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Abstract: Diabetes mellitus has been recognised as one of the four major non-communicable diseases that de-
mands urgent attention from all key shareholders globally in an effort to address its prevalence and associated
complications. It is considered as a top 10 cause of death globally, killing about 1.6 million people worldwide and is
seen as the third highest risk factor for worldwide premature mortality due to hyperglycaemia and hyperglycaemic-
induced oxidative stress and inflammation. There is a strong link between hyperglycaemia, hyperglycaemic-induced
oxidative stress, inflammation and the development and progression of type 2 diabetes mellitus. Various reports
have shown that chronic low-grade inflammation is associated with the risk of developing type 2 diabetes and that
sub-clinical inflammation contributes to insulin resistance and is linked to the characteristics of metabolic syndrome
which include hyperglycaemia. Oxidative stress stimulates the generation of inflammatory mediators and inflamma-
tion in turn enhances the production of reactive oxygen species. This interaction between diabetes, oxidative stress
and inflammation is the primary motivation for the compilation of this review. Based on previous studies, the review
examines the interaction between diabetes, oxidative stress and inflammation, factors promoting prevalence of
diabetes mellitus, mechanisms involved in hyperglycaemia-induced oxidative stress with particular focus on type 2

diabetes and selected diabetic complications.
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Introduction

Scientists view diabetes mellitus from different
angles. Some see it as an evolving disease with
alterations in patterns as observed in both type
1 and type 2 diabetes with a broad variation in
global incidence rates [1]. Badawi et al [2] view
it as a significant worldwide health problem.
Rehman & Akash [3] describe it as a complex
and multifactorial metabolic syndrome with
characteristic abnormal metabolism in carbo-
hydrates, fats and proteins leading to hypergly-
caemia and hyperlipidaemia. Apart from it been
an evolving disease, Navarro and Mora [4] is
more definitive on the kind of evolution that dia-
betes is undergoing. Specifically, the authors
reported that it is evolving from metabolic dis-
order to an inflammatory condition. Their argu-
ment is based on the hypothesis proposed by
Pickup & Crook [5] which suggest that long-
term innate immune system activation, result-

ing in chronic inflammation brings about a dis-
ease instead of repair, potentially resulting in
the development of type 2 diabetes. Intere-
stingly, research reports have shown that low-
grade inflammation is associated with the risk
of developing type 2 diabetes and that sub-clin-
ical inflammation contributes to insulin resis-
tance and is linked to the characteristics of
metabolic syndrome which include hyperglycae-
mia [6-9]. Oxidative stress has been reported
as a known pathway in the pathogenesis of
diabetic complications [10]. Hyperglycaemic-
induced oxidative stress is believed to increase
the levels of pro-inflammatory proteins with
infiltrated macrophages secreting inflammatory
cytokines which leads to local and systemic
inflammation [11]. Increased secretion of tu-
mour necrosis factor alpha (TNF-alpha) has
been observed to be linked to obesity-related
insulin resistance and obesity is a risk factor for
the development of type 2 diabetes [12-14].
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Figure 1. Relationship between type 2 diabetes, oxidative stress and inflam-
mation (www.canacopegdl.com, accessed on 14 December 2018).
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Figure 2. The role of oxidative stress in tissue injury/toxicity [144].

This interaction between diabetes, oxidative
stress and inflammation is the motivation for
this review. Therefore, this review looks at the
interaction between diabetes, oxidative stress
and inflammation with particular focus on type
2 diabetes and diabetic complications. The
relationship between diabetes, oxidative stress
and inflammation is shown in Figures 1-5.

Global perspective of diabetes

Diabetes mellitus has been recognised by the
World Health Organization (WHO) as one of the
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Europe (58 million), North
America and Caribbean (46
million), Middle East and North
Africa (39 million), South and
Central America (26 Million)
and Africa (16 million) [17]. In
Africa, the number of adults
with impaired glucose toler-
ance (IGT) is expected to
increase by 153% by 2045
and African region has the
highest percentage of people
with undiagnosed diabetes
(that is about 70% of people
with diabetes are unaware
that they have diabetes) and
312000 were estimated to
have died of diabetes in 2017

and about 73% deaths due to

\ diabetes were people under

the age of 60 years [17].

| Lipid peroxidation (MDA) ‘

Data from the International

Diabetes Federation (IDF) sug-
gests that about 415 million
people live with diabetes in
the world with a prevalence
rate of 8.8%. Of this, 75% live
in low and middle income
countries. It is estimated that
by 2040, about 642 million
people will be diabetic with type 2 diabetes
mellitus as the major type of diabetes [18]. The
increase in both type 1 and type 2 diabetes
seem to cut across age, race and gender. In
Finland, for example with the highest global
incidence of type 1 diabetes and China with the
lowest incidence of type 1 diabetes, it has
increased by 2-5% per year. Type 2 diabetes is
also reported to be increasing; sadly the
increased incidence is occurring at a younger
age in both adolescence and children. It is
reported that in the USA, about one third of per-
sons diagnosed with type 2 diabetes are ado-
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Figure 3. Hyperglycaemia-induced oxidative stress [145].
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pregnant complications has
been observed to increase by
over 30% in both developed
and developing countries and
has been linked to increased
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risk of developing cardio-met-

abolic disorders in women and
their children [20, 21].
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Economic challenge of dia-
betes

Diabetic mellitus is a challeng-
ing health problem that poses
serious economic burden to
individuals and nations. In

Figure 4. Hyperglycaemia-induced complications [146].

lescents [1]. The prevalence of type 2 diabetes
in women has been reported to be on the
increase globally which is more common in low-
income countries with obesity and aging seen
as the driving force [19]. The prevalence of ges-
tational diabetes mellitus (GDM), a common

a7

high income countries, reports
have shown the increasing
prevalence in low income
countries [22, 23]. Consequ-
ent to increased disability arising from compli-
cations that are associated with diabetes, the
economy of nations is negatively affected.
Diabetic patients’ ability to render maximum
services to their respective organisations is
also affected leading to reduced productivity. It
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Figure 5. Oxidant generation, antioxidant activity, oxidative stress and dam-

age in diabetes melltius [147].

has been reported in the USA that diabetic
patients are 15 times more prone to lower limp
amputation than non-diabetics [22, 24]. Report
indicates that global cost of diabetes is far
above US$ 174 billion and for every $5, a $1 is
spend on a diabetic patient [25]. In Sub Saharan
Africa, over US$ 3.4 billion is spent annually
while the USA spends about 50% of the total
annual global expenditure in the treatment and
management of diabetes mellitus. Lowest
expenditure figures are reported in poorer
developing countries where the treatment and
management of diabetes mellitus is negatively
affected [26].

