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Biomolecule Damage (DNA and Lipid) is Elevated in Patients with
Type 1 Diabetes with and without Diabetic Complications
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Abstract: There is strong evidence that oxidative stress is involved in the aetiology and pathogenesis of diabetes and its
complications. Increased production of reactive oxygen species in vivo can lead to cellular biomolecule damage, such as
lipid peroxidation and DNA damage.

The aim of this study was to determine the extent of this damage by measuring in vivo antioxidant status, levels of lipid
peroxidation, and levels of neutrophil DNA damage in 50 participants with type 1 diabetes and 50 age- and sex-matched,
healthy controls.

Gylcaemic control (%HbA1c) was relatively good with a group mean of 7.71% which increased to 8.12 % in those with
complications. Compared to the control group there were significantly elevated levels of neutrophil DNA damage (% tail
DNA, p<0.0001) and plasma MDA levels (p<0.05) in the Type 1 group as a whole, this significance rose to p<0.01 in
those with complications. There were significant alterations in markers of antioxidant status including, reduced levels of
superoxide dismutase (p<0.0001), uric acid (p<0.05) and Vitamin C (p<0.05) and elevated levels of catalase (p<0.001).

These results indicate that even with acceptable glycaemic control significant oxidative damage still occurs and this

damage increases, in some indices, with the onset of complications.
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INTRODUCTION

There is longstanding evidence linking free radicals
and oxidative stress to the aetiology and pathogenesis
of Type 1 diabetes (Type 1) and the resulting
cardiovascular complications [1-3]. In vivo antioxidant
changes have been observed in individuals with Type 1
with [4] and without complications [4, 5]. It has been
suggested that a source of the damaging oxidative
species may be hyperactive macrophages and/or
neutrophils [6, 7].

Under conditions of oxidative stress damage to
cellular biomolecules (lipids, proteins, carbohydrates
and DNA) can occur. Lipid peroxidation, a type of
oxidative degeneration of polyunsaturated lipids, has
been shown to be involved in the pathogenesis of
diabetes. [8, 9] A broad range of oxidation products
have been described including 4-hydroxy-2-nonenal (4-
HNE) and malondialdehyde (MDA). Oxidation of lipids
in plasma lipoproteins and in cellular membranes is
associated with the development of vascular disease in
diabetes [10]. Oxidative stress and poor metabolic
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control have been shown to enhance lipid peroxidation
in Type 1, especially in those patients with
complications [4]. A number of lipid peroxidation
products mainly, MDA and 4-hydroxy-2-nonenal are
known to interact with DNA [11, 12]. This oxidative
damage to DNA can lead to cytotoxicity, genotoxicity
and carcinogenicity [13] and may contribute to genetic
diseases and cancer in humans. Oxidative damage to
DNA has been determined by several authors using
various techniques [14-18]. They have reported
increases [14-16] and no changes [17, 18] in levels of
DNA damage in Type 1 patients.

Under normal conditions antioxidant defences act to
minimise the production of harmful levels of oxidants.
Such defences include; lipid (vitamin A and E) and
water soluble (vitamin C) antioxidants; and antioxidant
enzymes, superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and
caeruloplasmin. However, diabetes has been reported
to represent a state of oxidative stress, [1, 4] either as
a result of overproduction of precursors of ROS and/or
decreased efficiency of inhibitory and scavenging
systems.

In this paper we report basal levels of DNA damage,
levels of lipid peroxidation and in vivo antioxidant status
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in a group of 50 well-controlled individuals with Type 1
(with and without overt complications) compared to 50
age- and sex-matched, healthy control participants.

MATERIALS AND METHODS

Participants

50-Individuals with Type 1 (mean age 36.4 + 1.96
years; 30 males and 20 females; 8 smokers), were
recruited from the diabetic clinic at Altnagelvin Hospital,
Londonderry, Northern Ireland. The Helsinki
Declaration of 1975 (revised 1983) was followed and
ethical approval for this study was obtained from the
University of Ulster Ethical Committee and from the
Ethical Committee at Altnagelvin Hospital. All
participants gave informed consent before commencing
on the study. Type 1 participants were assessed for the
presence of a number of diabetic complications
(retinopathy, nephropathy, neuropathy, and
macrovascular disease) and evidence of
microalbuminuria and ketosis was noted. In addition we
obtained information on duration of diabetes, smoking
history, vitamin supplement usage and other drug
intake for each participant. The control group consisted
of 50 healthy individuals recruited from the University of
Ulster (mean age 37.6 + 1.49 years; 22 females and 28
males, none of whom were smokers or taking
prescribed/non-prescribed medication, nor did they
have a family history of diabetes).

