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Erythrocyte caspase-3 and antioxidant
defense is activated in red blood cells and
plasma of type 2 diabetes patients at first
clinical onset
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Objectives: We studied erythrocyte (RBC) caspase-3 activity and oxidative status in plasma and RBCs of 33
patients with type 2 diabetes at first clinical onset and 23 age-matched non-diabetes control subjects.
Methods: Caspase-3 activity was assayed during the life span of RBCs; lipid peroxides and total antioxidant
capacity (TEAC) were assessed in plasma and RBCs as indicators of oxidative stress and non-enzymatic
antioxidant defense; and superoxide dismutase, catalase, and glutathione peroxidase activity were
measured in RBCs as enzymatic antioxidants.
Results: We found that, compared to controls, RBCs caspase-3 is activated early in type 2 diabetes (P<
0.05); TEAC and malondialdehyde increased in plasma of patients with early diabetes, even when
hypertension and macroangiopathy were present (P< 0.01); and RBCs TEAC, malondialdehyde (P<
0.01), superoxide dismutase, and glutathione peroxidase (P< 0.05) exhibited similar behavior in patients
with diabetes and hypertensive patients with diabetes.
Discussion: Increased antioxidant defense in plasma and RBCs of early type 2 diabetes patients is a
potential mechanism that can overcome oxidative damage induced by reactive oxygen species
overproduction, and occurs even in RBCs with a decreased life span. This observation could provide a
possible explanation for the controversial effects of antioxidant supplementation in diabetes patients.
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Introduction
In type 2 diabetes, β-cell exposure to chronic hypergly-
cemia induces excess generation of reactive oxygen
species (ROS).1 Increased oxidative stress deteriorates
pancreatic β-cells and therefore essentially contributes
to the pathogenesis of diabetes.2 Oxidative stress
associated with type 2 diabetes mellitus may contrib-
ute to microvascular and macrovascular compli-
cations.3 Antioxidant systems involved in redox
regulation of the cell are major tools for neutralizing
oxidative stress and therefore protect the cells from
oxidative stress-induced damage. It has been shown
that an imbalanced redox mechanism may contribute
to the pathogenesis of diabetes mellitus or diabetes
complications.4,5 However, the antioxidant status of

plasma in patients with type 2 diabetes remains con-
troversial.6,7 The magnitude of oxidative stress and
antioxidant response in type 2 diabetes differs in
various cells and organs, and tissues with high meta-
bolic demands, such as blood cells, are mainly tar-
geted.8 Increased oxidative damage and decreased
life span of red blood cells (RBCs) are reported in
patients with late type 2 diabetes.9,10 It is well known
that a number of enzymatic systems protect erythro-
cytes from the damage caused by excessive production
of ROS. These systems include superoxide dismutase
(SOD), which converts superoxide into hydrogen per-
oxide, together with glutathione peroxidase (GPX)
and catalase (CAT), which convert hydrogen peroxide
to water. Although these antioxidant enzymes in blood
have been cited as markers of vascular injury in type 2
diabetes,11 conflicting data have been reported about
their activities.12–14 Moreover, there are few data
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about the non-enzymatic antioxidant capacity of
erythrocytes in patients with late type 2 diabetes.9,10

We therefore proposed to study erythrocyte caspase-3
activity and oxidative status in plasma and RBCs of
patients with type 2 diabetes at first clinical onset.

Materials and methods
Subjects
Our study included 33 patients with type 2 diabetes at
first clinical onset, randomly selected during routine
examination. Twenty-three age-matched volunteers
were recruited as controls from general practitioner
files. Type 2 diabetes patients were recruited according
to American Diabetes Association criteria,15 and were
examined for identification of possible chronic specific
complications of diabetes, including microangiopathy,
macroangiopathy, and hypertension. None of the sub-
jects in the study had known hematological diseases.
Informed consent was obtained from all participants
before the screening visit. The study was conducted
at the ‘N C Paulescu’ National Institute for
Diabetes, Nutrition and Metabolic Diseases,
Bucharest, Romania and was approved by the
Ethical Committee of the Institute. Subject character-
istics are presented in Table 1.