Diabetes mellitus and risk factors

Type 2 diabetes is linked to impaired glucose
tolerance due to insulin resistance; concomi-
tant islet beta-cells injury may lead to insulin
deficiency which impact on utilization of glu-
cose by skeletal muscle, liver and adipose tis-
sues [27]. Therefore, impaired glucose toler-
ance coupled with other factors such as genetic
disposition, environmental factor, diet, physical
inactivity and obesity do significantly contribute
to the progression of insulin resistance and to
the development of type 2 diabetes [2, 28, 29].

Obesity

The increase in the prevalence of obesity has
led to increase in the incidence and prevalence
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ol mal lipid metabolism predis-
posing individuals to the
development of type 2 diabe-
tes mellitus [31, 2]. In obese
individuals, insulin resistance
has been shown to be linked to increased
release of adipocyte-derived bioactive metabo-
lites like lipids, free fatty acids, monocyte che-
moattractant protein-1 and pro-inflammatory
cytokines [31]. Research indicate that expo-
sure of muscle cells to fatty acids impair insu-
lin-mediated glucose uptake and consequently
contribute to insulin resistance and insulin
resistance in turn contribute to the develop-
ment of type 2 diabetes [32, 33]. To justify the
possible contributory role of obesity to the
development of insulin resistance and in turn in
the development of type 2 diabetes, a study on
young insulin-resistant lean children of type 2
diabetic individuals and insulin-sensitive con-
trols of similar body mass index, revealed that
in lean people, systemic inflammation may not
play an important role in the development of
insulin resistance [34]. However, human and
animal models showed that tumour necrosis
factor-alpha gene expression is up-regulated in
adipose tissues, therefore linking it to pro-
inflammatory cytokines released from adipose
tissues to insulin resistance in type 2 diabetes
mellitus [11, 35].

Lifestyle

Food intake has been strongly related to obe-
sity in terms of quantity of food, composition
and quality [36]. High intake of red meat,
sweets and fried food has been reported to
contribute to increased risk for the develop-
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ment of insulin resistance and type 2 diabetes
while intake of vegetables and fruits has been
linked to reduced incidence of type 2 diabetes
[37]. In 500 school children who consumed car-
bonated drinks for a selected period of time,
the result indicated that serving additional car-
bonated drinks increased the incidence of obe-
sity [38] and there is a report of a positive asso-
ciation between intake of sugars and the devel-
opment of type 2 diabetes [39]. A study in
Japan linked the consumption of white rice to
increased risk of developing type 2 diabetes
supporting the evidence of the association
between diet and the risk of developing type 2
diabetes [40].

Physical inactivity is an important mortality risk
factor in the development of type 2 diabetes
with an increase of 20-30% of death compared
with individuals who participate in at least 30
minutes of daily exercise [41]. Physical activity
is reported to be linked to a significant decline
in the risk of developing type 2 diabetes [42].
This is because physical activity is believed to
increase insulin sensitivity and is reported to
be more beneficial in preventing the progres-
sion of type 2 diabetes during the initial stage
prior to the application of insulin therapy [43].
During physical activity, contracting skeletal
muscle enhances glucose uptake into the cells;
physical activity also increases blood flow in
the muscle and promotes glucose transport
into the muscle cells and physical activity has
been reported to decrease intra-abdominal
fat-a major risk factor for insulin resistance and
in turn for the development of type 2 diabetes
[44]. Report shows that there is a 20% increase
risk of developing type 2 diabetes for daily
increased watching of television for 2 hours
[45].

Type 2 diabetes mellitus and oxidative stress

Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are the terms collective-
ly used to describe free radicals and other non-
radical reactive derivatives known as oxidants.
Biological free radicals are highly unstable mol-
ecules which are products of normal cellular
metabolism. They have electrons which can
react with various organic substrates such as
lipids, proteins and deoxyribonucleic acid
(DNA). Free radicals are well recognized for
playing a dual role as both deleterious and
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beneficial species, since they can be either
harmful or beneficial to living systems [46]. At
low or moderate levels free radicals (ROS and
RNS) exert beneficial effects such as defence
against infectious agents, induction of a mito-
genic response and the maturation process of
cellular structures [47]. ROS include superoxide
anion (O,7), hydroxyl (OH), hydrogenperoxide
(H,0,) and hypochlorous acid (HOCI) while RNS
include nitric oxide (NO), nitrogen dioxide
(NO,") and peroxynitrite (OONO"). High concen-
trations of free radicals on the other hand
result in deleterious processes that can dam-
age cell structures due to oxidative stress [48].

Numerous experimental evidences have high-
lighted a direct link between oxidative stress
and diabetes through the measurement of oxi-
dative stress biomarkers in both diabetic
patient and rodents. A hyperglycaemic state
can lead to an increase in the levels of oxidative
stress-induced DNA damage markers such as
8-hydroxy-2’-deoxyguanosine (8-OHdG) and
8-oxo-7, 8-dihydro-2’-deoxyguanosine; lipid-
peroxidation products measured as thiobarbi-
turic acid-reactive substances (TBARS); protein
oxidation products such as nitrotyrosine and
carbonyl levels and also lower the activity of
antioxidant enzymes. Cell culture studies using
pancreatic beta cells, aortic smooth muscle
cells and endothelial cells have also provided
evidence for an increase in ROS production in
diabetes [49]. Exposure of B-cell line and iso-
lated pancreatic islet cells to oxidative stress
has been shown to inhibit the promoter activity
and mRNA expression of the insulin gene there-
fore, decreasing insulin gene expression [50].
Oxidative stress is also strongly suspected to
be involved in chronic hyperglycaemia-induced
insulin resistance [51].

