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Abstract

Type 2 diabetes mellitus characterized by chronic hyperglycaemia is caused by insulin resistance and p-cell dysfunction.
Glycogen accumulation, due to impaired metabolism, contributes to this “glucotoxicity” via dysregulated biochemical
pathways promoting B-cell dysfunction. Thus, long-term exposition of insulin-secreted cells or isolated islets together
with increased free fatty acids (FFA) and glucose levels can cause insulin-induced glucose secretion depression,
damage to insulin gene expression and apoptotic death of cells. It is known that, the main regulator of pancreatic B-cells
functioning and regulator of insulin gene expression, synthesis and secretion of insulin is glucose. Glucose enters
cells and progressively metabolizes, in particular, to pyruvate in a cycle of tricarboxylic acids, subjected to oxidative
phosphorylation, during which formed adenosine triphosphate and reactive oxygen radicals (ROS). Although, when
more glucose enters the cell, there are other ways in which extra glucose can be transferred to reserve and of the
glucose molecules can form ROS. The release of excessive amounts of FFA leads to lipotoxicity, as lipids and metabolites
produce ROS in the endoplasmic reticulum and mitochondria. This affects both adipose and non-fat tissue, making up
its pathophysiology in many organs. This overview demonstrates that the insulin gene is expressed in pancreatic B-cells.
Glucose is the main physiological regulator of insulin gene expression. It controls the effect of transcription factors, insulin
mRNA stability, and transcription rate. Glucolipotoxicity mechanisms affect the transcription factors MafA and PDX-1.
Important is the B-cells damaging, which is connected with the oxidative stress and the synthesis of ceramides.
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INTRODUCTION

Our narrative review summarizes the results of studies of trigger mechanisms (in particularly, glucotoxicity)
in insulin resistance (IR) and type 2 diabetes mellitus (DM) development. When searching PubMed for
the next keyword combination “insulin resistance and type 2 diabetes and mechanisms”, we received 4,307
results (2,976 of them in the last 10 years). When narrowing the search with the keyword combination
“insulin resistance and type 2 diabetes and glucotoxicity”, we received 104 results (55 of them in the last 10
years). Mostly, the article presented literary sources limited to the search for the last 10 years (until now).
Nevertheless, we included older publications (preferring high-ranking journals) in case of seminal studies or
when few studies were available for a specific topic. Of the articles retained, we included 57 that were most
specific to trigger mechanisms in IR and DM development.

Type 2 DM is a progressive chronic disease characterized by chronic hyperglycemia caused by IR and p-cell
dysfunctionm. Pancreatic B-cells play a fundamental role in the maintenance of glucose homeostasis in
mammalians”. It is proved that by the time of type 2 DM development, sensitivity of peripheral tissues to
insulin is reduced by 70%, and insulin secretion - by 50% . The loss of insulin sensitivity in muscle, fat and
liver tissues has the greatest clinical significance. Understanding of IR development mechanisms, search for
genes responsible for its development is extremely important for the working out of new approaches to the
treatment of type 2 DM. A study in the field of molecular biology has shown that patients with type 2 DM have
genetic defects that are responsible for transmission of the signal after joining of insulin with the receptor
(post-receptor defects)™.

Insulin realizes the metabolic effect through the activation of phosphatidylinositol-3-kinase (PI3K) and
protein kinase B (PKB, Akt). Serine/threonine kinase Akt phosphorylates GSK38 and FOXOs transcription
factors that directly or indirectly mediate the effect of insulin on transcription of genes involved in
carbohydrate metabolism. The deletion or deactivation of the genes Akt1 and Akt2 blocks the effect of
insulin on glucose metabolism'™*

Through PI3K and phosphorylation of proto-oncogene Cbl, activates glucose transporter 4 (Glut4)"”. Thus,
the biological effect of insulin is associated with the activation of glucose uptake by adipocytes and myocytes
(Glut4), activation of glycogen synthesis (glycogen synthase) and protein (S6-kinase). Insulin regulates
transcription of more than 150 genes. There are 7 groups of insulin-regulated sequences or elements (IRS/
IRE)", including sterol-regulated element-binding protein 1c (SREBP-1c). SREBPs are transcription factors
of the helix-loop-helix (bHLH) family in the liver. Forms SREBP-1a, SREBP-1c and SREBP-2 affect the
homeostasis of cholesterol and lipids. Srebp-1c expression is regulated by insulin regardless of glucose level

[Figure 1] el

Hyperexpression of dominant negative forms of SREBP-1c prevents induction of hepatic pyruvate kinase,
spot 14 and fatty acid synthase mediated by insulin™”’. The expression of glucokinase (GK) in the liver is
regulated by insulin, regardless of the level of glycemia.