Collection and Processing of Blood Samples

25 ml of peripheral blood was collected from each
non-fasting study participant before noon. 2 x 5 ml was
collected into lithium heparin-coated vacutainers®
(Becton-Dickinson, UK) and stored on ice, for
subsequent processing to determine antioxidant status.
An additional 5 ml was collected into a Corvac®
integrated serum separator tube (Sherwood Medical,
UK) for determining serum levels of glucose,
triglycerides, cholesterol, and uric acid. The remaining
5 ml was collected into EDTA-coated vacutainers®
(Becton-Dickinson, UK) for the measurement of MDA in
plasma and for analysis of glycated haemoglobin
(HbA/;). One of the 5ml lithium heparin collected blood
was centrifuged at 700g for 10 min. 250 pl (in
duplicate) of the resultant plasma fraction (for vitamin C
analysis) was mixed with 500 pl of a 10 %
metaphosphoric acid solution (w/v distilled H,O; Sigma,
Poole, UK). The remaining plasma was pipetted into
labelled eppendorfs (250 ul per eppendorf) and stored
at -70°C until required. The red cell concentrate (RCC)

was washed three times with 5 ml of cold phosphate
buffered saline (Sigma, Poole, UK) and centrifuged at
700g for 10 min. The resultant washed RCC was
pipetted into labelled eppendorfs (250 ul per
eppendorf) and stored at -70°C until required. The
EDTA blood was centrifuged at 700 x g for 10 min then
80 ul (in duplicate) of the resulting plasma was pipetted
into labelled eppendorfs and stored at -70°C for MDA
analysis. The remaining blood was re-suspended and
stored at 4°C for HbA analysis. The Corvac® serum
sample was stored at 4°C until transported, together
with the remaining EDTA blood, to The Biochemistry
Laboratory, Altnagelvin Hospital. Mononuclear cells
were isolated from the second 5ml lithium heparin
blood using the method described by Béyum [19].
Following the removal of the mononuclear layer the
blood sample was further processed for the separation
of neutrophils using a dextran sedimentation method
described by Markert ef al, [20]. The resulting
neutrophil pellet was re-suspended in 5 ml PBS and
kept at 4°C in the dark, for use the same day in the
comet assay. Cell viability was assessed by trypan blue
exclusion following isolation, and was found to be
>95%.

Assessment of Biochemical Analytes

The following assays were carried out within The
Biochemistry Laboratory, Altnagelvin Hospital. Analysis
of the serum levels of cholesterol, triglycerides and
glucose were carried out using the Beckman Synchron
CX® Systems automated system (for in vitro diagnostic
use) and commercially available kits, based on the
methods described by Allain et al., [21] Tietz [22] and
Public Health Service Centres for Disease Control [23]
respectively. % HbA,; was determined by HPLC using
the method described by John et al., [24].

Assessment of In Vivo Antioxidant Status

To assess in vivo antioxidant status the following
analytes were quantified: plasma levels of vitamin C,
measured on a Cobas Bio® autoanalyser using the
method described by Vuilleumier and Keck [25] plasma
levels of vitamin A and E were assayed by HPLC using
the method described by Thurnham et al., [26] RCC
activities of catalase (CAT), glutathione peroxidase
(GPx) and superoxide dismutase (SOD) were
determined on the Cobas Fara® using commercial kits
(Randox Laboratories, Antrim, UK) based on the
methods described by Aebi [27] Paglia et al., [28] and
Jones and Suttle [29] respectively; serum levels of uric
acid (UA) were determined using the Beckman



Biomolecule Damage in Diabetes

Journal of Nutritional Therapeutics, 2014, Vol. 3, No. 2 97

Synchron CX® Systems automated system (for in vitro
diagnostic use) based on the method described by
Fossati et al., [30].

