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Abstract Oxidative stress has been suggested to play a main role in the pathogenesis of type 2 diabetes mellitus
and its complications. As a consequence of this increased oxidative status, a cellular-adaptive response occurs re-
quiring functional chaperones, antioxidant production, and protein degradation. This study was designed to evaluate
systemic oxidative stress and cellular stress response in patients suffering from type 2 diabetes–induced nephropathy
and in age-matched healthy subjects. Systemic oxidative stress has been evaluated by measuring advanced glycation
end-products (pentosidine), protein oxidation (protein carbonyls [DNPH]), and lipid oxidation (4-hydroxy-2-nonenal
[HNE] and F2-isoprostanes) in plasma, lymphocytes, and urine, whereas the lymphocyte levels of the heat shock
proteins (Hsps) heme oxygenase-1 (HO-1), Hsp70, and Hsp60 as well as thioredoxin reductase-1 (TrxR-1) have been
measured to evaluate the systemic cellular stress response. We found increased levels of pentosidine (P � 0.01),
DNPH (P � 0.05 and P � 0.01), HNE (P � 0.05 and P � 0.01), and F2-isoprostanes (P � 0.01) in all the samples
from type 2 diabetic patients with nephropathy with respect to control group. This was paralleled by a significant
induction of cellular HO-1, Hsp60, Hsp70, and TrxR-1 (P � 0.05 and P � 0.01). A significant upregulation of both
HO-1 and Hsp70 has been detected also in lymphocytes from type 2 diabetic patients without uraemia. Significant
positive correlations between DNPH and Hsp60, as well as between the degree of renal failure and HO-1 or Hsp70,
also have been found in diabetic uremic subjects. In conclusion, patients affected by type 2 diabetes complicated with
nephropathy are under condition of systemic oxidative stress, and the induction of Hsp and TrxR-1 is a maintained
response in counteracting the intracellular pro-oxidant status.

INTRODUCTION

Oxidative stress, caused by a relative overload of oxidants
and depletion of antioxidants, is implicated in the path-
ogenesis of several diseases including atherosclerosis, is-
chaemia/reperfusion injury, and rheumatoid arthritis
(Droge 2002). As a consequence of oxidative stress, severe
damage to DNA, proteins, and lipids occur (Droge 2002).
Compelling evidence has been provided that both insu-
lin-dependent and non–insulin-dependent diabetic pa-
tients are under conditions of oxidative stress and that
the complications of diabetes mellitus (thereafter indicat-
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ed as diabetes) could be partially mediated by oxidative
stress (Davı̀ et al 2005; Ceriello 2006). Several mechanisms
seem to be involved in the genesis of oxidative stress in
diabetic patients, including glucose autoxidation, protein
glycation as well as the formation of advanced glycation
end-products ([AGEs], Bonnefont-Rousselot et al 2000,
Davı̀ et al 2005). In particular, it has been shown that two
subclasses of AGEs, such as N-�(carboxymethyl)lysine
and pentosidine, accumulate in expanded mesangial and
nodular lesions in diabetic nephropathy (Tanji et al 2000).
Numerous correlations have been shown between oxida-
tive stress and AGEs. In fact, reactive oxygen species
(ROS) accelerate the formation of AGEs, which in turn as
glycated proteins, also are able to produce ROS via com-
plex biochemical mechanisms (Mullarkey et al 1990). Dur-
ing these reactions, protein modifications take place and
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compounds with a carbonyl or dicarbonyl moieties are
formed (Davı̀ et al 2005).

Apart from AGEs and protein carbonyls, other prod-
ucts derived from lipid peroxidation have been identified
in biological fluids and tissues of patients affected by di-
abetic nephropathy. 4-hydroxy-2-nonenal (HNE) is con-
sidered an important marker of lipid peroxidation, but at
the meantime it is endowed with both cytotoxic and mu-
tagenic activity. In fact, 4-HNE further reacts with protein
residues, such as histidine, to generate stable Michael ad-
ducts (Toyokuni et al 2000). Interestingly, HNE-modified
proteins have been identified in the serum of type 2 di-
abetic patients (Toyokuni et al 2000) and renal tissues of
diabetic patients with nephropathy (Miyata et al 1999a).
Isoprostanes derive mainly from the free radical–based
oxidation of arachidonic acid (Morrow et al 1992; Patrono
et al 2005) even if other authors propose that they also
are formed through an alternative cyclooxygenase-depen-
dent pathway in organs such as the brain (Pepicelli et al
2005). Increased levels of F2-isoprostanes can be found in
the plasma or urine of patients affected by several dis-
eases, including diabetes, and currently are used as in
vivo indicators of lipid peroxidation (Davı̀ et al 1999; Rob-
erts and Morrow 2000; Basu 2004; Davı̀ et al 2005).

