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Abstract 
 

 

Diabetes has gained growing attendance as one of the key non communicable diseases (NCD) 

with the World Health Organization identifying it as the focus of the World Health Day 2016. It is 

reported that more than 420 million people suffer from diabetes, a number predicted to rise in 

the coming years. This report forms part of a broader, long term focus project that aims to 

establish a systems approach to type 2 diabetes (T2D), the variant that accounts for more than 

90% of reported diabetes cases. The broader project objectives are to identify possible 

biomarkers for the onset and the progression of T2D as a precursor to enable potential future 

approaches to delay onset, or even reverse disease states, via active bio-compounds and/or 

establishment of beneficial nutritional patterns. 

The 6-month master’s work reported here is sub-project that focused specifically on cell level 

vesicle trafficking processes. These processes are believed to be crucial in understanding the 

formation amyloid plaques, which compromise or kill the insulin secreting beta cells. Up until 

now, there has been a lack of appropriate experimental techniques to directly observe this 

process in live cells.  Hence we have developed 2 new techniques: 

(i) a method of imaging the actin and tubulin network reorganization during exocytosis 

of the insulin containing granules while exploring novel ways of characterizing the 

network.  

(ii) a method of imaging the granules themselves and using particle tracking 

microrheology to analyze their movement patterns during stimulation with glucose. 

These new techniques open the door to follow up experiments which would allow development 

of a cell scale mathematical model or simulation correlating short term glucose dynamics to risk 

of amyloid plaque formation and T2D.  
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Sammanfattning 
 

 

Diabetes är en av de icke smittsamma sjukdomar världshälsoorganisationen WHO,  har riktat 
alltmer uppmärksamhet på och som därför utsetts till fokus på VärldsHälsoDagen 2016. Det har 
rapporterats att mer än 420 miljoner människor lider av diabetes och man förutspår att antalet 
kommer stiga under de kommande åren. Denna rapport är en del av en bredare, långsiktig 
inriktning på ett projekt som syftar till att etablera ett systemtänkande för typ 2-diabetes (T2D), den 
variant som står för mer än 90% av de rapporterade diabetesfallen.  
De bredare projektmålen är att identifiera möjliga biomarkörer för uppkomsten och utvecklingen av 
T2D. Dessa kan ligga till grund för att möjliggöra eventuella framtida metoder för att fördröja 
uppkomsten, eller till och med vända sjukdomstillstånd, via aktiva bio-föreningar och / eller 
inrättandet av gynnsamma mönster för näringsintag.  
 
Det 6-månaders master arbete som rapporteras här är ett delprojekt som, på cellnivå, fokuserar 
specifikt på processerna för vesikeltransport i cellen. Dessa processer tros vara avgörande för att 
förstå bildandet av amyloida plack, som kan allvarligt skada eller döda de insulinproducerande 
betacellerna. Fram till nu har det varit brist på lämpliga experimentella tekniker att direkt observera 
denna process i levande celler. Av denna anledning har vi utvecklat två nya tekniker:  
 
(i) en metod för avbildning av aktin- och tubulin-nätverkens omorganisation under pågående 
exocytos av insulingranuler parallellt med utforskandet av nya sätt att karakterisera nätverken.  
 
(ii) en metod för avbildning av granulerna själva samt att med hjälp av partikelspårning, så kallad 
mikrorheologi, analysera deras rörelsemönster under stimulering med glukos.  
 

Dessa nya tekniker öppnar dörren för uppföljande experiment för utveckling av en matematisk 

modell, eller simulering, på cell skala för att korrelera kortsiktig glukosdynamik till risken för 

amyloidplackbildning och T2D. 
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1. Introduction 
   

The aim of the wider project is to compile a mathematical model describing metabolically driven 

β-cell death/dysfunction in order to link short term glucose dynamics to type II diabetes risk for 

a healthy population. My contribution, described in the present thesis, is the establishment of 

cell level experimental methods that can provide appropriate data to ultimately be used in 

establishing a single cell mathematical model.  

Type 2 Diabetes (T2D) is a pathological condition that arises from metabolic dysfunction induced 

by insulin resistance and dysfunction of pancreatic beta-cells (β-cells). It is regarded a chronic 

disease where a progressive decline in β-cell function leads to β-cell exhaustion and, later on, β-

cell apoptosis. As humans are heterotrophic, there has been a mechanism evolved through 

evolution that controls the nutrition uptake in accordance to the different environmental 

conditions and enables the organism to be either anabolic or catabolic in accordance to those. 

As these conditions have shifted very fast from a high caloric demand with low caloric supply 

situation to a low caloric demand with a surplus of caloric supply situation, with the organism 

unable to adapt to it, conditions such as insulin resistance and T2D have arisen.  

Diabetes was the focus of the World Health Day 2016, for which the World Health Organization 

has compiled a report stating 422 million people suffer from diabetes worldwide, with T2D 

accounting for 90% of the cases. Diabetes is characterized as one of the four priority non-

communicable diseases (NCD), against which world leaders have committed to take action 

aiming to reduce the burden of diabetes. In 2012 1.5 million deaths were attributed directly to 

diabetes with another 2.2 million attributed to hyperglycemia [1]. Diabetes can also be the cause 

of blindness, kidney failure, heart attacks, stroke and lower limb amputation. 

It is widely regarded that onset and progression of T2D is linked with high levels of sugar, mainly 

glucose, and fatty acids uptake leading to obesity and insulin resistance (see Appendix 1.1.2), but 

the exact cascade of cellular mechanisms linking obesity to T2D are yet not well established and 

described. This together with the fact that there are obese individuals who are not diabetic and 

T2D patients who are not obese leads to the investigation of other parameters as causes to T2D. 

By trying to incorporate our knowledge, the root causes of T2D can be explained with two 

different cascades of events (fig 1). On the one hand there is insulin resistance, and, on the other 

hand β-cell dysfunction. The obese pathway suggest that intake of high amounts of sugars and 

fatty acids lead to obesity which then leads to insulin resistance and loss of control of plasma 

glucose, namely T2D. The lean pathway, based on the fact that there T2D patients that are not 

obese and vice versa, suggests that the kinetics of insulin and islet amyloid polypeptide (IAPP) 

(see Appendix 1.2) are altered leading to beta cell dysfunction and eventually beta cell death and 
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loss of control of plasma glucose. The IAPP mechanism would, theoretically at least, also apply to 

the obese pathway, since insulin resistance effectively amplifies the lean pathway.  