Insulin also causes repression through removal from the core and acceleration of the degradation of a FOXO
transcription positive regulator. In B-cells, the FOXO1 nuclear factor is a repressor of the positive activity of
the nuclear transcription factor Hnf3f (FOXOz2) in the PDX1 promoter, while insulin increases repression
through deletion of FOXO1 from the nucleus.

The highly conservative area, located 340 bp upstream of the start of transcription initiation, subsequently
renamed as a promoter of insulin, controls the production of insulin by tissues and the regulation of the
insulin gene itself. Most factors act here, which determine high transcription, these include cis-regulatory
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Figure 1. The effect of insulin and glucose on the regulation of gene expression™®’. IRS1/IRS2: insulin receptor substrates 1 and 2; Akt
proteinase B; PI3K: phosphatidylinositol-3-kinase; SREBP-1c: sterol-regulated element-binding protein 1C; FAS: fatty acid synthase; FOXO:
transcription factors; Glut4: glucose transporter; GK: glucokinase; L-PK: liver pyruvate kinase; S14: spot 14; G6P: glucose-6-phosphate
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Figure 2. Schematic representation of the proximal area of the insulin 2 promoter in rats"™. C1 (RIRE3b1): promoter node; BETA2 (NeuroD):
transcription factor; PDX-1 (IDX-1/STF-1/IPF1): pancreatic/duodenal homeobox-1
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elements, which are involved into activation in vitro [Figure 2].

Insulin promoter factor (PDX-1) also works with proteins of the basic dimerization transcription factors
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(bHLH), binded with box E1"*, Activator E1 is a dimer consisting of two polypeptide chains. The interaction
between the dimerization transcription factors (bHLH) and the insulin promoter factor (PDX-1), includes
other coactivators and DNA-binding proteins, for example, MafA, co-promoter C1". MafA controls
the expression of B-cells, a specific expression of the insulin gene through a cis-regulatory element called
RIPE3b1, and function as a powerful transactivator of the insulin gene'*, While PDX-1 and NeuroD are
expressed in different types of islet cells, MafA is a specific transactivator of the insulin gene only in B-cells.
Therefore, the power of MafA as an activator of the insulin gene, together with the unique expression in
B-cells, increases the probability that MafA is the main factor in the formation and function of these cells".

The deterioration of B-cells may result from a combination of genetic and environmental factors.
Hyperglycemia, even moderate, observed before the development of diabetes, can lead to damage to B-cells
through a process known as “glucotoxicity”. The second phenomenon, lipotoxicity, also leads to B-cell
damagem]. Both of these processes can be considered as abnormal, because glucose and lipid levels are not
toxic, but very important for normal functioning of B-cells. Therefore, there is a range of variances from the
normoglycemic and normolipidemia conditions to disturbed hyperglycemic and hyperlipidemia conditions.
Unger and colleagues were the first to introduce the concept of “glucotoxicity” and “lipotoxicity”[m]. In their
first article, glucose toxicity means continuous super-stimulation of B-cell glucose, which ultimately leads
to insulin stores exhaustion, aggravation of hyperglycemia and to final worsening of B-cells functioning.
The hypothesis about the cause of B-cell functioning aggravation was based on the exposure of B-cells in
conditions of excessive lipid levels. The recognition of glucolipotoxicity presence is based on changes in
intracellular lipids, which form the basis of lipotoxicity mechanism and depend on elevated glucose levels.

Thus, glucotoxicity and lipotoxicity are correlated and have the same mechanisms'"”.

