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Abstract 

In this dissertation, we focused on a comprehensive investigation of insulin production, storage and 

secretion by pancreatic b-cells. We successfully developed a new assay for the rapid and sensitive 

determination of insulin concentration in biological samples. This assay, based on the competition of 

the measured sample with a radioligand for the insulin receptor, helped us to determine the influence 

of several low molecular weight compounds, as well as peptides, on insulin secretion.  

We found that arginine and ornithine have a dose-dependent stimulatory effect on glucose-

stimulated insulin secretion from b-cells, but that dopamine inhibits insulin secretion. The effect of 

serotonin on insulin secretion was ambiguous.  

We also studied the effects of the bone protein osteocalcin and its fragments on insulin secretion. 

We found that these peptides do not stimulate insulin secretion from b-cells, but that osteocalcin may 

have proliferative properties.  

We also tested the effect of tryptophan and its metabolites and found that these compounds do not 

stimulate insulin secretion but that some of them may inhibit secretion at higher concentrations.  

An important result of the study is the experimental confirmation of the presence of crystalline 

insulin in the secretory granules of b-cells. This is the first direct evidence that, under native conditions, 

insulin can be stored as microcrystals in cells.  

Overall, we believe that the work was successful and achieved most of the stated objectives. 
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Abstrakt  

V t®to disertaļn² pr§ci jsme se zamŊŚili na komplexn² vĨzkum zamŊŚenĨ na produkci, skladov§n² a 

sekreci inzulínu b-buŔkami pankreatu. ĐspŊġnŊ jsme vyvinuli novĨ test pro rychl® a citliv® stanoven² 

koncentrace inzulínu v biologickĨch vzorc²ch. Tento test, zaloģenĨ na kompetici mŊŚen®ho vzorku s 

radioligandem o inzulínovĨ receptor, n§m pomohl urļit vliv rŢznĨch n²zkomolekul§rn²ch látek, ale i 

peptidŢ, na sekreci inzulinu. Zjistili jsme, ģe arginin a ornitin maj² na d§vce z§vislĨ stimulaļn² ¼ļinek 

na glukózou stimulovanou sekreci inzulínu z b-bunŊk, ale ģe dopamin sekreci inzulinu inhibuje. 

Đļinek serotoninu na sekreci inzulinu byl nejednoznaļnĨ. Studovali jsme tak® ¼ļinky kostn²ho proteinu 

osteokalcinu a jeho fragmentŢ na sekreci inzulínu. Zjistili jsme, ģe tyto peptidy nestimuluj² sekreci 

inzulinu z b-bunŊk, ale ģe osteokalcin mŢģe m²t proliferaļn² vlastnosti. Testovali jsme tak® vliv 

tryptofanu a jeho metabolitŢ a zjistili jsme, ģe tyto slouļeniny nestimuluj² sekreci inzulinu, ale ģe 

nŊkter® z nich ji mohou ve vyġġ²ch koncentrac²ch sekreci inhibovat. Významným výsledkem studie je 

experiment§ln² potvrzen² pŚ²tomnosti krystalick®ho inzulinu v sekreļn²ch granul²ch b-bunŊk. Jedn§ se 

o prvn² pŚ²mĨ dŢkaz, ģe za nativn²ch podm²nek mŢģe bĨt inzulín v buŔk§ch uloģen ve formŊ 

mikrokrystalŢ. CelkovŊ jsme pŚesvŊdļeni, ģe pr§ce byla ¼spŊġn§ a dos§hla vŊtġiny stanovenĨch c²lŢ. 
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1. Introduction  

1.1. Background 

1.1.1. Diabetes mellitus 

Diabetes mellitus is a chronic metabolic disorder characterized by increased levels of blood glucose 

(hyperglycaemia). If it  is left untreated, it causes various health complications that eventually include 

kidney failure, diabetic ketoacidosis, damage to the retina of the eyes (diabetic retinopathy), loss of 

sensation and nerve control of body functions (diabetic neuropathy), increased occurrence of infections, 

coronary heart disease, and even death (Torpy, 2007). The global diabetes mellitus prevalence in 2021 

was estimated to be 537 million people worldwide and 783 million diabetic people is expected in 2045 

(Sun et al., 2022). 

The elevation of the blood sugar level is caused by either insufficient production of insulin from 

pancreas or that the body cells are not responding to insulin (insulin resistance) ("2. Classification and 

Diagnosis of Diabetes," 2017) and, therefore, diabetes is classified into type 1 diabetes and type 2 

diabetes. Type 1 diabetes is a chronic condition caused by pancreas producing little or no insulin 

ascribed to loss of insulin producing ɓ-cells. due to autoimmune reaction of the organism ("2. 

Classification and Diagnosis of Diabetes," 2017). People living with type 1 diabetes must be treated by 

injections of exogenous insulin. It is said that different factors such as autoimmune reaction of the 

organism, genetics or viral influences, may cause type 1 diabetes. However, neither the exact 

mechanisms of the cause nor the means to prevent it are known. Type 2 diabetes, on the other hand, 

begins with insulin resistance that is the body cells fail to respond to insulin signal. The molecular 

mechanisms underlying the development of type 2 diabetes remain largely unknown, but it is evident 

that it is a complex condition influenced by multiple genes and strongly associated with obesity 

(Billings & Florez, 2010). As the type 2 diabetes progresses, a lack of insulin may also develop due to 

damage of pancreatic cells and progressive loss of ɓ-cell mass (Alexandra E. Butler et al., 2003; 

Marselli et al., 2014; Rahier, Guiot, Goebbels, Sempoux, & Henquin, 2008). The untreated condition 

also leads to complications such as retinopathy, nephropathy and cardiovascular diseases including 

atherosclerosis (LeRoith et al., 2019). Early stage of type 2 diabetes can be treated or is largely 

preventable by exercising regularly ("Physical Activity and Sedentary Behaviour," 2022), eating a 

healthy diet and staying at a normal weight (Gow, Garnett, Baur, & Lister, 2016). However, in addition 

to lifestyle and dietary changes, insulin or oral hypoglycaemic agents like insulin sensitizers either 

alone or in combination are needed for good control over blood glucose levels. 
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1.1.2. Insulin 

Insulin is a small protein (or a large peptide) hormone with a widespread impact on energy 

homeostasis, mainly by promoting body fat and muscle cells to intake the glucose from blood. The 

target organs of insulin cover liver, fat, and skeletal muscle cells where insulin fulfills different 

functions (Petersen & Shulman, 2018).  

Insulin was successfully isolated first time in history from dog pancreas in 1921. On 11th January 

1922, purified insulin was used to treat Leonard Thomson, a 13-year-old boy with type 1 diabetes as 

the first case in the history (Cardoso, Rodrigues, Gomes, & Carrilho, 2017). Until insulin became 

clinically available, a diagnosis of type 1 diabetes was a death sentence. After one hundred years since 

then, we havenôt discovered the fundamental medical treatment to cure diabetes yet and only 

symptomatic treatments such as insulin injections are still necessary for all type 1 diabetic patients and 

for about 20% of type 2 diabetic patients. Detailed characterization of insulin-producing cells is an 

essential step toward better understanding of processes leading to diabetes and for finding a radical cure 

for diabetes.  

1.1.3. Langerhans islets  

Langerhans islets (also known as islets of Langerhans, shown in Figure 1-1) are small clusters of 

cells found scattered throughout the pancreas and were discovered in 1869 by German pathological 

anatomist Paul Langerhans (Langerhans, 1869). These islets consist of 1-2% of pancreas volume and 

are made up of cells including notably insulin secreting ɓ-cells, glucagon-secreting Ŭ-cells, and 

somatostatin-secreting ŭ-cells, along with smaller numbers of polypeptide P (PP) and ghrelin-

expressing Ů-cells (Gordon C. Weir & Susan Bonner-Weir, 1990). Moreover, these different types of 

cells are not randomly distributed within the islets, but rather, regularly arranged based on cell types. 

Ŭ-cells can be found mostly in the peripheral part of the islets accompanied by ŭ-cells. While most of 

ɓ-cells occupy the central position of the islets (Orch & Unger, 1975; Over Cabrera et al., 2005).  

1.1.4. Pancreatic ɓ-cells  

Pancreatic ɓ-cells are specialized endocrine cells that mainly produce, store, and secrete insulin. 

Insulin is stored in ɓ-cells in insulin secretory granules (or vesicles), which make up about 1% of the 

volume of a pancreatic cells. The illustration of a ɓ-cell and secretory granule is shown in Figure 1-2 

(Suckale & Solimena, 2010).  
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1.1.5. Insulin biosynthesis 

Insulin biosynthesis begins with the translation of a specific messenger ribonucleic acid (mRNA) 

into preproinsulin, that is a precursor protein of 110 amino acids. The preproinsulin sequence can be 

divided into the following sections, which include a signal peptide on the N-terminus, followed by the 

B chain, connecting peptide (C-peptide) and the C-terminal A chain. During the process of translocation 

of preproinsulin into the endoplasmic reticulum (ER), the signal peptide is removed and preproinsulin 

is converted into proinsulin. The process is followed by the formation of disulfide bridges between the 

B and A chains of the proinsulin and the third bridge is in the A chain. After leaving ER, proinsulin 

moves through the Golgi complex to the trans-Golgi network (TGN) to be sorted into membrane-

enclosed organelles termed secretory granules. In the granule, C-peptide is cleaved by specific 

convertases that convert proinsulin into mature insulin, which consists of only A and B chains of 51 

amino acids (Arvan & Halban, 2004; Vasiljevic, Torkko, Knoch, & Solimena, 2020). Primary 

structures of preproinsulin, proinsulin and mature insulin are shown in Figure 1-3. 

Figure 1-1. Islets of Langerhans. Confocal micrographs showing representative 

immunostained pancreatic sections containing islets of Langerhans from human (A), 

monkey (B), mouse (C), and pig (D). Insulin immunoreactive (blue) cells were all found 

randomly distributed in human and monkey islets. By contrast, insulin-containing cells 

were located in the core, and glucagon- and somatostatin-containing cells in the mantle of 

mouse islets. Pig islets seemed to be formed of smaller units showing a core-mantle 

organization. (E) The schematic representation of an islets of Langerhans showing 

distribution of glucagon, somatostatin, and insulin containing cells. 

Panel (A ï D): Over Cabrera, et al., PNAS, 2005. 103(7): p. 2334-2339. 

Panel (E): Orch, L. and R.H. Unger, The Lancet, 1975. 306(7947): p. 1243-1244 
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1.1.6. Insulin structure 

Processed and matured human insulin consists of the A-chain and B chain that are interconnected 

by two disulfide bridges (A7 ï B7 and A20 ï B19) and stabilized by one intrachain bridge (A6 ï A11). 

Insulin is stored as a Zn2+-stabilized hexamer, which dissociates in portal circulation to the function 

zinc-free monomer that binds to the insulin receptor (Baker et al., 1988). In vitro studies have led to an 

assumption that high insulin and Zn2+ concentrations inside the pancreatic b-cell insulin secretory 

granules should promote the insulin crystalline state in the form of Zn2+-stabilized hexamers. Electron 

microscopic images of thin sections of the pancreatic b-cells often show a dense, regular pattern core, 

suggesting the presence of insulin crystals. However, the structural features of the storage forms of 

insulin in native preparations of secretory granules are unknown, because of their small size, fragile 

character, and difficult handling. 

3D structures of insulin have been extensively studied in vitro for decades by both X-ray 

crystallography and Nuclear magnetic resonance (NMR) spectrometer. The propensity of insulin to 

form divalent ion-stabilized oligomers has facilitated the determination of its 3D structure, which has 

Figure 1-2. The illustration of a pancreatic ɓ-cell and insulin secretory granule. (A) When 

viewed using an electron microscope, the ɓ-cells in the pancreas contain numerous (B) 

insulin secretory granules or vesicles which are filled with insulin and which are, in some 

cases, membrane-bound. In addition to insulin, these granules contain various other 

substances such as proteins, small molecules, and ions, as well as multiple proteins that span 

the membrane as different channels or membrane-associated proteins. 

Suckale J. and M. Solimena, Trends in Endocrinology & Metabolism, 2010 Oct;21(10):599-

609. doi: 10.1016/j.tem.2010.06.003. 

A                                              B 

Pancreatic ɓ-cell                          Insulin granule          
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been known since 1969, when a team around Dorothy C. Hodgkin published the crystal structure of a 

porcine insulin hexamer in which three insulin dimers were coordinated around two Zn2+ atoms with 

three- or two-fold rotational symmetry (M. J. Adams et al., 1969). The crystal structure of an insulin 

monomer "extracted" from a hexamer stabilized by 2 Zn2+ is shown in Figure 1-4A. The insulin chains 

are connected by two disulfide bridges (A7  B7 and A20  B19), and a third bridge is within the A 

chain (A6  A11). Chain A contains two a-helices (A1  A8 and A12  A20). Chain B forms a large 

a-helix comprising residues B9  B19, followed by a type II b-turn consisting of residues B20  B23, 

followed by a B24  B28 b-strand attached to the central helix of chain B. Two monomers of insulin 

can form a dimer through the contacts of two antiparallel B24  B28 b-strands (Antolikova et al., 2011). 

The structure in Figure 1-4A represents so-called T-conformation insulin (as Tense), in which residues 

B1  B6 are in an extended conformation followed by a B7  B10 type II' b-strand followed by an 

invariant B9  B19 a-helix. In the presence of higher concentrations of small aromatic alcohols, such 

as phenol or other ligands (Palivec et al., 2017), the B1  B6 segment of insulin can adopt a-helical 

Figure 1-3. The schematic views of insulin biosynthesis. Insulin is first synthesized as a 110 amino-

acid-long preproinsulin including a signal peptide, a B chain, a connecting C-peptide and A chain 

(left). The signal peptide targets the preproinsulin to the ER, where it is cleaved by the signal 

peptidase and converted into proinsulin (right, upper panel). In the ER, three disulfide bonds are 

formed between cysteine residues. Proinsulin is trafficked from the ER, through the Golgi and the 

trans-Golgi network (TGN) to secretory granules where it is converted by specific convertases to 

mature insulin consisting only of A and B chains (right, lower panel).  

Vasiljevic J. et al., Diabetologia, 2020. Oct;63(10):1981-1989. doi: 10.1007/s00125-020-05192-7. 

 



16  | 

 

conformation, which is called R (for Relaxed) (Figure 1-4B). Under specific circumstances, such as 

higher concentrations of SCN-, Cl-, or Zn2+ ions (Brzovic, Choi, Borchardt, Kaarsholm, & Dunn, 1994) 

or lower concentrations of cyclic alcohols (Choi, Borchardt, Kaarsholm, Brzovic, & Dunn, 1996; G. G. 

D. G. D. Smith, 1992; J. L. Whittingham, 1995), the long helix B in the R state shortens to the B3  

B19 segment, and the B1  B3 residues "fray" apart. Such a conformation of the insulin monomer is 

called Rf and is shown in Figure 1-4C.  

It is assumed that without divalent ions and depending on its concentration, insulin exists in an 

equilibrium of monomers, dimers, trimers, hexamers and possibly higher molecular forms. Interestingly, 

in the presence of dilute acetic acid, the oligomerization properties of insulin are apparently weakened, 

which facilitates the determination of the structure of insulin in solution by NMR (Palivec et al., 2017). 

The structure of insulin in solution (Figure 1-4D) is very similar to the structure of crystalline 

hexametric insulin in its T form (Kosinova et al., 2014). 

 

1.2. Models for studying insulin secretion and insulin storage forms in b-

cells 

There are different types of research models available for the biochemistry research, this is because 

each model has its own unique set of characteristics that make it well-suited for certain types of research. 

Generally, living individual organisms, primary cell cultures or immortalized cell lines can be 

Figure 1-4. Structure of the human insulin monomer as present in its crystalline hexamers 

in the so-called T form (PDB 1MSO) (A), R form (PDB 1EVR) (B) or Rf form (PDB 1TRZ) 

(C). NMR structures of human insulin represented by the superposition of the best-fit 

backbone of the protein for 50 converged structures (PDB 2MVC) are shown in Panel D. 

The insulin A chain is shown in light gray, and the B chain is shown in dark gray. Disulfides 

are not shown. Asterisks indicate the N-terminal residue of the B chain. 

The figures were created by Dr. Lenka Ģ§kov§, ĐOCHB.  
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considered as research models for studying processes connected to insulin metabolism in pancreatic b-

cells. 

1.2.1. Whole animals 

Whole animals, isolated pancreases, or isolated islets of Langerhans certainly serve as the most 

representative biological models for studying insulin secretion or insulin storage in cells. However, 

obtaining such biological samples raises ethical concerns, and working with isolated materials presents 

methodological challenges that often limit the number of experimental replicates possible. 

1.2.2. Primary cells 

Primary cells in a culture represent the ex vivo culture of cells freshly obtained from a multicellular 

organism, usually by digestion of a specific tissue with proteolytic enzymes. In general, primary cell 

cultures are considered as a representative and reliable model of in vivo tissues. However, there are 

several disadvantages of the use of primary cells. Primary cells do not show good proliferation and, 

therefore, length of usage is limited to few days only. They often require adequate and specific nutrient 

conditions to sustain their features and after certain numbers of divisions, they acquire a senescent 

phenotype, leading to irreversible cell cycle arrest (Lleonart, Artero-Castro, & Kondoh, 2009).  

Another disadvantage of primary cells is that it is difficult to obtain a population of a single cell type 

by isolation from tissues and usually a mixture of several cell types is obtained in the isolation process. 

Pancreatic islets consist of ɓ-cells (about 70%), alpha cells (20%), delta cells and other cell types. 

Different cell types can be separated by e.g., sorting on a flow cytometer (FACS), but the yields are 

often not sufficient for extensive and routine measurements of insulin secretion and cells can be 

damaged after the cell sorting by FACS. The hormonal heterogeneity within the islets, and the rapid 

decline of insulin production in a tissue culture is also one of the difficul ties (Halban & Wollheim, 

1980; Lernmark, 1974).  

Those factors lead to consideration of alternative models for studying insulin secretion and 

metabolism. Immortalized, permanent cells in a culture can represent convenient models for this 

purpose. 
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1.2.3. Permanent cell lines 

MIN6  

MIN6 cells represent a permanent cell line that is derived from a transgenic mice engineered to 

induce target-specific expression of transforming genes to give rise to tumorigenesis in specific cell 

types (H. Ishihara et al., 1993; J. Miyazaki et al., 1990). Miyazaki et. al. generated the transgenic mice 

harboring a transforming gene that fusing insulin promoter followed by the SV40 Large-T antigen gene. 

These mouse lines reproducibly developed pancreatic ɓ-cell tumors, in other word, insulinomas. The 

MIN6 cells were established from these tumors and retained differentiated phenotype in culture and 

conserved high levels of insulin secretion in response to an increase of extracellular glucose 

concentrations within physiological levels.  

INS-1 and INS-1E 

In the early 1990s, the insulin-secreting INS-1 cell line was isolated from a radiation-induced rat 

insulinoma (Maryam Asfari et al., 1992). Ten years later, a series of clonal sub-lines were established 

(Danilo Janic et al., 1999), and the well-differentiated and stable INS-1E clonal cell line was founded 

(Merglen et al., 2004). Over the years, INS-1E became a standard of a ɓ-cell model in hundreds of 

published studies. This cell line has the property of being glucose responsive in a physiological range 

of glucose levels and retains substantial insulin content levels. 

BRIN-BD11 

Another insulin-secreting cell line, BRIN-BD11, was established after electrofusion of RINm5F 

cells with New England Deaconess Hospital rat pancreatic islet cells (Neville H. McClenaghan et al., 

1996). This cell line is also sometimes used for insulin secretion studies, but its insulin-secretory 

properties are less native-like than properties of INS-1E cells and MIN6 cells. The comparison of 

insulin secretion from MIN6, INS-1E and BRIN-BD11 cells determined in our laboratory is shown in 

Figure 1-5. Both cell types show responsiveness to increased concentration of glucose but MIN6 cells 

response is more pronounced and more reproducible in our hands. 

Human derived ɓ-cell line 

There has been a substantial effort over the past 30 years to establish a permanent pancreatic ɓ-cell 

line of human origin that would have properties similar to primary b-cells (Balboa et al., 2022; 

Ravassard et al., 2011; Tsonkova et al., 2018) and which would be the ultimate and reliable model to 
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study human ɓ-cells metabolism to understand insulin production and secretion. However, until present, 

the reliable, sufficiently responsive and easily available permanent human ɓ-cell line is still missing.  

  

Figure 1-5. Comparison of insulin secretion between MIN6 cells and INS-1E cells. (A) shows 

the insulin secretion from MIN6 cells and (B) shows the insulin secretion from INS-1E cells. 

Both samples were collected from cell culture supernatant after glucose and GLP-1 stimuli for 1 

hour at 37 ºC. The insulin concentrations were measured by radioligand receptor binding assay 

developed in our laboratory (Asai, Zakova, Selicharova, Marek, & Jiracek, 2021) that is discussed 

in this thesis at the section 3.1. 
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1.3. Methods for determination of insulin concentration 

In general, two main methods are currently used for routine measurements of insulin concentrations 

in biological samples, RIA and ELISA. 

