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SUMMARY - It has been shown that elevated extra- and intra-
cellular glucose concentrations result in an oxidative stress, which is
defined as an imbalance between prooxidants and antioxidants. Several
mechanisms seem to be involved in the genesis of this oxidative stress,
which has been reported both in experimental diabetes in animals and in
type 1 and type 2 diabetic patients: glucose autoxidation, protein glyca-
tion and formation of advanced glycation endproducts, and the polyol
pathway. Reciprocally, oxidative stress is involved in the origin of type 1
diabetes, especially via the apoptosis of pancreatic beta-cells, as well as
insulin resistance in type 2 diabetes. Glucose control plays an important
role in the prooxidant/antioxidant balance. Macromolecules such as mol-
ecules of extracellular matrix, lipoproteins and deoxyribonucleic acid are
also damaged by free radicals in diabetes mellitus. A supplementation
with antioxidants has been proposed as a complementary treatment, and
some antidiabetic agents may by themselves have antioxidant properties
independently of their role on glucose control. The aim of this paper was
to review the consequences of the diabetic status on the oxidant/
antioxidant balance.
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RÉSUMÉ - Conséquences de l’état diabétique sur la balance
oxydants/anti-oxydants.
Des concentrations élevées de glucose extra- ou intra-cellulaires indui-
sent un stress oxydant, défini comme un déséquilibre entre pro-oxydants
et anti-oxydants. Plusieurs mécanismes semblent impliqués dans la ge-
nèse de ce stress oxydant, comme il a pu être montré dans le diabète
expérimental chez l’animal et dans les diabètes de type 1 et de type 2
chez les patients: autoxydation du glucose, glycation des protéines et
formation des produits de glycation avancés, et voie des polyols. Inver-
sement, le stress oxydant peut être à l’origine du diabète de type 1, en
particulier par un mécanisme d’apoptose des cellules bêta pancréati-
ques, ou de l’insulinorésistance dans le diabète de type 2. L’équilibre
glycémique joue un rôle très important dans la balance prooxydant/
antioxydant. Les macromolécules telles que les molécules de la matrice
extracellulaire, les lipoprotéines et l’acide desoxyribonucléique sont
aussi les cibles des radicaux libres dans le diabète sucré. Une supplé-
mentation par des anti-oxydants a été proposée comme traitement com-
plémentaire, et certains médicaments antidiabétiques peuvent avoir par
eux-mêmes des propriétés anti-oxydantes indépendamment de leur rôle
sur l’équilibre glycémique. Le but de cet article est de passer en revue les
conséquences de l’état diabétique sur la balance oxydants/anti-
oxydants.
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O xidative stress is caused by a relative
overload of oxidants, i.e., reactive oxy-
gen species. This impairs cellular func-
tions and contributes to the pathophysiol-
ogy of many diseases. Evidence has

accumulated suggesting that diabetic patients are un-
der oxidative stress and that complications of diabetes
seem to be partially mediated by oxidative stress
[1-3]. Thus, it has been shown that oxygenated free
radicals are able to alter vascular function and to
disturb cellular homeostasis, especially by inhibiting
synthesis and action of nitric oxide (NO•) and by
activating NFkB in endothelial cells. Moreover, tight
interrelations have been demonstrated between oxy-
genated free radicals and advanced protein glycation,
since advanced glycation endproducts (AGEs) are
themselves able to produce free radicals and to be
involved in diabetes complications. Indeed, recent evi-
dence supports the fact that AGEs induce endothelial
dysfunction via a receptor specific pathway [4]. Free
radicals and AGEs are thus likely to be involved in
some complications of diabetes, especially in the
pathogenesis of diabetic nephropathy. Recent investi-
gation demonstrated that glycoxidation products (N-
(carboxymethyl)lysine, pentosidine), a subclass of
AGEs which requires both glycation and oxidative
stress for their formation, accumulate in expanded
mesangial and nodular lesions in diabetic nephropathy
[5-8]. The diabetic retinopathy risk also correlates
with intracellular concentrations of the glycoxidation
product N-(carboxymethyl)lysine [9]. After a general
survey of the interrelations between elevated glucose
concentrations and oxidative stress, this review will
deal with the involvement of oxidative stress in the
origin of diabetes, the oxidation of macromolecules
and the markers of oxidative stress, and finally the
antioxidant treatments in diabetes.

m ELEVATED GLUCOSE
CONCENTRATIONS AND
OXIDATIVE STRESS

Elevated extra- and intra-cellular glucose concen-
trations result in an oxidative stress [10]. A relation-
ship between glucose concentration and oxidative
stress has been shown in cultured cells. Thus, endot-
helial cells from bovine aorta incubated with 30 mM
glucose lead to an increased production of oxygenated
free radicals and an enhanced concentration of
thiobarbituric acid-reactive susbtances (TBARS) in
cells [11]. Moreover, the increased free radical pro-
duction is associated with a concomitant increase in
intracellular AGE formation [11]. Antioxidants such
asα-tocopherol, desferroxamine or dimethylsulfoxide
inhibit both production of free radicals and AGE for-
mation [11]. In addition, high glucose concentrations
can lead to an enhancement of both activity and

mRNA of antioxidant enzymes (Cu, Zn-superoxide
dismutase, catalase, glutathione peroxidase) [12]. This
overexpression of antioxidant enzymes could consti-
tute a response to a glucose-induced oxidative stress.
Several mechanisms seem to be involved in the devel-
opment of an oxidative stress in the presence of el-
evated glucose concentrations, namely glucose autoxi-
dation, protein glycation, AGE formation and the
polyol pathway(Fig. 1).

