0.05. Effect of glycation in commercial human serum albumin
vs HSA-CG0): ##P < 0.01.

o native HSA-ND, while HSA-D samples had an intermediate
uorescence emission that was in between those of both gly-
ated HSA-ND samples (Supplementary data, Fig. S1a). While

he emission fluorescence spectra (Supplementary data, Fig.
1b) showed extrinsic fluorescence quenching at 300 nm for
GO-modified HSA and diabetic HSA, glycation by glucose

a
e
o
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nhanced ANSA fluorescence in comparison to non-modified
lbumin. These data show the differential conformational
hanges induced by glucose- and MGO-induced glycation.

.3. Functional  properties

To assess the effect of glycation on the antioxidant proper-
ies of albumin, their free-radical-scavenging properties were
nvestigated in a free-radical-induced haemolysis test. In the
est, the intrinsic capacity of albumin to protect erythro-
ytes from haemolysis induced by free radicals was evidenced
y a higher haemolysis half-time (HT50) vs  a PBS con-
rol (Fig. 2a). While in  vitro  glycoxidation of both albumins
y glucose and MGO did not significantly affect their anti-
adical activity, this protective effect was partially lost in
he case of diabetic HSA. Compared with HSA-NDG0, a
eduction of about 20% (P  < 0.05) in HT50 for HSA-D was
bserved.

The antioxidant capacity of albumin is also related to its affin-
ty to several metals. Copper deserves special consideration as

ost mammalian albumins bind to this cation more tightly and
ore specifically than in other animals [28]. Copper absorbed

hrough the intestines is transported by albumin in the portal cir-
ulation before being incorporated in ceruloplasmin in the liver
29]. While glucose-mediated glycation did not affect albumin
ffinity for copper (0.5 mol of copper per mol of albumin), modi-
cation by MGO drastically increased albumin capacity to bind

o the metal (1.1 mol of copper per mol of albumin; Fig. 2b).
lbumin affinity for copper was also significantly affected in

ases of diabetes. HSA-D showed a significant decrease (–16%,
 < 0.05) in its copper affinity compared with non-diabetic
SA.

. Conclusion

Glycation-induced albumin structural and functional changes
re of particular interest as numerous studies in  vivo  have
eported the strong involvement of glycated albumin in the devel-
pment and progression of chronic diabetes complications. Most
f these studies were focused on the structural and functional
hanges of commercial BSA-induced glycoxidation in  vitro.
owever, only a few studies compared the structural and func-

ional changes between models of glycoxidation of human
lbumin in vitro  with albumin in hyperglycaemia in  vivo. For
his reason, the present study was undertaken to evaluate the
uitability of in  vitro  models of glycation mimicking diabetic
athology.

Using different techniques, modifications in intrinsic proper-
ies were studied in HSA induced by glycation in  vitro  with
lucose (100 mM) and with MGO (10 mM). Comparison of
hese modifications with those observed in diabetic albumin
ould constitute a key factor in helping investigators to choose
he most suitable glycation model for cellular physiology stud-
nd binding affinity of the protein were also investigated. As
xpected and consistent with previous studies, the incubation
f human albumin with glucose and MGO in  vitro  contributed
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o the increase in fructosamine and carbonyl rates, indicat-
ng the formation of Amadori products accompanied by an
xidation process. This increase in oxidative state was con-
rmed by the impaired redox states of the single thiol group in
lbumin (Cys 34). The glycation of albumin also induced a
ecrease in free amino group levels, indicating the involve-
ent of several exposed negatively charged lysine and arginine

esidues that were neutralized by glucose and MGO during gly-
ation. The increase in the net negative electrical charge has
lready been described for oxidized lipoproteins increasingly
nvolved in atherosclerosis [30]. The tertiary structure is also
artially affected by in  vitro  glycation by glucose or a deriva-
ive, as confirmed by tryptophan and ANSA fluorescence results.
verall modification of the three-dimensional structure was also