The Alkaline Comet Assay

The alkaline comet assay facilitates the detection of
DNA strand-breakage, alkali-labile abasic sites, and
intermediates in base- or nucleotide-excision repair.
The alkaline comet assay procedure in this study was a
modification of the method described by Singh et al.,
[31] and has been described in detail by McKelvey
Martin et al., [32].

Image Analysis of Slides

Slides were stored in a light-proof box containing
tissues moist with PBS and viewed within 12 hours of
staining. Observations were made using an Ophtiphot
I compound microscope (Nikon) equipped with an
epifluorescence mercury lamp source (excitation filter
515, barrier filter 590 nm) and x 40 Nikon Fluor
objective (numerical aperture 0.85), and Komet 3.0
image analysis programme (Kinetic Imaging Ltd,
Liverpool, UK).

Analysis of DNA Damage

The image analysis software provides a full range of
densitometric and geometric parameters describing the
complete comet, as well as the head and tail portions.
Since the comet assay essentially reflects the
displacement of fluorescence from the head to the tail
in damaged cells we used %tail DNA ie. the
percentage of total nuclear DNA that has migrated to
the tail, as the parameter to quantify basal levels of
DNA damage. Each blood/blood cell type sample was
analysed in duplicate and 50 cells per slide were
counted.

Quantification of Plasma Levels of the Lipid
Peroxidation Product, Malondialdehyde (MDA)

In this study the method described by Young and
Trimble [33] was used to quantify plasma levels of the
lipid peroxidation product, MDA. In this method MDA,
produced by the hydrolysis of lipid hydroperoxides
heated under acid conditions, reacts with 2-
thiobarbituric acid (TBA) to form a MDA-TBA (1:2)
complex with an absorbance maximum at 532 nm.

The HPLC system used included a Spectra series
AS100 (Thermo Separation Products) sample injector
with a 50 ul sample loop, a Spectra-Physics SP4290

integrator and SP8800 HPLC pump, a Perkin Elmer
LC240 fluorescence detector. The detector was set at
excitation 523 nm and emission 553 nm. A Supelco
LC-18 column was used for separation of the MDA-
TBA adduct. The mobile phase was a 50% HPLC
grade methanol (BDH Laboratory Supplies, UK) and
50% 25 mM phosphate buffer (70% KH;PO, : 30%
Na;HPO,) at pH 6.5, with a flow rate of 0.8 ml/min. The
data was collected on a PC with the package, WINner
On Windows. The yield of MDA from 1,1,3,3-
tetramethoxypropane was calculated using the molar
coefficient of the MDA-TBA adduct at 532 nm (1.56 x
10° I/cm/mol) as described by Yu et al., [34].

Statistical Analysis

Statistical analysis was performed using the SPSS
statistical package to compare the variances of all
parameters examined using Levene’s test of
homogeneity of variances. Differences in measured
parameters between normal and type | participants
were assessed by the Mann-Whitney U test, since the
variances in the two samples were heterogeneous.
Differences in the measured parameters between type
| participants with, and without, complications were
measured using the Student’s t-test. The relationship
between DNA damage and %HbA,. was analysed
using least squares. All results are expressed as mean
+ standard error of the mean (SEM). A p value of <0.05
was considered statistically significant. No significant
sex- or age-related differences in the biochemical
parameters measured were observed so male and
female data are presented together in one group.

RESULTS

%HbA,; was significantly elevated in the plasma of
the Type 1 participants, (7.71 + 0.21; n=50) compared
to controls (4.28 £+ 0.06; n=50; p <0.01), (Table 1). The
range of levels indicated that all Type | participants
were under acceptable clinical control. The Type 1
participants were also tested routinely for the presence
of ketone bodies in urine and for of microalbuminuria
when they attended the diabetic clinic. There was no
evidence for ketosis or microalbuminuria in any of the
Type 1 participants admitted to the study. The good
glycaemic control is also reflected by serum levels of
cholesterol and of ftriglycerides, which revealed no
significant differences in those Type 1 participants
without complications, compared to controls. However,
serum cholesterol levels in the Type 1 participants with
complications were significantly elevated when
compared to controls.
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Table 1: Participant Group Profile

