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Chapter 15
Oxidative Stress, DNA Damage, 
and Transcriptional Expression of DNA 
Repair and Stress Response Genes 
in Diabetes Mellitus

Jéssica Ellen B. F. Lima, Natália C. S. Moreira, Paula Takahashi, 
Danilo J. Xavier, and Elza T. Sakamoto-Hojo

15.1  �Introduction

Diabetes Mellitus (DM) is a known important worldwide public health problem 
with the number of cases increasing every year. According to the International 
Diabetes Federation, there were approximately 463 million people between the ages 
of 20 and 79 years with diabetes worldwide in 2019. This number is projected to 
reach 578 million by 2030, and 700 million by 2045 (International Diabetes 
Federation 2019). The two major forms of DM are type 1 diabetes mellitus (T1DM) 
and type 2 diabetes mellitus (T2DM). T1DM is an autoimmune disorder that occurs 
predominantly in young individuals, resulting from a destruction of the insulin-
producing β-cells by immune cells, which culminates in insulin deficit. T2DM is 
more common in middle-aged people or above (Newsholme et al. 2016).

Therefore, DM is a chronic metabolic disease that arises from a deficiency of the 
organism in insulin secretion and/or insulin resistance in the peripheral tissues, 
which, in turn, leads to chronic high blood glucose levels or hyperglycemia. 
Ultimately, chronic hyperglycemia has been implicated in long-term complications 
involving a variety of organs, including kidneys, eyes, heart, nerves, and blood ves-
sels (International Diabetes Federation 2019). Individuals are diagnosed with 
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diabetes when displaying the following clinical characteristics: glycated hemoglo-
bin levels (HbA1C) ≥6.5% (48 mmol/mol), fasting plasma glucose levels (FPG) 
≥126  mg/dL (7.0  mmol/L), 2-h plasma glucose levels after 75  g glucose load 
≥200 mg/dL (11.1 mmol/L) (in the absence of unequivocal hyperglycemia, these 
three parameters should be confirmed by retaking the test), or for individuals with 
classic hyperglycemic symptoms/hyperglycemic crisis, casual plasma glucose lev-
els ≥200 mg/dL (11.1 mmol/L) (International Diabetes Federation 2019).

There is evidence of an association between oxidative stress and both types of 
DM. Interestingly, while oxidative stress can be a consequence of these disorders 
due to hyperglycemia, it can also be a contributing factor to the pathogenesis of both 
T1DM and T2DM, considering that reactive molecules play a crucial role in pancre-
atic β-cell damage, in addition to the damage to other tissues and biological 
macromolecules.

15.1.1  �Oxidative Stress

The advancement of age imposes a progressive increase in the production of reac-
tive oxygen species (ROS), and also a reduced antioxidant defense capacity of the 
body (Cui et al. 2012). ROS encompass a group of reactive molecules produced 
from molecular oxygen by reduction–oxidation (redox) reactions. These molecules 
can be divided into non-radicals and free radical species. The superoxide anion radi-
cal (O2

•–) and the hydroxyl radical (OH•) are commonly referred to as free radicals 
because they have at least one free electron. Hydrogen peroxide (H2O2), singlet 
molecular oxygen (1O2), and hypochlorous acid (HOCl) are some major known 
non-radical species (Collin 2019; Sies and Jones 2020). ROS are normal byproducts 
of cellular metabolism generated by various endogenous and exogenous sources. 
The main endogenous sources are the mitochondrial electron transport chain and 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases. However, ROS 
can also be produced in different cell compartments (such as the endoplasmic retic-
ulum [ER], lysosomes, peroxisomes, and membranes) by the action of various stim-
uli (nutrients, growth factors, hormones, cytokines, and others) (He et al. 2017; Sies 
and Jones 2020). In addition to intracellular endogenous sources, ROS can be gen-
erated by exogenous physical agents (ultraviolet light, X-rays, and γ-rays), air pol-
lutants, tobacco smoke, heavy metals, and certain drugs (Moldogazieva et al. 2019).

Under normal conditions and appropriate levels, ROS play important roles in 
several physiological processes, participating in cell signaling pathways, glucose 
uptake, memory function, and cell–cell interactions (Collin 2019; Sies and Jones 
2020). On the opposite, although moderate amounts of ROS have positive effects 
(such as killing of invading pathogens, wound healing, and repairing processes), the 
misregulation of ROS production can cause oxidative damage to macromolecules, 
as well as mitochondrial dysfunction and cell death (Fig. 15.1) (Peoples et al. 2019). 
When present at very high concentrations, ROS react with lipids, proteins, and 
DNA, and can be severely detrimental to cells, thus causing a condition of redox 
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imbalance. This condition leads to the concept of oxidative stress that arises from 
the imbalance between prooxidant species and the antioxidant defense (Moldogazieva 
et al. 2019; Sies and Jones 2020). Moreover, given the fact that superoxide anion 
and hydrogen peroxide levels are significantly higher in the mitochondrial matrix 
than in cytosolic and nuclear spaces, mitochondria become primary targets for 
ROS-induced damage (Luo et al. 2020). The excessive ROS can react with several 
mitochondrial proteins, compromising its function and dynamics and also disrupt 
the mitochondrial permeability transition pore, which facilitates the escape of elec-
trons from the electron transport chain generating ROS and directly contributing to 
the release of ROS to the cytosol (He et al. 2017; Sies and Jones 2020). Mitochondrial 
dysfunction affects several biological processes, including nuclear genomic stabil-
ity and cellular bioenergetics (Luo et  al. 2020). Besides, it have been associated 
with several diseases, such as diabetes (Bhansali et al. 2017) and neurodegenerative 
diseases (Delbarba et al. 2016).

The constant exposure to oxidants triggers many enzymatic and nonenzymatic 
mechanisms, as well as adaptive responses to counteract ROS, ultimately leading to 
the reestablishment of the cellular oxidant/antioxidant homeostasis (Kalyanaraman 
2013). The enzymatic mechanisms include the action of superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GPx), and thioredoxin system. 
SOD enzymes (cytosolic copper/zinc SOD, mitochondrial manganese SOD, and 
extracellular SOD) are involved in the normal dismutation of O2

•− in O2 and H2O2; 
H2O2 can be detoxified in H2O + O2 mainly by CAT, when H2O2 levels are low, and 
by GPx when these levels are high. GPx also metabolizes other lipid peroxides 
(LOOH) (Fig. 15.1) (Kalyanaraman 2013; He et al. 2017). Regarding the mecha-
nism of adaptive response to ROS, there is a signaling pathway under cell exposure 
to the oxidative challenge, with the activation of genes encoding antioxidant 
enzymes responsible for the maintenance of redox homeostasis in eukaryotes. A 
crucial gene is the nuclear factor erythroid 2-related factor 2 gene (NRF2), which is 
a master regulator of the antioxidant response (He et al. 2020).

On the other hand, there are also nonenzymatic detoxification mechanisms, 
which include the small molecular weight antioxidants: ascorbic acid (vitamin C), 
α-tocopherol (vitamin E), reduced glutathione (GSH), carotenoids, lycopene, some 
minerals (zinc, manganese, and selenium), omega-3 and 6, flavonoids, among oth-
ers. While vitamin C reacts rapidly with several ROS types, such as superoxide, 
hydrogen peroxide, and hydroxyl radical, vitamin E can halt lipid peroxidation (He 
et al. 2017).

