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Abstract 

Diabetes mellitus affects people all over the world of all ages or social groups making it a 

worldwide healthcare challenge. Moreover, untreated or badly treated diabetes carries a risk 

of serious complications including premature death (IDF Diabetes Atlas 9th edition, 2019). 

The main symptom of diabetes is insulin secretion and/or action disorder leading to 

hyperglycemia what results in impaired carbohydrate, fat, and protein metabolism 

(“Diagnosis and Classification of Diabetes Mellitus,” 2013).  

Dnmt2/ Trdmt1 in its structure and sequence is similar to DNA methyltransferases, however, 

it has been shown that mainly methylates aspartic acid transfer RNA, specifically at the 

cytosine-38 residue (Goll et al., 2006; Okano et al., 1998). tRNA methylation ensures 

accurate protein synthesis, tRNA structure stabilization, codon-anticodon interaction 

strengthening, and prevention from any mistakes in a frameshift (Hori, 2014). Different 

tRNA deficiency and various enzymes modifying ribonucleotides in tRNAs can disturb ER 

function. In the presented study we wanted to explore the potential role of 5-Azacitidine and 

Dnmt2/Trdmt1 in pancreatic β-cells.  

To investigate Trdmt1, ER stress, senescence, and aging and potential implications in 

diabetes insulin production and but also possible promotion of senescent cells elimination, 

insulinoma pancreatic β-cells were treated with two compounds: hydrogen peroxide, a well-

known pro-oxidant inducing aging, and SISP, and 5-Azacitidine, an inhibitor of DNA 

methylation and tRNA methylation suppressor at C38 position which is a major Trdmt1 

target (Lewinska et al., 2018; Schaefer et al., 2009).  

In the presented study two insulin secreting pancreatic β-cell lines were treated with 

hydrogen peroxide and 5-Azacitidine. NIT-1 is an insulinoma cell line established from 

NOD/Lt (nonobese diabetic) mice and transgenic for the SV40 T-antigen. BetaTC6 is 

derived from insulinoma transgenic mice expressing SV40 T-antigen. Both cell lines secrete 

insulin in a response to the presence of glucose in the medium. Moreover, NIT-1 

spontaneously develops type 1 diabetes what makes it a good model to understand T1D 

pathogenesis and treatment (Pearson et al., 2016; Poitout et al., 1995).  

Presented results indicate 5-AzaC mediated endoplasmic reticulum stress in pancreatic β-

cells thus UPR and UPS activation. 5-AzaC induced tRNA methylation inhibition at the 

Trdmt1 target site in T1D representative leads to ER stress mediated autophagy pathway 

which prevents apoptosis and maintains proliferation rate. Furthermore, 5-AzaC boosted 
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insulin production in the non-obese diabetic cell line. It has been shown that BetaTC6 cells 

are more vulnerable to stress and HP induced excessive NO production, ER stress, and 

related activation of apoptotic cell death pathway and decreased proliferation. Moreover, HP 

mediated premature senescence, signaling inhibition, and proliferation blockage of senescent 

cells indicates its senostatic activity and HP/5-AzaC mediated selective elimination of 

senescent cells treatment demonstrates senolytic activity. Additionally, Trdmt1 may help to 

cope with the cellular stress induction either by augmented translocation to the cytoplasm or 

increased biosynthesis. 5-AzaC modulates insulin secretion by senescent insulinoma cells 

and enhanced insulin production in the NOD cell line may be considered as a factor 

preventing T1D. The combined therapy of prooxidants and 5-AzaC can be studied as a 

promising candidate for insulinoma treatment.  
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1.1 The pancreas  

The pancreas is a dual-function gland combining two glands in one: an exocrine and an 

endocrine. The location of the pancreas is directly dictated by its significant role in the 

digestion process. The pancreas lies in the upper part of the abdomen behind the stomach 

(Yuan et al., 2021). It is an elongated organ whose widest left part called the head lies against 

the C-shaped duodenum. The next short part of the pancreas connecting the head with the 

body is the neck. The tapered body of the pancreas goes slightly upward and as the last part 

narrows till the end is called the tail and is located close to the spleen (Longnecker, 2021; 

The Pancreas: An Integrated Textbook of Basic Science, Medicine, and Surgery, n.d.). From 

the front, it is separated from the stomach by the omental bursa. Only the anterior part and 

the tail of the pancreas are covered with peritoneum but posteriorly is uncovered with 

peritoneum. The main pancreatic duct (Wirsung) goes through the entire pancreas from the 

tail to the head where it connects with the bile duct creating the hepatopancreatic duct (the 

ampulla of Vater). The accessory duct connects with the main duct at the level of the 

pancreatic neck and opens into the duodenum at the minor duodenal papilla (Beger et al., 

2009; Yuan et al., 2021). The main pancreatic mass is an exocrine part which contains 

distributed throughout the parenchyma an endocrine part. The exocrine pancreas responsible 

for digestion is composed out of acinar cells secreting digestive enzymes like proteinases, 

lipases, and amylases. A secreted liquid containing a mix of digestive enzymes, also called 

pancreatic juice, flows through the pancreatic duct to a duodenum. The endocrine portion 

grouped into islets (Langerhans islets) represents only 3 % of the total pancreatic mass 

(Figure 1). Islets are mainly located near the center of the lobule and each of them contains 

approximately 1 – 3 thousand cells although there have been also found very small islets 

containing about 10 cells or even a single cell distributed among glandular vesicles. Both 

islets and surrounding exocrine pancreatic lobules are penetrated by fenestrated capillaries 

that allow the release of the hormones. Pancreatic islets are composed out of a mix of 5 

different types of cells (α, β, δ, , and PP cells). The endocrine pancreas synthesizes and 

secretes into the bloodstream a hormone GHREL (ε-cells) and 4 hormones responsible for 

maintaining the glucose level in the blood: glucagon (α-cells), insulin (β-cells), somatostatin 

(δ-cells), and 36-amino-acid linear polypeptide called pancreatic polypeptide (PP cells).  

The most common cells present in the Langerhans islands are insulin-secreting β-cells. The 

total content of those cells among all pancreatic endocrine cells reaches 80 %. Those cells 

are mostly found in the center of the islets (Haschek et al., 2009).  
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All of the cells in the mammalian organism have insulin receptors on their membrane.  

 

Figure 1. Langerhans islets of the pancreas (Nelson 1942-, 2005). 

 

1.2 Insulin: synthesis and functions 

Insulin is a small peptide hormone composed of 51 amino acids divided into two chains: an 

A chain (21 amino acids) and a B chain (30 amino acids) bounded by disulfide bonds. At 

first, it is translated from mRNA in the cytosol as a 110 amino-acids long single chain pre-

proinsulin. During translocation into the endoplasmic reticulum, the signal peptide is 

removed what gives a rise to proinsulin. Formed prohormone has an extra C chain and a total 

content of 74 amino-acids. C chain is detached from the proinsulin molecule in the 
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endoplasmic reticulum of β-cells then A, and B chains are linked together forming the active 

hormone – insulin (Weiss et al., 2000) (Robert D. Utiger, 2020) (Figure 2).  

 

 

Figure 2. Insulin synthesis (Nelson 1942-, 2005). 

 

Insulin acts as a hypoglycemic hormone. The glucose level in the blood is regulated by 

insulin which concentration in the blood changes in parallel. Hyperglycaemia increases 

insulin production by pancreatic β-cells what quickly leads to hypoglycemia. Changes in 

insulin release are coupled to changes in β-cells metabolism via metabolic regulation of the 

activity of the ATP-sensitive potassium (KATP) channel. When glucose levels rise, the 

oxidation of glucose by β-cells increases the cellular ATP levels. This causes closure of 

KATP channels, which leads to membrane depolarization, activation of voltage-dependent 

Ca+2 channels, Ca+2 entry which triggers insulin secretion (Freeman, 2006) (Figure 3).  
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Figure 3. Mechanism of glucose-stimulated insulin secretion in pancreatic β-cells 

(Nelson 1942-, 2005). 

 

Insulin secretion is not regulated only by glucose but also other substances like amino acids, 

free fatty acids, glucagon or secretin activate its secretion, and for instance, adrenalin and 

noradrenalin which decrease insulin secretion. Insulin is an antagonist of another pancreatic 

hormone – glucagon whose production is stimulated by hypoglycemia and inhibited by 

increased glucose level in blood (Murray et al., 2015; Popkin, 2015). 
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Insulin does not have a direct impact on glucose penetration into the cells, except for 

adipocytes and muscle cells where it increases glucose uptake. Insulin decreases the blood 

glucose level promoting glycolysis, glycogen synthesis, and the pentose phosphate pathway.  

Furthermore, insulin stimulates different anabolic processes, like lipogenesis and protein 

synthesis. The effect of insulin is exerted in particular in three tissues: muscle, liver, and 

adipose tissue. In the muscle, insulin stimulates glycogen synthesis and protein synthesis. In 

the liver, insulin promotes glycolysis, glycogen synthesis, and the conversion of glucose into 

lipids, which are then distributed to all cells in the form of lipoproteins. In white adipocyte 

insulin enhances lipogenesis and suppresses lipolysis (Murray et al., 2015; Watanabe et al., 

1998). (Figure 4) 

 

 

Figure 4. Hypoglycemic effects of insulin (Nelson 1942-, 2005). 

 

The insulin receptor is a heterotetrameric glycoprotein present on the outer cell membrane 

containing two extracellular α-subunits and two transmembrane β-subunits. Side chains of 

both the A- and B-chain of insulin mediate binding with an α-subunits of the receptor (Kahn 

& White, 1988; Weiss et al., 2000). The intracellular part of the receptor contains a tyrosine 

kinase domain, inactive in the absence of a ligand. In the presence of ligand bound to the 

extracellular domain, the insulin receptor becomes an activated dimer. The kinase domains 

come in contact and are activated by transphosphorylation, resulting in phosphorylation of 

specific Tyr residues in the intracellular part of the receptor outside the kinase domain. The 
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active receptor recruits the intracellular insulin receptor substrate (IRS) proteins, which are 

subsequently tyrosine-phosphorylated. While the phosphorylation of specific tyrosine 

residues activates IRS, there are serine phosphorylation sites that inactivate IRS by causing 

their dissociation from the IR and decreasing tyrosine phosphorylation (Copps & White, 

2012). The binding of insulin to the IR can activate two distinct branches of insulin signaling: 

the Ras-mitogen-activated protein kinase (MAPK) and PI3K-Akt pathways (Hubbard, 

2013), which mediate the different effects of insulin (Figure  5). 

 

 

Figure 5. Insulin receptor and mechanism of signalling (Nelson 1942-, 2005). 

 

PI3K-Akt pathway metabolic effects of insulin are activated by binding of the p85 or p55 to 

the IRS leading to conversion phosphatidylinositol (3,4)-bisphosphate (PIP2) into 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). This translocates Akt-kinase to the cell 

membrane. Akt is completely activated after phosphorylation of threonine 308 by 

phosphoinositide-dependent protein kinase 1 (PDK1) and then phosphorylation of serine 273 

by mTOR complex 2. PI3K-Akt pathway regulates metabolic effects of insulin-like glucose 
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homeostasis, lipid metabolism, protein synthesis but also cell survival and proliferation 

(Gabbouj et al., 2019; Huang et al., 2018).  

The complex of insulin receptor and IRS binds to another docking protein Shc (Src 

homology 2 domain-containing) activating signaling pathway. Shc activation triggers GRB2 

and SOS complex thus activating the Ras-MAPK pathway. Induced in this pathway ERK 1 

and 2 kinases directly impact cell proliferation, differentiation through gene expression 

control (Boucher et al., 2014). 

 

1.3 Pancreatic diseases – contemporary hassle and the approach to cope with it 

Diabetes mellitus is one of the greatest challenges in nowadays medicine. It affects people 

of all ages, communities, and all continents what makes it a worldwide issue. The 

International Diabetes Federation (IDF) reports that 1 in 11 adults suffers from diabetes 

which is approximately 463 million people and half of them are not diagnosed. The other 

great problem is up to 80 % of people with diabetes live in low- and middle-income countries 

which additionally increases the risk of possible complications that untreated or ineffectively 

treated diabetes carries. Even 90 % of all premature deaths related to diabetes occur in poor 

countries (IDF Diabetes Atlas 9th edition, 2019).  

Diabetes is a chronic metabolic disease in which the main symptom is increased glucose 

level in the blood. Hyperglycemia is caused by a failure in insulin secretion and/or action 

what leads to implications in the functioning of several organs including eyes, kidneys, and 

heart. It is a consequence of impairment in carbohydrate, fat, and protein metabolism. Two 

main types of diabetes are distinguished: insulin-dependent type 1 diabetes (T1D) and 

insulin resistance type 2 diabetes (T2D) (“Diagnosis and Classification of Diabetes 

Mellitus,” 2013).  

Type 1 Diabetes (T1D) is an autoimmune disease characterized by a deficit or absence of 

insulin resulting from T cell-mediated destruction of β-cells of the pancreas (Bottazzo et al., 

1974). The reduced production of insulin is responsible for the presence of high blood sugar 

levels. In addition to hypoinsulinaemia and hyperglycaemia other classic symptoms of T1D 

include polyuria, polydipsia, weight loss, and fatigue, which, if untreated, can lead to a coma 

and ultimately to death. Furthermore, T1D patients are characterized by the presence in 

serum of auto-antibodies against β-cell auto-antigens. Islet cell antibodies (ICA) were the 

first auto-antibodies identified in T1D patients (Bottazzo et al., 1974). In addition to ICA, 
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other auto-antibodies associated with T1D are autoantibodies to insulin (IAA) (Palmer et al., 

1983), glutamic acid decarboxylase (GADA) (Baekkeskov et al., 1990), and protein tyrosine 

phosphatase like protein (IA2) (Clayton, 2009). The highest incidence rate of T1D is found 

in adolescents, although it is widely accepted that adults can also develop the disease. T1D 

is a multifactorial disease where both genetic and environmental factors contribute to the 

pathogenesis. In genetically predisposed individuals, multiple and different environmental 

factors trigger an autoimmune response that causes the destruction of pancreatic β-cells. 

Several genome screens, in combination with family-based association studies, have shown 

that the most important genes responsible for the development of diabetes are those related 

to the Human Leukocyte Antigen (HLA), the locus of the genes that encode proteins, which 

facilitate the presentation of antigens to T lymphocytes. HLA is a group of polymorphic 

genes consisting of 30 units, located in humans on the short arm of chromosome 6. 

Approximately 50% of the genetic risk of T1D is correlated with the HLA class II region 

and the presence of haplotypes HLA-DR3-DQ2 and HLA-DR4-DQ8 is the strongest 

determinants of diabetes susceptibility (Pociot & Lernmark, 2016). Other genetic 

polymorphisms that have also been associated with T1D development include those for the 

Insulin gene (INS) (Bell et al., 1984), IL-2 receptor α (Vella et al., 2005), Cytotoxic T 

lymphocyte antigen (CTLA4) (Nisticò et al., 1996), Protein tyrosine phosphatase non-

receptor 22 (PTPN22) (Bottini et al., 2004) and Intercellular adhesion molecule 1 (ICAM1) 

(Nishimura et al., 2000). In addition to genetic components, many environmental factors 

have been associated with increased susceptibility to T1D, although, to date, none have been 

confirmed as a clear causative agent of T1D. The main environmental factors include viral 

factors especially infections with enteroviruses, e.g. children whose mothers during 

pregnancy were infected with an enterovirus have a higher risk to develop T1D. 

Additionally, the other environmental factors provoking the autoimmune attack are: diet, 

insufficiency of vitamin D, or even exaggerated hygiene what leads to the underdevelopment 

of the immune system.  

Patients suffering from T1D are very likely to develop several long-term complications like 

blindness, neuropathy, end-stage renal disease and their quality of life is relatively poor. 