To adapt to environmental changes and survive to dif-
ferent types of injuries, eukaryotic cells have evolved net-
works of different responses (cellular stress response)
that detect and control different forms of stress. Impor-
tant members of this adaptive response are the heat shock
protein family (Calabrese et al 2003, 2004, 2006) as well
as the thioredoxin system (Nakamura 2005). Together,
they form a powerful system involved in many intracel-
lular and extracellular processes, including cell prolifer-
ation, the redox regulation of gene expression and signal
transduction, protection against oxidative stress, anti-
apoptotic functions, growth factor and cytokine-like ef-
fects, and the regulation of the redox state of the extra-
cellular environment (Calabrese et al 2006).

The present study was designed to evaluate the pres-
ence of systemic oxidative stress by using several bio-
chemical markers such as AGEs and protein and lipid
oxidation products in plasma, lymphocytes, and urine of
patients suffering from type 2 diabetes complicated by
nephropathy. Furthermore, we demonstrated in diabetic
patients with and without nephropathy the activation of
the cellular stress response evaluated as the induction, at
the circulating lymphocyte level, of the heat shock pro-
teins (Hsp) heme oxygenase-1 (HO-1), Hsp60, and Hsp70
as well as the anti-oxidant enzyme thioredoxin reduc-
tase-1 (TrxR-1).

MATERIALS AND METHODS

Patients

All the procedures on human subjects have been con-
ducted in accordance with the guidelines in the Decla-

ration of Helsinki and Ethical Committee of the Univer-
sity of Catania formally approved the experimental pro-
tocol. All the patients gave also informed consent prior
to undergo any procedure.

Twenty-one (17 males, 4 females; mean age 59 years)
non-dialyzed and non-transplanted adults with renal in-
sufficiency secondary to type 2 diabetes and followed on
a regular basis in tertiary care Renal Units of the Catania
metropolitan area joined this study. Patients were re-
ferred to the participating Renal Units by the primary
care physicians or by one of the outpatient Diabetes Cen-
ters of the Catania metropolitan area. Subjects who, at the
time of the participation, suffered from other causes of
renal insufficiency or proteinuria were excluded. Inclu-
sion criteria were: nephropathy secondary to type 2 dia-
betes, renal insufficiency in stages 1–3 according to Na-
tional Kidney Foundation-kidney disease outcomes qual-
ity initiative (K/DOQI) clinical practice guidelines, and
stable renal function for at least 60 days prior to their
participation. Exclusion criteria were the following: ische-
mic heart disease or heart failure (stage 2 or above ac-
cording to New York Heart Association (NYHA) classifi-
cation), hepatic failure, endocrine disease other than di-
abetes mellitus, and any other clinical or laboratory evi-
dence of major organ disease. In periods of 4 to 8 weeks,
all patients underwent a run-in period designed to
achieve a stabilization of blood pressure levels, blood glu-
cose control, and renal function. Thirty-six patients un-
derwent the initial evaluation; among these only twenty-
one were eligible for the study. Their clinical parameters
(mean � standard error) were as follows: plasma creati-
nine 1.42 � 0.59 mg/dl (0.8–2.45), proteinuria 1023 � 168
mg/24 h (136–2800), glycated hemoglobin 6.8 � 2.2%
(4.3–9.4), body weight 79 � 16 Kg, height 167 � 4 cm,
body mass index 29 � 5.6 (23–36), systolic blood pressure
150 � l0 mm Hg (165–140), diastolic blood pressure 82
� 6 (70–90 mm Hg). Creatinine clearance (�20 mL/min)
was without variation (�30%) within last 3 months.

The diabetic nonuremic group was joined by 10 pa-
tients (6 males, 4 females; mean age 61 years) with the
following clinical parameters: plasma creatinine 1.01 �
0.23 mg/dl (0.86–1.88), proteinuria 74 � 18 mg/24 h (15–
127), glycated hemoglobin 6.4 � 1.4% (4.4–9.0), creatinine
clearance 70 � 10 (40–100) mg/mL, body weight 81 �
18 Kg (65–94), height 165 � 10 cm (160–175), body mass
index 27 � 8 (20–38), systolic blood pressure 155 � l0
mm Hg (130–170), diastolic blood pressure 85 � 8 mm
Hg (75–94).