GLUCOTOXICITY

Glycogen accumulation, due to impaired metabolism, contributes to this “glucotoxicity” via dysregulated
biochemical pathways promoting p-cell dysfunction[m]

In general, some studies in vitro, tried to find glucolipotoxicity mechanisms formation, using isolated
Langerhans islets and B-cells in pancreatic tissue. Long-term exposition of insulin-secreted cells or isolated
islets together with increased free fatty acids (FFA) levels and glucose can cause insulin-induced glucose
secretion depression, damage to insulin gene expression and apoptotic death of cells™".

The increase of IR and defeat of B-cells are the basis of type 2 DM progression and these two factors have
different values and degrees of change. IR provokes changes that occur before the onset of hyperglycemia,
and reaches its maximum values at relatively early stages of disease progression. Data extrapolated from
UKPDS and Belfast Diet Study suggests that B-cell dysfunction precedes the development of diabetes for
up to 15 years. In addition, the UKPDS showed a correlation between long-term, gradual deterioration of
glycemic control and progressive dysfunction of B-cells, confirming the view that the defeat of these cells
may be the leading factor in the disease""*",

Studies, which are currently being conducted, show that disorders on the part of B-cells are not only in an
insulin secretion depression. They are multi-factorial and involve a lot of defects, in particular: alternation in
the ability of B-cells to respond the stimulation of glucose (change I phase of insulin secretion), violation of
insulin formation (proinsulin/insulin ratio), changes in -cell mass.

The main regulator of pancreatic B-cells functioning and regulator of insulin gene expression, synthesis and
secretion of insulin is glucose. Due to glucose action, all the stages of insulin release (transcription, slicing
of pre-RNA, stability of mRNA) are made. In this case, the main elements that regulate the transcription
of the insulin gene are C1, E1, A3 [Figure 2]. In addition, the peripheral glucose sensitive element binds
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glucose-sensitive cells that take place in the islets of Langerhans. Glucose increases the connecting of PDX-
1 with node A3"™"
stimulation of PDX-1 involves co-activators, like p300, which can change the structure of chromatin through

posttranslational histones modification (methylation and/or acetylation)m].

and affects the transactivating of PDX-1 ability. Furthermore, insulin gene transcription

At the moment, it’s been examined in detail but still controversy regarding the mechanisms by which glucose
transduction contributes to enhancing the binding of the insulin promoter and PDX-1. PDX-1 probably
experiences multiple posttranslational modifications, possibly by O-binding N—acetylglucosaminem], ora
small modifier 1*. A number of kinases have been suggested for phosphorylation of intermediate PDX-1,

including mitogen-activated protein kinase (MARK) and PI3K"*".

Regardless of insulin, glucose regulates the expression of genes responsible for carbohydrate metabolism.
Ge6P, xylitol or hexosamine synthesis intermediates can be signal molecules in these processes. The study
of the role of glucose is hampered by the influence of insulin [Figure 1]. First, the entry of glucose into
the myocytes and adipocytes is carried out as a result of translocation Glut4. Secondly, GK activity is
transcriptionally regulated by glucose and insulin in the liver and pancreas.

Most of the earliest works showed paradoxical glucose ability to reduce the function of B-cells. Using the
HIT-T15 cell line and levels of glucose (0.8 or 11.1 mmol/L), long-term cell cultivation in RPMI 1640 medium
was observed to lead to low glucose concentrations, levels of insulin mRNA, which proved the fact that high
glucose concentrations cause glucotoxisity action on pancreatic B-cells. When incubation lasted for 5 or 10
weeks after the occurrence of glucotoxic effects, the function of B-cells was reversible™. Hit-T15 cells have
been cultivated for a long period in an environment with a glucose concentration of 0.8 or 11.1 mmol/L with
and without somatostatin, an inhibitor of insulin secretion. Cells cultured with somatostatin had critically
low insulin levels in culture media, demonstrating the rest of B-cells. Cells exposed to high glucose and
somatostatin showed glucotoxic effect on insulin gene expression, insulin secretion content and stimulation,
depletion of B-cells.

