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Abstract

It is well known that increased free radical (FR) production or decreased activity of antioxidative
system (AOS) lead to an imbalance between pro-oxidants and antioxidants called oxidative stress
(OxS). Oxidative stress is involved in numerous diseases including diabetes mellitus (DM).

Elevated blood glucose level and other biochemical disorders accompanied with an inappropriate
insulin secretion or improper insulin action are known features of DM. The antioxidative enzyme
catalase (CAT) diminishes the production of hydrogen peroxide which is highly toxic for
pancreatic cells. The increased activity of this enzyme found in DM type 1 (DMT1) patients
signifies the importance of OxS in the pathogenesis of this autoimmune disease with excessive
OxS. Additionally, hyperglycemia induces the generation of highly reactive FR and leads to the
development of OxS which accelerates the development of DM and its complications associated
to the decreased activity of AOS. It is important to point out that high doses of antioxidant agents
could paradoxically have pro-oxidant effect.

In this article, we present literature data related to relationship between OxS and DM with focus
on non-enzymatic antioxidants as a potential novel therapeutical approach in treatment of DM.
Dietary supplementation with antioxidant nutritional factors such as micronutrients and vitamins

Free radicals; Oxidative stress

could be used as a novel strategy in both prevention and control of DM type 2 (DMT?2).

INTRODUCTION

In physiological conditions, oxidative stress (OxS)
occurs in all cells which breathe and on this way
release free radicals (FR), which can be harmful for the
organism, while the FR occurred in pathological
conditions are responsible for the damage of
biomolecules [1]. During evolution, in response to the
creation of FR, protective antioxidant defense
mechanisms have been created. In a healthy body, there
is a balance between oxidative processes and its
antioxidant capacity; but when the equilibrium is
disturbed, biologically ‘hyper’-active molecules of
generated OXS act as signaling agents through various
pathways called “redox signaling” [2].

It is believed that the OxS is one of the important
factors responsible for cell disorders in diabetes
mellitus (DM), firstly initiated by hyperglycemia [3-5];
however, some authors indicate no direct link between
hyperglycemia and OxS [6]. The pathogenesis of
diabetic complications is related to the increased
production in FR [7] and decreased antioxidants [8]. In
this context, the mechanisms that may contribute to the
formation of reactive oxygen species (ROS) in DM
type 2 (DMT?2) include also increased non-enzymatic
glycosylation [9], glucose auto-oxidation, metabolic
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stress, levels of mediators of inflammation and
antioxidant defense status, that overall lead to

dysfunction and cell damage [10]. The main part of the
contents of ROS and reactive nitrogen species (RNS),
are superoxide (O,*"), hydroxyl (*OH), peroxy (ROO*"),
and nitric oxide free radical (*NO) and products of the
reactions of these FR, such as hydrogen peroxide
(H,0,) and and peroxynitrite (ONOO") [11]. As known,
O, may cause an increased production of
hydroperoxyl radicals and H,O, in the presence of
superoxide dismutase (SOD), which easily cross cell
membranes and initiate oxidative reactions [10]. Very
similar happened during lipid peroxidation where lipids
are oxidized by FR produced in diabetes. Further,
catalase (CAT) and glutathione peroxidase (GSH-Px)
are able to convert (reduce) H,O, to water (H,O) and
oxygen (O,). In the presence of high ferric iron (Fe*"),
H,0, can be reduced to the generation of *OH, a
mechanism known as the “Fenton reaction”, but also by
Haber-Weiss reaction [12], leading to the conversion of
02’_ to *OH.

Some of the drugs currently used in treating DM have
been reported to have antioxidant properties [13-15].
However, it is not clear whether such effects are
mediated by control of glucose or by the drug itself
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[16, 17]. On the other hand, therapeutic methods that
directly target the reduction in toxicity of OxS in
vascular cells could be a therapeutic approach in
patients with DM, in addition to treatments that
regulate glucose levels [18]. In this context, treatment
with substances which act as antioxidants, in the high-
glucose conditions, showed that they inhibit a
production of FR and reduce OxS as well as cell
damages. Therefore, antioxidants are themselves
potential therapeutics in DM treatment [18, 19].