Experimental and clinical studies have shown
that oxidative stress is involved in the patho-
genesis of various diseases such as cardiovas-
cular diseases and carcinogenesis. It is known
to be playing a key role in the aetiology and
pathophysiology of diabetes [48]. This is
because prolonged exposure of both human
and animal cells and tissues to hyperglycaemia
is known to result in non-enzymatic glycation of
proteins and the end products such as Schiff
base and Amadori products, culminates in the
production of reactive oxygen species (ROS) [3,
4, 52]. Chronic hyperglycaemia is seen as a
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principal factor in promoting the development
of micro-vascular and macro-vascular compli-
cations in type 2 diabetes and hyperglycaemia
is known to be responsible for the damage of
DNA, lipids and proteins and the degree of
damage has been linked to the degree of hyper-
glycaemic-induced production of reactive oxy-
gen species and consequently oxidative stress
[53]. Studies on the level of 8-hydroxy-deoxy-
guanosine modified proteins in GK-rats and
Tucker diabetic rats by Akash et al [3] and
Tanaka et al [54] respectively showed that
hyperglycaemia is a main potential factor of oxi-
dative stress in pancreatic beta-cells and that
glucose-induced oxidative stress explains the
mechanism behind glucotoxicity. To assess the
effect of oxidative stress in type 2 diabetes
mellitus, [53], recruited 309 diabetic individu-
als at the Diabetic Clinic at Charles Sturt
University, Australia. The control group who
were non-diabetic individuals were normogly-
caemic, normotensive and had no history or
evidence of cardiovascular disease. The inves-
tigators collected blood and urine specimens
and measured blood glucose, lipids and oxida-
tive stress biomarkers. The authors observed
significant increase in the levels of glycosylated
haemoglobin, lipids and oxidative stress bio-
markers in diabetic group compared to non-
diabetic and noted that the findings support
the association between type 2 diabetes and
hyperglycaemic-induced oxidative stress, chr-
onic hyperglycaemia and progression to type 2
diabetes. The results also act as additional
diagnostic tool in the screening and interpret-
ing possible risk of developing diabetes in mild-
to-moderate hyperglycaemic patients.

Oxidative stress leads to protein or enzyme
inactivation such as SOD, GPX, CAT and reduced
glutathione and reduction in these proteins
promote oxidative stress [48]. In a study to
investigate the role of oxidative stress in diabe-
tes [55], selected diabetic patients on the basis
of been diagnosed with oral glucose tolerance
test (OGTT) and/or placed on anti-hyperglycae-
mic agents. Control group comprised individu-
als with no diabetes, CVD, renal or respiratory
disease and all participants were comparable
for age, sex, smoking, alcohol consumption,
diet and physical activity. The authors reported
that oxidative stress is apparent in the diabet-
ics and in the development of associated
complications.
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Reduction of oxidative stress by blunting daily
acute glucose fluctuations in patients with type
2 diabetes could be useful. Development of
diabetic complications is very much related to
dysglyceamia (chronic sustained hyperglycae-
mia and acute glycaemic fluctuations). It should
be borne in mind that these types of dysglycae-
mia has been reported to lead to diabetic com-
plications via two principal mechanisms which
include activation of oxidative stress and
increased activation of the innate immune sys-
tem [56-58]. Oxidative stress has been posi-
tively linked to glycaemic variations over a daily
period. To verify this further, [59] designed a
randomised trial in which they evaluated the
effects of daily glucose excursions on plasma
oxidative stress parameters. All the partici-
pants had 48 hour continuous sub-cutaneous
glucose monitoring at first and third visits. The
authors concluded that activation of oxidative
stress can be reduced by controlling acute glu-
cose fluctuations over a daily period in type 2
diabetic patients.

Oxidative stress could fast-track the incidence
of clinical manifestation of type 2 diabetes in
patients and that oxidative stress is a key fac-
tor that enhances the development of athero-
sclerosis in type 2 diabetes [60]. To determine
the relationship between oxidative stress and
the development or progression of type 2 dia-
betes, [60] examined 45 non-smoking male
and female participants aged 35-65 years old
with type 2 diabetes and measured oxidative
biomarkers. It was reported that oxidative
stress as measured by the level of MDA did not
significantly relate to fasting blood level. It is
possible that the outcome of the study is relat-
ed to the small sample size, therefore further
study with larger sample size is suggested.

It has been shown that in diabetes, changes in
the mitochondrial membrane could lead to acti-
vation of complexes in the electron transport
chain thereby contributing to the production of
oxygen radials. In addition, NADPH oxidase is
documented to produce reactive oxygen spe-
cies (ROS) and is viewed as the principal source
of glucose-induced reactive oxygen species for-
mation in the tissues and cells of diabetic mod-
els. It is important to note that xanthine oxidase
plays a role in the generation of ROS which
plays a role in the development of diabetes and
diabetic complications. Glucose and its metab-
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olites have been reported to react with hydro-
gen peroxide in the presence of iron and copper
ions to form hydroxyl radical during auto-oxida-
tion in diabetes thereby promoting the genera-
tion of ROS and development of diabetic com-
plications [60].

Mechanism of diabetic-induced ros production
and oxidative stress

In diabetes, ROS is produced through various
routes such as increased polyol pathway, in-
creased formation of advanced-glycation end-
products (AGEs) and protein kinase C (PKC)
activation [48, 61].