 

 

Figure 1: Routes to type II Diabetes, schematic showing the obese pathway to T2D through insulin resistance, but also highlighting 
the lean pathway to T2D that is amplified via the obese pathway showing that obesity is not a requirement for T2D. 

 

 

After conducting literature research we observed gaps in the understanding of single cell insulin 

vesicle transport dynamics and identified the need to develop and validate innovative techniques 

to gain a better understanding of the cellular mechanisms before building models. Thus it was 

decided that, as the first part of the bigger project, a single cell level model must be designed 

after the kinetics and processes on a single β-cell are elucidated experimentally. Once a single 

cell model is established, it could be used as the basis of higher level, coarse grained models of 

an islet, the pancreas. Ultimately we hope to arrive at a bottom up version (fig. 2) of existing 

“whole body scale models” [2,3], in which the cell level effects are clearly elucidated.  My part 

will be to establish the experimental setup for the single cell experiments and to gain a first 

insight on the different methods of analysis that could be used for the data generated. The main 

interests of the current thesis are threefold:  

(i) the dynamic reorganization of microfilament and microtubule networks,  

(ii) the vesicle trafficking of insulin granules,  

(iii) IAPP production and accumulation in beta cells.  
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Figure 2: Schematic workflow of the whole project, starting from gathering of experimental data and modelling at the single cell 
level, that is the focus of the current thesis, and then moving to higher levels of modelling, the islet level and finally whole body 
models. 

 

 

After literature research and the observation that the first phase of insulin secretion is reduced 

for T2D patients, it was decided to identify and study the packing of insulin and IAPP into vesicles 

and their transport to the cell membrane where they are secreted.  A simple estimation of the 

rates of the cell level processes suggested that this is likely a ‘rate limiting step’ for the insulin 

response due to an increase in extracellular glucose concentration.  

In this report a technique of observing and analyzing the actin and tubulin network that takes 

part in vesicle transport is established. Moreover, a way of doing particle tracking microrheology 

in live cells with the help of Nano-beads with the same size as the granules is tested and 

fluorescent granules are designed and constructed to be used in the place of the beads, so to 

establish a technique of doing insulin granule transport optical microrheology.  

In addition, a first insight into the levels of IAPP production in response to different glucose and 

fatty acid concentrations and into a way of producing amylin plaques with the design of an 

inducible hIAPP cell line was gained. 
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2. Materials and Methods 
 

2.1 Cell culturing, treatments and reagents 
 

INS1E and Flp-In T-REx cell lines were used, supplied from Thermo Fisher Scientific. Cells were 

cultured in full culture media, supplied by Thermo Fisher Scientific, unless stated otherwise. For 

the starvation assays, an in house prepared KRBH solution was used. The stimulation mix 

consisted of 20mM glucose. The chronic palmitate treatment was done in culture media 

containing 0.25mM palmitate for 72 hours. Cover slips used for imaging were first coated by 804G 

matrix [4]. Chemicals from Sigma Aldrich and Merck were used.  

 

2.2 Live cell imaging of the cytoskeleton and Analysis 
 

Images were acquired on a confocal Leica DM6000 – SP8 gSTEDx3 microscope equipped with HC 

PL APO CS2 × 63/1.40 oil objective. Excitation white light laser was set to 633 nm and signal was 

detected by HyD detector set to 645–750 nm interval; the pinhole was set to 1 a.u. For the actin 

and tubulin staining the Cytoskeleton kit (SiR actin and SiR tubulin) by Spirochrome was used. 

The cells were plated in glass bottom dishes coated with 804G matrix in complete medium with 

2μM sir-actin and sir-tubulin respectively and incubated for a minimum of 6 hours. Before the 

stimulation with glucose the cells were washed twice in PBS and incubated in KRBH for 2 hours. 

For the analysis in built Mathematica functions were used. 

 

2.3 Particle Tracking Microrheology 
 

For the particle tracking microrheology Fluoresbrite YG Microspheres 0.20µm from Polysciences 

were used as an inert fluorescent proxy for the vesicle. Images were acquired on a fluorescent 

Leica DM6000 microscope. The analysis was carried out using the open access MATLAB particle 

pretracking, tracking,  2D feature finding and Microrheology codes written by the Kilfoil Lab [5], 

modified as to fit our image input. 
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 2.4 Fluorescent and Inducible IAPP constructs 
 

For the different constructs the pcDNA5-FlpIN Trex vector from Life Technologies, the KOD high 

fidelity DNA polymerase from EMD Milipore, the Lipofectamin LTX kit from Life Technologies and 

the pOG44 Flp-recombinase expression vector from Invitrogen were used. 

 

2.5 Gene expression levels and protein quantification 
 

For the western blotting the primary antibodies and the secondary antibodies, mouse Alexa Fluor 

700 and goat Alexa Fluor 800, used were supplied by Thermo Fisher Scientific. For the gene 

expression levels measurement, the RNA isolation was done using the RNeasy Plus Mini Kit 

supplied by Qiagen. For the he cDNA synthesis the High-Capacity cDNA Reverse Transcription kit 

by Thermo Fisher Scientific and the thermal cycle used was the following: step 1: 25oC for 10 min, 

step 2: 37oC for 20 min, step 3: 85oC for 5 min, step 4: 4oC stored until used. For the qPCR the 

LightCycler 480 SYBR Green I Master was used supplied by Roche. All the kits were used according 

to the manufacturers recommendations. 
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3. Results and Discussion  
 

3.1 Live Cell Actin and Tubulin Dynamics 
 

Cytoskeleton remodeling is speculated to play an important role in the vesicle trafficking and 

exocytosis of the insulin granules. In beta cells the specific contribution of actin remodeling to 

vesicle trafficking is debated. On the one hand is the “barrier” model suggesting that the actin 

network is an effective barrier to insulin granules and is being depolymerized after stimulation in 

order for the granules to be transported through the cytoplasm to the cell membrane. On the 

other hand, the second existing model suggests that actin is polymerized, branched and stabilized 

in order to promote vesicle trafficking. For the microtubules it is widely accepted that 

reorganization facilitates granule trafficking [6].  

