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Abstract 
Elksnis, A. 2022. Pharmaceutical Protection of Beta-Cells in Diabetes. Using Tyrosine 
Kinase Inhibition and NOX4 Inhibitors. Digital Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Medicine 1841. 59 pp. Uppsala: Acta Universitatis 
Upsaliensis. ISBN 978-91-513-1496-9. 

Diabetes mellitus is a complex and heterogenous disease, with loss of beta-cell function and 
mass being a characteristic of not only type 1 diabetes (T1D), but also type 2 diabetes (T2D). 
In T1D, inappropriate inflammatory signaling is thought to participate in the autoimmune 
suppression and destruction of beta-cells. In T2D progressive insulin resistance with resulting 
glucolipotoxicity, increased inflammation and oxidative stress, drives islet amyloid formation 
and subsequent beta-cell exhaustion and failure. Even under best managed care, disease 
progression and eventual complications are unavoidable. New interventions that aim to improve 
beta-cell survival are highly needed. This thesis investigates two such possible interventions: 
the tyrosine kinase inhibitor Imatinib, and selective NADPH-oxidase inhibition. 

Imatinib mesylate, used in treatment of chronic myeloid leukemia and other malignancies, 
was soon after its introduction reported to possess anti-diabetic properties in both T1D and 
T2D patients undergoing treatment. Imatinib has been shown to prevent and reverse diabetes 
in NOD mice and improve glucose tolerance in high fat diet treated rats. In paper I, we aimed 
to characterize the mechanisms by which imatinib protects beta-cells. We found that imatinib 
inhibits complex I and II of the respiratory chain, leading to improved beta-cell survival through 
AMPK activation, reduced amyloid formation and protection against TXNIP upregulation. 

Oxidative stress may play a pivotal role in the development of beta-cell dysfunction and 
failure in T2D. The NADPH-oxidases are a family of 7 enzymes (NOX1-5 and DUOX 1-2), that 
produce reactive oxygen species that are important in various physiological processes but may, 
if excessively activated, also be a source for oxidative stress in T2D. In paper II, we evaluate 
novel selective NOX inhibitors as protective agents against in vitro induced human beta-cell 
stress. Selective NOX4 inhibition protected beta-cells against both cytokines and high-glucose 
+ palmitate. In paper III we found that NOX4 inhibition increased mitochondrial membrane 
potential, mitochondrial reactive oxygen species and ATP/ADP ratio in a human beta-cell line, 
and this was paralleled with protection against human islet cell death when challenged with 
high-glucose and palmitate. Finally, in paper IV, we attempt to apply these findings in vivo, 
by transplanting athymic diabetic mice with human islets and treating them with a NOX4 
inhibitor over a period of 4 weeks. Treated mice achieved lower blood glucose levels and water 
consumption throughout the treatment period, and apoptotic rates of insulin-positive human 
cells, measured as co-localization of insulin and cleaved caspase-3, were greatly reduced. 
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(K)ATP ATP-sensitive potassium channel  
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Introduction 

Islets of Langerhans 

The pancreas is mostly an exocrine gland with clusters of small endocrine 

organs, the islets of Langerhans, distributed throughout. Named after Paul 

Langerhans, the German physician who first discovered them in 1869 [1], the 

islets consist of different endocrine cells that produce hormones that are 

critical for the body’s glucose homeostasis. The islets mainly consist of insulin 

producing beta-cells, followed by glucagon producing alpha-cells. 

Somatostatin producing delta-cells, PP-cells and ghrelin producing epsilon-

cells constitute the remaining smaller portion of the endocrine cells [2, 3] . 

Due to the size and distribution of the islets, and lack of established in vivo 

techniques to visualize and monitor them, autopsy studies account for most of 

our current understanding of their composition and mass [4]. The pancreas 

weighs on average around 100g, but can range between 40-180g [5], with 

islets composing 1-2% of its weight [6]. This amounts to a healthy adult 

human pancreas containing approximately 3.2-14.8 million islets [7]. 

Moreover, human pancreatic islets have been demonstrated to be vastly 

heterogeneous regarding their size, function, maturity and granularity [8-10]. 