The control group consisted of 16 healthy subjects (13
males, 3 females; mean age 59 years). All the biochemical
parameters listed above were in the normal range.

All the subjects were not taking drugs such as antiox-
idants, ACE inhibitors, or sartans.
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Samples

Blood (6 mL) was collected after an overnight fast by ven-
opuncture from an antecubital vein in ethylenediamine-
tetraacetic acid–coated tubes. Immediately after sam-
pling, 2 mL of blood was centrifuged at 10 000 � g for 1
min at 4�C to separate plasma from red blood cells, and
4 mL were utilized for lymphocytes purification.

A 24-h urine was collected on the day before the blood
sample and aliquots were taken. All samples were stored
at �80�C until analysis.

Lymphocyte purification

Lymphocytes from peripheral blood were purified by us-
ing the Ficoll Paque System following the procedure pro-
vided by the manufacturer (GE Healthcare, Piscataway,
NJ, USA).

Western blot analysis

Plasma samples were ready to use, although the lympho-
cyte pellet was homogenized and centrifuged at 10 000 �
g for 10 min and the supernatant was used for analysis
after dosage of proteins. The aliquot (40 	g) of protein
extract was separated by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis and transferred overnight
to nitrocellulose membrane and the nonspecific binding
of antibodies was blocked with 3% nonfat dry milk in
phosphate-buffered saline. Membranes then were probed
with a specific monoclonal mouse anti-Hsp70 antibody
(SPA-810, Stressgen, Ann Arbor, MI, USA). Instead, im-
munodetection of HO-1, DNPH, HNE and TrxR-1 were
performed using polyclonal rabbit antibodies: SPA-895
(Stressgen), V0401 (DAKO, Glostrup, Denmark),
HNE11-S (Alpha Diagnostic International, San Antonio,
TX, USA), and 07-613 (Upstate Biotechnology, Charlottes-
ville, VA, USA), respectively. Immunodetection of Hsp60
was performed using a polyclonal goat antibody sc-1052
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). A goat
polyclonal antibody specific for 
-actin was used for
loading control (1:1000). Blots then were incubated with
secondary horseradish peroxidase (HRP)–conjugated
goat anti-rabbit immunoglobulin (IgG) when probing
DNPH, HNE, and TrxR-1, whereas an HRP-conjugated
goat anti-mouse (IgG) was used in the case of Hsp70 and
HRP-conjugated anti-goat (IgG) for detection of 
-actin
and Hsp60 followed by enhanced chemoluminescence
(ECL) (Amersham, GE Healthcare, Piscataway, NJ, USA).
Immunoreactive bands were quantified by scanning
Western blot–imaged films with a laser densitometer
(LKB-Ultrascan, XL model, Pharmacia, American Instru-
ments, Haverhill, MA, USA).

Measurement of F2-isoprostanes and pentosidine by
high-performance liquid chromatography

The high-performance liquid chromatography analysis of
F2-isoprostanes was performed as described by Ritov et
al (2002). Urinary creatinine was measured by Sigma di-
agnostic kit (St. Louis, MO, USA). Values are expressed
as nM and nmol/mg creatinine for plasma and urinary
F2-isoprostanes, respectively.

Urinary levels of pentosidine were assayed by fluores-
cence high-performance liquid chromatography as de-
scribed by Tsukahara et al (2003), whereas plasma pen-
tosidine was measured according to Miyata et al (1996).
Values are expressed as pmol/mg protein and nmol/mg
creatinine for plasma and urinary pentosidine, respec-
tively.

Protein measurements

Samples protein concentrations were determined by the
bicinchoninic acid method (Smith et al 1985).

Statistical analysis

All results are expressed as means � standard error of
mean. Each experiment was performed, unless otherwise
specified, in triplicate. Data were analyzed by one-way
analysis of variance, followed by inspection of all differ-
ences by Duncan’s new multiple-range test. Differences
were considered significant at P � 0.05.