Participants Controls Type | DM Type | DM Type | DM
n=50 whole group without complications with complications
n=50 n=38 n=12
Age (years) 37.6+1.49 36.4 £ 1.96 32.2+157 443+5.78
Gender 22F : 28M 20F : 30M 14F : 24M 6F : 6M
Smoker none 8 6 2
Duration of IDDM - 16.3+1.52 13.4+1.35 20.0 £3.42
%HbA 1 4.28 £ 0.06 **7.71+0.21 ***7.59 £ 0.24 ***8.12+0.35
Cholesterol (mmol/l) 4.74+0.12 4.90+0.15 4.62+0.16 115.66 £ 0.34
Triglycerides (mmol/l) 1.19+0.19 1.40+0.16 1.34+£0.19 1.48 £ 0.30

Hkk

Values are presented as mean = SEM in all groups.

Of the 50 Type 1 participants, eight were smokers;
three of the smokers also had at least one
complication. Because of small numbers it was not
possible to determine by statistical analysis if the
values obtained for the various endpoints (%HbA,; and
neutrophil DNA damage) were different in Type 1
participants who smoked compared to those who did
not. However, when the smokers were removed from
the analysis the results were no differences in any of
the parameters analysed.

The results of this study revealed differences in the
activities/levels of a number of the antioxidants
measured, when compared to controls (Table 2). GPx
activity, SOD activity, UA concentration, and vitamin C
concentration were all significantly reduced in Type 1
participants, compared to controls. CAT activity in RCC
was significantly elevated in Type 1 participants
compared to controls (Table 2). There were no
significant differences in the plasma levels of the
vitamins A and E in Type 1 participants when
compared to controls (Table 2). No significant
difference in the mean plasma vitamin C concentration
in Type 1 group without complications, compared to
controls, was observed. Conversely, mean plasma
vitamin C concentration in the Type 1 group with
complications was significantly reduced, compared to
controls. For all other antioxidants measured there
were no detectable differences in the activities/levels in
the Type 1 group with complications, compared to
those without complications.

The Type 1 participants had significantly elevated
levels of MDA when compared to controls (Table 2).
However, when participants with complications were
excluded from the analysis the significance was lost.
On the other hand, there were markedly increased
MDA concentrations in samples from Type 1

p<0.01 and 11p<0.05, when compared to controls. F denotes female; M denotes male.

participants with complications compared to controls.
There was no significant correlation between MDA
levels and %HbA,. for any of the Type 1 groups.

We observed significantly elevated basal levels of
DNA damage in the neutrophil fraction of Type 1
participants, when compared to control participants
(8.40 + 0.85 and 4.33 + 0.27 respectively, p<0.0001,
Table 2). This significant elevation in basal levels of
neutrophil DNA damage was observed in participants
both with and without complications. However, there
was no significant difference in levels of neutrophil
DNA damage measured in the Type 1 participants with
complications compared to those who did not have
complications.

There was no correlation between neutrophil DNA
damage levels (%tail DNA) and %HbA. in the Type 1
participants.

DISCUSSION

In the present study significant alterations in the
activities/levels of certain antioxidants in Type 1
participants, compared to controls were observed.
There have been conflicting reports on antioxidant
status in Type 1, with reports indicating increased
levels, [4, 5, 14, 34] decreased levels, [4, 8, 14, 35] and
no change [4, 8] depending on the antioxidant
investigated. It has been suggested that the low levels
of antioxidant enzymes indicate increased free radical
activity, and therefore increased oxidative stress in
diabetes. [36] In addition, it has been reported that in
conditions of slight oxidative stress, the antioxidant
enzymes SOD, GPx and CAT may be inducible [37] as
a result of increased levels of their respective
substrates, O2 .- and H;0,. Specifically, we found
significantly reduced activities in SOD, GPx and levels
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Table 2: Neutrophil DNA Damage, Plasma Malondialdehyde Levels and In Vivo Antioxidant Status in Type 1 DM and