1.3.1. RIA 

RIA, or radioimmunoassay, was first described by Rosalyn Yalow et al (R. S. YALOW, 1959; 

Rosalyn S. Yalow, 1960). In these studies, they successfully measured fasting and stimulated 

circulating insulin levels in humans using this technique. The method employs radiolabeled antigen (in 

our case typically 125I-labelled-insulin) and specific antibodies (Rosalyn S. Yalow, 1977; R. S. Yalow, 

1991). It relies on a competitive binding between a radiolabeled antigen (insulin) and unlabeled antigen 

within a sample to the insulin-specific antibody (primary antibody). Secondary antibody is specific to 

the primary antibody and is used to precipitate the bound primary antibody (Carmina, Stanczyk, & 

Lobo, 2014). Once the pellet is formed by centrifugation, the unbound radiolabeled antigen can be 

easily removed. In a reaction that contains a fixed amount of labeled antigen and antibody, increasing 

levels of antigen in the sample will lead to a lower amount of measurable radioactivity. RIA enables to 

determine insulin in amounts less than 1 pg/ml which was revolutionary achievement that enabled to 

measure very low levels of insulin in blood. However, due to its high sensitivity, the range of 

measurable concentrations is relatively narrow, which results in a necessity to optimize a right dilution 

of a sample. This process can be lengthy and is complicated by rather long procedures that are necessary 

for obtaining results with RIA kits (especially time-demanding incubations with antibodies). Moreover, 

another disadvantage of RIA is the limited number of samples per kit and a relatively high costs of the 

RIA kit . 

1.3.2. ELISA 

The Enzyme-Linked Immunosorbent Assay (ELISA) was first described by Engvall and Perlmann 

and it is a rapid and sensitive method for detection and quantitation of an antigen using an enzyme-

labeled antibody (Eva Engvall & Perlmann, 1971; A. V. Lin, 2015) . For routine laboratory usage, 

ELISA has been utilized in medical field and food industry as a diagnostic and quality control tool. The 

target of the measurement can be antibodies, peptides, proteins, and glycoproteins, that is applied for 

diagnoses of HIV infection, pregnancy tests, and measurement of cytokines or soluble receptors in cell 

supernatant or serum. In our case, we probed the possibility to detect insulin concentration using a 

specific ELISA kit. Each ELISA measures a specific antigen, and commercial kits for a variety of 
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antigens are widely available. There are several types of ELISA setups includes direct/indirect, 

competitive, and sandwich ELISAs. Here, I focus on the sandwich ELISA to explain a principle of the 

methodology. The assay is called sandwich ELISA because the analyte being measured is bound 

between two antibodies, each detecting a different epitope of the antigenðthe capture antibody and the 

detection antibody (Carmina et al., 2014). Firstly, the capture antibody is immobilized on a surface of 

a cell-culture plate, in most cases, multi-well plate. In order to reduce background and nonspecific 

binding, it is necessary to wash off the unbound antibody, as well as to block the unbound protein 

binding sites on the surface area typically with bovine serum albumin (BSA), casein, or serums. Then 

sample containing the target antigen is added and incubated to allow the antigens bind to the 

immobilized capture antibodies, followed by washing wells to remove unbound antigen. The label-

conjugated detection antibody is then added and it binds to different epitope of the antigen than the 

capture antibody, followed by the incubation and washing off step to remove unbound detection antigen. 

Finally, the antigen captured by both capture antibody and detection antibody is visualized. This can 

be achieved by adding specific substrates and by measuring a fluorescent signal, depending on how 

each detection antigen is designed to emit a signal (A. V. Lin, 2015).  

 

1.4. Insulin secretion in vivo 

Glucose-stimulated insulin secretion (GSIS) is the process by which pancreatic ɓ-cells release 

insulin in response to elevated blood glucose levels. Normal blood glucose level under fasting 

conditions are 3.9 ï 5.6 mmol/L and plasma insulin levels typically range from 5 ï 12 µU/mL 

(equivalent to 0.17 ï 0.42 ng/mL). However, if the fasting blood insulin level is 15 µU/mL or higher, 

it suggests the presence of apparent insulin resistance (Carmina et al., 2014). Within 1-10 min following 

a food ingestion, hyperglycaemia (elevated glucose concentration in blood) prompts ɓ-cells to release 

a small fraction (<5%) of their insulin content, that is about 3 × 103 new insulin molecules per second 

per ɓ-cell (Vasiljevic et al., 2020). This insulin release is triggered by a molecular mechanism involving 

the following steps. First, glucose is taken into the ɓ-cell from the blood via glucose transporter located 

on cellular membrane, mainly GLUT1 and GLUT3 on human cells and GLUT2 on mouse ɓ-cells 

(Anick De Vos et al., 1995; McCulloch et al., 2011). Ingested glucose is then metabolized by glycolysis 

which is leading to the production of adenosine triphosphate (ATP). The rise of intracellular ATP 

concentration causes the closure of ATP-dependent K+ channels (KATP) that causes the depolarization 

of cell membrane and subsequently open the voltage-dependent Ca2+ channels (VDCCs) (Marek 

Gembal, Patrick Gilon, & Henquin, 1992; Marek Gembal, Philippe Detimary, Patrick Gilon, Zhi-Yong 

Gao, & Henquin, 1993). The increase in calcium influx through the VDCCs leads to an abrupt increase 
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in cytoplasmic calcium concentration, which mediates insulin granule exocytosis and eventually, 

release of insulin (Dornhorst, 2001; J.-C. Henquin, 2000). On a cellular level, stimulation of ɓ-cells by 

glucose or other secretagogues leads to the fusion of a small number of secretory granules with the cell 

membrane and to the release of insulin to the outside of the cells.  

Under normal conditions, in other word, healthy person, the insulin secretion response which is 

initiated by oral or intravenous glucose, consists of two phases (Miao Chen, 2015). The early phase of 

insulin release peaks at 3 ï 5 min after the glucose stimulus and ends within 10 min. In the second 

phase of the insulin response, the insulin concentrations rise steadily to a much lower peak (Cerasi, 

2002). The appropriate timing and magnitude of the early phase of insulin release is very important for 

maintaining normal glucose homeostasis. This initial phase of insulin secretion is attenuated or lost in 

type 2 diabetic patients (Cerasi, 2002; Gerich, 1997).  

 

1.5. Insulin secretagogues  

Until now, a number of biological compounds were shown to have an impact on insulin secretion 

from b-cells. Compounds that are able to stimulate insulin secretion from pancreas are also called 

secretagogues. Such compounds can be small organic compounds, hormones, amino acids, or also 

lipids etc. Some of the known secretagogues are widely used as drugs to treat type 2 diabetes mellitus 

by altering the glucose level in the blood. The way of treatment is recognized as an appropriate therapy 

when diet and lifestyle modifications fail (Lizarzaburu et al., 2012). Any novel insulin secretagogue 

has a great promise as potential future medication for the treatment of type 2 diabetes. Therefore, the 

discovery of such compounds has been a target area of drug development.  

Type 1 diabetes mellitus is a disease caused by the lack of insulin and, in other words, a lack of 

insulin producing cells as mentioned above. Thus, insulin injection is the only medication that is 

possible to treat type 1 diabetes. Whereas, in addition to insulin injection in some cases, type 2 diabetes 

can be treated with various hypoglycaemic agents, that can be administered not only orally but also 

through subcutaneous injection or intravenous injection. Available hypoglycaemic agents possess 

different glucose-lowering mechanisms (Dowarah & Singh, 2020; Phung, Sood, Sill, & Coleman, 

2011).  

1.5.1. Sulfonylureas (SU Drugs) 

Sulfonylureas (SU drugs) are widely used as antidiabetic drugs in the management of type 2 diabetes. 

The functional group consists of a sulfonyl group (-S(=O)2) with its sulfur atom bound to nitrogen atom 
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of an urenylene group (N,N-dehydrourea, a urea derivative). The side chains R1 and R2 distinguish 

various sulfonylureas (Figure 1-6). SU drugs have a relatively long history of use in diabetes treatment. 

They were discovered during the development of antibiotics to treat typhoid fever when the side effect 

of hypoglycaemia was observed (Loubatières, 1957a, 1957b). SU drugs have been used since the 1950s 

and are classified into three generations based on their development order. The mechanism of action 

involves binding to the SU receptor on the ɓ-cells and inhibiting KATP. This leads to the depolarization 

of the cellular membrane, resulting in calcium influx and ultimately promoting insulin secretion. SU 

drugs primarily promote basal insulin secretion, making them prone to causing hypoglycaemia before 

meals. Additionally, they do not promote the additional secretion of insulin, making it difficult to 

manage postprandial hyperglycaemia. Although SU drugs have a long history of use and are effective 

in promoting GSIS, their limitations should be taken into account when prescribing them. The basic 

structure of SU scaffold is shown in Figure 1-6A.  

The first-generation SU drugs includes: tolbutamide (Figure 1-6B) (E Cerasi, 1969; M. M. 

Loubatières-Mariani, 1973), acetohexamide, chlorpropamide, chlorpropamide, metahexamide, and 

tolazamide. The second-generation SU drugs include: glibenclamide (Figure 1-6C), glibornuride, 

glipizide and gliclazide (Lv, Wang, Xu, & Lu, 2020) and the third-generation SU drugs include: 

glimepiride (Figure 1-6D). 

glibenclamide                                                        glimepiride    

sulfonylurea basic structure                                                tolbutamide     

A                                                                     B 

C                                                                      D 

Figure 1-6. The structures of SU drugs. (A) shows the basic structure of sulfonylurea. (B), 

(C), and (D) show the structures of representing compounds of first (tolbutamide), second 

(glibenclamide), and third (glimepiride) generation of SU drugs. 
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1.5.2. Phenylalanine derivatives 

Phenylalanine derivatives, also known as glinides or meglitinides (Figure 1-7), belong to a class of 

drugs called rapid-acting insulin secretagogues, that stimulate insulin secretion by targeting pancreatic 

ɓ-cells. Meglitinide and repaglinide are categorized in this class of drug. These drugs are ideally suited 

for combination use with metformin to treat type 2 diabetes. 

The insulinotropic action of glinides is mediated by inhibiting KATP similar to sulfonylureas 

(Landgraf, 2000). This inhibition results in the depolarization of the ɓ-cell membrane and stimulates 

the opening of VDCCs. This intracellular Ca2+ influx stimulates the exocytosis of insulin-containing 

secretory granules (Dornhorst, 2001). Although they do not have the structure of SU, glinides act on 

the SU receptor (SUR1) of ɓ-cells similar to SU drugs. 

Because glinides have a basic mechanism of action similar to that of SU drugs, they cannot be used 

in combination with or as a substitute for conventional SU drugs. Glinides are mainly used to treat 

postprandial hyperglycaemia. Generally, the effect of glinides occurs within 15 minutes after ingestion, 

reaches its maximum effect after about 60 minutes, and disappears after about 4 hours. This fast-acting 

and quickly dissipating effect is attributed to their weaker binding affinity and faster dissociation from 

the SUR1 binding site, which distinguishes them significantly from SU drugs.  

 

1.5.3. Biguanide drugs 

Biguanide is the organic compounds with the formula HN(C(NH)NH2)2 (Figure 1-8). Biguanide has 

a structure in which two guanidine molecules are linked with one shared nitrogen atom. Different 

biguanide derivatives are used as pharmaceutical drugs to treat diabetes. Metformin (Figure 1-8B) is 

meglitinide                                                          repaglinide 

Figure 1-7. The molecular structures of oral drugs of phenylalanine derivatives, (A) 

meglitinide and (B) repaglinide 

A                                                                      B 
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widely used and the most used oral medication for the treatment of type 2 diabetes. Since its approval, 

metformin has established as the first-choice drug for the treatment of type 2 diabetes (Gomes, 2013).  

 The mechanism of metforminôs antihyperglycaemic action is not fully understood and there have 

been proposed several hypotheses of molecular mechanisms (Jones et al., 2022). Metformin primarily 

blocks glucose production in the liver (gluconeogenesis), increases the body's sensitivity to insulin and 

increases glucose uptake in the periphery (El-Mir et al., 2000). It has been also shown that metformin 

inhibits mitochondrial complex I (Mark R. OWEN, 2000), activating adenosine monophosphate (AMP) 

-activated protein kinase (AMPK) (Y. Wang et al., 2019), inhibits glucagon-induced increases in cyclic 

AMP (cAMP), reduces protein kinase A (PKA) activation and inhibits mitochondrial glycerol 

phosphate dehydrogenase (Zhou et al., 2001). 

 

1.5.4. Imeglimin 

Imeglimin is an investigational first-in-class novel oral agent for the treatment of type 2 diabetes. 

Unlike metformin, imeglimin is a cyclic molecule containing a triazine ring and can be synthesized 

from metformin as a precursor via a single step chemical reaction (Figure 1-9). It was shown that 

imeglimin is at least as effective as metformin in regulating glycaemic control (Pascale Fouqueray, 

Leverve, Fontaine, Baquié, & Wollheim, 2011; P. Fouqueray et al., 2013; Hallakou-Bozec et al., 2021; 

Pirags, Lebovitz, & Fouqueray, 2012). The hypoglycaemic effect is achieved through the two 

mechanisms: (1) promotion of insulin secretion by maintaining the mass of pancreatic ɓ-cells and 

increasing the amount of insulin secretion in response to glucose stimulation, and (2) enhancement of 

insulin action by promoting glucose uptake in skeletal muscles and suppressing glucose production in 

the liver (Hallakou-Bozec et al., 2021). Both of these effects are thought to be achieved by improving 

mitochondrial dysfunction, which is one of causes of type 2 diabetes. Imeglimin acts on enzymes 

involved in oxidative phosphorylation, weakly inhibiting complex I and stimulating complex III in the 

biguanide                                                            metformin    

Figure 1-8. The structures of the biguanide and its derivative metformin.  

A                                                                    B 
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mitochondrial respiratory chain (Hallakou-Bozec et al., 2021; Yendapally et al., 2020). Therefore, the 

pathway between them is not impaired and the generation of reactive oxygen species is suppressed, 

improving insulin resistance exacerbated by oxidative stress. 

1.5.5. Thiazolidinedione drugs (TZD drugs) 

Thiazolidinedione drugs (TZD drugs) are known as insulin resistance improving drugs or insulin 

sensitizers. These TZD drugs, particularly pioglitazone (Figure 1-10), are among the most useful 

treatments for type 2 diabetes since not only they correct the key feature of the disease such as insulin 

resistance but also they preserve the function of pancreatic ɓ-cells that produce and secrete insulin (Jain, 

Vora, & Ramaa, 2013; Soccio, Chen, & Lazar, 2014). In 1982 a number of TZDs were intensively 

studied for their anti-hyperglycaemic property. The first representative of this class was ciglitazone, 

thiazolidinedione                                                pioglitazone 

A                                            B 

Figure 1-10. (A) Structural formula of thiazolidinedione. (B) Structural formula of 

pioglitazone, which is one of the compounds classified to thiazolidinedione medicine. 

Pioglitazone is an anti-diabetic oral-medication used to treat type 2 diabetes. 

 

Figure 1-9. The molecular structure of imeglimin and its schematic view of chemical synthetic 

reaction. 

Metformin hydrochloride                Acetaldehyde                                     Imeglimin 
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whereas other derivatives like englitazone, pioglitazone and troglitazone followed soon (Asif, 2015). It 

has been generally accepted that the transcription factor known as peroxisome proliferator-activated 

receptor gamma (PPAR-ɔ) is the direct molecular target for these molecules (Lehmann, Lenhard, Oliver, 

Ringold, & Kliewer, 1997). They bind to the nuclear receptor and regulate the transcription of various 

factors. They mainly improve insulin resistance in peripheral tissues. They act on adipocytes and 

increase glucose uptake, leading to a decrease in blood glucose levels. However, they tend to promote 

obesity. 

1.5.6. Alpha-glucosidase inhibitors drugs 

Alpha-glucosidase inhibitors (Ŭ-GIs) drugs are sugar analogs with a thousand times greater affinity 

for Ŭ-glucosidases which are digestive enzymes (Kumar, Narwal, Kumar, & Prakash, 2011). Plenty of 

Ŭ-GIs have been discovered from synthetic routes as well as from natural sources, including plants, 

fungi, and bacteria (Agrawal, Sharma, Singh, & Goyal, 2022). So far, Acarbose, voglibose, miglitol 

and emiglitate are commercially available (Hossain, Das, Ghosh, & Sil, 2020). 

 For the absorption of carbohydrates, Ŭ-glucosidases facilitate digestion of starches, 

oligosaccharides, and disaccharides into monosaccharides, allowing them to be absorbed in the small 

intestine of the body (Kumar et al., 2011). 

These drugs inhibit Ŭ-glucosidases, slowing down digestion and absorption of most carbohydrates, 

which helps to control postprandial hyperglycaemia and makes them effective as postprandial glucose-

lowering agents (Ghani, 2015; Hossain et al., 2020). They have been shown to effectively reduce 

postprandial hyperglycaemia when they are taken together with meals that contain digestible 

carbohydrates (Bailey, 2012; Ghani, 2015).  

1.5.7. Incretin-related drugs 

Incretins are defined as "gastrointestinal hormones that stimulate insulin secretion from pancreatic 

ɓ-cells in a glucose-dependent manner", specifically referring to two peptide hormones: glucagon-like 

peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) (Drucker, 2006; Juris J. 

Meier, 2002; Mojsov, Weir, & Habener, 1987).  

More than a century ago in 1906, Moore et al. first reported on the antidiabetic effect of an acid 

extract of duodenal mucous membranes (Moore, 1906). Secondly, it was found that oral administration 

of glucose resulted in a greater insulin effect compared to intravenous administration, which led to 

definition of the concept of incretins. It has been thought that the stimulation is mainly due to glucose 
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in the hepatic portal vein, but it has also been recognized that factors derived from the digestive tract 

that have the ability to stimulate secretion (Michael A. Nauck, Richard C. Allen, & Creutzfeldt, 1986). 

The concentration of incretins in the blood rises within a few minutes to 15 minutes after eating, 

promoting insulin secretion from ɓ-cells in response to postprandial hyperglycaemia. This so-called 

"incretin effect" is thought to contribute to the maintenance of postprandial glucose homeostasis. 

Incretins are expressed on the epithelial and endothelial cells of various tissues and secreted from such 

as the digestive tract, kidney, prostate, and lymphocytes. Incretins are rapidly inactivated by dipeptidyl 

peptidase-4 (DPP-4). Therefore, the half-life of incretins in the blood is known to be very short, lasting 

only a few minutes. 

GLP-1 receptor agonists 

Glucagon-like peptide-1 (GLP-1) is a polypeptide hormone with 36 amino acids and mainly 

produced in enteroendocrine L cells, intestinal endocrine cell found in the lower digestive tract. GLP-

1 is secreted into the blood stream in a nutrient-dependent manner, leads to potentiation of glucose-

dependent insulin secretion in pancreatic ɓ-cells (Noriyuki Sonoda, 2008). Chronic administration of 

GLP-1 also promotes insulin synthesis, ɓ-cell proliferation and neogenesis (Doyle & Egan, 2007; 

Drucker, 2006). 

Several drugs based on GLP-1 structure had been developed that act on the G-protein-coupled 

receptor (GPCR) of GLP-1 to enhance insulin secretion (D., 2017; Vilsboll, Christensen, Junker, Knop, 

& Gluud, 2012). The GLP-1 receptor agonists that are currently approved in the United States for the 

treatment of type 2 diabetes include, for example exenatide, liraglutride, lixisenatide. These GLP-1 

derivatives have molecular structures modified to be more resistant to proteolysis or to be more 

bioavailable after subcutaneous administration (e.g., modified by lipid tails).  

Exendin 4 is a 39 amino acid peptide isolated from the venom of the Gila monster lizard Heloderma 

suspectum, a naturally occurring GLP-1 receptor agonist (Wardak, 2020). It is approved and used to 

treat type 2 diabetes. It stimulates ɓ-cells to release insulin and suppresses the secretion of glucagon 

from Ŭ-cells (Drucker, 2006). Upon GLP-1 receptor activation, adenylyl cyclase (AC) is activated, and 

cAMP is generated, leading to cAMP-dependent activation of second messenger pathways, such as the 

PKA. 

Several research reported that similar to GLP-1, exendin-4 treatment stimulates ɓ-cell replication 

and neogenesis, leading to increased ɓ-cell mass and improved glucose homeostasis (Bonner-Weir, 

1999; C. Tourrel, 2001). 
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Glucose-dependent insulinotropic polypeptide (GIP) 

GIP is derived from a 153-amino acid proprotein encoded by the GIP gene and circulates as a 

biologically active 42-amino acid peptide. It is synthesized by K cells, which are found in the mucosa 

of the duodenum and the jejunum of the gastrointestinal tract. GIP and GLP-1 are incretins that play an 

important role in glucose metabolism. GIP has substantial role on pancreatic ɓ-cells as well as adipose 

tissue (Juris J. Meier, 2002). However, while GLP-1 also inhibits appetite and food intake and improves 

glucose regulation in patients with type 2 diabetes, GIP seems to lack these activities, despite the high 

similarity between the two hormones and their receptors (Holst & Rosenkilde, 2020). This 

characteristic makes GIP less promising for drug development as a treatment for type 2 diabetes, 

leading to a major focus of research on GLP-1. 

 

DPP-4 inhibitors 

Figure 1-11. A drawing outlines the main signaling pathways activated in response to 

ligand to GLP-1 receptor and their downstream effects on acute insulin secretion, 

insulin synthesis, and regulation of proliferation. Other signaling pathways stimulated 

by such as glucose and voltage dependent Ca2+ channel is also depicted. 

Maire E. Doyle, Josephine M. Egan, Pharmacology & Therapeutics. 2007 

Mar;113(3):546-593. doi: 10.1016/j.pharmthera.2006.11.007. 
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DPP-4 inhibitors increase the blood concentration of incretin by inhibiting the DPP-4, which is the 

enzyme that degrades incretins (Gamble et al., 2015). Incretins (see also above) promote insulin 

secretion from pancreatic ɓ-cells in a blood glucose-dependent manner and suppress glucagon secretion 

from pancreatic Ŭ-cells, which lowers elevated blood glucose levels to normal levels. In addition, 

incretins slow down the rate of digestion, which helps to prevent a rapid increase in blood glucose 

levels. Moreover, it has been demonstrated that several antidiabetic drug classes, namely TZDs, SUs, 

and meglitinides affect the gastrointestinal incretin system by inhibiting DPP-4 (Bell, Cuthbertson, 

Patterson, & O'Harte, 2011; Duffy et al., 2007). 

