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Abstract

Diabetes mellitus type 1 (T1D) and type 2 (T2D) develop due to dysfunction of the Langerhans
islet B-cells in the pancreas, and this dysfunction is mediated by oxidative, endoplasmic
reticulum (ER), and mitochondrial stresses. Although the two types of diabetes are significantly
different, B-cell failure and death play a key role in the pathogenesis of both diseases, resulting
in hyperglycemia due to a reduced ability to produce insulin. In T1D, 3-cell apoptosis is the
main event leading to hyperglycemia, while in T2D, insulin resistance results in an inability to
meet insulin requirements. It has been suggested that autophagy promotes p-cell survival by
delaying apoptosis and providing adaptive responses to mitigate the detrimental effects of ER
stress and DNA damage, which is directly related to oxidative stress. As people with diabetes
are now living longer, they are more susceptible to a different set of complications. There
has been a diversification in causes of death, whereby a larger proportion of deaths among
individuals with diabetes is attributable to nonvascular conditions; on the other hand, the
proportion of cancer-related deaths has remained stable or even increased in some countries.
Due to the increasing cases of both T1D and T2D, these diseases become even more socially
significant. Hence, we believe that search for any opportunities for control of this disease is
an overwhelmingly important target for the modern science. We focus on two differences
that are characteristic of the development of diabetes’s last periods. One of them shows that
all-cause death rates have declined in several diabetes populations, driven in part by large
declines in vascular disease mortality but large increases in oncological diseases. Another
hypothesis is that some T2D medications could be repurposed to control glycemia in patients

with T1D. © 2024 The Author(s). Published by
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Introduction

Diabetes mellitus is a group of diseases characterized by high blood glucose levels
(hyperglycemia) caused by the inability of pancreatic (3-cells to secrete enough insulin. Type
1 diabetes (T1D), which accounts for approximately 5% of all cases of diabetes [1], occurs
when (-cells are selectively destroyed by an autoimmune process. The onset of autoimmune
diabetes is preceded by infiltration of pancreatic islets by immune cells. Ultimately, impaired
tolerance to self-antigens allows autoreactive T cells to activate and attack -cells, resulting
in a loss of insulin secretion. However, innate immune cells such as macrophages and
dendritic cells (DCs) are the first to enter the islets in insulitis [2-4]. Type 2 diabetes (T2D),
which accounts for 90-95% of all cases [4], develops due to the inability of 3-cells to produce
enough insulin to meet the needs of a human with respect to aging, inactivity, obesity, or
genetic risk factors. In addition, approximately 10% of T2D patients aged 35 years and older
develop latent autoimmune diabetes, which requires treatment with exogenous insulin [5,
6]. Oxidative stress, which occurs when the balance between the production and removal
of reactive oxygen species (ROS) is disturbed, can contribute to the damage of (3-cells in
both T1D and T2D [5]. ROS, such as superoxide and hydrogen peroxide, cause oxidation of
lipids, proteins, and DNA, which can eventually lead to cell death. Indeed, numerous studies
have reported increased oxidative damage to islets in rodents and diabetic patients [6, 7].
In addition, B-cells are considered vulnerable to oxidative stress due to reduced expression
of antioxidants, including catalase and glutathione peroxidase, compared to their levels
in other tissues [8]. Both forms of diabetes mellitus are characterized by abnormalities in
pancreatic islet beta cells, leading to their death in T1D and accelerated apoptosis in T2D.
The resulting chronic hyperglycemia leads to chronic oxidative stress in all tissues because
glucose at abnormally high concentrations forms reactive oxygen species. It has been
repeatedly emphasized that this can lead to oxidative damage of classic secondary targets of
diabetes, such as the eyes, kidneys, nerves, and blood vessels [9]. It is less well known that
the beta-cell itself is also a prime target, which multiplies the risk. This adverse effect of high
glucose concentrations is called glucose toxicity. The main manifestation of glucose toxicity
in B-cells is anomalous insulin gene expression, decreased insulin levels, and defective
insulin secretion.

Published paper discussed the underlying mechanism by which resident (pancreatic)
and circulating macrophages regulate 3-cell development and survival in several scenarios,
including T2D, T1D, obesity, oxidative stress, and insulin resistance [9]. Additionally, earlier
studies have shown that the antioxidant enzymes peroxiredoxins are expressed in (3-cells
and protect them from various types of oxidative damage. The roles of peroxiredoxins and
their partners, thioredoxin and thioredoxin reductase, in (-cell antioxidant defense are
well known [10, 11]. We have previously demonstrated the protective role of exogenous
peroxiredoxin 6 under T1D conditions in a diabetic mouse model and in a rat insulinoma
RIN-m5F B-cell model [12-14]. In addition, we have recently discussed the role of senescent
[-cells in the development of type 1 diabetes, in which we concluded that peroxiredoxin 6
can be qualified as a new protective and senolytic agent in diabetes mellitus [15].