Control Participants

Parameters Controls Type | DM Type | DM without Type | DM with
(n=50) whole group complications complications
(n=50) (n=38) (n=12)
DNA damage (%tail DNA) 4.32+0.27 ***8.40 £ 0.85 ***8.44 £ 1.05 ***7.58 £ 0.92
Plasma MDA (umol/l) 0.40 £ 0.02 10.47 £ 0.03 0.45+0.03 *0.55 + 0.07

Superoxide dismutase (U/gHb)

1339.88 + 10.02

***1158.15 + 40.03

***1164.46 + 43.99

**1138.16 + 95.28

Glutathione peroxidase (U/gHb) 44.28 + 1.54 139.35 + 1.64 39.80 £ 1.87 37.92 +£3.50
Catalase (k/gHb) 40.45+2.03 ***58.57 + 2.67 ***56.96 + 3.31 ***63.66 + 4.71
Vitamin A (umol/l) 2.53+0.08 2.58£0.17 241+£0.13 3.13+0.54
Vitamin E (umol/l) 32.13+1.53 36.01+1.63 35.58 £ 1.85 37.38 £ 3.59
Vitamin C (umoll) 23.2+1.81 117.3+£1.63 18.84 £ 1.80 113.9+£3.65
Uric acid (umol/l) 276.7+11.60 1235.5 £ 9.40 *235.9 £ 9.92 227.0 £ 21.97

Values are presented as mean = SEM in all groups. ***p<0.0001; ** p<0.001; * p<0.01; and tp<0.05, when compared to controls.

of UA and vitamin C, and a significant elevation in CAT
activity, in the Type 1 participants, compared to
controls. The general consensus is that plasma and
tissue levels of vitamin C are reduced in diabetes [39-
41] our results are in agreement with this consensus.
UA, or more correctly urate (at physiological pH values)
has been shown to be a selective antioxidant, it also
prevents oxidative inactivation of endothelial enzymes
(cyclooxygenase, angiotensin converting enzyme) and
preserves the ability of the endothelium to mediate
vascular dilatation in the face of oxidative stress [41].
The significant reduction in UA which is found in this
study in the Type 1 participants, could render the
endothelium more susceptible to ROS-mediated
oxidative damage, which may be a contributing factor
in the development of vascular complications and/or
the propagation of peroxidation products in Type 1
participants. This study did not find any significant
changes in plasma levels of vitamins A or E.

Levels of the lipid peroxidation product, MDA, were
significantly elevated in this study only in the plasma of
the Type 1 participants with complications, despite the
relatively good metabolic control of these participants.
There was no significant difference in MDA levels in the
Type 1 participants without complications, compared to
controls. It has been reported that good metabolic
control delays the onset and slows the progression of
diabetic retinopathy, nephropathy and neuropathy in
Type 1 participants [43]. Yet investigations into
antioxidant status and lipid peroxidation products in
Type 1 participants have for the most part been in
poorly controlled, or in Type 1 participants with
complications [4,7-10]. There is little information

available to determine the percentage of Type 1
participants with good control. Recently the focus has
been on type 2 diabetes and only a few groups have
reported on levels of lipid peroxidation, antioxidant
status, and free radical generation in Type 1 diabetes
[1, 2, 8, 12,]. While we did not observe an increase in
MDA in the Type 1 group without complications, which
agrees with Ruiz et al., [8] findings, we did observe
elevated levels in the Type 1 group with complications.
Similarly Sato et al., [9] reported elevated levels of
MDA in Type 1 participants with angiopathy (either
macro- or micro-vascular disease), and Gallou et al,,
[46] reported higher MDA levels in both Type 1 and
Type 2 diabetes, with markedly elevated MDA levels in
those participants with vascular complications,
compared to those without complications. Rimm [47]
reported a strong correlation between vitamin E status
and the development of vascular complications. In our
study Type 1 participants had slightly elevated levels of
vitamin E compared to controls, which may have a
protective role by breaking the autocatalytic cycle and
therefore reduce and/or help to prevent the
development of angiopathy, by preventing the
excessive formation of lipid peroxidation products.

There were no significant differences in triglycerides
or cholesterol levels in the Type 1 group without
complications, when compared to controls. However,
there was an elevated level of serum cholesterol in the
Type 1 group with complications, when compared to
controls. The metabolism of cholesterol in diabetes is a
very complex process, however, elevated levels of
serum cholesterol are associated with the development
of atherosclerosis in both non-diabetic and Type 1
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participants, indeed, even Type 1 participants with a
similar lipid profile to non-diabetic counterparts are
much more at risk of developing atherosclerosis [47].