A loss of pancreatic islet functionality or destruction of islets results in 

impaired glucose tolerance and the development of diabetes. Some evidence 

exists that the most functional islets are more prone to develop amyloid 

deposits [11], a critical feature of the pathogenesis of type 2 diabetes [12], and 

that regional differences in beta cell loss exists in pancreases of diabetic 

patients [13]. It may thus be that some islet subpopulations are particularly 

sensitive to the damaging metabolic milieu in early diabetes, and loss of these 

islets could constitute a significant stage in the pathogenesis of diabetes.  

Diabetes Mellitus 

Diabetes mellitus is a complex and heterogenous disease with rapidly 

increasing prevalence, estimated in 2021 to affect 537 million, or 1 in 10 adult 

individuals world-wide, and predicted to increase by an additional 46% by 

2045 [14]. Records of a condition causing excessive thirst, sweet urine and 

weight-loss, a likely description of diabetes, date back to ancient Egypt [15]. 

The first known description of diabetes, however, came from Areatus of 
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Cappadocia in the 2nd century, with the name diabetes stemming from ancient 

Greek and meaning siphon or to pass through [16]. The Latin term mellitus, 

meaning honey-sweet, was later added to describe the glucosuria of affected 

individuals. In the 19th century, Lanceraux first recognized the connection of 

the pancreas and diabetes, following this, Minowski and von Mering noted 

that pancreatectomized dogs died with symptoms of diabetes [17].  

Lancereaux also observed that there were at least two forms of diabetes, which 

he coined diabetes maigre and diabetes gras (diabetes of the lean, and the fat), 

although his distinction likely bears little resemblance to the phenotypes of 

T1D and T2D [18]. With increased knowledge of the disease, the current 

distinction between type 1 diabetes and type 2 diabetes was established during 

the 20th century, and other types of diabetes, with mixed phenotypes, such as 

maturity onset diabetes of the young (MODY) and latent autoimmune diabetes 

in adults (LADA) later emerged [19, 20]. Even so, the heterogeneric nature of 

the disease is increasingly recognized and starting to make these 

classifications dated. There are a number of new suggested subclassifications 

that in the future likely will affect treatment and prognosis [4]. Even with the 

best managed care, DM entails a large burden of both acute and chronic 

complications, impacting not only the patient’s quality of life and life 

expectancy. Long standing DM often results in debilitating complications 

such as retinopathy, nephropathy, neuropathy and cardiovascular disease [21, 

22]. Life expectancy is reduced by 5-17 years, making DM the 9th leading 

cause of death [23, 24]. The chronic nature and debilitating complications of 

the disease also imposes a significant financial burden for health care systems. 

Type 1 diabetes 

In type 1 diabetes (T1D) inappropriate inflammatory signals participate in an 

autoimmune destruction and suppression of beta-cell function [25, 26]. This 

results in an early onset of absolute insulin deficiency and metabolic 

dysregulation. T1D is one of the most common chronic diseases affecting 

children and represents approximately 5-10% of total DM cases [27]. Since 

the pioneering work in 1921 of Banting and Best, who managed to isolate 

insulin from animal pancreases and demonstrate that substitution in T1D 

patients led to stabilized metabolic control, the standard treatment has 

consisted of life-long insulin substitution [28]. Improved insulin formulations 

and the advent of continuous glucose monitoring and closed-loop insulin 

systems have enhanced the effectiveness of treatment and long-term outcomes 

[29, 30]. Nonetheless, T1D still carries a large burden of complications and 

decreased life expectancy. While previously almost entirely youth associated, 

T1D is inexplicably increasing in prevalence in older individuals as well [31]. 

There is also a large regional variation in the incidence of T1D, with Finland 

having the highest incidence rate (52.2 per 100,000 per annum), and Sweden 



 

 15 

the second highest incidence rate in the world. (43.1 per 100,000 per annum) 

[32]. 