Nevertheless, stress conditions that impair those adaptive mechanisms, reduce 
the concentrations of antioxidants, or affect the action of antioxidant enzymes can 
lead to oxidative stress by disrupting the redox homeostasis due to excessive ROS 
production, leading to ROS-mediated damage of important organelles and biomol-
ecules (He et al. 2017). Therefore, when there is a redox imbalance, in which the 
levels of prooxidants exceed those of antioxidants, a consequent induction of dam-
age to macromolecules can occur, such as lipid peroxidation, protein oxidation, and 
DNA damage, leading to disease (Kalyanaraman 2013; He et al. 2017), as illus-
trated in Fig. 15.1.
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In the DNA, ROS can react with both purines and pyrimidines, generating a 
number of modified DNA base products. Guanine exhibits a low redox potential 
and, it is preferentially oxidized, with 8-oxo-7,8-dihydroguanine (8-oxoguanine; 
8-oxoG) being the most extensively oxidized DNA lesion that has been measured in 
several studies (Storr et al. 2013; Dizdaroglu et al. 2017). Nucleotides are also prone 
to oxidation by ROS, and the oxidized bases, deoxynucleotide triphosphates, (espe-
cially oxidized dGTP and dATP), could be erroneously incorporated into the DNA 
during the replication (Sun et al. 2015). Following DNA replication, these lesions 
can cause a change from GC to TA (transversion), thus causing mutations 
(Włodarczyk and Nowicka 2019). Therefore, DNA damage can exert an impact on 
DNA replication fidelity, leading to mutations, and imposing a risk to cell metabo-
lism and survival (Włodarczyk and Nowicka 2019). ROS not only induce oxidized 
bases, abasic (AP) sites, and single-strand breaks (SSBs) (Hegde et al. 2012), but 
can also cause DNA intrastrand and interstrand crosslinks, DNA–protein crosslinks, 

Fig. 15.1  ROS and oxidative damage. ROS can be generated by endogenous and exogenous 
sources. There are antioxidant mechanisms that maintain ROS homeostasis; however, overproduc-
tion of ROS can occur causing a prooxidant redox imbalance, which leads to oxidative damage and 
mitochondrial dysfunction. Furthermore, mitochondrial dysfunction increases even more ROS 
production. Excessive ROS levels can induce lipid peroxidation, protein oxidation, and DNA dam-
age, thus leading to disease. ROS: reactive oxygen species; O●−: superoxide radical; OH●: hydroxyl 
radical; OH−: hydroxyl ions;  H2O2:  hydrogen peroxide; O−:  superoxide radical; ONOO−:  per-
oxynitrite; NO●: nitric oxide; SOD: superoxide dismutase; GPx: glutathione peroxidase enzyme; 
CAT: catalase
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double-strand breaks (DSBs), as well as damage to the DNA sugar moiety (Storr 
et al. 2013; Dizdaroglu et al. 2017).

DNA repair mechanisms play a crucial role in the maintenance of genome integ-
rity against a large variety of endogenous and exogenous ROS, and also chemical 
and physical agents, guaranteeing the fidelity of DNA replication, thus preventing 
mutations and their consequences (Hanawalt and Wilson 2016). Base excision 
repair (BER) is a well-known major mechanism involved in the repair of ROS-
induced oxidative lesions and SSBs in the DNA. BER requires several proteins; the 
key enzymes are DNA glycosylases, which remove different damaged bases by 
cleavage of the N-glycosylic bonds between the bases and the deoxyribose moieties 
of the nucleotide residues. Briefly, several enzymes participate in a sequential path-
way, performing the initial lesion recognition, removal of oxidized bases by DNA 
glycosylases, such as 8-oxoguanine DNA glycosylase (OGG1), followed by the 
DNA incision by the apurinic/apyrimidinic endonuclease 1 (APE1), and subsequent 
recruitment of DNA polymerase β (Pol β), which perform gap filling; subsequently, 
ligase 1 or a complex of X-ray repair complementing protein 1 (XRCC1) and ligase 
IIIα seals the resulting gap to complete the repair process (Svilar et al. 2011; Krokan 
and Bjørås 2013; Cadet and Davies 2017).

BER is the major pathway for the repair of oxidative base damage, but other 
repair processes exist in eukaryotes, such as nucleotide excision repair (NER), mis-
match DNA repair (MMR), translesion synthesis (TS), homologous recombination 
(HR), and nonhomologous end-joining (NHEJ); these repair processes are impor-
tant mechanisms implicated in the repair of several types of DNA lesions (base 
damages, SSBs, DSBs, crosslinks, adducts, intercalation, among others) (Krokan 
and Bjørås 2013; Cadet and Davies 2017), being integrated with several cellular 
processes, such as cell cycle regulation, apoptosis, transcription, and replica-
tion. They may also be activated in response to oxidative damage, as an alternative 
repair pathway (Slupphaug 2003; Surova and Zhivotovsky 2013). Interestingly, 
Souza-Pinto et al. (2009) demonstrated that RAD52 (recombination protein) coop-
erates with OGG1 to repair oxidative DNA damage, suggesting a coordinated action 
between these proteins.

15.1.2  �Diabetes Mellitus and Oxidative Stress

Hyperglycemia may lead to increased oxidative stress by the direct production of 
ROS, or by changes in the redox homeostasis through the disruption of a variety of 
mechanisms. The production of ROS in DM can be induced by endothelial and 
vascular smooth muscle cells, NADPH oxidase, xanthine oxidase, cyclooxygenase, 
and uncoupled NOS, while nonenzymatic sources include the generation of super-
oxide by the mitochondrial respiratory chain, advanced glycation end products 
(AGEs), activation of protein kinase C, glucose autoxidation process, and activated 
polyol pathway (Ahmad et al. 2017). All of these pathways can trigger redox imbal-
ance (elevated oxidative stress), leading to damaged macromolecules that 
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ultimately, are implicated in the development and progression of DM (Fig. 15.2) 
(Sifuentes-Franco et al. 2017).