Glucose autoxidation – In the presence of transition
metals, glucose leads to an ene-diol radical anion; this
latter radical reduces molecular oxygen, resulting in
the formation of superoxide anions (O2

• –), with a
concomitant production of a carbonyl compound. Su-
peroxide anion can disproportionate into hydrogen
peroxide, which in the presence of transition metals
produces extremely reactive hydroxyl radicals (•OH)
[13, 14].

Protein glycation and advanced glycation endprod-
ucts (AGEs) – Protein glycation results from the for-
mation of a covalent binding between the aldehydic
glucose function and the free amino groups of pro-
teins. In the presence of transition metals (such as
copper, iron), glycated proteins can give an electron to
the molecular oxygen, leading to oxygenated free
radicals. This property has been shown for the first
time by Gillery et al. [15] and has been further con-
firmed by others [16], even in the absence of transition
metal ions [17, 18]. When the protein half-life is
longer than ten weeks, glycated proteins undergo irre-
versible modifications leading to Maillard products or
AGEs [19, 20]. As glycated proteins, AGEs are also
able to produce oxygenated free radicals via complex
biochemical mechanisms [21]. Yanet al. [22] showed
that interaction of AGEs with endothelial cells leads to
an oxidative stress by a receptor-mediated process.
Wautier et al. [4] demonstrated that AGEs on the
surface of diabetic erythrocytes bind to the vessel wall
via a specific receptor, inducing an oxidative stress in

FIG. 1. Mechanisms involved in glucose-induced oxidative stress.
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the endothelium. This generation of intracellular oxi-
dative stress results in the activation of the transcrip-
tion factor NFkB which translocates into the nucleus
and induces the expression of genes regulated by
NFkB [23]. Since these original observations, several
interrelations have been shown between oxidative
stress and AGEs. Thus, reactive oxygen species can in
turn accelerate the AGE formation. New definitions
rose, such as glycoxidation which has been proposed
by Baynes [24]. Glycoxidation refers to AGE forma-
tion through an oxidative pathway. During these com-
plex reactions, protein modification is generally due to
compounds with a carbonyl or a dicarbonyl function.
Thus, a “carbonyl stress” hypothesis has been pro-
posed [5, 24, 25]. Among these carbonyl compounds,
Nε-(carboxymethyl)lysine (CML) in proteins could
bind redox active transition metal ions such as Cu2+,
which could facilitate free radical production [26].
CML accumulation may thus result in a deleterious
vicious cycle since CML formation itself is catalyzed
by lipoxidation and glycoxidation [26]. Increased lev-
els of CML have been observed in serum from chil-
dren and adolescents with type 1 diabetes, and inter-
estingly this increase preceded the development of
micro- and macrovascular complications [27]. Among
the intermediates occurring in the cross-linking of
proteins by glucose, a special attention should be paid
to the alpha-dicarbonyl compound called methylgly-
oxal [28, 29]. This compound, which is formed in
early glycation, is a precursor of advanced glycation
adducts. Short periods of hyperglycemia (as observed
in impaired glucose tolerance) may be sufficient to
increase methylglyoxal concentration in vivo [30].
Methylglyoxal can react with collagen, thereby inter-
fering with crucial cell-matrix interactions, especially
via the loss of specific arginine residues [31] involved
in integrin-mediated attachment [32]. Methylglyoxal
is physiologically detoxified by the cytosolic
glutathione-dependent glyoxalase system [33]. Aber-
rations in the expression of the human glyoxalase
have been reported in diabetes [34]. Impairment of the
detoxification via glyoxalase contributes to cytotoxic-
ity and to chronic pathogenesis associated with diabe-
tes mellitus [35]. It is noteworthy that degradation of
oxidized proteins can also be impaired in diabetes, as
shown by Portero-Otin et al. [35] in the cytosol of
kidney and liver of rats with streptozotocin-induced
diabetes. Nevertheless, a serine protease that preferen-
tially degrades oxidized and glycated proteins has
been characterized in human erythrocyte cytosol [36].
This enzyme is adherent to oxidized membranes and
is responsible for degradation of proteins modified by
oxidation and glycation [36].

The polyol pathway – Several studies have shown that
glucose at abnormally high intracellular concentration
is preferentially metabolized via the polyol pathway.
Glucose is reduced by the aldose reductase into sorbi-
tol which is oxidized to fructose by the sorbitol dehy-

drogenase. NADPH is required for the activity of
aldose reductase. Therefore, an enhancement of the
polyol pathway results in an intracellular depletion of
NADPH [38]. Antioxidant enzymes such as glu-
tathione reductase which regenerates reduced glu-
tathione need NADPH. Thus, an intracellular deple-
tion of this cofactor, by decreasing the activity of
glutathione reductase, decreases the intracellular con-
tent of reduced glutathione, which constitutes an im-
portant factor for the protection towards oxygenated
free radical-induced damages [39, 40]. Intracellular
depletion of NADPH also leads to another deleterious
effect, that is a decreased NO• synthesis, since
NADPH is cofactor of the NO-synthase which synthe-
tizes NO• from L-arginine. Moreover, NO• metabo-
lism can also be altered by an abnormal production of
superoxide anions, which is a consequence of an el-
evated intracellular glucose concentration. Superoxide
anions are involved in the physiological inactivation
of NO•; they react with NO• to form peroxinitrite
(•OONO) which is a potential oxidizing agent due to
its decomposition into nitrogen dioxide (NO2) and
•OH [39]. It has also been hypothesized that proteins
such as collagen, which contain AGEs, could scav-
enge NO• in endothelium and thus limit its diffusion
into smooth muscle cells [41]. An elevated intracellu-
lar glucose concentration could thus result in several
abnormalities of the NO• metabolism, which could be
involved in some vascular complications of diabetes.