Sample processing
To evaluate the oxidative stress parameters, blood
samples (10 ml), collected after overnight fasting,
were placed into 2-ml vacutainer tubes containing
34 IU lithium heparin. After centrifugation (548 g
for 15 minutes at 4°C), the plasma was retained on
ice for the assay of lipid peroxides (malondialdehy-
de–thiobarbituric acid (MDA–TBA) adduct) and
total antioxidant activity (TEAC). The remaining
erythrocytes (RBCs) were washed three times with
0.9% NaCl and lyzed in ultra-pure water. The red
cell stroma was removed by centrifugation (10
minutes at 4°C), and the clarified supernate was kept
on ice and diluted as required. Lipid peroxides
(MDA–TBA adduct), TEAC, GPX, CAT, SOD, and
caspase activity were assayed. Reagents and ultra-
pure water were treated with Chelex 100 (Merck,

Darmstadt, Germany) to bind transitional metals.
Hemoglobin (Hb) content of RBCs was measured by
using Drabkin reagent. All reagents were of pure
analytical quality and were purchased from Sigma-
Aldrich Chemie (Steinheim, Germany), unless
otherwise indicated. All assays were performed by
spectrophotometry on a Perkin-Elmer Lambda EZ
210 (Perkin-Elmer, Boston, MA, USA) and were
carried out on duplicate samples.

Hemoglobin content
The Hb content of RBCs was measured by using
Drabkin reagent (Sigma). Briefly, 250 μl of reaction
volume containing 5 μl of sample were first incubated
(20 minutes, RT), and then the absorbance was read at
540 nm by spectrophotometry.

Lipid peroxide test
Blood samples (50 μl plasma or 25 μl RBCs lysate
diluted 1:5) were mixed with 25 or 10 μl, respectively,
of 2% butylated hydroxytoluene (to prevent lipid oxi-
dation during the assay); 750 or 500 μl, respectively, of
TBA (final concentration 0.67%); and 0.5 ml trichlorace-
tic acid (final concentration 20%), and incubated at
100°C for 1 hour. The reaction was stopped by cooling
the samples under tap water, the pink MDA–TBA
adduct was extracted in n-butanol for plasma samples
only, and the absorbance of the organic layer was read
at 532 nm after centrifugation at 8000 g for 15 minutes
at 4°C. The concentration of lipid peroxidation products
was calculated asMDAequivalents,16 andwas expressed
as nanomoles of MDA equivalents per milliliter of
plasma or micromoles of MDA equivalents per gram
of Hb. A 1,1,3,3-tetramethoxypropane standard curve
was prepared for each run.

Total antioxidant activity
Total antioxidant activity was determined based on
the 6-hydroxy-2,5,7,8-tetramethylchroman-2 car-
boxylic acid (Trolox, Sigma Aldrich Chemie,
Munich, Germany) equivalent antioxidant capacity
assay (TEAC) developed by Miller et al.17 with modi-
fications.18 The TEAC assay measures the relative
abilities of antioxidants to scavenge the 2,2′-azino-bis

Table 1 Subject characteristics*

Controls
Type 2 DM (n= 33)

No complications HBP Macroangiopathy P vs. controls

n (%) 23 (100) 13 (39.4) 13 (39.4) 7 (21.2)
Age (years) 59.6± 2.4 54.9± 2.9 52.8± 4.0 62.8± 2.6 NS
BMI (kg/m2) 27.3± 0.3 26.3± 0.9 28.7± 0.7 28.9± 0.7 NS
HbA1c (%) 5.5± 0.05 8.3± 0.5 8.5± 0.5 9.1± 0.6 <0.001
SBP (mmHg) 132.9± 1.2 130.5± 2.8 171.9± 2.6 155.7± 2.6 <0.001
DBP (mmHg) 78.2± 1.1 82.4± 2.1 91.2± 2.6 95.1± 2.6 <0.001