Those people need to watch their diet, ensure regular physical activity, check-ups with the 

doctor, and the most importantly a therapy for insulin replacement. (DiMeglio et al., 2018) 

(Lucier, Weinstock, 2020). The increasing number of diabetic patients increases the need for 

the production of insulin which is an essential and basic medicine in diabetes treatment. 
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Insulin is produced with the usage of recombinant DNA technology. In these 

biotechnological methods, organisms are used to express genes that normally do not occur 

in them by combining DNA molecules from different organisms. First heterologous proteins 

were produced in bacteria Escherichia coli but already in 1977 started to use a eukaryotic 

alternative which was baker’s yeast Saccharomyces cerevisiae that was considered a better 

option for a human use protein production. In 1982 recombinant insulin called humulin was 

produced. It was the very first therapeutic biotechnology product. Ever since various 

numbers of new, improved homologs have been created like produced in S. cerevisiae 

Novolin. Another example may be the Humalog produced in E. coli a fast-acting analog of 

insulin in which the order Pro28 and Lys29 at the C-terminus in the B chain have been 

reversed increasing its availability to function. Those changes were based on the insulin-like 

growth factor 1 (IGF-1) sequence and structure to decrease dimerization of the B subunit 

(Sandow et al., 2015). The vast majority of biopharmaceuticals are being produced in 

mammalian cell lines but recent studies show plant molecular farming as another possibility 

in human therapeutic protein production, including insulin. In 2005 insulin was produced by 

transgenic Arabidopsis thaliana plant. Genetic modification was designed at the 

accumulation of expressed insulin in the storage organelles present in seeds called the 

oilbodies (Nykiforuk et al., 2006). Using transgenic plants in plant molecular farming is very 

promising in a low cost, effective, and biologically active insulin production that can be 

administrated orally or as an injection (Baeshen et al., 2014; Yao et al., 2015). Numerous 

plant-based compounds mimic insulin action and have been used through years in folk 

medicine for diabetes treatment. Insulin-like proteins extracted from different parts of plants 

like leaves, fruits, and seeds have a great perspective to be used as a main or at least 

supporting medicine for diabetic patients. Mechanisms of insulin-like proteins actions are 

similar to insulin biochemical pathways what include insulin resistance modulation or 

controlling the level of glucose. The plants from which derived peptides activate insulin-

mediated pathways can include Glycine max (soybean), Pisum sativum (peas), Costus igneus 

(costus), or Moringa oleifera (moringa) (Costa et al., 2020; Paula et al., 2017). 

Type 2 diabetes (T2D) is the most known and most frequent type of diabetes, which 

typically affects subjects of mature age. (T2D ) is a meaningful problem affecting millions 

of people worldwide. The main issue is a constantly increasing number of patients suffering 

from T2D. This type of diabetes is also the cause of premature mortality and complications 
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like cardiovascular disease, blindness, limb amputation, or kidney dysfunction (Małecki, 

2006; Reed & Scribner, 1999). 

T2D is characterized by weakening insulin secretion and chronic insulin resistance in tissues 

(e.g. muscles, heart, liver). Usually, the original background of T2D is insulin resistance 

leading to increased production of insulin and in the late event function of burden pancreatic 

β-cell is declined. (Małecki, 2006). Insulin resistance is related to some defects of insulin 

receptors (IR) or insulin signaling-transduction. The pancreas of insulin–insensitive patients 

produce greater amounts of insulin to compensate for this state what results in β-cell damage. 

6Even though IRs are present on the membrane of all mammalian cells the major role plays 

the ones located on adipocytes, hepatocytes, and myocytes of skeletal muscle what indicates 

that mainly those three cell types are affected by insulin resistance. 

As for T1D, genetics and environmental factors are important disease determinants in T2D. 

Over 40 genes have been associated with T2D including peroxisome proliferator-activated 

receptor gamma (PPARγ), ATP binding cassette subfamily C member 8 (ABCC8), and 

potassium voltage-gated channel subfamily J member 11 (KCNJ11). (Kooner et al., 2011). 

The environmental causes that have a big impact on the expansion of diabetes are lack of 

physical activity and bad diet what is observed mainly in developing countries. Food, poor 

in nutrients and rich in calories combined with sitting lifestyle increases body mass index 

and obesity level, the main cause of T2D development (Popkin, 2015). Adipose tissue is 

capable of producing and releasing pro-inflammatory cytokines, such as TNFα, IL-6, IL-1β, 

and the chemotactic protein of monocytes (MCP-1) (Coelho et al., 2013; Ruvinsky et al., 

2005). Macrophages associated with adipose tissue are mainly responsible for the synthesis 

of pro-inflammatory cytokines. The adipose tissue of the obese subject is characterized by a 

latent inflammatory state and by an infiltration of macrophages, which actively participate 

in the onset of an inflammatory condition of the adipose tissue itself. In obesity, the 

expansion of adipose tissue leads to hypertrophy of the adipocytes. The release of 

chemokines induces the recruitment of macrophages from the bloodstream. Once penetrated 

into the adipose tissue and activated locally, the macrophages, in synergy with the adipocytes 

and other cells, trigger and perpetuate a vicious circle of recruitment of other macrophages 

and the production of pro-inflammatory cytokines. The visceral adipose tissue, compared to 

the subcutaneous adipose tissue, produces a greater quantity of pro-inflammatory cytokines 

and is characterized by a greater lipolytic activity, with greater release into the circulation of 

free fatty acids compared to the subcutaneous adipose tissue. The increased circulating level 
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of TNFα and IL-6 is closely associated with insulin resistance and the development of type 

II diabetes (Greenberg & Obin, 2006). Insulin resistance is partly justified by the reduced 

level of adiponectin resulting from the increased secretion of TNFα. In addition to the effects 

of TNFα on adiponectin repression, pro-inflammatory cytokines directly alter insulin 

sensitivity by inhibition of the insulin signal. TNFα and IL-6, activate intracellular signals 

that lead to activation of serine kinases such as JNK and the transcription factor NF-κB. The 

activation of JNK involves the phosphorylation and inactivation of the substrate of the 

insulin receptor (IRS) and consequent shutdown of the insulin signal. These effects result in 

an increased production of glucose by the liver (by means of gluconeogenesis and 

glycogenolysis). At the muscle level, glucose intake is reduced. At the level of adipose tissue, 

glucose intake is reduced and the release of fatty acids increases. These events lead to an 

increase in the circulation of glucose and fatty acids and, subsequently, an increase in insulin 

resistance. Furthermore, NF-κB activates the transcription of pro-inflammatory genes that 

increase the release of inflammatory cytokines by amplifying the inflammatory state  

(Figure 6). 

Figure 6. Obesity as a determinant of insulin resistance (Nelson 1942-, 2005). 

 

However, poor insulin sensitivity, even with already developed T2D, can be reversed by 

caloric restriction (CR), weight loss, or intermittent fasting (IF) (Barnosky et al., 2014; 
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Furmli et al., 2018). Nevertheless, in some cases, studies show that the response to IF 

increased or even induced in non-T2D cases of insulin resistance. Those data indicate 

limitations in this approach for diabetes treatment (Horne et al., 2020; B. Liu et al., 2020; 

Park et al., 2017). In opposite to that CR is for sure one of the most effective approaches in 

the T2D treatment. CR is a long-term change of eating habits focusing on the reduction of 

consummated calories but not below the basal caloric metabolism to avoid starvation. 

Lowering calorie intake decreases glucose level, regulates gene expression of proteins 

involved in the insulin signaling pathway, and increases insulin sensitivity (Wiesenborn et 

al., 2014). CR leads to the reduction of adipose tissue and lowers circulating fatty acids that 

are the main inflammatory mediators thus decreasing inflammation states related to a higher 

risk of insulin resistance development. One of the insulin resistance triggers is obesity 

followed by oxidative stress;  thus CR reduces weight loss and lessens free radicals restoring 

normal redox state. Furthermore, CR not only helps to cope with already existing T2D but 

also prevents from developing it as well as other diseases (cancer, cardiovascular disease) 

and promotes longevity by inhibiting aging processes (Anderson & Weindruch, 2012; B. Liu 

et al., 2020; Molfino et al., 2010; Soare et al., 2014; Yaribeygi et al., 2019).  

 One of the genetic factors associated with the development of T2D is genetic variations in 

the Cdk5 regulator associated protein 1-like 1 (cdkal1). Studies showed that Cdkal1 was a 

mammalian methylthiotransferase, which specifically synthesizes 2-methylthio-N (6)-

threonylcarbamoyladenosine (ms(2)t(6)A) at position 37 of tRNA(lys)(UUU). Cdkal1 is an 

ER-localizing protein that is functionally associated with Cdk5/p35. Deficiency of Cdkal1 

in β cells plays a significant role causes glucose intolerance, induction aberrant proinsulin 

synthesis, ER stress in β cells, enhanced susceptibility to high-fat diet stress. But the 

molecular function of Cdk5 is still unknown (Wei & Tomizawa, 2011, 2012). ER stress is 

caused by a mistranslation of Lys codon in Proinsulin and reduces the concentration of 

mature insulin in β cells. It results in lower insulin secretion and glucose intolerance. 

Additionally, ER stress links the molecular level of obesity, the collapse of insulin action, 

and progress of T2D (Wei et al., 2011).  

Diabetes mellitus may be developed as well as a secondary disease after insulinoma 

treatment. Insulinoma is a rare pancreatic neuroendocrine tumor affecting β-cell islets what 

leads to an excessive amount of insulin production resulting in hypoglycemia. Conversely, 

diabetic patients rarely develop insulinoma. However, as a consequence of symptomatic 

hypoglycemia insulinomas do not always produce an adequate amount of insulin. 
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Furthermore, insulinoma may not be detected in diabetic patients due to antidiabetic 

medication being a misleading factor of a decreased blood glucose level (Nastos et al., 2020). 

Insulinoma diagnosis can be difficult due to symptoms similar to other diseases. Small and 

evenly distributed insulinoma tumors can be detected with ultrasonography or computer 

tomography (Grant, 2005). Moreover, the biochemical diagnosis includes plasma glucose, 

insulin, C-peptide, and proinsulin levels detection. Most of the time it can be cured by 

surgical resection. Whenever this approach is not possible insulinoma treatment focuses on 

permanent glucose level monitoring and medical treatment normalizing blood glucose level 

like octreotide or diazoxide administration (Okabayashi et al., 2013). At the basis of 

insulinoma, pathogenesis lies in accumulated genetic and epigenetic changes (Nastos et al., 

2020). The molecular alternations responsible for insulinoma development include increased 

proliferation and cell cycle dysregulation via overexpression of growth signals proteins like 

cyclin D1, Akt1, or ghrelin, inhibited apoptosis related to c-Myc, and Bcl-XL dysregulation, 

or angiogenesis (Jonkers et al., 2007). Moreover, insulinomas exhibit greater levels of 

phosphorylated mTOR signaling pathway proteins like p-mTOR and p-P70S6K. Those are 

involved in autophagy inhibition and cell growth, and proliferation regulation (Zhan et al., 

2012). It has been also shown that the presence of a genetic syndrome leading to the 

expanding of hormonal glands called multiple neoplasia type 1 (MEN-1 syndrome) puts 

patients at a higher risk of insulinoma development. MEN1 gene localized on chromosome 

11q13 encodes menin, a protein interacting with various nuclear and cytosol proteins 

correlated to tumor formation (Shin et al., 2010).   

 

1.4 Endoplasmic reticulum (ER) 

 The endoplasmic reticulum (ER) is an organelle made out of cisternae and tubules closed 

with a membrane. There are two forms of ER so-called smooth (SER) and rough (RER). 

Each of them is specialized in different actions and occurs in different proportions depending 

on the cell function. SER is associated with glycogen metabolism and lipids synthesis. RER, 

further simply named ER, is rich in ribosomes and is a place in a cell where proteins are 

synthesized, folded, post-translational modified, and transported to different destinies 

(Kilarski, 2005). Since from the ER only properly folded proteins are being transmitted, ER 

assures multiple mechanisms of quality control to prevent dangerous consequences of 
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incorrect protein release. All proteins containing any types of defects are either kept in the 

ER for completing folding or are degraded (Ellgaard et al., 1999). 

Disruptions in the ER structure or function as well as an overload of the folding machinery 

by increased expression of wild-type proteins lead to ER stress and activates a signaling 

pathway called unfolded protein response (UPR). The main task of UPR is to arrest protein 

translation to decrease the load within the ER and increase the degradation of misfolded 

proteins (Flamment et al., 2012; Lindholm et al., 2006). ER stress may be triggered to 

develop several disorders like neurodegenerative diseases (Alzheimer disease, Parkinson 

disease, Huntington disease), bipolar disorder, atherosclerosis, inflammation, ischemia, 

heart diseases, liver diseases, kidney diseases, viral infection, and hereditary tyrosinemia 

type I. There are four chemicals evoking ER stress: glycosylation inhibitors, Ca2+ 

metabolism disruptors, reducing agents, or hypoxia. ER stress response consists of four 

mechanisms: translational attenuation, expression of ER chaperones, enhanced ERAD (ER-

associated degradation), and apoptosis (Yoshida, 2007). ER stress possibly plays also an 

important role in the regulation of insulin pathways and thereby contributes to insulin 

resistance in hepatic, muscle, and adipose cells. One of the examples showing connecting 

ER stress and hepatic insulin resistance is ER stress induced by, lipid accumulation 

disrupting insulin signaling. Activated by ER stress SREBP-1c, XBP1 and NRF2 

transcription factors induce lipogenesis. In the response to that collected lipid metabolites 

can interfere with the insulin signaling pathway (Flamment et al., 2012). 

Misfolded or unfolded proteins undergo a complex ERAD process consisting of four main 

steps. At first, with the help of molecular chaperones and lectin-like proteins, aberrant 

proteins are recognized and then retrotranslocated from the ER lumen into the cytosol. Next 

retrotranslocated proteins are ubiquitinated and degraded by the proteasome (Erbaykent 

Tepedelen & Ballar Kirmizibayrak, 2019). Before retrotranslocation and ubiquitination 

glycan chain that may interrupt entrance into the proteasome through the pores are removed 

from the proteins by peptide–N‐glycanase. Proteins are marked with ubiquitin thanks to the 

short 40 - 50 amino acids ubiquitin-binding domains (UBA) present in the bigger proteins 

so-called ubiquitin adaptors. Marked proteins are derived to the proteasome by the AAA-

ATPase p97/Cdc48 complex (Hoseki et al., 2010; Raasi & Wolf, 2007). Ubiquitylated 

proteins are degraded by 26S proteasome made out of the two types of complexes, one 

molecule of catalytic core 20S complex and two molecules of regulatory 19S complex. The 

19S particle is responsible for ubiquitylated proteins recognition in an ATP-dependent 



 

 

22 
 

binding step, ubiquitin removal, and targeting the protein into the 20S complex where 

proteins are degraded into smaller oligopeptides 3 – 15 amino acid long and hydrolyzed to 

amino acids (Pickart, 1997). In pancreatic β-cells, ERAD dysfunction may be an 

administrative factor of diabetes development by disruption of proinsulin maturation in the 

ER. Studies on the rat insulinoma cell line INS-1 with impaired ERAD pathway revealed 

decreased glucose stimulated insulin secretion (GSIS), mitochondrial membrane potential 

reduced Ca2+ level, and escalated ROS production (Hu et al., 2019). 

One of the cellular responses helping restore ER homeostasis during the ER stress caused by 

the accumulation of misfolded proteins in the ER lumen is UPR. This mechanism increases 

the capacity of the ER to fold proteins by enhancing the production of molecular chaperones 

and foldases and decreasing protein biosynthesis. If the ER stress may be mitigated by the 

UPR pathway cell will survive and will be prepared for eventual future ER stress events. 

