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Abstract

In this dissertation, we focused on a comprehensive investigation of insulin production, storage and
secretion by pancreatia-cells. We successfully developed enwnassay for the rapid and sensitive
determination of insulin concentration in biological gd@s. This assay, based on tmnpetitionof
the measured sample with a radioligdadthe insulin receptor, helped us to determine the influence
of severalow molecular weightompound, as well as peptides, on insulin secretion.

We found that arginie and ornithine have a dedependent stimulatory effect on glucese
stimulated insulin secretion froim-cells, but that dopamine inhibits insulin secretion. The effect of
serotonin on insulin secretion wasbiguous

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 secretiorbficetls, but that osteocalcin may
have proliferative properties.

We also tested thefett 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 pesdrarystalline
insulin in the secretory granulestotells 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 ¢loeoktigtctives.



Abstrakt

V t®to disertaln2? pr8ci jsme se zamRDSili na komp
sekreci inzulinbb-b u Rk a mi pankreatu. BDsphDgnhD jsme vyvinuldi r
koncentrace inzimu v biologick ch vzorc2ch. Te mipaic it esNSe nz&H oo gvemnd r kr
radioligandem o inzih ovl r eceptor , n8§m pomohl utatek,dlei vl i v r Tz
peptniad Ts,ekr eci inzulinu. Zjistili joméal ge &t gineikr
na glukézou stimulovanowsekreci inzuhu zb-b u n Dk ale ge dopamin sekrec
Plinek serotoninu na sekreci inzulinu byl nejedno:

osteokal cinu a jehalnfuragmermsttT Imna jseler, eaqie itryz o pe
inzulinu zb-b un Nk, ale ge osteokalcin mTge m2t prolif et
tryptofanu a jeho metabolitT a zjistili ¢ sme, ge
nNDkter® z nich ji mo bkeéreciinkibmvaty Wyznamnymhvysledkemcstudietjer a ¢ 2 ¢ h
experiment 8l n2 potvrzen?2 pS2t omno shbiunkiYky.s tJael dincg8k ®@he
O prvn? pS2mi dTkaz, ge Zmadinnav i PuRk&chpodméagek w
mi krokrystal T. CelkovhD jsme pSesviDd|leni, @ge pré&ce
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1. Introduction

1.1. Background

1.1.1. Diabetegamellitus

Diabetes mellitus is a chronic metabalisordercharacterized bincreasedevels of blood glucose
(hypeglycaemid. If it is left untreatedit causessarious health complicatiorthat eventuallyinclude
kidney failure,diabetic ketoacidosisiamage to the retina of the eyes (diabetic retinopaths3, db
sensation anderve control of body functions (diabetic neuropathy), increased occurrence of infections,
coronary heart disease, and even dé€bbinpy, 2007) The global diabetemellitus prevalence in 2021
was estimated to be 5&7illion people worldwideand783million diabetic people is expected in2D
(Sun et al., 2022)

The elevation of the blood sugar level is caused by either insufficient production of insulin from
pancreas othatthe body cellarenot responding to insuliinsulin resistance)'2. Classification and
Diagnosis of Diabetes," 2013@nd, therefore, diabetés classifed into type 1 diabetes and type 2
diabetes.Type 1 diabetes is a chronic condition caused by pancreas prgdititte or no insulin
ascribed to loss of insulin producirfgcells due to autoimmune reaction of the organigfi2.
Classification and Diagnosis of Diabetes," 20P8ople living with type 1 diabetes must be treated by
injectionsof exogenous insulint is said that iferent factors such as autoimmune reaction of the
organism, genetic®r viral influences may cause type 1 diabetes. However, neitheretkact
mechanism®f the cause nor the means to prevent it are kndwpe 2 diabetes, on the other hand,
begins withinsulin resistance that is the body cells fail to respond to insulin sighalmolecular
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 armhgly associated with obesity
(Billings & Florez, 2010)As thetype 2 diabeteprogresses, a lack of insulin may also develop b
damage of pancréa cells and progressive loss bfcell mass(Alexandra E. Butler et al., 2003;
Marselli et al., 2014; Rahier, Guiot, Goebbels, Sempoux, & Henquin, Z0B&)untreated condition
also leads to complicatns such as retinopathy, nephropathy and cardiovascular diseases including
atherosclerosigLeRoith et al., 2019)Early stage ofype 2 diabetes can be treated ierlargely
preventable byexercising regularly"Physical Activity and Sedentary Behaviour," 202@ating a
healthy diet angdtayingata normal weigh(Gow, GarnettBaur, & Lister, 2016)However, in addion
to lifestyle and dietary changes, insulin or oral hypoglycaeagents like insulin sensitizers either
alone or in combinatioare needed for good control over blood glucose levels

| 11



1.1.2. Insulin

Insulin is asmall protein (or a large peptidéprmone with a widespread impact on energy
homeostasismnainly by promoting bodyfat and muscleells to intake the glucose from blood. The
target organs of insulin cover liver, fat, and skeletal muscle e#lre insulin fulfills different
functions(Petersen & Shulman, 2018)

Insulin wassuccessfullyisolated first timan history from dog pancreas 1921 On11thJanuary
1922, purified insulin wassed to treakeonard Thomsora 13-yearold boywith type 1 diabeteas
the first case inthe history (Cardoso, Rodrigues, Gomes, & Carrilho, 2017til insulin became
clinically available, a diagnosis tfpe 1 diabetes was a death senteAfier one hundregears since
t hen, we lvered the tundamdntak roedlical treatmettt cure diabetesyet andonly
symptomatic treatmessuch as insulin injectiarare stillnecessaryor all type 1diabetic patientand
for about 20% otype 2 dialetic patientsDetailedcharacterizatiorof insulin-producing cellss an
essential step towatzktterunderstanding of processes leading to diatestdgor findinga radical cure
for diabetes

1.1.3. Langerhans islets

Langerhans islet&lso known as islets of Langerhaskown inFigure1-1) are small clusters of
cells found scattered throughout the panceeas werediscovered in 1869 by German pathological
anatomist Paul Langerhafisangerhans, 1869 hese isletsonsst of 1-2% of pancreasolume and
are made up of cells includingot abl y i ns well$, glucagons g ert dé-telgnayi U
somatostatirs e ¢ r e-tellsn gonglwith smaller numbers of polypeptide P (PP) and ghrelin
e x p r e sals (@ogdonlC. Weir & Susan Bonn¥Yeir, 1990) Moreover, these different types of
cells are not randomly distributed within tiséets but rather regularly arrangettased orcell types.
U-cells can be foundnostly inthe peripheral parof the idetsaccompanied byi-cells. While most of
b-cellsoccupy the central positiaf the isletqOrch & Unger, 1975; Over Cabrera et al., 2005)

1.1.4. Pancreati®-cells

Pancreatid-cells are specialized endocrine cellsat mainly produce,store,and secrete insulin
Insulin is stored irb-cells in inslin secretory granules (or vesicleghich make up about 1% dife
volume of apancreatic cefl The illustration of &-cell and secretory granule shown inFigure 1-2
(Suckale & Solimena, 2010)
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a-cells € Glucagon
&-cells € Somatostatin
B-cells = Insulin

Figure 1-1. Islets of LangerhansConfocal micrographs showing representat
immunostainedpancratic sections containing islets of Langerhans from human

monkey (B), mouse (C), and p{®). Insulin immunoreactive (blue) cells were all foul
randomly distributed in human and monkey islets. By contrast, irsafitaining cells
were located in theore, and glucagerand somatostatinontaining cells in the mantle ¢
mouse islets. Pig islets seemed to be formed of smaller units showing-maitie
organization.(E) The schematic representation of an islets of Langerhans shc
distribution of gleagon, somatostatin, and insulin containing cells

Panel (A1 D): Over Cabrera, et al., PNAS, 2005. 103(7): p. 23339.

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

1.1.5. Insulin biosynthesis

Insulin biosynthesis begins withghranslation of specificmessenger ribonucleic acichRNA)
into preproinsulin, that is precursor proteimf 110 amino acids. The preproinsu§aquenceanbe
dividedinto the following sectionswhichinclude asignal peptide o the Nterminus followed by the
B chain, connecting peptide{i2ptide) and the-@rminal Achain.Duringthe process of translocation
of preproinsulinnto the endoplasmic reticulum (ER), the signal peptide is remanégdreproinsulin
is convertednto proingilin. The process i®llowed by he formation of disulfide bridges between the
B and A chainf the proinsulinand the third bridge is in the A chaifsfter leavingER, proinsulin
moves through the Golgi complex to ttransGolgi network (TGN)to be sored into membrane
enclosed organelles termed secretory grandleghe granule, eptide is cleavedy specific
convertasesghat convert proinsulin into mature insulimhich consists obnly A andB chainsof 51
amino acig (Arvan & Halban, 2004; Vasiljevic, Torkko, Knoch, & Solimena, 202Bjimary
structures of preproinsulin, proinsulin and mature insulin are showiguime 1-3.

| 13



1.1.6. Insulin structure

Processed and matured human insulin consists of 4tigaf and B chain that are interconnected
by two disulfide bridges (AY B7 and A20" B19) and stabilized by one intrach&indge(A61 Al11).
Insulin isstored as a Ztstabilized hexamer, which dissociates in portal circulation to the function
zinc-free monomer that birsdo the insulirreceptor(Baker et al., 1988)n vitro studies have led to an
assumption that high insulin drZr?* concentrations inside the pancreaticell insulin secretory
granules should promote the insulin crystalline state in the form?fsZabilized hexamers. Electron
microscopic images of thin sections of the pancrdratiells 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 preparatis of secretory granules are unknown, because of their small size, fragile
character, and difficult handling.

3D structures of insulin have been extensively studieditro for decades by both -Xay
crystallography andNuclear magnetic resonanddMR) spectrometerThe propensity of insulin to
form divalent ionstabilized oligomers has facilitated the determination of its 3D structure, which has

A

Synaptotagmins
S¥TS, SVTL4

. o
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VSNAREs ryanodine
VAMP2/3/7/8 TECED(OTS
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membrane
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< —
) : —
> Fs -_. PTPRN
| ICAS12, 1A2

g \‘-- PTPRNZ

Promsuiin
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A=)
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o LR
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T Vo
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Ca"*EZnﬁ'

Pancreati®-cell Insulin granule

Figure1-2. The illustration of gpa n ¢ r e-elt andinsubn secretorygranule.(A) When
viewed using an electron microscope, fiieells in the pancreasontain numerous B)
insulin secretory granules wesicleswhich are filled with insulirand which are, in somi
cases, membradmund In addition to insulin, these granules contain variousero
substances such as proteins, small molecules, and ions, as well as multiple proteins t
the membranasdifferent diannelsor membraneassociated proteins.

Suckale J. and M. SolimenE,ends in Endocrinology & Metabolism, 2010 Oct;21(10):5¢
609.doi: 10.1016/j.tem.2010.06.003.
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Figurel-3. The schematic views of insulin biosynthesis. Insulin is first syrabesis a 110 amino
acid-long preproinsulin including a signal peptide, a B chain, a connectpgp@deand A chain
(left). The signal peptide targetset preproinsulin to the ERyhere it is cleaved by the signi
peptidase and converted into proinsuylilght, upper pael). In the ER, three disulfide bonds a
formed between cysteine residues. Proinsulin is trafficked from the ER, through theu@btbe
transGolgi network(TGN) to secretory granuleshere it is converted by specific convertases
mature insulin consisting only of A and B chains (right, lowerga

Vasiljevic J. et al., Diabetologia, 2020ct;63(10):19811989. doi: 10.1007/€0125020-051927.

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 fivat@ms with

three or two-fold rotational symmetryM. J. Adams et al., BB). The crystal structure of an insulin
monomer "extracted" from a hexamer stabilized by 2 &shown inFigure1-4A. The insulin chains

are canected by two disulfide bridges (A7B7 and A20 B19), and a third bridge isithin the A

chain (A6 Al11). Chain A contains twa-helices (A1 A8 and A12 AZ20). Chain B forms a large
a-helix comprising residues B9B19, followed by a type Ib-turn consisting of residues B2(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 BR28 b-strandgAntolikova et al., 2011)

The structure irfrigure1-4A represents saalled Fconformation insulin (as Tense), in which residues
B1 B6 are in an extended conformation followed by a BB10 type II'b-strand followed by an
invariant B9 B19a-helix. In the presence of higher concentrations of small aromatic alcohols, such
as phenol or other liganqRalivec et al., 2017the B1 B6 segment of insulin can adogt hdical

| 15



Figure1-4. Structure of the human insulin monomer as present in its crystalline hexi
in the secalled T form (PDB 1MSO) (A), R form (PDB 1EVR) (B) or Rf form (PDB 1TR
(C). NMR structures of hman insulin represented by the superposition of thefle:
backbone of the protein for 50 converged structures (PDB 2MVC) are shown in Pa
The insulin A chain is shown in light gray, and the B chain is shown in dark gray. Disu
are not shown. gterisks indicate thef&&rminal residue of the B chain.

The figuresverecr e at ed by Dr. Lenka G8kov§g, D

conformation, which is called R (fd&kelaxed (Figure 1-4B). Under specific circumstances, such as
higher concentrations of SGNCI, or Zr#*ions(Brzovic, Choi, Borchardt, Kaarsholm, & Dunn, 1994)
or lower concentrations of cyclic alcoh@shoi, Borchardt, Kaarsholm, Brzayi& Dunn, 1996; G. G.

D. G. D. Smith, 1992; J. L. Whittingham, 1998)e long helix B in the R state shortens to the B3
B19 segment, and the B1B3 residues "fray" apart. Such a conformation of the insulin monomer is
called Rand is shown iffigure1-4C.

It is assumd 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 propati@sulin are apparently weakened,
which facilitates the determination of the structure of insulin in solution by KR&éiRvec et al., 2017)

The structure of insulin in soion (Figure 1-4D) is very similar to the structure of crystalline
hexametridnsulin in its T form(Kosinova et al., 2014)

1.2. Modelsfor studying insulin secretion and insulin storage forms irb-
cells

There are different types césearch modshvailable for théiochemistryresearch, this is because
eachmodelhas its own unique set of characteristics that make itauékd for cewin types of research.
Generally, livingindividual organisms, gimary cell culture or immortalized cell linescan be
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considered as research models for studying processes connected to insulin metabolism in fancreatic
cells

1.2.1. Whole animals

Whole animalsjsolated 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 workimigelated materials presents
methodological challenges that often limit the number of experimental replicates possible.

1.2.2. Primary cells

Primary cel$ in aculturerepresentheex vivocultureof cells freshly obtained frommaulticellular
organism usualy by digestion of a specific tissue with proteolytic enzymieggeneral, primary cell
cultures are considereas arepresentativand reliable modedf in vivo tissuesHowever, here are
several disadvantages of the use of primary .celisnary &lls do not show good proliferation and
therefore length of usage is limited few days onlyThey often require adequatad specifiautrient
conditions to sustaitheir featuresand aftercertain numbey of divisions, they acquire a senescent
phenotye, leading to irreversible cell cycle arrddeonart, ArtereCastro, & Kondoh, 2009)

Another disadvantagef primary cellds that it is difficult to obtain a population of a single cell type
by isolation from tissues and usuadlynixture of several cell types obtained irthe isolation process.
Pancreatidslets consistof b-cells (about 706), alpha cells(20%), deltacells and other cell types
Different cell types can be separatedeby.,sorting on a flow cytometdiFACS), but theyields are
often not sufficient for extensive and routine measurements of insulin secretion and cells can be
damagedafterthe cell soring by FACS.The hormonal heterogeneity within the islets, and the rapid
decline of insulin production ia tissue culture iglso one of thalifficulties (Halban & Wollheim,

1980; Lernmark, 1974)

Those factordead to consideration of alternative meld 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

MING

MING cells representa permanent cell line that is derived frontransgenic mice efgeered to
induce targespecific expression of transforming genegie rise totumorigenesis in specific cell
types(H. Ishihara et al., 1993; J. Miyazaki et al., 199iyazaki et. al. generatetid transgenic mice
harboing a transforming gene that fusimgulin promoter followed by the SV4G@tgeT antigen gene
These mouse lineeproducibly developed a n ¢ r «dl tumars, ib other wordnsulinomas. The
MING cells wereestablished from these tumors and retdidifferentiated phenotype in culture and
conserved high level®f insulin secretionin response to afincreaseof extracellular glucose
concentrationsvithin physiological levels

INS-1 and INS-1E

In the arly 1990s, the insulisecretingINS-1 cell line was isolated from a radiatiimduced rat
insulinoma(Maryam Asfari et al., 1992)en years latea series of clonaublineswere established
(Danilo Janic et al., 1999andthe weltdifferentiated andtable INS1E clonalcell line was founed
(Merglen et al., 2004)Over the years, INSE became a standaodl a -cBll model in hundreds of
published studies. This cell line has the property of being glucose responsive in a physiological range
of glucosdevelsandretairs substantial insulin content levels

BRIN-BD11

Anotherinsulin-secreting cell lineBRIN-BD11, was established after electrofusion of RINmM5F
cells with New Englandeaconess Hospital rat pancreatic islet d@aville H. McClenaghan et al.,
1996) This cell line is also sometimes used for insulin secretion stubligsits insulinsecretory
properties are less natiige than properties of INSE cells and MIN6 cellsThe comparison of
insulin secretion from MING, INSE and BRINBD11 cells determined in our laboratory is shown in
Figure1-5. Both cell types show responsivenesgitweased concentration of glucose but MING cells
response is more pronounced and more reproducible in our hands.

Human derived b-cell line

Therehas beem substantiakffort over the past 30 years establisha permanenpancreatid-cell
line of human origin that would have properties similar to primasgells (Balboa et al., 2022;
Ravassard et al., 2011; Tsonkova et al., 2@b8which would be the ultimatand reliablemodel to
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studyhumarb-cells metabolism to understand insulin production and secretion. Howatiepresent,
the reliable, sufficiently responsiaad easily availablpermanenhumanb-cell line is stillmissing

MIN6 INS-1E BRIN-BD11

600

Insulin (ng/mL)

Insulin (ng/mL)
o~
=3
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Figure 1-5. Comparison of insulin secretion between MING cells and-1Ecells. (A) shows
the insulin secretion from MING cells and (B) shows the insulin secretion frorLEN&ells.

Both samples were collected from cell culture sopmtafter glucose and GL:=P stimuli for 1

hour at 37 °C. The insulin concentrations were measureddigligand receptor binding ass:
developed in our laborato(fsai, Zakova, Selicharova, Marek, & Jiracek, 2QBa} is discussec
in this thesis at the sectiGl
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1.3. Methods for determination of insulin concentration

In general, two main methods are currently used for route@surements of insulin concentrations
in biological samplesRIAandELISA

1.3.1. RIA

RIA, or radioimmunoassayyas first describedby RosalynYalow etal (R. S. YALOW, 1959;
Rosalyn S. Yalow, 1960)Iin these studiesthey successfully measuredsfing and stimulated
circulating insulin levels in humans using ttéshnique The method employ=sdiolabeledantigen(in
our caseypically ?9-labelledinsulin) andspecific antibodie$Rosalyn S. Yalow, 1977; R. S. Yalow,
1991) It reliesonacompetitive binding betweerradiolabeled antigefinsulin)and unlabeledntigen
within a samplédo theinsulin-specific antibody(primary antibody)Secondary antibodis specific to
the primary antibodyand is used t@recipitate the bound primary antibo(i$armina, Stanczyk, &
Lobo, 2014) Once thepellet is formed bycentifugation, the unbound radiolabelegitigen can be
easily removedin a reaction that contains a fixed amount of labeled antigen and antibody, increasing
levels ofantigenin the sample will lead to a lower amount of measurable radioactRiifyenableto
determine insulin in amounts less than Inggvhich was revolutionargachievement that enabled to
measure very lowevels of insulin in blood However,due to itshigh sensitivity, therange of
measurable concentrations is relativedyrow which results in a necessity optimize a rightdilution
of a sampleThis process can be lengthy and is complicated by rather long procedures that are necessary
for obtaining results with RIA kits (espadly time-demanding incubations with antibodies). Moregver
another disadvantage of RIA is the limited number of sangae&itand a relatively high costs of the
RIA kit.

