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Diabetes mellitus causes endothelial injury through oxidative stress involving reactive
oxygen species and peroxides as well as inflammation, both of which consume antioxidant
defenses. Singlet oxygen (*O,) is produced by leukocytes during inflammatory and
biochemical reactions and deactivated by producing reactive oxygen species and
peroxides. To determine whether serum was capable of deactivating 'O,, we triggered a
photo reaction in sera from 53 healthy donors and 52 diabetic patients. Immediately after
light delivery, dichlorofluorescein was added and then its fluorescence was recorded. The
mean capacity of 0, or secondary oxidant deactivation was reduced in patients with
diabetes mellitus. Hemolysis reduced deactivation of *0,-induced secondary oxidants in
both healthy and diabetic patients. Body mass index, age, platelet counts, and blood cell
numbers exerted a nonlinear influence. High levels of glycated hemoglobin were associated
with an increased deactivation of oxidative species, whereas high-density lipoprotein
cholesterol, total cholesterol, and the total cholesterol to high-density lipoprotein
cholesterol ratio decreased the serum deactivation capacity. Oral antidiabetics bore no
influence on deactivation, which was restored by insulin in women. Deactivation capacity
was lower in women, who had half the complications found in men, suggesting that, with
more severe diabetes mellitus, protection was maintained against complications.
Resistance to 0, should be considered during the monitoring of diabetes mellitus.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

is underlined at all stages of diabetic development [1,2].
Infections are more frequent and severe in diabetic patients

Diabetes mellitus (DM) is the leading cause of blindness,
noninjury amputation, end-stage kidney disease, and athero-
sclerosis through micro and macro blood vessel damage.
Although the biochemical mechanisms that induce complica-
tions are complex, the role of reactive oxidative species (ROS)

when singlet oxygen (*O,) is produced in vivo by activated
neutrophils [3,4] or eosinophils [5], and during various
biochemical reactions [6] including energy production and
photo reactions [6,7]. Singlet oxygen is an excited form of
molecular oxygen that is strongly oxidant for many biological
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targets, either directly or through the successive formation of
various oxidative species. Singlet oxygen may react with
various targets and/or generate ROS or peroxides with a much
longer half-life [8-12]. However, the dichlorofluorescein (oxi-
dized, fluorescent) (DCF) fluorescence obtained after the
oxidation of dichlorofluorescein (reduced) (DCFH) is routinely
used to reveal oxidizing species varied largely from one serum
to the next [13], whereas the overall amount of detectable
fluorescence was highly reproducible for a given serum. This
indicated that not all sera could equally deactivate secondary
ROS arising after the production of a standardized amount of
10, resulting from a short photodynamic reaction. The aim of
the present article was to determine whether sera obtained
from diabetic patients had the same capacity for 'O,
neutralization as sera obtained from a cohort of healthy
blood donors. We also sought to identify any correlations
between 'O, or ROS neutralization and patient characteristics.

2. Materials and methods

The study was conducted according to the protocol (NTS 2006-
02) established between the Etablissement Francais du Sang
and the Nantes University Hospital, in accordance with the
Helsinki declaration (1964/2000). The protocol was approved
by the Nantes University Hospital ethics committee. Blood
samples (Table 1) obtained from 53 healthy blood donors were
analyzed on a per-donor basis or after having pooled their
sera. None of the healthy donors had ever been previously
diagnosed with a severe disease.

Sixty patients were consecutively recruited for this pilot
study, but only 52 were included (25 women; mean age, 57.6
years; 27 men; mean age, 59.1 years) because some blood
samples showed an excessive rate of hemolysis. Patients were
diagnosed with type 2 (n = 45) or type 1 (n = 7) DM, and
circumstances of diagnosis are detailed in Table 1. Following
the initial diagnosis, complications were noted in 14 women
and 20 men. These were divided into ocular, vascular, kidney,
infectious, and neurological categories. To consider the
severity of the disease, amputation, myocardial infarction,
and kidney failures were counted as additive complications
and reached a number of 27 in women and 63 in men. High
blood pressure and body overweight were not considered as
diabetic complications. Diabetes mellitus of either type 1 or 2
was considered as nonequilibrated in the case of symptomatic

glycemia fluctuations, a recently discovered symptomatic and
progressing complication. Glycated hemoglobin (HbA;.) was
considered separately, as certain patients were clinically in
good health and stable but had only a level higher or equal to
6% of HbA;. as a pejorative criterion.