In the present study we used the alkaline comet
assay to measure basal levels of DNA damage in
freshly isolated neutrophils from Type | participants.
We found significantly increased levels of DNA damage
(%tail DNA) in the Type 1 group compared to the
control group (Table 2). We reported similar findings
previously [48], when we also measured whole blood,
mononuclear and lymphocyte DNA damage in 23
participants with type | diabetes and 32 age- and sex-
matched controls and reported elevated, but not
significant, levels of DNA damage in whole blood and
white cell fractions. In the current study we had 50
participants in the Type 1 group and 50 control
participants. We sub-divided the Type 1 group into
those with and those without complications and were
surprised to find no significant difference in levels of
DNA damage in participants with complications
compared to those without complications (Table 2).
There have been conflicting reports of levels of DNA
damage in mononuclear cells from diabetic participants
reported in the literature. Collins et al. [49] reported
elevated levels of DNA damage in mononuclear cells
from Type | participants with poor glycaemic control
(11.0 £ 2.9 %HbA;). Lorenzi et al., [50] measured DNA
damage, using the alkali unwinding assay, in
mononuclear cells from patients with poor glycaemic
control (12.9 + 2.4 %HbA,;) and found elevated levels
of DNA damage. In the same study they also reported
no significant changes in DNA damage in participants
with good glycaemic control (%HbA; 7.4 + 1.5%),
while others report elevated levels of oxidative DNA
damage in lymphocytes [51] in well controlled
participants. In the current study and in previous work
we measured levels of DNA damage in lymphocytes
using an ELISA [14], and the Comet assay [48] we
found significantly higher levels of DNA damage in
lymphocyte and neutrophil fractions, in the Type 1
participants compared to controls even with good
glycaemic control.

This study found elevated levels of DNA damage in
the neutrophil fraction both with and without
complications and in participants with relatively good
gylcaemic control. Under normal circumstances
stimulated neutrophils kill bacteria via the production of
ROS (superoxide anion, hydroxyl radicals and
hydrogen peroxide) during the ‘respiratory burst’ [52].
Reports indicate that diabetic participants’ neutrophils
are in a chronic state of activation generating increased

levels of ROS [6]. It is well documented that ROS are
capable of causing DNA damage [13] and it has been
shown that neutrophils in a chronic low state of
activation are capable of generating sufficient ROS to
induce DNA damage in vitro [53]. Under normal
circumstances activated neutrophils are protected from
ROS-induced damage by increasing their intake of
vitamin C by as much as ten-fold above the
concentrations present in normal neutrophils. However,
Type 1 participant's plasma, as we report here, and
leucocyte levels of vitamin C have been shown to be
significantly reduced [14, 39-41]. This is likely to
contribute to the elevated levels of DNA damage
reported here. In addition reports indicate that
neutrophil production of hypochlorous acid and N-
chloramines inhibit DNA repair [54]. Such inhibition of
repair in vivo may well exacerbate levels of ROS-
induced damage to DNA in neutrophils within diabetic
participants regardless of the absence or presence of
complications.

Overall then, we observed an imbalance in the
levels of antioxidant defences, even in the Type 1
group without complications, which may be the result of
an increase in oxidative stress. The increased oxidative
stress alone in these participants did not result in
increased peroxidation of plasma lipids. However,
following the development of (macro- and/or micro-)
angiopathy (complications), leakage of peroxidised
lipids back into the plasma may take place, initiating a
vicious cycle of further damage, regardless of the
glycaemic control of the participants with Type 1. This
would suggest that factors other than glycaemic control
need to be addressed in order to improve the prognosis
for participants with Type 1. Our data suggests that
even with acceptable glycaemic control participants
with Type 1 have a significantly elevated level of
neutrophil DNA damage in vivo. This may contribute to
the altered neutrophil function, reported elsewhere, in
patients with Type 1 and is worthy of further
investigation as it would appear that this process is not
governed by glycaemic control nor the development of
diabetic complications.
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