1.3.2. ELISA

The EnzymeLinked ImmuncsorbentAssay(ELISA) was irst described b¥ngvall and Perlmann
and itis 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)or routine laboratory usage,
ELISA has been utilized in medical fiedshdfood industry asdiagnostic and quality control todlhe
target of the measurement can be antibogliegtidesproteins,and glycoproteins, that is applied for
diagnoses of HIV infection, pregnancy tests, and measurement of cytokines or soluble receptors in cell
supernatant or serurin our case, we probed the possibility to detect insulin concentrasiog a
specific ELISA kit Each ELISA measures a specific antigen, aachmercialkits for a variety of
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antigens are widely availabl&here are several types of ELISA setups includes direct/indirect,
competitive, and sandwich ELISAs. Hetdéocus on thesandwich ELISA to explaia principle of the
methodology The assay is called sandwigiLISA becausehe analyte being measured is bound
between two antibodies, each detectinifferent epitopef the antigeé the capture antibody and the
detection antibdy (Carmina et al., 2014Firstly, the capture antibody is immobilized on a surface of

a cellculture plate in most cases, multirell plate.In order to reduce background and nonspecific
binding, it is necessario wash off the unbound antibody, as welltadlock the unbound protein
binding sites on the surface area typically with bovine serum albumin (BSA), casein, or serums. Then
sample containing the target antigmnadded and incubad to allow the antigens bind to the
immobilized capture antibodies, followed by washing wells to remove unbound antigen. The label
conjugated detection antibodytlsenaddedandit binds to differenepitope ofthe antigen than the
capture antibodyfollowed by the incubation and washing off step to renummundietection antigen
Finally, the antigertaptured byboth capture antibody and detection antibody is visualized. This can
be achieved by addingpecific substrate and by measuringa fluorescentsignal depending on how
each detection antigen is designed to emit a s{@nal. Lin, 2015)

1.4. Insulin secretionin vivo

Glucosestimulatedinsulinse cr et i on ( GSI S) i s t he-ceflssreleasess by
insulin in response to elevated blood glucose levdtsrmal blood glucose levalnder fasting
conditions are 3.9 5.6 mmolL and plasma insulin leveltypically range fromb i 12 pU/mL
(equivalent to 0.17 0.42 ng/mL) However, if thefasting blood insulin level is 15 pU/mL or higher,
it suggests the presenceapiparent insulin réstancgCarmina et al., 2014yVithin 1-10 min following
a food ingestion, hypglycaemial el evat ed gl ucose con<cdsntdreleasei on i n
a small fraction (<5%) of theinsulin content, that iabout 3x 10° newinsulin molecules per second
p e rcellPvasiljevic et al., 2020)This insulin release is triggered by a molecular mechanism involving
the following steps. -Eeilfros the blogdvia glucasetramser located e n i nt
on cellular membrane, mainly GLUT1 a®@lL UT3 on human <cel |l s -calad GLUT
(Anick De Vos et al., 1995; McCulloch et al., 201lhgested glucose is then metabolized by glycolysis
which is leading to the production aflenosine triphosphat&TP). The rise of intracellular ATP
concentration causes the closure of AddpendenK* channelgKare) thatcauses theepolariation
of cell membraneand subsequengl open the voltagedependent Ga channels(VDCCs) (Marek
Gembal, Patrick Gilon, & Henquin, 1992; Marek Gembal, Philippe Detimary, Patrick GilciY,afig
Gao, & Henquin, 1993)The increase in calcium influx throutite VDCCs leads to an abrupt increase
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in cytoplasmic calcium concentratiomhich mediates insulin granule exocytosis and eventually,
releaseof insulin (Dornhorst, 2001; IC. Henquin, 2000) On a cel | ul ar-cellsow el , st i |
glucose or other secretagogues leads to the fusion of a small number of secretory granules with the cell
membrane and to ¢frelease of insulin to the outside of thescell

Under normal conditionsn other word, healthy persothe insulin secretion response which is
initiated by oral or intravenous glucose, consists of two ph®4ées Chen, 2015)The early phase of
insulin release peaks ati35 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 lowgtgraak
2002) The appropriate timing and magnitude of the early phase of imsidase is very important for
maintaining normal glucodeomeostasisThis initial phase of insulin secretion is attenuated or lost in
type 2 diabetipatientyCerasi, 2002; Gerich, 1997)

1.5. Insulin secretagogues

Until now, a number of biological compoundene slown to have an impact on insulin secretion
from b-cels. Compounds that are able to stimulate insulin secretion from pancreas acalkddo
secretagoguessuch compounds can fsenall organic compounds, hormones, amino acidsalso
lipids etc Some of the known secretagogueswidely usedas druggo treattype 2diabetes mellitus
by altering the glucose level in the bloddhe way of treatment is recognized as an appropriate therapy
when diet and lifestyle modifications fdilizarzaburu et al., 2012Any novel insulin secretagogue
has agreat promise as potential future medication for the treatment of type 2 didliete=fore the
discoveryof suchcompounds haeenatarget areaf drug development.

Type 1diabetegmellitusis a disease caused by the lack of insalid in other wads, a lack of
insulin producing cellas mentioned above. Thugsulin injection is the only medication that is
possible tdreat type 1 diabetegVhereas, in addition to insulin injectionsome casesype 2 diabetes
can be treated with variot®ypoglycaemic agents, thatan be administered not only orally but also
through subcutaneous injection or intravenous injectrailable hypogly@emic agentspossess
different glucosdowering mechanismgDowarah & Singh,2020; Phung, Sood, Sill, & Coleman,
2011)

1.5.1. Sulfonylureas (SU Drugs)

Sulfonylureas (SU drugsre widely used as antidiabetic drugs in the management of type 2 diabetes.
The functional group consists of a sulfonyl grotf(€0Y)) with its sulfuratombound to nitrogen atom
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of an urenylene group (N,Ndehydrourea, a urea derivative). The side chainand R distinguish
various sulfonylurea@~igure1-6). SU drugshave a relatively long history of use in diabetes treatment.
They were discovered during the development of antibittiteat typhoid fevewhen the side effect

of hypaglycaemiawas observe@Loubatieres, 1957a, 1957I9U drugs have been used since the 1950s
and are classified intthree generations based on their development order. The mechanism of action
involves binding to th&Ur e ¢ e p t o-cellscand inhilbitey KAp. This leads to thdepolariation

of thecellular membraneesulting in calcium influxandultimately promding insulin secretion. SU
drugs primarily promote basal insulin secretion, making them prone to causirgyogemiabefore
meals. Additionally, they do not promote the additional secretion of insulin, making it difficult to
manage postprandial hyggycaemia Although SU drugs have a long history of use and are effective
in promotingGSIS their limitations should be taken into account when prescribing thiembasic
structure of SU scaffold shown inFigure1-6A.

The firstgenerationSU drugs includes: tolbutamide (Figure 1-6B) (E Cerasi, 1969; M. M.
LoubatiéresMariani, 1973) acetohexamide, chlorpropamide, chlorpropamide, metahexamide, and
tolazamide.The ®condgereration SU drugs includeglibenclamide(Figure 1-6C), glibornuride,
glipizide and gliclazide(Lv, Wang, Xu, & Lu, 2020)and thethird-generation SU drugs include:
glimepiride(Figure1-6D).
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R1
sulfonylurea basic structure tolbutamide
C D

glibenclamide glimepiride

Figure 1-6. The structures aBU drugs.(A) showsthe basic structure of sulfonylure®),
(C), and(D) show the structures of representing compounds of first (tolbutamide), st
(glibenclamide), and third (glimepiride) generation of SU drugs.
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1.5.2. Phenylalanine derivatives

Phenylalanine derivativealsoknown as glinidesr meglitinides Figure1-7), belong to a class of
drugs called rapigcting insulin secretagoguebkatstimulate insulin secretion by targeting pancreatic
b-cells.Meglitinide and repaglinide are categorized in this class of ditugse drugs are ideally suited
for combinatioruse with metformirio treat type 2 diabetes

The insulinotropic action of glinides is mediated ioibiting Kare similar to sulfonylureas
(Landgraf, 200Q) This inhibition results in the depolarization of freell membrane and stimulates
the opening oVDCCs This intracellular C4 influx stimulates the exocysis of insulincontaining
secretory granule@ornhorst, 2001)Although they do not have the structure of SU, glinides act on
the SU receptor (SUR1) bfcells similar to SU drugs.

Becausalinideshavea basic mechanism of action similar to that of SU drugs, they chansted
in combination with or as a substitute for conventional SU dr@¢isidesare mainly used to treat
postprandial hypegtycaemia Generally, the effect @flinidesoccurs withinl5 minutes after ingestion,
reaches its maximum effect after about @Autes, and disappears after about 4 hours. Thististg
and quickly dissipating effect atributed to theiweaker binding affinity and faster dissociation from
the SUR1 binding sitewvhich distinguishes thesignificantly from SU drugs.
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Figure 1-7. The molecular structures of oral drugs of phenylalanine derivati¥¢s.
meglitinide and (Byepaglinide

1.5.3. Biguanidedrugs

Biguanideis the organic compoursdvith the formula HN(C(NH)NH). (Figure1-8). Biguanidehas
a structure in which two guanidine molecules are linked with one shared nitrogenDafiement
biguanidederivatives are used as pharmaceutical dtageeat diabetesvietformin (Figure 1-8B) is
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widely usedand the most used oral medicationtfugtreatment of typ@ diabetesSince its approval,
metformin has established as the foisbicedrug for the treatment of type 2 diabef€®mes, 2013)

The mechanism ahe t f o ramihyped@lg@emic actionis not fully understood and there have
been proposeseverahypotheses ainolecularmechanismgJones et al., 2022Metformin primarily
blocks glucose production in the liver (gluconeogenesis), increases the body'sisetositisulin and
increases glucose uptake in the peripl{&hMir et al., 2000) It has been also showthat metformin
inhibits mitochondrial complex(Mark R. OWEN, 200Q)activatingadenosine monophosphatdP)
-activated protein kinase (AMPKY. Wanget al., 2019)inhibits ducagoninduced increases gyclic
AMP (cAMP), reduces protein kinase A (PKA) activation and inhibits mitochondrial glycerol
phosphate dehydrogeng@&hou et al., 2001)
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biguanide metformin

Figurel-8. The structures dhe biguanideand its derivative metformin.

1.5.4. Imeglimin

Imeglimin is an investigational firsh-class novel oral agent for the treatment of type 2 diabetes
Unlike metformin, imeglimin is a cyclimolecule containing a triazine ring and can be synthesized
from metformin as a precursor via a single step chemical readtigar¢ 1-9). It was shown that
imeglimin is at least as effective as metformin in regulating glycaemic cofResicale Fouqueray,
Leverve, Fontaine, Baquié, & Wollheim, 2011; P. Fouqueray et al., 2013; Halbakame et al., 2021,

Pirags, Lebovitz, & Fouqueray, 2012)he hypoglyeemic effect is achieved through the two
mechanisms: (1) promotio o f insulin secretion by -celBamt ai ni n
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 suppressiosegbroduction in

the liver(HallakouBozec et al., 2021 Both of these effects are thought to bei@atd by improving
mitochondrial dysfunction, which is one of causes of type 2 diabetes. Imeglimin acts on enzymes
involved in oxidative phosphorylation, weakly inhibiting complex | and stimulating complex Ill in the
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mitochondrial respiratory chaifiHallakouBozec et al., 2021; &hdapally et al., 2020y herefore, the
pathway between &m is not impaired and the generation of reactive oxygen species is suppressed,
improving insulin resistance exacerbated by oxidative stress.

NH>
CI-)NL )NC )OL NaOH, H,0 N)\N
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CHs; H |
Metformin hydrochleide Acetaldehyde Imeglimin

Figurel-9. The molecular structure of imeglimamd its schematic view of chemical synthe
reaction.

1.5.5. Thiazolidinedione drugs (TZD drugs)

Thiazolidinedione drugs (TZD drugs) éeown asinsulin resistancémproving drugsor insulin
sensitizers These TZD drugsparticularly pioglitazongFigure 1-10), are among the most useful
treatments for type 2 diabetes since not only they correct the key feature of theglisbaaeinsulin
resistancéut also they preserve the function of paniicdacells that produce and secrete ins(iain,
Vora, & Ramaa, 2013; Soccio, Chen, & Lazar, 2014)1982 a number of TZDs were intensively
studied for their arthypergly@emic property. The first representative of this class was ciglitazone,
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thiazolidinedione pioglitazone

Figure 1-10. (A) Structural formula of thiazolidinedione. (EBtructural formula of
pioglitazone, which is one of the compounds classified to thiazolidinedione med
Pioglitazone is an antliabetic oralmedication used to treat type 2 diabetes.
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whereas ther derivatives like englitazone, pioglitazone and troglitazone followed(8sih2015) It

has been generally accepted that the transcription feictown as peroxisome proliferatactivated

recepto gamma (PPAR s the direct molecular target for these molec(lledmann, Lenhard, Oliver,
Ringold, &Kliewer, 1997) They bind to the nuclear receptor and regulate the transcription of various
factors. They mainly improve insuliresistance 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. Alphaglucosidase inhibitors drugs

Alpha-glucosidase inhibitoré {&Is) drugsare sgar analogsvith a thousand times greater affinity
for U-glucosidase which are digestivenzyme (Kumar, Narwal, Kumar, & Prakash, 201PJenty of
UGls have been discovered from synthetic routes as well as from natural sources, including plants,
fungi, and bacterigAgrawal, Sharma, Singh, & Goyal, 20280 far,Acarbose voglibose, miglitol
and emiglitatearecommercially availabl¢Hossain, Das, Ghosh, & Sil, 2020)

For the absorption of carbohydrates Uglucosidases facilitate digestion of starches,
oligosaccharides, and disaccharides into monosaccharides, allowing them to be absorbed in the small
intestine of the bod{Kumar et al., 2011)

These drugs inhibit-glucosidasg slowing down digestion and absorptioihmost carbohydrates
which helps to conttgostprandial hypglycaemiaand makes them effective as postprandial glucose
lowering agent{Ghani, 2015; Hossain et al., 202@)hey have been shown to effectivetgduce
postprandial hypetycaemia when they are taken together with meals that contain digestible
carbdwydrateg(Bailey, 2012; Ghani, 2015)

1.5.7. Incretinrelated drugs

Incretins are defined as "gastrointestinal hormones that stimulate insulin secretion from pancreatic
b-cells in a glucoselepenént manner", specifically referring to tvypeptidehormonesglucagonlike
peptidel (GLP-1) and glucosedependent insulinotropic polypeptidé&IP) (Drucker, 2006; Juris J.
Meier, 2002; Mojsov, Weir, & Habener, 1987)

More thana century ago in 1906vioore et al. first reported on the antidiabetic effect of an acid
extract of duodenal mucous membrafideore, 1906)Secondly,tiwas found that oral administration
of glucose resulted in a greatinsulin effect compared to intravenous admiatgin, which led to
definition of theconcept of incretia It has been thought that the stimulation is mainly due to glucose
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in the hepaticportal vein, but it has also been recognized that factors derived from the digestive tract
thathave the abilityd stimulate secretiofMichael A. Nauck, Richard C. Allen, & Creutzfeldt, 1986)

The concentration of incretins in the blood sisgithin a few minutes to 15 minutefter eating,
promoting insulin secretion from-cells in response to postprandial hyggcaemia This soecalled
"incretin effect” is thought to contribute to the maintenance of postprandial glucose homeostasis.
Incretns areexpresedon the epithelial and endothelial cells of various tissunessecreted frorsuch
as the digestive tract, kidney, prostate, and lymphockteretinsare rapidly inactivated bgipeptidyl
peptidased (DPP-4). Therefore, the hallife of incretins in the blood is known to be very short, lasting
only a few minutes.

GLP-1 receptor agoniss

Glucagonlike peptidel (GLP-1) is a polypeptide hormonwith 36 amino acidsand mainly
producedn enteroendocriné cells,intestinal endocrine cell found in the lower digestive tratiP-

1 is secreted ito the blood stream ia nutrientdependent manner, leads to potentiation of glucose
dependent insulin secretion in pancreéticells (Noriyuki Sonoda, 2008)Chronic administration of
GLP-1 also promotes insulin synthesfscell proliferation and neogeneqiPoyle & Egan, 2007,
Drucker, 2006)

Severaldrugs based on GLH structurehad been developetthat act on thés-proteincoupled
receptoi(GPCR) of GLP-1 to enhance insulin secretif., 2017; Vilsboll, Christensen, Junker, Knop,

& Gluud, 2012) The GLR1 receptoagonists that are currently approved in the United States for the
treatment of type 2 diabet@sclude for exampleexenatide, liraglutridelixisenatide These GLPL
derivatives have molecular structures modified to be more resistant to proteolysidenriore
bioavailable aftesubcutaneouadministration(e.g.,modifiedby lipid tails).

Exendin 4s a 39 amino acid peptide isolated from the venom oBfteemonster lizardHeloderma
suspectuma naturally occurring GLAL receptor agonigWardak, 202Q)It is approved and used to
treat type 2 diabete#t. stimulatesb-cells to release insulin and suppresses the secretion of glucagon
from U-cells(Drucker, 2006)Upon GLR1 receptorctivation, adenylyl cyclagé\C) is activatedand
CcAMP is generatedeading to cAMPdependent activation of second messenger pathways, such as the
PKA.

Several research reported that similar to @l.lexendin4 treatments t i mu {cal teglicatiob
and neogenesis, leading to iaca s ecell mass and improved glucose homeost@BimnerWeir,
1999; C. Tourrel, 2001)
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Figurel-11. A drawing outlines the main signaling pathways activated in respon
ligand to GLP1 receptorand their downstream effects on acute insulin secret
insulin synthesis, and regulationmbliferation Other signaling pathways stimulate
by such as gicose and voltage dependent'Gdanneis also depicted.
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Mar;113(3):546593. doi: 10.1016/j.pharmthera.2006.11.007.