Aldose reductase

This pathway which is dependent on nicotin-
amide adenine dinucleotide phosphate (NAD(P)
H), catalyses the reduction of glucose to sorbi-
tol accompanied by the oxidation of sorbitol to
fructose by NAD*-dependent sorbitol dehydro-
genase. It is believed that hyperglycaemia
results in saturation of hexokinase to the extent
that over 30% of glucose is moved into the poly-
ol pathway [62, 63]. The polyol pathway leads
to a shortage of intracellular NAD(P)H and a
surplus of NADH. Increased NADH generation is
a source of substrate for NADH oxidase to gen-
erate ROS [64] causing DNA damage. The poly-
ol pathway serves as a main source of ROS gen-
eration in the retina and sorbitol accumulation
has been implicated in retinopathy in diabetic
complication [61].

Advanced glycation end-products formation

Glucose can react spontaneously with free
amino groups of protein to form Schiff bases.
These Schiff bases through complex reactions
can form advanced glycation end-products
(AGEs) [65]. It is known that AGEs can cause
tissue damage via formation of cross-links that
alter protein structure and function and interac-
tion of AGE with AGE-cell surface receptors on
endothelial cells and macrophages resulting in
activation of cell signalling and gene expres-
sion that induces oxidative stress and inflam-
mation [10].

Protein kinase C

High glucose levels can stimulate ROS produc-
tion via a PKC-dependent activation of NAD(P)H
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oxidase in cultured aortic endothelial cells,
smooth muscle cells, and renal mesangial cells
[66]. Laboratory evidence indicates that NAD(P)
H oxidase-dependent production of ROS may
cause DNA damage in diabetic renal tissues
leading to the development of nephropathy
[66]. Increased activity of the NAD(P)H oxidase
has been reported in the retina of diabetic rats
suggesting its involvement in the development
of diabetic retinopathy [67].

The relationship between PKC, NADPH and
ROS production

Protein kinase C (PKC) potentially regulates dia-
betic complications via various ways which
includes the activation of endothelial nitric
oxide synthase (eNOS), NAD(P)H oxidase, phos-
pholipase A2 (PLA2), endothelin-1 (ET-1), vas-
cular endothelial growth factor (VEGF), trans-
forming growth factor- (TGF-B), and by activat-
ing NF-KB [68]. Diacylglycerol activated PKC
affects gene expression of key proteins and
reported to lead to decrease blood flow, capil-
lary occlusion, inflammation, free radicals gen-
eration and damage to cellular macromolecule
[68, 69]. High glucose levels can stimulate ROS
production via a PKC-dependent activation of
NAD(P)H oxidase in cultured aortic endothelial
cells, smooth muscle cells, and renal mesan-
gial cells [66]. NADPH oxidase-a primary
enzyme found in phagocytic cells, is the main
source of ROS generation in non-phagocytic
cells such as endothelial cells, fibroblasts and
smooth muscle cells. The expression of NAD(P)
H oxidase components is up-regulated in vas-
cular tissues from animal models of diabetes
and in patients with diabetes and coronary
artery disease [70]. Scientific report has shown
that NAD(P)H oxidase-dependent production of
ROS may cause DNA damage in diabetic renal
tissues culminating in the development of
nephropathy and increased activity of the
NAD(P)H oxidase has also been reported in the
retina of diabetic rats suggesting its involve-
ment in the development of diabetic retinopa-
thy [66, 71].

Antioxidant enzymes and ROS production

High glucose concentrations causes oxidative
stress. Red blood cells and other cells are vul-
nerable to oxidative stress consequent to high
level of polyunsaturated fatty acids, ferrous
ions and molecular oxygen [72, 73]. Persistent
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hyperglycemia and increased oxidative stress
play significant role in the development of sec-
ondary diabetic complications [70]. Cells have
various defence systems to prevent or scav-
enge the over production of reactive oxygen
species and oxidative stress. These include
antioxidant enzymes such as superoxide dis-
mutase, catalase and glutathione peroxidase.
Superoxide dismutase scavenges superoxide
radical by accelerating its conversion to hydro-
gen peroxide while glutathione peroxidase
detoxifies hydrogen peroxides and lipid perox-
ides [74]. Catalase acts in the decomposition
of hydrogen peroxide to water and oxygen.
Hyperglycemia can interfere with the antioxi-
dant defence system which could result into
changes in the activities of antioxidant enzymes
as reported in diabetic conditions. Changes in
antioxidant defence system in a diabetic state
as a significant reduction in SOD activity in red
blood cells of diabetic animal model has been
documented [73]. Such decrease in SOD activ-
ity in hyperglycemic state could be due to ox-
idative stress-induced inactivation. Increased
hydrogen peroxide concentration for example is
known to inactivate superoxide dismutase
while glycosylation of superoxide dismutase
and/or loss of Cu?*, a cofactor required for the
enzyme activity can decrease its activity [75].

Interaction between oxidative stress and in-
flammation

Inflammation is an important physiological
response of the body to various pathological
processes such as pathogen invasion, tissue
injury and irritants. This response involves infil-
tration and subsequent activation of the cells
of the innate immune system and adaptive
immune system to the site of injury and the
production of inflammatory mediators such as
cytokines. It is believed that the release of the
inflammatory mediators is prompted by high
glucose concentration and mediated by oxida-
tive stress [76]. Chronic inflammation and oxi-
dative stress have been implicated in the
pathophysiology of diabetes mellitus. Inflam-
mation and oxidative stress are inextricably
linked in physiological and disease states [77].
Complex interactions between the oxidative
stress and inflammatory pathways involve
mechanisms for both mutual amplification
(positive feedback or a “vicious cycle”). Infla-
mmation is the primary immune system reac-
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tion to eliminate pathogens or other stimuli in
order to restore the cells to normal state or
replace destroyed tissue [78]. Following activa-
tion, innate immune system cells secrete pro-
inflammatory cytokines and chemokines that
stimulate the production of reactive oxygen
species and/or reactive nitrogen species [78].
Pro-inflammatory cytokines can indirectly pro-
voke oxidative stress by activating macro-
phages which is known to play a key function in
removing the pathogen via the generation of
reactive oxygen species [79]. It is important to
note that chronic inflammation is a prolonged
pathological condition recognised by tissue
destruction and fibrosis, culminating in cell
damage due to ROS overproduction from
inflammatory cells.