The role of oxidative stress in T1D and T2D development

Oxidative stress, which occurs when the balance between the production and removal
of reactive oxygen species (ROS) is disturbed, can contribute to damage to (-cells in both
T1D and T2D [16]. ROS, such as superoxide and hydrogen peroxide, cause the oxidation of
lipids, proteins, and DNA, which can ultimately lead to cell death [17]. Indeed, numerous
studies have indicated increased oxidative damage to islets in rodents and diabetic patients
[18, 19]. In addition, -cells are considered to be particularly vulnerable to oxidative stress
due to reduced expression of antioxidants, including catalase and glutathione peroxidase,
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compared to other tissues [8]. Oxidative stress occurs when ROS are produced at levels that
overcome the antioxidant capacity of the cell. Recent studies have shown high expression
of various isoforms of peroxiredoxins, thioredoxin and thioredoxin reductase in (-cells and
provided experimental evidence supporting the role of these enzymes in promoting 3-cell
function and survival in response to various oxidative stressors [10, 11].

T1D, which accounts for approximately 5% of all cases of diabetes mellitus [20], occurs
when B-cells are selectively destroyed by an autoimmune process. The onset of autoimmune
diabetes is preceded by infiltration of pancreatic islets by immune cells. Innate immune
cells such as macrophages and dendritic cells (DCs) are the first to enter islets in insulitis
[20]. T2D, which accounts for 90-95% of all diabetic disease cases [1], develops due to the
inability of -cells to produce enough insulin to meet their needs with respect to aging,
inactivity, obesity, or genetic risk factors. In addition, approximately 10% of T2D patients
aged 35 years and older develop latent autoimmune diabetes, which requires treatment with
exogenous insulin [21].

The endoplasmic reticulum (ER) is a center of protein synthesis, folding, modification,
and transport, as well as a site of biosynthesis of phospholipids and cholesterol [22, 23].
Our current knowledge suggests that along with genetic defects, dysfunctions of organelles
in B-cells contribute to the earliest stages of the disease as well as other factors, such as
excessive production of reactive oxygen species and a decrease in volume and mass of
beta-cells due to apoptosis [24]. Induction of cellular stress by external or internal players
triggers several coordinated intracellular processes that may lead to either restoring cellular
homeostasis or committing to cell death. Those include the response to unfolded proteins,
autophagy induction, hypoxia response, and regulation of mitochondrial functions, all of
these are parts of the global endoplasmic reticulum stress (ERS) response [25].

Like the ER, mitochondria are complex and dynamic cellular organelles that play a key
role in B-cell functions, in particular by linking glucose metabolism to insulin secretion, as
well as in the regulation of apoptotic cell death through the production of ROS and release
of cytochrome C [26]. In addition, the formation of amyloid as well as stress-induced
dysfunctions of (-cells and their apoptosis were shown to play important roles in the
development of T1D [27-30]. However, the interplay between the ER and mitochondria in a
mechanism of adaptation to environmental stress indicates that both organelles orchestrate
the link between beta cells and the immune system.

Dysfunctional mitochondria have been studied in the context of metabolic disorders
and T2D, where they have been linked for decades to insulin resistance and f3-cell deficiency.
Although B-cell deficiency in pancreatic islets differs in many aspects between T1D and
T2D, the islet-specific inflammatory microenvironment that is characterized by elevated
local levels of proinflammatory cytokines [31, 32], together with increased recruitment
and activation of innate and adaptive immune cells (e.g., macrophages, B cells and T cells)
[33-34] in tissues and accumulation of amyloid deposits [35], is a common feature of
both pathologies. Metformin, GLP-1 analogs, SGLT-2 inhibitors, and the L-VGCC inhibitor
verapamil, which either modulate mitochondrial bioenergetics/ROS (metformin), ER stress
(GLP-1 analogs, [36, 37], toxic glucose (SGLT-2 inhibitors) [38] or cellular Ca** homeostasis
(verapamil) [39], are currently being studied in clinical trials.