1.5.8. Amino acids 

Dietary polypeptides and amino acids have long been known to stimulate insulin and incretin 

hormone secretion and regulate postprandial glycaemia in animals and in humans (Jakubowicz et al., 

2014; John C. Floyd & Rull, 1966). In addition to that, there are several studies which exhibit various 

amino acids can stimulate pancreatic ɓ-cell lines to insulin secretion in dose and glucose dependent 

manner (Z. Liu, Jeppesen, Gregersen, Chen, & Hermansen, 2008; N. H. McClenaghan, 1996). 

 

 

 

arginine                                                      ornithine 

A                                                      B  

C                                                      D  

Figure 1-12. The molecular structures of (A) arginine, (B) ornithine, (C) 

tryptophan, and its derivative (D) tryptamine 

tryptophan                                                      tryptamine 
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Arginine  

Arginine (Figure 1-12A) was shown as a potent physiologic stimulus for insulin secretion half a 

century ago (Jerry P Palmer, 1975; Palmer, Benson, Walter, & Ensinck, 1976). These studies revealed 

that during a constant glucose or arginine infusion, peripheral insulin levels rise rapidly, then fall after 

ten to fifteen minutes, maintaining the ability to react again to another stimulus.  

Various studies have supported arginineôs beneficial effects on glucose metabolism and insulin 

sensitivity (J.D. Méndeza, 2001; Kohli et al., 2004). Animal studies indicate that physiological levels 

of L-arginine promote oxidation of glucose and long-chain fatty acids, while decreasing de novo 

synthesis of glucose and triacylglycerols, as well as reducing adiposity and improving insulin sensitivity 

(Jobgen et al., 2009; McKnight et al., 2010; G. Wu et al., 2009). 

Although arginine is known as one of the strongest insulin secretagogues, the mechanism is yet to 

be clarified. Some research groups claimed that G protein-coupled receptor, class C, group 6, member 

A (GPRC6A) is the target protein for arginine (Pi, Wu, Lenchik, Gerling, & Quarles, 2012; Smajilovic 

et al., 2013). Pi et al. show less (at least not major) effect on insulin secretion in GPRC6A KO mice 

and concluded that the receptor has partially regulatory effect on arginine induced insulin secretion. On 

the other hand, another study, Smajilovic et al. concluded that GPRC6A has no regulatory role for 

insulin secretion. In summary, GPRC6A doesnôt have regulatory role dominantly on arginine-induced 

insulin secretion with genetic approach in mice. Clinical significance of arginine activation of GPRC6A 

is not clear too.  

Other research group claimed that the arginine effects on insulin secretion from ɓ-cells are mediated 

by arginine uptake through the cationic amino acid transporter (Paul A. Smith, 1997). This current 

produces a membrane depolarization that stimulates voltage-gated Ca2+ entry, which leads to insulin 

secretion (Capito, 1999; Paul A. Smith, 1997). 

Leiss et al. suggested that insulin secretion stimulated by arginine as well as ornithine can be 

dependent on GŬi2, a member of the G-protein coupled receptor family (Leiss et al., 2014). 

 

Ornithine  

Ornithine (Figure 1-12B) is a non-proteinogenic amino acid and arginine degradation product, that 

Both amino acids are important for detoxification of ammonia in the urea cycle (Alfred J. Meijer, 1990). 

Ornithine differs from arginine by the ŭ-amino group instead of the ŭ-guanido group on its side chain.  

Several research groups have shown that ornithine stimulates insulin secretion by the same 

mechanisms as arginine. As discussed above, Paul A. Smith et al. claimed that ornithine stimulates 

insulin secretion by the same mechanisms as arginine and other L-cationic amino acids, as a 
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consequence of the inward current that produced by the transport of the positively charged amino acid 

through the cationic amino acid transporter (Paul A. Smith, 1997). On the other hand, Leiss et al. 

proposed the G-protein coupled receptor GŬi2 as the mediator of insulin secretion by ornithine as well 

as arginine (Leiss et al., 2014).  

 

Tryptophan 

Tryptophan (Figure 1-12C) is an essential amino acids and was proposed to selectively activate the 

G-protein-coupled receptor 142 (GPR142) (Lizarzaburu et al., 2012; J. Wang, Carrillo, & Lin, 2016) 

which is a GŬq-coupled receptor (Matsuo et al., 2005) . Yet, the characteristics of GPR142, including 

ligand specificity and physiological role in nutrient sensing, remains obscure. mRNA of GPR142 was 

found to be highly expressed in pancreatic islets in both humans and mice (Amisten, Salehi, Rorsman, 

Jones, & Persaud, 2013). 

 

Tryp tamine 

Tryptamine (Figure 1-12D) is an alkaloid found in various plants, fungi and animals. It is derived 

from indole and chemically related to the amino acid tryptophan. It is thought to act as a 

neurotransmitter in the mammalian brain and forms the structural basis for other neurotransmitters, 

hallucinogens and other psychoactive substances. Tryptamine, which can be metabolized to serotonin 

that increases serum insulin levels in mice (J. Yamada, 1990). The maximum hypoglycaemic effects of 

tryptamine (80 mg/kg) were observed 30 min after the injection. Tryptamine is also a product of 

microbial degradation of tryptophane in the gut (Roager & Licht, 2018). 

1.5.9. Neurotransmitters 

Dopamine 

Dopamine (or 3-hydroxytyramine, Figure 1-13A) is a hormone and a neurotransmitter that has 

multifaceted roles in the central nervous system, affecting executive functions, motor control, 

motivation, arousal, reinforcement, lactation, sexual gratification, and nausea and reward (Beaulieu & 

Gainetdinov, 2011; Wise, 2004). Dopamine plays a critical role in neurological and psychiatric 

disorders, such as schizophrenia, Parkinson disease, and drug addiction (Callier et al., 2003). Dopamine 

is also present in the bloodstream, but its peripheral effects are still unclear (Eisenhofer, Kopin, & 
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Goldstein, 2004). The role of dopamine in insulin secretion has repeatedly been considered for decades 

(Ustione, Piston, & Harris, 2013). Dopamine was detected inside ɓ-cells (Simpson et al., 2012; Ustione 

& Piston, 2012) and in insulin secretory granules (L. E. Ericson, 1977), from where it can be co-secreted 

with insulin. Inhibitory effects of exogenous dopamine on insulin secretion from islets were reported 

in 2005 (Rubi et al., 2005). Another two studies (Garcia-Tornadu et al., 2010; W. Wu et al., 2008) 

proposed that dopamine effects can be mediated by D2 dopamine receptors in ɓ-cells. Later, the 

selective pharmacological inhibition of dopaminergic receptors showed that the D3 receptor can also 

be a mediator of dopaminergic inhibition of insulin secretion in mouse (Ustione & Piston, 2012). 

Recently, we demonstrated that dopamine can bind to insulin hexamers under in vitro (Solinova, 

Zakova, Jiracek, & Kasicka, 2019) and in silico (Palivec et al., 2017) conditions. Hypothetically, 

dopamine could affect insulin secretion in vivo by binding to insulin oligomers present in secretory 

granules. 

Serotonin 

Serotonin (or 5-hydroxytryptamine, Figure 1-13B) is a neurotransmitter with a structure similar to 

dopamine but derived from tryptophan. Its biological functions are complex and multifaceted, 

modulating mood, cognition, reward, learning, memory, and numerous physiological process such as 

vomiting and vasoconstriction (Berger, Gray, & Roth, 2009; Carhart-Harris & Nutt, 2017; Daniel 

Hoyer, 2002; Mawe & Hoffman, 2013). The majority (about 90%) of serotonin is present in the 

gastrointestinal tract (Gershon, 2013).  

The serotonin role in ɓ-cells has been studied for decades, but the molecular mechanisms of how 

the neurotransmitter influences insulin secretion are yet to be fully understood (Cataldo Bascunan, 

Lyons, Bennet, Artner, & Fex, 2019). Early studies suggested serotonin presence in pancreatic islets 

(B. Falck, 1963; Hellman, 1964) and ɓ-cells (Gylfe, 1978). Recently, our research group demonstrated 

that serotonin can bind to insulin hexamers in vitro (Palivec et al., 2017; Solinova et al., 2019). 

Serotonin is well distributed in normal and diabetic pancreatic tissues and has stimulatory effects on 

insulin secretion from normal pancreas, as well as on glucagon secretion from diabetic pancreas (Ernest 

Adeghate, Abdul Samad Ponery, David Pallot, S. H. Parvez, & Singh, 1999).  

 There are some contradictory results with respect to in vitro insulin release. For example, Adeghate 

et al. have shown that serotonin stimulates insulin secretion from normal pancreatic tissue (Ernest 

Adeghate et al., 1999). On the other hand, an inhibition in diabetic pancreatic tissue has also shown 

(Zawalich, Tesz, & Zawalich, 2001), as well as inhibitory effects on glucose-stimulated insulin 

secretion from MIN6 cells (Cataldo et al., 2017) or human islets (Bennet et al., 2015). Interestingly, 

Gagliardino et al. reported rather ambivalent effect of serotonin on insulin secretion, that is a small 
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stimulatory effect in low glucose condition (0.6 mg/ml) and an inhibition effect when glucose reaches 

to 3.0 mg/ml (J.J. Gagliardino, 1974). 

 

 

 

1.5.10. Other compounds 

Betulinic acid  

Betulinic acid (BA, Figure 1-14A), a pentacyclic triterpene from Clusia nemorosa L., has been 

described as an insulin secretagogue that has an antihyperglycaemic effect (Birgani, Ahangarpour, 

Khorsandi, & Moghaddam, 2018; Castro et al., 2014; de Melo et al., 2009). However, mechanisms of 

action on insulin secretion and antihyperglycaemic effect have yet to be fully understood. The effect as 

well as its mechanism of insulin-mimetic action in skeletal muscle, has been partially described to 

involve GLUT4 translocation, phosphoinositide-3-kinase (PI3K) and mitogen-activated protein kinases 

(MAPKs) activation (Castro et al., 2014). In 2018 Castro et al. reported that BA stimulates insulin 

secretion through the activation of electrophysiological mechanisms, such as the closure of potassium 

channels and opening of calcium channels, inducing calcium influx, just like the pathway glucose 

stimulates. The inhibition of BA stimulated-calcium influx with diazoxide supports this hypothesis that 

the triterpene may exhibit a modulatory action on KATP channels. Some data also indicates a probable 

participation of other ionic channels or signaling pathways in the influx of calcium and/or insulin 

secretion, such as L-VDCC, CICs or intracellular pathways mediated by kinases such as protein kinase 

C (PKC) (Gomes Castro et al., 2018). 

Figure 1-13. The molecular structures of (A) dopamine and (B) serotonin 

A                                                          B  

dopamine                                                      serotonin 
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Dimethyl sulfoxide (DMSO) 

Carmean et al. reported that dimethyl sulfoxide (DMSO) acutely enhances insulin secretion from ɓ-

cells (Carmean, Zhao, Landeche, Chellan, & Sargis, 2021). MIN6-K8 cell line that is a mouse 

insulinoma model of pancreatic ɓ-cells was used for the research and the study showed that the short-

term exposure to DMSO enhanced GSIS. The report brings us an important consideration for 

conducting experiments on the ɓ-cells with compounds dissolved in DMSO and encourages us to repot 

DMSO concentrations when used as a solvent. 

Curcumin 

Curcumin is a component of turmeric (Figure 1-15), a widely used spice and food-coloring agent. 

Abdel Aziz et al., (2014) reported that curcumin stimulates insulin secretion through heme oxygenase-

1 induction. An hour incubation of isolated islets in different concentrations of curcumin (6, 8, and 10 

µmol/L) showed significant elevation of insulin secretion (Abdel Aziz et al., 2010).  

A                                       B 

Figure 1-14. (A) The structure of betulinic acid and (B) its proposed mechanism of action on 

calcium influx and insulin secretion. The increase in calcium influx stimulated by BA can be 

mediated through a glucose-like mechanism. The mechanism involves: (1) The KATP channel is 

closed, leading to depolarization and (2) opening the L-type VDCCs and trigger the calcium 

influx. (3) The opening of CaCCs also leads to the potentiation of the depolarization. (4) 

Calcium can activate PKC that phosphorylates proteins related with insulin granule 

translocation to the plasma membrane (5). In addition, (6) BA acts by a mechanism dependent 

of ClC-3 channels, that can occur by a direct/indirect action of this triterpene.  

Gomes Castro et al. Archives of Biochemistry and Biophysics 2018 Jun 15;648:20-26. doi: 

10.1016/j.abb.2018.04.015. 
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Curcumin is also known as antioxidant, free radical scavenging, anti-inflammatory and anti-cancer 

compound (Seiichiro Fujisawa, Toshiko Atsumi, Mariko Ishihara, & Kadoma, 2004). Experimental 

studies suggest that oxidative stress plays a major role in the pathogenesis of diabetes mellitus and the 

antioxidant effect of curcumin can revert the diabetes onset (Abdel Aziz et al., 2010). 

There is a study that evaluated curcuminoids as Ŭ-glucosidase inhibitors (Ŭ-GI) and indicated that 

natural curcuminoid compound showed a remarkable inhibitory effect with IC50 of 23.0 µM (Du et al., 

2006). 

However, curcumin has not been successful in any clinical trial, and therefore, it has no medical 

uses established by clinical research. These 

findings rather lead researchers to conclude 

that curcumin exhibits numerous 

interference properties which may lead to 

misinterpretation of results (Nelson et al., 

2017). 

Kaempferol 

Mitochondrial matrix Ca2+ has been demonstrated to be an activating signal for insulin secretion and 

targeting mitochondrial calcium uniporter (MCU) in pancreatic ɓ-cells and this molecular mechanism 

is emerging as an innovative and promising strategy to develop new insulin secretagogue in an area of 

drug discovery. Kaempferol have been previously reported to increase the rate of mitochondrial Ca2+ 

uptake in HeLa cells (Alvarez, 2004). Kaempferol is a natural flavonol found in a variety of plants and 

plant-derived foods as well as traditional medicines and their toxicity has not been reported or described 

as low (Havsteen, 2002). Bermont et. al. tested kaempferol that activates MCU directly to increase 

cellular Ca2+ concentration and potentiate insulin secretion (Bermont et al., 2020). They demonstrated 

that kaempferol potentiates glucose-stimulated signal transduction and therefore promotes insulin 

secretion in a model of insulin-secreting ɓ-cells. The binding site of the kaempferol to MCU complex 

is unknown. The schematic view of mechanisms how kaempferol should potentiate insulin secretion is 

depicted in Figure 1-16.  

Other research demonstrated that kaempferol can protect pancreatic ɓ-cells from hyperglycaemia-

induced apoptosis and dysfunction by inducing cAMP generation and up-regulation of Akt and Bcl-2 

protein expression. (Zhang & Liu, 2011).  

Further studies are required to better understand the mechanisms and practicality of kaempferolôs 

effect. 

Figure 1-15. The molecular structure of curcumin 
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Figure 1-16. Estimated mechanism of kaempferol-dependent metabolism/secretion 

coupling in glucose stimulated pancreatic ɓ-cells. The glucose-stimulated insulin 

secretion (A) is potentiated by kaempferol, via mitochondrial calcium rise enhancement 

(B). (C) is the structural formula of Kaempferol. The figure is reproduced from Flavien 

Bermont et al. Nutrients 2020 Feb 19;12(2):538. doi: 10.3390/nu12020538. 

C 
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1.6. Osteocalcin 

Vitamin K is known to be essential as blood clotting cofactor by playing a role in the formation of 

ɔcarboxyglutamate (Gla) through a post-translational modification of specific glutamic acid residues 

in a target protein (Figure 1-17). This Gla modification reaction can be inhibited by warfarin, that is a 

medication to prevent and treat blood clots. Bone biologists were aware that the fetal warfarin 

embryopathy often caused bone malformations. Therefore, bone biologists were looking for a calcium-

binding protein that contains Gla in bones. In 1977, osteocalcin was isolated and sequenced as a 6 kDa 

protein synthesized by osteoblasts and odontoblasts (Booth, Centi, Smith, & Gundberg, 2013). 

Osteocalcin (OCN) (Figure 1-18) is the most abundant non-collagen protein in bones (25% of non-

collagenous proteins) and its synthesis is exclusive to bones in the human body. OCN consists of 49 

amino acids in humans, and 46 amino acids in mice (the amino acids sequences share 65% of similarity 

between those two species). The peptide is also known as bone carboxy glutamic acid containing 

protein (BGLAP). Human OCN is encoded by a single-copy gene located at the distal long arm of 

chromosome 1. By contrast, mice have a cluster of three OCN genes in a 23 kb span oriented in the 

same transcriptional direction. Two of the genes (Bglap and Bglap2, also known as OG1 and OG2) are 

expressed only in bones, whilst the third, the osteocalcin- related gene (Bglap-rs1, also known as ORG), 

is expressed at low levels in the brain, lungs and kidneys, but not in bones (Desbois, Hogue, & Karsenty, 

1994). Circular dichroism, NMR and X ray crystallography analysis revealed that osteocalcin is a 

globular protein comprised of three Ŭ helices, a hydrophobic core, an unstructured N terminus and an 

exposed C terminus (Figure 1-18A).  

An interesting property of OCN is the presence of three Gla residues in the central part of the protein 

(Figure 1-18B). The ɔ-carboxylation of OCN is catalyzed by ɔ-glutamyl carboxylase, which utilizes 

vitamin K hydroquinone, carbon dioxide, and oxygen (Suttie, 1985). The Gla residues, and specifically 

Gla side chains with two carboxylic groups are important for binding to calcium and hydroxyapatite. 

Glutamate (Glu) residue                          ў carboxyglutamate (Gla) residue     

Figure 1-17. Carboxylation modification of specific glutamate residues in a target 

protein 
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Bones and teeth are made primarily of hydroxyapatite crystals interspersed in a collagen matrix. 

Hydroxyapatite is a naturally occurring mineral form of calcium apatite with the formula 

Ca10(PO4)6(OH)2, that creates about 65 to 70% of the bone mass. Likewise, hydroxyapatite composes 

of 70 to 80% mass of teeth. It crystallizes in the hexagonal crystal system (Milazzo et al., 2019). The 

negatively charged side chains of the three Gla residues coordinate to calcium ions in a spatial 

orientation that is complementary to calcium ions in hydroxyapatite crystals (Figure 1-19) (Quyen Q. 

Hoang, Frank Sicheri, Andrew J. Howard, & Yang, 2003). When Gla-OCN binds to Ca2+ ions on the 

C axis of the hydroxyapatite crystal lattice, facilitating a conformational change that aligns them in a 

complementary fashion to the Ca2+ ions on the hydroxyapatite crystal (Figure 1-19). Importance of 

OCN-hydroxyapatite interaction is illustrated by the fact that osteocalcin amino acid sequences of 

animal species investigated share extensive amino acid sequence homology at the central Gla region 

(Figure 1-18C). 

Gla residues of OCN can be decarboxylated, ultimately leading to the release of bioactive 

decarboxylated OCN (with Glu residues only) into the blood circulation. The decarboxylation is 

mediated by non-enzymatic process involving the acidic pH generated by the osteoclasts (Henriksen et 

Figure 1-18. Osteocalcin structures. (A) is a 3D structure of human osteocalcin depicted by a 

ribbon representation in red. (B) shows the structural comparison of primary sequences of 

human osteocalcin vs house osteocalcin. The positions of disulfide bridge and the specific 

glutamic acids that can be potentially undergone posttranslational modification into Gla. (C) is 

the comparison of primary amino acid sequences of mice, human and rat osteocalcin. The 

amino acid sequences from all species share extensive homology at the central region 

containing Gla residues, but there is considerable sequence variation in other regions. 
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al., 2006; J. M. Liu, Rosen, Ducy, Kousteni, & Karsenty, 2016). No enzyme for the decarboxylation of 

OCN has been found to date. 

1.6.1. Osteocalcin and glucose metabolism 

The altered bone metabolism among diabetic patients is a well-known phenomenon (Shanbhogue, 

Mitchell, Rosen, & Bouxsein, 2016). However, the mechanisms leading to related pathologies are not 

well identified (Adami, 2009). Bone mass is low in patients with type 1 diabetes but higher than normal 

in those with type 2 diabetes. Yet, in both patients with type 1 diabetes and those with type 2 diabetes, 

increased fracture risk is observed as compared to that in individuals without diabetes mellitus 

(Yamamoto, Yamaguchi, Yamauchi, Kaji, & Sugimoto, 2009). A growing body of evidence shows that 

the pancreas and adipocytes secrete bone-active hormones. Adipose tissue produces leptin, which 

regulates bone remodeling via the central nervous system.  

In 2007, Lee et al. reported and suggested that osteocalcin in mice acts as a hormone to influence 

insulin sensitivity and energy metabolisms, more specifically, improve glucose tolerance by increasing 

ɓ-cell proliferation and insulin expression and secretion (N. K. Lee et al., 2007; Wei, Hanna, Suda, 

Figure 1-19. (A) is the hexagonal crystallographic structure of the hydroxyapatite crystal. All ɔ-

carboxyglutamic acid (Gla) residues are found in the first helical region (B). The Gla residues are 

complementary to the calcium ions on the c-axis of the hydroxyapatite crystal lattice and 

positioned to control crystal size and shape within the constraints of the collagen fibril. 