T1DM and T2DM are metabolic disorders, apparently with distinct mechanisms, 
but in both diseases, there is a significant loss of insulin-producing β-cells due to 
cell death. High acute or chronic glucose levels in diabetic patients promote an 
increase in the glycolytic flux and, consequently, an increase in the mitochondrial 
metabolism, which exacerbate ROS production (Gerber and Rutter 2017; Volpe 
et al. 2018). Thus, hyperglycemia induces excessive production of superoxide anion 
in the mitochondrial electron transport chain, formation of AGEs, as well secretion 
of proinflammatory cytokines, leading to numerous metabolic abnormalities and 
activation of pathways involved in the development of DM and diabetes complica-
tions (Djeli et  al. 2019). Particularly, ROS are associated with the activation of 
inflammatory pathways that lead to apoptosis in β-cells (Hurrle and Hsu 

Fig. 15.2  Hyperglycemia-induced oxidative stress. Oxidative stress is a critical contributing fac-
tor to diabetes. A chronic state of hyperglycemia can promote an increase in glycolysis, which, in 
turn, acts on several signaling pathways, such as polyol, advanced glycosylation end products 
(AGEs), hexosamine, and protein kinase C (PKC) pathways. All of these pathways can produce 
oxidative stress. Consequently, the stress signaling and the activation of mitochondrial metabolism 
lead to increased nitric oxide synthases (NOS), cytokines, and NADPH oxidase and generation of 
superoxide by the mitochondrial respiratory chain. These pathways, when deregulated, promote 
the production of ROS, redox imbalance (a condition of oxidative stress), increasing lipid peroxi-
dation, damage to proteins and DNA, consequently leading to diabetes. O●−: superoxide radical; 
ONOO−: peroxynitrite; NO●: nitric oxide
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2017), reduction of glucose transporters, inhibition of insulin receptor, and decreased 
insulin gene expression, which are associated with insulin resistance (Boucher et al. 
2014; DeFronzo et  al. 2015). This picture is compatible with alterations in gene 
expression profiles, as observed in peripheral blood mononuclear cells (PBMCs) of 
diabetic patients who display chronic hyperglycemia (Xavier et al. 2015).

15.2  �Type 1 Diabetes Mellitus

T1DM is a consequence of the autoimmune destruction of the insulin-producing 
pancreatic β-cells, which eventually ceases insulin production and hence the glu-
cose uptake by the tissues of the body, and culminates in hyperglycemia (Katsarou 
et al. 2017). Approximately 5–10% of all diabetic patients have T1DM, which can 
occur at any age, although it usually arises during childhood and adolescence 
(International Diabetes Federation 2019). The patients with T1DM commonly pres-
ent classical symptoms as ketoacidosis, excessive thirst, blurred vision, bedwetting, 
frequent urination, fatigue, constant hunger, and weight loss (International Diabetes 
Federation 2019). They require daily insulin injections to control glucose levels and 
avoid life-threatening hypoglycemia; metformin, glucagon-like peptide-1 receptor 
(GLP4-1R) agonists, sodium-glucose cotransporter-2 (SGLT2) inhibitors, dipepti-
dyl peptidase-4 (DPP4) inhibitors may also be used in some cases (International 
Diabetes Federation 2019).

The exact cause of T1DM has not been elucidated, but it might be a result of a 
complex combination of several susceptibility genes (with functions on metabolism 
and immune system), as well as environmental factors (DiMeglio et al. 2018). Over 
90% of T1DM cases have the characteristic presence of autoantibodies for gluta-
mate decarboxylase (GAD65), islet antigen-2 (IA-2), tetraspanin-7, and zinc trans-
porter 8 (ZNT8) that have been usually used as biomarkers of the disease (Katsarou 
et al. 2017; DiMeglio et al. 2018).

Individuals with the HLA class 2 haplotypes, HLA DRB1*0301-DQA1*0501-
DQ*B10201 (DR3) and HLA DRB1*0401-DQA1*0301-DQB1*0301 (DR4-DQ8), 
located on chromosome 6, have the highest genetic risk for T1DM, which are related 
to the development of β-cell-targeted autoimmunity (Katsarou et al. 2017); in addi-
tion, non-HLA genes including those encoding insulin (INS), cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4), non-receptor protein tyrosine phos-
phatase type 22 (PTPN22), and interleukin 2 receptor alpha (IL2RA) have been 
identified by genome-wide association studies (GWAS) as having strong associa-
tions with the disorder (Nyaga et al. 2018). Regarding environmental factors, viral 
infections or toxins, as well as climate and diet have been suggested to contribute to 
T1DM onset (International Diabetes Federation 2019).
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15.2.1  �Oxidative Stress and DNA Damage in T1DM Patients

There is evidence that oxidative stress plays a crucial role in the increased inflam-
mation and release of cytokines, which promotes the destruction of β-cells and the 
development of T1DM (Nassima et al. 2014). In this context, it has been investi-
gated the levels of antioxidants, markers of oxidative stress, and DNA damage in 
patients suffering from T1DM relative to healthy subjects.

Studies with T1DM children and adults have consistently shown an increased 
oxidative stress condition, evidenced by increased total antioxidant status (TAS) 
(Gheni et  al. 2020), high levels of lipid peroxidation (malondialdehyde (MDA), 
lipoperoxides (LPO), and 8-iso-prostaglandin F2α (8-iso-PGF2α)), protein oxida-
tion, DNA oxidation (8-OhDG), and carbonylated proteins (Goodarzi et al. 2010; 
Codoñer-Franch et al. 2010; Nassima et al. 2014; Altincik et al. 2016). Moreover, it 
has been reported that glucose fluctuations may potentiate oxidative stress in non-
obese T1DM children (Meng et al. 2015). On the other hand, the activity of antioxi-
dant enzymes (GPx, glutathione reductase (GR) and SOD), in addition to lipophilic 
antioxidants (α-tocopherol and β-carotene), was found significantly decreased in 
T1DM patients compared to healthy subjects (Codoñer-Franch et al. 2010; Nassima 
et al. 2014). In fact, at the early onset of the disease, T1DM children already show 
glutathione depletion compared to healthy subjects (Pastore et al. 2012).

Furthermore, it has been reported an association between increased oxidative 
stress and impaired antioxidant status with lower levels of Magnesium and Zinc 
(Zn) and increased levels of Copper (Cu), in particular, in poorly controlled (with 
HbA1c ≥ 9%) children (Salmonowicz et al. 2014) and adults (Lin et al. 2014) with 
T1DM. Abnormalities in Zn and Cu levels seem to be associated with increased 
oxidative stress and diabetes complications (Bjørklund et al. 2019). Interestingly, 
Salmonowicz et al. (2014) and Lin et al. (2014) found an increase in CAT and SOD 
activity in T1DM patients, respectively, which might be compensating for the exces-
sive ROS generation in these individuals, but the lower total antioxidant status 
might indicate a deficiency of the antioxidant system in those patients. Moreover, 
the disruption of thiol/disulfide homeostasis, known to play an important role in 
antioxidant responses, is also associated with oxidative damage, and it is considered 
another approach to evaluate oxidative stress (Ates et al. 2016). Durmus et al. (2019) 
and Ates et al. (2016) have shown that T1DM patients have a shift of thiol/disulfide 
homeostasis toward disulfide direction, an indication of oxidative stress, associated 
with chronic inflammation, which is followed by high levels of c-reactive protein, 
besides hyperglycemia.

Additionally, it has been demonstrated that men and women with T1DM have 
significantly more DNA damage and oxidized DNA damage (measured by Fpg-
sensitive sites) in comparison with their corresponding controls (Dinçer et al. 2003). 
Even those T1DM patients with acceptable glycemic control reported significantly 
elevated rates of DNA damage (Hannon-Fletcher et  al. 2000). Chronic 
hyperglycemia-induced cellular damage and oxidative stress are strongly associated 
with micro- and macrovascular complications of diabetes. Recent studies have 
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shown a correlation between increased oxidative stress (high MDA and nitric oxid 
(NO) levels) and hematologic alterations in T1DM patients (Abdel-Moneim et al. 
2020). Abnormalities in erythrocytes have been suggested to play a pivotal role in 
the development of microvascular complications (Abdel-Moneim et al. 2020). High 
levels of lipid peroxidation and NO have been linked to greater severity of retinopa-
thy (Ruia et al. 2016). The glycemic control and oxidative stress management is an 
important issue to be addressed. It has been reported that glycemic variability in 
T1DM patients induces alterations in erythrocyte membrane stability (Rodrigues 
et al. 2018); recently, a correlation has been found between low levels of antioxi-
dants enzymes (SOD and glutathione), high levels of oxidative stress (MDA), and 
impairment of bone formation, in children with T1DM (El Amrousy et al. 2021). 
Collectively, these studies suggest an impairment of the antioxidant defense system 
and an increase in oxidative stress and DNA damage in T1DM patients, which are 
associated with T1DM progression and later complications.