Another consequence of ER stress and mitochondrial dysfunction is the induction of
cellular senescence [40] secondary to the increase in ROS production and redox balance
impairment [41]. Cell aging (senescence) is a complex response that determines cell fate and
is characterized by the formation of senescence-associated secretory phenotypes (SASPs) in
response to multiple types of endogenous and exogenous stressors. SASP components are
diverse in nature, including cytokines and chemokines, as well as a wide variety of soluble
and insoluble factors, and may contribute to immune activation by promoting immune
cell infiltration. While further research is definitely needed, it has recently been reported
that islets from T1D mice, as well as (-cells from T1D donors, show elevated markers of
senescence during disease progression [42], suggesting that -cell senescence may be an
adaptive response to long-term cellular stress, thereby potentially promoting autoimmunity
through SASP [43].
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Chronic inflammation and immune status in obesity

Concomitant obesity, diabetes, and cardiopathy suggest common molecular mechanisms
for these diseases and new therapeutic targets. Cardiovascular diseases are considered the
main cause of death and disability in diabetic patients. Diabetes exacerbates the pathologies
underlying atherosclerosis and heart failure. Unfortunately, these mechanisms are not
properly modulated by therapeutic strategies solely focused on optimal glycemic control with
currently available drugs or approaches [44-47]. For example, glucose transporters may be
attractive targets for therapy. Results of metabolomic, epigenetic, and transcriptomic analyses
suggest that GLUT3 is related to glucose oxidation in mitochondria and ACLY-dependent
acetyl-CoA generation, moreover, it is a rate-limiting step in the epigenetic regulation of
inflammatory gene expression. Furthermore, inhibiting GLUT3-dependent acetyl-CoA
generation is a promising way to mitigate various Th17-cell-mediated inflammatory diseases
[48]. Furthermore, the activity of sodium-glucose linked transporters (SGLT) was shown to
be 3-fold increased in the membrane vesicles in the intestine of diabetic subjects, which
may increase capacity of glucose absorption in diabetic subjects [49]. Expression of SGLT1
in heart sarcolemma, which is mediated through leptin, was found to be upregulated in
Type 2 diabetes mellitus (T2DM) and ischemia and decreased in Type 1 DM (T1DM). These
SGLT1 levels were found to be correlated to insulin levels. Insulin stimulates SGLT1 activity
mediated through protein kinase C activation, which in turn leads to the recruitment of SGLT1
to the plasma membrane. Increased levels of SGLT1 lead to increased uptake of glucose in
cardiomyocytes of T2DM patients [50]. In obesity, an increase in inflammatory markers and
mediators was shown to occur, along with an increase in metabolic syndrome components
[49], and this phenomenon may be a precursor to arterial hypertension [51], type 2 diabetes
[52], and cardiovascular events [53]. Highly sensitive C-reactive protein, an inflammatory
marker, was shown to provide additional prognostic information for cardiovascular disease
beyond traditional risk factors in all major patient populations [53, 54].

In diabetes, glucose is retained in kidney and gluconeogenesis is increased (partially
via fructose-dependent pathway). This is not good for adaptation, because it maintains
hyperglycemia. In many organisms including humans, the uptake and metabolism of
D-glucose in cells constitutes a significant energy source [55, 56-54]. The brain alone, for its
normal function, requires uptake of about 125 grams of glucose per day. Therefore, to provide
a constant glucose delivery, blood glucose level is tightly controlled. This control involves
hormones such as glucagon and insulin that regulate the glucose uptake into cells as well as
its storage and endogenous production [57]. C-reactive protein (CRP) is an evolutionarily
conserved protein [58]. From arthropods to humans, CRP has been found in every organism
where the presence of CRP has been sought. Human CRP is a pentamer made up of five
identical subunits which binds to phosphocholine (PCh) in a Ca2+-dependent manner.

Hyperlipidemia in atherosclerotic plaques leads to the recruitment and migration of
monocytes and other immune and inflammatory cells into the subendothelial vascular layer.
Any atherosclerotic lesions were shown to contain T cells in addition to macrophages, but
T cells in humans with diabetes were found to have a predominantly proinflammatory Th1
phenotype [59, 60]. In addition to the detrimental effects of low-density lipoproteins on
macrophages and foam cells, cholesterol crystals themselves in an atherosclerotic lesion can
activate the protein-3 inflammatory complex [57, 58]. This leads to increased transcription of
NF-kB-regulated gene products and interleukin-1(3, providing an additional positive feedback
mechanism to enhance the deleterious effects of cholesterol particles that accumulate in
lipid-rich plaques [59, 60], which may be involved in accelerated atherosclerosis in diabetic
dyslipidemia.