Blood sampling was carried out between 9:00 am and
4:00 pm for healthy donors and between 7:00 am and 9:00 am
for patients with DM. No patients had eaten for 2 hours
before sampling, and smoking was forbidden 2 hours
before blood sampling and was in fact a study exclusion
criterion. Ten milliliters of blood were drawn on sterile clot
act dry tubes (Venosafe VF-054SP, Terumo Europe, Leuven,
Belgium) and hemolysis was avoided as much as possible.
Serum was collected avoiding hemoglobin aspiration under
sterile conditions, separated into 2 aliquots, and frozen at
—-20°C until processed. The period between blood sampling
and freezing did not exceed 40 minutes.

Donors and patients were assayed for viral status (HIV and
hepatitis B), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), total cholesterol, trigly-
cerides, HbA;, Na, K, Ca, total proteins and albumin, glucose,
urea, creatinine, uric acid, total and conjugated bilirubin, and
C-reactive protein. Blood counts, including platelets, hemoglo-
bin, hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin concentration, and mean corpuscular hemoglo-
bin, as well as blood typing, were also performed.

Assays for 'O, resistance of sera have been already
published [13]. Briefly, absorption spectra were obtained with
a Techcomp 8500 absorption spectrophotometer (Techcomp,
Honk Kong, China) for each patient sample and each control,
after dilution in water for injections (5% serum). The level of
hemolysis was evaluated from the 413-nm peak absorption
and the baseline by the 650-nm absorption where there is
normally a minimal absorption. Value was subtracted to ratio,
using a formula determined from preliminary studies [13].

The principle of the previously described measurement [13]
is to analyze the speed of neutralization of ROS and/or
peroxides induced by photodynamically induced 'O, by
means of the DCFH/DCF system, activated DCFH being added
to each sample assayed immediately after the end of light
delivery and in a standardized manner. Rose bengal (RB) used
as a source of 0, under light exposure [14] may also produce
small amounts of other oxidants, among them superoxide ions.

The area under the curve (AUC) for the change in DCF
fluorescence over time was measured for each donor serum.

Table 1 - Healthy donors and patients description and circumstances of diagnosis

Type 2 DM Type 1 DM
Patients n Age(yy n Age IFD EBW Cv Infect OpC n Age IFD EBW Cv Infect OpC
Women 25 57.6 22 58.7 18.3 7 7 2 3 45 8.3 0 2 1 1
Men 27 59.1 23 62.6 15.7 6 2 1 4 43 17 1 1 0 1
Whole 52 58.4 45 60.7 16.9 13 9 3 7 44 13.3 1 3 1 2
Donors
Women 22 36.2 Range, 21-65
Men 31 42.8 Range, 22-65
Whole 53 40.1

Complications leading to diagnosis are mentioned. IFD indicates interval from diagnosis; EBW, excess body weight; Cv, cardiovascular; Infect,

infectious; OpC, ophthalmic complication.
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The corrected value for each diabetic patient was divided by
the DCF fluorescence AUC value for normal pooled sera
samples prepared from the pool of healthy donors used as a
reference. Reference ratio was equal to 1; a value higher than 1
indicated a greater AUC fluorescence than the reference pool
used and thus a lower capacity for the given serum to
neutralize 'O, and related ROS or peroxides as a function of
time, whereas a lower value indicated a higher capacity.

Kolmogorov-Smirnov test for normality distributions,
test for group comparisons, Mann-Whitney U test for data
comparisons, and Pearson test for correlations had been used
when needed for a significance at P < .05. Cohorts equal to or
larger than 8 had been considered for statistics.