In this work the live cell time lapse imaging enabled us to acquire simultaneous images of the 

actin and tubulin network in a living cell for up to 40 minutes after stimulation (fig. 6, 8). Apart 

from the control, healthy cells, another cohort of diabetic resembling cells, treated with 

palmitate, were imaged (fig. 7, 9).  From comparing the two sets of images, a loss of the radial 

spoke pattern is observable in the actin network of the palmitate treated cell (fig. 7) as compared 

to the healthy cell (fig. 6), but no structural difference is observable in the tubulin network 

between the healthy (fig. 8) and the palmitate treated (fig. 9) cells. 

The time lapse imaging revealed for the actin network a sudden stabilization of the actin 

participating in the stress fibers shortly after glucose stimulation strongly supporting the second 

existing model. For the cortical actin, a short reorganization followed by stabilization was 

observed. The microtubule network was continuously reorganizing after glucose stimulation. The 

images acquired were converted to graphs (connection maps) with the help of Mathematica (fig. 

3,4). As no difference in terms of reorganization was visible between the two cohorts’ further 

analysis of the graphs by identifying suitable properties is needed to be done, in order to 

conclude if cytoskeleton remodeling is affected in a more subtle manner. It was decided not to 

use the intensity of the fluorescence as a mean of characterizing the changes in actin, as it may 

contain artifacts such as ‘fading out’ during imaging and because it does not define the 

morphology of the actin network and how it reorganizes itself after stimulation. The connectivity 

acquired from the images is converted into a graph using built in Mathematica functionality. 
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Figure 3: Representation of the analysis steps of the microscope acquired image, where the actin network is fluorescent stained, 
to graph by using Mathematica. (a) raw microscope image, (b) contrast balanced image, (c, d) morphological binarisation, (e) 
conversion to Graph representation (f) unconnected regions tagged by different colours. 
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Figure 4: Overlay of the Graph that comes as the output of the analysis and the microscope Image that was input of the analysis, 
showing a very precise co-localization of the actin networks between the two. 

 The quantity of various proteins that are known to take part in cytoskeleton remodeling was 

measured using Western Blot, in lysed cell cultures after stimulation with glucose at certain 

timepoints (0, 5 and 30 min) since this provides an alternative indicator of rate of network 

reorganisation. The β-Actin and γ-Actin quantity remains the same acting as a control in all 

samples. We can observe a slight decrease of cytoskeletal remodeling proteins Rac1 and cdc42 

after stimulation supporting the imaging results of network stabilization, but no clear difference 

can be observed between control and palmitate. In addition an increase in phosphorylated ERK 

is observable around 5 minutes, both in control and palmitate, that could be associated with 

short cortical actin reorganization. 

 

Figure 5: Western Blot Results, where the quantity of various proteins and their phosphorylated forms (p), associated with 
cytoskeleton remodelling, is presented. The experiments were conducted in control and palmitate treated cells and the protein 
amount was measured after 0, 5 and 30 minutes after stimulation with glucose. Finding that the amount of cdc42 and Rac1 are 
less after stimulation support the imaging results. 
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Figure 6: Microscope image of the fluorescent tagged Actin network, in red color, in control, living, cells. 

 

 

Figure 7: Microscope image of the fluorescent tagged Actin network, in red color, in palmitate treated, living, cells. 
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Figure 8: Microscope image of the fluorescent tagged Tubulin network, in red color, in control, living, cells. 

 

 

Figure 9: Microscope image of the fluorescent tagged Tubulin network, in red color, in palmitate treated, living, cells. 
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With the establishment and the validation of this imaging technique we are now able for the first time to 

track the reorganization of both the actin and the tubulin networks real-time in living cells. Hence we are 

able to identify any differences between alternate treatments and stimulation conditions. A gain through 

this method is that the same cell can be imaged before and after stimulation so that the conclusions drawn 

can be more accurate and consistent. While with the method widely used at the moment for cytoskeleton 

remodeling image different cells have to be fixed, permeabilized and stained at different time points after 

stimulation and then compared with each other. 

 

3.2 Insulin Granule Transport Optical Microrheology and Effect of IAPP 
 

3.2.1 Particle Tracking Microrheology 
 

The idea behind tracking the insulin granules after glucose stimulation is to categorize the 

movement patterns before and after stimulation and between healthy and diseased cells. Before 

using fluorescent insulin granules and image them together with the cytoskeleton as described 

in 3.1. we needed to setup the method of their tracking and analysis. For that 200nm fluorescent 

beads were passively transported inside the cells and time lapse imaging was done in live cells 

after stimulation (fig. 10). The method was developed and tested such that it is now ready to be 

used with fluorescent insulin granules instead of nanobeads. The images were extracted by using 

ImageJ, then the particle detection and tracking was done using the Kilfoil microrheology code 

and the cell area detection mask for particles by cell were done in Mathematica.  

 

Figure 10: Overlay of Brightfield and Fluorescent Channel showing the 200nm fluorescent Nanobeads inside a single Cell. 
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The ensemble of the mean square displacements was created by using some in house written 

Mathematica code (Adam Burbidge) and was corrected to exclude any convective drifting of 

the whole cell (fig.11). 

 

 

Figure 11: Corrected Mean Square Displacements showing a Sub-diffusive Motion (0.2 fps). The movement of the cell itself is 
subtracted from the total movement to give us only the movement of the beads themselves.  

From the results of the above experiments we can say that we have established a method of 

tracking and analyzing small (≈200nm) particles. In addition, as the analysis focuses on 

microrheology and in order not to have the movement of the cell itself affecting calculations it 

is suggested that higher acquisition rate for less time can be used. 