Glucosedependent insulinotropic polypeptide (GIP)

GIP is derived from a 158mino acid proprotein encoded by the GIP gene and circulates as a
biologically active 42amino acid peptide. It is synthesized by K cells, which are found in the mucosa
of the duodenum and the jejunum of the gastrointestinal @G#etand GLP1 are incretins that play an
important role in glucose metabolis@l P has subst ant icaldas welbdsadipogen panc
tissue(Juris J. Meier, 2002However, while GLPL also inhibits appetite and foattéke 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 recepféfsist & Rosenkilde, 2020) This
characteristiaonakes GIP less promising for drug development as a treatment for type 2 diabetes,
leading to a major focus of research on GLP

DPP-4 inhibitors
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DPPR4 inhibitors increase the blood concentration of incretin by inhibiting the-QR¥ich is the
enzyme that degrades incretifGamble et al., 2015)incretirs (see also abovg)romote insulin
secreti on f {alsimaplaod glucasdependent rhanner and suppress glucagon secretion
f r om p a ncells, avhith ilowers(&levated blood glucdseels to normal levels. In addition,
incretins slow downthe rate of digestigrwhich helps to prevent a rapid increase in blood glucose
levels.Moreover, it has been demonstrated that several antidiabetic drug classes, namelgUsDs,
and meglitinidesaffect the gastrointestinal incretin system by inhibiting BIP@ell, Cuthbertson,
Patterson, & O'Harte, 2011; Duffy et al., 2007)

1.5.8. Amino acidcs

Dietary polypeptides and amino acids have long been known to stimulate iasdlimcretin
hormone secretion and regulate postprargligtaemiain animals and in humar{§akubowicz et al.,
2014; John C. Floyd & Rull, 1966 addition to thatthere are several studiegich exhibitvarious
amino acids can stimulate pancredticell lines to insulin secretion in dose and glucose dependent
manner(Z. Liu, Jeppesen, Gregersen, Chen, & Hermansen, 2008; MicElenaghan, 1996)
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Figure1-12. The molecular structures of (A) arginine, (B) ornithine, (
tryptophan andits derivative(D) tryptamine

30 |



Arginine

Arginine (Figure 1-12A) wasshownasa potent physiologic stimulus for insulin secretiualf a
century agdqJerry P Palmer, 1975; Palmer, Benson, Walter, & Ensinck, 19A6%e studies revealed
that during a constant glucose or arginine infusion, peripheral insulin levels rise rdpadRall after
ten to fifteen minutes, maintaining the ability to react again to another stimulus.

Various studies have supported arginineds bence
sensitivity (J.D. Méndeza, 2001; Kohli et al., 2004nimal studies indicate that physiological levels
of L-arginine promote oxidation of glucose and lantin 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 aginine is known as one of the strongest insainretagogueshe mechanism is yet to
be clarified Someresearchyroups claimed that Gorotein-coupledreceptorclass Cgroup 6,member
A (GPRCSG6A) is the target protein for arginifé, Wu, Lenchik, Gerling, & Quarles, 2012; Smajilovic
et al., 2013) Pi et al. show less (at least not major) effectnsmilin secretion in GPRC6A K@ice
andconcluded that the receptor has partially regulatory effect on arginine induced insulin secretion. On
the other handanotter study, Smajilovic et al. concluded that GPRC6A has no regulatory role for
insulin secretin. InsummaryGPRC6 A doesnét have regul anduwedy r ol e
insulin secretion with genetic approach in mice. Clinical significanaegifiineactivation of GPRC6A
is not clear too.

Other research group claimed that the argininreeft s on i ns ul-dellsaranediate@é t i on f
by arginine uptake through the cationic amino acid transp@®aul A. Smith, 1997)This current
produces a membrane depolarization that stimulates vedi@ge C&" 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 GUi-groteinaouphss redpterfamily fLeiss dt a., 2G14)

Ornithine

Ornithine(Figure1-12B) is a nonproteinogenic amino acid and arginine degradation produtt, tha
Both amino acids are important for detoxification of ammonia in the urea(éyffried J. Meijer, 1990)
Ornithinedifer s f r om araminn m eg rboju g kdeansld geoapdon its SidetcHaia U

Several research grougmve shownthat ornithine stimulates insulin secretion by the same
mechanisms as arginine. As discussed abBaal A. Smith et al. claimed that ornithine stimulates
insulin secretion by the same mechanisms as arginine and oitetiohic amino acidsas a
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consequence dhe inward current that produced the transport of the positively charged amino acid

through the cationic amino acid transporteaul A. Smith, 1997)On the other hand, Leiss et al.
proposedthe@ r ot ein coupled receptor GUi 2 as the medi at
as arginindLeiss et al., 2014)

Tryptophan

Tryptophan Figure1-12C) is an essential amino acids and was proposed to selectively activate the
G-proteincoupled receptor 14Z5PR1432 (Lizarzaburu et al., 2012; J. Wang, Carrillo, & Lin, 2016)
whi ch Fceupled reGeptogMatsuo et al., 2005)Yet, the characteristics of GPR142, including
ligand specificity and physiological role in nutriesensing, remains obscure. mRNA of GPR142 was
found to be highly expressed in pancreatic islets in both humans an@Pmisten, 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 tryipaop It is thought to act as a
neurotransmitter in the mammalian brain and forms the structural basis for other neurotransmitters,
hallucinogens and other psychoactive substarfagptamine, which can be metabolized to serotonin
that increases serum ingulevels in micgJ. Yamada, 1990The maximum hypoghasemic 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 (Ribager & Licht, 2018)

1.5.9. Neurotransmitters

Dopamine

Dopamine (or shydroxytyramine,Figure 1-13A) is a hormone and meurotransmitter that has
multifaceted roles in the central nervoagstem, affecting executive functions, motor control,
motivation, arousakeinforcement, lactation, sexual gratificatiamd nausea and rewgiBleaulieu &
Gainetdinov, 2011; Wise, 20Q4popamine plays a criticalole in neurological and psychiatric
disorders, such a&shizophrenia, Parkinson disease, and drug addigialfier et al., 2003)Dopamine
is also present in theloodstream, but its peripheraffects are still uncleafEisenhofer, Kopin, &
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Goldstein, 2004)The role of dopamine in insulsecretion has repeatedly been considered for decades
(Ustione, Piston, & Harris, 203 o pami ne was daald(Smpsoeatal.j2012;Ustiene b
& Piston, 2012pnd in insulirsecretory granulgs. E. Ericson, 1977)rom where it can be esecreted

with insulin. Inhibitory efects of exogenous dopamine on insd@tretion from islets were reported

in 2005(Rubi et al., 2005)Another twostudies(GarciaTornadu et al., 2010; W. Wu et al., 2008)
proposed that dopamine effects can be mediatgd D2 d o p ami n eellsr leaerethe or s
selectivepharmacological inhibition of dopaminergic receptors shothatithe D3 receptor can also

be a mediator oflopaminergicinhibition of insulin secretion in mouggJstione & Piston, 2012)
Recently,we demonstrated that dopamine can bind to insulin hexamers wnggro (Solinova,
Zakova, Jiracek, & Kasicka, 201@nd in silico(Pdivec et al., 2017)conditions. Hypothetically,
dopamine could affect insulin secretionvivo by bindingto insulin oligomers present in secretory
granules.

Serotonin

Serotonin(or 5-hydroxytryptamineFigure1-13B) is a neurotransmitter with a structure similar to
dopanine 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 vasoconstrictio(Berger, Gray, & Roth, 2009; Carhdfarris & Nutt, 2017; Daniel
Hoyer, 2002; Mawe & Hoffman, 2013Yhe majority (about 90%) of serotonin is present in the
gastrointestinal tra¢Gershon, 2013)

The ser ot coelis has beenl seidied for décades, but the molecularaments of how
the neurotransmitter influences insulin secretion are yet to be fully unde(€ataldo Bascunan,
Lyons, Bennet, Artner& Fex, 2019) Early studies suggested serotonin presence in pancreatic islets
(B. Falck, 1963; Hellman, 1964) n dcellb(Gylfe, 1978) Recently, our research group demonstrated
that serotonin can bind to insulin hexamiersitro (Palivec et al., 2017; Solinova et al., 2019)

Serotonins well distributed in normal andatietic pancreatic tissues and has stimulatory effects on
insulin secretion from normal pancreas, as wetlraglucagon secretion from diabetic panci(&sest
Adeghate, Abdul Samad Ponery, David Pallot, S. H. Parvez, & Singh,.1999)

There aressomecontradictory results with respectitovitro insulin releaseFor exampleAdeghate
et al. have shown that serotonin stimulates insulin secretion from normal pancreati¢Erssse
Adeghate et al., 1999Dn the other hand, an inhibition in diabetic pancreatic tissualbashown
(Zawalich, Tesz, & Zawalich, 2001ps well as inhibitory effects on glucesimulated insulin
secretion from MING cell§Cataldo et al., 201Qr human islet¢Bennet et al., 2015)nterestingly,
Gagliardino et al. reported rather ambivalent effect of serotmmimsulin secretionthat is a small
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stimulatory effect in low glucoseoadition (0.6 mg/ml) and an inhibition effect when glucose reaches
to 3.0 mg/ml(J.J. Gagliardino, 1974)

A B
HO HO.
NH,
N
H

dopamine serotonin

Figurel-13. The molecular structures of (Appamineand (B)serotonin

1.5.10.0ther compounds

Betulinic acid

Betulinic acid (BA Figure 1-14A), a pentacyclic triterpene frof@lusia nemorosd.., has been
described as an insulin secretagogue thatanentinype&glycaemic effect(Birgani, Ahangarpour,
Khorsandi, & Moghaddam, 2018; Castro et al., 2014; de Melo et al.,.206@ever, mechanisms of
action oninsulin secretion and antihypergbamic effecthaveyet to be fully understood. The effect as
well as its mechanism ohsulinrmimetic action in skeletal muscle, has been partially described to
involve GLUT4 translocation, phosphoinositide&inase (PI13K) and mitogeactivated protein kinases
(MAPKSs) activdion (Castro et al., 2014)n 2018 Castro et al. reported that BA stimulates insulin
secretion through the activation of electrophysiological mechansmh as the closure of potassium
channels and opening of calcium channels, inducing calcium jrflsk like the pathway glucose
stimulates. The inhibition of BA stimulatezhlcium influx with diazoxide supports this hypothesis that
the triterpene mayxhibit a modulatory action on & channelsSome data also indicates a probable
participation of other ionic channels or signaling pathways in the influx of calcium and/or insulin
secretion, such asYDCC, CICs or intracellular pathways mediated by késasuch aprotein kinase
C (PKC)(Gomes Castro et al., 2018)
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Figure1-14. (A) The structure of betulinic aciahd (B) its proposed mechanism of action ¢
calcium influx and insulin secretion. The increase in calcium influx stimulated by BA c
mediated through a glucetike mechanism. The mechanism involvély: The Kare channels

closed, leading to depolarization and (2) opening thgpe VDCCs and trigger the calciur
influx. (3) The opening of CaCCs also leads to the potentiation of the depolarizatio
Calcium can activate PKC that phosphorylates proteins related withiningranule
translocation to the plasma membrane (5). In addition, (6) BA acts by a mechanism dey
of CIC-3 channels, that can occur by a direct/indirect action of this triterpene.

Gomes Castre@t al. Archives of Biochemistry and Biophysi@)18 Junl5;648:2026. doi:

10.1016/j.abb.2018.04.015.

Dimethyl sulfoxide (DMSO)

Carmean et al. reported that dimethyl sulfoXid& SO) acutely enhances insulin secretion frbm
cells (Carmean, Zhao, Landeche, Chellan, & Sargis, 20RIUIN6-K8 cell line that is a mouse
insulinoma model of pancreatficcellswasused for the research atiee studyshowedthatthe short
term exposure to DMSO enhanc&@5IS The report brings us an important consideration for

conducting experiments n  t-chllewitlbcompounds dissolved iDMSO andencourages us to repot
DMSO concentrations when used as a solvent.

Curcumin

Curcumin isa component of turmerigigure 1-15), awidely usedspice and foodtoloring agent.
Abdel Aziz et al.(2014 reported thaturcuminstimulates insulin secretion througbme oxygenase
1induction An hour incubation of isolated islets in different concentratior®iofumin (6, 8, and 10
pumol/L) showed significant elevation of insulin secret{@ddel Aziz & al., 2010)
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Curcumin is also known as antioxidant, free radical scavengingnéathmatoryand antcancer
compound(Seiichiro Fujisawa, Toshiko Atsumi, Mariko Ishihara, & Kadoma, 20B4perimental
studies suggest that oxidative strpkg/s a major role in the pathogenesis of diabetes mellituthand
antioxidant effect of curcumican revert the diabetes ong&bdel Aziz et al., 2010)

There is a studyhat evaluated¢urcuminoids agkglucosidase inhibitorg {&1) and indicated that
natural curcuminoid compound showed a remarkable inhibitory effect wilo1@3.0 pM(Du et al.,

2006)

However,curcumin has not been successful in any clinical trial, and therefore, it has no medical
uses established ljinical researchThese
findings rathelead researchers to concludio
that curemin  exhibits  numerous

interference properties which may lead tgio
misinterpretation of resultfNelson et al., .
2017) Figurel-15. The molecular structure of curcumin

Kaempferol

Mitochondrial matrix C& has been demonstrated to be an activating signal for insulin secretion and
targeting mitochondrial calcium uniporter (MCU) in pancrebtiellsand this molecular mechanism
is emerging as an innovative and promisstrgtegyto develop new insulin secretagogue in an area of
drug discoveryKaempferol have been previously reported to increase the rate of mitochondtial Ca
uptake in HelLa cellfAlvarez, 2004)Kaempferol is a natural flavonol found in a variety of plants and
plantderived foods as well as traditional mediciaedtheir toxicity has not been reporteddascribed
as low(Havsteen, 2002Bermont et. al. tested kaempfetbht activate MCU directly to increase
cellular C&" concentation and potentiate insulin secreti@ermont et al., 2020)They demonstrated
that kaempferol potentiates glucesémulated signal transduction and therefore promotes insulin
secretion in a model of insutisecretingd-cells. The bindingsite of the kaempferol to MCU complex
is unknown.The schematic view ahechanism&iow kaempferol shouldotentiate insulin secretids
depicted inFigure1-16.

Other research demonstrated tkaeémpferol can protect pancredbicells from hypeglycaemia
induced apoptosis and dysfunction by inducing cAMP generation anejufation of Akt and BeP
protein expressiorfZhang & Liu, 2011)

Furtherstudies areequiredto betterunderstand the mechanisiasd practicalityo f kaempf er ol 6 s
effect
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Figure 1-16. Estimated mechanism ofkaempferoldependent metabolism/secretic
coupling in glucoses t i mul at e d-cellsaThe glecasstimalated insulin
secretion (A) is potentiated by kaempferol, via mitochondrial calcium rise enhanct
(B). (C) is thestructuralformula of Kaempfeol. The figureis reproducedrom Flavien

Bermont et alNutrients2020 Feb 19;12(2):538. doi: 10.3390/nu12020538.
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1.6. Osteocalcin

Vitamin K is known to be essentiakblood clotting cofactor by playing a role in the formation of
0 carboxyglutamatéGla) through a postranslational modification of specific glutamic acid residues
in atarget proteir(Figure1-17). This Gla modificatiorreactioncan be inhibited by warfarin, that is a
medication to prevent and treat blood clots. Bone biologists were aware that the fetal warfarin
embryopathy often causbodnemalformations. Therefore, bone biologists were looking for a calcium
binding protein that contains Gla in benk 1977, osteocaleiwas isolated and sequenced as a 6 kDa
protein synthesized by osteoblasts and odontolBststh, Centi, Smith, & Gundberg, 2013)

o o
carboxylase
BNY p_y_-COO"
0,, CO,, vitamin K
COO elele)
Glutamate (Gluyesidue y carboxyglutamate (Glagsidue

Figure 1-17. Carboxylationmodification of specific glutamate residues in a tar
protein

OsteocalcifOCN) (Figure1-18) is the most abundanbn-collagenprotein in bone (25% of non
collagenougproteing andits synthesis is exclusive to bana the humanbody. OCN consigs of 49
amino acidsn humars, and46 amino acidsn mice theamino acids sequencsisare 65% of similarity
betweenthose twospecies The peptide is also known as bone carboxy glutamic acid containing
protein (BGLAP). HumanOCN is encoded by a singleopy gene located at the distal loagn of
chromosome 1. By contrast, mice have a cluster of {B@KN 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 bogewhilst the third, the ostealcin related gene (Bglapsl, also known as ORG),
is expressed at low levelstimebrain, lungand kidneg, but not in bong(Desbois, Hogue, & Karsenty,
1994) Ci rcul ar di chroi sm, NMR a nmavealed thataogteocalciyis a al | ogr @
gl obul ar protein comprised of three U helices, a
exposed Crigurel¥l®). nus (

An interesting property of OCN is the presence of threeé3la@ues in theentral part of the protein
(Figure 1-18B). The o-carboxylation ofOCN is catalyzed by-glutamyl carboxylase, which utilizes
vitamin K hydroquinone, carbon dioxide, and oxyg®uattie, 1985)The Gla residues, and specifically
Gla side chains with two carboxylic groups are imigot for binding to calcium and hydroxyapatite.
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Figure1-18. Osteocalcin structureéA) is a 3D structure of human osteocaldepictedby a

ribbon representation in redB) showsthe structural comparisoof primary sequences o
human osteocalcin vs house osteocalcin. The positions dfidieshridge and the specific
glutamic acids that can be potentially undergposttranslational modification into GIEC) is

the comparison ofprimary amino acid sequences of mice, human and rat osteoc@lun
amino acid sequences from all species share extensive homology at the central
containingGla residuesbut there is considerable sequence variation in other regions.

Bones and te¢h are made primarily ofhydroxyapatitecrystals interspersed in a collagen matrix
Hydroxyapatite is a naturally occurring mineral form of calcium apatite with the formula
Cao(POy)s(OH),, 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 sfigitanzo 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 cryBigis¢1-19) (Quyen Q.
Hoang, Frank SicherAndrew J. Howard, & Yang, 2003Vhen GlaOCN binds to C# ions on the
C axis of the hydrfaciitgtiagmadniomatonatchange tthatlaligris ¢hént in a e
complementary fashion to the €aons on the hydroxyapatite cryst@igure 1-19). Importance of
OCN-hydroxyapatiteinteraction is illustrated by the fact that osteocalcin amino acid sequehces
animal speciefvestigated share extensive amino acid sequence homoltiyy egéntralGla region
(Figure1-18C).

Gla residuesof OCN can be decarboxylated, ultimately leading to the release of bioactive
decarboxylated OCN (with Glu residues only) into thi®od circulation. The decarboxylation is
mediated by nomnzymatic process involving the acidic pH generated by the ostedtlastiksen et
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Figure1-19. (A) is the hexagonal crystallographic structure of the hydroxyapatite crystart.
carboxyglutamic acid (Gla) residues are found in the first helical réBjoimhe Glaresidues are
complementary to the calcium ions on thexis of the hydroxyapatiterystal lattice and
positioned to control crystal size and shape within the constraints of the collagen fibril.
Sarah L. Booth, et al. NatureReviews Endocrinology 2013 Jan;9(1):485. doi:
10.1038/nrendo.2012.201.

al., 2006; J. M. Liu, Rosen, Ducy, Kousteni, & Karsenty, 2001i6)enzyme for the decarboxylation of
OCN has been found to date.