3. Results
3.1. 0, deactivation by sera from healthy donors

The typical evolution of DCF fluorescence with phototreated
human serum firstly displayed a steep and almost linear
increase during the initial 10 minutes then increased at a
lower speed for up to 60 minutes. The shapes of the curve of
DCF evolution of fluorescence and AUC values were similar to
data already obtained [13]. Variations existed within the AUC
recorded for each healthy donor (Fig. 1A) but were not linked
to differences in the extinction coefficient, as they had been
corrected for absorption differences. When sera had been
pooled, the AUC value was 0.86 (the reference was in this
particular case a previous human serum pool named EFS 1
constituted from 75 healthy donors) with an optical density of
0.1 at 413 nm. The means calculated from the whole cohort
(0.85; range, 0.44-1.51) for a mean optical density of 0.096 at
413 nm did not significantly differ when they were compared
with the range of variations measured on a per-donor basis
(AUC) for men (mean, 0.87; SD, 0.23; range, 0.44-1.51) or
women (mean, 0.83; SD, 0.2; range, 0.54-1.38). Age bore a slight
influence on the capacity of sera to deactivate secondary
oxidants after exposure to 'O, and ROS within the range of
ages assayed, although this capacity slightly decreased
between 40 and 60 years of age (Fig. 1B). The donor’s viral
status, the biochemical parameters of each donor (that were

all within the reference range), electrolytes, LDL-C, total
bilirubin, total cholesterol, triglycerides, proteins including
albumin and uric acid, glucose, and urea did not correlate with
individual AUC measured DCF fluorescence. The hematolog-
ical parameters were normal for each donor, and no correla-
tion was found between DCF fluorescence ratio and any of
these parameters.

From the above data, the mean ratios of (presumably)
healthy donors was 0.85 and it was arbitrarily decided, given
the absence of other published data, that the reference range
was + or —10%, that is, a 20% range.

3.2. 10, deactivation by sera from diabetic patients

Shape of the curve of DCF evolution of fluorescence was
similar to that recorded with healthy donors (unpublished
data). The mean capacity of sera to deactivate secondary
oxidants after exposure to 'O, and ROS was significantly
decreased (P < .02 for women and P < .04 for men, ratio greater
than the EFS pool) for diabetic patients as compared with
healthy individuals in both the male and female cohorts. The
influence of healthy patient sex was minimal, with the
capacity of '0, and ROS deactivation somewhat greater for
women as compared with men. Women with DM had a
corrected ratio 20% higher than healthy women and for men,
this was 17% higher. Abnormal values were significantly
worse for women than men (P < .001). Five of 7 patients with
type 1 DM and 25 of 45 patients with type 2 DM had a reduced
capacity to deactivate 'O, and ROS as compared with the
reference range, with respective corrected ratios of 1.19 (1.084
for the whole type 1 DM cohort) and 1.31 (1.026 for the whole
type 2 DM cohort). This did not correlate with serum
absorption, particularly at the absorption wavelength at 413
nm for hemoglobin released from hemolysis following blood
sampling (Fig. 1C). Correcting ratios for hemolysis increased
the values without changing the overall number of patients
with abnormal values. The highest observed fluorescence
values in DM patients were similar to the highest values
measured in presumed healthy individuals, but the number of
individuals with values greater than the reference range was
significantly greater (9/53 vs 32/52, P < .05) (Fig. 1A, B). The
change in resistance to 0, according to age in DM patients