m ROLE OF OXIDATIVE STRESS IN THE
ORIGIN OF TYPE 1 DIABETES OR OF
INSULIN RESISTANCE IN TYPE 2
DIABETES

Nitric oxide has been suggested to be involved in
autoimmune pancreatic beta-cell destruction in
insulin-dependent diabetes mellitus [42, 43]. Apopto-
sis of pancreatic beta-cells could also result from the
effects of aldose reductase (role of the polyol pathway
in the redox imbalance), as shown in a pancreatic
beta-cell line transfected with rat aldose reductase
cDNA [44]. In contrast, thioredoxin, a redox-active
protein, has been shown to protect cells from oxida-
tive stress and apoptosis, and lead to a lower incidence
of diabetes in nonobese diabetic transgenic mice that
overexpress thioredoxin [45]. Insulin resistance may
also be associated with an intracellular production of
free radicals, which in turn could be responsible for a
deterioration of insulin action, thus leading to a vi-
cious circle [46]. Thus, 3T3-L1 adipocytes exposed to
low micromolar hydrogen peroxide concentrations
display impaired insulin-stimulated GLUT4 transloca-
tion form internal membrane pools to the plasma
membrane [47]. The mechanism involved would be an
impairment of the cellular redistribution of the normal
insulin-stimulated insulin receptor substrate-1 and
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phosphatidylinositol 3-kinase between the cytosol and
the internal membrane [48]. Hydrogen peroxide at low
concentrations would be a potent inhibitor of insulin
signaling and thus may be involved in the develop-
ment of insulin resistance [49].

m OXIDATION OF MACROMOLECULES
IN DIABETES

Oxidation of extracellular matrix molecules – Ex-
tracellular matrix plays a key role in many physiologi-
cal functions and its abnormalities could be involved
in the pathogenesis of diabetic complications. Indeed,
the glomerular filtration barrier consists of matrix
components including collagen and noncollagen mol-
ecules such as laminin and proteoglycans. An in-
creased permeability of the filtration barrier in diabe-
tes may be attributed to an alteration of matrix
molecules [50, 51]. Involvement of glycation and oxi-
dation processes is highly suggested in modifications
of extracellular matrix molecules in diabetes. Thus,
matrix glycation interferes with normal cell-matrix
interactions and intracellular signaling that can poten-
tially result in differential gene expression contribut-
ing to the changes seen in diabetic nephropathy [52].
In addition, glycation of extracellular matrix compo-
nents may contribute to altered interaction of human
mononuclear cells with collagen I, as shown in vitro
by Menon et al. [53] who reported in this interaction
the involvement of specific, high affinity cell surface
molecules. Moreover, as described above, glucose un-
der oxidative conditions can react with proteins to
form AGEs. AGE-modified proteins bind to cell sur-
face receptors and other AGE binding proteins whose
several types have been identified [54]. Cell activation
in response to AGE-modified proteins is associated
with increased expression of extracellular matrix pro-
teins, vascular adhesion molecules, cytokines and
growth factors [54]. In diabetic rats, the presence of
AGEs has been shown by immunocytochemistry in
the renal extracellular matrix, and could thereby par-
ticipate in the pathogenesis of renal complications
[55]. It has been hypothesized that AGEs could induce
crosslinking of collagen, as recently shown in vitro
[56]. The extent of AGE-induced crosslinking is de-
pendent on the duration of incubation with AGEs and
is not prevented by radical scavengers or EDTA,
whereas glucose-induced crosslinking of collagen is
prevented by radical scavengers. This shows that
AGEs can directly induce crosslinking of collagen, by
a pathway that involves an amino-carbonyl interaction
and that is independent of oxidative conditions [56].
Another factor which plays a role in extracellular
matrix regulation is the metabolism of ascorbic acid,
which is known to be abnormal in diabetes. Indeed,
ascorbic acid has a stimulatory effect on the sulphate

incorporation into cell and matrix proteoglycans, and
glucose is able to inhibit this action [57]. Thus this
would be of particular importance in the physiopathol-
ogy of diabetes. In addition, modification of the pro-
duction of extracellular matrix components occurs in
diabetes. Accumulation of type IV collagen and lami-
nin has thus been observed in the mesangium of the
glomerule within two years from the onset of diabetes
in a model of insulin-dependent diabetes in baboons
[58]. This results in a thickening of basement mem-
brane and enlargement of the mesangium. Among the
factors which are involved in the regulation of the
production of extracellular matrix molecules, trans-
forming growth factor-� (TGF-�) could play an espe-
cially important role [59]. Indeed, high glucose con-
centration increases TGF-� mRNA and protein level
in cultured proximal tubular cells and glomerular epi-
thelial and mesangial cells, whereas neutralizing anti-
TGF-� antibodies prevents the stimulation of matrix
synthesis in renal cells [59]. In a similar way, treat-
ment of streptozotocin-diabetic mice with neutralizing
monoclonal antibodies directed against TGF-� re-
duces glomerular hypertrophy and the increase in ex-
tracellular matrix mRNA levels [59].