1.6.1. Osteocalcin and glucose metabolism

The altered bone metabolism among diabetic patisrsvell-known phenomenoriShanbhogue,
Mitchell, Rosen, & Bouxsein, 2016l owever, the mechanisneading to related pathologiase not
well identified(Adami, 2009) Bone mass is low in patients with type 1 diabetes but higher than normal
in those withtype 2 diabetesret, in both patients wittype 1 diabeteand those witltype 2 diabetes
increased fracture risk is observed asnpared to that in individuals without diabetes mellitus
(Yamamoto, Yamaguchi, Yamauchi, Kaji, & Sugimoto, 20@9yrowing body of evidence shows that
the pancreas and adipocytes secrete Hagtige hormones. Adipose tissue produces leptin, which
regulates bone remodeling \l&e 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
b-cell proliferation andnsulin expression and secretid. K. Lee et al., 2007; Wei, Hanna, Suda,

40 |



Karsenty, & Ducy, 2014)The surprising finding was that, althou@ICN contains three Gla residues,
only the decarboxylatedOCN or undercarboxylated (at least one of the three Gla residue is
decarboxylated) forms @®CN were biologically activeAnother study also reported thatermittent
application of decarboxylate@CN improved glucose tolerance and insulin sensitivity in mice and
could prevent the development of type 2 diabétesron, McKee, Levine, Ducy, & Karsenty, 2012;
Mizokami et al., 2013; Mizokami et al., 2014)

Despite these important properties of decarboxyl®@€N as a potential regulator of energy
metabolism, the underlying molecular interaction between decarboxylxB¥d and its receptor
remains unclear. The cell surface receptor of decarboxyla@y was suggested to be-fotein
coupled receptor family C group 6 member A (GPRCG6A), which is egptkin various tissu¢dury
et al., 2011; Pi et al2008; Pi, Wu, & Quarles, 2011)

1.6.2. Osteocalcin receptors

To date, GPRC6A was found to bestbnly potential putative receptor for OCRNie molecular
mechanism for OCN bindinig the receptonas beeidiscused(Pi et al., 2016)It had previously been
demonstratedhat GPRC6A could mediateCN signaling in Leydig cells of the testéSury et al.,
2011) The receptor is also expressed in pancreatic islets and its inactivation brcelielinage
(GPRGARs' mice) leads to glucose intolerance, decreased insulin production, and dimmristied
area and masN. K. Lee et al., 2007 GPRGAr«/ mice showed reduced cyclin D1 expression in
islet extracts, which is consistent with the decredseell proliferation (Wei et al., 2014) The
promoting effect ofOCN/ GPRC6Asignaling onb-cell masgyainingis active as early as during the
perinatal peak ob-cell proliferation(N. K. Lee et al., 2007; Pi et al., 201@his is however not the
only mechanism whereb®CN contributes to glucose homeostasE?RC6AIs aso expressed in
epithelial cells of the small intest (Mizokami et al., 2013)a site responsible for thoduction and
secretion of GLPL. As discussed above, GLPis one of incretin peptides and has ability to stimulate
insulin secretion in a glucose dependent marametdecarboxylatedDCN adminitration to mice
through intraperitoneal, oral, or intravenous routes can increase seruh|&d? Hencejt is possible
that part of the stimulatory effect decarboxylatedCN on insulin secretion is mediated by GILP
(Mizokami et al., 2013)
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2. Researchaims

Themajoraims of this doctoral thesis were defined as follows:

1). Egablishmert and validatiorof costeffective,rapidand high througiputmethodbased on a
radioligand receptor binding assfay routinemeasuementsof insulin levels

2). Studyingtheef f ect s of selected compoundelson insulin

3). Characteration and comparison of properties of selected permdmeels lines and islets
of Langerhans with a special emphasis on zinc content.

4). Elucidation ofinsulinstorageform$ n t he secr et ory g-celsonddres of t
nearnative conditions

5).  Studying effects of osteocalcin and its fragmentb-aells.

6)) Studying effects of tryptophan medelsbol ites on

7). Molecular cloning to produce the plasmid constructs for three differenti@mers.
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3.1. A radioligand receptor binding assay for measuring of insulin
secreted by MING cells after stimulation with glucose, arginine,
ornithine, dopamine, and serotonin.

This chapter is related Research Aira 1) Egablisimert and validationof costeffective,rapid and

high throughput methodbased on a radioligand receptor binding ageayoutine measuementsof
insulin levelsand?2) Studyingthe effects of selected compounds on insulin secretion from pancreatic
b-cells.

Published in\SeiyaAsaj Lenka G8kovsg8, Irena SelAradokgandv §,
receptor binding assay for measuring of insulin secreted by MIN6 cells after stimwiétiayiucose,
arginine, ornithine, dopamine, and serotonisnalytical and Bioanalytical Chemistry2021
Jul;413(17):4534543. doi: 10.1007/s0024@21-034233.

3.1.1. Background

Insulin is an important aralsole hormone tallow muscle and adipos®sdy celsto uptakeglucose
from bloodandcontrol theenergy homeostasis of the orgarss@ur laboratory has been interested in
studying insulin production, storage, and secretiooglls. During our research, we attempted to
measure insulin concentrations after the glucose stimbihge have been two main methods that are
widely accepted rad commercially available to measure insulin concentration. One of the methods,
RadioimmunoassafRIA), isavery sensitive technique to measure concentratioirvsolin by use of
immobilized antibodies and radiolabeled insulin. Although the immunoassayremely sensitive and
specific, it requiresather longtime (23 days toget completeresulty andcommercial kits that are
relatively expensive and allow only a limitadmber ofreplicates The other method Enzyrignked
Immunosorbent Assg§ELISA) is a commonly used assay to detect the presence of a ligand in a sample
using antibodydetection Instead of using radiolabelesbmpound (insulin)the technique uses an
enzyme linked to antibody that reacts and produces a detectable signal, most coanpi@rigen
color. In general, we found thaboth these methods, despite being highly sensitive, are rather
inconvenient for routine daily measurement of insulin concentratiomgerimental samplégdata not
shown).The main drawback of these methasithe limitednumberof sampleshatcanbe measurd
with a purchasedkit and a narrow detectiorrange Most experiments are aimed détermining
concentratiorof insulin itself, and the approximate concentratioragfample is often not known in
advanceThe narrow detection range leddsrepeaimeasuremestto adjustproperdilution for each

44 |

Al e



sample to be in a measurable rargeh experiment armbnsume thenumber of agilable samples in
a kit. These complications significantly slow down the study.

These fobst aoorlresearoh gpupseanh feachore straightforward, but robust and
sufficiently sensitive methodology that wouldlow a higher throughput msarement of insulin
concentratioa Since our laboratory haslong-term experiencén measuring binding affinities of
insulin analogues to their receptors by radioligand receptor binding assay, we revitalized this
methodologyand attempted to adapt it teeasurements of insulin concentrations secreteudslls
We presenthe application of a radioligarahd insulin receptdsinding assay, which principle is based
on the competition between insulin in the measuring sample and-1#bigr*'*-labeled inslin for
the insulin recepteA (IR-A) isoformexpressed on the cell membrand\dt9 lymphocytes.

3.1.2. Methods

Cell lines

Cell lines were maintained in a humidified atmosphere containing 5%aC&7°C in a complete
medium specified for each cell line, supplemented with 10% fetal bovine serum, 2-ghiNbamine,
100 U/ml penicillin and streptomycin. Human lymphoblastatesved IM9 cells were provided by
ATCC (cat. # CCL159) and were cultured in RPM#0 medium. Mouse insulinorrderived MING
cells were a kind gift from the Miyazaki laboratory, Osaka Univerdapan. MIN6 cells cultured in
Dul beccobs Modi,bupmethentedvgth-teerchpmethanolnRat clorfakell line INS
1E was purchasddom AddexBio (Cat. # C0018008nd was cultured in RPMI 1640 medium, further
supplemented with 1 mM sodium pyruvate, 50 pivh@rcaptoethanol, and 10 mM HEPES. Rat clonal
b-cell line BRIN-BD11 was provided by Sigma AldrieMerch (Cat. # 10033003) and wgswn in
RPMI 1640 medium.

I nsulin secretion assay

MING cells were seeded at a density of 10° cells/well in 24well culture dishes and grown for 3
daysin 1ml of DMEM high glucose medium supplemented as described above. Before experiments,
cells were mintained for 2 hours in gluco$ee medium. Then, the cells were washed twice and
preincubated for 2 h at 3 in 0.4 ml glucoséree KrebsRinger bicarbonate HEPHSIffer (KRBH,
the composition is shown ihable3-1). Next, the buffer was removed and a new portion of 0.4 ml of
KRBH buffer with a respective stimulant of insulin secretion was addeel®andncubated for 1 h
at 37 °C. The cells were stimulated lwitarious concentrations @f-glucose (0 16 mM), with L-
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arginine (0O 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 oxidatiorfascorbic acid was also added to samples without dopamine to take into account
its potential effects on insulin secretioAfter the incubation period, supernatants were collected and
centrifuged at 1200 rpm for 5 nato remove cells and stored-80 °C

Table3-1. 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
CaCl, 110.98 2 mM
NaHCO3 84.01 5 mM
KCI 74.55 4.6 mM
MgSQO..7H0O 246.47 1 mM
KH 2PO4 136.09 0.4 mM
Na;HPO4.12H20 358.14 0.15 mM
BSA 0.2% (W/V)
Milli -Q

IR binding assay

The radioligand binding assay with the human insulin recepteA(iBoform) in IM-9 cells was
performedas described belovillhe principle of the assay is based on the competition of unlabeled
insulin with radiolabeled insulin for the insulin receptor ba membrane of the living cellStandard
curve wasgeneratedby co-incubating increasing concentration@etermined in advancesing
absorbance at 280 nm and extinction coefficient 584%nvt) of human insulinand a constant
concentration of humart?ljmonoiodotyrosylAl14-insulin (2200 Ci/mmol, 2@00 cpm, about 0.01
nM) with 2.0 x 10°/ml IM-9 cellsfor 2.5 h at 15 °C in HEPES binding buffer (100 mM HEPES, 100
mM NaCl, 5 mM KCI, 1.3 mM MgSQ 1 mM EDTA, 10 mM glucose, 15 mM NaOAc,% BSA
(w/v), pH7.6)in a total volume of 500 pL. After incubation 2200 pL of the reaction volumevas
centrifuged at 13008 g for 10 min. Radioactive pellets were counted using a Wizard 1470 Automatic
o2 Counter. Binding data wer e naimealrggeessmn nethodGr ap h Pad
onesite fitting programThe example of an ideal standard curve is shoviaigure3-1.
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The experimentakamples were measured upihe sameprocedures ofhe radioligand binding
assaydescribed above. Thesulin contained in the samples with unknown insulin concentration was
supposed to compete with radiolabeféd for IR_A on IM-9 cells. After the cencubation and
centrifugatian, the radioactivity of the ceplellet was measure@he measured radioactivity (cpm) was
interpolatedo the insulin concentration (ng/ml) by using the standarde(Figure3-1). For example,
if the measured radioactivity B350 cpm the insulin concentratioim a samplevould be determined
asabout 17ng/ml. The typical sampl#hatwe handld wascollected froma supernatant of incubated
MING cells stimulatedor cell lysatesxtractedrom whole cellsor tissues.

Radioligand 5000+
bound (cpm)

4000+
3000
2350 cpm —

2000+

1000

17 ng/ml (Insulin concentration Insulin (ng/mL)
in measured sample)

Figure3-1. Logarithmic plot showing a typical binding curve of human insulin on humar
A on IM-9 cells. Schematic explanation of how the measured radioactivity (cpm) value ¢
interpolated tansulin concentration (ng/mL)n this case, the measured value (2350 cy
correspondetb 17 ng/mL ofinsulin concentration.
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3.1.3. Resultsand discussion

Comparison of IR binding assay and RIA

First, we comparedwo methods, RIA andour IR binding assay, by measuring different
concentrations of insulin that were prepared from highly pure recombinant human insulin. The
concentration of human insulin was detened spectrophotometrically at 280 nm, using an extinction
coefficient 5840 M cmt. Solutions of human insulin with different concentration were measured for
insulin content by both human RIA kit and IR binding asfaigure 3-2). Figure 3-2A shows a
correlation between insulin concentratiorgesmined spectrophotometrically (x axis) and by human
RIA (y axis), and theFigure 3-2B shows a correlation between concentration determined byxUV
axis) and by IRbinding assayy axis) Apart from the value obtained at lowéssulin concentration
measured by IR binding assdgth methods showed the perfect diagonal correlaliba.small shift
from a linear dependendgascribed to the fact that the standard cufvlR binding assay reaches a
plateau at around 1 ng/ml, and lower than that concentraions cannot be measured pigpeBt1).

The detectiorrangeof the RIA kit isabout0.06 to 1 ng/ml which aboutan order of magnitude
(Figure3-3). On the other hand, the detection range of IR binding dfsgyre3-1) coversmore than
two ordersof magnitude (about B 1000 ng/mLor 5x 10°M 7 2 x 167 M). In other words, all the
samples measureloy RIA in Figure 3-2 were measured aftepreliminary measurements dheir
concenration in advance atiéndiluted accordinglyrior to final measurementwherease all samples

A
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Figure 3-2. Logarithmic plots showing insulin concentrations measured in artificially prep
human insulin samples (x axis, concentrations were determined by UV spectrophotometr
measired by RIA (panel A, y axis) or by IR binding assays (panel B, y.axis)
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Figure 3-3. Logarithmic plot of the standard curve for the measurement of In:
concentration by Rat Insulin RIA kit (cat. #8BK, Millipore Corporation, USA)

measuredby IR binding assain Figure3-2B had concetmations whithin the detection range ahcere
was no needf preliminary dilutions and measuremeftsignificant advantage of the IR coupling test
is therefore the speed of maesmentand simplicity of the assay

Determination of insulin concentration secreted from MING cells upon stimulation with glucose
and with arginine, ornithine, dopamine and serotonin

It wasalreadyshown that arginine stimulates insulin secretion fromsaeaslets and INSE cells
in a doseand glucosalependent manng¢d. C. Henquin, Dufrane, Keonte, & Nenquin, 2015; Z.
Liu et al.,2008) Leiss et al(Leiss et al 2014)suggested that insulin secretion stimulatechdtyonly
L-arginine, but also bydornithinemightdependo n @rdtein a member of the @rotein coupled
receptos.

We probedhe effects of G 10 mM argining(Figure 3-4A) on insulin secretion from MING cells,
stimulated with different glucose concentrationg (06 mM) (Figure 3-5A). The dataindicate that
insulin secretion is already promptedda25 mMglucose concentration with a maximum stimulgtor
effect at about 2 mM. Even though thlecose effect reaches its maximstimulatorylimit at 2 mM,
we showedhat arginine further enhances insulin secreiioa dosedependent manneat the glucose
concentration from 0.2b 16 mM. On the other handragi ni ne doesndt sti mul at e
low glucose concentration, even at the highest concentration of arginine tested (10 mM).
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Figure 3-4. Chemical structures of ligands used to modulate glucmieced insulin
secretion by MING cells

Ornithine (Figure 3-4B) is a nonproteinogenicamino acid and arginine degradation product.
Ornithine, similarly to arginine, was shown to stimulate gluatesgendent insulin secretion by mouse
islets, probably @l 0t h r preceptorgL@ik et al., 2014)

Like in the experiment with arginine, MING cells were stimulated withl® mM ornithine added
at 01 16 mM glucosdFigure3-5B). The data showsthat ornithine has a weaker stimulatory effect on
insulin secretion compared to arginine. Maximum lewéksecretednsulin 30-40 ng/ml were detected
for ornithine stimulabns, while 56120 ng/ml were detected for arginine stimulatioAthough
ornithine has no stimulatory effects in the absence of glucose, it can still stimulate insulin release in a
dosedependent mannar the presence of glucose.

Dopamine(Figure 3-4C) is a hormone and aeurotransmitter that has multifaceted roles in the
certral nervous system. Dopamine is also present in the bloodstream, but its peripherahrefétitits
unclear. The role of dopamine in insulin secretion has repeatedly been considered for decades.
Dopamine was detected insiffecells and in insulin secretory granules, from where it can be co
secreted with insulinMING cells were stimulated with 0 15 mM dopamine added at 016 mM
glucose inFigure3-5C. The resuftindicate that dopamine starting from 1 mM concentration reduces
insulin secretiorio a basalnon-stimulated levelat all concentrations of glucose usédiother study
reported a dosdependent inhibition of Bulin secretion by much lower concentrations @00 puM)
of dopamine in INSLE cells(Rubi et al., 2005)Hence, to remove any doubts, we performed further
investigation of insulirsecretionfrom MING6 cells with lower dopamine concentratigfigure 3-6).
MING cells were stimulated with glucose 0.1 or 16 mM and lower dopamirel (@ mM). As is
described previously, similar dopamidependent inhibition of insulin secretion was observed.

Saotonin(Figure3-4D) is a neurotransmitter with a structure similar to dopamine but derived from
tryptophan. Its biological functions are complex and multifaced, tatidg mood, cgnition, reward,
learning, memory and numerous physiological processes. The serotonin frateli® has also been
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studied for decades, btlie molecular mechanisms bbw the neurotransmitter influences insulin
secretiorareyet to be fully understood. Recently, we demonstrated that serctmuliohbind to insulin
hexamersn vitro (Palivec et al., 2017; Solinova et al., 20MYe hypothesized that serotonin may play
arole ininsulin secretion by potentially stabiliziriffetent oligomeric forms of insuh inside secretory
granules.

Here we tested the effects ofi B0 mM serotonin at @ 16 mM glucose on MING cells insulin
secretion(Figure3-5D). The data irFigure3-5D indicate that serotonin could have an inhibitory effect
on insulin secretion in samples without glucose. Howeverpitttareis more complicated at higher
glucose concentrations. We observed significant inhibition of insulin secretion stimulated wiith 1
mM glucose by 5 mM serotonin and 30 mM serotonin, whilel§ mM serotonin has stimulatory or
no apparent effectespite the experimental errors, this trend is clearly visible in allidependents
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Figure 3-6. Further investigatiowf insulin secretion from MING6 cells wittower dopamine
concentation (O i 1 mM) and glucose0.1 mM and 16 mM) The concentration wa:
determined by IR binding assa&ysterisks indicate that insulin secretion reduced by dopar
differs significantly from insulin secretion induced by glucose d@rtyp < 0.01, ***, p <
0.001)).

experiments. These results are interesting, indicating rather complicated regulation of insulin secretion
by exogenous serotonin.
All the stimulation testof MING cells wereheld in two independent biological experimeapsart
from serotonirstimulation (four independent stimulatory experingeandall data were combined to
single bagraph All samples of the insulin secretion assay obtained from MIN6 stimulated by glucose
and other aminacid compoundsvere tested bRIA as well(data shown irfAsai et al., 2022) and
alltheresultshow he good agreement to the clIBRbiiagassayat i ons
(Figure3-7).