Chronic inflammation elicits its cellular side-
effects principally via continuous and exces-
sive production of free radicals and depletion
of antioxidants [80]. ROS also increases inflam-
mation by activating certain stress-activated
kinases. ROS can stimulate transcription fac-
tors such as nuclear factor-kappa B (NF-kB)
and activator protein-1 (AP-1), to stimulate pro-
inflammatory cytokine expression. Therefore, it
could be reasonable to suggest that targeting
oxidative stress-inflammatory cytokine signal-
ling pathways could seem an attractive strate-
gy for the treatment of diabetes. Under normal
physiological conditions, oxidative stress and
activation of the immune system are generally
short-lived due to intrinsic negative feedback
mechanisms like increased production of anti-
oxidant compounds or anti-inflammatory cyto-
kines. In certain chronic disease states, such
as diabetes, both oxidative stress and inflam-
mation remain activated and could form a posi-
tive influence in the control of diabetes or a
negative impact depending on various factors
[81].

The role of inflammation in the pathogenesis
of type 2 diabetes mellitus

The idea that type 2 diabetes mellitus is an
inflammatory diseases is seen as an important
factor in the understanding of the factors that
are involved in the development of type 2 dia-
betes. Early study by Schmidt et al [82] demon-
strated that the presence of inflammatory
mediators predicted the future incidence of
type 2 diabetes in adults. Another study
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observed that increased plasma levels of sialic
acid, interleukin-6 and C-reactive protein pre-
dicted the development of type 2 diabetes mel-
litus [16]. A study by Pradhan et al [83] shows
that increased inflammatory biomarkers pre-
dicted insulin resistance and the development
of type 2 diabetes. There is also a study that
reported on the correlation between fasting
insulin levels and C-reactive protein levels in
plasma of diabetics showing that insulin resis-
tance and inflammatory processes are linked
[(84].

Other studies have shown that low-grade
inflammation is associated with the risk of
developing type 2 diabetes mellitus and chron-
ic sub-clinical inflammation is a factor in insulin
resistance syndrome, a strong feature of meta-
bolic syndrome [7, 8]. Although the mechanism
through which chronic inflammation stimulate
the development of type 2 diabetes mellitus is
not well understood, however, it has been
observed that adipose tissue can synthesise
main pro-inflammatory cytokines, tumour
necrosis factor and interleukin-1 and -6 and
that inflammatory biomarkers are linked with
body fat mass, suggesting that activated innate
immunity and inflammation are important bio-
logical factors in the pathogenesis of diabetes
mellitus and in the complications of type 2 dia-
betes mellitus [85].

For instance, diabetic neuropathy is thought to
develop as a consequence of hyperglycaemia-
induced metabolic, enzymatic and micro-vas-
cular alterations associated with the produc-
tion of local and infiltrating pro-inflammatory
cytokines with effects on neurons in the cen-
tral, peripheral and autonomic nervous system
and hyperglycaemia-induced production of
cytokines have been reported [4]. Animal study
has also shown that in diabetic retinopathy,
MRNA expression for interleukin-1 and tumour
necrosis factor-apha is significantly increased
in the retina of diabetic animal whereas, inhibi-
tion of tumour necrosis factor-alpha showed
improvement in the prevention of diabetic reti-
nopathy [86].

Dalla-Vestra et al [87] reported that patients
with type 2 diabetes with nephropathy indicat-
ed high concentrations of C-reactive protein,
serum amyloid A, interleukin-6 and fibrinogen.
It was noted in another study that db//db mice,
a model of type 2 diabetes and diabetic
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nephropathy showed increased expression of
intracellular adhesion molecule-1, known to
enhance inflammation by increasing leucocyte
and macrophage infiltration and adherence in
glomeruli and tubules [88].

Studies by Nakamura et al [89] and Navarro et
al [7] reported that mRNA expression for
tumour necrosis factor-alpha is significantly
high in the kidneys of diabetic rats when com-
pared with the kidneys of non-diabetic rats. It is
believed that cytokine is cytotoxic to glomeru-
lar, mesangial and epithelial cells and could
potentially induce significant renal damage.

The identification of a novel gene-tanis whose
expression is markedly affected by glucose and
is dysregulated after fasting in the diabetic
state is believed to be a receptor that binds to
serum amyloid A-an acute-phase inflammatory
response protein linked to the development of
type 2 diabetes mellitus suggesting again that
inflammation plays a role in the development of
type 2 diabetes mellitus [91].

According to Bruun et al [92] and Belalcazar et
al [93], fibrinogen, white blood cell count,
C-reactive protein, serum amyloid A and pro-
inflammatory cytokines such as interleukin-1
beta, interleukin-6 and chemokines such as
MCP-1 are increased in the blood levels of indi-
viduals with type 2 diabetes mellitus. However,
these parameters are decreased when individ-
uals with type 2 diabetes mellitus are involved
in robust lifestyle changes that significantly
reduced the body weight. There seem to be an
agreement among scientists that adipose tis-
sue, muscle and pancreatic cells are locations
of inflammation in the presence of obesity and
type 2 diabetes and that these cells are very
important in the production of pro-inflammato-
ry cytokines. The cells act in autocrine and
paracrine pathway to enhance insulin resis-
tance by disrupting insulin signalling in periph-
eral tissues by means of activation of the C-JUN
N-terminal kinase and nuclear factor-kappa B
pathways are activated in more tissues in type
2 diabetes thereby playing a key function in
enhancing tissue inflammation [31, 94].

It is important to note that emerging evidence
has shown that inflammasome NLRP3 (inflam-
masome is a multi-protein oligomer responsi-
ble for the activation of inflammatory respons-
es. It promotes the maturation and secretion of
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pro-inflammatory cytokines Interleukin-1f3 and
Interleukin-18) play a role in the pathogenesis
of metabolic syndrome and type 2 diabetes
mellitus. The activation of NLRP3 inflamma-
some in the pancreas by increased level of glu-
cose and fatty acid followed by release of inter-
leukin-1 beta led to beta cells dysfunction,
apoptosis, insulin deficiency and progression to
type 2 diabetes [95].