Oxidation of lipoproteins – Diabetic patients have an
increased risk of cardiovascular disease (2- to 4-fold
as high as non diabetic subjects). Given the oxidative
theory of atherosclerosis, the question of an increased
in vitro oxidizability of low density lipoproteins
(LDLs) in diabetic patients has been addressed. Data
related to this oxidizability show some discrepancies.
Thus, an increased susceptibility of LDLs to in vitro
oxidation has been reported, both in type 1 and type 2
diabetes [60-62]. However, others have not confirmed
this observation and showed either a similar [63, 64]
or even a decreased [65] oxidizability of LDLs iso-
lated from diabetic patients. Such discrepancies could
also be due to the heterogeneity of diabetic popula-
tions. These studies should take into account the gly-
cemic control and the vascular complications. Jenkins
et al. [64] have evaluated the LDL oxidizability of 15
diabetic patients whose type 1 diabetes was well con-
trolled and who did not have any vascular complica-
tions. No change of the oxidizability of their LDL has
been observed, in comparison with LDL from nor-
moglycemic subjects. An increased oxidizability of
LDLs could appear associated with a severe hyperg-
lycemia or vascular complications [66]. Thus, the in-
fluence of the severity of the hyperglycemia on the
hyperoxidizability of LDLs and very low density lipo-
proteins (VLDLs) has been recently confirmed in dia-
betic subjects with frequent hyperketonemia [67].
Thus glycemic control is very important in order to
avoid an increased susceptibility of LDLs to oxidation
in diabetic patients [68, 69]. It has been reported that
the amount of partially oxidized LDLs in plasma was
significantly correlated with insulin resistance and its
metabolic consequences [70]. Several studies showed

166 D. BONNEFONT-ROUSSELOT et al. Diabetes & Metabolism



that glycation of apolipoproteins, especially of apoli-
poprotein B, was enhanced in diabetic subjects. Since
glycation and lipoxidation are two tightly related phe-
nomenons, the question whether glycation could influ-
ence the suceptibility to oxidation has been addressed.
In vitro incubation of LDLs with glucose leads to an
increased oxidizability of these LDLs [71, 72]. How-
ever, no relationship between glycation and LDL oxi-
dation has been demonstrated in vivo in diabetic pa-
tients [73]. Nevertheless, it has been shown in non-
human primates that diabetes-induced glycation of
LDLs increases their binding to arterial proteoglycans
compared to LDLs of non-diabetic animals [74]. This
may result in an increased retention of LDLs in the
arterial intima and thus be one mechanism for in-
creased atherogenicity of diabetic LDLs. Moreover,
LDL oxidation generates new epitopes and leads to
the formation of antibodies raised against oxidized
LDLs. The presence of anti-oxidized LDLs antibodies
in plasma has been proposed as a predictive factor for
the progression of carotide atherosclerosis. Such anti-
bodies have been found both in plasma and in athero-
sclerotic plaques of diabetic patients [75]. It has been
reported that serum of type 1 diabetes patients con-
tained both antibodies to oxidized LDLs and antigen-
antibody complexes (oxidized LDL-containing im-
mune complexes) [76]. Presence of those complexes
may be a risk factor for the development of macrovas-
cular disease in these patients. In addition, circulating
oxidized LDL-containing immune complexes seem to
interfere with the assay of free oxidized LDL antibod-
ies [76]. An enhancement of the plasma concentration
of antibodies raised against oxidized LDLs has also
been observed in type 2 diabetic subjects [77].

Oxidation of deoxyribonucleic acid (DNA) – As other
biomolecules (proteins, lipoproteins...), DNA exhibits
free radical-induced damages. In animals as well as in
humans, aging results in an increased content of oxi-
dized bases in DNA [78]. The same observation has
been reported in diabetic patients, by using two sepa-
rated methodologies. The first one consists in measur-
ing the 8-hydroxydeoxyguanosine (8OHdG) content
in lymphocytes from type 1 and type 2 diabetic pa-
tients by high performance liquid chromatography
(HPLC). 8OHdG is a marker of DNA oxidation. It has
been shown that the 8OHdG is markedly enhanced in
the DNA of both diabetic groups as compared to
controls. This is paralleled by an increased production
of oxygenated free radicals in these lymphocytes
stimulated by N-formylmethionylleucylphenylalanine
[79]. The second approach was the Comet assay,
which allows the determination of DNA breakages. It
has been shown that these damages were more fre-
quent in a diabetic population than in a control nor-
moglycemic population [80]. It is noteworthy that
high glucose concentrations can also induce mutations
in mitochondrial DNA in vitro [81].

m OXIDATIVE STRESS MARKERS
AND DIABETES

Three kinds of oxidative stress markers are classi-
cally used to evaluate an oxidative stress. They are
markers of lipid peroxidation, plasma total antioxidant
status and specific antioxidant defense systems (Ta-
ble I).

Markers of lipid peroxidation – Free radical measure-
ment is difficult given their high reactivity, their very
short half-life and their low concentration. Therefore,
indirect markers are commonly used to evaluate sec-
ondary products of lipid peroxidation such as TBARS,
hydroperoxides and F2-isoprostanes. TBARS assay is
easy to perform and usually used but it lacks specific-
ity [82]. Most studies report elevated plasma TBARS
levels in type 1 or type 2 diabetic patients compared to
a normoglycemic population [83, 84]. The question
was addressed whether the diabetes type, the glycemic
balance or the presence of cardiovascular complica-
tions could modulate the TBARS level. Griesmacher
et al. [84] showed that type 2 diabetic patients exhib-
ited significantly higher plasma TBARS levels than
type 1 diabetic patients. Diabetic subjects with a good
glycemic control (HbA1c < 6.5%) have plasma
TBARS concentrations lower than those with a worse
control (HbA1c > 6.5%). In type 1 diabetic patients,
plasma TBARS concentrations are higher in patients
with vascular complications [85]. Finally, it has been
reported that type 2 diabetic patients with angiopathy
exhibited higher TBARS values than those without
angiopathy [84]. An enhanced lipid peroxidation has
also been shown in erythrocyte and leukocyte mem-
branes of diabetic patients [86, 87]. Another marker of
lipid peroxidation, namely hydroperoxides, exhibits
elevated values in both types of diabetes [88, 89].
F2-isoprostanes have recently been proposed as mark-
ers of lipid peroxidation in diabetic patients. They
consist of a series of prostaglandin F2-like compounds
formed during peroxidation of arachidonic acid by a
mechanism independent of the cyclooxygenase path-
way [90]. Plasma levels of one of them, the 8-epi-
PGF2α, are increased in subjects with non-insulin de-
pendent diabetes mellitus [91]. Plasma levels of 8-epi-
PGF2α are also elevated approximately 5-fold in
obese Zucker rats (a model of insulin resistance) rela-
tively to age-matched, insulin-sensitive lean Zucker
rats, and supplementation with vitamin E reduced
8-epi-PGF2α levels and reversed glucose-stimulated
hyperinsulinemia in the obese Zucker rats [92]. Uri-
nary levels of 8-epi-PGF2α are higher in type 1 and
type 2 diabetic patients than in control subjects, and
they are lowered by vitamin E supplementation [93].