RESULTS

As previously reported, AGEs, such as pentosidine, are
reliable markers of oxidative stress in diabetes and dia-
betic nephropathy, but they can trigger per se further in-
flammation, thus creating a self-sustained vicious circle
responsible for tissue damage (Thomas et al 2005). In ac-
cordance with this theory, we demonstrated a significant
increase (P � 0.01) in both urinary and plasma levels (Fig
1) of pentosidine in patients suffering from type 2 dia-
betes complicated by nephropathy respect to control sub-
jects. The next step was to evaluate the effects of this sys-
temic pro-oxidant condition on both protein and lipids.
Protein oxidation has been evaluated by measuring the
amount of protein carbonyls (DNPH), whereas lipid per-
oxidation was estimated by measuring both protein-
bound HNE and circulating F2 isoprostanes. As shown
in Figure 2, DNPH levels resulted significantly higher (P
� 0.05 and 0.01) in plasma and lymphocytes from pa-
tients with nephropathy secondary to type 2 diabetes
than in control subjects. In these same samples, a signif-
icant elevation (P � 0.05) of protein-bound HNE has been
shown (Fig 2). With regard to isoprostanes, a significant
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Fig 1. Pentosidine levels in urine and plasma from diabetic patients.
(A) Urine and (B) plasma samples from patients with nephropathy
secondary to type 2 diabetes and age-matched controls were as-
sayed for pentosidine by high-performance liquid chromatography,
as described in Materials and Methods. Data are expressed as
mean � standard error of mean of 3 independent analyses on 16–
21 patients per group. **P � 0.01 vs controls; C, controls; DN, type
2 diabetic patients with nephropathy.

Fig 2. Protein carbonyls and 4-hydroxy-2-nonenals levels in plasma
and lymphocytes from diabetic patients. Plasma and lymphocytes
samples from type 2 diabetic patients with nephropathy (black col-
umns) and age-matched controls (white columns) were assayed for
protein carbonyls (DNPH) and 4-hydroxy-2-nonenals (HNE) by
Western blot, as described in Materials and Methods. Values are
expressed as mean � standard error of mean of 3 independent
analyses on 16–21 patients per group. *P � 0.05 and **P � 0.01
vs controls.

Fig 3. Total F2-isoprostanes levels in urine and plasma from diabetic
patients. (A) Urine and (B) plasma samples from patients with ne-
phropathy secondary to type 2 diabetes and age-matched controls
were assayed for F2-isoprostanes by high-performance liquid chro-
matography as described in Materials and Methods. Data are ex-
pressed as mean � standard error of mean of 3 independent anal-
yses on 16–21 patients per group. **P � 0.01 vs controls; C, con-
trols; DN, type 2 diabetic patients with nephropathy.

Fig 4. Heme oxygenase-1 levels in lymphocytes from diabetic neph-
ropathic patients. Lymphocyte samples from patients with nephrop-
athy secondary to type 2 diabetes (black columns) and age-matched
controls (white columns) were assayed for heme oxygenase-1
(HO-1) by Western blot as described in Materials and Methods. A
representative immunoblot is shown. 
-actin has been used as load-
ing control. The bar graph shows the densitometric evaluation and
values are expressed as mean � standard error of mean of 3 in-
dependent analyses on 16–21 patients per group. *P � 0.05 vs con-
trol; D.U., densitometric units.

increase in both urinary and plasma levels of total F2-
isoprostanes has been found in type 2 diabetic nephro-
patic patients (P � 0.01) with respect to controls (Fig 3).

A common way for the body to counteract oxidative
stress is to induce protective genes such as those belong-
ing to the HSP family as well as thioredoxin reductase
(Calabrese et al 2003, 2004, 2006; Nakamura 2005). As
shown in Figures 4–7, HO-1, Hsp60, Hsp70, and TrxR-1
have been significantly (P � 0.05 and 0.01) induced in
lymphocytes of patients suffering from type 2 diabetic
nephropathy with respect to controls. Interestingly, both
HO-1 and Hsp70 were upregulated in lymphocytes from
type 2 diabetic patients without uraemia (P � 0.05; Fig
8), according to previous data in circulating mononuclear
cells (Yabunaka et al 1995).