Fig. 1 - Area under the curve of DCF fluorescence observed after addition of DCFH to phototreated (514 nm, 20 J/cm?) sera in
water (5%) containing RB (5 ug/mL). The AUC ratio represents values of test over control (pooled samples of all healthy sera).
A, Individual variations of the serum resistance to 0, in 53 healthy donors. White bars for healthy women and black bars for
healthy men. Absorbance of 413 nm (black rhombus, secondary y-axis) does not correlate to the AUC ratio. B, The AUC ratio of
diabetic serum/healthy pooled sera after correction for hemolysis according to age in diabetic women (w, white bars) or men
(m, black bars) in comparison to healthy women (white bars with black lines) and men (black bars with white lines). Numbers
above bars represent cohort sizes. G, Influence of diabetes, diabetes-related complications, or diabetes clinical stability on AUC
ratio in women or men. Black bars for nonequilibrated type 2 DM, white bars for equilibrated type 2 DM, white bars with up
diagonal black lines for equilibrated type 2 DM but with a nonequilibrated HbA,, white bars with horizontal black lines for type
1 DM, black bars with down diagonal white lines for nonequilibrated type 1 DM. The number of complications is noted on the
x-axis, * when at least one complication is of infectious origin. Number of complications significantly differed between women
and men (P < .008). *Healthy cohort from panel A vs diabetic patients: women, P < .02; men, P < .04. ¥Abnormal values in women
vs men (P < .001). D, Influence of polymorphonuclear (N, neutrophils; B, basophils; E, eosinophils) number on AUC ratio of
diabetic sera divided by healthy pooled sera after correction for hemolysis in diabetic women (white bars) or men (black bars).
Numbers above bars represent cohort sizes. E, The AUC ratio after correction for hemolysis according to platelet number in
diabetic women (white bars) or men (black bars) as compared with healthy women (white bars with black lines) or men (black
bars with white lines). Cohort sizes are noted on the x-axis.
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varied in a manner close to healthy patients (Fig. 1B). The with an increased capacity of 'O, and ROS deactivation in
resistance decreased for the first age groups and then women but to a decreased capacity for women with morbid
increased at older than 60 years for women but was stable obesity (BMI >35) and for men. The date of DM discovery did
for men. An elevated body mass index (BMI) was associated not correlate with 0, or ROS deactivation capacity.
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Complications (Fig. 1C) were statistically more frequent in
men than in women (P < .008), but there was no relationship
between the number of complications and the capacity to
deactivate ROS after 'O, production. Thirty-one diabetes-
related complications had been diagnosed in 14 of 25 women
(9/14 had a decreased capacity to deactivate 'O, or ROS) and 68
complications in 20 of 27 men (11/20 had a decreased capacity
to deactivate 0, or ROS). A reduced 0, and ROS deactivation
capability was observed for complications diagnosed either
before or after blood sampling for the present study in 3
patients with a cataract (mean ratio, 0.987) and 13 diabetic
retinopathies (mean ratio, 1.106; 1.089 for 5 women, 1.117 for
8 men) or nephropathy (mean ratio, 1.027 for 13 patients; 3
women) whether the DM was equilibrated or not. Four cancers
(affecting 3 women and 1 man) had been diagnosed, giving
high ratios of AUC fluorescence (thus, the lowest capacity to
deactivate '0,). Three of these tumors had been diagnosed
before DM, the DM being the consequence of cancer treat-
ments in 2 cases (1 hypothalamic germinoma and 1 kidney
carcinoma with operated pancreatic metastases). The fourth
case was a uterine cancer discovered in a patient with a type 2
DM 18 years after the DM diagnosis. In this patient, the DM had
never been stabilized either before or after cancer treatment.
The lowest 0, and ROS deactivation was observed in a
nonstabilized type 1 DM patient (1.757), whereas nonstabilized
type 2 DM patients and/or patients with clinically active
complications had a score of 1.082. Nonstabilized diabetes
was found to impair the capacity of 'O, and ROS deactivation
more than the number of active complications, given that 14
patients with values greater than the reference range (5
women) out of 20 had been found to be unstable. Ten patients
(4 women) had active infectious complications. The mean
capacity to deactivate 'O, or ROS was decreased because the
ratio was 1.254 (1.171 for men, 1.379 for women). The type 2 DM
patients clinically stabilized, with the exception of a high
HbA; level (>6%) or with nonclinically progressing complica-
tions, demonstrated a normal deactivation capacity (0.876).
Although the patient cohorts were very small in some cases, a
propensity toward decreasing AUC of DCF fluorescence after
10, production proportional to the number of neutrophils
basophils and eosinophils was noticeable in both men and
women (Fig. 1D). Similarly to the results already observed in
healthy donors (normal or elevated number of platelets), the
sera of patients with diabetes were found to have a lower
capacity of '0, deactivation when their blood had a platelet
countless than or greater than the upper limit of the reference
range (Fig. 1E). Monocyte or lymphocyte counts did not
influence 'O, deactivation.