 

 

 

 

 

 

 

 

 

 

 



14 
 

3.2.2 Fluorescent Insulin Granules and IAPP  
 

For the cytoskeleton reorganization in response to stimulation with glucose live time lapse 

imaging was planned to be done with fluorescent actin and tubulin together with fluorescent 

insulin granules. In order to minimize the background noise of insulin in the cell and as we want 

to investigate how the IAPP aggregation affects insulin secretion we decided to design and 

construct fluorescent mature hIAPP and fluorescent pre-hIAPP producing INS1E cells.  The 

constructs are mature hIAPP-td-Tomato and zsGreen-ProhIAPP (fig.12, 13). A goal of this 

experimental setup apart from getting a better insight on the understanding of insulin granule 

exocytosis is to identify properties of the cytoplasm and cytoskeleton to characterize the healthy 

and diseased cell. In addition, in order to investigate the IAPP accumulation an INS1E cell line 

with inducible hIAPP gene was constructed, in order to overexpress and investigate its effect on 

the cells themselves and in healthy cells plated in their presence. 

The human IAPP cDNA was generated by gene synthesis. The cDNA was used as a template to 

generate PreprohIAPP and mature hIAPP expression vectors in frame with the following tags: 

Flag, zsGreen, tdTomato (Clonetech, Inc.) 

For the IAPP constructs, the open reading frames were cloned into the pcDNA5-FlpIN Trex vector 

(after PCR using the KOD high fidelity DNA polymerase. We generated the INS1 stable cell line 

overexpression the Flag tagged human IAPP under the control of the tetracyclin repressor.The 

pCDNA5 FRT/TO-Flag hIAPP plasmid was transfected together with the pOG 44 plasmid 

overexpressing the Flp recombinase using the Lipofectamin LTX. The positive colonies were 

selected with 175ug/mL Hygromycine B. 

For the zsGreen-PrepohIAPP an Adenosine was added to have them in Frame 

aATGGGCATCCTGAAGCTGCAAGTATTTCTCATTGTGCTCTCTGTTGCATTGAACCATCTGAAAGCTACAC

CCATTGAAAGTCATCAGGTGGAAAAGCGGAAATGCAACACTGCCACATGTGCAACGCAGCGCCTGGCA

AATTTTTTAGTTCATTCCAGCAACAACTTTGGTGCCATTCTCTCATCTACCAACGTGGGTTCCAATACATAT

GGCAAGAGGAATGCAGTAGAGGTTTTAAAGAGAGAGCCACTGAATTACTTGCCCCTTtag 

N terminus GFP fusion 

zsGrn-ProhIAPP-Fwd 

CTCCGGACTCAGATCaATGGGCATCCTGAAGCTGC 

zsGrn-ProhIAPP-Rev 

GTCGACTGCAGAATTctaAAGGGGCAAGTAATTCAGTGGC 
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Figure 12: Vector MAP of the zs-Green-pro-hIAPP, where the GFP is inserted at the part of the premature protein so that it is 
being cleaved during processing and only the unprocessed protein can be tracked. 

 

C-terminus-tdTomatao 

ptdTomatoN1-ProhIAPP-Fwd 

CGTCAGATCCGCTAGATGGGCATCCTGAAGCTGC 

ptdTomatoN1-ProIAPP-Rev 

GGCGACCGGTGGATCAAGGGGCAAGTAATTCAGTGGC 

Mature hIAPP 

ptdTomN1-mathIAPP-Fwd 

CGTCAGATCCGCTAGATGAAATGCAACACTGCCACATG 

ptdTomN1-mathIAPP-Rev 

GGCGACCGGTGGATCATATGTATTGGAACCCACGTTGGTAGA 
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Figure 13: Vector MAP of the mature hIAPP-td-Tomato, where the RFP is inserted inside the mature protein so it is not cleaved 
during processing and the mature protein can be tracked. 

 

 

 

 

In order to validate the palmitate treatment as diabetic resembling cells, glucose stimulated 

insulin secretion (GSIS) measurements were done (fig. 16), showing a decrease in insulin 

secretion of palmitate treated cells. In addition, the gene expression levels of IAPP were 

calculated with real time PCR (qPCR) in cell cultures with different concentrations of glucose and 

palmitate, in order to get an insight if our hypothesis that the vesicle trafficking rather than gene 

expression is malfunctioning is valid (fig. 14, 15).  
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The correlation of the gene expression levels 

and the levels of insulin secretion supports 

our claim that IAPP and insulin production is 

increased in diseased resembling cells while 

secretion is decreased, and in a way, that 

could be identifying vesicle transport as the 

culprit of reduced insulin secretion levels. 
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Figure 15: Gene Expression Levels of IAPP by qPCR at different 
concentrations of glucose and palmitate, where it is observed that high 
glucose increases the expression of the gene, that is even more expressed 
in the presence of palmitate 

Figure 14 : Gene Expression Levels of Insulin by qPCR at different 
concentrations of glucose and palmitate, where it is observed that high 
glucose increases the expression of the gene, that is even more expressed 
in the presence of palmitate. 

Figure 16: Functional result of Palmitate treatment GSIS, amounts of secreted 
insulin are measured after glucose stimulation, in four different culture conditions, 
2mM glucose, 20mM glucose, 2mM glucose and palmitate positive, 20mM glucose 
and palmitate positive. From the GSIS it is observed that more insulin is secreted in 
higher containing glucose media but less if palmitate is also present.  
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Moreover, in order to get a preliminary insight, an INS1E culture was transfected with the plasmid 

containing the zs-Green-Pro-hIAPP sequence, and an attempt to study prohIAPP accumulation at 

different glucose concentrations was carried out.   

Images acquired of this culture in 10mM glucose containing media contained no cells with GFP-

pro-hIAPP, on the other hand after incubating for 48h in 20mM glucose media unprocessed GFP-

pro-hIAPP was visible while imaging. From this coupled with the increased IAPP gene expression 

levels after incubating in 20mM glucose media we get an indication that the production of IAPP 

is increased and the processing enzymes cannot compete with this increase leaving unprocessed 

proIAPP that accumulates. Next the accumulation mechanism and the cascade of events that 

leads to apoptosis need to be investigated. 
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4. Conclusion and Future work 
 

In this work two new techniques were developed, a reliable way of imaging cytoskeleton 

remodeling together with an analysis method of cellular particle tracking. These two techniques 

coupled with fluorescent tagged granules can give a better understanding to the transport of 

insulin granules through the cytoplasm until they undergo exocytosis providing data to build a 

cell level mathematical model. The different graph properties from the cytoskeleton network 

analysis presented could potentially be used as biomarkers of T2D onset and progression. As our 

results suggest, that the actin network is stabilizing in order to promote vesicle trafficking and 

exocytosis, a difference in the morphology of the network is expected to be present in the 

diseased cell leading to reduced insulin secretion. From the acquired images of the actin network 

in both conditions a difference in the branching of the network could be a possible explanation. 