15.2.2  �Transcriptional Expression Profiles of Oxidative Stress 
and DNA Repair Genes in T1DM Patients

A wide interest has been directed to the investigation of molecular pathways under-
lying the development and progression of T1DM and T2DM and their interactions. 
Within this context, studies at a genomic scale have been providing a large volume 
of data that can help in understanding and clarifying the etiopathogenesis of diabe-
tes, with the possibility of contributing to the development of new therapeutic 
strategies.

Since the initial work reported by Schena et al. (1995), the microarray technique 
became a common and important tool in medical and biological research. Over 
more than two decades, several studies developed at a large scale regarding tran-
scriptional profiling have been performed to compare expression profiles displayed 
by patients (for several diseases) relative to healthy subjects. Recently, Gastol et al. 
(2020) have performed a microarray study in T1DM patients to look for alterations 
in molecular pathways, by analyzing differentially expressed genes (DEGs)  in 
blood cells. Interestingly, they found that T1DM patients showed an upregulation of 
genes related to DNA repair (APEX1, ERCC3, ERCC5, PARP1, PARP4, MLH1, 
XPC), antioxidant enzymes (PRDX1, SOD1, SOD2), ER-stress response (ATF6, 
PRDX6, GCLC, TXNRD1), proteasome and autophagosome formation (ATG3, 
ULK1, BECN1, DNAJB1, SQSTM1), apoptosis (caspases, TNF family factors, and 
their receptors), inflammation (NFKB, Il-10, Il-1b), and activation of inflammatory 
pathways. On the other hand, the patients presented a downregulation of genes 
involved in glucose transport (SLC2A11), glutathione synthesis (GCLM), expres-
sion of mitochondrial proteins of complexes I and III, and proteolytic enzymes 
(cathepsins, FRAP1, ATG10, GABARAPL2). Possibly, the inhibition of mitochon-
drial proteins and proteins involved in glutathione synthesis might be responsible 
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for the induction of oxidative stress, which can be related to the activation of DNA 
repair and antioxidant pathways.

There is evidence that ER stress is involved in the destruction of pancreatic 
β-cells, triggering the development of both T1DM and T2DM. The ER is a major 
organelle responsible for regulating protein synthesis, folding, maturation, and 
transport and has a key role in insulin synthesis. The ER maintains a controlled bal-
ance between the synthesis and proper protein folding. However, several conditions 
can break this homeostatic balance, such as excess of nutrients, insulin resistance, 
increased levels of ROS, and inflammation related to obesity. The disturbance of 
this homeostasis leads to an accumulation of misfolded proteins in the organelle, 
either by an increased rate of protein synthesis or by alterations in the ER milieu, 
compromising the efficiency of protein folding. Regardless of the case, the unfolded 
protein response (UPR) is triggered to restore protein homeostasis. In patients with 
diabetes, hyperglycemia triggers the ER to produce an excessive amount of insulin, 
which overloads the ER, leading to the accumulation of misfolded and unfolded 
proteins. The ER overload induces a stress condition that activates the UPR, and 
under pathological conditions and excessive ER stress, the promotion of cell death 
may occur (Cao et al. 2020). Mainly three proteins are responsible for the activation 
of UPR: inositol-requiring protein-1α (IRE1α), protein kinase RNA (PKR)-like ER 
kinase (PERK), and activating transcription factor 6 (ATF6) (Cao et  al. 2020). 
Accordingly, Gastol et al. (2020) observed an increased expression of ATF6, which 
has been linked to the activation of autophagy (Walter et al. 2018). In addition, it has 
been suggested that ER stress induces the release of proinflammatory cytokines, 
which was confirmed by the increased plasma levels of IL-6 and activation of 
inflammatory genes. The authors also discussed that despite the upregulation of 
proteasome and autophagosome formation in T1DM, the removal of damaged pro-
teins can be compromised by a concomitant downregulation of lysosomal proteo-
lytic enzymes, which has been associated with ER stress (Cao et al. 2020).

Irvine et al. (2012) investigated whether there were differences in gene expres-
sion of purified peripheral blood CD14+ monocytes between recently diagnosed 
T1DM children and adult healthy controls by applying the whole-genome microar-
rays, followed by validation of some genes by quantitative polymerase chain reac-
tion (qPCR). The authors showed that the monocyte expression profiles exhibited 
by the patients were clustered into two subgroups, with one of them (group B) 
clustering separate from the other patient subgroup and the healthy controls. At 
diagnosis, both subgroups of patients were clinically identical, however, group B 
presented increased levels of HbA1c 3 and 6 months after diagnosis and needed 
significantly higher insulin doses during the first year of the disease. Expression 
profiles in monocytes from patients belonging to group B showed an upregulation 
of genes related to the UPR, which results from ER stress (IRE1, GRP78, DDIT3, 
XBP1), HIF1A, which is a major mediator of oxidative stress, and several of its 
targets (DDIT4, PFKFB3, and ADM); while genes that play a role in mitochondrial 
oxidative phosphorylation (PDHB, MDH1, IDH1, SDHC, ACLY) and cellular anti-
oxidant pathways (CAT, G6PD, OXR1, PRDX1, PRDX3) were found downregu-
lated, indicating perturbation of protective systems (Irvine et al. 2012). Moreover, 
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mitochondrion was the most significantly enriched cellular component term for the 
downregulated genes in group B. The two biological processes, oxidative and ER 
stresses were found closely associated. Oxidative stress can promote ER stress, and 
in response to that, ER activates the UPR transcriptional program. UPR failure may 
lead to prolonged ER stress, which, in turn, triggers apoptosis and inflammation 
(Cao et al. 2020). Accordingly, genes controlling apoptosis were enriched in mono-
cytes from group B patients. Hence, collectively, these findings imply that the group 
B monocytes are intrinsically susceptible to stress or exist in a stressful environ-
ment, as well as indicate the persistence of ER stress (Irvine et al. 2012).

Intriguingly, Stechova and co-workers (2012) compared gene expression profiles 
of freshly isolated PMBCs from T1DM patients, their first-degree relatives with 
higher genetic risk of developing the disease, and nondiabetic individuals by the 
microarray technology. They observed a clear difference between the expression 
profiles of relatives of patients (in particular the autoantibody-negative ones) and 
healthy controls. Moreover, the highest number of differentially activated cell sig-
naling processes (99 pathways), including DNA damage and oxidative stress path-
ways was reported in the comparison between the relatives, regardless of 
autoantibody status, and the control group. Thus, these findings showed that nondia-
betic relatives of T1DM patients also present alterations in gene expression. 
Caramori et al. (2015) performed a transcriptional profiling study in skin fibroblasts 
taken from 100 T1DM patients and found that longstanding T1DM patients (with-
out diabetic nephropathy) displayed upregulation of DNA repair pathways, DNA 
replication, cell cycle, and RNA degradation compared to T1DM patients with 
nephropathy, and also compared to healthy controls. The authors suggest that the 
increased expression of repair pathways may be involved in preventing or delaying 
the onset of nephropathy.