Whereas if ER stress is unbearable and UPR fails to restore homeostasis cell death promoting 

pathway is activated. As mentioned previously there are some quality control mechanisms 

in the ER that secure proper protein folding. For example, protein folding processes are 

supported by several types of machinery consisting of molecular chaperones like Hsp70 

chaperones BiP/GRP78/Kar2p and Lhs1p/GRP170/ORP150, Hsp90 chaperone GRP90, and 

the lectin chaperones calnexin, calrecitulin, and calmegin (Schröder, 2008). One of the most 

abundant and thus major chaperones in the ER stress is GRP78/BiP (78 kDa glucose 

regulated protein/binding-immunoglobulin protein). GRP78 is an ATP-dependent protein 

that belongs to the HSP70 family with 60% homology and conserved two domains, at the 

N-terminal site ATP binding domain (ABD) and a substrate binding domain (SBD) at the C-

terminal site. GRP78 plays a crucial role in the embryonic development, tumor growth, 

transport of synthesized polypeptides, folding and assembly of proteins, ERAD pathway 

activation by binding with the SBD to misfolded proteins, calcium homeostasis regulation, 

apoptosis inhibition, and activation of transmembrane ER stress sensors (IRE1, PERK, and 

ATF6) (Ibrahim et al., 2019; Inageda, 2010; Jeon et al., 2016; Lee et al., 2006). GRP78 is 

regulated by insulin/IGF-1 signaling pathways. It has been shown that IGF-1R (IGF-1 

receptor) activation induces PI3K/AKT/mTOR pathway thus leading to increased 

transcription level of Grp78 (Ha & Lee, 2020). Moreover, insulin and IGF-1 upregulate 

GRP78 expression what protects the cell from ER-stress mediated apoptotic cell death 

(Inageda, 2010; Novosyadlyy et al., 2008). In normal cell GRP78 binds to activating 

transcription factor (ATF6), protein kinase RNA-like endoplasmic reticulum kinase 
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(PERK), Inositol-requiring enzyme 1 (IRE1), and ER-associated caspases, like 

murinecaspase-12/human caspase 4. When the cell is under a stress condition caused by 

aberrant protein accumulation GRP78 is gradually dissociated from ER-stress sensors what 

activates UPR (Miao Wang et al., 2009). After that PERK is autophosphorylated what 

transits it into an active state. Activated PERK phosphorylates the α subunit of a eukaryotic 

translation initiation factor (eIF2α) which role focuses on the reduction of translation and 

therefore decreasing protein synthesis. However, eIF2α may also selectively increase the 

translation of activation transcription factor 4 (ATF4) by increasing mRNA translation 

containing upstream reading frame (uORF) (Harding et al., 2000; Lu et al., 2004). ATF4 

induces activation of a pro-apoptotic CCAAT-enhancer-binding protein homologous protein 

(CHOP) (Huber et al., 2013). Furthermore, ATF6 released from the GRP78 is translocated 

to the Golgi apparatus and cleaved. After that, the cleaved ATF6 is transported to the nucleus 

where acts as an active transcription factor and increases the synthesis of proteins responsible 

for folding capacity, like GRP78 or GRP94 (Shen et al., 2002). Another transmembrane ER 

stress sensor that is activated by GRP78 release is IRE1. This transmembrane protein 

consists of an N-terminal luminal domain (LD), single pass transmembrane domain, and on 

the cytosolic site a C-terminal tail acting as a protein kinase and ribonuclease. IRE1 LD is 

dimerized/oligomerizatied after direct binding with misfolded proteins and the cytosolic 

domain is autophosphorylated in trans (Adams et al., 2019). An active form demonstrates 

endoribonuclease activity and splices a small 26-base intron from the mRNA encoding the 

transcription factor X-box binding protein 1 (XBP-1) responsible for activation of protein 

degradation on ERAD signaling pathway and ER stress chaperones thus increasing folding 

capacity (Yamamoto et al., 2007; Yoshida et al., 2001). Overexpression of IRE1 under ER 

stress triggered by chronic hyperglycaemia leads to suppression of insulin gene expression 

and insulin mRNA degradation in pancreatic β-cells (Lipson et al., 2006, 2008). In another 

study cyclopiazonic acid (CPA) induced ER stress in β-cells resulted in the degradation of 

insulin-1 (Ins1) and insulin-2 (Ins2) mRNA (P. Pirot et al., 2007).  
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Figure. 7 UPR pathway in a response to ER stress (Avril et al., 2017).  

 

Cell under the ER stress conditions will activate several pathways including translation 

inhibition, protein degradation, or increasing folding capacity by increasing ER size and 

induction of ER chaperones what in the late event should lead to cell survival. However, if 

the stress is too big to handle cell has to be executed via apoptosis. It is a process of 

programmed cell death occurring when the damages in the cell cannot be removed or 

”healed”. In opposite to necrosis, it is a fully controlled cell death that does not lead to any 

inflammation. This specific suicide of a cell is a relevant pathway for maintaining balance 

in the organism by the elimination of unwanted or potentially dangerous cells. Regulated 

IRE1-dependent decay of mRNA (RIDD) leads to the reduction of mRNA localized in the 

ER what if it lasts for too long may induce cell death (Hollien et al., 2009; Sano & Reed, 

2013). ER stress-mediated cell death mechanisms include IRE1 mediated stimulation of 

Apoptotic-Signaling Kinase-1 (ASK1) downstream of stress kinases Jun-N-terminal kinase 
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(JNK). The C-terminus domain of IRE1 binds with an adaptor protein TNF receptor-

associated factor2 (TRAF2) which activates JNK. IRE1 activates apoptosis also via ASK1 

and MKK6/7 activation of p38/MAPK (mitogen-activated protein kinase) signaling 

pathway. Besides, activated JNK attenuate BCL2 responsible for apoptosis inhibition (R. Li 

et al., 2020; Urano et al., 2000). Furthermore, it has been shown that p38/MAPK dependent 

phosphorylation activates pro-apoptotic CHOP and induces autophagy (Kim et al., 2010), 

an alternative survival mechanism activated during ER stress. Autophagy, what from Greek 

means “self-eating”, is a process of lysosomal degradation of damaged organelles, cell 

compartments, or impaired proteins by an organelle called autophagosomes. Autophagy 

activation helps to cope with ER stress and lowers apoptosis. Lysosome-mediated protein 

degradation during ER stress is the secondary response to the accumulation of aberrant 

proteins right after the ERAD pathway. The double-membrane vesicle fuses with the 

lysosome where carried cargo is lysed. Elongation of the vesicles happens thanks to two 

ubiquitin-like conjugation systems, an autophagy gene (ATG)-related proteins 

ATG5/ATG12, microtubule-associated protein light chain 3 (LC3)/ATG8 and class III PI3-

kinase complex. (Runwal et al., 2019). To the family of LC3 proteins belong LC3A, LC3B, 

and LC3C. The best studied form is LC3B which during autophagy is cleaved forming a 

cytosolic LC3B-I and then at the carboxyterminal glycine phosphatidylethanolamine (PE) is 

conjugated and the membrane-bound variant LC3B-II is formed. Located in the membrane 

LC3-II is responsible for collecting the cargo. LC3B-II is further associated with the 

phagophore by the Atg5-Atg12-Atg16L complex which plays a crucial role in the 

autophagophore formation (Noda et al., 2009). The phagophore membrane sac encloses a 

portion of cytoplasm and organelles creating a double-membrane autophagosome vesicle. 

Formed autophagosome fuses with the lysosome and contained it hydrolases degrade carried 

cargo in the lysis process (Mizushima, 2007; Xie & Klionsky, 2007). Lysed content is 

recycled as well as an LC3-I protein. For that, the PE is removed from the LC3-II by Atg4B 

and cytosolic LC3-I is restored (Tanida, 2011). Conversion of LC3-I to LC3-II is correlated 

with the number of autophagosomes and thus is used as a marker of autophagy. Induction of 

ER stress activates IRE1/JNK/beclin-1 mediated autophagy induction accompanied by 

increased apoptosis (Cheng et al., 2014; Zheng et al., 2019). Even though the activation of 

the IRE1-JNK pathway is essential for an ER stress-mediated autophagy induction but it is 

not exclusive (Ogata et al., 2006). However, sometimes proteins are directly transitioned 

into the lysosome in a process called chaperone-mediated autophagy (CMA). This kind of 
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autophagy allows degrading only specific proteins occurring in the cytoplasm. Incorrect 

proteins are recognized and bound by a heat shock-cognate protein of 70 KDa (Hsc70), then 

transferred to the lysosome where interact with the cytosolic part of lysosome-associated 

membrane protein type 2A (LAMP-2A) and enter the lysosome where are completely 

degraded (Cuervo & Wong, 2014; Dice, 2007). It has been shown that ER stress mediates 

CMA via activating UPR proteins (EIF2/PERK) and the p38 MAPK signal transduction (W. 

Li et al., 2017, 2018). Furthermore, study on a pancreatic cancer cells revealed ER stress 

induction, CMA, and apoptosis activation through downregulation of a selective autophagy 

receptor called optineurin (OPTN) which usually is upregulated in a pancreatic cancer cells 

(Ali et al., 2019). Increased autophagosome formation as a response to the ER stress may be 

next to an ERAD pathway an extra system helping to cope with the excess of misfolded 

proteins to promote cell survival. The crosstalk between apoptosis and autophagy suggest 

that induction of one of this pathway inactivates the other. In the situation when the ER stress 

is at approximately a low level autophagy pathway is activated. However at a high level of 

ER tress at first autophagy may be activated and then be inhibited and apoptosis is initiated 

instead (Holczer et al., 2015). Autophagy-apoptosis crosstalk seems to be very complex as 

both pathways can inhibit and activate each other depending on the stress level, cell type, 

and condition. At the acute level of ER stress autophagy switch to apoptosis pathway is 

already irreversible (Zhu, 2020). Autophagy can inhibit apoptotic cell death via abnormal 

proteins removal, inhibition of apoptotic caspases activation (caspase-8), or SQSTM1/p62 

autophagy-specific substrate exclusion. However, under ER stress autophagy activates 

apoptotic cell death. ER stress results in the increased release of Ca2+ to the cytoplasm from 

the ER what stimulates autophagy via protein kinase C (PKC) and apoptosis via Ca2+-

mediated mitochondrial cell death.  Increased release of Ca2+ from ER results in autophagy 

activation through CaMKK-β, AMPK, and mTOR pathway (Høyer-Hansen & Jäättelä, 

2007; Sano & Reed, 2013; Song et al., 2017). Furthermore, calcium transfer by an inositol 

1,4,5-trisphosphate (IP3) receptor (IP3R), one of the main calcium channels in ER, 

stimulates apoptosis and inhibits autophagy. Moreover, studies have shown that IP3R 

inhibition triggers the autophagy pathway (Kania et al., 2017; Vicencio et al., 2009). As 

mentioned before upon the ER stress ATF4 activates CHOP leading to the apoptosis 

induction by Bcl-2 reduction and death receptor activation 5 (DR5). Also, Bcl-2 

phosphorylation mediated by a JNK pathway leads to autophagy activation. Moreover, 

ATF4 also stimulates numerous ATG genes thus activating autophagy (Song et al., 2017). 
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1.5 Trdmt1 and tRNA methylation 

DNMT2/TRDMT1 is a methyltransferase (tRNA (cytosine(C38)-C(5))-methyltransferase). 

Dnmt2/Trdmt1 and its homologs are widely expressed in different organisms Homo sapiens, 

Mus musculus, Drosophila melanogaster, Schizosaccharomyces pombe, or Arabidopsis 

thaliana, but the genomes of Saccharomyces cerevisiae or Caenorhabditis elegans do not 

contain related sequences (Dong et al., 2001; Raddatz et al., 2013; Shanmugam et al., 

2014b). Dnmt2 enzyme was initially considered as only a homolog of the DNA 

methyltransferases and indeed Dnmt2/Trdmt1 is a highly conserved protein belonging to the 

DNA methyltransferase family with residual DNA-cytosine-C5 methyltransferase activity. 

However, despite Trdmt1 structure and sequence similarity to DNA methyltransferases, 

studies show that Trdmt1 mainly methylates aspartic acid transfer RNA, specifically at the 

cytosine-38 residue. Trdmt1 contains conserved methyltransferase motifs, thus likely 

encoding a functional cytosine methyltransferase (Goll et al., 2006; Jurkowski et al., 2008; 

Okano et al., 1998). Transfer RNA (tRNA) is a short RNA adaptor molecule that decodes a 

specific codon of a messenger RNA (mRNA) sequence into a protein by transferring a 

specific amino acid to the end of a newly synthesized protein chain in a ribosome. tRNA 

methylation is a post-transcriptional modification essential for proper and effective protein 

synthesis, tRNA structure stabilization, codon-anticodon interaction strengthening, and 

prevention from any mistakes in a frameshift (Hori, 2014). Most of the methyltransferases, 

including Trdmt1, use S-adenosyl-L-methionine (AdoMet) as a donor of a methyl group. 

tRNA methyltransferases recognize the local structure around the target site of a tRNA 

strand what allows them to work very precisely modifying an exact nucleoside at an exact 

tRNA position. Two animal 5-methylcytosine (m5C) methyltransferases, Trdmt1 and Nsun2, 

can modify specific tRNAs. It has been shown that mice with deficient Nsun2 and Trdmt1 

lose cytosine-C5 methylation. The lack of methyl groups at cytosine-5 tRNA interferes with 

tRNA folding and stability, codon-anticodon interactions, and reading frame maintenance. 

Research also shows that Trdmt1 most often methylates tRNA at C38 what protects tRNA 

against cleavage by the ribonuclease angiogenin and suggests the role of Trdmt1 in the 

regulation of protein translation (Ghanbarian et al., 2016; Tuorto et al., 2015). Mechanism 

of the DNA m5C methyltransferases is based on an initial nucleophilic attack on Cys in motif 

IV but RNA m5C methyltransferases instead of Cys from motif VI use the one from motif 
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IV. It is fascinating that amino acid sequence motifs in Trdmt1 protein are similar to DNA 

cytosine C5 thus Trdmt1 for RNA methylation uses a mechanism typical for DNA 

methyltransferases. It has been postulated that m5C RNA methyltransferases are the result 

of the merge of m5C DNA and m5U RNA methyltransferases (Bujnicki et al., 2004; Y. Liu 

et al., 2000). Dnmt2 proteins hold residues characteristic for DNA m5C methyltransferases 

and methylate RNA in a DNA methyltransferase catalytic mechanism (Jurkowski et al., 

2008).  

Dnmt2-mediated methylation varies between different organisms, thus for example it in M. 

musculus and D. melanogaster seems to be restricted to only three tRNAs: GlyGCC, AspGTC, 

and ValAAC (Jeltsch et al., 2017). Additionally, Trdmt1 homolog GsDnmt2 has been found 

in bacteria Geobacter species in which methylates mainly tRNAGluUUC but tRNAAspGTC 

only with weak activity (Shanmugam et al., 2014a). The role of DNMT2/TRDMT1 has been 

postulated in organ differentiation, regulation of protein translation, aging, and longevity as 

well as in signaling pathways maintaining genomic stability, and regulating antiviral 

response (Schaefer & Lyko, 2010). A Trdmt1-mediated stress response is based on cytosine 

38 methylation in the anticodon loop of tRNA Asp. Moreover, Lewinska et al.,  have 

observed decreased telomerase activity and telomere length in NH3T3 mouse fibroblasts 

(continuous cell line) and increased DNA damage level with decreased levels of Dnmt2 

(Lewinska et al., 2017). However, plants and flies without functional Trdmt1 protein do not 

show any morphological differences compared to the wild-type (Goll et al., 2006). The 

reverse situation is in zebrafish which reduced the size of the morphants by half and 

specifically affected liver, retina, and brain development due to a failure to conduct late 

differentiation (Rai et al., 2007). The other studies on Trdmt1 mutant mice show that tRNA 

methyltransferase Trdmt1 is required for accurate polypeptide synthesis during 

haematopoiesis (Tuorto et al., 2015). Interestingly, the authors did not show the impact of 

lack of Trdmt1 on the insulin pathway because there is know that insulin can regulate 

haematopoiesis too. Moreover, some authors show that Trdmt1 regulates life span and stress 

resistance and adaptation (Blanco & Frye, 2014; Lewinska et al., 2017). Trdmt1 knockdown 

may also lead to changes in mRNA m5C methylation and its expression profile what affects 

for example insulin signaling pathway, insulin resistance, or ubiquitin-mediated proteolysis 

(Xue et al., 2019). In the study on wild type and Trdmt1 deficient mice, the substantial role 

of C38 tRNA methylation during haematopoiesis was revealed. C38 tRNA methylation 

ensures accuracy in tRNAGlu and tRNAAsp codons recognition. Lack of the Trdmt1 mediated 
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tRNA methylation generated errors in protein translation and eventually the development of 

aberrant phenotype (Tuorto et al., 2015). A very specific and rapid tRNA methylation 

suppression at C38 position can be achieved with a 5-Azacitidine (5-AzaC). 5-AzaC at first 

was described and used as an inhibitor of DNA methylation, however later on it has been 

found that 5-AzaC also inhibits Trdmt1 mediated tRNA methylation (Schaefer et al., 2009). 

5-AzaC is a chemical analog of pyrimidine nucleoside, cytidine synthesized for the first time 

by Piskala and Sorm in 1964 (Pískala & Šorm, 1964). This drug is widely used in 

haematologic malignancies treatment or acute β-thalassemia. 5-AzaC demonstrates several 

activities like immunosuppressive, antimitotic, radioprotective, antitumor, or mutagenic. 

More importantly, inhibits DNA methyltransferase leading to de- or hemi-methylation what 

allows the transcription factor to bind to DNA and thus changing gene expression 

(Christman, 2002; Müller & Florek, 2010). However, as mentioned before, it has been also 

discovered that 5-AzaC inhibits RNA methyltransferase Trdmt1 (Figure 8). Schaefer et al. 

observed hypomethylation of tRNAAsp cytosine residue C38 which is a major Trdmt1 target. 

5-AzaC is widely tested on leukemia cells. 5-AzaC incorporation into the RNA in leukemic 

cells leads to inhibition of RNA synthesis, a decrease of total RNA stability, and 

downregulation of ribonucleotide reductase subunit 2 (RRM2) responsible for providing 

deoxyribonucleotides for DNA synthesis and repair (Aimiuwu et al., 2012). It has been 

shown that 5-AzaC only a small portion incorporates into DNA and mainly incorporates into 

RNA what results in reduced protein synthesis, cell cycle inhibition in all phases, and 

apoptosis induction (Hollenbach et al., 2010; L. H. Li et al., 1970). 
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Figure 8. Model illustrating the role of Trdm1 and 5-AzaC in tRNA methylation.  