Moreover, our preliminary data suggests that the accumulation of proIAPP due to increased gene 

expression in the presence of high glucose leads to cell death. With the inducible hIAPP cell line 

it will be possible to get a further insight on how this works and correlate it with cytoskeleton 

remodeling and vesicle trafficking with the aim of identifying a critical concentration of IAPP or 

proIAPP that starts making the cells dysfunctional and correlate it back to glucose intake levels 

with the help of modeling techniques like flux model analysis. In addition other future work 

targets can be identified as assessing the effect of glucose and palmitate in the expression of the 

processing enzymes PC2, PC1/3, in the ProhIAPP : mature IAPP ratio and in prohIAPP nucleation 

and aggregation mechanism.  

This different approach to type II diabetes, by recruiting methods of analysis used in different 

engineering fields together with traditional molecular biology methods, can provide a different 

insight of the disease and this approach could be possibly adapted for other similar problems. 

 

 

 

 

 

 

 

 

 



20 
 

Bibliography 
 

1. Global Report on Diabetes, Geneva: World Health Organization; 2016. 

2. Schaller S., Willmann S., Lippert J., Schaupp L., Pieber T. R., Schuppert A., Eissing T., A 

Generic Integrated Physiologically based Whole-body Model of the Glucose-Insulin-

Glucagon Regulatory System, CPT Pharmacometrics Syst Pharmacol, 2013 Aug; 2(8) 

3. De Gaetano A, Gaz C, Palumbo P, Panunzi S (2015) A Unifying Organ Model of 

Pancreatic Insulin Secretion. PLoS ONE 10(11): e0142344. 

doi:10.1371/journal.pone.0142344 

4. Mikayo Langhofer, Susan B. Hopkinson and Jonathan C. R. Jones, The matrix secreted 

by 804G cells contains laminin-related components that participate in hemidemosome 

assembly in vitro, Journal of Cell Science 105, 753-76, 1993 

5. Maria Kilfoil, Mechanics of the Cell, University of Massachusetts at Amherst 

(http://people.umass.edu/kilfoil/downloads.html) 

6. Aoife T. Heaslip, Shane R. Nelson, Andrew T. Lombardo, Samantha Beck Previs, Jessica 

Armstrong, David M. Warshaw, Cytoskeletal dependence of insulin granule movement 

dynamics in INS-1 beta cells in response to glucose, PLoS ONE 9(10) e109082, 2014  

7. Hosker J.P., Rudenski A. S., Burnett M. A., Matthews D. R., and Turner R. C., Similar 

reduction of first –and second- phase B-cell responses at three different glucose levels in 

type II diabetes and the effect of gliclazide therapy, Metabolism 38, 767-772, 1989. 

8. Ashcroft M. F., and Rorsman P., Diabetes mellitus and the β-cell: The last ten years, Cell, 

148:1160-1171, March 2012. 

9. Sarkar A., Zhang M., Liu S., H., Sarkar S., Brunicardi F. C., Berger D. H., et al., Serum 

response factor expression is enriched in pancreatic beta cells and regulates insulin gene 

expression, 2001, FASEB J. 25, 2592-2603. 

10. Koster J. C., Permutt, M. A., and Nichols C., G., Diabetes and insulin secretion: The 

ATP-Sensitive K+ Channel (KATP) Connection, Diabetes vol.54:3065-3072, November 2005. 

11. June Chunqiu Hou, Le Min and Jeffrey E. Pessin, Insulin Granule Biogenesis, Trafficking 

and Exocytosis, Vitamins & Hormones, Vol. 80:473-506, 2009 

12. Ozcan U., Yilmaz E., Ozcan L., Furuhashi M., Vaillancourt E., Smith R. O., Görgün C.Z. 

and Hotamisligil G. S., Chemical chaperones reduce ER stress and restore glucose 

homeostasis in a mous emodel of type 2 diabetes, Science 313, 2006, 1137-1140 

http://people.umass.edu/kilfoil/downloads.html


21 
 

13. Varman T. Samuel and Gerald I. Shulman, Mechanisms for Insulin Resistance: 

Common Threads and Missing Links, Cell 148, March, 2012. 

14. Kosteli, A. Sugaru E., Haemmerle G., Martin J. F., Lei J., Zechner R., and Ferrante A.W. 

Jr., Weight loss and lypolysis promote a dynamic immune response in murine adipose 

tissue, J. Clin. Invest. 120, 2010, 3466-3479. 

15. Kern P., Saghizadeh M., Ong J.M, Bosh R.J., Deem R., and Simsolo R.B., The expression 

of tumor necrosis factor in human adipose tissue. Regulation by obesity, weight loss, and 

relationship to lipoprotein lipase, J. Clin. Invest, 95, 1995, 2111-2119 

16. Di Angelo J.R, Bland M.L., Bambina S., Cherry S., and Birnbaum M.J., The immune 

response attenuates growth and nutrient storage in Drosophila by reducing insulin 

signaling, Proc Natl, Acad. Sci. 106, 2009, 20853-20858. 

17. Barg S., Ma X., Eliasson L., Galvanovskis J, Gopel S. O., Obermuller S, Platzer J., 

Renstrom E., Trus M., Atlas D., et al., Fast exocytosis with few Ca(2+) channels in insulin-

secreting mouse pancreatic B cells, 2001, Biophys, J. 81:3308-3323. 

18. Hoppa M. B., Collins S., Ramracheya R, Hodson L., Amisten S., Zhang Q., Johnson P., 

Ahcroft F. M., and Rorsman P., Chronic palmitate exposure inhibits insulin secretion by 

dissociation of Ca(2+) channels from secretory granules, 2009, Cell Metab. 10:455-465. 