This review was undertaken in order to summarize
current knowledge about OxS in DM including
possible signaling pathways, with focus on non-
enzymatic antioxidants as potential novel approach in
the treatment of this disease.

OXIDATIVE STRESS AND DIABETES

There is increasing evidence that OxS plays a major
role in the onset and progression of diabetes, and even
its complications [20,21]. Due to the lack of
regulation, a high amount of glucose in the blood
increases oxygen and releases O,* which easily reacts
with the present nitric oxide (*NO) disabling its action
as endothelial vasodilator [19, 22]. Consequently, there
is a reduction in endothelium-dependent relaxation and
cell synthesis in the wall of blood vessels, resulting in
micro- and macro-pathological changes [23,24].
Hyperglycemia, increases the levels of free fatty acids
(FFA), and together with hyperinsulinemia lead to
increased production of ROS and RNS [25]. ROS and
RNS activate nuclear factor-kappaB (NF-«kB), a pro-
inflammatory transcription factor, that further cause a
signaling cascade leading to a continued synthesis of
oxidative species and to inflammation [26]. Increased
FFA causes dysfunction by two mechanisms: (1) the
activation of peroxisome proliferator-activated receptor
(PPAR)-a which hampers mitochondrial oxidative
phosphorylation; and (2) the production of lipotoxic
substances during FFA metabolism leading to opening
of K* channels which impairs Ca*" homeostasis.

Diminished expression of the pyruvate dehydrogenase
results in the accumulation of glycolytic intermediate
and ceramide inducing apoptosis and consequently
leads to cardiomyopathy in DM [21]. Further,
hyperglycemia modifies the redox balance through the
polyol pathway (reducing glucose to sorbitol, with
subsequent decreases in NADPH and reduced
glutathione), activates oxidases, and interferes with the
mitochondrial electron transport chain [27]. These
processes may trigger various signaling cascades, such
as activation of protein kinase C, hexosamine pathway
that further increase the synthesis of ROS [10, 28].
Non-enzymatically, glucose auto-oxidation generates
hydroxyl radicals and leads to the formation of

glycation end products (AGEs pathway) that influence
the transcription of pro-inflammatory genes to promote
OxS [10, 27, 29]. Also, excessive production of FR in
hyperglycemia state is ascribed to auto-oxidation of
glucose, non-enzymatic glycation of proteins,
activation of NAD(P)H oxidases and nitric oxide
synthase [30, 31]. Different signaling mechanisms have
been described in different complications of DM such
as cardiac pathophysiology, renal injury, liver
dysfunction [21].

It has been reported that plasma levels of extracellular
(EC)-SOD is associated with insulin resistance in DM
and its concentrations are significantly higher in
diabetic subjects [32]. Further, serum EC-SOD levels
positively correlate with the severity of diabetic
vascular complications, such as nephropathy and
retinopathy [33]. Recent in vivo study reported that
diabetic skin tissues express a relatively small amount
of EC-SOD protein that may be related to elevated
ROS production [32].

DIABETES MELLITUS AND ANTIOXIDANTS

It is considered that a normalization of activity of any
OxS markers, such as enzymes, thiobarbituric acid
reactive substances (TBARS) and FR, and finally the
balance of FR/removal, represent an effective way to
reduce the harmful effects of ROS [34, 35]. Based on
the latest results, it is clear that the goal is to block the
formation of ROS by antioxidants and those results
suggest the need for possible use of antioxidants in the
treatment of DM. Even more it has been suggested that
antioxidant therapy may inhibit the onset of DM and
also prevent the development of DM complications
[36,37].