 

1.6 Aging and cell senescence 

According to the Hayflick limit presented by Leonard Hayflick and Paul Moorhead in 

1961,  the number of possible cell divisions is restricted, and after that time cells enter the 

irreversible growth arrest (Hayflick & Moorhead, 1961). It is defined as cellular senescence, 

where cells are still alive and metabolically active but do not proliferate. Except that 

senescent cells demonstrate changes in the morphology, chromatin organization, and 

alterations in protein expression and secretion like increased levels of pro-inflammatory 

cytokines. All of those changes taken together give so-called senescence-associated 

secretory phenotype (SASP) (Coppé et al., 2008; Pazolli et al., 2012). Cellular senescence is 

highly related to aging and consider as one of its mechanisms. At the base of aging lies the 

accumulation with the lifetime of aberrant alterations in the body on a tissue, cell, and 

molecular level. All of those modifications are the side effects of the metabolism enhanced 
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by an unhealthy lifestyle and toxic compounds found in the environment (Rae et al., 2010). 

Major hallmarks of aging are DNA damages, epigenetic and gene expression changes, 

telomere shortening, stress vulnerability, loss of protein homeostasis, or disruption in cell to 

cell communication (Carmona & Michan, 2016; López-Otín et al., 2013). The difference 

between aging and senescence is that aging is a progressive process of decline in cell 

functions and senescence occurs throughout the lifespan. However, the number of senescent 

cells increases with age. 

Cell senescence is characterized by a stable cell cycle arrest which means that those cells do 

not respond to any growth-promoting stimuli and will not re-enter the cell cycle. The main 

triggers of cell proliferation arrest induction are p53/p21CIP1 and p16Ink4a/phospho-Rb 

tumor suppressor pathways. One of the widely used senescence markers is mentioned 

p16Ink4a which upregulation has been very commonly observed in senescent cells both in 

vitro and in vivo (J. Y. Liu et al., 2019; Serrano et al., 1997). In a pancreatic β-cells 

expression of p16Ink4a increases glucose-stimulated insulin secretion (GSIS) and thus 

surprisingly improves glucose homeostasis in diabetic mice. Similar features have been 

found in human β-cells: senescent cells express p16Ink4a and insulin secretion is enhanced 

(Helman et al., 2016). A marker involved in aging in pancreatic β-cells is also insulin-like 

growth factor IGFR1. Its expression is correlated with senescence, disruption in the secretion 

of insulin, and expression of age-related markers (p16Ink4A and p53BP1). Furthermore, 

pancreatic cells show a high level of heterogeneity within and between islets in their age 

(Aguayo-Mazzucato et al., 2017). It is worth mentioning that exposure to many subcytotoxic 

stresses is causative of another type of senescence called stress-induced premature 

senescence (SIPS). Cells undergoing SIPS are characterized with senescence-like 

morphology, alterations associated with senescence gene expression, and usually irreversible 

cell cycle arrest. The difference between replicative senescence and SIPS is that the first one 

is programmed, related to the Hayflick limit, and the second one is induced by cellular 

stresses. The stressors leading to SIPS development include hydrogen peroxide, hyperoxia, 

ethanol, UV, homocysteine, ionizing radiation, etc (Suzuki & Boothman, n.d.; O. Toussaint 

et al., 2000; Olivier Toussaint et al., 2002).  

Dysregulation in apoptosis is strongly connected with the aging process. Aging increases 

apoptosis events but also it has been postulated that age-related higher possibility of failure 

in apoptosis pathway is one of the main cancer-promoting factors. Apoptosis and also cell 

cycle arrest are controlled by p53 which collapse increasing with age may be a link between 
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age and higher cancer rate. Furthermore, various studies indicate apoptosis activation as a 

promising anticancer therapy (Reinhardt & Schumacher, 2012; Rodier et al., 2007). 

It is suggested that changes in the expression profile of apoptosis-related proteins in 

senescent cells may be the reason for their resistance to programmed cell death and thus 

escalation of the number of senescent cells with age. Baar et al. studies have shown that 

FOXO4 is a key factor in senescent cell viability and that perturbations of FOXO4 and p53 

interaction lead to activation of apoptosis pathway and thereby homeostasis restore (Baar et 

al., 2017). It has been also reported that microRNAs are involved in the aging process, e.g. 

miR-434-3p regulates apoptosis in aged skeletal muscle cells by targeting eIF5A1, and aging 

mice demonstrate a low level of miR-434-3p in skeletal muscle (Chen et al., 2010; Pardo et 

al., 2017). 

Age-related disorders in cellular activity include decreased expression and function of 

several ER chaperones what is correlated with its age-related increasing oxidation. Nuss et 

al. have shown ER stress activation due to decreased functioning of the two ER chaperones, 

protein disulfide isomerase (PDI) and immunoglobulin heavy chain binding protein (BiP). 

The decline was a result of age-dependent oxidative stress (Nuss et al., 2008). The process 

of aging affects not only UPR chaperones but also UPR enzymes and ER structure. The 

study on chondrocytes from aged articular cartilage revealed downregulation of molecular 

chaperones and elevated levels of ER stress markers like phospho-IRE-1, XBP-1, ATF4, or 

CHOP and also elevated levels of markers characteristic for apoptosis (Nupr1 and TRB3) 

(Tan et al., 2020). The risk of T2D development increases with age due to insulin resistance, 

glucose intolerance, and weakened insulin secretion. The factors of this state are co-existing 

age-related diseases and changes in the organism like greater body fat. The obesity state 

induces ROS production by adipocytes and thus stimulating inflammation and insulin 

resistance (Ahima, 2009; Halim & Halim, 2019).  
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2. Aim of the study 
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Collected material suggests that ER function may be affected by different tRNA deficiency 

as well as various enzymes modifying ribonucleotides in tRNAs. In a present study, we 

wanted to determine the potential consequences of 5-AzaC treatment on insulin production, 

Dnmt2/Trdmt1 expression levels, and endoplasmic reticulum stress in cellular models of 

insulinoma via 5-AzaC mediated tRNA methylation disruption at the Dnmt2/Trdmt1 target 

site (Figure 9) (Schaefer et al., 2009). How the Trdmt1 mediated methylation regulates 

cellular senescence of pancreatic β-cells? Does insulin level depend on cellular senescence 

regulated by Trdmt1? Do alternations in the redox pathway impacts Trdmt1 expression? 

Does a pro-oxidant accelerates cellular aging and is it associated with levels of Trdmt1 and 

insulin? Does oxidative stress enhance ER stress? Is ER stress associated with changes in 

the level and localization of Trdmt1? Does the 5-AzaC mediated methyltransferase 

inhibition may lead to ER stress and modify insulin production? Can 5-AzaC promote the 

elimination of old pancreatic β-cells? Does senotherapy may be used in insulinoma treatment 

and does Trdmt1 can be a target in this therapy?  

We hypothesized that 5-AzaC demonstrates senoltytic activity on SIPS insulinoma cells by 

decreasing Dnmt2/Trdmt1 activity and ER stress related UPR and/or ERAD pathways 

activation.  
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Figure 9. Model illustrating the assumption of stress-induced premature senescent insulinoma 

cells treated with 5-AzaC and Trdmt1 related changes. 5-AzaC mediated Dnmt2/Trdmt1 

upregulation and decreased activity leads to Asp, Gly, and Val codons mistranslation and eventually 

to aberrant proinsulin production. Accumulation of misfolded proteins results in ER stress and is 

related to alternations in insulin production. To cope with the stress caused by the protein translation 

perturbations ERAD and UPR pathways are activated.  
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3. Materials and methods 
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3.1 Cell lines and in vitro cell culture methods 

Established from insulinoma SV40 T-antigen transgenic mice cell lines NIT-1 and BetaTC6 

were purchased from ATCC (Menassas, VA, USA). Moreover, NIT-1 was established from 

a transgenic NOD/Lt (nonobese diabetic) mouse. It is a widely used model for type I diabetes 

insulin-dependent diabetes mellitus. Cells at all of the steps of the experimental scheme were 

cultured at 37°C in the presence of 5 % CO2 in DMEM with 4,5 g/L glucose, L-glutamine, 

and sodium pyruvate (Corning REF 10-013-CV) enriched with 15 % FBS (Corning) and 

antibiotics antimycotic solution (100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 

μg/ml amphotericin B) (Corning REF 30-004-Cl). Cells were passaged by detaching with 

the trypsin-EDTA solution (Sigma-Aldrich) according to the manufacturer instructions. 

Firstly cells were rinsed  with Ca+2 and Mg+2-free DPBS and then 1X trypsin-EDTA solution 

was added in the amount needed to completely cover the cells in the vessel. Cells were 

incubated for approximately 2 minutes at 37°C in the presence of 5 % CO2. Both cell lines 

were cultured up approximately 70 - 80% confluency. At this point the culture medium was 

enriched with either 100 µM hydrogen peroxide (HP) (Sigma-Aldrich) for oxidative stress 

induction or 1 µM 5-Azacitidine (5-AzaC) (Sigma-Aldrich) for methylation inhibition and 

incubated for following 24 h and then collected for further experiments. In the third 

experimental system cells were treated with 100 µM hydrogen peroxide for 24 h and then 

media was replaced and cells were treated with 1 µM 5-AzaC for the following 24 h. The 

experimental scheme has been shown in figure 10. 

After treatment, both cell lines were analyzed to find out if ER stress was induced and if it 

was, what was its relation with DNMT2 in pancreatic beta cells. 
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Figure 10. Schematic overview of the experimental design of the cell culture. Pancreatic β-cells NIT-

1 and BetaTC6 were seeded in the cell culture flasks and cultivated till 70-80% confluency. At this 

point, old media was replaced with fresh DMEM containing 100 µM HP (I) and 1 µM 5-AzaC (II) 

and incubated for 24 hours. After that time cells were collected for further experiments. In a third 

flask (III) cells at 70-80% confluency were first cultured in DMEM with 100 µM HP for 24 hours. 

Later on, for another 24 hours, media was replaced with DMEM containing 1 µM 5-AzaC. 

 

3.2 Cytotoxicity 

Hydrogen peroxide is well known cellular stress inducer that may also increase the 

production of TRDMT1 (Lewinska et al., 2018). HP also belongs to a group of stressors 

triggering SIPS arising (O. Toussaint et al., 2000). Cytoxocity of hydrogen peroxide was 

evaluated by conducting an MTT assay.  This colorimetric assay uses the ability of enzymes 

present only in metabolically active cells to convert a yellow tetrazolium salt (3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide, MTT) to a purple formazan (Cole, 

1986). Cells were seeded onto a 96-well plate at density 1 x 104 cells per well and grown 

for 24 hours. In the next step, media was removed and cells were cultured in media 

containing 200 μM, 100 μM, 50 μM, and 25 μM HP for 15 minutes, 1 hour, and 24 hours. 

After that time cells were incubated with MTT solution for 4 hours at 37°C and created 

formazan crystals were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Cell 

metabolic activity was measured by reading the absorbance at 570 nm using microplate 

reader (Titertek Multiskan MCC/340, Flow Laboratories, Basel, Switzerland). Based on this 

test the 100 μM concentration was chosen for further analysis. 
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3.3 Apoptosis 

The percentage of apoptotic cells was measured by Annexin V detection which was assayed 

using Muse™ Cell Analyzer and Muse™ Annexin V and Dead Cell Assay Kit (Merck 

Millipore, Warsaw, Poland). As a dead cell marker used a fluorescent DNA dye 7-

aminoactinomycin D (7-AAD) which is an indicator of cell membrane structural integrity. 

Quantitative cell analysis performed on The Muse Cell Analyzer is based on fluorescence 

detection and microcapillary technology. For performing the assay NIT-1 and BetaTC6 cells 

treated with HP, 5-AzaC, HP, and 5-AzaC and also untreated cells were dissociated with 

trypsin and suspended in a fresh medium. 100 μl of MuseTM Annexin V & Dead Cell 

Reagent warmed up to room temperature was dispensed into tubes. 100 μl of cells in 

suspension was added to each tube, mixed by pipetting, and incubated for 20 minutes at 

room temperature in the dark. After that time each sample was loaded on the instrument and 

analyzed by the instrument. Four populations of cells were identified in the performed assay: 

• non-apoptotic cells: Annexin V (-) and 7-AAD (-) 

• early apoptotic cells: Annexin V (+) and 7-AAD (-) 

• late-stage apoptotic and dead cells: Annexin V (+) and 7-AAD (+) 

• mostly nuclear debris: Annexin V (-) and 7-AAD (+). 

All of the results were shown using MuseTM Annexin V and the Dead Cell software module. 

All of the calculations were performed automatically. The obtained Annexin V profile was 

presented as dot plots. 

 

3.4 Senescence-associated β-galactosidase activity (SA-β-gal) 

Pancreatic β-cells NIT-1 and BetaTC6 were treated with HP and 5-AzaC as described above 

and cultured for the following 7 days. After that time cells were fixed at room temperature 

in the darkness with a solution of 2 % formaldehyde and 0,2 % glutaraldehyde in PBS 

(Sigma-Aldrich), then washed in PBS and incubated overnight at 37°C in a solution of 1 

mg/ml 5-bromo-4chloro-3-indolyl-β-D-galactopyranoside, 5 mM potassium ferrocyanide, 5 

mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl2 and 40 mM citratephosphate 

buffer, pH 6.0 (Sigma–Aldrich). Cells were assayed with the usage of an Olympus BX71 
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light inverted microscope with a DP72 CCD camera and an analysis system CellB (Shinjuku, 

Tokyo, Japan).  

 

3.5 Cell cycle 

One of the oldest applications of flow cytometry is cell cycle assay by DNA content 

quantitation. Cells treated with HP, 5-AzaC, and a combination of both were fixed in 4 % 

paraformaldehyde (PFA) for 20 minutes at room temperature. In the next step, cells were 

centrifugated at 300 g for 5 minutes, washed in DPBS, resuspended in 70 % ethanol, and 

incubated for 20 minutes on the ice. For nucleus visualization analyzed cells were incubated 

with propidium iodide (PI) for 10 minutes protected from light. Thus the percentage of cells 

in particular cell cycle phases G0/G1, S, and G2/M was analyzed using IDEAS® Software 

FlowSight Cytometry Imagining. 

 

3.6 Oxidative stress 

After HP, 5-AzaC, HP, and 5-AzaC treatment changes in the levels of reactive oxygen 

species (ROS) were analyzed using flow cytometry and MuseTM. The Muse® Oxidative 

Stress Kit (Merck Milipore) detects superoxide radicals basing on dihydroethidium (DHE) 

as a fluorescent probe. DHE can be oxidized by cellular superoxide to ethidium bromide 

fluorophore (Etd+) that intercalates into DNA resulting in red fluorescence (Q. Wang & Zou, 

2018). All the reagents were prepared according to the protocol provided by the 

manufacturer. Muse® Oxidative Stress Reagent stock solution was diluted 1:100 in 1X 

Assay Buffer and this way obtained Muse® Oxidative Stress Reagent intermediate solution 

was diluted 1:80 in 1X Assay Buffer. Received Working Solution was used in the further 

assay. All of the reagents were prepared freshly right before use, stored at room temperature, 

and protected from the light. Cell suspension of treated and untreated cells was prepared by 

cell dissociation from cell culture flask as described above and suspended in a 1X Assay 

Buffer to a final concentration of 1 x 106 cells/ml.  Muse® Oxidative Stress Reagent and 1X 

Assay Buffer were warmed up to room temperature. Into each tube, 10 μl of cells in 

suspension were added and 190 μl of Muse Oxidative Stress Reagent and mixed thoroughly 

by pipetting up and down. Prepared samples were incubated for 30 minutes at 37°C and then 

loaded on the instrument to run the assay. Two groups of cells were recognized: 

• M1: negative cells ROS (–) 
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• M2: cells with ROS activity, ROS (+). 

All of the results were shown using MuseTM Oxidative Stress software module. All of the 

calculations were performed automatically. Obtained ROS profiles were displayed on a 

histogram. 

 

3.7 Nitrosative stress 

Levels of nitric oxide in pancreatic β-cells of NIT-1 and BetaTC6 cell line after HP, 5-AzaC, 

HP, and 5-AzaC treatment and without treatment were measured using MuseTM Nitric 

Oxide KIT (Merck Milipore). Used kit includes two main components: The Muse Nitric 

Oxide Reagent (DAX-J2 Orange) and a dead cell marker 7-amino-actinomycin D (7-AAD). 

DAX-J2 Orange is a cell-permeable reagent which oxidation upon NO inside the living cell 

results in the production of a highly fluorescent product. The second compound of the kit is 

a DNA dye 7-AAD. This dead cell marker allows recognizing cells with a disrupted 

membrane structure like apoptotic or necrotic cells where membrane integrity is lost 

(Schmid et al., 2007). All the reagents were warmed up to room temperature before use. 