Experiments on the line of B-cells, B-TC-s, also associated with HIT-T15 cells that are produced at high and
low glucose concentrations, have demonstrated that it is the reduction of MafA that leads to a decrease in
insulin gene expression in the presence of glucotoxicity, rather than the binding of insulin promoter factor 1
(PDX-1) and DNA.

In this case, it is important to note that these factors (PDX-1, MafA, etc.) do not work independently, but
with each other, while activating transcription of insulin™'. The effect of cells that secrete insulin on the
background of an elevated glucose levels for less than a month reduces the expression of the insulin gene is
associated with a decrease in MafA and PDX-1 binding activitym. The decrease in PDX-1 binding activity
involves post-transcriptional control™, although the exact mechanisms remain unclear. In vivo PDX-1
expression was also reduced in partially pancreatectomized hyperglycemic rats”” and in diabetic gerbils
Psammomysobesus["] and its binding activity was decreased in islets in Zucker rats with obesity and
diabetes™. With glucotoxicity, the binding activity of MafA in insulin-producing cells decreases™

It is obvious that glucotoxicity may be associated with oxidative stress (OS). In the early studies it was
reported that antioxidants N-acetylcysteine and aminoguanidine protect HIT-T15 and isolated islets from
toxic action of long-term cultivation in environments with high concentrations of glucoseml. It is known that
B-cells, in contrast to other sources, contain a sufficiently low concentration of antioxidant enzymes. This
confirms that B-cells are at risk for oxidative stress. In diabetic rats that received antioxidants, normalization

. . . . . . . [29]
of glucose concentrations occurs, insulin production is restored, and insulin mRNA levels are reduced ™.
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Glucose enters cells and progressively metabolizes, in particular, to pyruvate in a cycle of tricarboxylic acids,
subjected to oxidative phosphorylation, during which formed ATP and reactive oxygen radicals (ROS). There
are other ways in which elevated glucose concentrations can be moved to the reserve, while ROS is formed
from glucose[“]

In an animal with diabetes, the binding of PDX-1 to DNA in HIT-T15 cells decreases, while this effect
decreases with the use of antioxidants. Studies were conducted to clarify the place where the loss of PDX-1
occurs in the OS"”. These results show that the OS induces the loss of PDX-1 post-transcriptional mRNA.

In the 1990s, separate groups measured OS markers at type 2 DM using various methods (high-performance
liquid chromatography, mass spectrometry, immunocytochemistry). It has been shown that markers of OS
are increased in subjects with type 2 DM, namely: the levels of 8-OH-guanine, 8-epi-PGF2 (prostaglandin
F2), 4-OH-2-nonenal, hydroperoxides[”’“]. Yoshida et al.*” reported that the appointment of antidiabetic
drug at the half-year review led to a normalization of the activity of glutamylcysteine synthetase, glutathione
and thiol transport.

LIPOTOXICITY

In case of dyslipidemia and obesity, the oversupply of fat to tissues not suited for lipid storage induces
cellular dysfunction that underlies 2 type DM and coronary artery disease”™". Disorders of lipid metabolism
lead to the dysfunction of B-cells in patients with type 2 DM"?. It was shown that the influence on islets and
B-cells with high concentrations of FFAs in vitro weakens the expression of the insulin gene at the same time
with increased glucose concentration. Damaging action of FFAs on expression of insulin gene in isolated
pancreatic islets is associated with high levels of triglycerides (TG)™*.

Since both palmitate and oleate inhibit insulin secretion, but only palmitate reduces the expression of
the insulin gene[”], it is accepted without proof that these two functional effects are based on similar
mechanisms. Scientists suggest that the inhibition of the expression of the insulin gene by palmitate may
be due to the formation of ceramides. Ceramide - an intermediate in the biosynthesis of sphingomyelin -
is formed by the interaction of sphingosine with acyl-coenzyme-A. The most important role of ceramide is
participation as a messenger in the signal path of sphingomyelin and in the regulation of cellular processes
such as differentiation, proliferation and apoptosis.