The HOPE (Heart Outcomes Prevention Evaluation
trial) study is the largest study dealt with the use of
antioxidants in DM. This study has lasted for 4.5 years,
and demonstrated that ramipril (a drug used for the
treatment of hypertension and heart failure) decreases
the possibility of occurrence of diabetic nephropathy in
DM patients, as opposed to vitamin E, which did not
lead to a significant reduction of cardiovascular risk
[19, 38]. Regarding vitamin E several epidemiological
studies demonstrated its inverse association with
markers of oxidation, inflammation, and DMT2
incidence [39], although other studies did not support
such findings [40, 41], including the Women’s Health
Study [42]. The European Prospective Investigation of
Cancer-Norfolk Prospective Study investigated associa-
tion between fruit and vegetable intake and plasma
levels of vitamin C with risk of DMT2, during a 12-
year follow-up of 735 participants. A significant
inverse association was found between plasma levels of
vitamin C and risk of diabetes, as well as between fruit
and vegetable intake and DMT?2 risk [43]. However,
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some randomized, crossover, double-blind intervention
trials reported no benefit effects after supplementation
of vitamin C (3000 mg/day) for 2 weeks in DMT2
subjects or 800 mg/day for 4 weeks, respectively
[44 45]. In contrast, it has been found benefit of
1000 mg/day of vitamin C for 4 months [46], as well as
the reduced red blood cell sorbitol/plasma glucose ratio
after 2 weeks of the same doses [47].

Several investigations showed a positive effect of
vitamin C on a cardiovascular system in DMT1 patients
[19]. Also, a combination of vitamins C and E in these
subjects improves renal function [4]. Some other
studies showed that simultaneous treatment with both
vitamins C and E has a positive effect on the
cardiovascular system in DMTT patients, but a negative
effect in subjects with DMT2 [48,49]. The studies
focused on the use of vitamin E, unfortunately, do not
provide sufficient evidence that the vitamin E reaches
the target cells [38]. Furthermore, it has been shown
that the a-lipoic acid enhances the function of the nerve
and gives better results in the treatment of DM
compared to vitamin E. Also, the vitamin C was not
able to provide greater protection from the occurrence
of cardiovascular complications, in comparison with
the oa-lipoic acid which use in the prevention of
cardiovascular complications is considering [38].
However, the results of the vitamins should not be
generalized for all antioxidants. Treatment with
vitamins, as a class of compounds with the expected
effects, ignores a wide range of their chemical and
pharmacological properties [50].

Vitamin D and calcium homeostasis have also been
reported to be associated to DM [51, 52]. The presence
of vitamin D receptors (VDR) in the pancreatic B-islet
cells support the role of vitamin D in subjects with
DMT2 [53]. Furthermore, reduced overall risk of the
disease in subjects who ingest 800 IU/day of vitamin D
has been reported [51, 54]. In this context, data from
the Women’s Health Study showed that among women
taking more than 511 [U/day of vitamin D reduced the
risk of DMT2 when compared to ingesting 159 IU/day
[55].

Therefore, clinical trials with antioxidants in DM are
limited and focused majority on the use of vitamins E
and C, and in recent years, a-lipoic acid [19, 56]. In any
case, choice and dosage of the used antioxidant is very
important [38] and it is recommended that a high dose
of antioxidants should not be given as monotherapy,
but in combination with other antidiabetic drugs, due to
the possibilities of disruption of antioxidant/pro-
oxidant balance [57,58]. Hopefully, further studies
related to the pathophysiology of OxS and to the role of
antioxidants in the treatment of DM, will lead for sure
to a number of clinical trials which will confirm
therapeutic effects of antioxidants.

Several cross-sectional and interventional studies
reported that dietary intake of micronutrients can lead
to reduced levels of OxS, proinflammatory cytokines,
and could be a risk for DMT2 [43, 49, 59]. Such an
approach may represent a novel strategy for the
prevention of DMT?2. In this context, some researchers
have investigated the dietary antioxidants from plant
food materials [60], and they found a strong
antioxidative activity in curcuminoids, the main yellow
pigments in Curcuma longa (turmeric), known to
possess antioxidant activity many years ago [61].
Dietary antioxidants possess the direct scavenging
activity of ROS and also induction of antioxidative
enzymes including detoxification enzymes and may
prevent or delay diabetes complications including renal
and neural dysfunction [60].