Another study investigated gene expression profiles of endothelial progenitor 
cells (EPC), which were in vitro differentiated from PBMCs, from T1DM patients 
pre- and post-supplementation with folic acid (FA, a B-vitamin with antioxidant 
properties) and nondiabetic individuals (van Oostrom et  al. 2009). The authors 
found 1591 DEGs between pre-FA treatment T1DM patients and the control group. 
These genes were associated with several processes including response to stress and 
response to hypoxia. Among the upregulated genes (related to these two terms) 
detected in EPC from T1DM patients were dual oxidase 2 (DUOX2), a NADPH 
oxidase that can produce superoxide, nitric oxide synthase 2A (NOS2A) that is 
capable of generating NO  , thioredoxin reductase 2 (XNRD2), a major enzyme 
involved in the control of the intracellular redox balance, lactoperoxidase (LPO) 
and NADPH oxidase organizer 1 (NOXO1), which is associated with the generation 
of ROS. Importantly, after FA treatment the gene expression profiles (513 of the 
1591 DEGs) in diabetic EPC normalized to levels similar to those exhibited by 
healthy individuals. As expected, FA altered the expression of oxidative stress-
associated genes in EPC, with four (DUOX2, NOS2A, NOXO1, and LPO) being 
included among the 513 normalized genes. In addition, another differentially 
expressed gene (down-regulated) in T1DM patients that was normalized by FA 
treatment was the transcription factor V-maf musculoaponeurotic fibrosarcoma 

15  Oxidative Stress, DNA Damage, and Transcriptional Expression of DNA Repair…



352

oncogene homolog F (MAFF). This transcription factor can bind to NRF2, which, 
in turn, plays a crucial role in the antioxidant defense (Golpour et al. 2020).

Recent advances have brought novel high-throughput multi-omics approaches to 
provide a deep comprehensive understanding between disease state and the molecu-
lar profiles of healthy individuals. Instead of a single omics analysis, Balzano-
Nogueira et al. (2021) applied an integrative approach to evaluate gene expression 
profiles, metabolomics, and dietary biomarkers to establish a multi-omics signature 
in children up to 12 months before T1DM development. Interestingly, before T1DM 
development, the children displayed upregulation of several genes associated with 
glucose utilization, energy metabolism, DNA repair, ROS scavenging, ER-protein 
processing, and apoptosis compared to the children who did not develop 
T1DM.  Additionally, arachidonate-lipoxygenase genes (ALOX12, ALOX15, 
ALOX15B, and PTGS1), which are known to be activated by ROS and to increase 
the release of proinflammatory and pro-angiogenic molecules, were found upregu-
lated. On the other hand, immune system pathways (regulation of natural killer 
immunity, CXCR4 signaling, TGFβ signaling, FOXO signaling) became downregu-
lated just before the development of T1DM. At 0–3 months before T1DM diagno-
sis, pathways associated with antigen presentation (NF-kB signaling and insulin 
signaling) became strongly activated. Altogether, the authors pointed out molecular 
profiles following the progression of T1DM, supporting the hypothesis that the 
increased oxidative stress and inflammation do occur even several months before 
the onset of T1DM, being related to the increased activity of proinflammatory cyto-
kines, activation of pathways that favors autoimmunity and cellular damage, con-
comitantly with abnormalities in lipid metabolism and nutrient uptake.

Regarding the expression of noncoding protein genes, microRNAs (miRNAs) 
have been indicated both as potential biomarkers for the earlier diagnosis of diabe-
tes and as therapeutic targets for the treatment of this disorder (Assmann et  al. 
2017). MiRNAs are endogenous noncoding RNA molecules of approximately 22 
nucleotides that are involved in the posttranscriptional regulation of protein-coding 
gene expression by base-pairing to specific sites generally in 3ʼ untranslated regions 
(UTRs) of the messenger RNA (mRNA) targets; in this way, miRNAs lead to the 
degradation and/or translational downregulation of their targets (Agbu and Carthew 
2021). Takahashi et al. (2014) compared the miRNA expression profiles displayed 
by PBMCs from T1DM patients with those from healthy nondiabetic controls by 
performing microarray experiments. The authors identified a set of 44 differentially 
expressed miRNAs (35 upregulated and nine downregulated) that clearly distin-
guish T1DM patients from healthy subjects. After target prediction, results pointed 
to 10,827 and 6,636 potential targets of the up- and downregulated miRNAs, respec-
tively; of note, a total of 85 and 75 genes implicated in DNA repair and response to 
oxidative stress, respectively, are potential targets of the 44 differentially modulated 
miRNAs in T1DM.  Furthermore, Assmann et  al. (2017) performed a systematic 
review of several miRNA studies performed in different tissues (serum, plasma, 
PBMCs, or pancreas) from T1DM patients compared to the controls. They found 
several circulating miRNAs (miR-21-5p, miR-24-3p, miR-148a-3p, miR-181a-5p, 
miR-210-5p, and miR-375) that were upregulated and some miRNAs (miR-146a-5p, 
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miR-150-5p, miR-342-3p, miR-1275, and miR-100-5p) that were found downregu-
lated in T1DM patients compared to the nondiabetic controls. Regarding the upreg-
ulated miR-21-5p, in a previous report in the literature, its function was implicated 
in anti-inflammatory process by inhibition of the NF-kB signaling pathway (Sheedy 
et al. 2010); regarding other relevant functions attributed to miRNAs, miR-24 and 
miR-148 activate insulin expression (Agbu and Carthew 2021), while miR-148a-3p 
is a regulator of β-cell self-tolerance and autoimmunity (Gonzalez-Martin et  al. 
2016); and miR-210-5p targets include genes related to mitochondrial metabolism, 
DNA repair, angiogenesis, and cell survival (Devlin et al. 2011).

Taken together, studies on the whole-transcript expression showed important 
alterations related to the expression of DNA repair and antioxidant genes, ER stress 
response, UPR, apoptosis, mitochondrial genes, and inflammation in T1DM 
patients, as well as in their relatives and also in children before T1DM development. 
Moreover, those genes are putative targets of a set of miRNAs that clearly distin-
guished T1DM patients from healthy individuals. These data support the hypothesis 
that patients with T1DM respond to the increased oxidative stress and DNA lesions 
by means of changes in their gene expression profiles, which probably, may affect 
several biological processes, and may explain the physiological alterations in the 
course of the disease.