Excess quantities of ceramide inhibit the path of insulin signal transduction by inhibiting phosphorylation
of protein kinase Akt/PKB and inhibits the translocation of Akt/PKB from the cytoplasm to the plasma
membrane, which then inactivates the path of transduction of the insulin signal. Indeed, in obese people
suffering from IR, levels of ceramide in skeletal muscles are increased by 2 times. This increase is due to the
high conce?t]rations of free fatty acids in plasma and a decrease in the intensity of phosphorylation of protein
kinase Akt ™.

In connection with the decrease in the binding of MafA and PDX-1 is the inhibition of transcription of the
insulin gene by palmitate [Figure 3], Interestingly, in contrast to glucotoxicity mechanisms that include
various types of MafA"™ the ways by which the formation of ceramide from palmitate dicrease PDX-1
concentration and the expression of MafA are unknown. Two main ways of signaling are modulated by
ceramides, MAPK and PI3K regulate the transcription of the insulin gene with impact on the activity of
the transcription factor. The form of C-jun N-terminal kinase (JNK) is a direct target for ceramide in many
cell systems. In B-cells, JNK inhibits transcription of insulin gene and via C-jun-dependent transcription
inhibition of E1"” and C-jun-independent binding inhibition PDX-1 [Figure 3] o

To prove that increased levels of ceramide lead to glucose homeostasis disorders, experiments with animals
and pharmacological agents were carried out. Indeed, the reduction of ceramide levels (by inhibiting its
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Figure 3. Intracellular mechanisms of insulin gene transcription damage by high concentrations of glucose and fatty acids[11]. ROS:
reactive oxygen radicals; PDX-1: pancreatic/duodenal homeobox-1; C/EBP B: CCAAT/enhancer binding protein B; JNK: C-jun N-terminal
kinase

synthesis) improves glucose homeostasis in insulin-resistant transgenic mice with obesity and diabetes™.

Thus, PDX-1 and MafA are main targets of gluco- and lipotoxic processes, they operate in other ways.
Glucotoxicity is connected with a decrease in the expression of MafA and PDX-1 proteins, whereas in the
conditions of PDX-1 lipotoxicity it is expressed, but retained in the cytosol, the levels of MafA mRNA are
reduced.

At IR, the level of FFA in hepatocytes increases, because in these cells: (1) lipogenesis de novo increases; (2)
esterification of free fatty acids exceeds their oxidation; (3) esterified free fatty acids are stored in the form
of triglycerides or sent to the synthesis of cholesterol lipoproteins of very low density (VLDL); (4) insulin-
regulated mobilization of triglycerides decreases.

Insulin-resistant adipocytes intensely break down the triglycerides contained in them and release the formed
of them into the bloodstream. The flow of FFA from fat cells increases and FFA also comes out of VLDL and
chylomicrons from plasma and blood partially go to other organs, and partially - back to the liver where
they are again transformed into TG. A certain “pumping” of the liver by FFA and triglycerides takes place.
This has the most serious consequences.

Prolonged exposure of B-cells with fatty acids in vitro increases the main insulin release and inhibits
glucose-stimulated insulin secretion*”, a phenomenon observed in vivo in rats***, These two effects have
different time intervals and are likely to have separate mechanisms. Citrate-synthase activity decreases in
the presence of fatty acids in the islets cultivated within 24 hours, causing a decrease in citrate levels and
an increase in phosphofructokinase activity[“]. This, in turn, reduces the levels of Gé6P, disinhibits GK and
increases the utilization of glucose at low concentrations of glucose. In vivo, FFA also reduces the response of

. . . . . [47]
the sympathetlc nervous system, SO 1nsu11n secretion 1ncreases

Particular attention should be paid to the separating protein-2 (UCP-2), a mitochondrial transporter that
splits the respiratory chain at the ATP synthesis stage[“], although its biological functions are still unclear.
UCP-2 is assumed to modulate secretion of hormone insulin and to enact in glucolipotoxicity formation.
On one hand, the increasing expression of UCP-2 - in B-cells weakens the secretion of insulin. On the other,
UCP-2 elevates insulin concentrations in animals and protects against diabetes***”". Third, UCP-2 expression
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is increased in islets after high-calorie feeding in rodents or after exposure with fatty acids in vitro'™.
Fourthly, oleic acid activates UCP-2 promoter in INS-1 cells, the effect mediating directly SREBP1c"™"
and indirectly by peroxisome proliferation activator receptor[sz]. These observations confirm that the FFA
stimulates the UCP-2 expressions in B-cells, possibly causing by dissociation of mitochondria.