19. Marchetti P., Bugliani M., Lupi R., Marselli L., Masini M., Boggi U., et al, The 

endoplasmic reticulum in pancreatic beta cells of type 2 diabetes patients, 2007, 

Diabetologia 50, 2486-2494. 

20. Lenzen S., Oxidative stress: the vulnerable beta-cell, 2008, Biochem. Soc. Trans. 36, 

343-347. 

21. Simmons R. A., Role of metabolic programming in the pathogenesis of beta-cell failure 

in postnatal life, 2007, Rev. Endocr. Metab. Disord. 8, 95-104. 

22.  Larson JL, Minranker AD, The mechanism of insulin action on islet amyloid 

polypeptide fiber formation, J. Mol. Biol. 335:221-231, 2004. 

23. Per Westermark, Arne Andersson, and Gunilla T. Westermark, Islet amyloid 

polypeptide, islet amyloid and diabetes mellitus, Physiol Rev 91:795-826, 2011. 

24. Westermark GT, Leckström A, Zhi M, Westermark P., Increased release of IAPP in 

response to long-term high fat intake in mice, Horn Metab Res 30: 256-258, 1998 

25.  Lei Wei, Ping Jiang, Weixin Xu, Hai Li, Hua Zhang, Liangyu Yan,Mary B. Chan-Park, 
Xue-Wei Liu, Kai Tang, Yuguang Mu andKonstantin Pervushin, The molecular basis of 
distinct aggregation pathways of islet amyloid polypeptide, 2010, The Journal of 
Biological Chemistry. 
 



22 
 

26. Westermark GT, Steiner DF, Gebre-Medhin S, Engström U, Westermark P, Pro islet 

amyloid polypeptide (proIAPP) immunoreactivity in amyloid formation in the islets of 

Langerhans, Upsala J Med Sc 105:97-106, 2000. 

27. Wirtz D., Particle-Tracking Microrheology of Living Cells: Principles and Applications, 

Annu. Rev. Biophys. 2009. 38:301-26. 

28. Parisi G., Brownian motion, Nature, Vol 433, January 2005. 

29. Thomas G. Mason, Estimating the viscoelastic moduli of complex fluids using the 

generalized Stokes-Einstein equation, Rheol Acta 39:371-378, 2000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

APPENDIX I 
 

A State of the Art- Type 2 Diabetes Pathology 

The root causes of T2D can be explained with two different cascades of effects. On the one hand 

there is insulin resistance, and, on the other hand β-cell dysfunction. 

The onset of the disease can be separated into two parts, first, insulin resistance (see section 

1.1.2) activates the adaptive beta cell replication and hyperplasia in order to maintain 

euglucemia. The individuals that can maintain β-cell function despite a high body mass index can 

be resistant to obesity induced T2D, but for the majority this condition leads to β-cell failure due 

to glucolipotoxicity and the onset of T2D. 

 

1.1.1. Insulin metabolic path 

Insulin is a peptide hormone produced by the pancreatic β-cells and secreted in response to 

elevated blood glucose levels. Insulin lower the blood glucose levels by three ways of action. It 

signals the peripheral tissues, mainly skeletal muscle, to increase glucose uptake, it acts on the 

liver to promote glycogenesis and inhibits glucagon secretion from pancreatic alpha-cells (a-

cells). The β-cells are localized in the pancreas as part of the islets of Langerhans. The islets of 

Langerhans are regions in the pancreas with an average diameter of 100µm that compose 4.5% 

of the pancreas volume. Islets contain the following hormone producing cells: α-cells, β-cells, 

delta-cells (δ-cells), epsilon-cells (ε-cells) and gamma-cells (PP-cells), of which the β-cell cells 

constitute 65%-80% of the total islet cells.  The main role of insulin is to regulate metabolism and 

inhibit the breakdown of glycogen.  Insulin is produced through post-translational modification 

of proinsulin and has 35 amino acids less. Proinsulin is processed by prohormone convertase 2 

and 1/3 (PC2, PC1/3) in the Golgi apparatus. The transcription of the insulin producing gene is 

regulated by glucose concentration, as it is a target of the serum response factor (SRF), a glucose 

concentration sensitive regulator.  

Insulin secretion is divided in two phases. First the granules that compose the readily releasable 

pool, which is close to the cell membrane, are secreted and secondly the granules that are part 

of the reserve pool.  The granules of the reserve pool move after glucose stimulation close to the 

cell membrane via microtubule reorganization and actin polymerization. Exocytosis of insulin 

granules is stimulated by an increase in intracellular calcium. When the plasma glucose levels are 

low the ATP-sensitive potassium channels (KATP-channels) remain open allowing K+ ions efflux, so 

that the membrane is kept hyperpolarized.  Consequently, there is no electric activity, the 

voltage-dependent calcium channels (Ca2+-channels) remain closed and no insulin is secreted. In 

response to an elevation in plasma glucose, metabolism produces ATP molecules resulting in the 

shutting of the KATP-channels. This initiates electrical activity and Ca2+ influx duo to opening of the 



24 
 

calcium channels and results in insulin secretion. It is important to note that ATP produced from 

glucose is essential for this procedure and it cannot be replaced by ATP produced by protein or 

fat metabolism (fig. 17). In T2D the first phase of insulin secretion is almost nonexistent and the 

second phase strongly reduced [7, 8, 9, 10]. 

 

Figure 17. Signaling pathway: Glucose via glycolysis and mitochondrial ATP production increases the ATP/ADP ratio signaling the 
closure of the KATP-channels leading to cellular depolarization and opening of L-type calcium channels, influx of Ca2+ and fusion of 
insulin granules with the plasma membrane [11]. 

There have been many risk factors identified for T2D, but the exact cascade of events that leads 

to it still remains unclear. Obesity is widely accepted as a risk factor as insulin sensitivity is 

lowered in the peripheral tissues with consequent up-regulation of insulin secretion by the β-

cells. The capability of the β-cells to do so is affected by genetic factors. Moreover, a large amount 

of Single Nucleotide Polymorphisms (SNP’s) have been identified as risk factors, but there is a 

lack of understanding of the functional role of many of the genes in which these SNP’s are found 

and their connection to T2D. Most of the studies on SNP’s associated with T2D are currently 

inconclusive [8]. 