C-reactive protein (CRP) is an evolutionarily conserved protein, found in all species,
where its presence was analyzed [61-63]. Human CRP is a pentamer made up of five identical
subunits which may bind to phosphocholine in a manner that depends on Ca2+-. Increased
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CRP level is observed in humans with excessive body weight, since their adipocytes produce
tumor necrosis factor a and interleukin 6, which are pivotal factors for CRP production
stimulation. Furthermore, in healthy people hepatocytes produce relatively low rates
of CRP compared to T2D patients, where elevated levels of inflammatory markers are
reported, including CRP. CRP is also involved in dysfunctions of epithelium, the production
of vasodilators, and vascular remodeling. Furthermore, increased CRP level is closely
related to vascular system pathologies and metabolic syndrome [63]. CRP may be one of the
possible targets for T2D therapy, and understanding the relationships between insulin and
inflammation may be helpful for treatment and prevention of T2D. Along with that, ubiquitin
ligases also may be involved in the control of the magnitude or duration of processes that
govern outcome of cellular stress response. So, we may postulate a crosstalk among the
fundamental processes governing ERS responses. In addition, an increased level of CRP
may be a reliable predictor of vascular complications and progression of cardiovascular
complications in patients with diabetes.

The pathology of diabetic cardiomyopathy remains poorly understood [65, 66]. Animal
models of diabetes and studies based on cardiac imaging in humans have demonstrated
both diastolic and systolic dysfunction. Diastolic dysfunction was shown to be a hallmark of
diabetic cardiomyopathy, while systolic dysfunction represented the end stage of progressive
disease [67, 68-]. Human studies also demonstrated early impairment of diastolic function,
including decreased peak systolic and early diastolic myocardial rates [69].

Search for therapeutic approaches for the treatment of diabetes mellitus

The incidence of diabetes mellitus is increasing worldwide, and as recent studies have
shown, it affects 7% of the global adult population [51]. There are two main types of diabetes
mellitus: T1D, which is associated with complete or near-complete insulin deficiency due to
autoimmune-mediated destruction of pancreatic -cells; and T2D, which is associated with
varying degrees of insulin resistance, impaired insulin secretion, moderate and severe (3-cell
apoptosis and increased hepatic glucose production [70].

It has been established that among the methods that reduce the pathological effect of
T1D, the most efficient are continuous injections of insulin or transplantation of healthy
pancreatic islets [71]. Complications that have traditionally been associated with diabetes
mellitus include macrovascular conditions such as coronary heart disease, stroke and
peripheral arterial disease, as well as microvascular conditions, including diabetic kidney
disease, retinopathy and peripheral neuropathy [72]. Heart failure is also a common initial
manifestation of cardiovascular disease in patients with type 2 diabetes mellitus [73] and
is associated with a high risk of mortality in patients with T1D and T2D. Although a large
disease burden associated with these traditional complications of diabetes still exists, the
prevalence of these conditions is declining with improvements in type 2 diabetes therapies.

Epidemiological, animal, and in vitro studies support the antidiabetic effects of many
dietary flavonoids [74, 75]. Dietary flavonoids exert their antidiabetic effects by acting
on various cellular signaling pathways in the pancreas, liver, and skeletal muscle [76, 77].
Flavonoids were shown to be effective in relation to -cell mass and function, as well as
energy metabolism and insulin sensitivity in peripheral tissues. Many of the flavonoid-
related studies discussed in this review also focus on specific signaling pathways involved
in the effects of flavonoids on glucose homeostasis. Emerging evidence indicates that some
dietary flavonoid metabolites act through several components of signaling cascades to
modulate various cell types [78, 79]. However, studies on the antidiabetic effects of dietary
flavonoid metabolites are scarce, and therefore, it is currently unknown whether certain
dietary flavonoid metabolites may mediate the various biological actions of their parent
molecules.

It is important to note that there are also some successes in the development of
therapies against type 1 diabetes. Evidence indicates that defective mitochondrial function
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may play an important role in pancreatic -cell dysfunction and apoptosis; however, the
fundamental role of mitochondrial complex I in T1D and in B-cells remains unclear [80].
According to recent data, pancreatic cell protection may be achieved using the complex I
inhibitor rotenone (ROT), and the potential mechanism was evaluated in a mouse model of
T1D induced by streptozotocin (STZ) and in a cultured mouse pancreatic (3-cell line Min6.
ROT treatment had a hypoglycemic effect, restored insulin levels, and reduced inflammation
and cell apoptosis in the pancreas. In vitro experiments also showed that ROT reduced [3-cell
apoptosis induced by STZ and inflammatory cytokines [81, 82]. In addition, there are data
on the role of hormones, in particular estrogens, in the development of the physiopathology
of pancreatic islets [83].

Moreover, consideration should be given to repurposing T2D drugs for the treatment of
T1D to improve blood glucose control in recurrent metabolic and oxidative beta-cell stress
and limit further immune degradation. These conceptually attractive new approaches will
also require further support from in vitro molecular studies in primary human beta cells/
islets and/or relevant models of beta cell lines.