Muse Nitric Oxide Reagent stock was diluted 1:1000 in 1X Assay Buffer. Obtained Muse® 

Nitric Oxide working solution was used right after preparation and stored in the dark at room 

temperature. Muse® 7-AAD working solution was prepared by diluting the Muse 7-AAD 

stock solution 1:45 in 1X Assay Buffer and stored on ice in the dark. NIT-1 and BetaTC6 

cell lines treated with HP, 5-AzaC, HP, and 5-AzaC and untreated were detached from cell 

culture flask with trypsin. Cells were washed in DPBS and resuspended in 1X Assay Buffer 

to final concentration approximately 1 x 105 cells/ml. Into each tube added 10 μl of cells in 

suspension and 100 μl of Muse® Nitric Oxide working solution. The content of the tubes 

was mixed thoroughly by pipetting up and down and incubated for 30 minutes in the 37° 

incubator with 5% CO2. After incubation added to each tube 90 μl of Muse 7-AAD working 

solution mixed thoroughly by pipetting up and down and incubated for 5 minutes at room 

temperature in the dark. Ready samples loaded on the instrument to run the assay. In 

performed analysis four populations were distinguished: 

• Viable Cells with no Nitric Oxide Activity (negative): Nitric Oxide (-) and 7-AAD (-) 

• Live Cells with Nitric Oxide Activity: Nitric Oxide (+) and 7-AAD (-) 

• Dead Cells with Nitric Oxide Activity: Nitric Oxide (+) and 7-AAD (+) 

• Dead Cells with no Nitric Oxide Activity: Nitric Oxide (-) and 7-AAD (+) 
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All of the results were displayed using MuseTM Nitric Oxide software module. All of the 

calculations were performed automatically. Obtained results were presented as dot plots. 

 

3.8 Protein carbonylation 

At first, proteins were separated in sodium dodecyl sulfate (SDS) gel electrophoresis. In the 

next step separated proteins were transferred to a membrane and incubated with anti-DNP 

antibody and then with a secondary antibody conjugated with horseradish peroxidase. The 

level of protein carbonylation was detected with a chemiluminescent reaction. In this project, 

protein carbonylation was analyzed using OxyBlotTM Protein Oxidation Detection Kit 

(Merck Milipore). Protein lysates of pancreatic β-cells NIT-1 and BetaTC6 cell lines treated 

with HP, 5-AzaC, both HP, and 5-AzaC and untreated were prepared as described 

previously. For derivatization of the protein mixture, 5 μl of protein sample was transferred 

into 2 Eppendorf tubes (one for derivatization and the other one for a negative control) and 

denaturated by adding 5 μl of 12% SDS. Samples were derivatized by adding 10 μl of 1X 

DNPH solution to one of the tubes. To the other tube serving as a negative control added 10 

μl of 1X Derivatization-Control Solution. Tubes were incubated for 15 minutes at room 

temperature. After incubation 7.5 μl of Neutralization Solution was added to both tubes. 

With prepared, this way samples proceeded to electrophoresis and Western blotting. 2.5 μl 

molecular weight standard was mixed with DNP residues and 20 μl of 1X Gel Loading 

Buffer. Samples were loaded into the gel. 

After electrophoresis proteins were transferred to a membrane. Unspecific signals were 

blocked by incubating the membrane in a blocking solution of 1 % BSA for 1 hour at room 

temperature with gentle shaking. Later, the membrane was incubated in a primary antibody 

diluted in a blocking solution in ratio 1:150 for 1 hour at room temperature with gentle 

agitation. Membrane washed 3 times 5 minutes each with 1X TBS-T at room temperature. 

The secondary antibody was diluted 1:300 in 1 % BSA and the membrane was incubated in 

it for 1 hour at room temperature with gentle agitation. After incubation with the antibody, 

the membrane was washed as previously, 3 times 5 minutes each in TBS-T. The membrane 

was placed on a plastic sheet and exactly covered with chemiluminescent reagent Clarity™ 

Western ECL Blotting Substrate (BioRad) mixed in proportion 1:1 right before use and 

incubated for 4 minutes in the dark. Signal was detected using a G:BOX imaging system 

(Syngene, Cambridge, UK) according to the manufacturer’s instructions. 
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3.9 Cell lysates and protein concentration evaluation 

For preparing the whole-cell extracts cells treated with HP and/or 5-AzaC as described 

above, and non-treated cells, as a control, were collected, washed in 1 ml of DPBS (Corning), 

and centrifuged at 2000 rpm for 5 minutes at room temperature. Cell pellet was resuspended 

in cold RIPA buffer (50 mM Tris-HCl pH 7.5, 1 % NP40, 0.5 % sodium deoxycholate, 0.1 

% SDS, 150 mM NaCl, 1 mM EDTA, 1X protease inhibitor cocktail, 1 mM PMSF), 

incubated on ice for 30 minutes and vortexed every 10 minutes. For further cell disruption 

tubes were placed into the thermomixer and incubated at 4°C for 30 minutes with maximum 

speed. Cell lysates were centrifuged at 12000 g for 15 minutes at 4°C. The supernatant 

containing whole protein extract was transferred into the fresh tubes. The concentration of 

proteins in obtained extracts was evaluated with the BCA (Bicinchoninic Acid) protein 

assay. In this method, Cu2+ ions are reduced by proteins to Cu+ in an alkaline pH. 

Responsible for this are peptide bonds present in amino acid residues of cysteine, cystine, 

tyrosine, and tryptophan. Reduced copper ions react with bicinchoninic acid creating a 

purple complex. To perform BCA assay protein lysates were loaded into a 96-well plate in 

three repetitions, 12.5 μl per well. For a standard curve used BSA (Sigma Aldrich) diluted 

in RIPA buffer in following concentrations: 0 mg/ml, 0.1 mg/ml, 0.2 mg/ml, 0.5 mg/ml and 

1 mg/ml. Loaded into the 96-well plate in the same manner as samples. To each well 

containing samples and BSA added 100 μl of a prepared working solution containing BCA 

and copper (II) sulfate (Sigma Aldrich) mixed in a proportion 50:1. The plate was incubated 

at 37°C for 30 minutes and after that time absorbance was measured on TECAN Plate Reader 

at 562 nm wavelength. 

 

3.10 Western blotting 

Mice pancreatic β-cells NIT-1 and BetaTC6 cultivated in media containing 100 μM HP 

and/or 1 μM 5-AzaC and untreated cells were lysed and levels of proteins were measured 

using Western blot assay. Samples with whole protein content were loaded into the 10 % gel 

and separated in SDS-PAGE. Into the first well loaded protein standard Spectra™ Multicolor 

Broad Range Protein Ladder (Thermo Fisher Scientific). Proteins were separated at 80 V for 

approximately 30 minutes (stacking gel) and at 120 V till samples reached the end of the gel 

(resolving gel). Separated proteins were transferred from the gel to a nitrocellulose 

membrane using a wet-tank method. The transfer was performed in a Towbin buffer (0.25M 
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Tris, 1.92 M glycine, 20% methanol) in a cold room at 100 V for 100 minutes. Membranes 

were blocked in a 1% BSA solution in TBS-T for 1 hour at room temperature. In the next 

step, membranes were incubated overnight at 4°C with agitation in primary antibodies 

diluted in blocking solution. After incubation in primary antibodies membranes were washed 

in TBS-T 3 times 5 minutes each and incubated in secondary antibodies anti-rabbit IgG 

conjugated to horseradish peroxidase for 1 hour at room temperature. Signals of searched 

proteins were detected using a Clarity™ Western ECL Blotting Substrate (BioRad) and 

G:BOX imaging system (Syngene, Cambridge, UK) according to the manufacturer’s 

instructions. All results were normalized to a GAPDH. 

 

3.11 Protein aggregation 

Abnormal, misfolded, or unfolded proteins are degraded in the ubiquitin-proteasome 

pathway. However, any perturbations in the pathway of removing incorrect proteins lead to 

the accumulation of protein aggregates (Ge et al., 2007). In protein extracts pancreatic β-

cells cell lines the amount of peptide and protein aggregates was detected with the usage of 

PROTEOSTAT® Protein aggregation assay (Enzo Life Sciences) which detection range is 

between 1 μl/ml and 10 mg/ml of protein. As a positive and negative control used lyophilized 

native and aggregated protein was provided by the manufacturer. Into each well of 96-well 

plate dispensed 98 μl of protein and 2 μl of PROTEOSTAT Detection Reagent previously 

diluted in 10x Assay Buffer and water. After 15 minutes of incubation in the dark measured 

the absorbance on TECAN Plate Reader at an excitation setting 550 nm and an emission 

filter at 600 nm. 

 

3.12 Flow cytometry 

HP and/or 5-AzaC treated and untreated cells were collected from the cell culture washed in 

DPBS and fixed in 4 % paraformaldehyde (PFA) for 20 minutes at room temperature. In the 

next step, cells were centrifugated at 300 g for 5 minutes, washed in DPBS, resuspended in 

70 % ethanol, and incubated for 20 minutes on the ice. Cells were centrifugated at 300g for 

5 minutes washed twice in 1% BSA diluted in DPBS and incubated in blocking solution (1% 

BSA in DPBS) for 30 minutes at room temperature. After blocking cells were incubated with 

primary antibody anti-DNMT2 (1:100) (Santa Cruz Biotechnology) and secondary antibody 

anti-mouse (1:500) (Lifetchnologies) conjugated with FITC and nuclei were stained with 
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propidium iodide (PI) for 10 minutes at room temperature in the dark. In another set fixed 

cells were subjected to incubation with primary antibodies anti-DNMT2 (1:500) (Santa Cruz 

Biotechnology), anti-peIF2 Ser 52 (1:100) (Invitrogen) for 1 hour, and a secondary 

antibodies goat anti-rabbit (1:500) (Invitrogen) conjugated with Cy5 and goat anti-mouse 

(1:500) (Life Technologies) conjugated with FITC. All antibodies were diluted in 1 % BSA 

and incubations were carried on for 1 hour at room temperature. During incubation with 

secondary antibody, samples had to be also protected from light. Nucleus staining with PI 

was performed for 10 minutes at room temperature in the dark. Using Amnis FlowSight 

Imaging Flow Cytometer Trdmt1/Dnmt2 and peIF2α levels and co-localization were 

analyzed. 

For autophagy analysis treated and fixed cells as described above were incubated with LC3b 

antibody (1:100) (Cell Signalling) and with secondary antibody anti-rabbit (1:500) 

conjugated with Alexa Fluor 488 donkey rabbit IgG (H+L) (Thermo Fisher Scientific). 

 

3.13 Laser-based confocal imaging 

Cells were seeded into 96-well plate in density 3 x 103 cells/well treated with HP and/or  

5-AzaC and for control untreated. Cells were incubated with fixing solution (DPBS, Triton 

X-100 0,01% and formaldehyde 3,7%), next blocked with 1 % BSA solution in DPBS with 

Triton X-100. Fixed and blocked cells were incubated overnight with the primary antibodies 

anti-FOXO3a (1:200) (Thermo Fisher Scientific), anti-F-actin, and for 1 hour with a 

secondary antibodies anti-mouse (1:200) conjugated with Texas Red, anti-rabbit (1:1000) 

conjugated with FITC (Thermo Fisher Scientific), and nuclei were stained with Hoechst 

solution diluted in DPBS to a final concentration 1 µg/ml.  

Cells were seeded into 96-well plate in density 3 x 103 cells/well treated with HP and/or  

5-AzaC and for control untreated. Cells were incubated with fixing solution (DPBS, Triton 

X-100 0,01% and formaldehyde 3,7%), next blocked with 1 % BSA solution in DPBS with 

Triton X-100. Fixed and blocked cells were incubated overnight with the primary antibody 

phospho-S6 (Ser235, Ser236) (Thermo Fisher Scientific) (1:100) and for 1 hour with the 

secondary antibody anti-rabbit (1:200) conjugated with Texas Red. 

For endoplasmic reticulum visualization living cells were stained with ER-Tracker Blue 

White DPX (Thermo Fisher Scientific). Staining was performed in staining solution diluted 

to final concentration of 1 µM in Hank’s Balanced Salt Solution for 30 minutes at 37ºC and 
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5 % CO2. In the next step, cells were incubated with a primary antibody anti-DNMT2 (1:100) 

(Thermo Fisher Scientific) and for 1 hour with a secondary antibody anti-mouse (1:200) 

(Thermo Fisher Scientific) conjugated with Texas Red, the nucleus was stained with Hoechst 

solution diluted in DPBS to a final concentration 1 µg/ml.  

Proteasome activity was performed according to the protocol provided by the manufacturer. 

All of the samples were analyzed using HCA system IN Cell Analyzer 6500 HS and IN Carta 

software. 

 

3.14 Confocal imaging 

In the 6-well plate, sterile glass coverslips were placed at the bottom of each well, and cells 

were seeded in DMEM and cultured until approximately 80 % confluency. After that time 

pancreatic β-cells were treated with HP, 5-AzaC, HP, and 5-AzaC as described previously. 

As a control used untreated cells. Treated and untreated cells were washed 2 times with 

DPBS (Thermo Fisher Scientific) 5 minutes each and then incubated in 0.1 M sodium citrate 

buffer for 10 minutes. After that time cells were rinsed once again with PBS twice 5 minutes 

each and incubated in dissolved in DPBS 3 % BSA for 30 minutes to block unspecific 

signals. Then coverslips with attached cells were incubated with diluted in PBS primary 

antibody anti-insulin (1:50) (Santa Cruz Biotechnology) overnight at 4°C. Cells were 

washed with DPBS two times 5 minutes each and incubated with diluted in DPBS secondary 

antibody anti-rabbit (brand) conjugated with FITC for 1 hour at room temperature. After 

incubation cells were washed two times with PBS for 5 minutes each and stained with diluted 

in PBS DAPI (brand) (1:1000) for 15 minutes at room temperature for visualization of the 

nucleus. After rinsing cells with DPBS like described before, coverslips were transferred to 

glass slides with a drop of PBS and placed on those face down. Ready samples were analyzed 

with a confocal microscope (brand) under 40x magnification. 

 

3.15 Statistical analysis 

Statistical analysis was performed with GraphPadPrism. Bars indicate SD, n = 3, ***p < 

0.001, **p <  0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori 

test). 
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4. Results 
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4.1 HP and 5-AzaC treatment induce changes in senescence and cell cycle inhibition 

in pancreatic β-cells 

 

Two insulin secreting pancreatic β-cell lines were treated with hydrogen peroxide and 5-

Azacitidine. NIT-1 is an insulinoma cell line established from NOD/Lt (nonobese diabetic) 

mice and transgenic for the SV40 T-antigen. Insulin is secreted by NIT-1 in a response to 

the presence of glucose in the medium (Hamaguchi et al., 1991). Moreover, NIT-1 

spontaneously develops type 1 diabetes what makes it a good model to understand T1D 

pathogenesis and treatment (Pearson et al., 2016). The other cell line, BetaTC6 is derived 

from insulinoma transgenic mice expressing SV40 T-antigen. This cell line contains small 

amounts of glucagon and somatostatin and an abundant amount of insulin which is secreted 

in a response to glucose (Poitout et al., 1995). 

Hydrogen peroxide used in this study induces cellular stress and, as has been shown on 

human fibroblasts, may increase the production of Trdmt1 (Lewinska et al., 2018). One of 

the cell responses to cell stress and aging is senescence and thus loss of the proliferation 

capability. HP is a stressor that induces premature senescence of cells (SIPS), and therefore 

senescent-like morphology and cell growth arrest (Olivier Toussaint et al., 2002). To identify 

senescence cells and detect possible changes as a result of cellular stress induction by HP 

and 5-AzaC used SA-β-gal assay. Senescence-associated-β-galactosidase (SA-β-gal) is a 

lysosomal enzyme which activity is enhanced with increased pH from optimal pH 4, found 

in young cells, to suboptimal pH 6 in senescent cells. That is why the expression level of  

SA-β-gal is commonly used as a biomarker of senescence and aging in cell cultures. The 

content of SA-β-gal may be measured by histochemical staining with X-gal used as a 

substrate which cleavage stains cells blue (Dimri et al., 1995; Itahana et al., 2013; Shlush et 

al., 2011). As shown in figure 11 A SA-β-gal staining revealed the level of senescent cells 

after HP and 5-AzaC treatment. HP treatment leads to premature senescence which indicates 

its senostatic activity – inhibits signaling and blocks proliferation of senescent cells. What 

was observed is a change in morphology of β-cells after combined treatment with HP and 5-

AzaC. Cells of both cell lines did not aged, did not proliferate but were not also dead what 

indicates senolytic activity (Figure 11 C). All senescent cells were killed and the cell cycle 

of others was inhibited. Proliferation profile of NIT-1 and BetaTC6 cell lines treated with 

HP and/or 5-AzaC. HP significantly decreased the number of cells in the culture. BetaTC6 

cell line has shown higher vulnerability for oxidative stress induction.  
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The cell cycle is a process in which a cell gets prepared and then undergoes division into 

two new cells. The four main stages that can be recognized in the cell cycle are the phase of 

preparation for division (G1), DNA complete copy synthesis (S), organization and 

condensation genetic material for division (G2), and a phase of formation of two actual 

daughter cells called mitosis (M). The order and accuracy of each step during the cell cycle 

are monitored through the entire process by multiple checkpoints (Barnum & O’Connell, 

2014; J. M. Mitchison, 1972). This mechanism guarantees precise cell division and protects 

from any dangerous disturbances that may lead to for example to cancer development. A cell 

can stop the cycle to repair the damage and go back to the cycle, or if the harm is too big cell 

is eliminated via apoptosis. ROS is responsible for a DNA damage induction thus may 

stimulate cell cycle arrest (Shackelford et al., 2000). The research on human fibroblasts has 

shown that HP induced oxidative stress causes results in cell cycle arrest of cells primarily 

in the G1 or G2/M phase or apoptosis of cells in the S phase. Moreover after one week of 

treatment developed senescence-like growth arrest (CHEN et al., 2000).  