Sarah L. Booth, et al. Nature Reviews Endocrinology. 2013 Jan;9(1):43-55. doi: 

10.1038/nrendo.2012.201. 

 

A                                                      B 
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Karsenty, & Ducy, 2014). The surprising finding was that, although OCN contains three Gla residues, 

only the decarboxylated OCN or undercarboxylated (at least one of the three Gla residue is 

decarboxylated) forms of OCN were biologically active. Another study also reported that intermittent 

application of decarboxylated OCN improved glucose tolerance and insulin sensitivity in mice and 

could prevent the development of type 2 diabetes (Ferron, McKee, Levine, Ducy, & Karsenty, 2012; 

Mizokami et al., 2013; Mizokami et al., 2014). 

Despite these important properties of decarboxylated OCN as a potential regulator of energy 

metabolism, the underlying molecular interaction between decarboxylated OCN and its receptor 

remains unclear. The cell surface receptor of decarboxylated OCN was suggested to be G-protein 

coupled receptor family C group 6 member A (GPRC6A), which is expressed in various tissues (Oury 

et al., 2011; Pi et al., 2008; Pi, Wu, & Quarles, 2011). 

1.6.2. Osteocalcin receptors 

To date, GPRC6A was found to be the only potential putative receptor for OCN. The molecular 

mechanism for OCN binding to the receptor has been discussed (Pi et al., 2016). It had previously been 

demonstrated that GPRC6A could mediate OCN signaling in Leydig cells of the testes (Oury et al., 

2011). The receptor is also expressed in pancreatic islets and its inactivation in the ɓ-cell linage 

(GPRC6APdx
/ mice) leads to glucose intolerance, decreased insulin production, and diminished ɓ-cell 

area and mass (N. K. Lee et al., 2007). GPRC6APdx
/ mice showed reduced cyclin D1 expression in 

islet extracts, which is consistent with the decreased ɓ-cell proliferation (Wei et al., 2014). The 

promoting effect of OCN / GPRC6A signaling on ɓ-cell mass gaining is active as early as during the 

perinatal peak of ɓ-cell proliferation (N. K. Lee et al., 2007; Pi et al., 2016). This is, however, not the 

only mechanism whereby OCN contributes to glucose homeostasis. GPRC6A is also expressed in 

epithelial cells of the small intestine (Mizokami et al., 2013), a site responsible for the production and 

secretion of GLP-1. As discussed above, GLP-1 is one of incretin peptides and has ability to stimulate 

insulin secretion in a glucose dependent manner and decarboxylated OCN administration to mice 

through intraperitoneal, oral, or intravenous routes can increase serum GLP-1 level. Hence, it is possible 

that part of the stimulatory effect of decarboxylated OCN on insulin secretion is mediated by GLP-1 

(Mizokami et al., 2013). 
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2. Research aims 

 

The major aims of this doctoral thesis were defined as follows:  

1). Establishment and validation of cost effective, rapid and high through-put method based on a 

radioligand receptor binding assay for routine measurements of insulin levels. 

2). Studying the effects of selected compounds on insulin secretion from pancreatic ɓ-cells. 

3). Characterization and comparison of properties of selected permanent b-cells lines and islets 

of Langerhans with a special emphasis on zinc content. 

4). Elucidation of insulin storage forms in the secretory granules of the pancreatic ɓ-cells under 

near-native conditions. 

5). Studying effects of osteocalcin and its fragments on b-cells. 

6). Studying effects of tryptophan metabolites on insulin secretion from pancreatic ɓ-cells. 

7). Molecular cloning to produce the plasmid constructs for three different IGF-1 dimers. 
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3.1. A radioligand receptor binding assay for measuring of insulin 

secreted by MIN6 cells after stimulation with glucose, arginine, 

ornithine, dopamine, and serotonin. 

This chapter is related to Research Aims 1) Establishment and validation of cost effective, rapid and 

high through-put method based on a radioligand receptor binding assay for routine measurements of 

insulin levels and 2) Studying the effects of selected compounds on insulin secretion from pancreatic 

ɓ-cells. 

 

Published in: Seiya Asai, Lenka Ģ§kov§, Irena Selicharov§, Aleġ Marek, JiŚ² Jir§ļek. A radioligand 

receptor binding assay for measuring of insulin secreted by MIN6 cells after stimulation with glucose, 

arginine, ornithine, dopamine, and serotonin. Analytical and Bioanalytical Chemistry. 2021 

Jul;413(17):4531-4543. doi: 10.1007/s00216-021-03423-3. 

3.1.1. Background 

Insulin is an important and a sole hormone to allow muscle and adipose body cells to uptake glucose 

from blood and control the energy homeostasis of the organisms. Our laboratory has been interested in 

studying insulin production, storage, and secretion by ɓ-cells. During our research, we attempted to 

measure insulin concentrations after the glucose stimulus. There have been two main methods that are 

widely accepted and commercially available to measure insulin concentration. One of the methods, 

Radioimmunoassay (RIA), is a very sensitive technique to measure concentrations of insulin by use of 

immobilized antibodies and radiolabeled insulin. Although the immunoassay is extremely sensitive and 

specific, it requires rather long time (2-3 days to get complete results) and commercial kits that are 

relatively expensive and allow only a limited number of replicates. The other method Enzyme-Linked 

Immunosorbent Assay (ELISA) is a commonly used assay to detect the presence of a ligand in a sample 

using antibody detection. Instead of using radiolabeled compound (insulin), the technique uses an 

enzyme linked to antibody that reacts and produces a detectable signal, most commonly a change in 

color. In general, we found that both these methods, despite being highly sensitive, are rather 

inconvenient for routine daily measurement of insulin concentrations in experimental samples (data not 

shown). The main drawback of these methods is the limited number of samples that can be measured 

with a purchased kit and a narrow detection range. Most experiments are aimed at determining 

concentration of insulin itself, and the approximate concentration of a sample is often not known in 

advance. The narrow detection range leads to repeat measurements to adjust proper dilution for each 
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sample to be in a measurable range each experiment and consumes the number of available samples in 

a kit. These complications significantly slow down the study.  

These ñobstaclesò prompted our research group to search for a more straightforward, but robust and 

sufficiently sensitive methodology that would allow a higher throughput measurement of insulin 

concentrations. Since our laboratory has a long-term experience in measuring binding affinities of 

insulin analogues to their receptors by radioligand receptor binding assay, we revitalized this 

methodology and attempted to adapt it to measurements of insulin concentrations secreted by ɓ-cells. 

We present the application of a radioligand and insulin receptor binding assay, which principle is based 

on the competition between insulin in the measuring sample and mono-125I-TyrA14-labeled insulin for 

the insulin receptor-A (IR-A) isoform expressed on the cell membrane of IM-9 lymphocytes. 

3.1.2. Methods 

Cell lines 

Cell lines were maintained in a humidified atmosphere containing 5% CO2 at 37 ºC in a complete 

medium specified for each cell line, supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 

100 U/ml penicillin and streptomycin. Human lymphoblastoma-derived IM-9 cells were provided by 

ATCC (cat. # CCL159) and were cultured in RPMI-1640 medium. Mouse insulinoma-derived MIN6 

cells were a kind gift from the Miyazaki laboratory, Osaka University, Japan. MIN6 cells cultured in 

Dulbeccoôs Modified Eagle Medium, supplemented with 2-mercaptoethanol. Rat clonal ɓ-cell line INS-

1E was purchased from AddexBio (Cat. # C0018009) and was cultured in RPMI 1640 medium, further 

supplemented with 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, and 10 mM HEPES. Rat clonal 

ɓ-cell line BRIN-BD11 was provided by Sigma Aldrich-Merch (Cat. # 10033003) and was grown in 

RPMI 1640 medium. 

Insulin secretion assay 

MIN6 cells were seeded at a density of 1 × 105 cells/well in 24-well culture dishes and grown for 3 

days in 1ml of DMEM high glucose medium supplemented as described above. Before experiments, 

cells were maintained for 2 hours in glucose-free medium. Then, the cells were washed twice and 

preincubated for 2 h at 37 ºC in 0.4 ml glucose-free Krebs-Ringer bicarbonate HEPES buffer (KRBH, 

the composition is shown in Table 3-1). Next, the buffer was removed and a new portion of 0.4 ml of 

KRBH buffer with a respective stimulant of insulin secretion was added to cells and incubated for 1 h 

at 37 ºC. The cells were stimulated with various concentrations of D-glucose (0  16 mM), with L-
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arginine (0  10 mM), L-ornithine (0  15 mM), dopamine (0  15 mM), or serotonin (0  30 mM). A 

series of dopamine stimuli was implemented with the presence of 1 mM ascorbic acid to prevent 

dopamine oxidation (ascorbic acid was also added to samples without dopamine to take into account 

its potential effects on insulin secretion). After the incubation period, supernatants were collected and 

centrifuged at 1200 rpm for 5 mins to remove cells and stored at -80 ºC.  

IR binding assay 

The radioligand binding assay with the human insulin receptor (IR-A isoform) in IM-9 cells was 

performed as described below. The principle of the assay is based on the competition of unlabeled 

insulin with radiolabeled insulin for the insulin receptor on the membrane of the living cells. Standard 

curve was generated by co-incubating increasing concentrations (determined in advance using 

absorbance at 280 nm and extinction coefficient 5840 M-1cm-1) of human insulin and a constant 

concentration of human [125I]monoiodotyrosyl-A14-insulin (2200 Ci/mmol, 20 000 cpm, about 0.01 

nM) with 2.0 × 106/ml IM-9 cells for 2.5 h at 15 ºC in HEPES binding buffer (100 mM HEPES, 100 

mM NaCl, 5 mM KCl, 1.3 mM MgSO4, 1 mM EDTA, 10 mM glucose, 15 mM NaOAc, 1 % BSA 

(w/v), pH 7.6) in a total volume of 500 µL. After incubation, 2 × 200 µL of the reaction volume was 

centrifuged at 13000 × g for 10 min. Radioactive pellets were counted using a Wizard 1470 Automatic 

ɔ Counter. Binding data were analyzed by GraphPad Prism 8, using a non-linear regression method, a 

one-site fitting program. The example of an ideal standard curve is shown in Figure 3-1.  

 

Table 3-1. The composition of KRBH buffer. pH value adjusted to 7.4 with NaOH. 

Compound Molecular weight (g/mol) Final conc. 

HEPES 238.3 20 mM 

NaCl 58.44 120 mM 

CaCl2 110.98 2 mM 

NaHCO3 84.01 5 mM 

KCl  74.55 4.6 mM 

MgSO4.7H2O 246.47 1 mM 

KH 2PO4 136.09 0.4 mM 

Na2HPO4.12H2O 358.14 0.15 mM 

BSA  0.2% (w/v) 

Milli -Q   
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The experimental samples were measured using the same procedures of the radioligand binding 

assay described above. The insulin contained in the samples with unknown insulin concentration was 

supposed to compete with radiolabeled 125I for IR_A on IM-9 cells. After the co-incubation and 

centrifugation, the radioactivity of the cell-pellet was measured. The measured radioactivity (cpm) was 

interpolated to the insulin concentration (ng/ml) by using the standard curve (Figure 3-1). For example, 

if the measured radioactivity is 2350 cpm, the insulin concentration in a sample would be determined 

as about 17 ng/ml. The typical sample that we handled was collected from a supernatant of incubated 

MIN6 cells stimulated, or cell lysates extracted from whole cells or tissues. 

 

 

 

 

  

Figure 3-1. Logarithmic plot showing a typical binding curve of human insulin on human IR-

A on IM-9 cells. Schematic explanation of how the measured radioactivity (cpm) value can be 

interpolated to insulin concentration (ng/mL). In this case, the measured value (2350 cpm) 

corresponded to 17 ng/mL of insulin concentration. 
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3.1.3. Results and discussion 

Comparison of IR binding assay and RIA 

First, we compared two methods, RIA and our IR binding assay, by measuring different 

concentrations of insulin that were prepared from highly pure recombinant human insulin. The 

concentration of human insulin was determined spectrophotometrically at 280 nm, using an extinction 

coefficient 5840 M-1 cm-1. Solutions of human insulin with different concentration were measured for 

insulin content by both human RIA kit and IR binding assay (Figure 3-2). Figure 3-2A shows a 

correlation between insulin concentrations determined spectrophotometrically (x axis) and by human 

RIA (y axis), and the Figure 3-2B shows a correlation between concentration determined by UV (x 

axis) and by IR binding assay (y axis). Apart from the value obtained at lowest insulin concentration 

measured by IR binding assay, both methods showed the perfect diagonal correlation. The small shift 

from a linear dependence is ascribed to the fact that the standard curve of IR binding assay reaches a 

plateau at around 1 ng/ml, and lower than that concentraions cannot be measured properly (Figure 3-1).  

The detection range of the RIA kit is about 0.06 to 1 ng/ml, which about an order of magnitude 

(Figure 3-3). On the other hand, the detection range of IR binding assay (Figure 3-1) covers more than 

two orders of magnitude (about 3 ï 1000 ng/mL or 5 × 10-10 M ï 2 × 10-7 M). In other words, all the 

samples measured by RIA in Figure 3-2 were measured after preliminary measurements of their 

concenration in advance and then diluted accordingly prior to final measurements, wherease all samples 

Figure 3-2. Logarithmic plots showing insulin concentrations measured in artificially prepared 

human insulin samples (x axis, concentrations were determined by UV spectrophotometry), and 

measured by RIA (panel A, y axis) or by IR binding assays (panel B, y axis). 
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measured by IR binding assay in Figure 3-2B had concentrations whithin the detection range and threre 

was no need of preliminary dilutions and measurement. A significant advantage of the IR coupling test 

is therefore the speed of measurement and simplicity of the assay. 

Determination of insulin concentration secreted from MIN6 cells upon stimulation with glucose 

and with arginine, orn ithine, dopamine and serotonin 

It was already shown that arginine stimulates insulin secretion from mouse islets and INS-1E cells 

in a dose- and glucose-dependent manner (J. C. Henquin, Dufrane, Kerr-Conte, & Nenquin, 2015; Z. 

Liu et al., 2008). Leiss et al. (Leiss et al., 2014) suggested that insulin secretion stimulated by not only 

L-arginine, but also by L-ornithine might depend on GŬi2 protein, a member of the G-protein coupled 

receptors. 

We probed the effects of 0 ï 10 mM arginine (Figure 3-4A) on insulin secretion from MIN6 cells, 

stimulated with different glucose concentrations (0 ï 16 mM) (Figure 3-5A). The data indicate that 

insulin secretion is already prompted at 0.25 mM glucose concentration with a maximum stimulatory 

effect at about 2 mM. Even though the glucose effect reaches its maximum stimulatory limit at 2 mM, 

we showed that arginine further enhances insulin secretion in a dose-dependent manner at the glucose 

concentration from 0.25 ï 16 mM. On the other hand, arginine doesnôt stimulate insulin secretion at 

low glucose concentration, even at the highest concentration of arginine tested (10 mM). 

Figure 3-3. Logarithmic plot of the standard curve for the measurement of Insulin 

concentration by Rat Insulin RIA kit (cat. #RI-13K, Millipore Corporation, USA). 
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Ornithine (Figure 3-4B) is a non-proteinogenic amino acid and arginine degradation product. 

Ornithine, similarly to arginine, was shown to stimulate glucose-dependent insulin secretion by mouse 

islets, probably also through GŬi2 receptors (Leiss et al., 2014).  

Like in the experiment with arginine, MIN6 cells were stimulated with 0 ï 15 mM ornithine added 

at 0 ï 16 mM glucose (Figure 3-5B). The data shows that ornithine has a weaker stimulatory effect on 

insulin secretion compared to arginine. Maximum levels of secreted insulin 30-40 ng/ml were detected 

for ornithine stimulations, while 50-120 ng/ml were detected for arginine stimulations. Although 

ornithine has no stimulatory effects in the absence of glucose, it can still stimulate insulin release in a 

dose-dependent manner in the presence of glucose. 

Dopamine (Figure 3-4C) is a hormone and a neurotransmitter that has multifaceted roles in the 

central nervous system. Dopamine is also present in the bloodstream, but its peripheral effects are still 

unclear. The role of dopamine in insulin secretion has repeatedly been considered for decades. 

Dopamine was detected inside ɓ-cells and in insulin secretory granules, from where it can be co-

secreted with insulin. MIN6 cells were stimulated with 0  15 mM dopamine added at 0  16 mM 

glucose in Figure 3-5C. The results indicate that dopamine starting from 1 mM concentration reduces 

insulin secretion to a basal, non-stimulated level, at all concentrations of glucose used. Another study 

reported a dose-dependent inhibition of insulin secretion by much lower concentrations (1  100 µM) 

of dopamine in INS-1E cells (Rubi et al., 2005). Hence, to remove any doubts, we performed further 

investigation of insulin secretion from MIN6 cells with lower dopamine concentration (Figure 3-6). 

MIN6 cells were stimulated with glucose 0.1 or 16 mM and lower dopamine (0 - 1.0 mM). As is 

described previously, similar dopamine-dependent inhibition of insulin secretion was observed. 

Serotonin (Figure 3-4D) is a neurotransmitter with a structure similar to dopamine but derived from 

tryptophan. Its biological functions are complex and multifaced, modulating mood, cognition, reward, 

learning, memory and numerous physiological processes. The serotonin role in ɓ-cells has also been 

Figure 3-4. Chemical structures of ligands used to modulate glucose-induced insulin 

secretion by MIN6 cells. 

 

A                              B                         C                         D 
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studied for decades, but the molecular mechanisms of how the neurotransmitter influences insulin 

secretion are yet to be fully understood. Recently, we demonstrated that serotonin could bind to insulin 

hexamers in vitro (Palivec et al., 2017; Solinova et al., 2019). We hypothesized that serotonin may play 

a role in insulin secretion by potentially stabilizing different oligomeric forms of insulin inside secretory 

granules. 

Here we tested the effects of 0 ï 30 mM serotonin at 0 ï 16 mM glucose on MIN6 cells insulin 

secretion (Figure 3-5D). The data in Figure 3-5D indicate that serotonin could have an inhibitory effect 

on insulin secretion in samples without glucose. However, the picture is more complicated at higher 

glucose concentrations. We observed significant inhibition of insulin secretion stimulated with 1  16 

mM glucose by 5 mM serotonin and 30 mM serotonin, while 8 ï 15 mM serotonin has stimulatory or 

no apparent effects. Despite the experimental errors, this trend is clearly visible in all four independents 

Figure 3-5. MIN6 cells (1x 106 

cells) were stimulated by arginine, 

ornithine, dopamine and serotonin 

with glucose. The supernatants 

were taken from cultured cells 

after stimulation and the insulin 

content was determined by IR-

binding assay. (A) MIN6 cells 

were stimulated by glucose (0 ï 16 

mM) with differrent concentration 

of Arginine (0 ï 10 mM). (B) 

MIN6 cells were stimulated by 

glucose (0 ï 16 mM) with different 

concentrations of ornithine (0 ï 15 

mM). (C) MIN6 cells were 

stimulated by glucose (0 ï 16 mM) 

with different concentrations of 

dopamine (0 ï 15 mM). (D) MIN6 

cells were stimulated by glucose (0 

ï 16 mM) with different 

concentrations of serotonin (0ï30 

mM). Asterisks indicate that 

insulin secretion modulated by 

respective compounds differs 

significantly from insulin secretion 

induced by glucose only (*, 

p<0.05, **, p < 0.01, ***, p < 

0.001). 

 



52  | 

 

experiments. These results are interesting, indicating rather complicated regulation of insulin secretion 

by exogenous serotonin. 

All the stimulation tests of MIN6 cells were held in two independent biological experiments apart 

from serotonin stimulation (four independent stimulatory experiments) and all data were combined to 

single bar graph. All samples of the insulin secretion assay obtained from MIN6 stimulated by glucose 

and other amino-acid compounds were tested by RIA as well (data shown in (Asai et al., 2021)), and 

all the result show the good agreement to the concentrations that weôd determined by IR binding assay 

(Figure 3-7). 

Comparison of the determined insulin concentration in unknown samples obtained by IR binding 

assay and RIA 

Finally, all data points measured by both IR binding assay and RIA were assembled into one 

logarithmic plot in Figure 3-7. A linear regression was used to interpolate the bulk of data points, which 

showed rather low dispersion for a relatively broad range of insulin concentrations. The regression line 

is slightly shifted in the horizontal direction around the 100 ng/ml as a center, from being strictly 

diagonal. In other words, when the insulin concentration is 100 ng/ml or less, IR-binding assay tends 

to overestimate the sampleôs insulin concentration more than the RIA. On the contrary, when the 

concentration is higher than 100 ng/ml, the RIA tends to overestimate the value more than the binding 

assay. This dispersion can be explained by the differences in mechanisms of each assay. RIA relies on 

antibodies recognizing and binding to insulin B-chain regardless the insulin is denatured or even a part 

of proinsulin. whereas IR-binding assay relies on the insulin receptors binding only fully active and 

non-damaged insulin. The higher insulin concentrations determined by RIA could be caused by an extra 

immunoreaction with damaged insulin or proinsulin that are not detectable by IR-binding assay. 

Figure 3-6. Further investigation of insulin secretion from MIN6 cells with lower dopamine 

concentration (0 ï 1 mM) and glucose (0.1 mM and 16 mM). The concentration was 

determined by IR binding assay. Asterisks indicate that insulin secretion reduced by dopamine 

differs significantly from insulin secretion induced by glucose only (**, p < 0.01, ***, p < 

0.001) ). 
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3.1.4. Conclusions 

We rearranged a radioligand receptor binding assay to enable rapid and lower cost determination of 

insulin concentrations with wide range of detection limit. The method utilizes radiolabeled insulin and 

IR (insulin receptor) expressed in IM-9 cells. It enables us to examine huge amount of experimental 

samples in short time for a lower cost. 