15.3  �Type 2 Diabetes Mellitus

T2DM is the most common type of DM, accounting for approximately 90% of all 
diagnosed cases of diabetes (International Diabetes Federation 2019). The disease 
is mainly characterized by hyperglycemia resulting from resistance to insulin action 
and/or by a deficiency in the secretion of this hormone, presenting a great correla-
tion with an unhealthy lifestyle, aging, obesity, and lack of physical activity 
(DeFronzo et al. 2015). The symptoms of T2DM are similar to those of T1DM but 
less acute or intense. The majority of T2DM cases are symptomless and remained 
undiagnosed for a long period, until the hyperglycemia starts to trigger a series of 
complications, including diabetic retinopathy, nephropathy, neuropathy, cardiovas-
cular diseases (International Diabetes Federation 2019), and more recently, it has 
been reported risk to the development of dementia (Mittal and Katare 2016; 
Chatterjee and Mudher 2018).

The biochemical mechanisms and physiological processes that characterize 
T2DM are not well understood. Nevertheless, over 500 genomic regions and some 
susceptibility genes have been identified by GWAS, including PPARG, KCNJ, 
CAPN10, FTO, CDKN2A/B, CDKAL1, TCF7L2, and IGFBP2; in addition, several 
identified genes are associated with diabetes complications, such as GJA8 and 
SLC18A2 (for retinopathy), UMOD and TENM3 (for nephropathy), NRP2 (for neu-
ropathy), and SORT1 (for coronary heart disease); furthermore, SCN3A and SV2A 
genes, which are potential targets for therapeutic purpose, were also identified 
(Vujkovic et al. 2020). Additionally, some studies have been exploring epigenetic 
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alterations in diabetes, since they may also contribute to the genetic susceptibility to 
T2DM (Basile et al. 2014; Kwak and Park 2016).

The main metabolic alterations in T2DM are insulin resistance, β-cell dysfunc-
tion, and chronic inflammation (DeFronzo et al. 2015). Obesity is a great contribu-
tor to those alterations, causing a chronic inflammatory response in the adipose 
tissue, characterized by abnormal production of cytokines, which include mostly 
molecules playing roles in stress response processes and activation of inflammatory 
pathways, such as the JNK and NF-kB pathways (Tsalamandris et al. 2019). Among 
the released cytokines are the Tumor Necrosis Factor-alpha (TNF-α) and Interleukin 
6 (IL-6), which are released at large amounts by adipocytes and act inhibiting the 
tyrosine phosphorylation of insulin receptor substrate (IRS-1) impairing the insulin 
signaling pathway and leading to insulin resistance (Chen et  al. 2017). Besides, 
excessive body fat leads to increased circulation of free fatty acids (FFA), known to 
impair pancreatic β-cell function and decrease insulin secretion, in addition to 
increasing the release of TNF-α and IL-6. Under this condition, there is a preferen-
tial use of lipids as an energy source, especially by muscles, which prevents glucose 
utilization and glycogen synthesis, leading to hyperglycemia. Furthermore, there is 
an increase in insulin secretion to compensate for the insulin receptor resistance, 
and this condition gradually leads to the development of the disease (Huang et al. 
2018). Interestingly, a whole-blood transcriptome study in a large cohort (compris-
ing 1977 nondiabetic obese subjects) reported a correlation between increased body 
mass index (BMI) and downregulation of several genes involved in insulin signaling 
(IRS2, PIK3CD, PIK3R4, PDPK1, AKT1, PTEN, PTPN1), DNA repair (ATM) and 
defense against ROS, including target genes and regulators of NRF2 (SOD2, 
NFE2L2, TXNRD1, MGST2, GSTM2, NQO2), suggesting that these alterations may 
contribute to T2DM development in obese subjects (Homuth et al. 2015).

As already mentioned, in diabetes, the chronic increase in glucose levels leads to 
overproduction of ROS and AGEs, and consequently, oxidative stress. ROS and 
oxidative stress activate pathways linked to increased release of proinflammatory 
cytokines, growth factors, adhesion molecules, and procoagulant factors, all culmi-
nating in β-cell dysfunction, insulin resistance, endothelial dysfunction, and T2DM 
progression with micro- and macrovascular complications (Akash et al. 2013).

Currently, the first line of therapy for T2DM patients is the recommendation of 
changes in lifestyle concomitantly with diet and weight management, in addition to 
regular physical activity and the use of glucose-lowering medicaments, such as met-
formin,  which is the preferred drug as the initial pharmacological treat-
ment. Depending on the progression of the disease, SGLT2 inhibitors, GLP-1 RA, 
DPP-4 inhibitors, sulphonylureas, thiazolidinediones, and insulin have also been 
recommended for glycemic control in T2DM patients (ADA 2020). Treatment for 
T2DM aims to reduce hyperglycemia by two main mechanisms: increased secretion 
of insulin by the pancreas or decreased production of glucose by the liver. However, 
T2DM is a progressive condition, that makes its treatment complicated, mainly due 
to the lack of control in insulin secretion and progressive cell death that leads to 
β-cell dysfunction, which should adjust the amount of insulin secreted in 
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accordance with the needs of the organism. Therefore, patients often have episodes 
of hypoglycemia and hyperglycemia, both linked to serious complications of 
diabetes.

15.3.1  �Oxidative Stress, Mitochondrial Dysfunction, and DNA 
Damage in T2DM Patients

In T2DM, hyperglycemia contributes significantly to the production of ROS, espe-
cially due to an overproduction of superoxide and hydrogen peroxide by the mito-
chondrial electron-transport chain (Dodson et al. 2013). Hyperglycemia can also 
induce the formation of AGEs, from protein glycation, which in turn contribute even 
more to ROS generation, thus aggravating the oxidative stress condition and leading 
to oxidative damage (Reddy et al. 2013; Pugazhenthi et al. 2017). In this context, 
several studies evaluating T2DM patients have shown increased levels of oxidative 
stress markers, measured by high levels of lipid peroxidation (thiobarbituric acid 
reactive substances (TBARS) and MDA), oxidized proteins, and AGEs (Abou-Seif 
and Youssef 2004; Strom et al. 2017) when compared to healthy individuals. The 
increased oxidative stress in T2DM patients is accompanied by decreased levels of 
antioxidant enzymes (GSH, SOD, and CAT) and total antioxidant status (Abou-Seif 
and Youssef 2004; Jiménez-Osorio et  al. 2014; Strom et  al. 2017). NRF2, a key 
protein involved in the transcription of genes belonging to the antioxidant response 
system, was also found in decreased levels in T2DM patients compared to healthy 
individuals (Jiménez-Osorio et al. 2014; Sireesh et al. 2018). Actually, newly diag-
nosed T2DM patients display decreased NRF2 mRNA expression levels and reduced 
levels of its downstream target genes (SOD, HO-1, GPx, and CAT), increased 
mRNA expression levels of oxidative stress markers (p22Phox, TRPC6, and 
SOCS3), and increased levels of inflammatory cytokines (IL-4, IL-10, IL-13, IFN-
γ, TNF-α, and GM-CSF). The reduced levels of NRF2, and consequently, low effi-
ciency of the antioxidant response observed in T2DM patients can further aggravate 
the oxidative stress condition, contributing to the development of diabetes compli-
cations (Jiménez-Osorio et al. 2014). For instance, poor renal function in T2DM 
patients is associated with increased levels of lipid peroxidation (8-iso-PGF2α and 
MDA) (Sauriasari et al. 2015).