Plasma total antioxidant status – A lot of compounds
in plasma exhibit an antioxidant effect. They are
present at different concentrations. They can be di-
vided into three groups:
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− metal chelators, such as transferrine and ceruleo-
plasmine, which inhibit the initiation phase of oxygen-
ated free radical production;

− free radical scavengers, such as vitamin E, vita-
min C, reduced glutathione, uric acid, bilirubin, seru-
malbumin, which act on the propagation phase of lipid
peroxidation;

− antioxidant enzymes, such as superoxide dismu-
tase and glutathione peroxidase. Nevertheless, these
enzymes exhibit a poor activity in plasma.

Methods have been developed to measure the total
antioxidant status or the total peroxyl radical trapping
antioxidant parameter in plasma [94, 95]. Most studies
conducted in type 1 or type 2 diabetic patients showed
a significant decrease of the plasma total antioxidant
status [96-99]. This status is lowered during an oral
glucose tolerance test in normal and non-insulin-
dependent diabetic subjects, so that even an acute

hyperglycemia can induce an oxidative stress [100]. It
is noteworthy that one study reported no decrease of
plasma antioxidant activity in subjects at increased
risk for type 1 diabetes (risk assessed by the presence
of type 1 diabetes-associated autoantibodies) [101].
Moreover, the latter study suggested that the clinical
onset of diabetes was not preceded by signs of in-
creased systemic oxidative stress evaluated by plasma
antioxidant capacity.

Antioxidant defense systems – Among the nonenzy-
matic antioxidant defense systems, most studies in
experimental as well as in human diabetes have fo-
cused on vitamin E, liposoluble antioxidant carried by
lipoproteins in plasma [102]. In streptozotocin-
induced diabetes in rat, an enhanced vitamin E con-
centration has been found in the plasma, liver and
heart [102]. Investigation conducted in diabetic pa-
tients led to heterogeneous results. Indeed, unchanged,

TABLE I. Some markers of oxidative stress in diabetes.

Marker Variation (medium) Type of diabetes Reference

TBARS ↑ (plasma) Type 2 Gallou et al. [83]

↑ (plasma) Type 1 Greismacher et al. [84]

↑ (plasma) Type 1 Ruiz et al. [85]

↑ (erythrocytes) Type 2 Vijayalingam et al. [86]

↑ (leukocytes) Type 2 Akkus et al. [87]

Hydroperoxides ↑ (plasma) Type 2 Nourooz-Zadeh et al. [89]

↑ (plasma) Type 1 Santini et al. [88]

8-epi-PGF2α ↑ (plasma) Type 2 Gopaul et al. [91]

Total antioxidant status ↓ (plasma) Type 1 Tsai et al. [96]

↓ (plasma) Type 2 Ceriello et al. [97]

↓ (plasma) Types 1 and 2 Maxwell et al. [98]

↓ (plasma) Type 2 Opara et al. [99]

Vitamin E ↑ (plasma) Type 1 Tsai et al. [96]

→ (plasma) Type 2 Ceriello et al. [97]

→ (plasma) Types 1 and 2 Maxwell et al. [98]

↓ (platelets) Type 1 Kunisaki et al. [105]

→ (platelets) Types 1 and 2 Caye-Vaugien et al. [106]

Vitamin C → (plasma) Type 1 Tsai et al. [96]

→ (plasma) Type 2 Ceriello et al. [97]

↓ (plasma) Types 1 and 2 Maxwell et al. [98]

TBARS: thiobarbituric acid-reactive substances.8-epi-PGF2α: 8-epi-prostaglandin F2α.↑ : increased; → unchanged; ↓ decreased.
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elevated or decreased plasma vitamin E concentra-
tions have been reported, independently of the type of
diabetes [96, 97, 103, 104]. Such discrepancies could
be explained by the fact that the circulating lipid level
was not always taken into account to interprete the
plasma vitamin E concentration. Heterogeneous re-
sults have also been reported in platelets and erythro-
cytes. Thus, Kunisaki et al. [105] reported low vita-
min E levels in platelets from type 1 diabetic subjects,
whereas Caye-Vaugien et al. [106] found unchanged
vitamin E concentrations in platelets and erythrocytes
of type 1 and type 2 diabetic patients. Vitamin C has
also been studied in diabetes. It plays a major role in
regenerating vitamin E from the α-tocopheroxyl radi-
cal [107]. According to some authors, vitamin C
plasma concentrations are unchanged in type 1 and
type 2 diabetic patients [96, 97, 103]. In contrast,
Asayama et al. [108] reported elevated vitamin C
levels in type 1 diabetic subjects, whereas others [109-
111] described markedly lowered values in diabetes.
In fact, a recent study shows that, after adjustment for
several important covariates (such as dietary intake of
vitamin C, physical activity, number of cigarettes
smoked during the 5 days preceding examination),
serum vitamin C concentrations do not differ signifi-
cantly in patients with newly diagnosed diabetes from
those in subjects without diabetes [112]. Finally, cel-
lular reduced glutathione level has been suggested to
be lowered in animal diabetes models as well as in
diabetic patients [113]. In a similar way, intraplatelet
content of reduced glutathione is significantly lower in
diabetes patients with high glycated hemoglobin than
in those with low glycated hemoglobin [114].