After developing the IR binding assay for determining insulin concentration, we utilized the assay 

for studying the effects of arginine, ornithine, dopamine, and serotonin on glucose-induced insulin 

secretion from MIN6 cells. We also systematically compared the data obtained with IR binding assay 

to by RIA kits. Both methods showed a good agreement of results and revealed several advantages and 

disadvantages of both methods. Overall, we do not have ambitions to promote our IR binding assay as 

a method to replace the widely used and well-validated RIA and ELISA kits. However, because of its 

simplicity and its capacity to rapidly process higher numbers of samples, the IR binding assay can be a 

convenient alternative method for laboratories where many samples are routinely measured for insulin 

concentration. 

Figure 3-7. Logarithmic plot showing comparison of all data, i.e., measurements of 

secreted insulin concentrations in unknown samples, that were obtained from MIN6 

cells stimulated by differerent reagents. The x-axis shows the insulin concentration 

determined by RIA, and the y-axis shows the insulin concentration determined by IR 

binding assay. The data show good corelation that the measured values are aligned on 

the diagonal line. 
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3.1.5. My contributions 

¶ I was responsible for maintaining the MIN6, BRIN-BD11, and INS-1E cell lines under 

sterilized conditions. This involved meticulous handling and ensuring their optimal growth. 

¶ I conducted the insulin secretion assay, which involved seeding MIN6 cells onto 24-well 

culture dishes, inducing a state of starvation, and subsequently stimulating them with glucose 

and various compounds such as arginine, ornithine, dopamine, and serotonin at appropriate 

concentrations.  

¶ I performed dissections on Wistar rats to obtain pancreatic tissue. From the extracted pancreatic 

tissue, I purified pancreatic islets and extracted insulin using acid ethanol. This process enabled 

us to specifically isolate pancreatic islets and measure their insulin content. 

¶ I carried out RIA experiments and analyzed the data for the measurement of insulin 

concentration. All the data obtained from the radioimmunoassay experiments presented in this 

publication were acquired through my experiments. 

¶ I conducted and optimized IR binding assays to assess insulin concentration and performed 

detailed data analysis. All the data obtained from the IR binding assays in this publication were 

the result of my experimental work. 
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3.2. The efficiency of insulin production and its content in insulin 

expressing model -cells correlate with their Zn2+ levels. 

This chapter is related to Research Aims 3) Characterization and comparison of properties of selected 

permanent b-cells lines and islets of Langerhans with a special emphasis on zinc content. 

 

Published in: Petra Dzianová, Seiya Asai, Martina Chrudinová, Lucie Kosinová, Pavlo Potalitsyn, 

Pavel Ġ§cha, Romana Hadravov§, Irena Selicharov§, Jan KŚ²ģ, Johan P., Turkenburg, Andrzej Marek 

Bryoyowski, JiŚ² Jir§ļek, Lenka Ģ§kov§. The efficiency of insulin production and its content in insulin 

expressing model -cells correlate with their Zn2+ levels. Open Biology. 2020 Oct;10(10): 200137. doi: 

10.1098/rsob.200137. 

3.2.1. Background 

Insulin is produced in the pancreatic ɓ-cell and stored in the small granules called insulin secretory 

granules (ISGs), that is assumed to form Zn2+ stabilized oligomers. However, the actual storage forms 

of the hormone and the impact of zinc ions on insulin production in vivo are not known.  

According to current understanding, proinsulin initially forms soluble hexamers that are stabilized 

by zinc ions. These hexamers are then processed into a mature insulin molecule that consists of two 

chains and is made up of 51 amino acids. The insulin molecule remains in the zinc-maintained hexamer. 

It is believed that the transition from proinsulin to insulin hexamer reduces the solubility of insulin 

oligomers, which eventually lead to the formation of some crystalline materials. 

The X-ray fluorescence (XRF) scans produced unexpected results regarding the Zn2+ content of 

INS-1E cells and native rat insulin storage granules (data are shown in(Dzianova et al., 2020)). 

Although it is widely recognized that permanent insulinoma-derived ɓ-cell lines produce non-standard 

insulin, the actual lack of Zn2+ in their storage granules was surprising. 

The initial X-ray fluorescence experiment emphasized the importance of conducting further research 

on the Zn-ISGs content in relation to the issue of insulin production. As a result, this study aims to 

achieve two main objectives: (i) to extensively analyze the Zn2+ ion content in model ɓ-cells, and (ii) 

to understand the role of Zn2+ in insulin production in ɓ-cells. We carried out a comparative 

characterization of different ɓ-cell models: rat-derived permanent INS-1E and BRIN-BD11 cell lines 

and rat pancreatic islets as a native ɓ-cells.  
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3.2.2. Methods 

RNA extraction and complementary DNA synthesis 

Extraction and purification of RNA from cells or pancreatic islets was performed, using RNAzol 

RT (Sigma-Aldrich, USA) according to the manufacturerôs instructions. RNA concentration was 

measured by ultraviolet absorbance at 260 nm with Nanodrop2000 (Thermo Fisher Scientific, USA). 

After extracting the total RNA, 500 ng of RNA was transferred to a new tube and heated up to 65 °C 

for 5 min and then, transferred to ice immediately to denature the secondary structure of RNA and to 

improve reverse transcription efficiency. First-strand complementary DNA (cDNA) was synthesized 

from 500 ng of total RNA, using ReadyScript cDNA synthesis Mix (Sigma-Aldrich, USA) as described 

in the product manual. Briefly, ReadyScript cDNA Synthesis Mix  was added to RNA samples and 

incubated at 25 °C for 5 min, and next at 42 °C for 30 min, at 85 °C for 5 min, then held at 4 °C. After 

completion of reverse transcription, the synthesized cDNA was five times diluted with water. 

Quantitative reverse transcription PCR (Polymerase Chain Reaction) 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was conducted using the 

LightCycler480 (Roche Diagnostics, Mannheim, Germany). The reversely transcribed reaction product 

(corresponding to 20 ng of RNA) in 2 µL was applied on LightCycler 8-tube strips (Roche Diagnostics, 

Germany). Real-timePCR was performed with the LightCycler 480 SYBR Green I Master (Roche 

Diagnostics) and by monitoring an increase in fluorescence of the SYBR Green Dye. The genes gapdh, 

ZnT8, rat insulins 1 and 2 (Ins1 and Ins2) were amplified by PCR with the primers shown in Table 3-2. 

Ins1 and Ins2 share similar mRNA sequences, which allows one primer pair to measure the total insulin 

mRNA expression level. mRNAs of Ins1, Ins2 and ZnT8 were normalized against gapdh. The identity 

of the PCR products was confirmed by carrying out electrophoresis on 2.0% agarose gels (data not 

shown). 

 

Table 3-2 list of primers used for real time PCR, gene names and sequences of primer pairs used for 

amplification are shown.  

Gene name Forward (5  ̠ 3 ) Reverse (5  ̠ 3 ) 

gapdh caccatcttccaggagcgag ggcggagatgatgacccttt 

ZnT8 tcgagcagagatcctcggt caagatgccgttggtgcaaa 

Rat insulin1 and 2 (Ins1 and Ins2) accatcagcaagcaggtcat gtttgacaaaagcctgggca 
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Analysis of total insulin in BRIN-BD11 and INS-1E cells and isles of Langerhans 

The total content of insulin inside the cells was measured by acid ethanol extraction. The 102 islets 

or in the other word, 105 cells were sonicated in 30 µL of water for 15 s. The sonicates were mixed with 

acid ethanol (0.18 M HCl in 96% ethanol) in 1 : 3 proportion of sonicate and acid ethanol (90 µL). The 

mixed solutions in a total volume of 120 µL were incubated at 4 °C for 12 h. After the incubation, 

samples were centrifuged at 14 000 g for 5 min and the supernatants transferred to new tubes. The total 

insulin in the supernatants was measured by a sensitive rat insulin RIA (Millipore, Missouri, USA), 

according to the manufacturersô instructions. 

3.2.3. Results and discussion 

We systemically compared zinc and insulin contents in the native rat pancreatic islets permanent 

cell lines derived from pancreatic ɓ-cells (INS-IE and BRIN-BD11) by flow cytometry, confocal 

microscopy, immunoblotting, RT-qPCR of specific mRNAs and total insulin analysis. These studies 

revealed an impaired insulin production in the permanent ɓ-cell lines with the diminished intracellular 

zinc content. The drop in insulin and Zn2+ levels was paralleled by a lower expression of ZnT8 zinc 

transporter mRNA and hampered proinsulin processing/folding in both permanent cell lines derived 

from pancreatic ɓ-cells.  

Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to analyze rat pancreatic islets and two 

permanent cell lines, INS-1E and BRIN-BD11 (Figure 3-8). The ISGs in INS-1E and BRIN-BD11 cells 

were found to be much fewer in number and smaller in size compared to those in rat islets. Additionally, 

the permanent cell lines lacked a visible halo (Figure 3-8B and D), which is a characteristic feature of 

mature ISGs, and may indicate the presence of proinsulin in the peri-nuclear region. In contrast, the rat 

islet cells exhibited a large number of ɓ-cells with dense core, mature ISGs, and a translucent halo 

(marked by arrows in Figure 3-8E and F), along with some immature ISGs with slightly larger size. 

The rat islet cells also displayed scattered lamellar endoplasmic reticulum, Golgi apparatus, and 

numerous mitochondria.  

Flow cytometry analysis 

The intracellular Zn2+ visualization and quantification were conducted by staining with FluoZin-

3AM high Zn2+ affinity probe in the dispensed native rat pancreatic cells, INS-1E cells and BRIN-
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BD11 cells. The effect of the cell-permeable Zn2+ chelator TPEN (N,N,N,N-Tetrakis(2-pyridylmethyl)-

ethylenediamine) on the quenching of FluoZin-3AM was also investigated. Figure 3-9 shows the 

quantified amount of Zn2+ in the cells.  

The fluorescence intensity of the untreated cells (autofluorescence) was determined first, followed 

by the cells treated by FluoZin-3AM, with or without the pretreatment of the Zn2+ chelator TPEN. All 

cell types showed an increase in fluorescence intensity after treatment with FluoZin-3AM, when 

compared to the basal autofluorescence. The significant decrease of fluorescence was also measured in 

all cell types with after pre-treatment with TPEN. The intensity of fluorescence in rat pancreatic ɓ-cells 

was approximately 5 ï 8 times higher than the other cell types we measured (INS-1E and BRIN-BD11).  

 

Western blot analysis of insulin and proinsulin in cell samples 

The insulin content in the native rat pancreatic islets, INS-1E cells and BRIN-BD11 cells was 

checked by SDS-PAGE and subsequent Western blotting (Figure 3-10). Two different amounts of 

human insulin and proinsulin were loaded as positive control on the lanes 1 ï 4. Homogenized INS-1E 

Figure 3-8. Transmission electron 

microscopy images of different type 

of cells. (A, B) is the images of 

BRIN-BD11 cells. (C, D), is the 

images of INS-1E cells, and (E, F) 

show the images of rat pancreatic 

islets. (A, C and E) Show cells 

magnified 10 000 times, and images 

in (B, D and F) were taken with 40 

000 times magnification. Arrows in 

(A - F) indicate ISGs. M indicates 

mitochondria. N indicates nucleus. 
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cell samples that were treated or untreated with ZnCl2 were loaded on the lanes 5 ï 8 with two different 

amounts. Homogenized BRIN-BD11 cell samples that were treated or untreated with ZnCl2 were 

loaded on the lanes 9 ï 12 with two different amounts. Homogenized rat Langerhans islets samples 

were loaded on the lanes 13 ï 14 with two different amounts. As expected, the samples prepared from 

rat Langerhans islets shows insulin content as the main band. By contrast, samples prepared from 

BRIN-BD11 cells didnôt show any detectable insulin-positive bands regardless of the zinc treatment or 

the loading amounts. The samples prepared from INS-1E cells show considerable amount of insulin 

contents. Remarkably, the sample contained not only insulin, but also proinsulin, which was not 

appeared in the samples of Langerhans islets, as well as an unspecified protein with a larger molecular 

weight (annotated with asterisks in Figure 3-10). 

The zinc treatment seems to increase the unidentified insulin positive proteins with larger molecular 

weight. Despite repeated attempts at N-terminal amino acid sequencing, tryptic digestion / mass 

spectrometry (MS) analysis or immunoprecipitation, these proteins could not be unequivocally 

identified. However, the MS data of the proteolytic digests of the lower (10 kDa) band showed only the 

presence of insulin fragments, and no other proteins (data not shown). 

RT-qPCR analysis of insulin and ZnT8 mRNA expression level 

We also assessed the mRNA expression levels of insulin and ZnT8 by RT-qPCR analysis (Figure 

3-11A and B). The mRNA expression levels of pancreatic permanent cell lines and isolated rat 

Langerhans islets were tested and normalized by glyceraldehyde-3-phosphate (gapdh) expression level. 

The remarkable differences between a very high expression of insulin mRNA in native rat islets, and 

approximately 70-fold and especially 30 000-fold lower insulin expression in INS-1E or BRIN-BD11 

Figure 3-9. Flow cytometry 

analysis. The intensity of 

fluorescence of INS-1E (green), 

BRIN-BD11(blue) and rat 

native pancreatic islet cells 

(red). The left bar in each cell 

type shows autofluorescence in 

untreated cells, the middle bar 

shows the fluorescence of the 

cells treated with 

TPEN/FluoZin-3AM and the 

right bar shows the fluorescence 

in the cells treated by FluoZin-

3AM only. 
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cells, respectively (Figure 3-11A). The relative expression levels of the zinc transporter ZnT8 mRNA 

was also determined to elucidate whether the Zn2+ transport is disrupted in these cell lines. This revealed 

that the expression of ZnT8 in the INS-1E and BRIN-BD11 cells is markedly decreased in comparison 

with the rat islets (Figure 3-11B).  

Analysis of the total insulin content  

To complete the estimation of insulin in the studied cells and rat islets, their total insulin contents 

were determined by RIA (Figure 3-11C). The logarithmic scale summary of the total insulin analysis 

shows a remarkable difference between the very high level of insulin in native rat islets and the 100-

fold and, especially, approximately 3 500-fold lower level of total insulin in INS-1E or BRIN-BD11 

cells, respectively. 

3.2.4. Conclusions 

Through this study, we found a strong correlation between levels of intracellular Zn2+ in the studied 

ɓ-cells and their capacity of producing insulin and folding the hormone properly.  

It is not yet clear whether zinc deficiency associated with decreased Zinc transporter ZnT8 

production causes abnormal insulin production, or whether Zn2+ deficiency and abnormal insulin 

Figure 3-10. Western blot 

analysis of proinsulin and 

insulin content in each 

model ɓ-cells, rat-derived 

INS-1E (lane 5 - 8), 

BRIN-BD11 (lane 9 - 

12), and rat pancreatic 

islets homogenate (lane 

13, 14). The sample on 

the lanes 7, 8, 11 and 12 

were prepared from the 

cell culture with ZnCl2 

supplementation. The 

loaded amount of each. 

sample is shown.  



|  61 

 

production are caused by other different causal factors. However, the permanent cell lines, compared 

with native ɓ-cells from healthy Langerhans islets, showed a simultaneous alteration such as decreased 

insulin-productivity, expression level of ZnT8 mRNA, amount of intracellular Zn2+, as well as abnormal 

morphology observed under electron microscopy. Nevertheless, it cannot be excluded that, considering 

the important role of Zn2+ in insulin oligomerization in vitro, its deficiency can impact the effective 

formation of proinsulin hexamers, therefore having a direct, causative effect on proinsulin processing.  

This study also underpins the methodological limitations of the rat permanent ɓ-cells and their 

application to structural studies. This is of special importance for a reliable in vivo model of the ɓ-cell 

for effective diabetes research and clinical applications. We must take these facts into account and 

reconcile them as we continue our research. 

Figure 3-11. (A) RT-qPCR analysis of rat insulin mRNA expression in rat pancreatic 

islets, INS-1E and BRIN-BD11 cells. The insulin mRNA expression levels (on a 

logarithmic scale) are normalized by glyceraldehyde-3-phosphate (gapdh) mRNA 

expression. (B) RT-qPCR analysis of rat ZnT8 mRNA expression in rat pancreatic islets, 

INS-1E and BRIN-BD11 cells. The ZnT8 mRNA expression levels are normalized by 

gapdh mRNA expression level. (C) The analysis of the total insulin content in rat 

pancreatic islets, INS-1E and BRIN-BD11 cells. The total amount of insulin (ng/mL) is 

shown in a logarithmic scale.  
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3.2.5. My contributions 

¶ I was responsible for maintaining BRIN-BD11 and INS-1E cell lines under sterile conditions. 

This involved meticulous handling and ensuring their optimal growth. 

¶ I performed dissections on Wistar rats to obtain pancreatic tissue.  

¶ From the extracted pancreatic tissue, I purified pancreatic isletsô cell clusters and extracted 

insulin using acid ethanol. This process enabled us to specifically isolate pancreatic islets and 

measure their insulin content. 

¶ I carried out RIA experiments and analyzed the data for the measurement of insulin 

concentration.  

¶ I carried out RNA extraction from islets, INS-1E cells and BRIN-BD11 cells, followed by 

reverse transcription to synthesize cDNA. 

¶ I conducted the following real-time PCR analysis of selected genes on the three cell types to 

perform a comparative study. 
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3.3. Characterization of insulin crystalline form in isolated ɓ-cell 

secretory granules 

This chapter is related to Research Aims 4) Elucidation of insulin storage forms in the secretory 

granules of the pancreatic ɓ-cells under near-native conditions.  

 

Published in: Seiya Asai, Jana Moravcová, Lenka Ģ§kov§, Irena Selicharov§, Romana Hadravov§, 

Andrzej Marek Brzozowski, JiŚ² Nov§ļek, and JiŚ² Jir§ļek. Characterization of insulin crystalline form 

in isolated ɓ-cell secretory granules. Open Biology. 2022 Dec; 12(12): 220322. 

doi.org/10.1098/rsob.220322 

3.3.1. Background 

Insulin is stored in insulin secretory granules within pancreatic ɓ-cells. Insulin is firstly synthesized 

as 110 amino acids preproinsulin in endoplasmic reticulum, which undergoes cleavage of its N-terminal 

signal sequence to form proinsulin. Subsequently, a single-chain 81 amino acid proinsulin is moved to 

the Golgi apparatus where it is folded properly. The proinsulin is then transported and stored in insulin 

secretory granules. In vitro studies have suggested that single-chain proinsulin forms Zn2+- stabilized 

hexamers in Zn2+-rich secretory granules. Specific convertases cleave out proinsulinôs C-peptide to 

produce mature insulin in the form of Zn2+-hexamer. Insulin has low solubility at the mildly acidic pH 

in secretory granules, which helps in the conversion from proinsulin and protects mature insulin from 

proteolysis. Moreover, it has been proposed that the high concentration of zinc ions and insulin, along 

with lower solubility of insulin in this environment, promote aggregation, precipitation, and 

crystallization of Zn2+-stabilized insulin hexamers stored in secretory granules in vivo.  

In 1969, Dorothy M. Hodgkinôs group made a significant contribution to the understanding of 

insulinôs structure by successfully crystallizing and determining the structure of rhombohedral crystals 

of 2Zn2+ pig insulin hexamer (M. J. Adams et al., 1969). This achievement has led to the determination 

of hundreds of in vitro structures of insulin from different species, including human insulin and its 

analogues.  

In vitro studies have shown that insulin hexamers exist in various conformations, including T6, T3Rf
3, 

and R6, which depend on the conformation of insulin monomers forming the hexamer as we discussed 

in the introduction section (Figure 1-4). Briefly, insulin monomers differ based on the conformation of 

B1-B6 residues of the B-chain. The T conformation has B1- B6 residues in an extended conformation, 

followed by a B7 ï B10 type IIô ɓ-strand, followed by an invariant B9ïB19 Ŭ-helix. In the presence of 

higher concentrations of small aromatic alcohols, such as phenol, the B1ïB6 segment of insulin can 
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adopt the Ŭ helical conformation, called the R state. At higher concentrations of SCNī, Clī or Zn2+ ions, 

or lower concentrations of cyclic alcohols, the long helix B in the R state shortens to the B3 ï B19 

segment, and the B1 ï B3 residues ófrayô apart, giving what is called the Rf form of insulin. 

Electron microscopic images of thin sections of the pancreatic ɓ-cells often show a dense, regular 

pattern core, that suggesting the presence of insulin crystals (Figure 3-8F). However, due to their small 

size, delicate nature, and challenging handling, the specific structural features of insulin storage forms 

within these granules remain unknown. The presence of protein crystalline materials inside living cells, 

in cellulo, is rather rare phenomenon and have always attracted the attention of the scientific community. 

First reports of protein crystals in human tissues and plant seeds date back to the nineteenth century. 

Generally, the aggregation or crystallization of proteins inside cells may have a detrimental effect on 

cellsô viability (Doye, Louis, & Vendruscolo, 2004). However, only a few proteins that naturally 

crystallize inside cells have been detected in humans, and interestingly, all of them being associated 

with some pathological condition (Schonherr, Rudolph, & Redecke, 2018). Therefore, if insulin is 

indeed stored in a crystalline form in the ɓ-cells, it would represent a unique example of the functionally 

beneficial role of in vivo protein crystallization in the human body.  