Comparison ofthe determined insulin concentrationin unknown samples obtained by IR binding
assay and RIA

Finally, all data points measured byth IR binding assay and RIA were assembled into one
logarithmic plotin Figure3-7. A linear regression was used to interpolate the bulk of data points, which
showedatherlow dispersion fom relatively broad range afsulin concentratioa The regression line
is slightly shifted in the horizontal direction around the 100 ng/ml asrder, frombeing strictly
diagonal In other wordswhen the insulin concentration is 100 ng/ml or lessbiitling assay teds
to overestimatehe s a mp inilih concentratioomore than lie RIA On the contrarywhen the
concentration is higher than 100 ng/ml, the RIA tends to overestihet@luemore than the binding
assay.This dispersion can be explainedthg differences inmechanisms of each ass&JA relies on
antibodies recogming and binding to insuliB-chain regardless the insulin is denatured or even a part
of proinsulin.whereas IRbinding assayelies on the insulin receptobénding only fully active and
non-damagednsulin. The higher insulin concentrations determingdRbA could be caused by an extra
immunoreaction with damaged insulin or proinsulin that are not detectablelbgdRg assay.
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Figure 3-7. Logarithmic plot showing comparison of all data, i.e., measuremen
secreted insulin concentrations in unknown samples, that were obfeonedVING
cells stimulated bydiffererentreagentsThe xaxis shows the insulin concentratic
determined by RIAandthe y-axis shows the insulin concentration determined by
binding assayThe data show good corelation that the measured values are aligt
the diagonal line.

3.1.4. Conclusions

We rearranged a radioligand receptor binding aksagable rapid and losv cost determinatioof
insulin concentrations with wide range of detection limit. The method utilizes radiolabeled insulin and
IR (insulin receptor) expressed in iMcells. It enables us to examine huge amount of experimental
samples in short time forlawer cost.

After developing the IR binding assay for determining insulin concentratientilized the assay
for studyingthe effects of arginine, ornithine, dopamine, and serotonin on ghiedgeed insulin
secretion from MING cellsWe also systematally 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 metho@yerall, we do not have ambitions to promote our IR binding assay as
amethod to replace the widely used and welidated RIA and ELISA kits. However, becausétef
simplicity andits 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.
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3.1.5. My contributiors

1

54 |

I was responsible for maintainindpe MING6, BRIN-BD11, and INSLE cell lines under
sterilized conditions. This involved meticulous handling and ensuring their optimal growth.

| conducted the insulin secretion assay, which involved seeding MING cells ontell24
culture dishes, inducingsiate of starvation, and subsequently stimulating them with glucose
and various compounds such as arginine, ornithine, dopamine, and serotonin at appropriate
concentrations.

| performed dissections on Wistar rats to obtain pancreatic tissue. Fronr#mezkpancreatic
tissue, | purified pancreatisletsand extracted insulin using acid ethanol. This process enabled
us to specifically isolate pancreatic islets and measure their insulin content.

| carried outRIA experiments and analyzed the ddtm the measurement of insulin
concentrationAll the data obtained from the radioimmunoassay experiments presented in this
publication were acquired through my experiments.

I conductedand optimizedR binding assays to assess insulin concentration and ipedor
detailed data analysis. All the data obtained from the IR binding assays in this publication were
the result of my experimental work.



3.2. The efficiency of insulin production and its content in insulin
expressing model -cells correlate with their Zn?* levels

This chapter is related to Research A€ haracteration and comparison of properties of selected
permanenb-cells lines and islets of Langerhans with a special emphasis on zinc content.

Published in:Petra xianova,Seiva Asaj Martina Chrudinova, Lucie Kosinova, Pavlo Potalitsyn,
Pavel, GBRBemana Hadravov§, Il rena Selicharové§g, Jan
Bryoyowski, Ji $2 . Theefficehcgokinsulihproduction aBdite antet in insulin
expressing model-cells correlate with their Zhlevels. Qen Bidogy. 20200ct;10(10):200137. doi:
10.1098/rsob.200137

3.2.1. Background

Insulin is producedh the pancreatié-cell and stored in the small granules called insséioretory
granuleqISGs) that is assumed to form Zrstabilized oligomers. However, the actual storage forms
of the hormone and the impact of zinc iongrmulin productionin vivo are not knowa.

According to current understanding, proinsulin initially forms solut#gamers that are stabilized
by zinc ions. These hexamers are then processed into a mature insulin molecule thatofdwsists
chains and is made up of 51 amino acids. The insulin molecule remains in theahitained hexamer.

It is believed that therdnsition from proinsulin to insulin hexamer reduties solubility of insulin
oligomers, which eventually lead to the formation of some crystalline material

The X-ray fluorescencéXRF) scans produced unexpected results regarding thiecantent of
INS-1E cels and native rat insulin storage granu{dataare shown i(Dzianova et al., 202Q)
Althoughit is widely recognized that permanent insulinedsaivedb-cell lines produce neatandard
insulin, theactual lack of ZA* in their storage granules was surprising.

Theinitial X-ray fluorescence experimegrmphasized timportance of conducting further research
on the ZRISGs content in relation to the issue of insulin production. As a result, this study aims to
achieve two main objectivefi) to extensively analyze the Zrion content in modeb-cells, and (ii)
to understand the role of Znin insulin production inb-cells We carried out a comparative
characterization of differerfi-cell models:rat-derived permanent INSE and BRINBD11 cell lines
and rat pancreatic islets as a nabveells.
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3.2.2. Methods

RNA extraction and complementary DNA synthesis

Extraction and purificdon of RNA from cells or pancreatic islets was performed, using RNAzol
RT (SigmaAl dr i ¢ h, USA) according to the manufacturer
measured by ultraviolet absorbance at 260 nm with Nanodrop2000 (Thermo Fisher Scienific, US
After extracting the total RNA, 500 ng of RNA was transferred to a new tube and heated fi€to 65
for 5 min and then, transferred to ice immediately to denature the secondary structure of RNA and to
improve reverse transcription efficiency. Fisttand complementary DNA (cDNA) was synthesized
from 500 ng of total RNA, using ReadyScript cDNA synthesis Mix (Sigaaich, USA) as described
in the product manual. Briefly, ReadyScript cDNnthesisMix was added t&RNA samples and
incubated at 25C for 5 min, and next at 4ZC for 30 min, at 85C for 5 min, then held at 4C. After
completion of reverse transcription, the synthesized cldA five times diluted with water.

Quantitative reverse transcription PCR (Polymerase Chain Reaction)

Quantitativereverse transcriptiopolymerase chain reactiogRT-PCR) wasconductedusing the
LightCycler480 (Roche Diagnostics, Mannheim, Germanhlg reversely transcribed reaction product
(corresponding to 20 ng of RNAn 2L was applied on LightCycler81be strips (Roche Diagnostics,
Germany).ReattimePCR was performed with the LightCycler 480 SYBR Green | Master (Roche
Diagnostics) and by monitoring an increase in fluorescence &B& GreenDye. The genegapch,

ZnT8§ rat insulins 1 and 2rjslandins? wereamplified byPCRwith the primershown inTable3-2.
Inslandins2share similar MRNA sequences,ialhallows one primer pair to measure the total insulin
MRNA expression level. mRNAs tfis1, Ins2andZnT8were normalized againgapdh The identity

of the PCR products was confirmed by carrying out electrophoresis on 2.0% agardsiatgeteot
shown)

Table3-2 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 insulinl and 2ijsl1andins?) accatcagcaagcaggtcat gtttgacaaaagcctgggca
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Analysis of total insulin in BRIN-BD11 and INS1E cells and isles okangerhans

The total content of insulin inside the cells was measured by acid ethanol extraction? iBhets1 0
or in the other word, P&ells were sonicated in 3Q of water for 15 s. The sonicates were mixed with
acid ethanol (0.18 M HCI in 96% ethanol) in 1 : 3 proportion of sonicate and acid ethanb) (B¢
mixed solutions in a total volume of 12Q pvere incubated at 4 °C for 12 h. Aftdre incubation,
sampes were centrifuged at DO0g for 5 min and the supernatants transferred to new tubesoféhe
insulin in the supernatants was measured by a sensitive rat insulin RIA (Millipore, Missouri, USA),
according to the manufacturersd instructions.

3.2.3. Resultsard discussion

We systemically compared zinc and insulin contents in the native rat pancreatic islets permanent
cell lines derived from pancreatficells (INSIE and BRINBD11) by flow cytometry, confocal
microscopy, immunoblottingRT-gPCR ofspecificmRNAs and total insulin analysiS.hesestudies
revealed an impaired insulin production in the permaham| lines with the diminished intracellular
zinc content. The drop in insulin andZhevels was paralleled by a lower expressiorZoT8zinc
transpoter mRNA and hampered proinsulin processing/folding in both permanent cell lines derived
from pancreati®-cells.

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to analyze rat pancreatic islets and two
permanent cell ling INS1E and BRINBD11 (Figure3-8). The ISGs in INSLE and BRINBD11 cells
were found to be much fewer in number and smaller in size compdhedéoin rat islets. Additionally,
the permanent cell lines lacked a visible hfdigure 3-8B andD), which is a characteristic feature of
mature ISGsand may indicate the presence of proinsulin in themagiear region. In contrast, the rat
i sl et cel |l s exhi bdells with demse coaer ngature iISGanand a transfucerfi halo
(marked by arrows ifrigure 3-8E and F) along with some immature IS@&th slightly larger size.
The rat islet cells also displayed scattered lamellar endoplasmic reticulum, Golgi apparatus, and
numerous mitochondria.

Flow cytometry analysis

The intracellular Zfi visualization and quantificatiowere conductedby staining with FluoZin
3AM high zr¢* affinity probein the dispensed native rat pancreatic cells, INScells and BRIN
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Figure 3-8. Transmission electrot
microscopy images of different typ
of cells. (A, B) is the images o
BRIN-BD11 cells. (C, D), is the
images of INSLE cells, and (E, F
show the images of rat pancrea
islets. (A, C and E) Show csll
magnified 10 000 times, and imag:
in (B, D and F) were taken with 4
= 000 times magnification. Arrows it
(A - F) indicate ISGs. M indicate:
mitochondria. N indicates nucleus.

INS-1E BRIN-BD11

Rat pancreatic islets

BD11 cells The effect of the celpermeable Z# chelatorTPEN(N,N,N,N-Tetraks(2-pyridylmethyl)
ethylenediaminepn the quenching of FluoZi¥8BAM was also investigatedrigure 3-9 shows the
quantified amount of Ziin the cels.

The fluorescence intensity of the untreated cells (autofluorescence) was determined first, followed
by the cells treated by FluoZBAM, with or without the pretreatment of the Zichelator TPEN. All
cell types showedn increase in fluorescence irgdp after treatment with FluoZiBAM, when
compared to the basal autofluorescence. The significant decrease of fluorescence was also measured in
all cell types with after prreatment with TPEN. The intensity of fluorescence in rat pancieatdls
wasapproximately 5 8times higher than the other cell types we measured{IN&nd BRINBD11).

Western blot analysis of insulin and proinsulin in cell samples

The insulin contentin the native rat pancreatislets INS-1E cells and BRINBD11 cellswas
checked by SD®AGE and subsequent Western blott{fkggure 3-10). Two different amountof
human insulin and proinsulin werealibed as positive control on the laddg 4. HomogenizedNS-1E

58 |



25000 {. Figure 3-9. Flow cytometry
3 i analysis. The intensity o
§ 20000 fluorescence of INSE (green),
£ 15000 BRIN-BD11(blue) and rat
= native pancreatic islet cell
E 10 000 - (red). The left bar in each cel
2 type shows autofluorescence
£ 5000 1 - untreated cells, the middle bz
- .y - shows the fluorescence of tr

e d .
0 P =T T T cells treated with
& @‘“@ & @’\“ > Q@\\o&é‘v@ TPEN/FIuoZin3AM and  the
\Q@“ ‘\/‘Q S é\ /\/\o \}0\ @ @ right bar shows the fluorescenc
\\Q@ ¥ Q\\P 0‘\\‘ ?v(coo S Q\ in the cells treated by FluoZin
» 0'\*\ < o >°0 > 3AM only.
< Q\o e

cell sampleshat were treated or untreateih ZnClh were loaded on the lagBi 8 with two different
amounts. Homogenized BRIBRD11 cell samples that were treated or untreated with Zn€fe
loaded on the lam9 i 12 with two different amountsHomogenized at Langerhangslets samples
were loaded on the las&31 14 with twodifferent amounts. As expected, the samples prepared from
rat Langerhans islets shows insulin content as the main Byndontrast samples prepared from
BRIN-BD11 cellsd i dshdivany detectable insulipositive bandsegardless of the zinc treatment or
the loading amounts. The samples prepared fromlES$ells show considerable amount of insulin
contens. Remarkably,ite sample contained not only insulin, but also proinsulin, which was not
appearedn thesamples of.angerhansslets as well as an upscified protein with a larger molecular
weight(annotated with asterisks Figure3-10).

The zinc treatment seems to increase the unidentified insulin positieéngrafith larger molecular
weight. Despite repeated atipts at Nterminal amino acid sequencing, tryptic digestiomass
spectrometry (MS) analysis or immunoprecipitation, these proteins could not be unequivocally
identified. However, the MS data of theoteolytic digests of the lower (10 kDa) band showed only the
presence of insulin fragments, and no other proteins (data not shown).

RT-gPCR analysis ofinsulin and ZnT8 mRNA expression level

We also assessed the mRNA expression levelssofin andZnT8by RT-gPCR analysisHigure
3-11A and B). The mRNA expression levels of pancreatic permanent cell lines and isolated rat
Langerhans islets were tested and norzedlbyglyceraldehyde3-phosphatégapdh expression level.
The remarkable differences between a very high expressioswin mRNA in native rat islets, and
approximately 76old andespecially 30 00@old lower insulin expression in INSLE or BRINBD11
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cells, respectivelyRigure3-11A). The relative expression levels of the zinc transpa@ar8mRNA
was also determined to elucidate whether thfé ansport is disrupted these cell lines. This revealed
that the expreson ofZnT8in the INS1E and BRINBD11 cells is markedly decreased in comparison

with the rat isletsKigure3-11B).

Analysis of the total insulin content

To compkte the estimation of insulin in the studied cells and rat islets, their total insulin contents
were determined by RIAFigure3-11C). 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, appximately 3 506fold lower level of total insulin in INSE or BRINBD11

cells, respectively.

3.2.4. Conclusiors

Through this study, we found a strong correlation between levels of intracellétan Zme studied

b-cells and their capacityf produdéng insulin and foléhg the hormongroperly.
It is not yet clear whether zinc deficiency associated with decreased Zinc transporter ZnT8

productioncauses abnormal insulin production, or whethef* Zieficiency and abmmal insulin
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production are caused loyherdifferent causal factsr However the permanent cell lines, compared
with nativeb-cells from healthy Langerhans isleshpwed a simultaneous alteration suctexseased
insulin-productivity,expression levedf ZnT8MRNA, amount ofntracellularZn?*, as well as abnormal
morphology observed under electron microscopy. Nevertheless, it cannot be excluded that, considering
the important role of Z& in insulin oligomerizatiorin 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 permbsuetiis and their
application to structural studies. This is of special importance for a reiiebdéeomo d el wdll t he
for effective dabetes research and clinical applicatione must take these facts into account and
reconcile them as we continue our research.
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Figure3-11. (A) RT-gPCR analysis of rat insulin mRNA exgssion in rat pancreati
islets, INS1E and BRINBD11 cells. The insulin mRNA expression levels (on
logarithmic scale) arenormalized by glyceraldehydes-phosphate(gapd) mRNA

expression(B) RT-gPCR analysis of radnT8BmMRNA expression in rat pancreaislets,

INS-1E and BRINBD11 cells. TheZnT8 mRNA expression levels areormalized by
gapdh mRNA expression level(C) The analysis of the total insulin content in 1
pancreatic islets, INGE and BRINBD11 cells. The total amount of insulin (ngl) is

shown in a logarithmic scale.
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3.2.5. My contributiors

1

62 |

| was responsible for maintaining BRIBD11 and INS1E cell lines undesterileconditions.
This involved matulous handling and ensuring their optimal growth.

| performed dissections on Wistar rats to obtain pancreatic tissue.

From the extracted pancreatic tissue, | purified pancreatis iskgt clusters and extracted
insulin using acid ethanol. This prosemnabled us to specifically isolate pancreatic islets and
measure their insulin content.

| carried outRIA experiments and analyzed the data for the measurement of insulin
concentration.

| carried out RNA extraction from islets, INEE cells and BRINBD11 cells, followed by
reverse transcription to synthesize cDNA.

| conducted the followingeattime PCR analysief selected genam the three cell types to
perform a comparative study.



3.3. Characterizatonof i nsulin crystadel ine form
secgetory granules

This chapter is related to Research Ai#)sElucidation ofinsulin storage formsn the secretory
granul es of -celduadermeanative eoaditions b

Published in:Seiya Asaj Jana Moravcovd, e nka G8kov §, Il rena Selicharo
Andr zej Mar ek Br zozows k i Ghardcier&atiooNimsulig drystadline fanm d =~ J i S 2
i n i s odcedl t gecretoryb granules Open Biology. 2022 Dec; 12(12). 220322.

doi.org/10.1098/rsob.220322

3.3.1. Background

I nsulin is stored in insul--dis.lsditisfistysynthesiged anul e
as 110 amino acids preproinsulin in endoplaseticulum, which undergoes cleavage of itsgkiminal
signal sequence to form proinsulin. Subsequently, a sofgla 81 amino acid proinsulin is moved to
the Golgi apparatus where it is folded properly. The proinsulin is then transported and staelhin in
secretory granulesn vitro studies have suggested that singain proinsulin forms Z44- stabilized
hexamers in Z#i-rich secretory granuleSpecific convertases | e ave out -ppptideitons ul i n
produce mature insulin in the form of Zshexamerlnsulin has low solubility at the mildly acidic pH
in secretory granules, which helps in the conversion from proinsulin and protects mature insulin from
proteolysisMoreover, 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 ZA*-stabilized insulin hexamers stored in secretpanulesn vivo.

In 1969, Dorot hy M. Hodgki nb6s gr andepstadimg dfe a s
insulinés structure by successf ulrhombobedmalsrysals | i zi n
of 2Zr?* pig insulin hexamefM. J. Adams et al., 1969)his achievement has led to the determination
of hundreds ofn 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, incledisg’3
and R, which depend on the conformation of insulin monomers forming the hexamer discussed
in the introduction sectio(Figure1-4). Briefly, insulin monomers differ based on the conformation of
B1-B6 residues of the Bhain. TheT conformation has B1B6 residues in an extended conformation,
followed by a B7 B10 typel Ib-8trand, followed by an invariant BB 1 9-heliX. In the presence of
higher concentrations of small aromatic alcohols, such as phenol, i B&gment of insulin can
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adopt the U helical conformati on,CN¢Gl brizé*ibnst he R

or lower concentrations of cyclic alcohols, the long helix B in the R state shortens to thB183

segment,andthe BIB3 resi dues oO6frayo ap'éomtofinsgin.vi ng what
Electron microscopic images of thinctens of the pancreatfe-cells often show a dense, regular

pattern core, that suggesting the presence of insulin crysSigise3-8F). However, due to their small

size, delicate nature, and challenging handling, the specific structural features of insulin storage forms

within these granules remain unknowie 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 human tissues and plant seeds date bathketmineteentltentury

Generally, the aggregation or crystallization of prgenside cellsnay have a detrimental effect on

cel | s& (Doyealouis] & Yepdruscolo, 2004However, only a few proteins that naturally

crystallize inside cedl have been detected in humans, and interestingly, all of ibargassociated

with some pathological conditiofschonherr, Rudolph, & Redecke, 2018herefore, if insulin is

indeed tored in a crystalline form in tHecells, it would represent a unique example of the functionally

beneficial role ofn vivo protein crystallization in the human body.