Obesity, physical inactivity, smoking, dietary
diets, psychological stress and infections are
seen as activating factors of the innate immune
system which induced chronic low-grade inflam-
mation which in turn via the secretion of pro-
inflammatory cytokines enhance insulin resis-
tance and insulin resistance leads to type 2
diabetes mellitus [96]. People with sedentary
lifestyles have been reported to have higher
glucose and insulin levels than active people
from the same BMI group [97] while smoking
has been positively associated with various
inflammatory biomarkers [98]. On the other
hand, dietary habits have been associated with
the management and prevention of insulin
resistance and diabetes [99]. For instance,
higher consumption of red meat could increase
insulin resistance in non-diabetic subjects
[100]. To investigate the influence of lifestyle
on inflammatory biomarkers in type 2 diabetes,
Pitsavos et al [96] recruited 3042 (1514 males
and 1528 females) in randomised controlled
study. The authors reported an association
between low-grade inflammation markers and
glycaemic control parameters irrespective of
demographic, clinical and lifestyle indices such
as dietary factor. It was found that diabetic indi-
viduals demonstrated increased C-reactive pro-
tein, interleukin-6 and tumour necrosis factor
than non-diabetic individuals. Following multi-
adjusted analysis, the results also showed pos-
itive correlation of blood glucose and insulin
levels with C-reactive protein and interleukin-6
levels confirming the hypothesis that low-grade
inflammation is involved in the pathogenesis of
type 2 diabetes mellitus.

Insulin resistance could increase the concen-
tration of inflammatory biomarkers [94]. This
association may reflects the effects of tumour
necrosis factor and leptin (pro-inflammatory
cytokines) on insulin sensitivity or secretion.
Tumour necrosis factor could produce insulin
resistance via decreased auto-phosphorylation
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of the insulin receptor, conversion of insulin-
receptor substrate-1 into an inhibitor of insulin
receptor tyrosine kinase activity, decrease
GLUT transporter in muscle cells and increases
in circulating free fatty acids [83, 100, 101]. It
is believed that tumour necrosis factor and
interleukin-6 could alter beta-cells function via
direct action or stimulation of free fatty acid
production. These processes enhance or pro-
mote the development of type 2 diabetes con-
firming the relationship between insulin resis-
tance and inflammation and explains how
resistance and inflammation promote the
development of type 2 diabetes mellitus. From
this interaction, we can gain a deeper under-
standing of the role of inflammation and its
interaction with other factors in the pathogen-
esis of type 2 diabetes mellitus. Increased pro-
inflammatory cytokines and activation of the
inflammatory processes are key factors in the
development of insulin resistance and type 2
diabetes. This knowledge and understanding
should motivate scientists to develop an
approach that can inhibit inflammation as a
preventive means in the control of diabetes
mellitus.

The interaction between hyperglycaemia,
inflammation and oxidative stress in type 2
diabetes mellitus

Disturbances in glucose metabolism and resul-
tant hyperglycaemia do play key roles in the
development of type 2 diabetes. Chronic sus-
tained hyperglycaemia has been reported as
playing a role in the development of micro- and
macro-vascular complications known to occur
via series of mechanisms involving oxidative
stress and inflammation [53, 102]. Impaired
fasting glucose could potentially lead to the
development of type 2 diabetes mellitus which
is related to increased oxidative stress and
chronic sub-clinical inflammation [93]. As a
consequence of hyperglycaemic-induced oxi-
dative stress, ROS are known to damage DNA,
lipids and proteins and the degree of damage
or injury is associated with the duration of
hyperglycaemia [103]. The oxidative stress
which is initiated by hyperglycaemic is due to
the increased intracellular and extracellular
free radical concentrations. Decreased levels
or activities of antioxidant protein (glutathione),
enzymes (catalase, glutathione peroxidase,
superoxide dismutase) and micronutrients
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(selenium and zinc) and vitamins such as vita-
min C, E and A, as a result of hyperglycaemia
may stimulate increase generation of reactive
oxygen species, consequently oxidative stress
may in turn stimulate the production of inflam-
matory cytokines and chemokines [104].

In a study by Soleiman et al [105] on the re-
lationship between inflammation, oxidative
stress and type 2 diabetes, it was suggested
that controlling inflammation and oxidative
stress is necessary for accelerating the treat-
ment process and prevention of diabetic com-
plications. In order to investigate the relation-
ship between hyperglycaemia, oxidative stress
and inflammation/inflammation biomarkers,
[53], recruited 309 participants from the dia-
betic Health Screening Clinic in Australia. The
study highlights the potential value that inflam-
matory and oxidative stress makers could con-
tribute to the screening of patients with hyper-
glycaemic state. The findings documented the
contribution of inflammation and oxidative
stress in the progression of type 2 diabetes
mellitus and demonstrated an association
between hyperglycaemia, oxidative stress and
inflammatory biomarkers in a screening popu-
lation. The authors also noted that the effect
of oxidative stress and its relationship with
inflammatory reaction was further supported
by a review of clinical status of patients show-
ing a higher prevalence of self-reported CVD
due to the association between type 2 diabetes
mellitus, inflammation and oxidative stress. It
was reported that hyperglycaemia is associat-
ed with increased risk of developing type 2 dia-
betes and that diabetes is associated with oxi-
dative stress and inflammation responses.
They observed differences in white blood cell
count, blood glucose level, triglyceride, HDC-
cholesterol, glycosylated haemoglobin between
normoglyceamic and hyperglycaemic groups.
Research reports have shown that individuals
with increased levels of interleukin-6 and inter-
leukin-1 beta has a 3-fold increase in the risk of
developing type 2 diabetes whilst low levels of
interleukin-1 beta showed no increased risk of
developing type 2 diabetes [105-107].