3.3.2. Methods related to my contribution 

Cell culture 

The cultivation of permanent cells derived from pancreatic b-cells of rodent origin, rat or mouse in 

our case. The main goal was to accumulate enough cells, 250-300 million cells in our case, to get 

sufficient amount of ISGs fraction after their isolation. This was rather a difficult task because the 

cultivation and maintaining the culture in a good shape took few weeks and several times failed due to 

the cellsô death without an obvious reason. We started experiments with BRIN-BD-11 and INS-1E cells 

that grow relatively well but the quantity of insulin production and their secretory properties are not 

optimal (Dzianova et al., 2020; Seiya Asai 2022). Hence, we turned our attention to MIN6 cells that 

represent more native model of b-cells. We contacted Prof. Myiazaki in Osaka University who 

established MIN6 cell lines (H. Ishihara et al., 1993; J. Miyazaki et al., 1990). He kindly offered us a 

sample of an early passage of original MIN6 cell line. 

Isolation of secretory granules from MIN6  cells and preparation of samples for Cryo-EM 

The granule isolation was carried out according to the protocol outlined by Brunner et al. (Brunner 

et al., 2007) and described in detail in Dzianova et al. (Dzianova et al., 2020). Briefly, MIN6 cells 
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grown to confluence in eight to ten culture flasks with 150 cm2 of growth area were prepared and were 

collected using scrapers with phosphate-buffered saline (PBS).  

A buffer composed of 0.27 M sucrose, 10 mM MOPS, 1 M Tris, pH 6.7 (SMT buffer) was prepared 

for the following isolation process. Cells were homogenized in 15 mL of SMT buffer using a 21 G 

needle and then a 25 G needle to break them down. The mixture was centrifuged for 5 minutes at 1000 

g to remove the debris and nuclei, and the supernatant was transferred to a new tube. The remaining 

pellet was homogenized in 15 mL of SMT buffer using a 21 G needle, followed by a 25 G needle, and 

then centrifuged for 5 min at 1000 g. the resulting supernatant was combined with the previous one, 

and the mixture was centrifuged at 1000 g for 10 min to obtain the post-nuclear supernatant (PNS). The 

PNS was further centrifuged at 24 700 g for 20 min to separate the organelles from the cytosol. The 

pellet obtained was resuspended in SMT buffer, loaded on a discontinuous Nycodenz gradient 

composed of three layers (23.4, 8.8 and 4.4% w/v Nycodenz in SMT buffer, pH 6.6) and centrifuged at 

107 000 g for 75 min. The cloudy ISGs fraction was collected and filled up to 10 mL with SMT buffer. 

This suspension was loaded on 27% w/v Percoll solution, which was centrifuged at 35 000 g for 45 

min. The ISGs fraction near the bottom of the tube was collected and washed three time with 10 mL of 

SMT buffer, followed by centrifugation at 30 000 g for 20 min. ISGs were finally re-suspended in 100 

µL of SMT buffer and strictly kept at 1  4 °C. This sample was transported on ice as quickly as possible 

to CEITEC facility in Brno for microscopic analyses.  

This suspension was applied to the freshly plasma-cleaned holey carbon TEM grid (Quantifoil, Cu, 

200 mesh, R2/1) and vitrobot IV (Thermo Scientific). The sample was incubated for 30 s on the grid in 

the instrument climate chamber maintained at 4 °C, 100% relative humidity. Prior to incubation, both 

sides of the grid were blotted with filter paper. The grids with the specimens were then transferred to 

liquid nitrogen and mounted onto the Autogrid cartridge, which was subsequently loaded into the 

transmission electron microscope for imaging. 

 

3.3.3. Results and discussion 

Comparison of permanent cell lines by focused ion beam/scanning electron microscopy 

Serial focused ion beam / scanning electron microscopy (FIB/SEM) imaging was employed to 

compare the insulin secretory granules in each of the pancreatic ɓ-cell derived permanent cell lines 

(INS-1E cells, MIN6 cells, and BRIN-BD11 cells). Here, we were able to analyze the appearance of 

the granules and their content in the entire pancreatic ɓ-cell as well as rebuild the three-dimensional 
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volume of the entire cells, or part of their volume. In the end, this enabled us to compare various ɓ-cell 

lines in the context of their overall morphology. 

We used the FIB/SEM data to rebuild and segment entire ɓ-cells, identify insulin secretory granules, 

and compare the populations of these components among the examined cell lines in terms of quantity 

and size (Figure 3-12). While INS-1E and MIN6 cells have a similar number of granules per cell, BRIN-

BD11 cells have a significantly lower density of insulin secretory granules (Figure 3-12A, C, and E). 

We found that the apparent average size of granules (including the envelope) and insulin particles inside 

the granules is smaller in BRIN-BD11 (146 ± 22 nm and 94 ± 10 nm, respectively) than in INS-1E (238 

Figure 3-12. FIB/SEM microscopy images of the visualized segments of ɓ-cells. The Images (A) 

and (B) are taken from INS-1E cells, (C) and (D) are from MIN6 cells, and (E) and (F) are from 

BRIN-BD11 cells. The panel (A), (C) and (E) show segmented cells where only nuclei (colored 

in red) and insulin secretory granules (colored in green) are visualized. (B), (D), and (F) show 

scanning electron microscopy images of segmented cells contrasted by uranyl acetate and 

osmium tetroxide. Yellow arrows point at insulin secretory granules enveloped with a membrane 

vesicle. Blue arrows show nuclear envelope, green arrows point at mitochondria and red arrows 

show Golgi apparatus inside of the cell cytosol. Brown arrows point to the endoplasmic reticulum 

visible in INS-1E and BRIN-BD11 cells and the orange arrow points to a BRIN-BD11 cell 

ribosome. 
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± 43 nm and 157 ± 33 nm) and MIN6 (250 ± 29 nm and 142 ± 12 nm) cells, which have a similar size 

of granules. Considering these results and our previous research, we selected the MIN6 cells for further 

isolation and analysis of insulin secretory granules, as they appear as a more native-like model of the 

ɓ-cells than INS-1E or BRIN-BD11 cells.  

Cryo-EM analyses of insulin secretory granules isolated MIN6 cells 

The Cryo-electron microscopy (Cryo-EM) imaging of the isolated granules showed dense globular 

shapes with a diameter of 129-303 nm, an average size of 198 ± 41 nm based on an analysis of 35 dense 

core particles, with a clearly visible regular arrangement (Figure 3-13). The crystalline-like centers of 

the granules were either membrane-free (Figure 3-13A) or encapsulated in the membrane (Figure 

3-13B). The TEM images also showed that some granules have an intact membrane, while other insulin-

containing particles lack their envelope completely or partially (Seiya Asai 2022). This might be due 

to the damage during the process of the isolation of secretory granules. It seems that some of the insulin 

particles without envelopes are still able to maintain their shape.  

Inspired by the crystalline-like properties observed in the granular core, we attempted further 

observation to acquire continuous rotation electron diffraction tomography (EDT) data, to determine 

the insulin structure in this crystalline lattice. However, we did not observe reflection peaks beyond 

approximately 5 Å, even in the static images. Therefore, we subsequently focused on the analysis of 

the low-resolution diffraction to determine the unit cell parameters of these crystalline cores. Here, we 

either collected discontinuous EDT data, within ± 40º tilt range (with 2º step) and image tracking step 

after every tilt. The data analysis relied only on the directions of the reflections. In total, we analyzed 

20 granule dense cores and found that, in 19 cases, the crystals form a rhombohedral lattice with unit 

Figure 3-13. Cryo-EM images of the purified MIN6 cells insulin granules. Only the 

granule dense core is present in (A), whereas the whole granule is shown in (B). The 

bar corresponds to 100 nm in both inserts. 
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cell dimensions a å b å c 96.5 Å, Ŭ å 90º, ɓ å ɔ å 120º, whereas, in the last case, the parameters of the 

rhombohedral lattice were a å b å 84.0 Å, c å 35.2 Å, Ŭ å ɓ å 90º, ɔ å 120º. The latter, smaller lattice 

is in good agreement with the lattice parameters of human 4 Zn2+-insulin hexamers (a = b = 80.953 Å, 

c = 37.636 Å) crystallized in vitro, analyzed by X-ray diffraction and reported firstly in T3Rf
3 form by 

Smith et al. (G. D. Smith, D. C. Swenson, E. J. Dodson, G. G. Dodson, & Reynolds, 1984), with one 

insulin hexamer in the asymmetric unit (AU) (space group R3).  

However, the majority of crystals analyzed in this study have a c-axis dimension that is more than 

twice the size of individual hexamers, indicating that larger assemblies of insulin hexamers are 

preferred over óindividualô hexamers in vivo. Given the size of the larger unit cell, insulin arrangement 

suggests the presence of two (or more) hexamers on top of each other, as observed in the in vitro crystal 

structure a = b = 82.7 Å, c = 68.1 Å, Ŭ å ɓ å 90º, ɔ å 120º reported by Murayoshi et al. (PDB DOI: 

https://doi.org/10.2210/pdb3W80/pdb). Indeed, evidence of ódodecameric-likeô alligator insulin in 

microcrystals in cellulo was already provided before by Raġka et al. (I. Raska, J. Komrska, M. Titlbach, 

& Rieder, 1978). However, their biological material is supposed to be suffered from considerable 

detrimental effects due to fixation, dehydration, embedding and compression during the sectioning 

process compared to our sample preparation. The crystal lattice structure of insulin by Murayoshi et. 

al. consists of staggered columns of tightly packed hexamers arranged on top of each other. This 

arrangement in granulesô lattice would provide an additional level of stability, superior to a single 

insulin hexamer or dimer crystal packing motif, and prolong the storage life time of insulin in vivo. 

However, it is possible that there are other crystal packing arrangements, such as those involving three 

hexamers, that should not be excluded. 

3.3.4. Conclusions 

The structural features of the storage forms of insulin are unknown due to their size, fragile character 

and difficulty of handling. Hence, the long-standing question of the insulin crystalline (or any other) 

structure in the secretory granules has been argued for decades. We tried to tackle this question by using 

modern cutting edge electron microscopy techniques with the goal to clearly show if insulin can be 

present under native conditions in secretory granules of b-cells in a crystalline form. This method 

allowed us to study the structure of a single insulin storage granule particle under near-native conditions.  

Through our analysis, we were able to identify the crystal unit cells of crystalline insulin in native 

granule preparations. We detected a three-dimensional regular arrangement in the dense core particles 

within the secretory granules, indicating the presence of crystalline material. We identified two types 

of rhombohedral lattices in these microcrystals, a minor lattice with the unit cell dimensions a å b å 

84.0 Å, c å 35.2 Å, Ŭ å ɓ å 90º, ɔ å 120º, and a highly predominant lattice form with the unit cell 
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dimensions a å b å c 96.5 Å, Ŭ å 90º, ɓ å ɔ å 120º. The minor form of the lattice corresponds relatively 

well to the presence of the hexameric 4Zn2+ insulin crystal form, that possibly to the T3Rf
3 hexamer of 

insulin. The other predominant lattice form had almost twice the length of the c-axis, indicates the 

presence of higher oligomeric packing of insulin forms, such as two toroidal hexamers stacked on top 

of each other (pseudo ódodecamerô). This research clearly confirms previous assumption that insulin 

stored in cells exists in a crystalline form. Furthermore, we offer precise information regarding the in 

cellulo crystal lattice parameters and hexamer packing, which were analyzed under the most native 

experimental conditions to date. These results will hopefully inspire further research into this question 

at higher resolution. 

This study brings important new information regarding the insulin crystalline state in the secretory 

granules of the pancreatic ɓ-cells using rodent cell line under near-native conditions. The robust 

experimental data shows that insulin is present in microcrystalline form in two different rhomboidal 

crystal lattices. The minor lattice is similar to known, in vitro crystallized 4Zn2+ hexamer crystals, 

whereas the prevalent, larger one may contain more of such hexamers in and oligomeric forms. These 

results will hopefully inspire further research into this question as higher resolution. 

3.3.5. My contributions 

¶ I was responsible for maintaining MIN6, BRIN-BD11 and INS-1E cell lines under sterilized 

conditions. This involved meticulous handling and ensuring their optimal growth. 

¶ I optimized and carried out the isolation of secretory granules from MIN6 cells by 

discontinuous gradient of Nycodenz with an ultracentrifuge. 

  



70  | 

 

3.4. Studying effects of osteocalcin and its fragments on b-cells 

(unpublished results) 

This chapter is related to Research Aim 2) Studying the effects of selected compounds on insulin 

secretion from pancreatic ɓ-cells. and 5) Studying effects of osteocalcin and its fragments on b-cells. 

3.4.1. Background 

We have already addressed in the Introduction that potential involvement of decarboxylated 

osteocalcin (OCN) in glucose metabolism, specifically its capacity to stimulate the proliferation and 

growth of ɓ-cells in Islets of Langerhans and native pancreas, as well as enhancement of insulin 

expression and production in these tissues (Ferron et al., 2012; N. K. Lee et al., 2007; Mizokami et al., 

2013; Mizokami et al., 2014; Wei et al., 2014). In this study we speculated whether OCN can also have 

some role in stimulating insulin secretion on immortalized b-cells in culture, e.g., MIN6 cells.  

Human OCN is a small protein of 49 residues. Interestingly the crystal and NMR structures showed 

that 3D structure of OCN can be divided into several helical or disordered segments separated by Pro 

or Gly residues (Figure 3-14). These structural features of OCN inspired us to investigate the properties 

of not only the full length of the completely decarboxylated OCN but also its shortened fragments. The 

goal was to define minimal OCN structure that is necessary for eliciting its biological effects on ɓ-cells.  

The primary structure of human OCN is shown in Figure 3-14. Our experimental approach involved 

dividing the sequence of OCN into four partially overlapping segments, each comprising specific 

Figure 3-14. The 3D crystal structure of bovine osteocalcin (4MZZ) (Malashkevich VN et al. 

Biochemistry 52, 8387-8392, 2013) shown in a ribbon representation (in gray). The residues 

1-12 are not visible in the structure. Pro13, Pro27 and Gly31 separating individual disordered 

or helical segments are shown in green. Prepared by Dr. Lenka Ģ§kov§ in PyMol. 
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residues 1-13, 13-27, 27-37 and 37-49. These peptides would represent individual segments separated 

by Pro13, Pro27 and Gly27 (Table 3-3). Moreover, we also prepared peptides covering two or three of 

these segments to increase the chance to identify active parts of the structures. Some of peptides 

contained only one Cys residue and, in such a case, it was replaced by Ser (IN569, IN-579, IN-570 and 

IN-582). Peptides with two Cys residues have a disulfide bridge (IN-600, IN-629 and IN-630).  

 

3.4.2. Methods 

Osteocalcin 

Human OCN (1  49) completely decarboxylated (Glu17, 21 and 24) was purchased from Bachem 

(Switzerland). The peptide was dissolved in 0.1% AcOH in milli-Q water. The concentration of the 

OCN solution was determined by measuring the absorbance at 280 nm by NanoDrop OneC (Thermo 

Fisher Scientific, United States), with an extinction coefficient of 12950 M-1cm-1. 

Table 3-3 The primary structure of human decarboxylated OCN. Individual segments are colored 

in orange (1-12), blue (14-26), red (28-36) and green (38-49). Pro13, pro27 and Gly37 are in black. 

Glu residues that are carboxylated (to Gla) in the storage form of osteocalcin are in italics. Cys 

residues or Ser residues that replaced Cys are underlined. 

 

Human osteocalcin: 

 YLYQWLGAPVPYP13DPLEPRREVCELNP27DCDELADHIG37FQEAYRRFYGPV 

Human osteocalcin fragments synthesized in this study: 

Code  

IN-568 YLYQWLGAPVPYP 

IN-569                                    PDPLEPRREVSELNP 

IN-579                                                                         PDSDELADHIG 

IN-580                                                                                                   GFQEAYRRFYGPV 

IN-570  YLYQWLGAPVPYPDPLEPRREVSELNP 

IN-600                                    PDPLEPRREVCELNPDCDELADHIG 

IN-582                                                                        PDSDELADHIGFQEAYRRFYGPV 

IN-629   YLYQWLGAPVPYPDPLEPRREVCELNPDCDELADHIG 

IN-630                                     PDPLEPRREVCELNPDCDELADHIGFQEAYRRFYGPV 
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Peptide synthesis 

Peptides were synthesized by solid-phase peptide synthesis (SPPS) on preloaded Wang resins 

(Merck). We use standard Fmoc protocol on the Spyder Mark IV Multiple Peptide Synthesizer (EP 

17206537.7), developed in the Development Center of the Institute of Organic Chemistry and 

Biochemistry.  

Stock solutions of amino acids and reagents were used as follows: 0.4 M Fmoc-protected amino 

acids solubilized in 0.45 M HOBT in DMF, 20 % 4-methylpiperidine, 0.4 M HBTU in DMF, 1 M DIC 

in DMF and 1 M DIPEA in DMF.  

The preloaded Wang resin was placed in 12-ml syringes equipped with polypropylene frites and 

allowed to swell in DMF for 1 hour. Coupling reactions with natural amino acids were performed 

automatically in the Spyder Mark IV Synthesizer. Generally, two couplings for 1h were done for each 

position of the peptides. The first coupling was done with 4 eq. of Fmoc-amino acid and 4.1 eq. of DIC. 

The second coupling was done with 4 eq. of Fmoc-amino acid, 3.8 eq. of HBTU and 7.6 eq. of DIPEA. 

The Fmoc group was cleaved with 20 % 4-methylpiperidine in DMF for 2 and 20 min. After the 

couplings and Fmoc group deprotection, the resin was washed 5 × 2 min with 2 ml of DMF. 

Peptides were cleaved from the resin by treatment with an acidic cocktail (TFA : TIPS : H2O = 95: 

2.5 : 2.5 v/v) for 2 hours. Crude peptides were precipitated with chilled ether, dried, dissolved in a 

mixture of CAN and water and lyophilized. Peptides were purified by a Waters HPLC system (Waters 

600 with 2487 Dual ɚ Absorbance Detector), using a Nucleosil 100-7 C8 column (250 × 10 mm, 7 µm, 

Macherey-Nagel) at a flow rate of 4 ml/min and the following gradient: t = 0 min/10 % B, t = 30 

min/100% B, t = 31 min/10 % B. Solvent A is 0.1 % TFA in water and solvent B is 80 % ACN in A 

(v/v). Compounds were detected at 218 and 254 nm. The purity of the final peptides was checked by 

using HPLC on a Watrex HPLC system (Watrex DeltaChromÊ P200 binary Pump and Wufeng LC-

100 UV Detector), using a Nucleosil 120-5 C8 column (250 × 4.6 mm, 5 µm, Macherey-Nagel) at a 

flow rate of 1 ml/min, with the same gradient and solvents as described for the preparative HPLC. 

Peptide precursors for IN-600, IN-629 and IN-630 were prepared with Acm protection of cysteine 

thiol groups. The disulfide bridge formation was done as described by Lubos et al. (Lubos et al., 2023). 

The peptide was dissolved at a concentration 10-3 M in 40% AcOH. Iodine (25 eq.) in AcOH was added. 

The resulting solution was stirred at RT for 20 min and then 1 M ascorbic acid in water was added until 

the dark iodine color disappeared. The product was purified and analyzed as described above. 

The HPLC purities of all final peptide preparations were more than 95% (at 218 nm) and their 

identities were confirmed by mass spectrometry (ESI). 
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Insulin secretion assay 

Insulin secretory effect of different compounds are tested (as we discussed in the section 3.1.2 

Insulin secretion assay). Briefly, MIN6 cells were seeded at a density of 1 × 105 cells/well in 24-well 

culture plate and grown for 3 days in 1ml of DMEM high glucose medium. Before proceeding the 

experiment, cells were maintained in glucose-free medium for 2 hours. Then, the cells were washed 

twice and preincubated for 2 h at 37 ºC in 0.4 ml glucose-free KRBH buffer. Next, the buffer was 

removed and a new portion of 0.4 ml of KRBH buffer with a respective stimulant was added to cells 

and incubated for 1 h at 37 ºC. The cells were stimulated with OCN and fragmented OCN derivatives. 

After the incubation period, supernatants were collected and centrifuged at 1200 rpm for 5 mins to 

remove cells and stored at -80 ºC. 

Determining insulin concentration by IR-binding assay  

IR-binding assay was conducted as we described in the section 3.1 according to Asai et al. (Asai et 

al., 2021). Briefly, standard curve was generated by co-incubating increasing concentrations of human 

insulin and a constant concentration of radiolabeled human insulin with 2.0 × 106 /ml IM-9 cells for 2.5 

h at 15 ºC in HEPES binding buffer. After the incubation, 2 × 200 µL of the reaction volume was 

centrifuged at 13000 × g for 10 min. Radioactive pellets were counted using a Wizard 1470 Automatic 

ɔ Counter.  

The measuring sample with unknown insulin concentration was treated as same as the standard 

curve. After the co-incubation and centrifugation, the supernatant was removed and radioactivity of the 

cell-pellet was measured. The measured radioactivity was interpolated to the insulin concentration 

(ng/mL) by using the standard curve. 

MTT proliferation assay 

The proliferation effect of OCN and its derivatives are tested by MTT assay, that is a colorimetric 

assay for assessing cell metabolic activity. The assay is based on an activity of oxidoreductase enzymes 

NAD(P)H to reduce MTT to its insoluble formazan, which has a purple color. MTT is chemically 

described as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. The procedure of MTT 

assay is as follows. 