nduced by glycation with, in particular, a conformation change
n hydrophobic pockets. Consequently, these structural changes
ssociated with modification of the redox state have a direct bear-
ng on the intrinsic biological functionality of albumin, including
ts free-radical-scavenging properties and copper-binding affin-
ty. In albumin, the single reduced cysteine unit constitutes an
mportant redox regulator in extracellular compartments [31,32].
nder our experimental conditions, glucose-mediated glyca-

ion did not affect albumin antioxidant activity, as assessed by
he haemolysis test, as also observed elsewhere [16]. On the
ther hand, in MGO-modified albumins, alteration of the pro-
ective effect of albumin was consistent with the redox state of
ysteine. These results could be attributed to the different ter-
iary structures of HSAG100 and HSAMGO, as revealed by the
uorescence results of the ANSA probe. The partial unfold-

ng of hydrophobic pockets of albumin induced by incubation
ith glucose revealed specific amino acids, previously buried

n the native conformation of HSA, to be potential free-radical
cavengers.

The antioxidant capacity of albumin also depends on the
rotein’s capacity to bind copper ions. HSA contains one high-
ffinity site for copper, the N-terminal tripeptide Asp-Ala-His
33]. Protein sequestration of copper ions has been shown to pre-
ent reactive oxygen species (ROS)-generating reactions [34].
iven that albumin conformation plays a key role in its transport

apacity, the significant increase in affinity for copper observed
n MGO-modified albumin can be attributed to the specific ter-
iary structure induced by glycation.

Regarding the data for diabetic HSA, the fundamental ques-
ion to emerge was: are the structural and functional properties of

odels in  vitro  relevant to diabetic HSA characteristics? While
ost quantitative changes in oxidative and structural parameters
ere observed in glucose- or MGO-modified albumins, signif-

cant impairment of albumin function (free-radical-scavenging
nd copper-binding capacities) was demonstrated in HSA puri-
ed from diabetics. However, these findings showed different
tructural and functional features in diabetic HSA compared
ith in  vitro  models.
As for structural and biological results, glycated albumin in
ivo appears to be the most relevant model for mimicking hyper-
lycaemia or diabetes. The diabetic model of HSA in  vivo  may be
ore suitable than in  vitro  cellular physiology studies examining

he relationship between albumin status and diabetes-associated
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ardiovascular complications. Also, activated macrophage cells
ines, key elements of atherosclerosis development, may be
he most suitable cell model for evaluating the physiological
mpact of the in vivo diabetic albumin model. While considering
lycated HbA1c levels from SMBG as the best indicator of dia-
etic status, glycated albumin would appear to be a suitable
arker for the monitoring of diabetes-associated complications.
Albumin plays an important role in the systemic distribu-

ion of many therapeutic drugs [35,36]. A reduced affinity of
lbumin for drugs with a narrow therapeutic index can result in
heir toxic effect because of an increase in concentrations in their
ree forms and the impact of their pharmacological properties. It
ould be of great interest to extend the present study to an anal-
sis of albumin affinity for specific therapeutic drugs relevant to
iabetes to obtain a better understanding of the impact of dia-
etes on the pharmacokinetic and pharmacodynamic properties
f these drugs.

isclosure  of  interest

The authors declare that they have no conflicts of interest
oncerning this article.

cknowledgements

This work was supported by the Ministère  de  l’Enseignement
upérieur et  de  la  Recherche  (Department for Higher Education
nd Research), the Ministère  de  l’Outre-Mer  (Department of
verseas Territories), the Regional Council of Réunion and the
niversity of Réunion.

uthor  contributions:  A. Guerin-Dubourg researched data,
ontributed discussion, reviewed the manuscript. A. Catan
esearched data. E. Bourdon contributed discussion, reviewed
he manuscript. P. Rondeau researched data, wrote, reviewed
nd edited the manuscript.

ppendix  A.  Supplementary  data

Supplementary material (Table S1 and Fig. S1) associated
ith this article can be found at http://www.sciencedirect.com,

t doi:10.1016/j.diabet.2011.11.002.

eferences

[1] Charonis AS, Reger LA, Dege JE, Kouzi-Koliakos K, Furcht LT,
Wohlhueter RM, et al. Laminin alterations after in vitro nonenzymatic
glycosylation. Diabetes 1990;39:807–14.