It is vital to know that during hyperglycaemia,
cytokine production (inflammation response to
hyperglycaemia) is accompanied by increased
levels of monocyte chemo-attractant protein-1
and reduced levels of insulin-like growth fac-
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tor-1 [60, 94, 106]. It has been reported that
elevated monocyte chemoattractant protein-1
could activate macrophage infiltration into adi-
pose tissue causing induced adipose de-differ-
entiation which contribute to hyperinsulinae-
mia and type 2 diabetes through insulin resis-
tance [108].

Chronic disease progression is believed to be
linked to the interaction between inflammation
and oxidative stress. Increased interleukin-6 is
reported to promote superoxide radicals and
oxidative stress which in turn negatively impact
on effective metabolism of free fatty acids.
Oxidative stress thus induce mitochondrial
uncoupling and increase generation of reactive
oxygen species. In the cascade of reactions,
increased generation of reactive oxygen spe-
cies leads to further oxidative stress which also
elicits inflammatory processes [109].

The pathophysiology of type 2 diabetes melli-
tus reveals that oxidative stress is one of the
factors that plays a role in the pathogenesis of
insulin resistance, impaired insulin secretion,
glucose utilization, impaired hepatic glucose
metabolism coupled with activation of inflam-
mation pro-inflammation cytokines, culminat-
ing in type 2 diabetes [3]. Oxidative stress in
pancreatic beta cells is known to be induced by
high glucose level, hyperlipidaemia and inflam-
matory responses [110]. When a state of oxida-
tive stress is established, it enhances the pro-
duction of pro-inflammatory cytokines such as
tumour necrosis factor (TNF). Increased gener-
ation of reactive oxygen species has been
reported to increase in adipocytes as well and
inflammation-induced oxidative stress has
been noted as one of the most important fac-
tors in the development of type 2 diabetes
[107]. It has been observed that pancreatic
beta cells exposed to elevated concentration of
free fatty acids and hyperglycaemia undergo
apoptosis and that oxidative stress is the
major factor that induced apoptosis in pancre-
atic beta cells [111]. Also, a relationship
between the measurement of oxidative stress
biomarkers and presence of pancreatic beta
cells lesions has been observed in volunteer
type 2 diabetic patients and significant reduc-
tion in the activities of antioxidant enzymes in
patients with increased oxidative stress has
been documented. Oxidative stress-induced
autophagy has been implicated in the patho-
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genesis of type 2 diabetes. Among the factors
that induce autophagy, is free fatty acids via
lipid peroxidation and is known to induce pan-
creatic beta cells oxidative stress-induced
autophagy by causing peripheral insulin resis-
tance in type 2 diabetes [112].

Oxidative stress and inflammation-enhanced
diabetic complications

Diabetic hepatopathy

The liver plays important role in the regulation
of carbohydrate metabolism both in physiologi-
cal and pathological conditions. In type 2 dia-
betes mellitus, insulin resistance leads to
hyperglycaemia in the liver and in turn further
affect glucose uptake or utilization [113].
Growing evidence has linked a low-grade chron-
ic inflammatory response to diabetic mellitus,
its complications, especially liver-associated
complications [114].

Reports have shown that diabetes mellitus is
linked to a variety of liver alterations such as
abnormal glycogen synthesis, fibrosis, cirrho-
sis, acute liver disease and liver hepatitis
[115]. Over production of fatty acids in the liver
and hyperglycaemia can negatively affect liver
integrity and function of the liver thereby con-
tributing to morbidity and mortality in people
with diabetes mellitus [116]. It is known that
the liver is one of the organs that is susceptible
to hyperglycaemic-induced oxidative stress
leading to hepatic damage. Oxidative stress
and inflammatory cytokines contribute to the
pathogenesis and progression of diabetes
which affects the liver [117]. Diabetes, is now
the most common cause of liver disease in the
U.S.A and various types of liver diseases such
as acute liver failure, cirrhosis, hepatocellular
carcinoma can be seen in patients with type 2
diabetes [118]. Cryptogenic cirrhosis, of which
diabetes is, by far, the most common cause, is
now seen as the third leading indication for liver
transplantation in the U.S. Caldwell et al, (1999)
[119] accounting for 12.5% of deaths in
patients with diabetes. Glycogenic hepatopathy
is associated with abnormal glycogen accumu-
lation in hepatocytes, a major cause of hepato-
megaly in type 1 and type 2 [120].

Diabetic retinopathy

Diabetic retinopathy is a principal contributory
factor to visual impairment among working
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adults especially in developed countries and
with the increased prevalence of diabetes mel-
litus in developing countries, diabetic retinopa-
thy is becoming of great concern among
patients in developing countries [121]. The
prevalence rate for diabetic retinopathy for all
adults from 40 years is 28.5% (4.2 million peo-
ple) and is expected to increase to 34.6% (93
million people) [13]. Research has documented
that the retina has high levels of polyunsatu-
rated fatty acids and coupled with the highest
oxygen uptake and glucose oxidation compared
to other tissues, making the retina to be sus-
ceptible to oxidative stress [122]. Oxidative
stress by its activating activity, activates other
metabolic pathways such as polyol pathway,
advanced glycation end product pathway, pro-
tein kinase pathway, changes in the expression
of vascular endothelial growth factor which fur-
ther enhance the production of reactive oxygen
species [119]. The role of inflammation in the
development of diabetic retinopathy has been
documented. For example, cyclooxygenase-2
that catalyses the formation of prostaglandin
E2 is induced by interleukin-1, therefore COX-2
and prostaglandin E2 are important factors
that contribute to the development of diabetic
retinopathy and since inflammation is known to
generate ROS, oxidative stress may directly or
indirectly stimulate the release of inflammatory
mediators [119].