A significant positive linear correlation between DNPH
and Hsp60 expression levels in lymphocytes was found
thus corroborating the importance of the heat shock re-
sponse in the oxidative stress–induced protein oxidation

in type 2 diabetic nephropathic patients (Fig 9). Finally,
the heat shock response in lymphocytes has been found
to correlate with the degree of renal insufficiency. As
shown in Figure 10A, a significant positive correlation
between HO-1 expression levels in lymphocytes and the
24-h proteinuria, this latter used as a clinical index of
renal insufficiency, has been found. Similar results have
been obtained by plotting the Hsp70 lymphocyte levels
against the urinary protein output (Fig 10B). No relation-
ship has been found between lymphocyte HSP and blood
parameters related to the glycemic control (glycaemia,
glycated hemoglobin) in accordance with previous data
(Yabunaka et al 1995).
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Fig 5. Heat shock protein 60 (Hsp60) levels in lymphocytes from
diabetic nephropathic patients. Lymphocyte samples from patients
with nephropathy secondary to type 2 diabetes (black columns) and
age-matched controls (white columns) were assayed for Hsp60 by
Western blot as described in Materials and Methods. A represen-
tative immunoblot is shown. 
-actin has been used as loading con-
trol. The bar graph shows the densitometric evaluation and values
are expressed as mean � standard error of mean of 3 independent
analyses on 16–21 patients per group. **P � 0.01 vs control; D.U.,
densitometric units.

Fig 6. Heat shock protein 70 (Hsp70) levels in lymphocytes from
diabetic nephropathic patients. Lymphocyte samples from patients
with nephropathy secondary to type 2 diabetes (black columns) and
age-matched controls (white columns) were assayed for Hsp70 by
Western blot as described in Materials and Methods. A represen-
tative immunoblot is shown. 
-actin has been used as loading con-
trol. The bar graph shows the densitometric evaluation and values
are expressed as mean � standard error of mean of 3 independent
analyses on 16–21 patients per group. **P � 0.01 vs control; D.U.,
densitometric units.

Fig 8. Heme oxygenase-1 and heat shock protein 70 (Hsp70) levels
in lymphocytes from type 2 diabetic patients without nephropathy.
Lymphocyte samples from patients with type 2 diabetes (dashed
columns) and age-matched controls (white columns) were assayed
for heme oxygenase-1 (HO-1) and Hsp70 by Western blot as de-
scribed in Materials and Methods. A representative immunoblot con-
taining samples from 3 control subjects and 4 patients with type 2
diabetes is shown. 
-actin has been used as loading control. The
bar graphs show the densitometric evaluation; values are expressed
as mean � standard error of mean of 3 independent analyses on
10–21 patients per group. P � 0.05 vs control; CTRL, control.

Fig 7. Thioredoxin reductase-1 levels in lymphocytes from diabetic
nephropathic patients. Lymphocyte samples from patients with ne-
phropathy secondary to type 2 diabetes (black columns) and age-
matched controls (white columns) were assayed for thioredoxin re-
ductase-1 (TrxR-1) by Western blot as described in Materials and
Methods. A representative immunoblot is shown. 
-actin has been
used as loading control. The bar graphs show the densitometric
evaluation and values are expressed as mean � standard error of
mean of 3 independent analyses on 16–21 patients per group. *P �
0.05 vs control; D.U., densitometric units.

Fig 9. Relationship between protein carbonyls and heat shock pro-
tein 60 (Hsp60) in lymphocytes from diabetic nephropathic patients.
Lymphocyte samples from 21 patients with nephropathy secondary
to type 2 diabetes and 16 age-matched controls were assayed for
both protein carbonyls (DNPH) and Hsp60 as described in Figures
2 and 5, respectively. A significant linear positive correlation has
been found. Data are expressed as densitometric units (D.U.). Con-
trol subjects had a DNPH level ranging from 20 to 70 D.U.

DISCUSSION

Diabetes is responsible for 30–40% of all end-stage renal
disease cases in the United States. Although both type 1
(insulin-dependent) and type 2 (non–insulin-dependent)
diabetes lead to end-stage renal disease, the great major-
ity of patients are those suffering from type 2 diabetes.