In tis study, HP mediated cell cycle inhibition was observed in both cell lines NIT-1 and 

BetaTC6 during the G2/M phase. but also in the S phase. 5-AzaC and HP treatment induced 

cell cycle arrest on the S phase. S phase substantial inhibition of cell cycle in BetaTC6 cell 

line upon cellular stress induced by HP was also detected. 5-AzaC and HP only slight 

increase in the number of cells in the S phase (Figure 11 B). In both cell lines, 5-AzaC seems 

to weakens HP mediated cell cycle inhibition. 
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Figure 11. HP and 5-AzaC cell senescence induction and cell cycle inhibition in G2/M phase 

after oxidative stress induction. (A) SA-β-gal staining revealed level of senescent cells after HP 

and 5-AzaC treatment: NIT-1 Ctrl 70-80 %, HP < 80 %, 5-AzaC < 80 %, HP +  5-AzaC > 20%; 

BetaTC6 Ctrl < 90 %, HP < 90 %, 5-AzaC < 90 %, HP +  5-AzaC 0%. (B) Proliferation profile of 

NIT-1 and BetaTC6 cell lines treated with HP and/or 5-AzaC. (C) The cell cycle phase was estimated 

with flow cytometric analysis of cell DNA content. In this study for the cell cycle evaluation used an 

Amnis® FlowSight® imaging flow cytometer and nuclei were stained with a DNA binding dye 

propidium iodide (PI). On the figure presented histograms with the DNA content of NIT-1 and 

BetatTC6 cells treated with HP and/or 5-AzaC overlapped on the untreated controls. Statistical 

analysis was performed with GraphPadPrism. Bars indicate SD, n = 3, ***p < 0.001, **p <  0.01, *p 

< 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test).  
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4.2 Characterization of an oxidative and nitrosative stress  

 

4.2.1 Oxidative stress 

Oxidative stress is described as a disproportion between antioxidants and reactive oxygen 

species (ROS). Excess of oxygen free radicals and other reactive species is a cause of many 

perturbations in a cell including damage of nucleic acids, proteins, and lipids (Halliwell & 

Aruoma, 1991; T. Hamilton, 2012). Free superoxide radicals can be eliminated by a Cu/Zn 

superoxide dismutase 1 (SOD1) preventing cells from damage and developing several 

diseases in organisms, like diabetes, cancer, or inflammation. SOD1 upregulation may be 

triggered by various chemical and biological factors including heat shock, HP, nitric oxide, 

or heavy metals (Zelko et al., 2002). Conducted analysis showed elevated levels of ROS in 

both cell lines after treatment with HP and combined treatment with HP and 5-AzaC (figure 

12 A). However, NIT-1 cell line turned out to be more vulnerable to oxidative stress 

induction by both HP and 5-AzaC in comparison to BetaTC6. Moreover, as shown in figure 

12 B, Western blot analysis of SOD1 level in pancreatic β cells revealed the superior 

response of NIT-1 cell line to ROS via higher expression of the protein under HP induced 

cellular stress and also after methylation inhibition with 5-AzaC. In BetaTC6 protein 

expression analysis showed downregulation of SOD1 after HP and 5-AzaC treatment, and 

small upregulation after combined HP and 5-AzaC treatment. 
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Figure 12. NIT-1 cell line is more vulnerable to oxidative stress induction. (A) The oxidative 

stress level was measured by superoxide detection with Muse® Oxidative Stress Kit. On presented 

graphs displayed population M1: Negative cells (ROS–) and population M2: Cells with ROS activity 

(ROS+). Results are overlaid on a histogram with the negative control (grey). The number of cells/ml 

in a stained cell sample and the percentage of each population were measured and calculated 

automatically with the MuseTM Oxidative Stress software module. (B) The graph presented gel 

quantitation measured with GelQantNET program statistical analysis done with GraphPadPrism. 

SOD1 level was normalized to GAPDH. Bars indicate SD, n = 3, ***p < 0.001, **p <  0.01, *p < 

0.05 compared to the control (ANOVA and Dunnett’s a posteriori test). 

 

 

4.2.2 FOXO3a elevated level after stress induction and methylation inhibition 

FOXO3a belongs to the mammalian forkhead members of the class O (FOXO) 

transcription factors family. FOXO proteins are related to the regulation of the cell cycle, 

apoptosis, autophagy, response to stress, or DNA repair. Some cellular stressors including 

oxidative stress may impact FOXO activity by stimulation actions like translocation from 

the cytoplasm to the nucleus or several posttranslational modifications like acetylation-

deacetylation, phosphorylation, and ubiquitination. The best known FOXO3a modification 

is phosphorylation. Akt mediated phosphorylation inhibits FOXO3a transcriptional activity 
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and FOXO3a is translocated to the cytoplasm where binds to 14-3-3 protein what stimulates 

degradation of FOXO3a by a proteasome. FOXO3a activation is regulated by a protein 

phosphatase-2A (PP2A) which is necessary for its translocation to the nucleus and 

dephosphorylation allowing FOXO3a target genes regulation (Nho, 2014). Acetylation-

deacetylation of FOXO3a is stimulated by oxidative stress what has an impact on its 

localization (Furukawa-Hibi et al., 2005). FOXO3a in mice skeletal muscle is translocated 

to the nucleus, dephosphorylated, and then via binding and thus activation of the genes like 

ATG12 and GABARAP1L, promotes autophagy (Zhao et al., 2007).  

In a presented study Western blot analysis of FOXO3a expression level from the whole 

cell lysates showed increased production by HP treated NIT-1 cell line and a substantial 

increase in HP and 5-AzaC treated cells (Figure 13 B). It is worth noticing that the basal 

level of FOXO3a in control, untreated NIT-1 cells is already relatively high compare with 

untreated BetaTC6 cells. However, as shown in figure 13 A, immunofluorescent analysis of 

NIT-1 has not revealed any significant translocation to the nucleus. At the same time, HP 

induced cellular stress leads to decreased production of FOXO3a in BetaTC6 (Figure 14 B) 

and slightly increased after HP/5-AzaC treatment. HP and HP/5-AzaC treatment lead to 

FOXO3a translocation to the nucleus to compare with untreated cells what may be sufficient 

as a response to increased oxidative stress (Figure 14 A). 
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Figure 13. Increased expression of FOXO3a in NIT-1 cell line and no translocation to the 

nucleus. (A) Representative images of FOXO3a staining (red fluorescence), F-actin (green 

fluorescence), and nuclei (blue fluorescence). Digital pictures were taken with IN Cell Analyzer 

6500 HS, quantitative analysis was performed with HCA system IN Cell Analyzer 6500 HS and 

IN Carta software. Statistical analysis was done with GraphPadPrism. Bars indicate SD, n = 3, ***p 

< 0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test). 

(B) Gel quantitation was performed with GelQantNET program and statistical analysis was done 

with GraphPadPrism. Levels of all proteins were normalized to GAPDH. Bars indicate SD, n = 3, 

***p < 0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori 

test).  
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Figure 14. Changes in the expression of FOXO3a in the BetaTC6 cell line and translocation to 

the nucleus. (A) Representative images of FOXO3a staining (red fluorescence), F-actin (green 

fluorescence), and nuclei (blue fluorescence). Digital pictures were taken with IN Cell Analyzer 6500 

HS, quantitative analysis was performed with HCA system IN Cell Analyzer 6500 HS, and IN Carta 

software. and statistical analysis was done with GraphPadPrism. Bars indicate SD, n = 3, ***p < 

0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test). (B) 

Gel quantitation was performed with GelQantNET program and statistical analysis was done with 

GraphPadPrism. Levels of all proteins were normalized to GAPDH. Bars indicate SD, n = 3, ***p < 

0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test).  
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4.2.3 Nitrosative stress 

Oxidative stress is a premise by the growth of nitric oxide (NO) levels and thus the 

occurrence of nitrosative and nitrative stress (Cipak Gasparovic et al., 2017). NO takes part 

in numerous biological mechanisms including apoptosis, cell cycle, or inflammation 

(Bruckdorfer, 2005). NO signaling plays an important role in the modulation of skeletal 

muscle metabolism and insulin signaling. Deficit of NO may have serious implications in an 

organism like cell senescence, insulin resistance, or T2D (Levine et al., 2012). As shown in 

figure 15 A, hydrogen peroxide leads to increased levels of NO in BetaTC6 and caused no 

changes in the NIT-1 cell line. The greatest escalation of NO production was observed in the 

BetaTC6 cell line treated with HP and 5-AzaC. 

One of the main targets of reactive oxygen species including oxygen-free radicals is 

proteins. In the oxidative reactions of proteins carbonyl (CO) groups are inserted into their 

side chains. If the carbonyl groups are present in the protein side-chain may be verified by a 

very sensitive reaction with 2,4-dinitrophenylhydrazine (DNPH). The CO groups are 

derivatized with DNPH to DNP-hydrazone product what can be detected by Western blotting 

(Dalle-Donne et al., 2003).  That is why the present study used this phenomenon to determine 

the level of carbonylated proteins with the help of the OxyBlotTM Protein Oxidation 

Detection Kit. Figure 15 B shows increased protein carbonylation was observed in the NIT-

1 cell line. In this cell line methylation inhibition in stressed cells lead to explicit augment 

of CO groups inserted into protein side chain. BetaTC6 has responded the opposite way 

where depletion of carbonylation was observed. 
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Figure 15. 5-Azacitidine treatment under the cellular stress conditions leads to excessive NO 

production in BetaTC6 cell line. (A) Nitric oxide level was measured by superoxide detection with 

Muse® Nitric Oxide Kit. Lower-left: live cells with no nitric oxide activity [Nitric Oxide(-) and Dead 

cell marker (-)]; Lower-right: live cells with nitric oxide activity [Nitric Oxide(+) and Dead cell 

marker (-)]; Upper-right: dead cells with nitric oxide activity [Nitric Oxide(+) and Dead cell marker 

(+)]; Upper-left: dead cells with no nitric oxide activity [Nitric Oxide(-) and Dead cell marker (+)] 

Results presented as dot plots were obtained automatically with MuseTM Nitric Oxide software 

module. Each dot plot displays the percentage of each detected population. (B) The graph presents 

gel quantitation measured with GelQantNET program statistical analysis done with GraphPadPrism. 

Bars indicate SD, n = 3, ***p < 0.001, **p <  0.01, *p < 0.05 compared to the control (ANOVA and 

Dunnett’s a posteriori test). 
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4.3 HP and 5-AzaC induced apoptosis in pancreatic β-cells 

A natural way to eliminate the unwanted cell is a process of programmed cell death, also 

called apoptosis. This pathway is activated during early development or in adults as a 

response to unrecoverable cell damage, or aging. One of the changes occurring during the 

first stages of apoptosis is a translocation of the phosphatidylserine (PS) normally present 

on the inner side of the plasma membrane, to the external layer of the cell. PS manifest a 

strong affinity to Annexin V, a calcium-dependent phospholipid-binding protein. Annexin 

V is widely used as a marker of apoptotic cell death (Vermes et al., 1995; Walton et al., 

1997). Figure 16 shown Annexin V analysis and revealed significant induction of the 

apoptotic cell death in the BetaTC6 cell line after HP treatment. Likewise, cell proliferation 

has distinctly dropped. NIT-1 cell line apoptosis profile after HP and HP/5-AzaC indicated 

small enhancement, yet it turned out to be more resistant to the damaging action of HP since 

the proliferation profile was not different from the control and HP induced apoptotic pathway 

was notably greater in the BetaTC6 cell line than NIT-1. In both cell lines, 5-AzaC alone did 

not lead to apoptotic cell death. 
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Figure 16. Hydrogen peroxide and 5-azacitidine induced apoptosis in pancreatic β-cells. Results 

presented as dot plots were obtained automatically with MuseTM Annexin V and Dead Cell software 

module. Each dot plot displays the percentage of each detected population. 
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4.4 5-Azacitidine mediated alterations in protein production and localization in 

pancreatic β-cells  

 

4.4.1 5-AzaC mediated activation of ER stress pathway and prevents creating 

protein aggregates in insulinoma 

Protein folding and maturation take place in the endoplasmic reticulum, however, the 

consequence of any errors in this process is the ER stress. In the response to that several 

pathways may be activated, like unfolded protein response (UPR) or endoplasmic reticulum-

associated protein degradation (ERAD). UPR is responsible for restoring ER folding 

capacity and cell homeostasis. Activation of the UPR signaling pathway may take place via 

three different key UPR transmembrane activator proteins: IRE1, PERK, and ATF6 starting 

three separate response pathways (Flamment et al., 2012; Lindholm et al., 2006). The 

addition of the phosphor group to the protein by kinases and phosphatases is a reversible and 

significant post-translational modification responsible for protein activation (Ardito et al., 

2017). This kind of modification concerns some of the UPR signaling transduction pathways 

like IRE1, eIF2a, and PERK. For instance, ATF6 protein in its inactive form is localized in 

the ER membrane as a 90 kDa long protein. Upon ER stress cleavage of ATF6 in the process 

of proteolysis results in the release of an approximately 50 kDa fragment which translocates 

to the nucleus and activates ER chaperone genes (Haze et al., 1999). 

Western blot analysis of some of the ER stress pathway markers has shown activation of this 

pathway by the 5-AzaC treatment (Figure 17 A). GRP78 which plays a key role in IRE-1 

mediated UPR significantly increases in NIT-1 cells upon HP and 5-AzaC treatment whereas 

in BetaTC6 cell is downregulated in comparison to untreated control. Similarly, HP and 5-

AzaC mediated upregulation of PERK expression was observed in all treated NIT-1 whole 

cell lysates. Moreover, in the PERK signaling pathway, phosphorylated, and thus an active 

form of eIF2α (p-eIF2α) was also upregulated upon HP/5-AzaC treatment and significantly 

increased upon 5-AzaC treatment. At the same time, the levels of eIF2α in all treated samples 

were decreased. IRE1 in the NIT-1 cell line was upregulated after 5-AzaC and HP/5-AzaC 

and downregulated after HP. Likewise, HP mediated pIRE1 decrease was observed, and 

HP/5-AzaC. Only 5-AzaC led to an increase of pIRE1 expression. Moreover, a significant 

expression downregulation of a third UPR transmembrane activator protein ATF6 in the 

NIT-1 cell line was observed. The expression of UPR protein in the BetaTC6 cell line was 

fairly different than in the NIT-1 cell line. In BetaTC6 cells PERK was also upregulated, 
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however 5-AzaC and HP/5-AzaC mediated stress induced its greater expression than in NIT-

1. Furthermore, e-IF2α elevated levels were detected, yet p-eIF2α levels were significantly 

reduced. Interestingly IRE1 HP, 5-AzaC, and HP/5-AzaC mediated downregulation were 

detected, but more importantly, levels of activated by phosphorylation form, pIRE1, were 

remarkably increased (Prischi et al., 2014).  ATF6 expression was upregulated was induced 

by HP and 5-AzaC treatment, HP/5-AzaC treatment led to decreased expression of ATF6 

transmembrane activator. 

In the NIT-1 cell line protein aggregation levels decrease under HP, 5-AzaC, and HP/5-AzaC 

treatment indicating preventing role of the UPR system. BetaTC6 cells exhibited decreased 

protein aggregation only upon 5-AzaC and increased upon HP treatment. HP/5-AzaC did 

not lead to any significant changes in a compare to the control. 
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Figure 17. Inhibition of tRNA methylation activates the endoplasmic reticulum stress pathway. 