Glucose exerted no influence on the value of the AUC ratio
of DCF fluorescence (Fig. 2A). On the contrary, the capacity to

deactivate 0, decreased according to the percentage of HbA;.
within the female cohort (P < .05) and to a lesser extent
within the male cohort (Fig. 2B). An elevated total choles-
terol (>2.08 g/L) or HDL-C level (0.6 g/L) reduced the capacity to
deactivate reactive species after 'O, production in women,
whereas LDL-C (low or normal in any case) had little influence
in women but increased the AUC ratio in men (Fig. 2C). There
was an inverse relationship, observed mainly in the female
group (P < .03), between the ratio of total cholesterol to HDL-C
and the capacity to deactivate *O, in diabetic patients (Fig. 2D,
E). This was not observed in healthy patients. There was no
correlation or trend toward a correlation with C-reactive
protein, albumin, free or conjugated bilirubin, urea, uric acid,
creatinine, or the presence of microalbuminuria.

Treatments also influenced the capacity of deactivating
ROS or peroxides after 0, production. The DCF fluorescence
ratio decreased only when insulin was associated with oral
hypoglycemics or statin, whereas neither of these classes of
medications used alone had an effect (Table 2). A short-acting
insulin had been used in 23 patients, as a combination of 2in 16
patients and as a combination of short, intermediate, and long
acting in 4 patients. Although frequently associated to other
types of insulin, long-acting insulin seemed to increase the
serum 'O, deactivating capacity. Despite a more severe DM,
justifying the use of several antidiabetic medications including
several types of insulin, it remained possible to bring back 'O,
deactivating capacity to normal values (Table 2). Statins or
vitamin supplementation (11 patients) did not seem to have
any effect on the DCF fluorescence ratio after 'O, production.

4, Discussion

Diabetes mellitus and glucose excursions occurring in non- or
poorly stabilized DM result in oxidative stress that has been
postulated to promote the development of complications
[2,15] of great personal social and economic significance.
Among complications, sensitivity to infections and the gravity
of these infections are more significant in diabetic patients for
a plethora of reasons. Photo produced 0, could represent a
model accounting, to a certain extent, for what happens
during inflammatory reactions involving polymorphonuclear
leukocytes. One cannot completely exclude however that
polymorphonuclear leukocyte oxidative activity in physiolog-
ical conditions would induce different effects, as they produce
other oxidizing species although of a lower redox potential.
Oxidative stress, namely, the imbalance between ROS
production and deactivation, can include autooxidation of
glucose, shifts in redox balances, and reduced or impaired
activities of antioxidant defense enzymes. The aim of our