In the evening growth surface of a 96 well plate is coated with Collagen I by adding 50 µL diluted 

collagen solution to each well. The plate is placed in the incubator at 37 ºC for 2 hours. After the 

incubation period has end, harvested ɓ-cell lines (MIN6 cells) are seeded to 96 well plate at a density 

of 0.5 × 105 cells/well in 100 µL of complete medium. The plate with cells is then incubated at 37 ºC 

overnight. After 24 hours, the growth medium is changed to serum free medium for the growth hormone 
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starvation. The next morning the serum free medium is removed and then 100 µL of serum free medium 

containing various compounds in different amounts is added. The next day in the evening, 50 µL of 

MTT solution (1.5 mg/mL in PBS) is added to each well to be 0.5 mg/mL final concentration. The plate 

is incubated overnight to form its insoluble formazan. The next morning, formazan dissolving solution 

(FDS) is added to each well and the plate is placed at 37 ºC with constant shaking in darkness. After 4 

hours, the absorbance at 570 nm wavelength of each well is measured by a microplate reader Infinite 

M1000 (TECAN, Switzerland). 

3.4.3. Results and discussion 

Insulin secretion assay on MIN6 cells 

MIN6 cells cultured in 24 well plates were 

stimulated by adding OCN and its fragmented 

derivatives, along with 16 mM glucose (Figure 

3-15). A stimulant containing 10 nM GLP-1 

with 16 mM glucose was also prepared as a 

positive control. The Addition of 16 mM 

glucose shows clearly enhanced insulin 

secretion from MIN6 cells compared to the 

basal level with 0 mM glucose. However, 

regardless of the concentration (54 nM  5.4 

µM), OCN didnôt exhibit any stimulatory 

effect on insulin secretion from MIN6 cells. On 

the other hand, 10 nM GLP-1 plus 16 mM 

glucose stimulation successfully demonstrated 

a stimulatory effect on insulin secretion as a 

positive control. 

Likewise, the synthesized peptides of 

fragmented OCN derivatives were added for the insulin secretion assay to observe their stimulatory 

effect (Figure 3-16). None of the fragmented derivatives at a concentration of 500 nM stimulated insulin 

secretion from MIN6 cells. In contrast, 10 nM GLP-1 with 16 mM glucose was able to stimulate insulin 

secretion as a positive control.  

In summary, neither OCN nor its fragmented derivatives exhibited any insulin stimulatory effect. 

 

Figure 3-15. Insulin secretion assay on MIN6 cells 

with osteocalcin at different concentration in the 

presence of glucose (16 mM). 10 nM GLP-1 was 

added as a positive control. 
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Proliferation effect of osteocalcin and its derivatives on pancreatic ɓ-cells 

It has been previously reported that the biologically active form of OCN, in which all Glu residues 

are decarboxylated, possesses the potential to stimulate the proliferation and growth of ɓ-cells, as well 

as enhance insulin expression and production. Therefore, we conducted an investigation to assess the 

potential proliferation effect of OCN and its fragmented derivatives on permanent immortalized 

pancreatic ɓ-cells. The MTT assay was employed to evaluate cell viability and proliferation. The results 

yielded mixed outcomes, displaying both positive and inconsistent effects on ɓ-cell lines across several 

technical replicates. While certain replicates demonstrated a favorable impact on cell proliferation, it 

was not consistently reproducible across all experiments. 

Several individual MTT assays were conducted and analyzed independently as technical replicates. 

Figure 3-17A demonstrates a concentration-dependent proliferative effect of OCN on ɓ-cells, 

particularly noticeable at concentrations exceeding 5 nM. In Figure 3-17B, a slight proliferative effect 

is observed at more than 5 nM concentrations, however, it remains at a negligible level, requiring 

cautious interpretation. Conversely, multiple experiments (Figure 3-17C) exhibit limited to no 

proliferation effect on MIN6 b-cells. Figure 3-17D includes a larger sample size (n = 16) per group in 

Figure 3-16. Insulin secretion assay on MIN6 cells with fragmented derivatives of 

osteocalcin (500 nM) in the presence of 16 mM glucose. 10 nM GLP-1 was added as a 

positive control. Corresponding stimulus was added to cultured MIN6 cells and the 

supernatant was collected after incubating for 1 hour. The insulin concentration in each 

sample was measured by IR-binding assay. 
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an attempt to identify potential distinctions. Nonetheless, the observed effect is minimal (p = 0.222), 

making it uncertain whether OCN stimulates proliferation in isolated immortalized pancreatic ɓ-cells. 

Moreover, the fragmented derivatives of OCN were tested by MTT proliferation assays. Similar to 

OCN itself, the independent technical replicates show inconsistent results. In one of the experiments 

(Figure 3-18A), no significant effect is observed for any OCN derivatives at a concentration of 100 nM, 

including 10 nM GLP-1. Conversely, another experiment (Figure 3-18B) reveals a positive effect on ɓ-

cell proliferation for certain compounds, including 10 nM GLP-1. Notably, previous reports indicate 

that GLP-1 promotes insulin synthesis, ɓ-cell proliferation, and neogenesis (Doyle & Egan, 2007; 

Drucker, 2006), as mentioned in Section 1.5.7. However, the specific structural characteristics that 

responsible for the proliferation effect, observed in IN-568, 569, 580, 582, and 630, are rather 

challenging to identify (Table 3-3). Furthermore, it is strange that OCN itself lacks a proliferation effect, 

A                                                   B 

C                                                                D 

Figure 3-17. The MTT proliferation assay was performed to evaluate the impact of osteocalcin 

(OCN) on cell proliferation. The assay was conducted using MIN6 cells, a well-established cell 

line model for pancreatic ɓ-cells. Absorbance at 570 nm were measured, and the obtained data 

were normalized using untreated samples (0 nM osteocalcin) as a reference, with a normalized 

value of 1. 
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while some of its fragmented derivatives exhibit such effects. The periodic recurring pattern observed 

in Figure 3-18B raises the possibility of positional effects within the culture plate, which cannot be 

entirely ruled out as potential artifacts. 

 

  

A                                                            B 

Figure 3-18. The MTT proliferation assay was performed to evaluate the impact of fragmented OCN 

derivatives on cell proliferation. The assay was conducted using MIN6 cells. Absorbance at 570 nm 

were measured, and the obtained data were normalized using untreated samples as a reference, with 

a normalized value of 1. 
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3.4.4. Conclusions 

We observed both positive and inconsistent effects of OCN and its derivatives on ɓ-cell lines across 

several technical replicates. Therefore, itôs hard to conclude whether OCN have the proliferative effect 

on MIN6 ɓ-cells or not. However, we should not forget that our experimental design includes testing 

an isolated and immortalized ɓ-cell line, but not primary cells nor living organisms. There is a 

possibility that the established permanent ɓ-cell line lacks expression of some crucial receptor(s) or 

transcription factors (Dzianova et al., 2020) responsible for mediating OCN and its proliferative effects.  

Furthermore, it is worth considering that other factors within the organism may play a role in the 

mechanisms of proliferation. For instance, factors like GLP-1 or chemical communication with 

different cell types present within pancreatic islets, such as Ŭ-cells, ɔ-cells, and ŭ-cells, could potentially 

influence the proliferation process. These factors may interact and contribute to the overall proliferative 

response that we couldnôt test in our experimental design. 

Lastly, we acknowledge that our experimental design itself could be a contributing factor to the 

inconsistent results obtained. Therefore, careful reconsideration and refinement of our experimental 

design are warranted before repeating these experiments in order to address potential limitations and 

enhance the reliability of the findings. 

 

3.4.5. My contributions 

¶ I was responsible for maintaining the MIN6 cell line under sterilized conditions. 

¶ I conducted the peptide synthesis of all fragmented OCN derivatives and purification 

procedures. 

¶ I conducted the insulin secretion assay, which involved seeding MIN6 cells onto 24-well 

culture dishes, inducing a state of starvation, and subsequently stimulating them with glucose 

and OCN and fragmented OCN derivatives.  

¶ I carried out IR binding assay to assess insulin concentration and performed detailed data 

analysis. All the data of insulin concentration presented in this chapter were acquired through 

my experimental work. 

¶ I conducted MTT assay to assess the peptidesô proliferative effect and performed detailed data 

analysis. All the data of MTT assay presented in this chapter were acquired through my 

experimental work.  
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3.5. Testing insulin secretion effect of tryptophan and its metabolites on 

MIN6 cells (unpublished results) 

This chapter is related to Research Aims 2) Studying the effects of selected compounds on insulin 

secretion from pancreatic ɓ-cells. and 6) Studying effects of tryptophan metabolites on insulin secretion 

from pancreatic ɓ-cells.  

3.5.1. Background 

Accumulating evidence implicates metabolites produced by gut microbes as crucial mediators of 

diet induced host-microbial cross-talk (Roager & Licht, 2018). Tryptophan is an essential amino acid 

for humans, and its supply is highly dependent on dietary protein. Although the majority of ingested 

protein is digested and absorbed in the small intestine (P. Evenepoel, 1999), substantial amounts of 

proteins and amino acid may reach the colon (Gibson, Sladen, & Dawson, 1976), where a range of 

commensal bacteria degrade them. Several bacterial species have been reported to be able to convert 

tryptophan into indole and indole derivatives (Roager & Licht, 2018). Since it has been known that 

tryptophan can be converted into indole by Escherichia coli (E. coli) and Vibrio cholerae (Smith, 1897) 

for more than 100 years, numerous indole producing species have been identified (J. H. Lee & Lee, 

2010). More recently, a number of studies have shown that gut microbial species produce a variety of 

tryptophan catabolites via various other metabolic pathways (Figure 3-19). 

The tryptophan catabolites include indole, tryptamine, indole ethanol (IE), indole propionic acid 

(IPA), indole lactic acid (ILA), indole acetic acid (IAA), skatole, indole aldehyde (IAld), indole acrylic 

acid (IA) and indoxyl sulfate (IS) and may affect host physiology in numerous ways. Indole, IPA and 

IA affect mucosal homeostasis by decreased intestinal permeability possibly mediated by the pregnane 

X receptor (PXR). Indole induces the release of GLP-1 in enteroendocrine L-cells. GLP-1 is known to 

suppress appetite, insulin secretion and to slow gastric emptying as we discussed above. Several 

tryptophan catabolites act on the aryl hydrocarbon receptor (AHR) found in intestinal immune cells and 

thereby alter innate and adaptive immune responses in a ligand-specific fashion (e.g., IAld induces 

increased production of interleukin-22 via AHR activation). Tryptamine induces the release of 5-HT 

(serotonin) by enterochromaffin cells. 5-HT stimulates gastrointestinal motility by acting on enteric 

nervous system neurons. Those tryptophan catabolites are absorbed through the intestinal epithelium 

and enter the bloodstream where some (e.g., IPA, IE, IA) have anti-oxidative and anti-inflammatory 

effects, whereas IS, which is produced in the liver from indole by the actions of CYP2E1 and 

sulfotransferases (SULT), has cytotoxic effects in high concentrations. 
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We hypothesized that the various compounds of tryptophan and indole derivatives produced by the 

microbiome may have an impact on pancreatic ɓ-cells. Besides, structural similarity of tryptophan and 

its catabolites with serotonin that were already tested and found active (section 3.1.3) has inspired us 

to test effects of these molecules (Figure 3-19) on glucose-stimulated insulin secretion from ɓ-cells. 

Therefore, we utilized an established insulin secretion assay to investigate whether these substances 

can stimulate insulin secretion from ɓ-cells. 

 

 

Figure 3-19. Mechanisms of action of microbial tryptophan catabolites on host physiology.  

Henrik M. Roager, Tine R. Licht, Nature Communications. Aug 17;9(1):3294. doi: 

10.1038/s41467-018-05470-4. 
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3.5.2. Methods 

Insulin secretion assay 

Insulin secretory effect of different compounds are tested (as we described in the section 3.1.2 

Insulin secretion assay). Briefly, MIN6 cells were seeded at a density of 1 × 105 cells/well in 24-well 

culture plate and grown for 3 days in 1ml of DMEM high glucose medium. Before proceeding the 

experiment, cells were maintained in glucose-free medium for 2 hours. Then, the cells were washed 

twice and preincubated for 2 hours at 37 ºC in 0.4 ml glucose-free KRBH buffer. Next, the buffer was 

removed and a new portion of 0.4 ml of KRBH buffer with a respective stimulant was added to cells 

and incubated for 1 hour at 37 ºC. The cells were stimulated with OCN and fragmented OCN derivatives 

with or without 16 mM glucose. After the incubation period, supernatants were collected and 

centrifuged at 1200 rpm for 5 mins to remove cells and stored at -80 ºC. 

Determining insulin concentration by IR-binding assay  

IR-binding assay is conducted as we described in the section 3.1 and according to (Asai et al., 2021). 

Briefly, standard curve was generated by co-incubating increasing concentrations of human insulin and 

a constant concentration of radiolabeled human insulin with 2.0 × 106 /ml IM-9 cells for 2.5 h at 15 ºC 

in HEPES binding buffer. After the incubation, 2 × 200 µL of the reaction volume was centrifuged at 

13 000 × g for 10 min and the supernatant was removed. Radioactive pellets were counted using a 

Wizard 1470 Automatic ɔ Counter. The measuring sample with unknown insulin concentration was 

treated as same as the standard curve. The measured radioactivity was interpolated to the insulin 

concentration (ng/ml) by using the standard curve. 

3.5.3. Results and Discussion 

Insulin secretion assay was conducted with tryptophan and its catabolites to evaluate insulin 

secretion effect on MIN6 cells. The details of insulin concentration in the supernatant of MIN6 cells 

determined by IR-binding assay is shown in Figure 3-20. 

Tryptophan  did not exhibit any significant effect on insulin secretion in MIN6 cells, regardless of 

the presence or absence of glucose. Similarly, tryptamine  did not significantly stimulate insulin 

secretion without glucose. Interestingly, at a higher concentration of 10 mM, tryptamine almost 

completely inhibited insulin secretion. 
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Indole ethanol and indole propionic acid rather surprisingly stimulated an increase of insulin 

secretion at 10 mM when no glucose was present, but they did not have any effect on insulin secretion 

at any other conditions tested here.  

Indole, indole acrylic acid, indole lactic acid, indole acetic acid, and indole aldehyde exhibited 

a similar pattern. Under no glucose conditions, these compounds did not show any significant inhibitory 

or stimulatory effects on insulin secretion. However, when glucose was present, they caused a decrease 

in insulin secretion (indole lactic acid, indole acetic acid and indole aldehyde at 10 mM, and indole and 

indole acrylic acid at 1 mM and 10 mM).  

Lastly, indoxyl sulfate demonstrated an effect on insulin secretion. Without glucose, indoxyl sulfate 

showed a concentration-dependent (at 1 and 10 mM) stimulatory effect. But in the presence of 16 mM 

glucose, it has no effect on insulin secretion. 

3.5.4.  Conclusions  

This study revealed some effects of tryptophan and its catabolites on insulin secretion from ɓ-cells. 

Several compounds demonstrate interesting effects, including stimulation or especially inhibition of 

insulin secretion in ɓ-cells. However, these effects, mostly inhibitory, were manifested at very high 

concentrations (mM) and the inhibition can be due to simply toxic effects of these compounds. Initially, 

our expectation was to identify potential insulin secretagogues that could lead to the development of 

novel treatments for type 2 diabetes. However, contrary to our hopes, the effects we observed primarily 

involve the inhibition of insulin secretion, suggesting an opposing outcome for the treatment of type 2 

diabetes. 

Among the compounds tested, only indoxyl sulfate exhibited a stimulatory effect on insulin 

secretion when glucose was not present. However, indoxyl sulfate is recognized as a cardiotoxin and a 

uremic toxin. Elevated levels of indoxyl sulfate in blood plasma have been linked to the development 

and progression of chronic kidney disease and vascular disease in humans. Therefore, this compound 

is not probably suitable for therapeutic purposes in the treatment of type 2 diabetes. 

Considering the lack of promising results from our perspective, we have stopped further exploration 

of the effects of tryptophan catabolites on ɓ-cells. Nevertheless, the influence of these compounds on 

ɓ-cells remains interesting and could potentially be investigated in other fields of study. 
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Figure 3-20. detailed results of 

insulin secretory effect of 

tryptophan and its catabolites. 

(A) shows the effect of 

tryptophan on MIN6 cells.  

(B) shows the effect of 

tryptamine on MIN6 cells.  

(C) shows the effect of indole 

ethanol on MIN6 cells.  

(D) shows the effect of indole 

propionic acid on MIN6 cells. 

(E) shows the effect of indole 

on MIN6 cells.  

(F) shows the effect of indole 

acrylic acid on MIN6 cells.  

(G) shows the effect of indole 

aldehyde on MIN6 cells.  

(H) shows the effect of indole 

acetic acid on MIN6 cells.  

(I) shows the effect of indole 

aldehyde on MIN6 cells.  

(J) shows the effect of indoxyl 

sulfate on MIN6 cells.  

A                                                           B 

C                                                           D 

E                                                           F 

G                                                           H 

I                                                           J 
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3.6. Recombinant Insulin-Like Growth Factor 1 Dimers: Receptor 

Binding Affinities and Activation Abilities  

This chapter is related to Research Aims 7) Molecular cloning to produce the plasmid constructs for 

three different IGF-1 dimers.  

 

Published in: Jingjing Lin, Seiya Asai, Irena Selicharová, Katarína Mitrová, Jakub Kaminský, Elinor 

Young and JiŚ² Jir§ļek. Recombinant insulin-like growth factor 1 dimers: receptor binding affinities 

and activation abilities. International Journal of Peptide Research and Therapeutics 29, Article number: 

33 (2023). doi.org/10.1007/s10989-023-10499-1. 

3.6.1. Background 

Insulin-like growth factor 1 (IGF-1) and its receptor (IGF-1R) constitute an important biological 

system involved in the regulation of normal growth. However, their role in cancer has also been 

recognized (LeRoith & Roberts, 2003). IGF-1 is a central therapeutic target for enhancing growth 

retardation, muscle function in ageing and disease. Several strategies have been employed to boost its 

level in muscle, including transgenic expression, gene transfer or direct delivery (Barton, 2006; Barton, 

Morris, Musaro, Rosenthal, & Sweeney, 2002; Forbes, Blyth, & Wit, 2020). Several IGF-1R tyrosine 

kinase inhibitors or monoclonal antibodies targeting IGF-1R were evaluated in clinical trials (Samani, 

Yakar, LeRoith, & Brodt, 2007). However, the results of these trials were rather disappointing and have 

not resulted in the approval of new anti-cancer drugs (Baserga, 2013). Therefore, exploring alternative 

targets such as IGF-1R antagonists, which possess potential antiproliferative properties, could serve as 

interesting alternatives to IGF-1R tyrosine-kinase inhibitors and anti IGF-1R monoclonal antibodies. 

Several interesting studies that were reported a few decades ago by teams from Aachen in Germany 

(A Schüttler, 1982; M A Tatnell, 1983; M. Weiland, 1990), which inspired this project. They reported 

insulin dimers, where two insulin molecules were crosslinked through their B29 positions using a 

relatively short suberic acid. These dimers exhibited high-affinity and acted as partial agonists of the 

insulin receptor (IR).  

Insulin interacts with IR through binding to two distinct binding Sites 1 and 2 on IR. Site 2 is the 

site of the first contact and insulin is then translocated to Site 1. These interactions trigger structural 

rearrangements in the receptor that results in its activation (Lawrence, 2021). Putatively, two insulin 

molecules interconnected with a linker having an ñoptimalò length could simultaneously bind the 

receptorôs Sites 1 and 2, hamper structural rearrangement of the receptor and prevent mutual contacts 

of the intracellular tyrosine kinase domains that are necessary for their activation. This hypothesis was 
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recently supported by researchers at Merck & Co. (Dmitri A. Pissarnitski, 2022), who conducted a 

detailed characterization of insulin dimers with partial agonistic effects on the IR. They solved the cryo-

EM structure of the IR in complex with an B29 ï B29 linked insulin dimer with partially antagonistic 

properties and were able to show that the insulin dimer units bind simultaneously to Site 1 and Site 2 

in the IR and prevent complete structural rearrangement and activation of the receptor due to their 

connection by a short covalent linker (M. Wu et al., 2022). 

The goal of this study, in analogy with insulin dimers, was to probe whether IGF-1 dimers in which 

two IGF-1 molecules are interconnected by linkers of specific lengths can effectively bind the 

extracellular domain of IGF-1R and stimulate or inhibit its activation. In this study, we utilized 

recombinant expression in Escherichia coli to generate three different IGF-1 dimers interconnected 

between their C- and N-termini by linkers of different length. Subsequently, we examined the binding 

affinity of these constructed dimers to IFG-1R and evaluated their ability to activate the receptor. 

3.6.2. Methods related to my contribution 

Plasmid construction 

Human IGF-1 sequence that was already cloned into a modified pRSFDuet-1 expression vector was 

used. The IGF-1 was genetically fused with an N-terminally 6xHis-tagged GB1 protein and TEV 

protease cleavage site. An additional N-terminal glycine residue (Gly-1) was incorporated into IGF-1 

to enable cleavage (Ź) by TEV protease (sequence Glu-Asn-Leu-Tyr-Phe-GlnŹGly-1). Three different 

linker sequences of different lengths were designed to conjugate two IGF-1 proteins. Both protein 

molecules should be connected with Ser-Gly repeats. The shortest linker sequence consisted of 8 amino 

acids; that is (Gly-Ser)4. The linker sequence of middle length consisted of 15 amino acids; that is (Ser-

Gly)7-Ser. The longest linker sequence consisted of 25 amino acids; that is (Ser-Gly)12-Ser. The 

schematic overview of the designed IGF-1 dimers is depicted in Figure 3-21.  