As people with diabetes are now living longer, they become susceptible to a different set
of complications (Fig. 1). Population studies show that vascular disease no longer accounts
for the majority of deaths among people with diabetes, as it once did [76].

Patients with T2D have been described as having epigenetic modifications. Epigenetics
is the post-transcriptional modification of DNA or associated factors containing genetic
information. These environmentally-influenced modifications, maintained during cell
division, cause stable changes in gene expression. It was found the drug (apabetalone) is
being studied to prevent major adverse cardiovascular events in people with T2D, low HDL
cholesterol, chronic kidney failure, and recent coronary events. It was published a review
aims to describe the relationship between obesity, long-term complications such as T2D, and
epigenetic modifications and their possible treatments [77].

Cancer is now the leading cause of death for people with diabetes in some countries or
regions [78-81], and the proportion of deaths from dementia has increased since the turn of
the century. In England, traditional complications accounted for more than 50% of hospital
admissions for people with diabetes in 2003 but only 30% in 2018, highlighting the changing
nature of diabetes complications in recent times [79, 80].
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Fig. 1. Changes in diabetes complications in recent times.
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It was demonstrated that autophagy promotes [-cell survival by delaying apoptosis
and providing adaptive responses to mitigate the detrimental effects of ER stress and DNA
damage [80-82], the latter of which is directly related to oxidative stress. Thus, elucidating
the regulatory mechanisms of B-cell autophagy under diabetic conditions is an important
area of research to better understand -cell survival and develop therapies that target 3-cells
directly. Watada and Fujitani [83] comprehensively reviewed 3-cell autophagy in the context
of T2D in 2015. The following year, the Nobel Prize in Physiology or Medicine was awarded to
Yoshinori Ohsumi for his “discoveries of the mechanisms of autophagy” [84], sparking further
enthusiasm for how this fundamental cellular process might play a role in the development
of diabetes. Overall, an autophagy-targeted approach to diabetes therapy requires caution
and thoughtful design. An important consideration for developing therapies for diabetes,
which is often administered chronically over a long period of time, is that autophagy has
been reported to promote cancer cell survival [85], and inhibition of autophagy is of great
clinical interest for the treatment of several cancers [86]. Epigenetics played a relevant role
in prevention, diagnosis, and treatment of diabetes [87, 88].

Postoperative infection is also an important complication of diabetes. A meta-analysis
revealed that diabetes mellitus was associated with surgical site infections [87]. Effect severity
was greatest after cardiac procedures, and one study of patients in the U.S. undergoing
coronary artery bypass grafting found that diabetes mellitus was an independent predictor
of surgical site infection compared with nondiabetic patients [89-90].

Although diabetes mellitus does not appear to increase the risk of COVID-19 [91],
various population-based studies report an increased risk of COVID-19 complications among
patients with diabetes. In a population study in Scotland, patients with diabetes were found
to have an increased risk of death or hospitalization in the intensive care unit for COVID-19
in comparison to subjects without diabetes [92]. The risk was especially high for patients
with T1D. Both T1D and T2D were associated with a more than twofold increase in the risk
of hospitalization with COVID-19 in a large-scale Swedish cohort study [93].

Conclusions

The incidence of diabetes mellitus is increasing worldwide; it has recently been reported
that this disease affects 7% of adults worldwide. Diabetes mellitus is a complex metabolic
disorder resulting from defects in insulin secretion. There are two main types of diabetes
mellitus: T1D, which is associated with complete or near-complete insulin deficiency due to
autoimmune-mediated destruction of pancreatic -cells; and T2D, which is associated with
varying degrees of insulin resistance, impaired insulin secretion, moderate and severe (3-cell
apoptosis and increased glucose production in the liver.

In this review, we have focused on the common features of T1D and T2D, which are islet-
specific inflammatory microenvironments characterized by elevated local concentrations
of proinflammatory cytokines, increased recruitment and activation of tissue innate and
adaptive immune cells (e.g., macrophages, B cells and T cells) and the accumulation of
amyloid deposits. As people with diabetes are now living longer, they become susceptible
to a different set of complications. Population-based studies show that vascular disease no
longer accounts for the majority of deaths among people with diabetes, as it once did. Cancer
is now the leading cause of death for people with diabetes in some countries or regions,
and the proportion of deaths from dementia has increased since the turn of the century.
In England, traditional complications accounted for more than 50% of hospital admissions
for people with diabetes in 2003 but only 30% in 2018, highlighting the changing nature of
diabetes complications.
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