For this purpose, Golpour et al. (2020) performed a double-blind randomized 
placebo-controlled clinical trial and observed that a 10-week supplementation with 
fish oil n-3 PUFAs containing eicosapentaenoic (EPA) and docosahexaenoic (DHA) 
acids increased NRF2 gene expression, as well as the total antioxidant status, and 
decreased lipid peroxidation (MDA) in T2DM patients compared to the placebo 
group. Another randomized clinical trial has shown that an eight-week supplemen-
tation with resveratrol increased the expression of both NRF2 and SOD genes, 
increasing the total antioxidant capacity and decreasing the levels of carbonylated 
proteins, besides significantly reducing weight, BMI, and blood pressure levels in 

15  Oxidative Stress, DNA Damage, and Transcriptional Expression of DNA Repair…



356

T2DM patients, compared to those who did not receive any supplementation 
(Seyyedebrahimi et al. 2018). Thus, NRF2 upregulation additionally with the reduc-
tion of oxidative stress markers may have beneficial effects for T2DM patients.

It has been reported that T2DM patients show increased levels of oxidized bases 
in DNA (urinary 8-OHdG) (Tatsch et al. 2015) and in the nucleotide pool (serum 
8-oxodG) (Sun et al. 2015), compared to healthy individuals, and this can also be a 
consequence of oxidative stress. Furthermore, high levels of 8-OHdG in T2DM 
patients have been accompanied by high levels of proinflammatory cytokines and 
higher insulin resistance, suggesting a relationship between inflammation, insulin 
resistance, and oxidative-induced damage in T2DM (Tatsch et al. 2015).

Concerning the importance of glycemic control, higher levels of protein oxida-
tion and lipid peroxidation, and decreased antioxidant status are reported in hyper-
glycemic T2DM patients in comparison with non-hyperglycemic T2DM group of 
patients (Çakatay 2005; Lodovici et al. 2008; Bigagli et al. 2012). The high level of 
protein oxidation in T2DM patients without any comorbidity indicates that oxida-
tive stress is related to hyperglycemia and may not be exclusively a consequence of 
complications of the disease. Besides, it is well known that oxidative stress induces 
DNA damage. Studies with T2DM patients have reported that hyperglycemic 
patients exhibit high levels of DNA damage and oxidative DNA damage compared 
to those of non-hyperglycemic T2DM patients (Lodovici et al. 2008; Xavier et al. 
2015). In this line, Xavier et al. (2014) have shown that a one-week intervention to 
control glucose levels is efficient to significantly reduce DNA damage levels in 
T2DM patients compared to healthy individuals. Since high DNA damage levels are 
associated with the development of diabetes complications (Giacco and Brownlee 
2010; Kumar et al. 2020), it is plausible to suggest that proper glycemic control may 
delay the progression of the disease and later complications.

Moreover, besides the evidence that T2DM patients show higher DNA damage 
than healthy subjects, when cells from T2DM patients were in vitro exposed to 
mutagens, it was found a lower efficiency of DNA repair mechanisms (Blasiak et al. 
2004; Merecz et  al. 2015). Curiously, Merecz et  al. (2015) showed that T2DM 
patients with polymorphisms in APE1 gene (a key gene in BER) showed different 
DNA repair capacities, and higher DNA damage levels compared to those without 
the polymorphism.

Since cellular respiration in mitochondria makes this organelle the site of 
increased production of ROS inside the cell (Peoples et al. 2019), some studies have 
evaluated different mitochondrial parameters in patients with diabetes mellitus. 
Bhansali et al. (2017) have shown that T2DM patients present high levels of mito-
chondrial ROS and several mitochondrial alterations, such as membrane depolariza-
tion, reduced mass, and morphological alterations, all of them being indicative of 
mitochondrial dysfunction. They also showed a downregulation of both mRNA and 
proteins (PINK1, MFN2, NIX, PARKIN, and LC3-II) associated with mitophagy, 
suggesting that an impaired mitophagy favors the accumulation of dysfunctional 
mitochondria and increases ROS production. Additionally, RNA sequencing in 
blood cells of T2DM patients has shown a downregulation of several mitochondrial 
genes, such MT-ATP6, MT-ND1, MT-ND2, MT-ND4, MT-ND4L, MT-ND5, MT-ND6 
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(Ustinova et al. 2020; Lv et al. 2020) related to mitochondrial oxidative phosphory-
lation and mitochondrial energy transduction compared to healthy subjects. 
Furthermore, the quantification of mtDNA copy number (mtDNA-CN) has been 
explored as a marker to assess mitochondrial function, suggesting that a greater 
number of mtDNA-CN is related to a better mitochondrial function. Accordingly, it 
has been found that T2DM patients show lower mtDNA-CN when compared to 
healthy subjects (Cho et  al. 2017; Constantin-Teodosiu et  al. 2020; Latini et  al. 
2020; Fazzini et al. 2021; Memon et al. 2021) and Latini et al. (2020) have sug-
gested that diabetes complications are also associated with lower mtDNA-CN.

Therefore, these studies suggest that hyperglycemia is an important factor 
involved in oxidative stress, oxidative damage, and mitochondrial dysfunction, indi-
cating the requirement of proper control of blood glucose levels and ROS produc-
tion, in an attempt to reduce their detrimental effects on different macromolecules, 
such as nucleic acids, lipids and proteins, and avoiding later diabetes 
complications.

15.3.2  �Transcriptional Gene Expression Profiles in T2DM 
and Alterations in Oxidative Stress and DNA 
Repair Genes

Despite the number of studies regarding T2DM, the molecular mechanisms involved 
in the development and progression of the disease still requires elucidation. In the 
last years, many studies have used large-scale transcriptomic analysis (microarray, 
RNA sequencing, single-cell RNA sequencing) to analyze mRNA, microRNA, long 
noncoding RNAs, and circulatory RNAs expression profiles exhibited by T2DM 
patients to reveal the main genes and pathways associated with the pathophysiologi-
cal changes described in T2DM. Manoel-Caetano et al. (2012) conducted a study 
comparing the transcriptional expression patterns exhibited by PBMCs from T2DM 
patients compared with healthy subjects. The authors obtained a list of 92 differen-
tially expressed genes (52 upregulated and 40 downregulated) in diabetic patients 
compared to the control group; among them, genes related to oxidative stress 
responses and hypoxia (OXR1, SMG1, and UCP3) were highly upregulated, possi-
bly in an attempt to deal with increased oxidative stress. Regarding the downregu-
lated genes, many were involved in inflammation, immune response, and DNA 
repair (including SUMO1, ATRX, and MORF4L2). The downregulation of several 
DNA repair genes is in agreement with the decreased efficiency of DNA repair 
reported for T2DM patients (Blasiak et al. 2004; Merecz et al. 2015). A study per-
formed by Xavier et al. (2015) compared the mRNA transcriptional expression pro-
files of PBMCs from hyperglycemic, non-hyperglycemic T2DM patients and 
healthy individuals. Among the results, they found 478 genes (261 upregulated and 
217 downregulated) differentially expressed related to several processes including 
upregulation of the inflammatory response process and the regulation of DNA 
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repair, downregulation of response to superoxide, and response to the ER stress for 
the comparison between the hyperglycemic and nonhyperglycemic T2DM patients. 
Xavier et al. (2015) also found several differentially expressed miRNAs, such as 
hsa-miR-186, hsa-miR-222, and hsa-miR-29b, when comparing T2DM patients 
versus healthy controls, and these miRNAs were related to the development of 
β-islets, cell cycle regulation, and insulin resistance, respectively. The authors fur-
ther searched for possible interactions between the miRNAs and the differentially 
expressed mRNAs providing new information to the pathogenesis of T2DM and the 
importance of adequate glycemic control.