Thus, the expression of UCP-2 levels in return to FFA can be a cellular ways of protection from
overabundance of energy-containing components and OS. Harmful FFA action on the function of B-cells
occurs if only glucose levels are increased. Prentki et al"” assumed that glucose was the main determinant
of FFA in B-cells. When the glucose concentration is not elevated, the FFA are transported via carnitine-
palmityl-transferase-1 (CPT-1) to the mitochondria. When the concentrations of both glucose and FFA
increase, the cycle of tricarboxylic acids generates signals that promote the formation of malonyl-CoA in
the cytosol. Its role is to inhibit CPT-1, thus blocking the oxidation of fatty acids and, as a consequence, the
accumulation of acetyl-CoA in the cytosol"'”. In addition, the accumulation of long-chain acyl-CoA in the
cytosol, possibly directly, or by generating lipid-stimulating signals, either directly or through the generation
of lipid-forming signals, can affect pancreatic B-cells™". Among the metabolic effects that guide the splitting
of FFA to formation, glucose stimulates the gene expression which is taken partly in lipogenesis[“]. There
is an enzyme - AMP-activated protein kinase (AMPK), which works as a metabolic sensor, and during an
over-nutrition feeds signal to the B-cells to go into the “storage state”*". AMPK activity inversely correlates
with levels of glucose and is expressed with the help of palmitate[ssl in pancreatic B-cells. The SREBP1c
transcription factor acts as an stimulator, transmitting the signal received by AMPK about changes in
the expression of gene, which leads to an increase of lipids formation. It is known that glucose is able to
stimulate the production of the X liver receptor, which is able to stimulate the production of SREBP1c and
hyperlipidemia[s].

The release of excessive amounts of FFA leads to lipotoxicity, as lipids and their metabolites produce OS in
the endoplasmic network and mitochondria. This affects both adipose and non-fat tissue, making up its
pathophysiology in such organs like liver and pancreas'”. FFA released from excessive triglycerides deposits
also inhibit lipogenesis, breaking a sufficient clearance triglyceride levels. The release of FFA under the
action of endothelial lipoprotein lipase from increased serological triglycerides within the limits of increased
B-lipoproteins causes lipotoxicity, which leads to insulin receptor dysfunction. Long-term insulin-resistant
state creates hyperglycemia with compensated hepatic gluconeogenesis. The latter increases hepatic glucose
production, further exacerbating hyperglycemia caused by insulin resistance. FFA also reduce the utilization
of insulin-stimulated glucose in the muscles. Lipotoxicity from excessive amounts of FFA also reduces
insulin secretion by pancreatic p-cells, which ultimately leads to the depletion of these cells™.

Therefore, the constant high glucose directs the fatty acids to cellular lipid synthesis. More recently, studies
have shown that the metabolism of lipids and their transport are also involved in the mechanism of
glucolipotoxicity.

In in vitro studies, important information regarding the molecular and cellular bases of glucolipotoxicity
has been provided. Various functional results of chronically elevated levels of FFA are mediated by clear
mechanisms and some of in vitro observations have been reproduced in vivo on rodent models.

CONCLUSION

Thus, the insulin gene is expressed in pancreatic -cells. The main physiological regulator of the expression
of insulin gene is glucose. It controls the effect of transcription factors, insulin mRNA stability, and
transcription rate. Deterioration of the function of B-cells causes increased levels of glucose and lipids
(glucolipotoxicity) at type 2 DM. Glucolipotoxicity mechanisms affect the transcription factors MafA
and PDX-1. The OS and the synthesis of ceramides have important damages to the value of the B-cells.
Reducing glucose levels is a key factor in the treatment of type 2 DM, preventing macro- and microvascular
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complications, while taking into account existing pathological effects that can affect pancreatic B-cells

[57]
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