As mentioned above, chronic hyperglycemia along with
oxidative stress result in the formation and accumulation
of AGEs in diabetes (Bierhaus et al 1998). AGEs have a
wide range of chemical, cellular, and tissue effects that
contribute to the development of microvascular compli-
cations. In particular, it has been demonstrated that AGEs
play a key role in the development of diabetic nephrop-
athy (Wolf 2004; Thomas et al 2005). The importance of
AGEs as downstream mediators of tissue injury in dia-
betic kidney disease has been demonstrated by animal
studies in which the inhibition of the advanced glycation
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Fig 10. Relationship between the degree of renal failure and the
lymphocyte heat shock response in diabetic nephropathic patients.
Lymphocyte samples from 21 patients with nephropathy secondary
to type 2 diabetes and 16 age-matched controls were assayed for
heme oxygenase-1 (HO-1, panel A) and heat shock protein70
(Hsp70, panel B) as described in Figures 4 and 6, respectively.
Heme oxygenase-1 and Hsp70 levels then were plotted against the
24-h proteinuria values of each subject. Proteinuria is a reliable clin-
ical index of renal failure. Significant linear positive correlations have
been found. Heme oxygenase-1 and Hsp70 levels are expressed as
densitometric units (D.U.), whereas urinary protein is in mg/24 h.
Control subjects had urinary proteins ranging from 30 to 120
mg/24 h.

reaction delayed the development of nephropathy without
any direct effect on the glycemic control (Thomas et al
2005). Furthermore, AGE-modified proteins undergo
physico-chemical changes that alter charge, solubility, and
conformation, resulting in an altered protein (Thomas et
al 2005). Finally, the effects of AGEs, together with hy-
perglycaemia and ROS, induce growth factors and cyto-
kines causing renal hypertrophy and accumulation of ex-
tracellular matrix components (Wolf 2004). Our results
showing an elevation in urine and plasma of AGEs in
patients with diabetic nephropathy compared with
healthy subjects is in accordance with current literature
(Dolhofer-Bliesener et al 1995; Schleicher et al 1997; Dai-
mon et al 1999) and contribute to put in a common frame
hyperglycaemia, oxidative stress, as well as protein and
lipid oxidation.

Reactive carbonyl compounds, which are known pre-
cursors of carbonyl stress, can be generated during the
AGE-mediated free radical formation (Miyata et al
1999b). Our evidence of an increased levels of carbonyls
both in plasma and lymphocytes from type 2 diabetic
nephropathic patients are in line with clinical and exper-
imental data showing an increased generation of ROS in

diabetes (Rösen et al 2001; Davı̀ et al 2005; Oksala et al
2007), and underlie the importance of the protein confor-
mational changes in the pathogenesis of diabetic ne-
phropathy. Furthermore, the linear correlation between
protein carbonyls and the Hsp60 levels in lymphocytes
(Fig 9) underlies the close relationship between the de-
gree of ROS-mediated protein damage and the systemic
heat shock response. 4-hydroxy-2-nonenal are formed
from arachidonic acid or other unsaturated fatty acids fol-
lowing free radical attack and bind, by Michael addition,
to proteins particularly at cysteine, hystidine, or lysine
residues (Butterfield et al 1997). Lipid oxidation, mea-
sured by protein-bound HNE, also can occur in different
organs under conditions of oxidative stress (Miyata et al
1999b; Lauderback et al 2001) including diabetes and di-
abetic nephropathy (Miyata et al 1999a; Toyokuni et al
2000; Oksala et al 2007). On the other hand, isoprostanes,
produced by the free radical–catalyzed peroxidation of
arachidonic acid apparently are formed in situ on phos-
pholipids and subsequently released, possibly by a phos-
pholipase. They circulate in the blood stream and finally
are excreted in urine (Morrow et al 1992). Isoprostanes,
in contrast to lipid hydroperoxides, are chemically stable
end products of lipid peroxidation, and the measurement
of their levels in plasma or urine may permit a sensitive
and specific method for detection of lipid oxidative dam-
age in vivo (Roberts and Morrow 2000). Although a sig-
nificant increase in the F2-isoprostane levels in type 2 di-
abetic patients has been reported extensively (Gopaul et
al 1995; Davı̀ et al 1999; Mori et al 1999), few studies
demonstrated such an increase also in the case of diabetes
complications. The results shown in this study demon-
strated an increased level of F2 isoprostanes also in type
2 diabetic patients with nephropathy, according with a
recent study by Beisswenger et al (2005). During the last
years, it was disputed whether urinary isoprostanes de-
rive from local production in the kidney, from the circu-
lation, or a combination of both (Morrow and Roberts
1996). Our results show a significant increase in both
plasma and urinary levels of F2-isoprostanes and provide
further evidence about a condition of systemic rather than
local pro-oxidant status.