It is suggested that the β-cell function rather than the β-cell number is more critical in the etiology 

of T2D but it is also yet unclear whether patients with T2D started with a lower β-cell mass or if 

this appeared as a result of sustained hyperglycemia.  In addition, lately the view that β-cell 

function is the important factor and not insulin resistance is gaining popularity together with the 

interaction of amyloid plaque formed from the islet amyloid polypeptide (IAPP) with the β-cells. 
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It is evident that onset of T2D is associated with a process unique to the β-cell, as it is not 

associated with impaired secretion from other endocrine organs, so pathways common to all 

endocrine cells cannot be the reason behind T2D. [8] 

 

1.1.2. Insulin resistance 

Insulin resistance is a complex metabolic disorder and can be described by three possible 

mechanisms all taking place in the organism at the same time. These are: ectopic lipid 

accumulation, the arousal of endoplasmic reticulum stress, due to accumulation of misfolded 

proteins and low grade inflammation. It is clear that lipids are associated with insulin resistance, 

diacylglycerols and ceramides are assumed to play a role in insulin secretion signaling as studied 

in cell systems. The endoplasmic reticulum stress results from the unfolded protein response. 

This is proposed to be an adaptation of the organism due to the need for increased production 

of insulin in the β-cells. Production needs can overwhelm the capacity of the endoplasmic 

reticulum (ER) to process pro-insulin to insulin, resulting in misfolded peptides and ER-stress. 

Chemical inducers of ER-stress have been identified to lower insulin signaling and specific 

chaperones that relieve the cell from ER-stress have been observed to promote insulin signaling 

[12, 13]. However, the link between those phenomena and the cellular mechanisms that govern 

them remains still unclear [14]. Inflammation can potentially increase lipolysis which results in 

insulin resistance [15].  Moreover, increased TNFα expression has been observed in obese rodent 

models [16]. This mechanism could have as an initial purpose to halt growth in order to allocate 

more resources in fighting pathogens [17]. 

 

1.1.3. β-cell dysfunction 

In recent years it is becoming more evident that he main culprit for T2D is the disruption of the 

functionality of the β-cells rather than the arousal of insulin resistance. A possible mechanism for 

the dysfunction of the β-cell is connected with the pathway of insulin secretion. It has been 

observed that in vitro inhibition of glucose stimulated insulin exocytosis was not accompanied by 

evidence of increased rate of β-cells apoptosis, reduced insulin synthesis, impaired glucose 

metabolism, KATP-channel regulation or Ca2+ signaling, pointing out that the dysfunction is taking 

place at the level of exocytosis. Moreover, Exposure of β-cells to palmitate has shown that the 

whole cell Ca2+ current is not affected by the exposure, so not the sensitivity but the location of 

Ca2+-channels seems to be affected [10]. The problem is identified in the localization of the insulin 

granules relative to the Ca2+-channels in the diseased β-cells. Normally in the β-cells the ‘ready 

to be secreted’ insulin granules are found close to the Ca2+-channels on the cell membrane, so 

that even with small depolarization insulin secretion takes place. In diseased cells the Ca2+-

channels are more diffusely distributed in the plasma membrane [18].  This also explains the fact 

that in T2D patients the first phase of insulin secretion is almost non-existent.  Moreover, the 

dysfunction and later on apoptosis of β-cells is associated with ER-stress and oxidative stress due 
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to the upregulation of β-cells and so increased amount of reactive oxygen species (ROS) produced 

by the overstimulation of the mitochondria. Due to their low production of antioxidants β-cells 

are highly affected by oxidative stress [19, 20, 21]. Endoplasmic reticulum stress has also been 

found to be affecting the T2D patients more than the healthy ones, as the ER density volume and 

apoptosis rate values were higher in T2D patients. 

 

1.2. Islet amyloid polypeptide  

Islet amyloid polypeptide (IAPP) is a 37-residue regulatory peptide hormone secreted from the 

pancreatic β-cells, being one of their main secretory products. IAPP is able to from aggregates in 

the pancreatic islets and it is evident that it affects β-cell loss in T2D. Two normal roles of IAPP 

are clearly identified, as a paracrine molecule in the islets of Langerhans and as a hormone 

affecting the Central Nervous System (CNS) in various way like gastric emptying, osteoclastic 

activity and insulin response.  Earlier the IAPP aggregates (islet amyloid) were regarded as a 

consequence rather than a reason of T2D, nowadays it is accepted more as part of the etiology 

of the disease.  IAPP is initially expressed as an 89-residue propeptide, proIAPP, and is processed 

by PC2 and PC1/3 the same enzymes that process pro-insulin to insulin in a similar way (fig. 18).  

The IAPP gene has a parallel expression with insulin, using similar promoter elements and glucose 

dependent transcription factors. IAPP does not form aggregates inside the cells or in the 

secretory granules due to its interaction with other molecules like insulin inside the vesicles, a 

small ratio of IAPP to insulin as low as 1:100 is enough to prevent the IAPP molecules to 

aggregate. At the secretion the IAPP to insulin ratio is 1:50 and it falls to 1:20 at the peripheral 

circulation [22, 23].  

 

Figure 18 : The amino acid sequences of human pro-IAPP (A) and pro-Insulin (B) with cleavage sites for PC1/3 and PC2 and below 
are cartoons of IAPP (A) and Insulin (B) with the intramolecular S-S bonds.  [17]. 