Fig. 2 - Biochemical parameters influencing AUC of DCF fluorescence ratio (AUC ratio) in diabetic sera divided by healthy pooled
sera in women (white bars) or men (black bars) after RB addition (5 ug/mL) and light delivery (514 nm, 20 J/cm?) A, Glycaemia. B,
Hemoglobin A, level. *Relationship between HbA;. and ratio (female group) (P < .05). C, Total cholesterol, LDL-C, and HDL-C
level. D, The AUC ratio (white bars) of the diabetic women cohort as a function of the total cholesterol to HDL-C ratio (curve with
black square). Women reference range is between the 2 horizontal lines. *Inverse relationship between ratio and total
cholesterol to HDL-C ratio (P < .03). E, The AUC ratio (black bars) of the diabetic men cohort as a function of the total cholesterol to
HDL-C ratio (curve with white square). Men reference range is between the 2 horizontal lines.
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study was to determine, by means of a standardized photo could lead to the consumption of antioxidant defenses and
reaction produced within the sera, whether a long-term impair resistance to 'O, produced either physiologically when
elevated production of ROS in patients with diabetes mellitus 0, is involved as an oxidant or during inflammatory process-
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Hemoglobin A, accounts for 5% of the total hemoglobin in
a healthy adult. Hemoglobin A;. in the red blood cell is
considered the criterion standard for assessing long-term
plasma glucose control and is a key therapeutic target for
the prevention of diabetes-related complications. We thus
expected to see high HbA;. levels associated with a low
capacity for deactivation and not the contrary. Although the
physiological effects of HbA;. are unclear, except for an
increased affinity for O, [34,35] and its inflammatory
reactions [36], a correlation between HbA, 10,, and ROS
deactivation has never been demonstrated. Hemoglobin A
could represent not only a biomarker for the management
of diabetes mellitus treatments but also a marker of a
reduced oxygenation, given that O, has been shown to be
able to decrease the glycosylation [37]. One could hypoth-
esize that an increased level of deoxyhemoglobin [38] would
correlate with a reduced production of 10, and a reduced
consumption of anti-'O, defenses in diabetic patients. This
is also in agreement with other findings, demonstrating no
special direct toxicity [39] of advanced glycation ends
products. Sex bore little influence on 10, and ROS deacti-
vation but the rate of complications in men was twice that
of women, according to literature data. The influence of
total cholesterol to HDL-C ratio was particularly marked in
women who had less diabetes-related complications than
men. As diabetes complications are said to be ROS related,
this suggests that hormones play a determining and
protective role toward the vasculature but have little impact
on 0, and ROS deactivation. One could hypothesize that, in
women, the defenses are more efficient than in men and
that these are mobilized to offset a higher rate of ROS
production but possibly overcome at a later stage. Such a
hypothesis could explain why a high BMI had a greater
influence in men on '0, and ROS deactivation (with the
exception of morbid obesity in women) and also applies to
the relationship between peripheral polymorphonuclear
cells and capacity of 0, and ROS deactivation as well as
a higher ratio of AUC in women as compared with men
during comparable infectious complications. The number of
leukocytes was associated with a better capacity to
deactivate 'O, and ROS, which is in agreement with the
literature [28,29]. One can suggest that an incident inflam-
mation can lead to a transient mobilization of antioxidative
agents, increasing 10, and ROS deactivation, if defenses are
not chronically consumed. Inflammation is linked to the
evolution of cardiovascular disease and acute coronary
syndrome through the modification of adhesion molecule
expression toward platelets and the secretion of chemo-
kines by vascular endothelial cells [40]. From this point of
view, it is worth considering that a low or elevated number
of platelets was associated with a reduced capacity of 'O,
and ROS deactivation, which is in agreement with other
findings [41], although superoxide anion enhances platelet
function [42]. This result could be related to the use of sera
rather than plasma [43] or to an undetected disease with a
high platelet number, which is known to provoke an
oxidative stress during normal aggregation [44].

In this study, insulin was found to be the only treatment
leading to the restoration of the 10, and ROS deactivation

capacity. This fits in well with the trend toward using insulin
early during diabetes mellitus care [45]. Long-acting insulin
seemed to have better capacity for restoring the 0, and ROS
deactivation. The insulin structure includes 6 cysteine resi-
dues for 51 amino acids when the antioxidant role of sulphur
has been underlined [46,47]. These findings are borne out by
other studies reporting an intensification of oxidative stress
[26] and inflammation in type 2 DM despite antihyperglycemic
treatment [48,49]. Oral antidiabetics in our series of patients
were unable to restore a normal 'O, and ROS deactivation
capacity, although some of them, such as glimepiride, have
been shown to reduce glucose, mononuclear activation, and
free radical-quenching properties [50].

The capacity of 'O, deactivation diminishes in diabetic
patients as compared with healthy donors. Despite a weaker
capacity of deactivation as compared with men, women
experienced a much lower rate of complications. However,
an abnormally low deactivation capacity could be consid-
ered as being associated with a poor prognosis given that, at
least at the time of blood sampling, it indicates that
defenses are overcome and the flood gates are opened to
complications. In addition to HbA;. or glycemia, resistance
to oxidative species should be considered at time of
diagnosis [51] and during the monitoring of DM.
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