3.3.2. Methods related to my contribution

Cell culture

The cultivation of permanent cellsrileed from pancreatib-cells of rodent origin, rat or mouse in
our case. The maigoal was to accumulatenoughcells, 256300 million cells in our casdo get
sufficient amount of IS&fraction after their isolationThis wasrathera difficult taskbeause the
cultivation and maintaining the culture in a good shtap& few weeks and several times failed due to
thecellshdeathwithout an obvious reasoWe started experiments wiBRIN-BD-11 andNS-1E cells
that grow relatively well but the gotty of insulin productionand their secretory properties are not
optimal (Dzianova et al., 2020; Seiya Asai 202Bence, we turned owattention to MING cells that
represent more native model bfcells. We contacted ProfMyiazaki in Osaka Universitywho
established MING cell linefH. Ishihara et al., 1993; J. Miyazaki et al., 1999 kindly offeredus a
sample of an early passage of original MING cell.line

Isolation of secretory granules fromMING6 cells and preparation of samples for CryeEM

The granule isolation was carried out according to the protocol outlined by BeiralgBrunner
et al., 2007)and descgbed in detail in Dzianovat al. (Dzianova et al., 2020Briefly, MIN6 cells
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grown to confluence iright to ten culture flasks wittb0 cn of growth areavere preparedndwere
collecied using scrapers witthosphatéuffered saline®BS.

A buffer composed of 0.27 M sucrose, 10 mM MOPS, 1 M Tris, pH 6.7 (SMT bufésrprepared
for the following isolation proces€ells were homogenized in 15Lnof SMT buffer using a 26
needle and then a Z5needldo break them down. The mixture was centrifuged for 5 minutes at 1000
g to remove the debris and nuclei, and the supernatantravesterred to a new tube. The remaining
pellet was homogenized in 18L 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 obtaipostnuclear supemtant (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
composedf three layes (23.4, 8.8 and 4.4% wNycodenz in SMT buffer, pH 6.@nd centrifuged at
107 000 g for 75 min. The cloudy IS@action was collected arfdled upto 10 mL with SMTbuffer.
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 ca#dand washed three time with 10 mL of
SMT buffer, followed by centrifugation at 30 000ay 20 min.ISGs were finally resuspended in 100
puL of SMT bufferand strictly kept at 1 4 °C. This samplavas transported on ice as quickly as possible
to CEITEC facility in Brno for microscopic analyses

This suspension was applied to the freshly plasi@aned holey carbon TEM grid (Quantifoil, Cu,
200 mesh, R2/1) and vitrobot IV (Therr8gientific). The saple was incubated f&0 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. Resultsand discussion

Comparison of permanent cell lines by focused ion beam/scanning electron microscopy

Serial focusedon beam/ scanning electron microscopy (FIB/SEM) imaging was employed to
compare the insulin secretory granules in each op#rereatid-cell derivedpermanent cell lines
(INS-1E cells, MING6 cells, and BRHBD11 cells).Here, we were able to analyze the appearance of
the granules and their content in the entire pancréat&l as well as rebuild the threfmensional

| 65



volume of the entireells, or part of their volumenlthe end, this enabled us to compare vareosl|
lines in the context of their overall morphology.

We used the FIB/SEM data to rebuild and segment éntigdls, identify insulin secretory granules,
and compare the populations of these components among the examined cell lines in terms of quantity
and siz€Figure3-12). WhileINS-1E and MING cells have a similar number of granules per cell, BRIN
BD11 cells have a significantly lower density of insulin secretory grariblgare3-12A, C, and E)
We found that the apparent average size of granules (including the envelope) and insulin particles inside
the granules is smaller in BRIBD11 (146 £ 22 nm and 94 £ 10 nm, resfively) than in INSLE (238

Figure3-12. FIB/SEM microscopy images of thesualizedsegmentsf b-cells. The Images (A)
and (B) aetaken from INSLE cells, (C) and (D) are from MING6 cells, and (E) and (F) are fi
BRIN-BD11 cells.The panel (A), (C) an¢E) show segmented cells where only nuclei (colo
in red) and insulin secretory granules (colored in greeayisualized (B), (D), and (F) show
scanning electron microscopy images of segmented cells contrasted by uranyl acet
osmium tetroxide. Yellow arrows point at insulin secretory granules enveloped with a men
vesicle. Blue arrows show nuclear envelope, green arpmint at mitochondria and red arrov
show Golgi apparatus inside of the cell cytosol. Brown arrows point to the endoplasmic ret
visible in INS1E and BRINBD11 cells and the orange arrow points to a BRBIDN11 cell

ribosome.
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*+ 43 nm and 157 + 33 nm) and MING (250 + 29 nm and 142 + 12 nm) cells, which have a similar size
of granulesConsideringhese resultand our previous research, we selected the MING cells for further
isolation and analysisf ansulin secretory granules, as they appear as a more Higévaodel of the

b-cells than INSLE or BRINBD11 cells.

Cryo-EM analyses of insulin secretory granules isolated MING cells

The Cryoelectron microscopy (Cry&M) imaging of the isolated gralas showed dense globular
shapes with a diameter of 2203 nm, an average size of 1981 nmbased on aanalysisof 35 dense
core particleswith a clearly visible regular arrangemehigure3-13). The crystallindike cenersof
the granules were either membrdree (Figure 3-13A) or encapsulated in the membrarég(re
3-13B). The TEM images also showed that some granules meinéeat membrane, while other insulin
containing particles ldctheir envelope completely or partiall$eiya 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 maintha@ir shape.

Inspired by the crystallindike properties observed in thgranular core we attempted further
observation to acquire continuous rotation electron diffraction tomography (&) to determine
the insulin structure in this crystalline lattiddowever,we did not observe reflection peaks beyond
approximately 5 A, even in the static images. Therefore, we subsequently focused on the analysis of
the lowresolution diffraction taletermine the unit cell parameters of these crystalline ddezs, we
either collected discontinuous EDT data, withid0° tilt range(with 2° step)and image tracking step
after every tilt.The data analysis relied only on the directions of the fafles. In total, we analyzed
20 granule dense cores and found that, in 19 cases, the crystalsrfmmbemhedralattice with unit

o

Figure 3-13. Cryc-EM images of the purified MIN6 cells insulin granules. Only 1
granule dense core is present in (A), whereas the whole granule is shown in (E
bar corresponds to 100min both inserts.
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celldimensionsad b& 96.5A,U 98°,b 404 120°, whereas, in the last case, the parameters of the
rhombohedral lattiewerea 8 b 8 84.0A,c 382 AU & 909,08120° The latter, smaller lattice
is in good agreement with the lattice parameters of human*4r&ulin hexamersa(= b = 80.953 A,
¢ = 37.636 A crystallizedin vitro, analyzedoy X-ray diffraction and reportefirstly in TsR's form by
Smithet al.(G. D. Smith, D. C. Swenson, E. J. Dodson, G. G. Dodson, & Reynolds,, 1@84pne
insulin hexamer in the asymmetric u(U) (space grouiR3.

However,the majority of crystalsraalyzed in this study havecaaxis dimension that is more than
twice the size of individual hexamers, indicating that larger assemblies of insulin hexamers are
preferred over ihvivodiventhesicadf the ldrgenumitioad, insulin arrangement
suggests the presence of two (or more) hexamers on top of each other, as obserirediirotbeystal
structurea = b = 82.7A, c =68.1 AU 034 90°,0 120° reportedy Murayoshiet al.(PDB DOI:
https://doi.org/10.2210/pdb3W80/pdd nd e e d , evidendea ke atdovodegadmer iim
microcrystalsn cellulowasalready providetbeforeby Ragka et al (I. Raska, J. Komrska, M. Titlbach,
& Rieder, 1978) However, their biological material is supposed & duffered from considerable
detrimental effects due to fixation, dehydration, embedding and compression during the sectioning
process compared to our sample preparafibe. crystal lattice structure of insulin by Murayoshi et.
al. consists of staggerelamns of tightly packed hexamers arranged on top of each other. This
arrangement in granulesd |l attice would provide ali
insulin hexamer or dimer crystal packing motif, and prolong the storage life timsubi 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. Conclusiors

The structural features of the storage forms of insulin are unknown due to their size, fragile character
and difficulty of handling. Hence, tHeng-standingquestionof the insulincrystalline (or any other)
structurdn the secretory granuléss been gued for decadegVe 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 granulds-adlls in a crystalline formThis metlod
allowed us to study the structure of a single insulin storage granule particle uneatheaconditions.

Through our analysis, we were able to identify the crystal unit cells of crystalline insulin in native
granule preparation$Ve detected @hree-dimensionalegular arrangement in the dense core particles
within the secretory granules, indicating the presence of crystalline material. We identified two types

of rnombohedral lattices in these microcrystalsninor lattice with the unit cell dimeossa b a
840A c 3%2A U & 9® o 4127, and a highly predominant lattice form with the unit cell
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dimensionm & 96.54,0 c98°b & 128°. The minor form of the lattice corresponds relatively
well to the presence of the hexamef#r?* insulin crystal formthat possibly to the sR's hexamer of
insulin. The other predominant lattice form had almost twice the length afdRes, indicates the
presence of higher oligomeric packing of insulin forsisch as two toroidddexamers stacked on top
of each ot her ( Pphiseesedroh cléadgondiregpeevioels adsumption that insulin
stored in cells exists in a crystalline form. Furthermore, we offer precise information regardimg the
cellulo crystal lattice pameters and hexamer packing, which were analyzed under the most native
experimental conditions to dafEhese results will hopefully inspire further research into this question
a higher resolution

This study brings important new information regardingitisellin crystalline state in the secretory
granul es of -cells@asingpradert ce# bne under rfeaative conditions. The robust
experimental data shathat insulin is present in microcrystalline foimtwo different rhomboidal
crystal latices. The minor lattice issimilar to known,in vitro crystallized4Zr?* hexamercrystals,
whereas the prevalernarger one may contain more of such hexanreendoligomeric forms These
results will hopefully inspire further research into this quesi®higher resolution

3.3.5. My contributiors

1 | was responsible for maintainiddING6, BRIN-BD11 and INSLE cell lines under sterilized
conditions. This involved meticulous handling and ensuring their optimal growth.
1 | optimized andcarried out the isolation of secretory granules from MING6 cells by

discontinuous gradiemtf Nycodenzwith anultracentrifuge.
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3.4. Studying effects of osteocalcin and its fragments dmcells
(unpublished results)

This chapter is related to Research AlStudyingthe effects of selected compounds on insulin
secreti on f alsranddkStudyingetfercts af osteocalcin and its fragmentb-gells.

3.4.1. Background

We have alreadyaddressedn the Introduction thapotential involvement ofdecarboxylated
osteocalcinlOCN) in glucose metabolispspecifically its capacity to stimulate the proliferation and
gr owt kellsarf Islefs of Langerhans and native pansress well as enhangent of insulin
expression and pductionin these tissue@-erron et al., 2012; N. K. Lee et al., 2007; Mizokami et al.,
2013; Mizokami et al., 2014; Wei et al., 2014)this study we speculated whetl@CN can also have
some role in stimulating insulin secretionimmortalizedb-cellsin culture e.g.,MING6 cells

HumanOCNis a small protein of 49 residues. Interestingly the crystal and NMR strushowesd
that 3D structure o®CN can be divided into several helical or disordered segments separated by Pro
or Gly residuegFigure3-14). These structural features@CN inspired  toinvestigateahe properties
of not onlythe full length of the completeljecarboxylatedDCN but also itsshortenedragments. The
goal was to define minim&CN structure that is necessary for eliciting its biological effects-cefis.

The primary structure of humaCNis shownin Figure3-14. Our experimental approach involved
dividing the sequence d&DCN into four partially overlapping segments, each comprising specific

Figure3-14. The 3D crystal structure of bovine osteocalcin (4MZZ) (Malashkevich VN €
Biochemistry 52, 8388392, 2013) shown in a ribbon representation (in gray). The res
1-12 are not visiblén the structue. Prol3, Pro27 and Gly31 separating individual disorde
or helical segments are shown in green
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residuesl-13, 1327, 2737 and 3749. These peptides would represent individual segments separated
by Prol13, Pro27 an@ly27 (Table3-3). Moreover, we also preparedppeles covering two or three of
these segments tncreasethe chance to identify active parts of the structures. Some of peptides
contained only one Cys residue aimdsuch a casét, was replaced by S€IN569, IN-579, IN570and
IN-582). Peptidesith two Cysresidues have a disulfide bridg®l-600, IN-629 and IN630).

Table3-3 The primary structure of humatecarboxylatedDCN. Individual segments are colored
in orange (112), blue (1426), red(28-36) and green (389). Pro13, pro27 and Gly37 are in black
Glu residues that are carboxylated (to Gla) in the storage form of osteocalcin are in italics
residues or Ser residues that replaced Cys are underlined.

Human osteocalcin

YLYQWLGAPVPY PREDPLEPRREVCELNP?’DCDELADHIG¥FQEAYRRFYGPV

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

3.4.2. Methods

Osteocalcin

HumanOCN( 1 completelydecarboxylated (Glul7, 21 and 24) was purchésed Bachem
(Switzerlang. The peptide was dissolved in 0.1% AcOH in m@liwater The concentration ahe
OCN solution wasdeterminedby measuringhe absorbance at 280 nby NanoDrop Onfe(Thermo
Fisher Scientific, United States), with axtinction coefficienbf 12950 M*cni?.
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Peptide synthesis

Peptides were synthesized by sqilthse peptide synthesis (SPPS) mrloaded Wang resins
(Merck). We usestandard 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 MpFotected amino
acids solubilized i n -fethl@peridineHIB/MMHBTUNNDMMEMDIZO0 % 4
in DMF and 1 M DIPEA in DMF.

The preloaded Wang resin was placed imizyringes 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 1V Synthesizer. Generally, two couplings for 1h were done for each
position d the peptides. The first coupling was done with 4 eq. of Famino acid and 4.1 eq. of DIC.
The second coupling was done with 4 eq. of FHamino acid, 3.8 eq. of HBTU and 7.6 eq. of DIPEA.
The Fmoc group wa smethylpgperidiredn DMF dr B and Q0 ndien. Alfter the
couplings and Fmoc group deprotection, the resin was wask@diin with 2 ml of DMF.

Peptides were cleaved from the resin by treatment with an acidic codigait (TIPS : H.O =95:
2.5: 2.5 vlv) for 2 hours. Crude peptidesre 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 & Absor bd@&celumb 56elOmno, 7Yym, UuUSi ng
MachereyNa g e | ) at a flow rate of 4 ml/min and the fo
min/ 100% B, t = 31 min/ 10 % B. Solvent A is 0.1 ¢
(v/v). Compounds were detected at 218 and 254 nm. The purity fihéheeptides was checked by
using HPLC on a Watrex HPLC system (Watrex DeltaClizoR200 binary Pump and Wufeng LC
100 UV Detector), using a Nucleosil 280C8 column (25k 4.6 mm, 5 um, Macherelagel) at a
flow rate of 1 ml/min, with the same gradiemtd solvents as described for the preparative HPLC.

Peptide precursors for HH00, IN-629 and IN630 were prepared with Acm protection of cysteine
thiol groups. The disfilde bridge formation was done as described by Lubak @ubos et al., 2023)
The peptide was dissolved at a concentratiohM @ 40% AcOH. lodine (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. Theductwas purified anénalyzedas described above.

The HPLCpurities of all final peptidgreparationsvere more than 95% (at 218 nm) and their
identities wereconfirmedby massspectrometry (ESI)
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Insulin secretion assay

Insulin secretory effect of different compounds are tested (as we discussed in the Z&cion
Insulin secretion assay). Briefly, MIN6 cells were seeded at a density @fcells/well in 24well
culture plateand grown for 3 days idml of DMEM high glucose mediunBefore proceeding the
experimentcells were maintained in glucefi®e mediumfor 2 hours Then, the cells were washed
twice and preincubated for 2 h at 37 °C in 0.4 ml gludose 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 °C. The cells were stimulated@@N and fragmente@CN derivatives
After the incubation period, supernatants were collected andfagad at 1200 rpm for 5 mins to
remove cells and stored-&0 °C.

Determining insulin concentration by | R-binding assay

IR-binding assayasconducted as we described in the seclidraccording toAsai et al.(Asai et
al., 2021) Briefly, standard curve was generht®y ceincubating increasing concentrations of human
insulin and a constant concentration of radiolabeled human insulin with 259mI1M-9 cells for 2.5
h at 15 °C in HEPES binding buffer. After the incubation, 2 x 200 yL of the reaction volume was
centrifuged at 13000 x g for 10 min. Radioactive pellets were counted using a Wizard 1470 Automatic
2 Counter.

The measuring sample with unknown insulin concentration was treated as same as the standard
curve. After the cancubation and centrifugation,dtsupernatant 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 oOCN and its deriatives 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
degribed as g44,5dimethylthiazoi2-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 | by adding 50 L diluted
collagen solution to each well. The platedlaced in the incubator at 3€ for 2 hours. After the
i ncubation per i ocklllihes MINEaelld) are seadedvted wall glatebat a density
of 0.5 x 10 cells/well in 100 pL of complete medium. The plate with cells is then incuba@t°e
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 pL of serum free medium
containing various compounds in different amoustadded. The next day in the evening, 50 L 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 &C3vith 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 secretionassay on MING cells

MING cells cultured in24 well plates were 800+

stimulated by addin@CN and its fragmented °
derivatives along with16 mM glucosdFigure 500+ o
3-15). A stimulant containing10 nM GLR1 £ %
with 16 mM glucose was also prepared as% e oo
positive control. The Addition of 16 mM £ o °
glucose shows clearlyenhanced insulin 1 gE v. . g
secretion from MING6 cells compared tihe | o808 ﬁ r%’l ﬁ
basal level withO mM glucose. However, &Q«*‘ o J},&” «ﬁ‘* 6‘;}* 0@‘
regardless of the concentratién5 4 n M s5 . g»°°°’ o ¢ %@\s"o @‘*06 . e@"s
UM), OCN di dnét exhibit any &t Mﬁuya tgaé\r y

effect on insulin secretion from MING cell®n

the other hand10 nM GLR1 plus 16 mM Figure3-15. Insulin secretion assay on MING cel
with osteocalcimt different concentration in thi

presence of glucose (16 mM)O nM GLR1 was
a stimulatory effecton insulin secretion as a gdded as a positive control.

glucose stimulation successfuliemonstrated

positive control.

Likewise, the synthesized peptides of
fragmentedOCN derivativeswere added for the insulin secretion assay to obsenie $tienulatory
effect Figure3-16). None of the fragmented derivativaisa concentration &G00nM stimulated insulin
secretion from MING celldn contrast10 nM GLR1 with 16 mM glucos&vas able tstimulate insulin
secretion as a positive control.

In summaryneitherOCN nor its fragmented derivativexhibitedany insulin stimulatory effect.
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* p=00146
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Figure 3-16. Insulin secretion assay on MING6 cells with fragmented derivative:
osteocalcin (500 nM) in the presenceléf mM glucose. 10 nM GLHA was added as
positive control.Corresponding stimulusvas added to cultured MIN6 cells and tr
supernatant was collected after incubafimgl hour. The insulin concentration in ea
sample was measured by-ihding assay.