It is noteworthy that, besides these classical anti-
oxidants, metals play also an important role in diabe-
tes. Thus, zinc deficiency has been commonly de-
scribed [115-120]. Serum zinc deficiency is associated
with hyperzincuria. Interestingly, it has been reported
that a low groundwater content of zinc may be asso-
ciated with later development of childhood onset dia-
betes [121]. Nevertheless, zinc supplementation in
non-insulin dependent diabetic subjects has been
shown to worsen their glucose intolerance [116] and
had no effect on LDL oxidizability [120]. In contrast,
zinc supplementation appears to be more efficient in
insulin-dependent diabetes, since it corrects zinc defi-
ciency and decreases lipid peroxidation [122]. How-
ever, some authors reported no significant difference
in plasma zinc levels between diabetic patients and
healthy controls [123, 124]. Manganese seems also
involved in the oxidative stress status in diabetes.
Thus, a manganese deficiency in streptozotocin-
induced diabetes rats can lead to markedly decreased
activities of manganese-SOD (Mn-SOD) in kidney
and heart and of Cu, Zn-SOD in kidney [125]. This is
associated with an increased lipid peroxidability of
erythrocytes and a depletion of reduced glutathione in
liver and kidney [125]. Urinary excretion of manga-

nese is higher in diabetic patients than in control
subjects; moreover, diabetic patients who were non
treated with insulin ot those with liver disorders ex-
creted significantly more manganese than diabetic pa-
tients without such disorders [126]. With regard to
selenium, it appears that serum or plasma selenium
concentrations measured in patients with diabetes
mellitus were significantly lower than those deter-
mined in healthy subjects [124, 127], whereas urine
selenium concentrations were not significantly differ-
ent between these two groups [127]. A negative corre-
lation between the plasma contents of selenium and
glycated hemoglobin has even been reported [124]. In
addition, reduced selenium concentration in red blood
cells of type 1 diabetic patients could contribute to
their impaired hemorheology [104]. It is of note that
sodium selenate administration resulted in an im-
provement in glucose tolerance in streptozotocin dia-
betic rats, associated with a normalization of heart
function by contrast with non-treated diabetic rats
[128]. Moreover, selenium supplementation (and more
efficiently selenium + vitamin E supplementation)
could play a beneficial role in experimental diabetes,
in controlling oxidative stress, especially in liver [129]
and in platelets [130]. With regard to the enzymatic
antioxidant defenses, discrepancies again appeared in
the results of the studies [102]. Human extracellular
superoxide dismutase (EC-SOD) can undergo a glyca-
tion, which is associated with a decrease in its affinity
for heparin but without affecting its enzymic activity.
The primary glycation sites on EC-SOD have been
identified as two lysine residues present in the
heparin-binding domain in the carboxyterminal end
[131]. In diabetes, the proportion of glycated EC-SOD
is markedly higher than in healthy subjects, so that the
proportion of EC-SOD present on the surface of the
endothelium (bound to heparan sulphate proteoglycan)
may be decreased, enhancing the susceptibility of
cells to superoxide radicals produced in the extracel-
lular space [132]. Besides, erythrocyte Cu, Zn-SOD
activity has been found unchanged, elevated or de-
creased in type 1 diabetic patients, whereas it was
unchanged or lowered in type 2 diabetic subjects
[102]. Increased glycated Cu, Zn-SOD has been re-
ported in erythrocytes of patients with type 1 diabetes
and this enzyme is less active than the non-glycated
fraction [133]. Glycation of Cu, Zn-SOD mainly oc-
curred in patients with a poor glycemic control [134].
Glycation of human erythrocyte Cu, Zn-SOD leads to
inactivation of the enzyme, due to the glycation of two
lysine residues probably located in an active site
liganding loop [135, 136]. Inactivation is accompa-
nied by a loss of antigenicity [137]. The glycation
reaction further results in site-specific and random
fragmentation of human Cu, Zn-SOD [138]. Never-
theless, these observations contrast with those of
Strange et al. [139] and Ruiz et al. [85] who observed
an unaltered erythrocyte activity of Cu, Zn-SOD in
type 1 diabetes.
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Plasma glutathione peroxidase (GSH-Px) activity
has been reported to be elevated in both types of
diabetes [102, 140]. Erythrocyte GSH-Px activity is
unchanged [102, 139], decreased in type 1 diabetes
[85, 102, 104] or enhanced in type 2 diabetes [102,
110]. The rise in GSH-Px activity observed for ex-
ample in diabetic patients with retinopathy may be a
compensatory mechanism to prevent tissue damage
[110]. This enhanced activity has also been reported in
retina pericytes of diabetic patients [141]. Neverthe-
less, others have found a decreased GSH-Px activity
in diabetic patients with retinopathy [142, 143]. The
site of glycation of GSH-Px has been identified in the
bovine enzyme and is located at approximately 15 Å
from the active site selenocysteine [144]. Glycation of
GSH-Px seems to be responsible for a decrease in
affinity of this enzyme, which could contribute to the
hyperaggregability of the diabetic platelet due to the
impairment of glutathione peroxidase [114]. Evalua-
tion of the percentage of glycated GSH-Px in platelets
can be evaluated by a combination of boronate affinity
chromatography and ELISA methodology [145].