(A) On the graph presented gel quantitation measured with GelQantNET program and statistical 

analysis done with GraphPadPrism. Levels of all proteins were normalized to GAPDH. Bars indicate 

SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a 

posteriori test). (B) Protein aggregates were detected with PROTEOSTAT® Protein aggregation 

assay. Statistical analysis was done with GraphPadPrism. Bars indicate SD, n = 3, ***p < 0.001, **p 

<  0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori test).  
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4.4.2 Autophagy mediated cell death activation in NIT-1 cell line upon HP and 

5-AzaC treatment 

Autophagy is a lysosomal degradation system of damaged organelles, cell compartments, 

or impaired proteins. Autophagy plays an important role in lowering the ER stress, apoptosis, 

or aging process. There is strong crosstalk between ER stress and autophagy in which ER 

stress may either induce or attenuate the autophagy pathway (Mizushima, 2007). ER stress 

mediated autophagy promotes cell survival and prevents apoptotic cell fate. Additionally, in 

a process called ER-phagy autophagosomes mediated by Atg40/FAM134B complex can 

selectively take in ER membranes. However, as mentioned before, under some pathological 

circumstances, like neurodegenerative diseases, ER stress seems to trigger autophagy 

weakening (Rashid et al., 2015). One of the most widely used autophagy markers is LC3 

due to its correlation of LC3-I to LC3-II conversion with the number of autophagosomes.  

To examine if the cellular stress induction and methylation inhibition trigger autophagy 

LC3B was detected with FlowSight Flow cytometry and Western blot protocol. Obtained 

results presented in figures 18 A and B indicate HP induced cellular stress and tRNA 

methylation inhibition activated autophagy. In the NIT-1 cell line, those results were also 

confirmed with Western blot analysis. Moreover, in NIT-1 cell proteasomal activity drops 

in treated cells, especially after combined HP/5-AzaC treatment. In opposite BetaTC6 

proteasomal activity analysis shows the increased response to induced stress. The biggest 

enhancement appears in cells after HP mediated cellular stress. 
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Figure 18. Autophagy mediated cell death. Inhibition of protein aggregation is not related to 

proteasomal activity (A) Level of LC3b was measured with Amnis® FlowSight® Imaging Flow 

Cytometer. Histograms reveal the intensity of LC3b in treated with HP and/or 5-AzaC cells (red) to 

compare with untreated control (green). The analysis was performed with Ideas Analysis Software. 

Pictures below show representative LC3b positive cells. (B) Western blot analysis of LC3b I and II 

expression level from the whole cell lysates. Gel quantitation was performed with GelQantNET 

program and statistical analysis was done with GraphPadPrism. Levels of all proteins were 

normalized to GAPDH. Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to 

the control (ANOVA and Dunnett’s a posteriori test). (C) Quantitive analysis of proteasomal activity 

was performed with Digital pictures were taken with IN Cell Analyzer 6500 HS, quantitative analysis 

was performed with HCA system IN Cell Analyzer 6500 HS and IN Carta software. Statistical 

analysis done with GraphPadPrism. Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 

compared to the control (ANOVA and Dunnett’s a posteriori test). 
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4.4.3 HP and 5-AzaC mediated Phospho-S6 downregulation 

Ribosomal protein S6 (Rps6) belongs to the S6E family of ribosomal proteins and is a part 

of a 40S ribosomal subunit. It is a small, approximately 34 kDa, highly conserved protein 

occurring in yeasts and higher eukaryotes. Mammalian Rps6 may be phosphorylated at the 

C-terminus in 5 serine residues: Ser235, Ser236, Ser240, and Ser247. Phosphorylation of S6 

ribosomal protein (Phospho-S6) is associated with an increase in translation of mRNA 

transcripts with 5′ terminal oligopyrimidine tract (TOP mRNAs) that encode proteins 

involved in the cell cycle progression, cell size, and glucose homeostasis. Dephosphorylation 

of ribosomal protein S6 takes place at growth arrest (Ruvinsky et al., 2005). Phosphorylation 

of Ser235 and Ser236 is directly catalyzed by an S6 kinase (S6K). However, S6K is not the 

only kinase responsible for Rps6 phosphorylation at Ser235 and Ser236 sites. S6K 

knockdown or rapamycin treatment leading to its deactivation caused phosphorylation 

inhibition yet not complete abolish due to phosphorylation by (MAPK)-dependent kinase. 

The phosphorylation level of Rps6 can be also regulated by protein phosphatase 1 (PP1) 

(Hutchinson et al., 2011; Meyuhas, 2015). Lessen levels of phospho-S6 in mice skeletal 

muscle were found in a response to ER stress inhibitor treatment 4-phenylbutyrate (4-PBA). 

It has been shown that reduction of the UPR affects the activity of the Akt/mTOR pathway 

plus activates autophagy and the ubiquitin-proteasome system (Bohnert et al., 2016). 

Results presented in figures 19 and 20 demonstrate lowered phospho-S6 levels in 

pancreatic β-cells HP and 5-AzaC. NIT-1 exhibited significantly decreased phospho-S6 

regulation only upon HP mediated stress (Figure 19). The biggest decrease was observed in 

the BetaTC6 cell line after HP induced cellular stress and HP/5-AzaC treatment (Figure 20).  
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Figure 19. Oxidative stress induction decreases Phospho-S6 (Ser235, Ser236) expression NIT-

1 cell line. Representative images of staining: red fluorescence – ps6, blue fluorescence – nuclei 

(DAPI). Cells were seeded onto the 96-well plate and treated with HP and/or 5-AzaC. Digital 

pictures were taken with IN Cell Analyzer 6500 HS, quantitative analysis was performed with HCA 

system IN Cell Analyzer 6500 HS and IN Carta software. Statistical analysis has been done with 

GraphPadPrism. Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the control 

(ANOVA and Dunnett’s a posteriori test). 
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Figure 20. Oxidative stress induction decreases expression of Phospho-S6 (Ser235, Ser236) 

protein in BetaTC6 cell line. Representative images of staining: red fluorescence – ps6, blue 

fluorescence – nuclei (DAPI). Cells were seeded onto the 96-well plate and treated with HP and/or 

5-AzaC. Digital pictures were taken with IN Cell Analyzer 6500 HS, quantitative analysis was 

performed with HCA system IN Cell Analyzer 6500 HS and IN Carta software. Statistical analysis 

was performed with InCell Analyzer 2000 analysis software and statistical analysis was done with 
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GraphPadPrism. Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the control 

(ANOVA and Dunnett’s a posteriori test). 

 

4.4.4 Changes in Trdmt1 expression and localization in pancreatic β-cells 

Dnmt2/Trdmt1 is a methyltransferase catalyzing the transfer of a methyl group to the C5 

position of C38 in tRNA. Trdmt1  mediated methylation plays a role in protein translation 

regulation, ensures tRNA stability, reading frame maintenance, and controls codon-

anticodon interactions (Tuorto et al., 2012). Typically Trdmt1 is located in the nucleus but 

it has been shown that upon the cellular stress it may be re-located to the cytoplasm (Dev et 

al., 2017; Thiagarajan et al., 2011).  

In this study changes in Trdmt1 expression and localization has been shown with the use 

of the imagining flow cytometry. In control, untreated pancreatic β-cells supreme of the 

detected Trdmt1 was located in the nuclear area (Figure 21 A and B). However, HP mediated 

cellular stress of pancreatic insulinoma β-cells NIT-1 induced translocation of Trdmt1 to the 

cytoplasm and 5-AzaC induced increased Trdmt1 nuclear localization. Furthermore, in the 

BetaTC6 cell line, the augment of 5-AzaC mediated Trdmt1 biosynthesis was detected. 

Moreover, 5-AzaC treatment proceeded by HP induced cellular stress induces increased 

biosynthesis of Trdmt1 in both cell lines. 
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Figure 21. 5-azaC induces changes in translocation and expression of Trdmt1 in pancreatic 

insulinoma β-cells (A) Using Amnis® FlowSight® Imaging Flow Cytometer localization (left) and 

level (right) of Trdmt1 was detected in NIT-1 and BetaTC6 cell lines treated with HP and/or 5-AzaC. 

The analysis was performed with Ideas Analysis Software (B) Representative image of changes in 

Trdmt1 (green) level and distribution in a cell after HP treatment compared to the untreated control. 

Nuclei were stained with propidium iodide (red).  
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4.4.5 Increased colocalization of Dnmt2/Trdmt1 and p-eiF2α in pancreatic  

β-cells under HP mediated cellular stress and tRNA methylation inhibition 

Signals detection with fluorescence microscopy allows analysis of the presence or lack of 

the structures/molecules, amount, and location in a cell. Estimation of the colocalization 

events indicates the possibility of the level of probes occupying the same cell structure and 

sometimes also potential interaction. A conducted experiment used two different antibodies 

labeled with different probes. Trdmt1 was stained in green (FITC) and p-eIF2 in red (Cy5). 

eIF2α is one of the ER stress markers activated via phosphorylation in a PERK-dependent 

pathway of UPR. The main role of eIF2α is protein synthesis inhibition via translation 

attenuation. However, eIF2α phosphorylation not always leads to total translation inhibition 

and additionally may activate translation of the Activating Transcription Factor 4 ATF4 

(Harding et al., 2000; Lu et al., 2004). 

Inhibition of RNA methylation causes the endoplasmic reticulum (ER) stress and increased 

co-localization of Trdmt1 with p-eIF2α in a BetaTC6 cell line what was shown in figure 22 

B. In NIT-1 only 5-AzaC treatment lead to a small increase of Trdmt1 and p-eIF2α 

colocalization. Moreover, presented in figure 22 D, Western blot analysis of the whole cell 

lysates indicates overexpression of the eIF2α in the BetaTC6 cell line and decrease of its 

phosphorylated form. NIT-1 analysis shows downregulation of eIF2α and enhanced level of 

p-eIF2α methylation inhibition with 5-AzaC.  
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Figure 22. Inhibition of RNA methylation causes the endoplasmic reticulum (ER) stress and 

increased co-localization of DNMT2 with p-eIF2α, one of the ER stress markers p-eIF2α level 

in NIT-1 and BetatTC6 cell lines treated with HP, 5-AzaC and combination of both was 

detected with Amnis® FlowSight® Imaging Flow Cytometer. The analysis was performed with 

Ideas Analysis Software (A) Using flow cytometry level of p-eiF2α expression in the single cell 

was detected. Charts present p-eIF2α fluorescence intensity (red) overlapped on its intensity in the 

untreated control (green). (B.) Gated units (red figure) show the percentage of p-eiF2α and Trdmt1 

co-localization events in the cell. (C) Representative images of staining Trdmt1 (green, FITC) and 

p-eiF2α (red, Cy5). Upper figure (+) presents cell where p-eiF2α  is expressed and lower figure (-) 

cell where p-eiF2α was not detected. (D) Western blot analysis of eIF2α and p-eiF2α in the whole 

cell lysates. Gel quantitation was performed with GelQantNET program and statistical analysis was 

done with GraphPadPrism. Levels of all proteins were normalized to GAPDH. Bars indicate SD, n 

= 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori 

test).   
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4.4.6 Trdmt1 does not localize in an endoplasmic reticulum 

The endoplasmic reticulum is an organelle made out of the system of membranes named 

cisternae. ER is responsible for protein production, modification, release, and transport to 

the Golgi apparatus. In this study, ER was detected with fluorescent staining by ER tracker 

(blue) and Trdmt1 was identified with an antibody labeled with FITC probe (green). The 

presented in figure 23 results of ER and Trdmt1 staining have not revealed any significant 

changes in the ER and Trdmt1 colocalization. Only HP and 5-AzaC treatment had a small 

impact on the increase ER/Trdmt1 overlapping. In other analyzed cases the Trdmt1 

localization in the ER has not been observed. 

 
Figure 23. ER and Trdmt1 co-localization analysis has not revealed any significant changes. In 

presented representative images of the multicolor fixed-cell assay, ER was detected with ER tracker 

(blue fluorescence), Trdmt1 was detected with an antibody labeled with FITC (green fluorescence) 

and nuclei were visualized with PI (red fluorescence). Digital pictures were taken with IN Cell 

Analyzer 6500 HS, quantitative analysis was performed with HCA system IN Cell Analyzer 6500 

HS and IN Carta software. Statistical analysis was done with GraphPadPrism. Bars indicate SD, n = 

3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA and Dunnett’s a posteriori 

test).  
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4.4.7 5-Azac treatment increases insulin production in pancreatic β-cells 

Insulin is a small approximately 5.81 kDa peptide hormone translated from mRNA in the 

cytosol as a 110 amino-acids long single chain called pre-proinsulin. Then translocated to 

the ER where is modified to proinsulin and then and the active form insulin. For the insulin 

production in the animal body responsible are β-cells located in the pancreas (Weiss et al., 

2000). Insulin regulates glucose level in the blood and chronic downregulation in insulin 

production are dangerous for the organism leading to diabetes development.  

In the next step, it was taken under consideration wheatear HP-induced cellular stress and 

5-AzaC mediated methylation inhibition has an impact on insulin production by pancreatic 

β-cells. To determine the level of insulin secretion conducted two analyses of NIT-1 and 

BetaTC6 cell lines. Using immunofluorescence technique cell nuclei were labeled with 

DAPI and insulin was detected with antibody conjugated with green fluorescence probe 

(FITC). Confocal images revealed explicit boosted insulin secretion by 5-AzaC treated  

NIT-1 cell line is presented in figure 24 A. Western blot analysis of insulin expression level 

from the whole cell lysates presented in figure 24 B has shown an increase of production in 

the NIT-1 cell line after tRNA methylation inhibition in comparison to untreated control. 

For instance, confocal imagining of BetaTC6 demonstrated significant enhancement in 

insulin production upon HP treatment (Figure 25 A). Western blot analysis of insulin 

expression level from the whole cell lysates presented in figure 25 B has shown a small 

increase of insulin production in the BetaTC6 cell line after 5-AzaC treatment in comparison 

to untreated control. 
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Figure 24. Insulin production increases after 5-AzaC and HP/5-AzaC treatment in pancreatic 

β-cells NIT-1. (A) Representative images were taken with a confocal microscope under 40x 

magnification. Insulin was detected with antibody conjugated with FITC (green fluorescence) and 

nuclei were stained with DAPI (blue fluorescence). (B) Gel quantitation was performed with 

GelQantNET program and statistical analysis was done with GraphPadPrism. Levels of all proteins 

were normalized to GAPDH. Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared 

to the control (ANOVA and Dunnett’s a posteriori test).  
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Figure 25. BetaTC6 cells treatment with 5-AzaC stymulates insulin production and 

lowers its production after prior HP treatment (A) Representative images were taken with 

a confocal microscope under 40x magnification. Insulin was detected with antibody 

conjugated with FITC (green fluorescence) and nuclei were stained with DAPI (blue 

fluorescence). (B) Gel quantitation was performed with GelQantNET program and statistical 

analysis was done with GraphPadPrism. Levels of all proteins were normalized to GAPDH. 

Bars indicate SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the control (ANOVA 

and Dunnett’s a posteriori test). 
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5. Discussion 
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Facing the urgency due to the increasing number of diabetic patients understanding the 

processes in the pancreatic β-cells seems to be crucial for the improvement of diabetes 

treatment and prevention. Moreover, we suspected 5-AzaC to be a factor useful in an 

expansion of the possibilities in insulinoma treatment of patients who cannot be qualified 

for surgery. To investigate the role of 5-AzaC mediated tRNA methylation inhibition in 

pancreatic β-cells, in control conditions, stress and aging were induced with a pro-oxidant, 

hydrogen peroxidase. To find out the role and dependence of Trdmt1, ER stress, senescence, 

and aging in pancreatic β-cells and potential implications in insulin production and senescent 

cell elimination. 

Trdmt1 (also known as Dnmt2) protein for many years was considered as a DNA 

methyltransferase due to high structural and sequential similarity to proteins belonging to 

the DNMT family. However, Trdmt1 demonstrates a very small ability to DNA methylation 

and mostly methylates tRNA at the C38 position (Goll et al., 2006). Perturbations in tRNA 

modification can lead to errors during protein synthesis and therefore ER stress initiation 

(Wei et al., 2011). In a present study, we wanted to determine the potential consequences of 

5-AzaC treatment on pancreatic insulinoma cells, insulin production and the potential 

correlation with 5-AzaC mediated tRNA methylation disruption at the Trdmt1 target site in 

pancreatic β-cells (Schaefer et al., 2009). In presented research used two cell lines delivered 

from mice pancreatic β-cells producing insulin. Both used cell lines produce insulin which 

is why are good models for insulin secretion. Firstly, for cellular stress induction cells were 

treated with hydrogen peroxide (HP) which may also increase Trdmt1 level. Furthermore, 

cells were incubated with media containing 5-AzaC which inhibits tRNA methylation at a 

Trdmt1 target site and also DNA methylation.  