Proliferation effect of osteocdld cin and its deri

It hasbeenpreviouslyreported that the biologically active form ©fCN, in which all Glu residues
are decarboxyl ated, possesses the podels,agwell t o
as enhance insulin expression and producilitierefore we conducted an investigatiom assess the
potential proliferation effect o OCN and its fragmented derivatives @ermanent immortalized
p ancr-edls TheMTH assay was employed to evaluate cell viability and proliferation. The results
yi el ded mi xed outcomes, displ ayi wdjlinbsadrdssspverali t i v e
technical replicates. While certain replicates demonstrated a favorable impact on cell proliferation, it
was not consistently reproducible across glleziments.
Several individual MTT assayvere conducted and analyzed independently as technical replicate
Figure 3-17A demonstrates a concentratidependentproliferative effect of OCN o n -cefs,
particularly noticeable at concentrations exceeding 5 nNidare3-17B, a slightproliferative effect
is observed amore than 5 nMconcentrationshowever, it remains at a negligible level, requiring
cautious interpretationConversely, multiple experimentd-igure 3-17C) exhibit limited to no
proliferation effect on MIN@-cells.Figure3-17D includes darger sample size (n = 16) pgnoupin
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an attempt to identify potential distinctions. Nonetheless, the observed effect is minimal (p = 0.222),
making it uncertain wheth@CN stimulates proliferation in isolatechmortalizedp ancr €dls i ¢ b
Moreover, the fragmented derivatives@EN weretested byMTT proliferation assaysSimilar to
OCN itself, the independent technical realiesshowinconsistent results. In ord the experimeng
(Figure3-18A), no significant effect is observed for a@€N derivatives at a concentratioh100 nM,
including 10 nM GLPL1. Conversely, another experimeRigure3-188) r eveal s a -posi ti ve
cell proliferation for certain compounds, including il GLP-1. Notably, previous reports indicate
that GLR1 pr omot es i n-sel proliferatisny and rreegenes®oyle B Egan, 2007;
Drucker, 2006)as mentioned in Sectioh5.7. However, the specific structural characteristiuat
responsible for the proliferation effect, observed in5®8, 569, 580, 582, and 630, awher
challenging to identifyTable3-3). Furthermore, it istrangeghatOCNitself lacks a proliferation effect,
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Figure3-17. The MTT proliferation assay was performed to evaluate the impact of osteo
(OCN) on cell proliferation. The assay was conducted using MIN6 cells, aestalblished cell
l ine model fcalls. Abpogbancer at 57® nmcwareasuredand the otained data
were normalized using untreated sam{@$iM osteocalcinps a reference, with a normalize
value of 1.
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while some of its fragmented derivatives exhibit such effects. The peremlicingpattern observed
in Figure 3-18B raises the possibility of positional effects within the culture plate, which cannot be
entirely ruled out as potential artifacts.

MING -

1.1 : . 1.6+ ‘

\ Tﬁﬁﬂﬁﬁﬁm'ﬁﬁﬁﬁ

T T T T
P ® O RS DS P S N (SR S TP UL R B I I e
& F S & E R & & F S & &
,ée? R I R R R \éﬁ o N R \‘\‘ N
S
>
100 nM 10 nM 200 nM 10 0M

Figure3-18. The MTT proliferation assay was performed to evaluate the impetgrhentedDCN
derivativeson cell proliferation. The assay was conducted using MING cells. Absorbance at 5
weremeasuredand the obtained data were normalized using untreated saas@agference, witl
a normalized value of 1.
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3.4.4. Conclusios

We observed both positive amtonsistent effects @CNanditsd e r i v a t-delMiees acrogs b
several techni cal hardtopdncludavihetle@CN Aabkedhe préliferareeffecti t 6 s
on MING6 b-cellsor not However,we should not forget that our experimental desigludestesting
an isolated andmmortalized b-cell line, but not primary cells nor living organisms. There is a
possibility thatthe establishegermanenb-cell line lacls expression osomecrucial receptds) or
transcription factoréDzianova et al., 2020gsponsible fomediatingDCNand itsproliferativeeffecs.
Furthermore, it is worth considering that other factors within the organism may play a role in the
medanisms of proliferation. For instance, factors like GLBr chemical communication with
di fferent cell types presedte eWil tshellsecoypdpoientialyat i ¢ i s |
influence the proliferation process. These factors imi&yact and contribute to the overall proliferative
response that we couldndét test in our experiment a
Lastly, we acknowledge that our experimental design itself could be a contributing factor to the
inconsistent results obtained. Therefore, ftAneeconsideration and refinement of our experimental
design are warranted before repeatingsdexperimens in order to address potential limitations and
enhance the reliability of the findings.

3.4.5. My contributions

1 I was responsible for maintaining the NG cell line under sterilized conditions

9 | conducted the peptide synthesis of all fragmented OCN derivatives and purification
procedures.

1 | conducted the insulin secretion assay, which involved seeding MING cells ontell24
culture dishes, inducing aasé of starvation, and subsequently stimulating them with glucose
and GCN and fragmented CN derivatives.

9 | carried out IR binding assay to assess insulin concentration and performed detailed data
analysis. All the dataf insulin concentratiopresentedn this chapterwere acquired through
my experimental work.

T I conducted MTT assay to assess the peptidesbd
analysis. All the data of MTT assay presented in this chapter were acquired through my

experimental wrk.
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3.5. Testing insulin secretion effect oftyptophan and its metabolites on
MING cells (unpublished results)

This chapter is related to Research Aiy&tudyingthe effects of selected compounds on insulin
secretion f icalsandd)Stdyingeffects ottrydiophan metabolites on insulin secretion
from parels.eatic b

3.5.1. Background

Accumulating evidence implicates metabolites produced by gut microbes as crucial mediators of
diet induced hosinicrobial crosdalk (Roager & Licht, 2018)Tryptophan is an esatial 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 inte§Bné&venepoel, 1999%ubstantial amounts of
proteins and amino acid may reach the cdl@ibson, Sladen, & Dawson, 1976&yhere a range of
commensal bacteria degrade them. Several bacterial species have been reported to be able to convert
tryptophan into indole and intebderivativegRoager & Licht, 2018)Sinceit has been knowthat
tryptophan can be converted into indoleEscherichia col{E. coli) andVibrio cholerag(Smith, 1897)
for more than 100 years, numerous indole producing species have been idéhtifledlee & Lee,
2010) More recently, amumber ofstudies have shown that gut microlspkciegproduce a variety of
tryptophan catabolites via varioather metabolic pathway&igure3-19).

The tryptophan catabolites include indole, tryptamine, inétanol (IE), indolepropionic acid
(IPA), indolelactic acid (ILA), indoleacetic acid (IAA), skatole, indodehyde (IAld), indolecrylic
acid (IA) and indoxyl sulfate (IS) and may affémst 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 @LiIR enteroendocrine-tells. GLR1 is known to
suppress appetite, insulin secretion and to slow gastric empgsnge discussed abovBeveral
tryptophan catabolites act on the aryl hydrocarbon receptor (AHR) found in intestinal immune cells and
thereby alter innate and adaptive immune responses imrdbgecific fashion €.g.,lAld induces
increased production of interleuk#® via AHR activation). Tryptamine induces the release-HiT5
(serotonin) by enterochromaffin cells:HI stimulates gastrointestinal motility by acting on enteric
nervous system neuroriBhose typtophan catabolites are absorbed through the intestinal epithelium
and enter the bloodstream where somg.(IPA, IE, IA) have antioxidative and antinflammatory
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 compoundsyptophan and indole derivatives produced by the
mi cr obi ome may have -cls.Beésides,atrdcturabsimilapita of ttypteplaah and b
its catabolites with serotonin that were already tested and found active (Settiinas inspired us
to test effects of these moleculésgure 3-19) on glucosestimulated insbi n s ecr e¢lls.on fr om
Therefore, we utilized an established insulin secretion assay to investigate whether these substances
can stimulate iwralstlin secretion from b
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Figure3-19. Mechanisms of@ion of microbial tryptophan catabolites on host physiology

Henrik M. Roager, Tine R. Licht, Nature Communicatiofsug 17;9(1):3294. doi:
10.1038/s41461018-054704.
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3.5.2. Methods

Insulin secretion assay

Insulin secretory effect of different compounds asted (as weascribedin the sectior3.1.2
Insulin secretion assay). Briefly, MIN6 cells were seeded at a density @cells/well in 24well
culture plate and grown for 3 days in 1ml of DMEM high glucose medium. Before progeddin
experiment, cells were maintained in glucfige medium for 2 hours. Then, the cells were washed
twice and preincubated for 2trsat 37 °C in 0.4 ml glucoseee KRBH buffer. Next, the buffer was
removed and a new portion of 0.4 ml of KRBH buff@th a respective stimulant was added to cells
and incubated for 1durat 37 °C. The cells were stimulated wiitNand fragmente@CN derivatives
with or without 16 mM glucoseAfter the incubation period, supernatants were collected and
centrifuged at 200 rpm for 5 mins to remove cells and storeeBat°C.

Determining insulin concentration by | R-binding assay

IR-binding assay is conducted as we described in the s&ctiand according t@Asai et al., 2021)
Briefly, standard curve was generated byiramubating increasing concentrations of human insulin and
a constant concentration i@diolabelechumaninsulinwith 2.0 x 16 /ml IM-9 cells for 2.5 h at 15 °C
in HEPES binding buffer. Aftetheincubation, 2 x 200 uL of the reaction volume was centrifuged at
13 000 x g for 10 minand the supernatant was removB@dioactive pellets were counted using a
Wi zard 1470 dntet Dhemeasiuring sampl€ with unknown insulin concentration was
treated as same as the standard cufbe measured radioactivity was interpolated to the insulin
concentration (ng/ml) by using the standard curve.

3.5.3. Reasllts and Discussion

Insulin secretionassay was conducted with tryptophan and its catabolites to evaluate insulin
secretion effect on MING cells. The details of insulin concentration in the supernatant of MING cells
determined by IFbinding assay is shown Figure3-20.

Tryptophan did not exhibit any significant effect on insulin secretion in MING cells, regardless of
the presence or absence of glucose. Simjlarjptamine did not significantly stimulate insulin
secretion without glucosdnterestingly, at a higher concentration of 10 mM, tryptamine almost

completely inhibited insulin secretion.
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Indole ethanol andindole propionic acid rather surprisingly stimulated an increaseirsulin
secretion at 10 mM when no glucose was presentthey did not have any effect on insulin secretion
atany other conditions tested here.

Indole, indole acrylic acid, indole lactic acid, indole aceticacid, andindole aldehydeexhibited
a similar pattern. Under no glucose conditions, these compounds did not show any significant inhibitory
or stimulatory effects on insulin secretion. Howewdren glucose was present, they caused a decrease
in insulin secretiorindole 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 glucosexyhdolfate
showed a @ncentratiordependenfat 1 and 10 mMjtimulatory effectButin the presence of 16 mM
glucose, ithas nceffect on insulin secretion.

3.5.4. Conclusios

This study reveadsomee f f ect s of tryptophan and i<tells. catabol i
Seweral compounds demonstrate interesting effects, including stimulatiespeciallyinhibition of
i nsul i n s-eltsrHewevenq thesa effects, mostly inhibitory, were manifested at very high
concentrations (mM) artieinhibition can be duto simply toxic effects of these compoundisitially,
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
secretiorwhen glucose was not preseHbwever, indxyl sulfate is recognized as a cardiotoxin and
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 notprobablysuitable for therapeutic purposedtietreament oftype 2 diabetes.

Considering the lack of promising results from our perspective, we have stopped further exploration
of the effects of -telisyNeverthpldssathe inBracet & thesé dormpeursrxdsom b
b-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
tryptophanmand itscatabolites
(A) shows the effect of
tryptophan on MING cells.

(B) shows the effect of

tryptamine on MING cells.

(C) shows the effect of indole
ethanol on MING cells.

(D) shows the effect of indole
propionic acid on MING6 cells.
(E) shows the efict of indole
on MING cells.

(F) shows the effect of indolt
acrylic acid on MING cells.

(G) shows the effect of indole
aldehyde on MING cells.

(H) shows the effect of indole
acetic acid on MING cells.

() shows the effect of indole
aldehyde on MING céd.

(J) shows the effect of indoxy
sulfate on MING cells.
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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 AimdMolecular cloning to produce the plasmid constructs for
three different IGFL dimers.

Published inJingjing Lin, Seiya Asaj Irena Selicharova, Katarina Mitrova, Jakub Kaminsky, Elinor
Young and RecoBBinanl insuliile growth factor 1 dimers: receptor binding affinities

and activation abilities. International Journal of Peptide Research and Therapeutics 29, Article number:
33 (2023). 0i.org/10.1007/s1098023-104991.

3.6.1. Background

Insulintlike growth factor 1 (IGFL) and its receptor (IGER) constitute mimportantbiological
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, includingransgenic expression, gene transfer or direct del{Baston, 2006; Barton,
Morris, Musaro, Rosenthal, & Sweeney, 206orbes, Blyth, & Wit, 2020)Several IGFLR tyrosine
kinase inhibitors or monoclonal antibodies targeting-BFwere evaluated in clinical trig{fSamani,
Yakar, LeRoith, & Brodt, 2007 However, the results of these trials were rather disappointing and have
not resulted in the approval of new acdincer drugéBaserga, 2013)Therefore, exploring alternative
targets such as IGER antagonistsyhich possespotential antiproliferative propertiespuld serve as
interestingalternativego IGF1R tyrosinekinase inhibitors and anisF-1R monoclonal antibodies

Several interesting studies that were reported a few decades ago by teams from Aachen in Germany
(A Schiittler, 1982; M A Tatnell, 1983; M. Weiland, 199@hich inspired this project. They reported
insulin dimers, where two indal molecules were crosslinked through their B29 positions using a
relatively short suberic acid. These dimers exhibited-higjhity and acted as partial agonists of the
insulin receptor (IR).

Insulin interacts with IR through binding to two distinctdiimg 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 activétenrence, 2021)Putatively, two insulin
mol ecul es interconnected with aimdltaneokss rbinditev i n g

an

receptorés Sites 1 and 2, hamper structur al reart-r

of the intracellular tyrosine kinase domains that are necessary for their activation. This hypothesis was
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recently supported by rearchers at Merck & CqDmitri A. Pissarnitski, 2022)who conducted a
detailed baracterization of insulin dimers with partial agonistic effects on the IR. They solved the cryo
EM structure of the IR in complex with an BEB29 linked insulin dimer with partially antagonistic
properties and were able to show that the insulin dimis bmd 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 linkdf. Wu et al., 2022)

The goal of this study, in analogy with insulin dimers, was to probe whethet Hafers in which
two IGF1 molecules are interconnected by linkers of specific lengths can effectively bind the
extracellular domain of IGER and stimulate or inhibit its teation. In this study, we utilized
recombinant expression Hscherichia colito generate three different IGFdimers interconnected
between their Cand Ntermini by linkers of different length. Subsequently, we examined the binding
affinity of these onstructed dimers to IFGR and evaluated their ability to activate the receptor.

3.6.2. Methods related to my contribution

Plasmid construction

Human IGF1 sequence that was already cloned into a modified pRSFDegtression vector was
used. ThelGF-1 was gentically fused with an Nerminally 6xHistagged GB1 protein and TEV
protease cleavage site. An additionatdxminal glycine residue (Gl§) was incorporated into IGE
to enable cleavage ( Z)-AdveurTyERhe®!rno2Bltysediffdente qu e n c e
linker sequences of different lengths were designed to conjugate tw [B&teins. Both protein
molecules should be connected with-&dy repeats. The shortest linker sequence consisted of 8 amino
acids; that is (GhSer). The linker sequenad middle length consisted of 15 amino acids; that is-(Ser
Gly);-Ser. The longest linker sequence consisted of 25 amino acids; that -iGlykeiSer. The
schematic overview of the designed KEElimers is depicted iRigure3-21.

The oligonucleotides listed ifable3-4 were synthesized by Generi Biotech (Czech Republic) and
usal for the molecular cloning. Briefly, vector sequence was amplified and linearized by PCR with the
primer direct AEcoRI Nodl tevwgoistbopp 60 damad ipmimee pees
template DNA (pRSFDuet IGF1 plasmid), that consequentemoves stop codon. At the same time,
linker inserts of each length were prepared by annealing the pair of [linker seq dia(@38hker seq
rev (GS)], [linker seq dir (SGJS and linker seq rev (S&5), and [linker seq dir (S@5 and linker seq
rev (SG).S]. Subsequently, both the vector and insert sequences were ligated, and the plasmid
containing the desired insertion was selected. Next, the lattet K&f§uence was PCR amplified and
connected to the downstream of the linker sequence. Thé& Kgfuence was PCR amplified with the
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pri mer dlreict B&a®@BHI 0 -&mdstopceodeorns eEcMIRGFH . Subsequent
vector and the insert were treated by restricdkon z y mes @A BamHI 06 and AEcoRI 0, a
constructs were verifteby sequence analysis.

Table3-4. The names and sequences of synthesized oligonucleotides

Name of the oligo nucleotide Sequence (56 to 30)

linker seq difGS) ggtagcggcagcggtagcggatcc

linker seq re(GSh ggatccgctaccgcetgecgcetacc

linker seq diSG)S agcggcagcggtagcggcagcggtagcggtagcggcageggatcc

linker seq re(SG)S ggatccgctgecgcetaccgcetaccgcetgccgctaccgetgecgct

linker seq diSG).S agcggcagcggtagcggtagcggcagcggtagcggcagcggtagce
ggcagcggtagcggtagcggcagcggatcec

linker seq re(SG).S ggatccgctgccgctaccgctaccgctgeccgctaccgetgecgct
accgctgccgctaccgctaccgetgecgct

IGF-1 rev wo stopcodon cgcgcttttcgecggtttcage

EcoRlI Notl site taatgaattcacctg cggccgc

IGF-1 dir BamHI catggatccggcccggaaaccctgtgcggegceg

IGF-1 rev stopcodon EcoRI  ggtgaattcattacgcgcttttcgccgg

3.6.3. Results and discussion

Protein production

Plasmid constructs harboring three different linker sequences were introducéd auibBL21
(aDE3) <cells through transformation procedure and
by centrifugation for 20 min &000x g at 4°C. The cell pdkts 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 EniSiEpparatus.
Inclusion bodies fim 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 8008 g and the clear supernatant containing the teed fusion proteins were purified
by passing through a nickel chelating chromatography column$idi&ct Nickel Affinity Gel, sigma
Aldrich). The fusion partner was cleaved by an overnight TEV digestion. Cleavet Wak separated
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by a nickel column dihity chromatography once more. All successfully produced analogs were
purified by revers@ohase HPLC. The purity of all tested analogs was higher than 95% (and controlled
by reversephase HPLC analyses and higgsolution MS).