*Values are mean± SE. P=NS for SBP and DBP between controls and T2DM group.
DM, diabetes mellitus; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HBP, high blood
pressure.
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(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical cation (ABTSx+), compared with the antioxi-
dant potency of standard amounts of Trolox, the
water-soluble vitamin E analog. The ABTS radical
was generated from interaction between ABTS and
potassium persulfate. Plasma or erythrocytes samples
(10 μl) were mixed with 1 ml of 47 μM ABTSx+ and
incubated for 1 minute at 30°C. Optical density (absor-
bance) was read at 734 nm against 5 mM phosphate
buffered saline (pH 7.4). The percentage inhibition
of absorbance, which is directly proportional to the
antioxidant activity of the sample, was calculated.
The assay was calibrated against a calibration curve
with Trolox as standard. Plasma TEAC was expressed
as millimoles per liter of Trolox, and RBC TEAC was
expressed as micromoles of Trolox per gram Hb.

GPX activity
GPX (EC. 1.11.1.9) activity was determined on eryth-
rocyte lysates using tert-butyl hydroperoxide as the
substrate. Oxidized glutathione produced by GPX
and peroxide was reduced by glutathione reductase
and NADPH, with the decrease in concentration of
NADPH recorded at 340 nm. Assay kinetics was cal-
culated using a molar absorptivity of 6220/ M/cm at
340 nm.19

SOD activity
SOD (EC. 1.15.1.1) activity was determined as
described by Marklund et al.20 The method is based
on the ability of SOD to inhibit pyrogallol autoxida-
tion. CuZnSOD from erythrocytes is extracted with
an extraction reagent containing methanol:chloroform
62.7:37.5 (v/v) stored at 2–8°C. After the addition of
the extraction reagent, the mixture is vortexed for 30
seconds and centrifuged for 5 minutes at 3000 g and
4°C. The upper aqueous layer contains the enzyme.
The rate of autoxidation of 2 mM pyrogallol in the
reaction buffer (TRIS-cacodilic acid 50 mM, pH=
8.2, containing 1 mM DTPA) – with and without
enzyme – was taken from the increase in absorbance
at 420 nm. A unit of the enzyme is generally defined
as the amount of enzyme that inhibits the reaction
by 50%. Results are corrected for the dilution and
expressed relative to Hb content.

Erythrocyte CAT activity
CAT (EC. 1.11.1.6) activity was measured using the
method described by Aebi.21 The erythrocyte lysate
was diluted in 0.05 M potassium phosphate buffer
(pH= 7), and the reaction was started by adding
10 mM hydrogen peroxide. Decrease in absorbance
at 240 nm was measured for 30 seconds. Enzyme
activity was calculated as a function of the rate con-
stant of the first-order reaction (k), and was expressed
as k per gram of Hb.

RBC caspase-3 activity
Caspase-3 activity was assayed by Abcam’s Caspase 3
assay kit (colorimetric; Abcam, Cambridge, UK),
according to the manufacturer’s recommendations.
Briefly, RBC lysate (diluted 1:5) containing 100 μg of
protein was mixed with an equal volume (50 μl)
of reaction buffer containing 10 mM DDT and 5 μl
of substrate DEVD-pNA (200 μM final concen-
tration). Samples were then incubated at 37°C for 1.5
hours. The absorbance was read at 400 nm against a
negative control (sample without substrate).

HbA1c
HbA1c was assayed by standardized immunotur-
bidimetry (Cobas Integra®, Roche Diagnostics,
Mannheim, Germany) according to the manufac-
turer’s instructions.

Statistical analysis
Data analysis was performed using the GraphPad
InStat software package (GraphPad Software, La
Jolla, CA, USA). Differences between groups were
computed using analysis of variance parametric
(Tukey’s) or nonparametric (Kruskal–Wallis) tests.
The strength of association between pairs of variables
was assessed by Pearson’s correlation coefficient or the
Spearman rank correlation. A value of P< 0.05 was
considered statistically significant.