Type 2 diabetes 

Type 2 diabetes (T2D) accounts for 90% of diabetes cases worldwide. Unlike 

T1D, diet and body weight have a major impact on the risk of developing T2D 

[33]. Lifestyle associated progressive insulin resistance results in an initial 

hyperinsulinemia, that may at first somewhat balance glycemic control. With 

time however, this beta-cell hyperactivity promotes beta-cell exhaustion, islet 

amyloid formation, glucolipotoxicity and eventual beta-cell destruction in the 

later stages of the disease [34]. In recent years, the prevalence of T2D has 

increased among youth, likely coupled to the continuing increase in childhood 

obesity [35]. Besides preventative life-style factors, pharmaceutical treatment 

options for T2D have increased considerably in recent years. Before 1995, the 

only two classes of anti-diabetic agents besides insulin were Sulfonylurea and 

Biguanide, since then a number of new drug classes have been approved for 

use, with the most recent one being SGLT-2 inhibitors in 2013 [36]. As T2D 

is vastly heterogeneous in its nature, several subclassification efforts based on 

phenotypical and metabolic characteristics have been proposed and will 

conceivably find their way into clinical use and affect treatment choice [4]. It 

is generally recognized that inflammation, glucolipotoxicity and oxidative 

stress contribute to the initial development, progression and long-term 

complications of T2D, and while advances in treatment during the last century 

have dramatically improved both the life quality and life expectancy of 

patients, new treatments with specific disease modifying potential are needed. 

Cytokine-induced stress 

Cytokines are small signaling molecules present in paracrine cellular 

communication, which constitute a complex system where different types of 

immune responses are mediated and orchestrated, with some being pro-

inflammatory and others anti-inflammatory. Hyperglycemia acutely increases 

inflammatory cytokine concentrations [37], and low grade hyperglycemia 

induced inflammation is thought to contribute to both the development and 

progression of both T1D and T2D [38, 39]. This inflammation is commonly 

associated with certain inflammatory markers and promotes beta-cell 

exhaustion in T2D [40] and enhances the autoimmune destruction of beta-

cells in T1D [41]. Furthermore, this cytokine mediated inflammation is 

believed to contribute to many of the peripheral complications observed in 

hyperglycemia induced conditions, such as diabetes nephropathy, retinopathy, 

micro and macro vasculopathy and neuropathy [42-45]. The addition of 
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certain pro-inflammatory cytokines to islets and beta-cells in vitro can 

promote beta-cell dysfunction and death [46], in a manner that mirrors the 

conditions of diabetes in vivo. In particular, the pro-inflammatory cytokines 

IL-1β and Interferon-γ have been shown to be dysregulated in diabetes in vivo 

[47, 48] and sustain damaging effects when added in vitro [46, 49].  

Glucolipotoxic stress 

Besides promoting inflammatory conditions, and oxidative stress, the 

damaging effects of hyperglycemia can be further potentiated by concurrent 

lipotoxicity. T2D is commonly associated with obesity and the metabolic 

syndrome [50]. Obesity is linked to dyslipidemia and hyperlipidemia [51], 

moreover, insulin resistance drives changes in lipid metabolism and 

composition [52, 53]. This makes dyslipidemia common in T2D patients, 

presenting not only a substantial risk factor for vascular complications [54], 

but may also advance the disease by inducing insulin resistance and direct 

beta-cell toxic effects [55-57]. While acute infusion of free fatty acids (FFAs) 

results in potentiation of insulin release, prolonged exposure has been shown 

to instead impair beta-cell function and promote insulin resistance [58-60]. It 

must be noted however, that the actual contribution of lipotoxicity in the 

pathogenesis of T2D in humans still remains debated [61]. Nonetheless, 

certain FFAs have been shown to be deleterious to beta-cell health both in vivo 

[62] and in vitro [55, 63]. Particularly saturated FFAs have been shown to 

induce beta-cell death, while unsaturated FFAs can be protective. Several 

mechanisms for saturated FFA beta-cell death have been proposed, amongst 

others ER stress, oxidative stress, ceramide formation, impaired insulin gene 

expression and inflammation [56]. Palmitate is one of the more commonly 

used saturated FFA to study lipotoxicity in beta-cells in vitro and has also been 

shown to be elevated in T2D patients [64]. As FFAs are hydrophobic 

molecules, they are bound to albumin in vivo, commonly 2 FFA to each 

albumin molecule (range of 1:1 to 5:1) [55]. When studying lipotoxicity in 

vitro this must therefore be accounted for by simultaneously supplementing 

the culture with BSA to achieve FFA levels plausible in an in vivo situation.  

Oxidative stress 

Reactive oxygen species (ROS) are inevitable byproducts of aerobic 

metabolism, produced primarily from a natural leakage of electrons in the 

mitochondrial electron transport chain. ROS are involved as signaling 

molecules in numerous physiological processes, predominantly involving 

stress signaling [65]. Naturally, ROS activity is balanced by antioxidant 

enzymes, such as superoxide dismutase, glutathione and thioredoxin, and low 
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molecule ROS-scavengers, maintaining an intricate redox biology [66]. 