Thus, both for nonenzymatic and enzymatic sys-
tems, results show a great discrepancy, probably in
relation with the heterogeneity of the diabetic popula-
tions, the glycemic control, the age of the patients and
the possible presence of vascular complications. A
special interest should be mentioned for the role of the
glycemic equilibrium on the prooxidant/antioxidant
balance. Indeed, metabolic disturbances and oxidative
stress seem to be tightly related, an improved glyce-
mic control being associated with a lowering of the
prooxidant status [146]. For example, in poorly equili-
brated insulin-dependent diabetic patients such as ke-
totic patients, lipid peroxidation is enhanced in
plasma, as assessed by malondialdehyde and lipid
hydroperoxides [119]. This is associated with low
plasma zinc concentrations. After continuous insulin
treatment, the patients reach a stable glycemic state
and the above parameters in parallel approach refer-
ence values, which indicates the beneficial effect of
insulin perfusion on the antioxidant/oxidant balance
[119]. Nevertheless, total normalization of the param-
eters of oxidative stress appears not to be reached by
glycemic control alone, indicating continued oxidant
injury despite optimal control of the diabetes [147].

m ANTIOXIDANT TREATMENTS
AND DIABETES

Given the involvement of oxidative stress in diabe-
tes complications, supplementation with antioxidants
could be of interest, by allowing a delay in the appear-
ance or in the development of vascular complications
[1]. Some information is available on the effects of
treatments with classical antioxidants such as vitamin
E, vitamin C or lipoic acid. Treatment of
streptozotocin-induced diabetes pregnant rats with vi-

tamin E resulted in a decrease of plasma lipid peroxi-
dation in comparison with untreated animals, associ-
ated with higher cell glutathione content and SOD
activity, thus suggesting that vitamin E supplementa-
tion could in part reduce the imbalance between oxi-
dants and antioxidants [148]. It is noteworthy that
vitamin E supplementation in streptozotocin-induced
diabetic rats protects against lipid peroxidation and
contributes to avoid elevation of plasma glucose lev-
els, whereas vitamin E deficiency leads to increased
hepatic TBARS levels in these diabetic rats [148]. A
vitamin E supplementation in diabetic patients results
in an improvement of the insulin effect and a better
glycemic control [147, 150, 151], by reducing glu-
cose, hemoglobin A1c and fructosamin values, by
decreasing plasma lipid peroxidation and LDL oxidiz-
ability [61, 152]. However, one study reports that
vitamin E could deteriorate insulin action and worsen
the hypofibrinolysis in obese type 2 diabetic patients
[153]. In addition, an antioxidant treatment using vi-
tamin E, vitamin C and N-acetylcysteine in diabetic
mice can preserve beta-cell function [154]. Thus, this
antioxidant treatment preserves the amounts of insulin
content and insulin mRNA, and expression of a beta-
cell-specific transcription factor is more clearly visible
in the nuclei of islets cells after this treatment. A
supplementation with α-tocopherol nicotinate in type
2 diabetic patients with retinopathy resulted in a de-
creased lipid peroxidation in erythrocyte membranes,
with an improvement of the blood rheological proper-
ties [155]. Clinical investigation has been carried out
to assess the effects of lipoic acid in the treatment of
neuropathy in diabetic subjects. A multicenter double
blind study in 328 type 2 diabetic patients showed an
improvement of some clinical features of neuropathy
after a 3-week treatment with α-lipoic acid [156].

Since the advanced protein glycation and oxidative
stress could result in a lot of metabolic disorders in
diabetes [157, 158], the design of molecules which
can inhibit AGE formation and “scavenge” free radi-
cals could be of great interest. Aminoguanidine (also
called pimagedine) is a nucleophilic hydrazine which
reacts with early protein glycation products, such as
Amadori products. It inhibits the formation of AGEs
such as pentosidine [159] which lead to intra- and
inter-molecular bindings in proteins with long half-life
such as collagen [160]. Aminoguanidine and beta-
resorcylene aminoguanidine reduce the formation of
AGEs, inhibit malondialdehyde formation in erythro-
cytes incubated with hydrogen peroxide, and thus may
have therapeutic potential [161]. In vivo, a treatment
with aminoguanidine in animals inhibits the develop-
ment and the progression of the main diabetes compli-
cations such as retinopathy, nephropathy and neuropa-
thy [162]. Renal AGE levels, as assessed by
fluorescence or by radioimmunoassay in rats, which
were increased after three weeks of diabetes compared
to nondiabetic control animals, were attenuated by
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aminoguanidine therapy [163]. In addition, it has been
reported that aminoguanidine, which is structurally
related to N-nitro-L-arginine, can prevent experimen-
tal diabetes-induced vascular changes which could be
mediated by nitric oxide production [164, 165]. More
recently, specific antioxidant properties of ami-
noguanidine have been demonstrated. Philis-Tsimikas
et al. [166] reported an antioxidant effect of ami-
noguanidine at high concentrations on the LDL per-
oxidation initiated by copper ions, which has also
been shown by others [167]. A scavenging effect of
aminoguanidine towards •OH and peroxyle (RO2

•)
radicals has been demonstrated [168, 169]. Endog-
enous vitamin E and �-carotene have also been shown
to be protected by this antioxidant upon oxidation of
LDLs by •OH/O2