[2] Brownlee M. The pathological implications of protein glycation. Clin Invest
Med 1995;18:275–81.

[3] Cohen MP. Intervention strategies to prevent pathogenetic effects of gly-
cated albumin. Arch Biochem Biophys 2003;419:25–30.

[4] Roohk HV, Zaidi AR. A review of glycated albumin as an interme-
diate glycation index for controlling diabetes. J Diabetes Sci Technol

2008;2:1114–21.

[5] Ichikawa H, Nagake Y, Takahashi M, Nakazono H, Kawabata K, Shikata
K, et al. What is the best index of glycemic control in patients with diabetes
mellitus on hemodialysis? Nippon Jinzo Gakkai Shi 1996;38:305–8.

http://www.sciencedirect.com/
http://dx.doi.org/10.1016/j.diabet.2011.11.002


1 tes &

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

78 A. Guerin-Dubourg et al. / Diabe

[6] Panzer S, Kronik G, Lechner K, Bettelheim P, Neumann E, Dudczak R.
Glycosylated hemoglobins (GHb): an index of red cell survival. Blood
1982;59:1348–50.

[7] Yoshiuchi K, Matsuhisa M, Katakami N, Nakatani Y, Sakamoto K,
Matsuoka T, et al. Glycated albumin is a better indicator for glucose
excursion than glycated hemoglobin in type 1 and type 2 diabetes. Endocr
J 2008;55:503–7.

[8] Okumura A, Mitamura Y, Namekata K, Nakamura K, Harada C, Harada T.
Glycated albumin induces activation of activator protein-1 in retinal glial
cells. Jpn J Ophthalmol 2007;51:236–7.

[9] Nagayama H, Inaba M, Okabe R, Emoto M, Ishimura E, Okazaki S,
et al. Glycated albumin as an improved indicator of glycemic control
in hemodialysis patients with type 2 diabetes based on fasting plasma
glucose and oral glucose tolerance test. Biomed Pharmacother 2009;63:
236–40.

10] Scatchard G, Batchelder AC, Brown A. Chemical, clinical, and immuno-
logical studies on the products of human plasma fractionation. Vi. The
osmotic pressure of plasma and of serum albumin. J Clin Invest 1944;23:
458–64.

11] Waldmann TA. Albumin structure, function and uses. In: Rothschild MAE,
editor. New York: Pergamon Press; 1977.

12] Kratz F. Albumin as a drug carrier: design of prodrugs, drug conjugates
and nanoparticles. J Control Release 2008;132:171–83.

13] Halliwell B. Albumin – an important extracellular antioxidant? Biochem
Pharmacol 1988;37:569–71.

14] Chesne S, Rondeau P, Armenta S, Bourdon E. Effects of oxidative modifi-
cations induced by the glycation of bovine serum albumin on its structure
and on cultured adipose cells. Biochimie 2006;10:1467–77.

15] Rondeau P, Singh N, Caillens H, Bourdon E. Oxidative stresses induced
by glycated human or bovine serum albumins on human monocytes. Free
Radic Biol Med 2008;45:799–812.

16] Rondeau P, Navarra G, Cacciabaudo F, Leone M, Bourdon E, Militello V.
Thermal aggregation of glycated bovine serum albumin. Biochim Biophys
Acta 2010;1804:789–98.

17] Rodkey FL. Direct spectrophotometric determination of albumin in human
serum. Clin Chem 1965;11:478–87.

18] Johnson RN, Metcalf PA, Baker JR. Fructosamine: a new approach to the
estimation of serum glycosylprotein. An index of diabetic control. Clinica
Chimica Acta 1983;127:87–95.

19] Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys

1959;82:70–7.

20] Snyder SL, Sobocinski PZ. An improved 2,4,6-trinitrobenzenesulfonic
acid method for the determination of amines. Anal Biochem 1975;64:
284–8.

[

[

 Metabolism 38 (2012) 171–178

21] Morais MP, Mackay JD, Bhamra SK, Buchanan JG, James TD, Fossey JS,
et al. Analysis of protein glycation using phenylboronate acrylamide gel
electrophoresis. Proteomics 2009;10:48–58.