Do
SY ST Nt 1;}%:“5“\% Figure 3-21. Schematic representatio
-;,W 7 :?\,.e of IGF-1 dimers 13 produced b¥.coli
&,&ﬁ-""A‘\A'a""'v'*“'*“fG"""» i and tested in this study. IGF
Dimer 1 " monomers are interconnected betwe
N W Kﬁéﬁ\\ P C-terminal Ala70 of the MNerminal
AN monomer and Nerminal Glyl of the
*.(Ser-Gly) Gly—,__h‘:‘)‘i—\.wt/) C-terminal monomer ith SerGly
Dimer 2 chains of different length.
Py,
Ii}“% } NN
%Lé\,!" - j\“}p\
2 " SAlg™-(Ser-C Ser-Gly'w__/~.._/

Isolation of products and testing their binding affinities for the receptorand the abilities of IGF
1 dimers to activate IGF1 receptor

Interestingly, the HPC 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 differgsuits of misfolded
product s, very probably with fisyanpnomedcdntahs3 ul f i d
disulfide bridges and IGE dimer has 6 disulfides, hence, there is a plethora of possible misfolded
variants. It also appears that clogiof all three dimer variants and protein expressida. icoli were
successful.

The binding affinities of dimers and their ability to induce autophosphorylation cfLRs®ere
determined using mouse embryonic fibroblasts derived fromlEKknockout mice, which were
subsequently transfected with human {GE The results are shown Trable3-5

All fractions except one showed either inactivity or significantly loaaivity compared to native
IGF-1. Among them, only fraction 2d, which contained a dimer with-arho acid linker, exhibited
equipotent activity to IGR. Interestingly, none of the isolated fractions displayed a discrepancy
between binding affinity anceceptor activation, and all compounds acted as agonists.

These findings suggest that it is indeed feasible to produoeNderminus linked IGFL dimers in
E. coliand that these constructs can retain activity. However, it should be noted that treigmodu
process is hindered by a notable tendency of the constructs to misfold.
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Table3-5. Binding affinities of human IGH and IGF1 dimers for IGFLR and their abilities to activate
this receptor. Binding affinities were tested in three separate series of measurements indexed 1
Relative binding affinity is defined as (Kd of the nathormone / Kd of analog) x 100 (%)neans not
determinedfinod means that no significant ability to activate the receptor was detected.

Relative Relative ability (at 10 nM) to
Kg £ S.D. (nM), (n) o ) )
Hormone binding induce autophosphorylation of
for IGF -1R o
affinity 2 (%) IGF-1R (%). Mean = S.D. (n)

0.30 + 0.06 (5) 100
Human

0.37 £0.03 (3 100 100

GF- 0.26 +0.08 (B 100

Dimer 1b 22 (1} 14 1.2£0.1(2)
Dimer 1d 320 (1} 0.1 no
Dimer le 6.6 (1} 4.5 5.6 (1)
Dimer 1f 1.4 (L)¢ 21 23+2.2(2)
Dimer 1g 21 (1)} 1.4 2.3+0.3(2)
Dimer 1i 81 (1} 0.4 no
Dimer 1j no binding at 16M - no
Dimer 1k no binding at 16M - no
Dimer 2b 8% binding at 10 M - -
Dimer 2c 24.2+11.1(7) (3 6.2 10+£1.3(3)
Dimer 2d 0.21 £ 0.02 (7) (3) 124 100 +6.3 (3)
Dimer 2e 1.3 (1} 20 30 +3.4 (3)
Dimer 2f no binding at 18 M - no
Dimer 2g no binding at 16 M - no
Dimer 2h no binding at 16 M - no
Dimer 2i no binding at 16 M - no
Dimer 3d 45 (17 0.8 0.2+0.1(2)
Dimer 3e 20 (1)2 1.9 05+0.2 (4)
Dimer 3j 42 (1)1 0.7 -
Dimer 3k no binding at 16 M - -
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3.6.4. Conclusios

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@ombinant production of IGE dimers and led to the
preparation of active compounds. This work could inspire further studies dealing, for example, with the
preparation of IGFL conjugates with specific proteins for the study of the hormone and itsaeoept
for therapeutic applications.

3.6.5. My contributiors

1 1was responsible for designing the linker sequences of three different dimers.

9 | carried out the molecular cloning to produce the plasmid constructs of the three different
dimers.

9 Isecured and confined the plasmid construct through sequence analysis.
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4. Discussion

The main topic of thiglissertationrwas a comprehensive study of structural forms of insulin in
secretory granules of pancreafiecells and factors that influence insulin production, storage and
secretion.

At first, it was necessary to choose a suitable biological nfodéte detailed study of the storage
forms on insulinin secretory granulesThe animal pancreatic tissue, ideally isolated islets of
Langerhans, was obviously considered. Howetlar isolation process is laborious, and the isolated
material is limitedn quantity, has a short lifespan, and is prone to degrad&tioalternative right
be permanerft-cell lines derived from insulinomas, particularly those originating from mouse and rat
insulinoma cells.However, immortalized cell lines do not always exiit the native biological
characteristicand may change their phenotygfter certain times of passagekherefore, it was first
attemptto compare the properties of several available cell lines and rat islets with respect to insulin
production and the dlty to secrete it.

We quickly discovered that the available commercial mettmdseasuréheinsulin concentration
in biological materials, such as RIA and ELISA, are not v@eglfor our purposes. The main problem
was the lengthymeasuremenproces, which could take up to 3 days for a single sangtempt
includesincubationtime with antibodies. Paradoxically, the assays had very high sensitivity, requiring
multiple dilutions to fall within thedetectionrangethatrelatively narrow. Thidorcedus toincrease
the number okexperimental trialand ultimatelyleading to the unnecessadgpletion ofa limited
supply ofmeasurablsamples. For these reasons, we have decided to developnaetiesdologythat
would enable us to measure insulin conagidns in a larger number of sampiesshorter time
compared tahe commercial kits.

We refurbishedour standard assay for measuring the bindiffgnity of insulin to the insulin
receptorexpressed otv-9 lymphocytesThe assay offers severallvantages. Firstl§251 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 (UOCHB) on demand
and very quicklySecondIyiM -9 lymphocyteswhich specifically possess the insulin receptor and not
the related IGH receptos, havea convenienicharacteristidor cultivation. These cells can be easily
grown in culture, facilitating the experimental process

Through careful andystematic comparison oésultsobtained from samples measdusingboth
ourIR binding assay and an RIA kit, vebserved a high degree of correlation between the two methods
While RIA is more precise in lower concentration ranges due to its highetiegnthe binding assay
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has the advantage of a wider concentration range, faster measurementjraxhthestible number of
measurablsamplesmaking it significantly more cosgffectivein our laboratory

Furthermore, we used MING6 cells examinethe effects of arginine, ornithine, dopamine, and
serotonin on insulin secretianf -celts In our previous studigfalivec et al., 2017; Seiya Asai 2022;
Solinova et al., 2019)e demonstrated thahesecompound, present in secretory granules, can bind
to insulinoligomerin vitro and influence its structures. Therefore, them@mpound could potentially
impact the stability of insulin structuresvivoand affect the rate of insulin secretionnfrb-cells.We
confirmed that arginine indeed potentiates gludodeced insulin secretion froi-cells, while the
effect of ornithine is weaker. Dopamine acts as an inhibitor of insulin secretion, and the adffect
serotoninareambivalent@andunclear

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 pancfeatits and the
Langerhanssletsfrom rats.

It is assumed that zinc isdispensabldor b-cells because insulin secretory granules contain very
high concentration of Zhions.In vitro studies have shown that insulin forms hexamers in the presence
of Zr?*ions and also crystallizes in this form

We systematically compared ziaod insulin contents in theermanentell linesINS-1E and BRIN
BD11 cells and in the native rat pancreaistets by flow cytometry, confocal microscopy,
immunoblotting, specific MRNA and total insulin analysis. These studies revealagaredinsulin
producti on i ncelltlihes with the dimanisteedittacelfular zinc content. The drop in
insulin and ZA" levels vereparalleled by a lower expression &1iT8zinc transporter and hampered
proinsulin processing in both permanent celés.We observed a marked differences in Zinc content
amonglslets BRIN-BD11 and INS1E cells. W& showed that the disruption of zinc homeostasis in the
mo d edells &orrelated with their impaired insulin and ZnT8 product{m. resultindicate a need
for in-depth fundamental research about the rotaraf in insulin production and storage.

We moved on to thstructural characterization of storage forms of insulin in the secretory granules
of b-cells. The goal was to isolate secretory granules frorteblg biological materighnd observe
under the most native conditions possible, without any fixation or staining, and then characterize the
structural forms of insulin usingyo-EM or cryc-TM.

The first step was to select the appropriate biologicalnahfer granule isolation. Rat islets would
be a native source, but they contain other cell types belsidelfs, such a&kcells thatalso contain
secretory granulesf glucagon, which would contaminate the preparation of insulinuganWe also
attenpted to separate Islet cells using FA&Sting techniqueHowever, this method providemly
small quantities of cells
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For these reasons, immortalizeell lines were the only realistic source of biological matémialur
experimental desigiinalysis of insulin content, insulin RNA, the ability to secrete insulin in response
to increased glucose levels, and microscopic analysis of cells and grawalezeition clearly indicated
that MING cells were the best material for granule isolatiothe followingmontts, we cultured MING
cells with the aim of accumulating a sufficient quantibo(e thar600 million, 15x% 150 cn# flask) for
granule isolationAfter 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 BrnoAt CEITEC, the granules were analyzedbyDi. S2 Nov §l-ek wusing
EM and cryeTM 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 releasedystalline insulin after the disruption of granular membranes).

First, D rattempléd ¥h& lcodlection of the continuous rotatiglactron diffraction
tomography (EDT) data, to determine thsulin structure in this crystalline lattice. Howevie,did
not observe reflection peaks beyoamgproximately 5 A. Therefordie subsequently focused on the
analysis of the lowesolution diffractiorto determine the unit cell parameters of ¢hestalline cores.
Here, he either collected discontinuous ERQiAtaand healso collectectryo-ET within the same tilt
range as the EDT data and calculatesl power spectra from the region containing the denseloore.
total,Dr . N camafzkde2k granule dense cores and found that, in 19 casegy#tals form a
rhombohedral lattice with unit cell dimensioné bé cé 96.5A,h é 90°,i é ' é 12C°, whereas, in
the last casahe parameters of the rhombohedral latiiege a& bé 84.0 A,cé 35.2A h é i & 90°,

1 & 120°. The latter, smaller lattice is gpod @reement with the lattice parameters of humam4-

insulin hexamers (a = b = 80.953 A, ¢ = 37.636 A) crystallinadtro, analged by Xray diffraction

and reportedirstly in T3R'; form by (G. D. Smith et al., 1984)with one insulinhexamerin the

asymmetric unitHowever, the dimension of theaxis is more than doubler most of the crystals

analyed here, which suggests that cellulo larger packing assemblies of insulin hexamers are
preferred over 6i ndi vi dfutkel larger tueitxcellmesulia arranGeamerg n t h e
composed e.g. of two (or more) hexamers on top of ettedr as seen, for example, in thevitro

crystal structureeportedoy Murayoshi et al. FDB DOI: https://doi.org/10.2210/pdb3W80/pda =
b=827A,c=68.1 AU B&90°0 180°).

Taken altogether,uy findingsclearly confirm previous assumptions that stored insulimeésent in
the cell in crystalline form, also providing unambigualetails on thein cellulo crystal lattice
parametersand its hexamer packing, characterized in the most nestjpwerimental conditions to date.
Considering the curremtipid developments in cell biology and cig® imaging techniques, our
findings could initiate new studies

92 |



In the next phase of our work, we focused on further utilizing our radioligand receptor binding assay
to investigate the effects @CN peptide and its fragments on insulin secretion from MING célks.
entered this project with great hopes bec&Salappeaed to be an ideal target for a structagdivity
study on its effects ob-cells. The primary aim was to investigate the influenc®GN and its
fragments o1GSIS Previous studie@~erron et al.2012; N. K. Lee et al., 2007; Mizokami et al., 2013;
Mizokami et al., 2014; Wei et al., 201d)entioned that the decarboxylat®@N, which is believed to
be secreted from bone tissue into the circulasisran active formshould have an impact on insulin
production and thus affect bone growth and metabolism due to the iarefbatts of insulinDue to
its 3D structureOCN appeared to be highly suitable for fragmentation. The structure clearly separates
into four disordered or helical bend structures, containing prafidglycine residues.

Therefore, we acquired human demoxylatedOCN and synthetically prepared nine fragments that
covered its structure and partially overlapped, as mentioned aBdvpeptides were tested to
determine their impact dB8SISfrom MING cells. However we were unable to detect any statistjcal
significant positive or negative effects at the tested concentrgdeaghe chapted.4). Therefore, in
the subsequent experiment, we decided to investifp@eanfluence ofOCN on the proliferation
(growth) of MING cells. Surprisinglythe resultsdemonstratedhat the positive effect on activity of
metabolismUnfortunately we were not able to prove the reproducibility of this results in further trials.
Some studies suggest, that the effecO&@N on b-cells does not directly involve insulin secretion but
rather indirect stimulation df-cell proliferationand growth It would probably benoreappropriate to
test the effect oOCN 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 areatherdemanding and could noelcarried out within the scope of this study.

In the next phase of our work, we focused on utilizing our melfRdainding assayor measuring
theinsulin concentration secreted frobacells. 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 circuldthoy. of these compounds
resembg neurotransmitters such as dopamine and serotonin in their structure, which we have previously
demonstrated to have an impact on insulin secretion braeills. Therefore, the aim was to test the
influence oftryptophan andts metaboliteson glucosestimulated insulin secretion from MING cells.
The results showed that none of compounds stimulates insulin secretion A @A concentrations
either at the absence of glucose or at 16 mM glucose. On the other hand, we found that tryptamine,
indole, ILA, IA, IAA andIAld inhibited glucose stimulated secretion from MING cells at highest
concentration tested (10 mM). The rest of compounds (tryptopBaiPA andIS) were inactive even
at highest concentrations tested. Our data indicate tyatofrhanandits meabolites either do not
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potentiatensulin secretiorf r o -gellsin vitro, or that at very high concentrations (mM, that can be
supraphysiological) can inhibit insulin secretion frbroells.

In thelastpart of the study, | collaborated with my colleague JingJing Lin and assisted in preparing

plasmidsby thecloning of IGF-1 dimers.My contribution wago recombinantly produce three types

of IGF-1 dimers These dimers were formed by linking theeZminal of one IGFL molecule to the N
terminal of another molecule usidifferentlengths of SeGly linkers. The goal of the sidy was to
determine whether such IGEFdimers can activate or inhibit the I@Feceptor. The results of this
work are detailed in J. Lin's dissertatiand her publicatiorfJ. Lin et al., 2023)In my role, | was
responsible fodesigning the relevant DNA plasmidad oligo nucleotidesequiredfor the molecular
cloning | performed the actuaprodiction of plasmids, and confirming their sequencéd three
vectors were successfully prepared ambducednto E. coli cellsthroughtransformation
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5. Conclusiors

In this dissertation, wperformedcomplex researcbninsulin production, storage and secretion by
pancreatich-cells. We developed aew assay for the rapid and sensitive determination of insulin
concentration in biological samplasat would allow more efficiergnd fastemeasurementsompared
to available RIA and ELISA kitsThis assay, based on ttempetitionof the measured sampletivia
radioligandfor the insulin receptor, helped us to determine the influenaewdrallow molecular
weightcompound andpeptides on insulin secretion. We found that arginine and ornithine have-a dose
dependent stimulatory effect on glucestemulatednsulin secretion fronb-cells However,dopamine
inhibits insulin secretionSerotonin effects were either stimulatory or inhibitory, depending on the
concentration of serotonin used.

We also studied the effects of the bone pro@@N and its fragmentsn insulin secretion. We
found that these peptides do not stimulate insulin secretion lroells, but thatOCN may have
proliferative propertiesThe results would merit further investigation.

We also tested the effect of tryptophan and its metabalitdsare produced in a gastrointestinal
tractand found that these compourilgieneratlo not stimulate insulin secretion but that some of them
may inhibit secretion at higher concentratiarfich could be caused by their toxicity

An important result bthe study is the experimental confirmatisith cryo-electron microscopy
techniqueghat showspresence of crystalline insulin in the secretory granuldscawlls. This is the
first direct evidence that, under native conditions, insulin can be stomigragrystals in cells.

Overall, we are confident that our research has successfully expanded the existing knowledge about
insulin. Based owur research findings, we hope to make some contributiotieetdevelopment of a
novel treatment of diabetemdbuild thefoundation forthefuture advancements.
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Abstract

We adapted a radioligand receptor binding assay for measuring insulin levels in unknown samples. The assay enables rapid and
accurate determination of insulin concentrations in experimental samples, such as from insulin-secreting cells. The principle of
the method is based on the binding competition of insulin in a measured sample with a radiolabeled insulin for insulin receptor
(IR) in IM-9 cells. Both key components, radiolabeled insulin and IM-9 cells, are commercially available. The IR binding assay
was used to determine unknown amounts of insulin secreted by MIN6 [3 cell line after stimulation with glucose, arginine,
ornithine, dopamine, and serotonin. The experimental data obtained by the IR binding assay were compared to the results
determined by RIA kits and both methods showed a very good agreement of results. We observed the stimulation of glucose-
induced insulin secretion from MING6 cells by arginine, weaker stimulation by ornithine, but inhibitory effects of dopamine.
Serotonin effects were either stimulatory or inhibitory, depending on the concentration of serotonin used. The results will require
further investigation. The study also clearly revealed advantages of the IR binding assay that allows the measuring of a higher
throughput of measured samples, with a broader range of concentrations than in the case of RIA Kkits. The IR binding assay can
provide an alternative to standard RTA and ELISA assays for the determination of insulin levels in experimental samples and can
be especially useful in scientific laboratories studying insulin production and secretion by 3 cells and searching for new
modulators of insulin secretion.

Keywords Insulin secretion - 3 Cells - Insulin receptor - Binding assay - Radioligand - Secretagogue

Introduction and glycogenolysis. The remaining insulin (about 50%) is
transported from the liver to peripheral tissues, where it can
bind to IR in muscle and adipose cells [3]. Activation of IR in
peripheral tissues triggers translocation of the GLUT4 trans-
porter to the cell membrane [4]. The GLUT4 transporter then
allows the insulin-mediated entry of glucose to muscle and

adipose tissues.

Insulin is a polypeptide hormone with a widespread impact on
overall energy homeostasis of the organism [1]. Insulin is
produced in pancreatic 3 cells and temporarily also in thymus
during a short period of development of the organism, to pro-
vide immunological tolerance to self-proteins [2]. In response

to elevated blood glucose levels, insulin is secreted from the
pancreas by the portal vein to the liver, where it binds to its
specific transmembrane insulin receptor (IR). Activation of IR
in the liver results in the inhibition of hepatic gluconeogenesis
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Defects in insulin function result in severe metabolic dis-
orders, called diabetes mellitus type 1 and 2. Type 1 diabetes
is characterized by autoimmune destruction of pancreatic (3
cells, with affected patients being dependent on the delivery of
an exogenous insulin. Type 2 diabetic patients produce insulin
normally or in even higher levels, but the organism is more or
less resistant to insulin action [5, 6].

Enormous efforts have been dedicated to study complex
mechanisms and compounds that affect and control insulin
secretion by pancreatic (3 cells (reviewed, e.g., in refs.
[7-9]). This would not be possible without sensitive and reli-
able methodologies that allow the measurement of secreted
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