Diabetic retinopathy results from damage to
the small vasculature of the retina, multi cellu-
lar and the light sensitive tissue at the back of
the eye. The retina capillaries are lined with
endothelial cells responsible for maintaining
the blood retinal barrier and are surrounded by
smooth muscle cells, pericytes, which provide
tone to the vessels [123]. The vascular lesions
that are identified at the early stage of diabetic
retinopathy include obliteration of capillaries
and small arterioles, gradual thickening of vas-
cular basement membrane, increased perme-
ability of endothelial cells and formation of
microaneurysms, vessel leakage and hemor-
rhage [124].

Diabetic nephropathy

With hyperglycaemia as the driving force, dia-
betic nephropathy is regarded as one of the
most common complications of type 2 diabetes
and the leading cause of end-stage renal dis-
ease [106, 125]. It is a progressive disease
with its pathogenesis influenced by factors
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such as duration of diabetes, oxidative stress-
induced poor glycaemic control, hypertension,
hypertriglyceridaemia, increased production of
cytokines Il-6 and tumour necrosis factor from
endothelial cells culminating in the induction of
inflammation in type 2 diabetes [126, 127]. It
has been shown by Kafle et al [128], that pro-
longed duration of uncontrolled hyperglycae-
mia induces advanced glycation end-products
which activates NFkB-factor. The NF-kB acts on
the nucleus through transcription and release
cytokines and that these cytokines are cyto-
toxic to glomerular and epithelial cells which
induce direct renal damage. The cytokines may
in turn have negative impact on protein perme-
ability barrier of the glomerulus which may
induce changes in haemodynamic factors of
renal cells such as glomerular basement mem-
brane thickening, renal mesangial cell (extra-
glomerular or intra-glomerular cells) expansion
and hyperplasia of extracellular matrix which
represent an important lesion in diabetic
nephropathy in people with long standing type
2 diabetes. Reduction in haemoglobin in
patients with diabetic nephropathy is said to be
related to reduction in the production of hor-
mone erythropoietin [128]. Increased ROS pro-
duction in diabetic condition has been associ-
ated with vasoconstriction, endothelial dys-
function, modification of extracellular matrix
proteins and increase renal sodium reabsorp-
tion [61]. The role of oxidative stress in diabetic
nephropathy has been noted by the observa-
tion that inhibition of oxidative stress improves
the featues linked to STZ-induced diabetic
nephropathy [65]. Leucocytes, monocytes and
macrophages have been implicated in the
pathogenesis of diabetic nephropathy and
inflammatory biomarkers have been linked with
the risk of developing diabetic nephropathy
[129]. Various reports support role of interleu-
kin-1, 6 and 18 in the progression of diabetic
nephropathy [4, 130, 131].

Diabetic neuropathy

Diabetic neuropathy is seen as the most com-
mon micro-vascular complications in diabetes
mellitus. It is believed that 50% of patients with
a 20-year history of diabetes develop neuropa-
thy and that about 10% of diabetic neuropathy
are linked to abnormal sensations and pain
[132, 133] and that the incidence of diabetic
neuropathy increases with duration of diabetes
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and is fuelled by poor glycaemic control, hyper-
glycaemic-oxidative stress and production of
inflammatory cytokines [134]. Oxidative stress
is known to promote apoptosis in neurons and
is seen as a strong factor that leads to damage
to nervous system in diabetes [135]. In diabetic
neuropathy, neurons are not only lost but their
ability to regenerate is equally disturbed. In
non-dividing cells such as the neurons, damage
to proteins and other macromolecules hinder
proteins and other macromolecules to perform
their axonal transport and signaling [136].
Neuropathy is characterized by a progressive
loss of nerve fibre function [137]. In the periph-
eral nervous system, diabetes causes a pro-
gressive decline of sensory nerves and damage
to motor nerves [138].

Diabetic cardiomyopathy

It has been reported that various factors
such as hyperglycaemia, insulin resistance,
increased fatty acid metabolism work together
to contribute to the development and progres-
sion of diabetic cardiomyopathy [139]. In spite
of this recognition of the involvement of the
above-mentioned factors, the interplay of oxi-
dative stress combined with pro-inflammatory
mediators do play important role in the devel-
opment of biochemical and structural changes
that are linked to diabetic cardiomyopathy [63,
140]. Type 2 diabetes is a risk factor for coro-
nary artery disease and stroke [141]. Diabetics
have a 2-to 4-fold higher risk for cardiovascular
events [142] and about 80% of diabetes-asso-
ciated deaths are caused by cardiovascular dis-
ease [143].

Conclusion

Diabetes mellitus is a global public health prob-
lem affecting the poor, rich, educated, unedu-
cated people as well as urban and rural dwell-
ers in both developed and developing coun-
tries. Different factors are interplaying in the
pathogenesis and progression of diabetes mel-
litus. The focus of this review is to examine the
role of oxidative stress and inflammation in the
pathogenesis and progression of diabetes mel-
litus and to critically examine the interplay
based on scientific evidence that exist between
diabetes mellitus, oxidative stress and inflam-
mation. It also examines their interplay in the
development of diabetic complications. The evi-
dence from this review is very clear and shows
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that long-term innate immune activation that
culminates in chronic inflammation plays a role
in the development and progression of diabe-
tes mellitus. It shows that infammatory me-
diators such as interleukin-1-beta, 6, tumour
necrosis factor-alpha are linked to type 2 diabe-
tes mellitus and that these factors contribute
to the generation of reactive oxygen species
and together with hyperglycaemia induce fur-
ther generation of reactive oxygen species. In
the presence of defective antioxidant defence
system either due to endogenous alteration or
exogenous inadequacy that tilt the balance in
favour of free radicals, oxidative stress devel-
ops. Interestingly, it can be observed from this
review that various experimental and clinical
studies support the direct link between oxida-
tive stress and diabetes mellitus through the
measurement of oxidative biomarkers in both
diabetic and non-diabetic animals and humans
and that oxidative stress is strongly involved in
chronic hyperglycaemic-induced insulin resis-
tance. It has been shown that the release of
inflammatory mediators is prompted by hyper-
glycaemia and mediated by oxidative stress
confirming the link between diabetes mellitus,
oxidative stress and inflammation.
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