ROS profile analysis has shown NIT-1 cells established from transgenic nonobese diabetic 

(NOD/Lt) mouse is more vulnerable to an oxidative stress induction also after 5-AzaC 

treatment. Nevertheless, nitric oxidative profile analysis showed no changes in NO 

production by an NIT-1 after HP or 5-AzaC treatment. While in BetaTC6 cell line HP 

induced cellular stress and 5-AzaC treatment under cellular stress conditions lead to 

excessive NO production. Normally ROS and RNS presence is required for β-cell proper 

functioning including stimulation of insulin production (Drews et al., 2010). Yet, generally 

low levels and activity of antioxidant enzymes in β-cells provokes easy induction of 

oxidative stress. NO synthesis appears to be an important trigger for diabetes induction via 

enhanced nitric oxide synthase (iNOS) expression and thus cytokine-mediated β-cell death. 
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It has been shown that iNOS expression inhibition reduces hyperglycemia in NOD mice 

(Drews et al., 2010; Pierre Pirot et al., 2008). In both cell lines ROS, as well as SOD1 levels, 

were elevated after HP and 5-AzaC treatment nonetheless the amount of produced reactive 

oxygen species by NIT-1 was significantly higher. NIT-1 may be more vulnerable to 

excessive ROS production due to previous oxidative stress existence that is early founded in 

T1D NOD mice (C. W. Liu et al., 2018). Interestingly, the BetaTC6 cell line demonstrated 

NO excessive production. NO synthesis may be stimulated in a calcium-dependent manner 

what can be associated with an HP treatment since it has been shown that HP increases Ca2+ 

level (Drews et al., 2010). However, NIT-1 cell line has not demonstrated this pattern. NO 

production was on the very low level. Study of Wang et al. on NIT-1 cell line suggested 

diminished NO production mediated by GRP78 elevated levels. In GRP78 transfected  

NIT-1 cell line after treatment with streptozotocin detected decreased level of NO, SOD 

upregulation and apoptosis reduction (M. Wang et al., 2007). In this study NIT-1 cell line 

exhibited similar pattern after cellular stress induction with HP and 5-AzaC what may 

confirm GRP78 mediated prevention from excessive NO production and apoptotic cell 

death. BetaTC6 cell line has not responded to a cellular stress induction in the same way. 

Possibly due to observed GRP78 downregulation NO and apoptotic cell death levels were 

elevated. 

In the presented study we observed that HP mediated inhibition of the G2/M and phases 

and HP/5-AzaC mediated S phase inhibition in the NIT-1 cell line. In BetaTC6 cells, we 

demonstrated S phase inhibition after HP and HP/5-AzaC treatment. Along with the S phase, 

cell cycle arrest in BetaTC6 increased apoptosis was detected. This can be supported by 

other studies indicating that ROS induces DNA damage which can stimulate either cell cycle 

arrest in the G1 or G2/M phase, and apoptosis of cells in the S phase or senescence-like 

growth arrest (CHEN et al., 2000; Shackelford et al., 2000). Whereas, NIT-1 HP mediated 

cell cycle arrest was greater in a G2/M phase than S phase and apoptotic cell death induction 

was only slightly increased in comparison to BetaTC6. Moreover, the BetaTC6 cell line 

proliferation profile was remarkably lowered by HP and HP/5-AzaC treatment. The loss of 

the proliferation capability may indicate cell senescence. Cellular growth rate decrease 

related to senescence is a hallmark of both stress conditions and aging thus it is a standard 

mechanism preventing aberrant cell division. Molecules with the ability to inhibit senescent 

cell anti-apoptotic pathways (SCAPs) are called senolytic. Another type of molecule which 

action focus on senescence cells is senostatics (senomorphic). Those drugs in opposite to 
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senolytic do not promote senescence cell removal but suppress SASP. Both sorts of drugs 

can delay aging and prevent diseases related to age, like diabetes (Muñoz-Espin & Demaria, 

2020; Niedernhofer & Robbins, 2018). In the conducted experiment in both cell combined 

treatment with HP and 5-AzaC in NIT-1 as well as in BetaTC6 cell line significantly changed 

the morphology of β-cells. Cells of both cell lines did not aged, did not proliferate but were 

not also dead what indicates 5-AzaC senolytic activity - selective death induction of 

senescent cells. All senescent cells were killed and the cell cycle of others was inhibited. HP 

treatment led to premature senescence which indicates its senostatic activity – inhibited 

signaling and blocked proliferation of senescent cells. BetaTC6 cellular senescence mediated 

by a prooxidant and 5-AzaC might be also an indicative of accelerated aging process. 

Similarly, as in Tan et. al study of age-related changes in monkey chondrocytes, BetaTC6 

decreased chaperone level, here GRP78, and upregulation of ER stress marker pIRE1, 

accompanied by apoptosis activation (Tan et al., 2020). 

Taken together an elevated level of NO observed in BetaTC6 cell suggest NO-mediated 

apoptotic death of BetaTC6 β-cells what may indicate that HP induced increased level of the 

Ca2+ in cytosol triggers NO production, ER stress, and related induction of apoptosis 

preceded by the cell cycle inhibition in S phase.  

Besides, one of the factors of cell cycle suppression, apoptosis, and autophagy regulation, 

FOXO3a was found to increase in HP and HP/5-AzaC treated NIT-1 cells. At the same time, 

essential for FOXO3a action translocation to the nucleus in NIT-1 has not been observed 

(Nho, 2014). In contrast, BetaTC6 cells demonstrated HP-mediated FOXO3a 

downregulation but HP and HP/5-AzaC induced translocation to the nucleus. Some studies 

indicate ER stress and UPR crosstalk in FOXO3a activation. Coronary artery selective 

PERK inhibition led to decreased FOXO3a nuclear localization (Sun et al., 2017). Research 

on neuronal cells indicates CHOP direct interaction with FOXO3a in a response to 

tunicamycin induced ER stress, increased active nuclear FOXO3a, and apoptosis induction 

(Ghosh et al., 2012). BetaTC6 demonstrated FOXO3a translocation, PERK upregulation, 

and apoptosis induction upon HP and HP/5-AzaC treatment. Considering FOXO3a 

apoptosis promoting activity during oxidative stress and the lack of survival factors 

(Lehtinen et al., 2006), obtained results indicate UPR PERK/CHOP mediated FOXO3a 

activation by increased nuclear localization in BetaTC6 cells and thus promotes apoptotic 

cell death. Moreover, FOXO3a protects the cell from ROS-mediated damage through the 

regulation of antioxidant enzymes, including SODs (Kops et al., 2002). A low level of 
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FOXO3a explains a low response to oxidative stress and a low level of SOD1. Similarly, the 

upregulation of SOD1 in NIT-1 cells explains the increased expression of FOXO3a 

(Marinkovic et al., 2007). 

Iodium propide staining revealed increased expression and/or translocation of Trdmt1 

protein upon cellular stress induction in pancreatic β-cells. Trdmt1 is mainly cytoplasmic 

protein but can also occur in the nucleus. Schaefer et. al in their research on Drosophila 

suggested Trdmt1 translocation to the nuclei only during particular cell cycle phases 

(Schaefer et al., 2008). It has been shown that cellular stress induces Trdmt1 translocation 

from the nucleus to the cytoplasm where takes part in RNA processing (Thiagarajan et al., 

2011). Flow cytometry analysis revealed induced by 5-AzaC increased Trdmt1 expression 

in BetaTC6 cells and HP mediated translocation to the cytoplasm in NIT-1 cells. Shown 

results may indicate the role of Trdmt1 in the response to cellular stress. A study on human 

fibroblasts shows that Trdmt1 silencing leads to increased HP-mediated increased apoptosis 

and senescence (Lewinska et al., 2017). Here, used 5-AzaC may cause tRNA demethylation 

mediated by Trdmt1, so to compensate for this state as a response more Trdmt1 is 

synthesized by BetaTC6 cells. NIT-1 cell line flow cytometry assay revealed increased 

Trdmt1 translocation upon cellular stress. Trdmt1 may help to cope with the cellular stress 

induction either by its increased biosynthesis or augmented translocation to the cytoplasm 

that was observed in the NIT-1 cell line. Moreover, flow cytometry analysis of Trdmt1 and 

p-eIF2α localization and expression showed in NIT-1 cells 5-AzaC mediated upregulation 

of p-eIF2α expression and HP and HP/5-AzaC mediated increased p-eIF2α/Trdmt1 co-

localization what may be correlated with the increased level of cytoplasmic Trdmt1 content.  

Using FlowSight flow cytometry level of LC3B was measured as one of the autophagy 

markers. In the performed experiment, 5-AzaC activated autophagy mediated cell death. 

However, only in NIT-1 cells, those results were also confirmed with Western blot analysis. 

Western blot of whole BetaTC6 cell lysates has not shown significant changes. Strengthened 

autophagy in a response to not only HP-induced cellular stress but also mediated by 5-AzaC 

reveals the need to cell survival promotion and apoptotic cell fate prevention. Comparing 

those results to apoptosis analysis it is clear that the NOD cell line responded to 5-AzaC 

treatment by activating the autophagy pathway and thus maintaining proliferation rate 

whereas BetaTC6 cells appeared to be more vulnerable to stress which triggered apoptosis 

and proliferation decrease. Furthermore, ER stress mediated autophagy promotes cell 

survival and prevents apoptotic cell fate (Rashid et al., 2015), and in NIT-1 cells 5-AzaC 
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treatment activated ER stress. This led to UPR stimulation via one of the transmembrane ER 

stress sensor PERK which is responsible for eIF2α phosphorylation. Even though Western 

blot did not show enhanced expression of eIF2α, yet its phosphorylated form (p-eIF2α) was 

on a significantly higher level. This indicates ER stress mediated autophagy activation which 

protected NIT-1 cells from apoptotic cell death (Rashid et al., 2015). Moreover, proteasomal 

activity in NIT-1 drops after HP and/or 5-AzaC treatment can be supported by potential 

crosstalk between ubiquitin-proteasome system and autophagy. Proteasome system 

inhibition may result in the compensatory activation of autophagy through ER stress and 

UPR activation (Ding et al., 2007; Ji & Kwon, 2017). Additionally, in NOD cell line 

carbonylation increases together with the lower level of protein aggregates. Stimulated 

pathways seemed to be efficient due to exhibited successive elimination of protein 

aggregates in NIT-1 by autophagy in a process mediated by 5-AzaC. At the same time, 

BetaTC6 cells as well as NIT-1 demonstrated upregulation of the UPR proteins like pIRE 

and PERK but increased proteasomal activity, thus suggesting BetaTC6 cell line ER stress 

induction was not related to UPS inhibition. IRE1 promotion of autophosphorylation in a 

response to ER stress generated pIRE1 acts as ribonuclease and splices of Xbp-1 mRNA 

(Xbp-1s). Spliced Xbp1 upregulates ER chaperones and genes related to ERAD (Kemp et 

al., 2013; Lin & Stone, 2020). Moreover, in BetaTC6 cells, the number of protein aggregates 

was elevated. Those results indicate non-5-AzaC dependent ERAD activation in BetaTC6 

due to the accumulated protein aggregates, however not effective enough what resulted in 

apoptotic cell death augment.  

In both pancreatic β-cells detected HP and 5-AzaC induced phospho-S6 downregulation. 

The greatest augment was observed in the BetaTC6 cell line after HP and HP/5-AzaC 

treatment. Phospho-S6 reduced levels are contributed to UPR weakening and UPS activation 

(Bohnert et al., 2016). Indeed, in the BetaTC6 cell line increased proteasomal activity was 

detected. Moreover, dephosphorylation of ribosomal protein S6 takes place at growth arrest 

which great increase in the S phase was observed in BetaTC6 HP mediated cellular stress 

(Ruvinsky et al., 2005). 

One of the most important parts of the conducted study was to check the effect of the 

potential correlation with 5-AzaC mediated tRNA methylation disruption at the Trdmt1 

target site in pancreatic β-cells and insulin production. Immunostaining has shown a high 

increase of insulin secretion NIT-1 cells after 5-AzaC in comparison to untreated control. 

Similarly, Western blot analysis of insulin expression level from the whole cell lysates has 
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shown an increase of production in the NIT-1 cell line after 5-AzaC and HP/5-AzaC 

treatment, which presents 5-AzaC as a factor that prevents T1D. Furthermore, an increase in 

insulin production correlates with Trdmt1 inhibition. For instance, confocal imagining of 

BetaTC6 demonstrated significant enhancement in insulin production upon HP treatment. 

Western blot analysis of insulin expression level from the whole cell lysates indicated a small 

increase of insulin production in the BetaTC6 cell line after 5-AzaC treatment and a decrease 

after HP/5-AzaC treatment. Here, BetaTC6 cells 5-AzaC treatment led to decreased insulin 

production and upregulated Trdmt1 level. 

It has been reported that HP transiently induces insulin secretion in rat pancreatic β-cells and 

the same dependence was reported here in the BetaTC6 cell line (Maechler et al., 1999). 

However, NIT-1 did not respond in the same way, demonstrating the same insulin expression 

level as in untreated control.  

Some recent studies describe cases of glycemic homeostasis disorder haematologic 

malignancies in patients treated with 5-Azacitidine. In reported cases, patients developed 

hyperglycaemia in a response to 5-AzaC. The authors explain this state suggesting 5-AzaC 

DNA hypomethylation activity leading to either glucocorticoids upregulation or pancreatic 

β-cells impairment (Morton, 2019; Ponard et al., 2018). Here, BetaTC6 upon HP/5-AzaC 

also indicated decreased level of insulin secretion. Yet, it is important to notice that the 

treatment has been done in vitro on only one type of cells, therefore glucocorticoid 

dysregulation, in this case, can be excluded. The reason for this decrease may be inhibition 

of tRNA methylation at the Trdmt1 target site leading to disturbance in insulin production, 

ER stress, and induced cell senescence. However, as mentioned before 5-AzaC is also a 

DNA hypomethylating agent and may be implicated in the regulation of some genes like 

CDKN1A, PDE7B, or SEPT9 that are directly involved in insulin secretion (Dayeh et al., 

2014). Surprisingly, 5-AzaC treatment enhanced insulin production in the nonobese diabetic 

cell line. It has been previously reported that pancreatic adenocarcinoma cell treatment with 

5-AzaC yields insulin production. Furthermore, it also led to inhibition of pancreatic 

adenocarcinoma cell growth and increased vulnerability to anticancer drugs (Gailhouste et 

al., 2018).  

Yet, it has to be taken under consideration that 5-Azacitidine is not the exclusive tRNA 

methylation inhibitor but also inhibits DNA methylation. 5-methylcytosine formed by the 

transfer of a methyl group onto the DNA cytosine regulates gene expression (Moore et al., 

2013). Inflammation response in the NOD mice induces insulin DNA methylation altering 
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insulin gene expression during T1D development (Rui et al., 2016). The study on the mouse 

embryonic stem cells revealed the importance of the insulin gene Ins2 promoter 

demethylation for proper cell differentiation and insulin secretion (Kuroda et al., 2009). 

Those mechanisms were not investigated in this study thus the direct effect of 5-AzaC on 

pancreatic β-cells is not well known and requires further investigation. Showed responses, 

activated pathways, and final cell fate as a result of 5-Azacitidine treatment differ between 

insulinoma pancreatic cell lines what has been displayed in figures 26 and 27. Furthermore, 

5-Azacitidinte did not lead to decreased insulin productions, as suspected in the beginning 

but insulinoma Non Obese Diabetic NIT-1 cells and BetaTC6 cell line increased insulin 

production. However, it is not sure if the released hormone is functional. 

Increased apoptosis and senescence in the BetaTC6 insulinoma cell line gives the 

prospective of 5-AzaC in cancer therapy what agrees with the most recent study of Sugisawa 

et al. on pancreatic cancer. In the trial, they used triple methyl blockade where one of the 

used inhibitors was 5-Azacitidine, which showed the potential in pancreatic treatment via 

tumor growth arrest (Sugisawa et al., 2021).  

 

 

 

Figure 26. 5-Azacitidine mediated response during cellular stress NIT-1 insulinoma cell 

line. The 5-Azacitidine treatment leads to oxidative stress maintenance, Trdmt1 upregulation, 

and ER stress leading to autophagy and senescent cells elimination. 
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Figure 27. 5-Azacitidine mediated response during cellular stress BeatTC6 insulinoma 

cell line. The 5-Azacitidine treatment leads to nitrosative stress, oxidative stress maintenance, 

Trdmt1 increased expression, ER stress activation, and nitrosative stress mediated apoptosis 

and senescent cells elimination.  
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Conclusions 

 Stress-induced premature senescence reduces insulinoma cell growth 

 SIPS insulinoma cells are associated with increased Trdmt1 level and/or altered 

intracellular localization  

 Senescent cells elimination is correlated to 5-AzaC mediated oxidative and ER stress 

induction, and/or nitrosative stress activation 

 5-AzaC induces insulinoma senescent cells elimination proceeded by HP mediated 

cell cycle inhibition 

 5-AzaC inhibits adaptative response related to cellular stress mediated Trdmt1 

upregulation 

 5-AzaC modulates insulin secretion by senescent insulinoma cells 

 The combined therapy of prooxidants and 5-AzaC may be considered in the future 

as a novel potential therapeutic in insulinoma treatment  

 5-AzaC mediated enhanced insulin production in NOD cell line as a factor 

preventing T1D 
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