Results
Among diabetes patients, 13 (39.4%) had no chronic
complications. Hypertension was found in 13
(39.4%) cases, and macrovascular complications were
diagnosed in seven (21.2%) diabetes patients. We first
evaluated the levels of ROS by detection of lipid per-
oxide concentrations in blood samples of all study sub-
jects. As shown in Figs. 1B and 2B, ROS
overproduction was observed both in plasma and
RBCs of early type 2 diabetes patients. MDA–TBA
adducts significantly increased in plasma of early dia-
betes patients (Fig. 1B), even when hypertension and
macroangiopathy were documented (P< 0.01 vs. con-
trols; P=NS between diabetes groups). Erythrocyte
lipid peroxides exhibit similar behavior (Fig. 2B),
especially in diabetes patients and in hypertensive
patients with diabetes (P< 0.001 vs. controls; P=
NS between diabetes patients). Lipid peroxidation is
a well-established mechanism of ROS-mediated oxi-
dative damage, and the measurement of MDA–TBA
adduct is a convenient method for its quantification.22

Having in mind the synergistic effect of antioxidants in
human plasma,23 we next estimated antioxidant status
by measuring total antioxidant capacity of the plasma
in our subjects (Fig. 1A). We observed a significant
increase in TEAC in diabetes patients (P< 0.01 vs.
controls; P=NS between diabetes groups). The
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ability of free radicals to permeate biological mem-
brane is well known,24–26 as is the importance of eryth-
rocytes as a defense system of the blood against
oxidative stress.27 Hence, we investigated non-enzy-
matic antioxidant activity in RBCs of all subjects
enrolled. The TEAC assay is validated as a standard
method for measuring total antioxidant capacity of a
biological sample.28 We were therefore able to show
a significant increase in TEAC in the RBCs of diabetes
patients compared with that of non-diabetes subjects
(Fig. 2A), especially when hypertension was documen-
ted (P< 0.01 and <0.001, respectively; P=NS
between diabetes groups). We then analysed enzymatic
antioxidants by measuring the activity of SOD, CAT,
and GPX in RBCs of our subjects (Fig. 3). However,
a significant increase was seen for SOD and GPX,
but not for CAT, in type 2 diabetes patients. The
effect appeared more evident for GPX (P< 0.05,
P< 0.001, and P< 0.01, respectively, vs. controls;
P=NS between diabetes groups) than for SOD (P<
0.05 vs. controls in diabetes and in diabetes and hyper-
tensive groups). Finally, taking into account that
RBCs are subject to increased oxidative stress and a
shortened life span in late type 2 diabetes,10 we also
investigated caspase-3 activity in our patients. We
were able to show that caspase-3 activation occurs

early in diabetes (Fig. 4), even when hypertension
and macroangipathy were diagnosed (P< 0.05 vs.
controls; P=NS between diabetes groups). We there-
fore report increased antioxidant activity in blood
samples of early type 2 diabetes patients, which
occurs even in RBCs with a decreased life span. Our
results may represent a potential mechanism that can
overcome oxidative damage induced by ROS overpro-
duction in early type 2 diabetes, and could provide a
possible explanation for the controversial effects of
antioxidant supplementation in diabetes patients.

Discussion
We were able to show that ROS overproduction is
present in type 2 diabetes patients at first clinical
onset, as demonstrated by increased levels of lipid per-
oxides in blood samples (Figs. 1B and 2B). Our data
are in line with previous studies that documented sig-
nificantly increased levels of various markers of ROS
in type 2 diabetes subjects.9–31 Moreover, we found
that the antioxidant status of plasma increases early
in diabetes (Fig. 1A). Similar results were published
for plasma of late type 2 diabetes patients, irrespective
of chronic complications.7,32 It has also been reported
that different antioxidants can be generated in dia-
betes, depending on which ROS are produced.33

Figure 1 Oxidative stress and total antioxidant status of plasma increases in early type 2 diabetes patients. Plasma from type 2
diabetes patients at first clinical onset and from non-diabetes age-matched subjects was evaluated for Trolox equivalent
antioxidant capacity (TEAC) (A) and malondialdehyde–thiobarbituric acid (MDA–TBA) adducts (B). Values are mean± SE. *P<
0.01, #P< 0.001 vs. controls (analysis of variance Kruskal–Wallis test).