Also, supplementation with Allium sativum (garlic),
Panax quinquefolius (American ginseng), and Panax
ginseng (Asian ginseng), with antioxidant, anti-
inflammatory, and adaptogenic properties, were
reported to down-regulate the OxS and the synthesis of
pro-inflammatory cytokines [62]. In this context,
Rashid et al [21] recently reviewed the therapeutic
effects of naturally occurring antioxidants. An
antioxidative action of microelements such as zinc (Zn)
has been reported too [63, 64]. Moghaddam et al [65],
although on small number of subjects, show that
exercise training might contribute to an improvement
of the antioxidative defense against ROS in men
suffering from non-insulin-dependent DMT2. Even
more, Venkatasamy et al [66] reported that multiple
mechanisms through which physical exercise acts,
including  up-regulating mechanisms  governing
physiological anti-oxidant generation.

In animals, many drugs that are already used in the
treatment of DM have antioxidant properties, in
addition to their primary pharmacological activity (e.g.
N-acetylcysteine) [67] and those antioxidant properties
may be a key factor in the effectiveness of these drugs
[67-69]. In addition, the treatment of diabetic rats with
vitamins C, E and beta-carotene results in a significant
reduction in the level of TBARS and GSH-Px activity,
an increase in SOD activity, while CAT activity does
not change. Vitamins C and E, lower the level of
TBARS and GSH-Px, while the activity of CAT and
SOD were increased [70]. On the other hand, numerous
studies have demonstrated a reduced SOD activity
[34, 70], other studies show increased [23] or there was
no change in the activity of this enzyme [71]. Of
interest, the reduced SOD activity in the heart of
diabetic rats is normalized by a-lipoic acid; in addition,
an intraperitoneal application of a-lipoic acid in
diabetic rats, normalized the level of TBARS in
plasma, liver and pancreas [56]. Earlier, it was
observed that the reduction of the activity of GST does
not change with the a-lipoic acid [72]. However, other
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studies showed an increase of GSH-Px activity in the
aorta in diabetic rats, which was normalized by
treatment with a-lipoic acid [56, 73]. A recent in vitro
study showed that antioxidant treatment attenuated high
glucose induced increased OxS in primary rat
pancreatic stellate cells (PSC) [74], a potential
underlying mechanism of islet fibrosis, which may
contribute to progressive fB-cell failure in DMT2.
Earlier, it was reported that antioxidants reduced
fibrosis and a-smooth muscle actin, the most
commonly used index of PSC activation, expression in
the islets in Otsuka Long-Evans Tokushima Fatty rats
[75].

CONCLUDING REMARKS

Based on previous studies of OxS in DM, today it
became clear that OxS is a cause but also at the same
time a consequence in both genesis and pathogenesis of
DM. It could be concluded that OxS in DM occurs at
the initial stage of disease, and progressively increases
with the development of disorders in DM, wherein the
antioxidative system (AOS) more exhausts. Therefore,
it is necessary to maintain functional AOS, in terms of
both prevention and therapy of DM. Further studies are
needed to elucidate either direct or indirect
antioxidative effects of drugs currently used in the
treatment of DM and also to differentiate such effects
from those on glycemia. Depletion of individual
components of AOS during DM, suggesting an
increased intake of antioxidants necessary for certain
compensation, as well as to prevent and/or mitigate the
occurrence of pathological changes caused by
insufficient antioxidant protection [35,76]. When
application of antioxidants is planned in the treatment
of DM, special attention should be paid to the applying
dose of chosen antioxidants, in both cases as
monotherapy and in combination with the main drugs
used in the treatment of DM. Applying nutritional
intervention to decrease OxS, as well as inflammation,
might represent the first-line strategy for prevention
and treatment of DMT2, including lifestyle change and
exercise [77].
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