•- free radicals [170]. When rat retina
cells are submitted to an oxidative stress in the pres-
ence of aminoguanidine, both oxygenated free radical
production and lipid peroxidation product formation
are inhibited. Moreover, oxidative stress-induced apo-
ptosis of these cells is abolished [171]. All these ef-
fects are dose-dependent. To investigate the in vivo
effect of aminoguanidine on lipid peroxidation in dia-
betes, aminoguanidine has been given for nine weeks
to streptozotocin-induced diabetic rats and lipid per-
oxidation has been measured in plasma (lipid hydrop-
eroxides) and red blood cells (membrane malondial-
dehyde and thiobarbituric acid-reactive substances)
[172]. Lipid peroxidation was significantly lower in
aminoguanidine-treated rats than in untreated rats. The
results of this study thus suggest that aminoguanidine
may have an additional beneficial effect as an antioxi-
dant against lipid peroxidation in a prevention trial for
diabetic vascular complications. Another experimental
study performed in streptozotocin-induced diabetes in
rats showed that aminoguanidine was able to decrease
erythrocyte malondialdehyde level [173]. If diabetes
complications are partly related to oxidative stress and
to AGEs, a molecule such as aminoguanidine would
thus be of great interest. Separate multicenter clinical
trials of aminoguanidine in type 1 and 2 diabetes are
in progress to monitor the effect of treatment on the
amount of proteinuria, progression of renal insuffi-
ciency, and the course of retinopathy [174]. Thus, a
randomized, double-blind, placebo-controlled trial
comparing two dose levels of aminoguanidine with
placebo on the progression of the diabetic nephropa-
thy has been conducted in 599 type 2 diabetic patients
with renal disease from 84 centers in the United States
and the Canada [175]. Follow-up was to be two years
after the date of randomization of the final enrolled
patient, so that the trial ended in March 1998. The
results of this study would contribute to determine
whether aminoguanidine would slow the progression
of diabetic renal disease.

Apart from the classical antioxidant treatment, spe-
cific antagonists of the AGE receptors are an interest-
ing way of research. To date, hydroimidazolones ap-

pear to be the most likely candidates to
pharmacologically inhibit AGE receptor-mediated cell
activation and thus to especially prevent vascular
complications of diabetes [54]. In addition, a new
class of compounds is under development: they are
potent inhibitors of glycation and AGE formation,
such as aryl (and heterocyclic) ureido, and aryl (and
heterocyclic) carboxamido phenoxy isobutyric acids
and related molecules [176]. More upstream, novel
drugs are able to inhibit the conversion of Amadori
compounds (ketoamins resulting from the rearrange-
ment of Schiff bases) to AGEs [177]. These drugs are
called “Amadorins” whose first member is pyridox-
amin. Its therapeutic potential is currently being inves-
tigated in different animal models.

Finally, oral antidiabetic agents themselves can
have a potential antioxidant activity. Thus, in high
fructose-fed rats (a diet that leads to insulin resis-
tance), metformin is able to improve erythrocyte anti-
oxidant activities (Cu, Zn-SOD, GSH-Px) [178]. It
also increases blood glutathione level that is classi-
cally low in diabetic animals [178-180], independently
of its effect on insulin activity. In addition, metformin
is able to prevent collagen glycation in a canine dia-
betic model [181]. Due to the fact that guanidino
compounds can block dicarbonyl groups [182], the
effects of the diamino biguanide metformin have been
investigated on the methylglyoxal formation in type 2
diabetes. Indeed, metformin reduces the levels of me-
thylglyoxal (above mentioned as a reactive alpha-
dicarbonyl thought to contribute to diabetic complica-
tions as a precursor of AGEs) [183]. Thus, metformin
treatment can prevent diabetic complications not only
by lowering plasma glucose, but also by inhibiting
AGE formation [184]. Thiazolidinediones are other
antidiabetic drugs which are able to possess antioxi-
dant properties. As an example, troglitazone has a
combined chemical structure of thiazolidinedione and
a-tocopherol-like structure (chroman ring). It has been
shown to inhibit galactose-induced cataractogenesis in
rat lens culture and lipid peroxide formation associ-
ated with this process [185]. In a similar way, trogli-
tazone is able to inhibit Cu2+-induced oxidation of
LDLs and the subsequent uptake and degradation of
these LDLs by macrophages, by acting as an aqueous-
phase antioxidant in addition to its effect on glucose
homeostasis [186]. The antioxidant activity of trogli-
tazone seems also involved in the inhibition of the
expression of adhesion molecules such as intercellular
cell adhesion molecule-1 (ICAM-1), vascular cell ad-
hesion molecule-1 (VCAM-1) and E-selectin on hu-
man umbilical vein endothelial cells (HUVECs) in-
duced for example by oxidized LDLs [187]. This
reduction in expression is parallelled by a significant
fall in NF-B translocation [187]. Similarly, sulfony-
lureas can exhibit antioxidant activity. Thus, gliclazide
decreases LDL oxidation and monocyte adhesion to
endothelial cells, suggesting a beneficial effect of this
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drug in the prevention of atherosclerosis associated
with type 2 diabetes [188]. Treatment with gliclazide
also induces a decrease in plasma lipid peroxides and
an enhancement of erythrocyte Cu, Zn-SOD activity,
this effect resulting from a free radical scavenging
activity independent of glycemic control [189].

m CONCLUSION

Possible sources of oxidative stress in diabetes in-
clude an increased production of radical oxygen spe-
cies, especially from glycation or lipoxidation pro-
cesses, and decreased enzymatic or nonenzymatic
antioxidant defense systems. Improvement of glyce-
mic control seems to be a beneficial factor to decrease
oxidative stress in diabetic patients. Prevention of
AGE formation by drugs such as aminoguanidine may
help to delay the development of diabetic complica-
tions (kidney, eye, blood vessel and nerve damage).
Apart from classical antioxidants (vitamin E, vitamin
C, acid lipoic) used to decrease oxidative stress, oral
antidiabetic agents themselves can exhibit an antioxi-
dant activity independent of their action on glycemic
control, which confers them a high therapeutic poten-
tial.
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