Figure 2 Oxidative stress and total antioxidant status of RBCs is increased in type 2 diabetes patients at first clinical onset. Red
blood cells (RBCs) from early type 2 diabetes patients and from non-diabetes age-matched subjects were evaluated for TEAC (A)
andMDA–TBA adducts (B). Values are mean± SE. *P< 0.01, #P< 0.001 vs. controls (analysis of variance Kruskal–Wallis test). Hg,
hemoglobin.
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Therefore, plasma antioxidant status can vary,
depending on which antioxidant is predominantly
detected by the method used.34 In experimental dia-
betes, such differences were observed and correlated
with plasma levels of vitamin E.34 Taking into con-
sideration the ability of ROS, that is, superoxide and
hydrogen peroxide,25,26 to permeate the erythrocyte
membrane, we further investigated the intracellular
antioxidant activity of our subjects. Interestingly,
total antioxidant capacity increased in the RBCs of
early type 2 diabetes patients (Fig. 2A). Moreover,
we observed an upregulation of intracellular

antioxidant enzymes (Fig. 3). The significant increase
in only SOD and GPX activities could be a conse-
quence of a tissue-specific modulation of the antioxi-
dant enzymes.35 We were therefore able to show that,
from early diabetes, RBCs are exposed to ROS over-
production originating either from inside or outside
the cell, and they exhibit both an increased non-enzy-
matic and enzymatic antioxidant defense. Early acti-
vation of the antioxidant defense could be an
argument for the controversial effects of antioxidant
supplements in patients with diabetes.36–38 The com-
pensatory efficiency of the response remains to be elu-
cidated, especially when the oxidative stress-mediated
shortened life span of RBCs in diabetes is taken into
account.10 Our data show that early caspase-3 activity
increases in RBCs of patients with type 2 diabetes
(Fig. 4). Interestingly, we found a significant negative
correlation between caspase-3 activity and the values
of plasma MDA–TBA adducts in type 2 diabetes
patients with hypertension (Spearman r=−0.662,
P= 0.0219). Moreover, caspase-3 activity positively
correlates with the levels of TEAC in RBCs from dia-
betes patients, especially in the hypertensive subgroup
(Spearman r= 0.726 vs. 0.8172, and P= 0.0049 vs.
0.0019, respectively). This result suggests that lipid
peroxides exhibit a strong inhibitory effect on
caspase activity. A possible explanation is that the cas-
pases are a family of cysteine proteases containing a
thiol group as the active site necessary for their
activity.39 This thiol group renders them particularly
susceptible to redox modification by S-nitrosylation

Figure 3 Antioxidant enzymatic activity is upregulated early in erythrocytes from type 2 diabetes patients. Superoxide
dismutase (SOD) (A), catalase (CAT) (B), and glutathione peroxidase (GPX) (C) activity was measured in erythrocytes from type 2
diabetes patients at first clinical onset and from non-diabetes age-matched individuals. Values are mean± SE. *P< 0.05, #P<
0.01 vs. controls (analysis of variance, one-way Tukey test).

Figure 4 Caspase-3 is activated in RBCs of type 2 diabetes
patients from first clinical onset. Caspase-3 activity was
measured in RBCs from early type 2 diabetes patients and
from non-diabetes age-matched subjects. Values are mean±
SE. #P< 0.05 vs. controls (analysis of variance Kruskal–Wallis
test).
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or oxidation. Such modifications result in the
inhibition of their catalytic activities.40 On the other
hand, as previously described in late type 2 diabetes,10

the lack of correlation between caspase-3 levels and
intra-erythrocyte markers of oxidative stress suggests
that the extracellular oxidative damage could be a
critical modulator of the life span of RBCs from
early diabetes.
In conclusion, our study shows that the pattern of

defense against free radical aggression is activated
early in the blood stream of type 2 diabetes patients,
and occurs even in RBCs with a shortened life span.
By showing that the antioxidant defense is upregulated
from first clinical onset in type 2 diabetes, we question
the beneficial effects of antioxidant supplements for
clinical practice. Nevertheless, the evaluation of anti-
oxidant status has to be considered for clinical applica-
bility, despite the presence of any specific chronic
complication due to diabetes.
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