A novel approach to counteract oxidative stress-related
disease is the manipulation, mainly via nutritional anti-
oxidants, of cell chaperones. Chaperones (stress proteins)
are essential proteins to help the formation and mainte-
nance of the proper conformation of other proteins and
to promote cell survival after a large variety of environ-
mental stresses. Therefore, normal chaperone function is
a key factor for endogenous stress adaptation of several
tissues, whereas altered chaperone function has been as-
sociated with the development of several diseases (Cala-
brese et al 2006; Mancuso et al 2007). Our data provide
the first evidence to our knowledge about an increased



Cell Stress & Chaperones (2007) 12 (4), 299–306

Oxidative stress in type 2 diabetic nephropathy 305

expression of HO-1, Hsp60, and Hsp70 as well as of
TrxR-1 in pheripheral lymphocytes of patients suffering
from nephropathy secondary to type 2 diabetes. The in-
duction of Hsp70 has been proved to be an efficient help
in the recovery from a large number of diseases, such as
ischemic heart disease and neurodegeneration (Calabrese
et al 2003, 2004, 2006; Mancuso et al 2007). Interestingly,
a significant increase in Hsp70 protein has been found in
the kidney tissue of diabetic rats as well as in mononu-
clear cells from type 2 diabetic patients (Yabunaka et al
1995; Oksala et al 2007).

Much more intriguing is the physiological importance
of HO-1 protein expression in human lymphocytes. In
fact, HO-1 is one of the early genes to be induced during
oxidative stress and it exerts cytoprotective functions by
metabolizing pro-oxidant heme and producing both the
vasoactive molecule carbon monoxide and biliverdin, this
latter being the precursor of the powerful antioxidant and
antinitrosative molecule bilirubin (Calabrese et al 2006;
Mancuso et al 2006, 2007). Furthermore, HO-1 has been
shown to be overexpressed in the kidney of streptozoto-
cin-treated rats (Oksala et al 2007). The HO-1 induction
observed in the lymphocytes of our patients with type 2
diabetes complicated by nephropathy suggests that, in
these patients, the immune system is trying to react to an
oxidant insult by inducing an early gene and this is much
more interesting considering a chronic disease such as
diabetes. The thioredoxin system (thioredoxin, thioredox-
in reductase, and reduced nicotinamide adenine dinucle-
otide phosphate (NADPH)) regulates cellular redox bal-
ance through the reversible oxidization of its redox-active
cysteine residues (-Cys-Gly-Pro-Cys-) to form a disulfide
bond that in turn is reduced by thioredoxin reductase and
NADPH (Holmgren 1985; Nakamura 2005). Thioredoxin
plays an essential role in cell function by limiting oxida-
tive stress directly via antioxidant effects and indirectly
by protein–protein interactions with key signaling mole-
cules such as the thioredoxin-interacting protein (Yama-
waki and Berk 2005). In this study we have shown an
increased TrxR protein expression in lymphocytes, which
is in accordance with the well-known effects induced by
oxidative stress (Chen et al 2005). In fact, as part of the
cellular stress response, cells overexpress thioredoxin re-
ductase under condition of oxidative stress.

It is noteworthy to point out that HO-1 and Hsp70 have
been found upregulated also in lymphocytes from type
2 diabetic patients without uraemia. At this time we can-
not rule out whether the heat shock response was related
to diabetes, uraemia, or a combination of both. However,
the positive correlation found between the degree of renal
failure and the HO-1 and Hsp70 induction (Fig 10) com-
pared with the lack of correlation between HbA1c and
HSP (data not shown), seem to underlie the important
role played by nephropathy in the induction of the cel-

lular stress response in lymphocytes. Accordingly, pre-
vious data from type 2 diabetic patients and diabetic rats
have shown a significant decrease in Hsp70, HO-1 and
Hsp60 gene expression and protein in muscle and heart
samples (Kurucz et al 2002; Bruce et al 2003; Oksala et al
2006). On this basis, the significant increase in Hsp level
in human lymphocytes from diabetic patients with or
without nephropathy should not be considered as a mere
epiphenomenon of a generalized tissue response to local
oxidative stress conditions, but conversely as a systemic
antioxidant response activated by the immune system to
counteract oxidative and glycoxidative stress-induced
pro-oxidant status.

Based on these findings, it is plausible to hypothesize
that alternative therapies that inhibit the formation of tox-
ic products such as AGEs or remove established AGE-
promoted modifications will form an important compo-
nent part of future prophylaxis and therapy in patients
with diabetes, acting in concert with conventional ap-
proaches to prevent diabetic renal injury.
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