The skeletal muscle also represents an important target tissue in the study of 
T2DM pathogenesis. A large RNA-seq based transcriptome study of human skeletal 
muscle of T2DM patients reported a significant downregulation of key genes 
involved in insulin signaling (such as MTOR, PIK3CA, MAPK9, SLC2A4, PPARA, 
IRS2), which is suggestive of impaired insulin action; oxidative phosphorylation, 
indicative of mitochondrial dysfunction and related to increased ROS generation; 
ER protein processing, which may be associated with ER stress; and upregulation 
of genes related to apoptosis, TP53 signaling, TNF-receptor family members and 
NF-kB signaling, indicative of increased cell death and inflammation in T2DM (Wu 
et al. 2017).

Another approach to the comprehension of T2DM etiopathogenesis has been 
reported in β-cells of pancreatic islets from human donors by Marselli et al. (2020), 
using RNA sequencing; the authors showed that T2DM islets have several molecu-
lar changes regarding upregulation of ROS activity, intracellular calcium regulation, 
apoptotic pathways, and metabolism of FFAs, whereas processes related to the 
mitochondrial respiratory chain and translational control were downregulated com-
pared to the islets of healthy donors. Accordingly, Lundberg et al. (2018) showed 
that T2DM islets displayed downregulation of genes related to mitochondrial func-
tion, while genes associated with oxidative stress and UPR were upregulated. 
Pancreatic β-cell death has been associated with ER stress and UPR response, due 
to the high insulin demand, which causes an increased dependence on ER function-
ing to ensure proper synthesis and insulin folding (Cao et al. 2020). Komura et al. 
(2010) detected elevated expression of ER stress markers, comparing the transcrip-
tional expression profiles of PBMCs from T2DM patients versus healthy individu-
als. Furthermore, Iwasaki et al. (2014) provided evidence that ATF4 (a transcription 
factor activated after metabolic stresses, including ER stress) was activated by FFAs 
in macrophages. Back et al. (2009) showed that the absence of eIF2α phosphoryla-
tion (responsible for activating ATF4) in mice β-cells caused dysregulated proinsu-
lin translation, increased oxidative damage, and defective ER trafficking of proteins 
and apoptosis. In this context, Lytrivi et al. (2020) provided a comprehensive per-
spective of transcriptional changes in β-cells induced by FFAs. They found changes 
in lipid metabolism, ER stress, cell cycle, oxidative stress, and cAMP/PKA signal-
ing implicated in the lipotoxicity of β-cells. Similarly, Bikopoulos et  al. (2008) 
showed that aside from pancreatic islets chronically exposed to FFAs having a sig-
nificantly reduced glucose-stimulated insulin secretion and increased ROS genera-
tion, they also presented altered expression of 40 genes mainly related to the FFAs 
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metabolism, inflammation, and also to antioxidant defense (which were upregu-
lated), highlighting the importance of FFAs as risk factors for the development 
of T2DM.

Another advanced technology, the single-cell RNA sequencing (scRNA-seq), 
has been used to analyze transcriptional profiles of T2DM patients at the β-cell 
level. Bosi et al. (2020) have made an integrative analysis of large scRNA-seq stud-
ies of human islets to identify molecular alterations and provide new relevant infor-
mation for T2DM pathogenesis. They identified 226 differentially expressed genes 
(210 upregulated and 16 downregulated) that included upregulation of pathways 
linked to lysosome activity and ER stress/UPR and downregulation of pathways 
associated with regulation of ROS, DNA repair, and also regulation of DNA damage 
checkpoint, among others. Curiously, 25 of the differentially expressed genes 
(mainly linked to β-cell damage, increased oxidative stress, ER stress, impaired 
insulin action, and autophagy) had not been previously associated with T2DM, 
which help to understand β-cell dysfunction in T2DM.

Regarding diabetes complications, Massaro et al. (2019) found several miRNAs 
associated with specific diabetes complications. The miR-144-3p, for example, was 
found differentially expressed in both T1DM and T2DM, and its targets are linked 
to impaired insulin signaling pathway (IRS1, TGF-β1, and PTEN). These findings 
strongly correlate with insulin resistance and diabetes development (White 2014). 
Moreover, the gene atlas reported 650 nonredundant genes related to specific com-
plications of diabetes (Rani et  al. 2017), and seven genes (AGER, TNFRSF11B, 
CRK, PON1, CRP, and NOS3) were reported to be associated with cardiovascular 
diseases, nephropathy, retinopathy, and neuropathy, which are complications of the 
disease. Furthermore, the authors also reported miRNAs associated with diabetes 
complications; the hsa-miR-107, for instance, common to all complications, is asso-
ciated with ER stress-induced lipid accumulation. Other miRNAS, such as mir-802, 
mir-181, mir-34a, and mir-24a, have been suggested as novel potential therapeutic 
targets, associated with impaired glucose metabolism, insulin resistance, and β-cell 
death and dysfunction, respectively (Rani et al. 2017).

Taken together, information in the literature on transcriptional expression pro-
files highlights not only a serious picture of changes in different molecular signaling 
pathways in T2DM (such as inflammation, oxidative stress response, DNA repair, 
apoptosis, antioxidant response, mitochondrial function, immune response, and ER 
stress, among others) but also establishes a link and integration between biological 
processes, which are clearly related to the physiological changes presented by 
patients. In addition, the use of microarrays and other advanced techniques for the 
study of large-scale transcriptional profiles brings an immense amount of data, 
revealing altered pathways still unknown in T2DM, thus expanding knowledge 
about the disease and also providing valuable data for new therapeutic and diagnos-
tic possibilities.
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15.4  �Conclusions

Diabetes mellitus is a worldwide public health problem characterized by distur-
bances in the control of glucose levels, generating hyperglycemia and serious con-
sequences for the body. Several multidisciplinary studies have shown that 
hyperglycemia has a major impact on the onset of oxidative stress and mitochon-
drial dysfunction, which is strongly correlated with damage to β-cells and the pro-
gression of the disease toward various complications. There is evidence that in both 
types, T1DM and T2DM, there is an increase of oxidative stress (as it can be 
detected by various molecular and biochemical markers), oxidative damage to mac-
romolecules, as well as decreased antioxidant response and impaired DNA repair 
capacity. Studies on a genomic scale have shown that patients with T1DM and 
T2DM present important transcriptional changes related to a series of biological 
processes, especially regarding responses to oxidative stress, DNA repair, inflam-
mation, immune response, ER stress, and mitochondrial alterations, among other 
processes, which reflects the characteristic picture of physiological changes that 
occur during development and progression of the disease. Therefore, all these 
changes described for diabetes show the need for adequate control of glycemia, in 
an attempt to reduce the deleterious effects over the years of chronic disease, as well 
as to delay its progression and thus avoiding subsequent complications of diabetes.
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