The oligonucleotides listed in Table 3-4 were synthesized by Generi Biotech (Czech Republic) and 

used for the molecular cloning. Briefly, vector sequence was amplified and linearized by PCR with the 

primer direct ñEcoRI NotI siteò and primer reverse ñIGF-1 rev wo stop-codonò in the presence of the 

template DNA (pRSFDuet-1 IGF-1 plasmid), that consequently removes stop codon. At the same time, 

linker inserts of each length were prepared by annealing the pair of [linker seq dir (GS)4 and linker seq 

rev (GS)4], [linker seq dir (SG)7S and linker seq rev (SG)7S], and [linker seq dir (SG)12S and linker seq 

rev (SG)12S]. Subsequently, both the vector and insert sequences were ligated, and the plasmid 

containing the desired insertion was selected. Next, the latter IGF-1 sequence was PCR amplified and 

connected to the downstream of the linker sequence. The IGF-1 sequence was PCR amplified with the 
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primer direct ñIGF-1 dir BamHIò and reverse ñIGF-1 rev stop-codon EcoRIò. Subsequently, both the 

vector and the insert were treated by restriction-enzymes ñBamHIò and ñEcoRIò, and ligated. All three 

constructs were verified by sequence analysis.  

 

 

Table 3-4. The names and sequences of synthesized oligonucleotides 

Name of the oligo nucleotide Sequence (5ô to 3ô) 

linker seq dir (GS)4 ggtagcggcagcggtagcggatcc  

linker seq rev (GS)4 ggatccgctaccgctgccgctacc  

linker seq dir (SG)7S agcggcagcggtagcggcagcggtagcggtagcggcagcggatcc  

linker seq rev (SG)7S ggatccgctgccgctaccgctaccgctgccgctaccgctgccgct  

linker seq dir (SG)12S agcggcagcggtagcggtagcggcagcggtagcggcagcggtagc

ggcagcggtagcggtagcggcagcggatcc  

linker seq rev (SG)12S ggatccgctgccgctaccgctaccgctgccgctaccgctgccgct

accgctgccgctaccgctaccgctgccgct  

IGF-1 rev wo stop-codon cgcgcttttcgccggtttcagc  

EcoRI NotI site taatgaattcacctg cggccgc  

IGF-1 dir BamHI catggatccggcccggaaaccctgtgcggcgcg  

IGF-1 rev stop-codon EcoRI ggtgaattcattacgcgcttttcgccgg  

 

3.6.3. Results and discussion 

Protein production 

Plasmid constructs harboring three different linker sequences were introduced into E. coli BL21 

(ɚDE3) cells through transformation procedure and grown in 1 L of LB medium. Cells were harvested 

by centrifugation for 20 min at 6000 × g at 4 ºC. The cell pellets that supposed to contain corresponding 

IGF-1 dimers peptides were resuspended in lysis buffer and homogenized by piston homogenizer. The 

suspended cells were further lysed by three passes through an Avestin EmulsiFlex-C3 apparatus. 

Inclusion bodies from the cell lysate were obtained by centrifugation. Inclusion bodies were solubilized 

and the resuspended solutions were sonicated and stirred slowly for 2 hours. Then the solutions were 

centrifuged at 8000 × g and the clear supernatant containing the denatured fusion proteins were purified 

by passing through a nickel chelating chromatography column (HIS-Select Nickel Affinity Gel, sigma-

Aldrich). The fusion partner was cleaved by an overnight TEV digestion. Cleaved IGF-1 was separated 
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by a nickel column affinity chromatography once more. All successfully produced analogs were 

purified by reverse-phase HPLC. The purity of all tested analogs was higher than 95% (and controlled 

by reverse-phase HPLC analyses and high-resolution MS). 

Isolation of products and testing their binding affinities for the receptor and the abilities of IGF-

1 dimers to activate IGF-1 receptor 

 

Interestingly, the HPLC analyses of crude products of all three types of dimers revealed several 

products with the same relative molecular mass (determined by MS) for each of dimers (details are in 

the attached manuscript). It seems that folding of dimers resulted in different variants of misfolded 

products, very probably with ñswappedò disulfide bridges. In fact, each IGF-2 monomer contains 3 

disulfide bridges and IGF-1 dimer has 6 disulfides, hence, there is a plethora of possible misfolded 

variants. It also appears that cloning of all three dimer variants and protein expression in E. coli were 

successful.  

The binding affinities of dimers and their ability to induce autophosphorylation of IGF-1R were 

determined using mouse embryonic fibroblasts derived from IGF-1R knock-out mice, which were 

subsequently transfected with human IGF-1R. The results are shown in Table 3-5 

All fractions except one showed either inactivity or significantly lower activity compared to native 

IGF-1. Among them, only fraction 2d, which contained a dimer with a 15-amino acid linker, exhibited 

equipotent activity to IGF-1. Interestingly, none of the isolated fractions displayed a discrepancy 

between binding affinity and receptor activation, and all compounds acted as agonists. 

These findings suggest that it is indeed feasible to produce C-to-N terminus linked IGF-1 dimers in 

E. coli and that these constructs can retain activity. However, it should be noted that the production 

process is hindered by a notable tendency of the constructs to misfold. 

Figure 3-21. Schematic representation 

of IGF-1 dimers 1-3 produced by E.coli 

and tested in this study. IGF-1 

monomers are interconnected between 

C-terminal Ala70 of the N-terminal 

monomer and N-terminal Gly1 of the 

C-terminal monomer with Ser-Gly 

chains of different length. 
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Table 3-5. Binding affinities of human IGF-1 and IGF-1 dimers for IGF-1R and their abilities to activate 

this receptor. Binding affinities were tested in three separate series of measurements indexed 1, 2 or 3. 

Relative binding affinity is defined as (Kd of the native hormone / Kd of analog) x 100 (%). - means not 

determined. ñnoò means that no significant ability to activate the receptor was detected. 

 

Hormone 
Kd ± S.D. (nM), (n) 

for IGF -1R 

Relative 

binding 

affinity a (%) 

Relative ability (at 10 nM) to 

induce autophosphorylation of 

IGF-1R (%). Mean ± S.D. (n) 

Human 

IGF-1 

0.30 ± 0.06 (5)1 

0.37 ± 0.03 (3)2 

0.26 ± 0.08 (7)3 

100 

100 

100 

100 

Dimer 1b 22 (1)1 1.4 1.2 ± 0.1 (2) 

Dimer 1d 320 (1)1 0.1 no 

Dimer 1e 6.6 (1)1 4.5 5.6 (1) 

Dimer 1f 1.4 (1) 1 21 23 ± 2.2 (2) 

Dimer 1g 21 (1)1 1.4 2.3 ± 0.3 (2) 

Dimer 1i 81 (1)1 0.4 no 

Dimer 1j no binding at 10-6M - no 

Dimer 1k no binding at 10-6M - no 

Dimer 2b 8% binding at 10-9 M - - 

Dimer 2c 24.2 ± 11.1 (7) (3)3 6.2 10 ± 1.3 (3) 

Dimer 2d 0.21 ± 0.02 (7) (3)3 124 100 ± 6.3 (3) 

Dimer 2e 1.3 (1)3 20 30 ± 3.4 (3) 

Dimer 2f no binding at 10-9 M - no 

Dimer 2g no binding at 10-9 M - no 

Dimer 2h no binding at 10-9 M - no 

Dimer 2i no binding at 10-9 M - no 

Dimer 3d 45 (1)2 0.8 0.2 ± 0.1 (2) 

Dimer 3e 20 (1)2 1.9 0.5 ± 0.2 (4) 

Dimer 3j 42 (1)1 0.7 - 

Dimer 3k no binding at 10-6 M - - 
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3.6.4. Conclusions 

Our work can be considered as a pilot study that, although it did not lead to the discovery of new 

IGF-1R antagonists, explored the possibility of recombinant production of IGF-1 dimers and led to the 

preparation of active compounds. This work could inspire further studies dealing, for example, with the 

preparation of IGF-1 conjugates with specific proteins for the study of the hormone and its receptor or 

for therapeutic applications. 

3.6.5. My contributions 

 

¶ I was responsible for designing the linker sequences of three different dimers.  

¶ I carried out the molecular cloning to produce the plasmid constructs of the three different 

dimers. 

¶ I secured and confirmed the plasmid construct through sequence analysis. 
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4. Discussion 

The main topic of this dissertation was a comprehensive study of structural forms of insulin in 

secretory granules of pancreatic ɓ-cells and factors that influence insulin production, storage and 

secretion. 

 

At first, it was necessary to choose a suitable biological model for the detailed study of the storage 

forms on insulin in secretory granules. The animal pancreatic tissue, ideally isolated islets of 

Langerhans, was obviously considered. However, the isolation process is laborious, and the isolated 

material is limited in quantity, has a short lifespan, and is prone to degradation. An alternative might 

be permanent ɓ-cell lines derived from insulinomas, particularly those originating from mouse and rat 

insulinoma cells. However, immortalized cell lines do not always exhibit the native biological 

characteristics and may change their phenotype after certain times of passages. Therefore, it was first 

attempt to compare the properties of several available cell lines and rat islets with respect to insulin 

production and the ability to secrete it.  

 

We quickly discovered that the available commercial methods to measure the insulin concentration 

in biological materials, such as RIA and ELISA, are not very ideal for our purposes. The main problem 

was the lengthy measurement process, which could take up to 3 days for a single sample attempt 

includes incubation time with antibodies. Paradoxically, the assays had very high sensitivity, requiring 

multiple dilutions to fall within the detection range that relatively narrow. This forced us to increase 

the number of experimental trials and ultimately leading to the unnecessary depletion of a limited 

supply of measurable samples. For these reasons, we have decided to develop a new methodology that 

would enable us to measure insulin concentrations in a larger number of samples in shorter time 

compared to the commercial kits.  

We refurbished our standard assay for measuring the binding affinity of insulin to the insulin 

receptor expressed on IM-9 lymphocytes. The assay offers several advantages. Firstly 125-I insulin, 

although commercially available, can be prepared in high quality and at a very low cost in the 

radioisotope laboratory at the Institute of Organic Chemistry and Biochemistry (ÚOCHB) on demand 

and very quickly. Secondly IM-9 lymphocytes, which specifically possess the insulin receptor and not 

the related IGF-1 receptors, have a convenient characteristic for cultivation. These cells can be easily 

grown in culture, facilitating the experimental process.  

Through careful and systematic comparison of results obtained from samples measured using both 

our IR binding assay and an RIA kit, we observed a high degree of correlation between the two methods. 

While RIA is more precise in lower concentration ranges due to its higher sensitivity, the binding assay 
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has the advantage of a wider concentration range, faster measurement, and the inexhaustible number of 

measurable samples, making it significantly more cost-effective in our laboratory.  

Furthermore, we used MIN6 cells to examine the effects of arginine, ornithine, dopamine, and 

serotonin on insulin secretion of ɓ-cells. In our previous studies (Palivec et al., 2017; Seiya Asai 2022; 

Solinova et al., 2019) we demonstrated that these compounds, present in secretory granules, can bind 

to insulin oligomer in vitro and influence its structures. Therefore, these compounds could potentially 

impact the stability of insulin structures in vivo and affect the rate of insulin secretion from ɓ-cells. We 

confirmed that arginine indeed potentiates glucose-induced insulin secretion from ɓ-cells, while the 

effect of ornithine is weaker. Dopamine acts as an inhibitor of insulin secretion, and the effects of 

serotonin are ambivalent and unclear. 

 

In the next phase of our work, we focused on studying the influence of zinc ions on the quality of 

insulin production and secretion using model cell lines derived from pancreatic ɓ-cells and the 

Langerhans islets from rats.  

It is assumed that zinc is indispensable for ɓ-cells because insulin secretory granules contain very 

high concentration of Zn2+ ions. In vitro studies have shown that insulin forms hexamers in the presence 

of Zn2+ ions and also crystallizes in this form. 

We systematically compared zinc and insulin contents in the permanent cell lines INS-1E and BRIN-

BD11 cells and in the native rat pancreatic islets by flow cytometry, confocal microscopy, 

immunoblotting, specific mRNA and total insulin analysis. These studies revealed an impaired insulin 

production in the permanent ɓ-cell lines with the diminished intracellular zinc content. The drop in 

insulin and Zn2+ levels were paralleled by a lower expression of ZnT8 zinc transporter and hampered 

proinsulin processing in both permanent cell lines. We observed a marked differences in Zinc content 

among Islets, BRIN-BD11 and INS-1E cells. We showed that the disruption of zinc homeostasis in the 

model ɓ-cells correlated with their impaired insulin and ZnT8 production. Our results indicate a need 

for in-depth fundamental research about the role of zinc in insulin production and storage. 

 

We moved on to the structural characterization of storage forms of insulin in the secretory granules 

of ɓ-cells. The goal was to isolate secretory granules from suitable biological material and observe 

under the most native conditions possible, without any fixation or staining, and then characterize the 

structural forms of insulin using cryo-EM or cryo-TM.  

The first step was to select the appropriate biological material for granule isolation. Rat islets would 

be a native source, but they contain other cell types besides ɓ-cells, such as Ŭ-cells that also contain 

secretory granules of glucagon, which would contaminate the preparation of insulin granules. We also 

attempted to separate Islet cells using FACS sorting technique. However, this method provides only 

small quantities of cells. 
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For these reasons, immortalized cell lines were the only realistic source of biological material in our 

experimental design. Analysis of insulin content, insulin RNA, the ability to secrete insulin in response 

to increased glucose levels, and microscopic analysis of cells and granule visualization clearly indicated 

that MIN6 cells were the best material for granule isolation. In the following months, we cultured MIN6 

cells with the aim of accumulating a sufficient quantity (more than 600 million, 15 × 150 cm2 flask) for 

granule isolation. After the isolation, the material was suspended in an isotonic buffer and stored 

overnight at 4°C. The next day, it was transported on ice to the collaborating laboratory at CEITEC 

Masaryk University in Brno. At CEITEC, the granules were analyzed by Dr. JiŚ² Nov§ļek using cryo-

EM and cryo-TM methods. To our delight, the samples revealed clear structures resembling a lattice of 

crystalline material, either enclosed within a membrane (the entire granule) or without a membrane 

(likely representing released crystalline insulin after the disruption of granular membranes).  

First, Dr. Nov§ļek attempted the collection of the continuous rotation electron diffraction 

tomography (EDT) data, to determine the insulin structure in this crystalline lattice. However, he did 

not observe reflection peaks beyond approximately 5 Å. Therefore, he subsequently focused on the 

analysis of the low-resolution diffraction to determine the unit cell parameters of the crystalline cores. 

Here, he either collected discontinuous EDT data and he also collected cryo-ET within the same tilt 

range as the EDT data and calculated the power spectra from the region containing the dense core. In 

total, Dr. Nov§ļek analyzed 20 granule dense cores and found that, in 19 cases, the crystals form a 

rhombohedral lattice with unit cell dimensions a ḗ b ḗ c ḗ 96.5 Å, h  ḗ 90°, ̡  ḗ  ɹḗ 120°, whereas, in 

the last case, the parameters of the rhombohedral lattice were a ḗ b ḗ 84.0 Å, c ḗ 35.2 Å, h  ḗ ̡  ḗ 90°, 

 ɹḗ 120°. The latter, smaller lattice is in good agreement with the lattice parameters of human 4 Zn2+-

insulin hexamers (a = b = 80.953 Å, c = 37.636 Å) crystallized in vitro, analyzed by X-ray diffraction 

and reported firstly in T3Rf
3 form by (G. D. Smith et al., 1984), with one insulin hexamer in the 

asymmetric unit. However, the dimension of the c-axis is more than double for most of the crystals 

analyzed here, which suggests that in cellulo larger packing assemblies of insulin hexamers are 

preferred over óindividualô hexamers. Given the size of the larger unit cell, insulin arrangement 

composed e.g. of two (or more) hexamers on top of each other as seen, for example, in the in vitro 

crystal structure reported by Murayoshi et al. (PDB DOI: https://doi.org/10.2210/pdb3W80/pdb,  a = 

b = 82.7 Å, c = 68.1 Å, Ŭ å ɓ å 90º, ɔ å 120º°). 

Taken altogether, our findings clearly confirm previous assumptions that stored insulin is present in 

the cell in crystalline form, also providing unambiguous details on the in cellulo crystal lattice 

parameters, and its hexamer packing, characterized in the most native experimental conditions to date. 

Considering the current rapid developments in cell biology and cryo-EM imaging techniques, our 

findings could initiate new studies. 
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In the next phase of our work, we focused on further utilizing our radioligand receptor binding assay 

to investigate the effects of OCN peptide and its fragments on insulin secretion from MIN6 cells. We 

entered this project with great hopes because OCN appeared to be an ideal target for a structure-activity 

study on its effects on ɓ-cells. The primary aim was to investigate the influence of OCN and its 

fragments on GSIS. Previous studies (Ferron et al., 2012; N. K. Lee et al., 2007; Mizokami et al., 2013; 

Mizokami et al., 2014; Wei et al., 2014) mentioned that the decarboxylated OCN, which is believed to 

be secreted from bone tissue into the circulation as an active form, should have an impact on insulin 

production and thus affect bone growth and metabolism due to the anabolic effects of insulin. Due to 

its 3D structure, OCN appeared to be highly suitable for fragmentation. The structure clearly separates 

into four disordered or helical bend structures, containing proline and glycine residues. 

Therefore, we acquired human decarboxylated OCN and synthetically prepared nine fragments that 

covered its structure and partially overlapped, as mentioned above. All peptides were tested to 

determine their impact on GSIS from MIN6 cells. However, we were unable to detect any statistically 

significant positive or negative effects at the tested concentrations (see the chapter 3.4). Therefore, in 

the subsequent experiment, we decided to investigate the influence of OCN on the proliferation 

(growth) of MIN6 cells. Surprisingly, the results demonstrated that the positive effect on activity of 

metabolism. Unfortunately, we were not able to prove the reproducibility of this results in further trials. 

Some studies suggest, that the effect of OCN on ɓ-cells does not directly involve insulin secretion but 

rather indirect stimulation of ɓ-cell proliferation and growth. It would probably be more appropriate to 

test the effect of OCN in a different cell model, potentially involving primary cells or, even better, 

conducting experiments with perfused animal pancreas over a longer period. However, these 

experiments are rather demanding and could not be carried out within the scope of this study. 

 

In the next phase of our work, we focused on utilizing our method IR-binding assay for measuring 

the insulin concentration secreted from ɓ-cells. We were particularly interested in the work of Roager 

et al. (Roager & Licht, 2018), which summarized the knowledge about metabolites of tryptophan that 

are formed in the gastrointestinal tract and enter the systemic circulation. Many of these compounds 

resemble neurotransmitters such as dopamine and serotonin in their structure, which we have previously 

demonstrated to have an impact on insulin secretion from ɓ-cells. Therefore, the aim was to test the 

influence of tryptophan and its metabolites on glucose-stimulated insulin secretion from MIN6 cells. 

The results showed that none of compounds stimulates insulin secretion at 0.01-10 mM concentrations 

either at the absence of glucose or at 16 mM glucose. On the other hand, we found that tryptamine, 

indole, ILA , IA, IAA  and IAld  inhibited glucose stimulated secretion from MIN6 cells at highest 

concentration tested (10 mM). The rest of compounds (tryptophan, IE, IPA and IS) were inactive even 

at highest concentrations tested. Our data indicate that Tryptophan and its metabolites either do not 
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potentiate insulin secretion from ɓ-cells in vitro, or that at very high concentrations (mM, that can be 

supraphysiological) can inhibit insulin secretion from ɓ-cells.  

 

In the last part of the study, I collaborated with my colleague JingJing Lin and assisted in preparing 

plasmids by the cloning of IGF-1 dimers. My contribution was to recombinantly produce three types 

of IGF-1 dimers. These dimers were formed by linking the C-terminal of one IGF-1 molecule to the N-

terminal of another molecule using different lengths of Ser-Gly linkers. The goal of the study was to 

determine whether such IGF-1 dimers can activate or inhibit the IGF-1 receptor. The results of this 

work are detailed in J. Lin's dissertation and her publication (J. Lin et al., 2023). In my role, I was 

responsible for designing the relevant DNA plasmids and oligo nucleotides required for the molecular 

cloning. I performed the actual production of plasmids, and confirming their sequences. All three 

vectors were successfully prepared and introduced into E. coli cells through transformation. 
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5. Conclusions 

In this dissertation, we performed complex research on insulin production, storage and secretion by 

pancreatic b-cells. We developed a new assay for the rapid and sensitive determination of insulin 

concentration in biological samples that would allow more efficient and faster measurements compared 

to available RIA and ELISA kits. This assay, based on the competition of the measured sample with a 

radioligand for the insulin receptor, helped us to determine the influence of several low molecular 

weight compounds and peptides on insulin secretion. We found that arginine and ornithine have a dose-

dependent stimulatory effect on glucose-stimulated insulin secretion from b-cells. However, dopamine 

inhibits insulin secretion. Serotonin effects were either stimulatory or inhibitory, depending on the 

concentration of serotonin used.  

We also studied the effects of the bone protein OCN and its fragments on insulin secretion. We 

found that these peptides do not stimulate insulin secretion from b-cells, but that OCN may have 

proliferative properties. The results would merit further investigation.  

We also tested the effect of tryptophan and its metabolites that are produced in a gastrointestinal 

tract and found that these compounds in general do not stimulate insulin secretion but that some of them 

may inhibit secretion at higher concentrations which could be caused by their toxicity.  

An important result of the study is the experimental confirmation with cryo-electron microscopy 

techniques that shows presence of crystalline insulin in the secretory granules of b-cells. This is the 

first direct evidence that, under native conditions, insulin can be stored as microcrystals in cells.  

Overall, we are confident that our research has successfully expanded the existing knowledge about 

insulin. Based on our research findings, we hope to make some contributions to the development of a 

novel treatment of diabetes and build the foundation for the future advancements. 
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