22] Argirova MD, Ortwerth BJ. Activation of protein-bound copper ions
during early glycation: study on two proteins. Arch Biochem Biophys
2003;420:176–84.

23] Bourdon E, Loreau N, Lagrost L, Blache D. Differential effects of cys-
teine and methionine residues in the antioxidant activity of human serum
albumin. Free Radic Res 2005;39:15–20.

24] Ramful D, Tarnus E, Rondeau P, Robert Da Silva C, Bahorun T, Bourdon E.
Citrus fruit extracts reduce advanced glycation end products (AGEs)- and
H2O2-induced oxidative stress in human adipocytes. J Agric Food Chem
2010;58:11119–29.

25] Faure P, Troncy L, Lecomte M, Wiernsperger N, Lagarde M, Ruggiero D,
et al. Albumin antioxidant capacity is modified by methylglyoxal. Diabetes
Metab 2005;31:169–77.

26] James TD. Boronic acids in organic synthesis and chemical biology. In:
Hall DG, editor. Weinheim: Wiley-VCH; 2005.

27] James TD, Shinkai S. Artificial receptors as chemosensors for carbohy-
drates. Top Curr Chem 2002;218:159–200.

28] Peters TJ. All about albumin – biochemistry, genetics and medical appli-
cations. San Diego: Academic Press; 1996.

29] Gordon DT, Leinart AS, Cousins RJ. Portal copper transport in rats by
albumin. Am J Physiol 1987;252(3 Pt 1):E327–33.

30] Bourdon E, Loreau N, Davignon J, Bernier L, Blache D. Involvement
of oxysterols and lysophosphatidylcholine in the oxidized LDL-induced
impairment of serum albumin synthesis by HEPG2 cells. Arterioscler
Thromb Vasc Biol 2000;20:2643–50.

31] Carballal S, Alvarez B, Turell L, Botti H, Freeman BA, Radi R. Sulfenic
acid in human serum albumin. Amino Acids 2007;32:543–51.

32] Gutteridge JM. Antioxidant properties of the proteins caeruloplasmin,
albumin and transferrin. A study of their activity in serum and syn-
ovial fluid from patients with rheumatoid arthritis. Biochim Biophys Acta
1986;869:119–27.

33] Laussac JP, Sarkar B. Characterization of the copper (II)- and nickel (II)-
transport site of human serum albumin. Studies of copper (II) and nickel
(II) binding to peptide 1-24 of human serum albumin by 13 C and 1H NMR
spectroscopy. Biochemistry 1984;23:2832–8.

34] Roche M, Rondeau P, Singh NR, Tarnus E, Bourdon E. The antioxidant
properties of serum albumin. FEBS Lett 2008;582:1783–7.
35] Kragh-Hansen U. Molecular aspects of ligand binding to serum albumin.
Pharmacol Rev 1981;33:17–53.

36] Otagiri M. A molecular functional study on the interactions of drugs with
plasma proteins. Drug Metab Pharmacokinet 2005;20:309–23.


	Structural modifications of human albumin in diabetes
	1 Introduction
	2 Methods
	2.1 Materials
	2.2 Purification of albumin
	2.3 Preparation of advanced glycation end-products (AGEs)
	2.4 Fructosamine assay and albuminaemia
	2.5 Quenching of tryptophan and 1-anilino-8-naphthalene sulphonic acid (ANSA) fluorescences
	2.6 Oxidative modification of –SH
	2.7 2,4,6-trinitrobenzene sulphonic acid (TNBS) assay
	2.8 Methacrylamido phenylboronic acid (MPBA) polyacrylamide gel
	2.9 Copper-binding affinity
	2.10 Enzyme-linked immunosorbent assay (Elisa) quantification of carbonylated proteins
	2.11 Haemolysis test
	2.12 Statistical analysis

	3 Results
	3.1 Biochemical characterizations of human serum albumin (HSA) samples
	3.2 Fluorescence studies
	3.3 Functional properties

	4 Conclusion
	Disclosure of interest
	Acknowledgements
	Appendix A Supplementary data
	References