Normally there are two amyloid degrading proteins, two Zn-metalloproteases, the insulin 

degrading enzyme and neprolysin. It is also notable that necrolysin’s expression is being reduced 

during aging that might also affect the onset of T2D [23]. There are no specific receptors for IAPP 

but Receptor Activity Modifying Proteins (RAMP). IAPP’s normal concentration in plasma is 1-2% 

of that of insulin, moreover insulin and IAPP are co-secreted in response to the elevation of blood 
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glucose concentration levels. It has been observed that IAPP is more sensitive to external stimuli 

than insulin. [23] When the existence of IAPP was proved it was believed to be the reason behind 

insulin resistance in T2D, but the experiments that proved this in vivo were done with much 

higher concentrations of IAPP as found in the β-cells of normal and diseased individuals. Although 

it is still suggested that IAPP has a role in the complex metabolic tuning of insulin that has not yet 

been proven experimentally. The persistent theory that still needs to be confirmed is that the 

formation of IAPP aggregates, the islet amyloid, is evoking β-cell dysfunction. There are two 

possible explanations that could also be happening simultaneously: firstly, there might be an 

interaction between islet amyloid fibrils and cell membranes, resulting in unregulated Ca2+ influx 

disrupting the β-cells Ca2+-channels signaling and eventually β-cells functionality; secondly β-cells 

in the proximity of the islet amyloid fibrils are penetrated by them resulting to reduced β-cell 

mass and function. The amyloid is formed by many IAPP molecules bound together in β-sheet 

formation. This is also the reason behind the non-existence of islet amyloid in some species like 

rodents. There are some differences in the primary structure of their IAPP molecules, specifically 

there are three more prolines. These extra prolines are crucial for the amyloid formation at the 

20-29 amino acid residues domain. Moreover, it lacks the His17 that is also found to be of 

importance for the folding [23,24]. The formation of amyloid islets is, by some, presented as an 

increase in ER-stress in β-cells due to misfolded proIAPP molecules that results to the onset of 

apoptotic mechanisms in the cell.  In this case some of the misfolded proIAPP molecules end up 

in the extracellular matrix and form a scaffold for the IAPP molecules normally present there 

resulting in the aggregation of IAPP molecules and the formation of islet amyloid (fig. 19). This 

theory is supported by immunological evidence that proIAPP molecules are also present in islet 

amyloid. The morphology of islet amyloid includes unbranched fibrils of indefinite length with a 

diameter of 7-10nm.  The formation of islet amyloid is a typical nucleation-dependent process 

consisting of three phases, the nucleation of the monomers, elongation of the fibrils and steady 

state plateau. The co-secretion mechanism of insulin and IAPP mentioned before makes evident 

that during the insulin resistance phase of T2D where the β-cells are stressed to produce more 

insulin they also produce and secrete more IAPP which might affect the rate at which β-cells 

become dysfunctional. Moreover, some mutations in the IAPP gene have been identified as risk 

factors for different populations like the IAPP520G in the Asian population [23, 25,26]. 

 

 

 

Figure 19: Schematic showing the hypothesis of the amyloid plaque formation, starting inside the cell and aggregating in the 
extracellular matrix in the whole pancreas (adapted from Westermark et al. 2011). 
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2. Particle Tracking Microrheology 

 

Microrheology provides a means of dynamic mechanical testing overcoming limitations such as 

range of frequency, range of moduli, sample size and heterogeneity. A complex or viscoelastic 

material, like the cytoplasm, has characteristics of both Newtonian fluids and Hookean solids that 

can be characterized by a viscous and an elastic modulus respectively. Micro- refers to the small 

size of the stress applied on the small probe. With particle-tracking techniques the mean square 

displacement (MSD) of small particles moving in the probe can be calculated and used in order 

to imply the viscoelastic properties of the medium. As the cytoplasm is regarded as a complex 

fluid, its linear viscoelastic moduli can be obtained from a frequency dependent generalization 

of the Stokes-Einstein equation (GSE-equation): 

 𝐺∗ (𝜔) =
𝑘𝐵𝑇

6𝜋𝛼𝐷∗(𝜔)
    (1), 

 where kB is Boltzmann’s constant, T is the temperature and α is the sphere’s radius and D is the 

diffusion coefficient. With evaluation of the Fourier transform and use of Euler’s equation we are 

able to calculate the storage modulus G’ and the loss modulus G’’ as: 

 𝐺′(𝜔) = |𝐺∗(𝜔)| cos(𝜋𝛼 (𝜔) 2⁄ ) , (2)  

and 𝐺′′(𝜔) = |𝐺∗(𝜔)| sin(𝜋𝛼 (𝜔) 2⁄ )  (3),  

 where |𝐺∗(𝜔)| ≈
𝑘𝐵𝑇

𝜋𝛼〈∆𝑟2(1 𝜔⁄ )〉𝛤[1+𝑎(𝜔)]
  (4) 

  

The storage modulus (G’) dominates at low frequencies, reflecting the elasticity of the medium 

and the loss modulus (G’’) dominates at high frequencies, reflecting the dissipation of the viscous 

fluid. Particle-tracking microrheology will be used in order obtain mechanical properties of the 

cells and observe the effects of external stimuli on them. Moreover, a change in the mechanical 

properties of the cells has been identified in some diseases, which could be the case also for T2D 

patients’ β-cells. The principle behind particle-tracking microrheology is that small, round objects 

like beads with a diameter of 1µm or less, on which inertial forces like gravity are negligible, 

perform a Brownian motion. The irregular motion that particles under Brownian motion exhibit 

originates from the random thermal agitation of the molecules in the surrounding medium [27]. 

More specifically two forces are acting on the beads, the small random force produced by the 

random bombardment of water molecules and the counteracting frictional force which is 

proportional to the velocity of the bead and the bead’s friction coefficient. The former results 

from the thermal energy kBT and the movements of other cytoplasmic structures, such as 

cytoskeleton filaments and other organelles, while the latter stems from the movement of the 

beads driven by thermal energy. The friction coefficient depends on the viscoelastic properties 

of the cytoplasm and the size of the bead. The common practice to use this technique is to inject 

in the cell fluorescent beads and track their movement for a period of time more than ten 
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seconds, but it can also be a completely noninvasive measurement of the cells mechanical 

properties as endogenous cellular particles can be used to track their movement as for example 

insulin granules. In this study this can be of particular interest as the movement behavior of the 

granules can point out the different mechanisms between diseased and healthy cells in response 

to conditions like chronic hyperglycemia. Moreover, the vesicle trafficking patterns can be 

examined as microtubule reorganization and actin polymerization are affecting the viscoelastic 

properties of their surrounding environment and assuming that the local viscoelastic modulus 

around a sphere, like injected beads or the granules themselves, is the same as the macroscopic 

viscoelastic modulus 27, 28, 29]. 
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