Excessive ROS formation, or an overwhelming of the antioxidant responses 

results in oxidative stress. Oxidative stress is associated with aging [67, 68], 

diabetes [69-71], and numerous other pathological processes involving 

chronic inflammation [72-75]. The metabolic conditions in diabetes, with 

persisting hyperglycemia and hyperlipidemia, are instrumental in the 

development of an imbalance in the redox state and oxidative stress and 

presumed to be a major cause for beta-cell dysfunction [76]. There are 

multiple pathways for the excessive formation of ROS in diabetes besides 

increased cellular metabolism and electron leakage. In the production of 

insulin, ROS is produced in the enzyme driven folding of proinsulin in the 

endoplasmic reticulum (ER) [77, 78], with one molecule of ROS produced 

with the formation of each of the three disulfide bonds [79], in hyperglycemic 

conditions where insulin biosynthesis is maximally stimulated [80], this could 

signify a formation of 3-6 million molecules of ROS per minute [81]. 

Hyperactivity of the NADPH oxidases (NOX) can also lead to excessive ROS 

production, with expanding research suggesting their role in metabolic defects 

and diabetes [82, 83]. In addition, beta-cells have been reported having 

inherently low levels of traditional antioxidant enzymes, potentially making 

them more susceptible to the damaging effects of oxidative stress [84-86]. 

However, in recent years this has become somewhat questioned, as alternative 

systems for managing ROS in beta-cells have been detailed [87-89]. 

AMPK 

The adenosine mono phosphate dependent kinase (AMPK) is one of the 

central intracellular regulators of energy homeostasis. A decrease in 

intracellular energy levels is reflected by an increase in the AMP to ATP ratio, 

which results in an activation of AMPK through phosphorylation [90, 91]. 

Activated AMPK acts through multiple pathways that improve mitochondrial 

function, energy conservation, autophagy and defense against oxidative stress 

[92]. Thus, AMPK activation is physiologically associated with enhanced cell 

survival in response to energy deprivation but has been shown to improve 

cellular survival in other situations of distress as well [92]. AMPK is 

commonly activated through one of four ways; increased AMP to ATP ratio, 

by substances mimicking AMP, by activation in an AMP independent manner, 

or through oxidative stress [93]. Pharmacologically, activation is most 

commonly achieved through direct effects arising from alterations in cellular 

energy production [93]. Metformin, a known AMPK activator, acts by 

inhibiting the mitochondrial respiratory chain complex 1 [94]. Inhibition of 

ROS has also been shown to activate AMPK, in some situations [95]. 

Cytokine-induced EndoC-βH1 cell death has been demonstrated to be 

paralleled by a gradual AMPK activation, and pharmacological AMPK 
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activation with AICAR har been shown to counteract cytokine induced 

EndoC-βH1 cell death [96]. AMPK thus appears to be intricately involved in 

cellular survival and stress response.  

Tyrosine Kinase Inhibitors and Imatinib 

Small molecule protein tyrosine kinase inhibitors (TKI), such as imatinib 

mesylate, were introduced in the early 2000s as targeted anti-tumor and anti-

leukemic agents [97-99]. Soon after their introduction, anti-diabetic effects 

were reported in both T1D and T2D patients undergoing treatment with these 

substances [100-102]. Imatinib, a specific inhibitor of bcr-abl, c-kit and 

PDGF-R, primarily developed as a treatment for chronic myeloid leukemia, 

gastrointestinal stromal tumors and other malignancies, was one of the first 

substances of this class of drugs [97, 98], and thus one of the most studied 

regarding anti-diabetic effects. These effects are however not unique to 

imatinib but have also been observed in other TKIs targeting both the same 

and different proteins [103-108]. Imatinib has early on showed to decrease 

human beta-cell death in vitro [109], prevent and even reverse progression of 

T1D in non-obese diabetic (NOD) mice [110] and improve glucose tolerance 

and T2D in high-fat diet treated rats [111]. In a recent clinical study, imatinib 

was given to patients with recent-onset T1D for 6 months, which resulted in a 

reduced disease progression and improved beta-cell function [112].  

Possible explanations for the beta-cell protective effects of imatinib have been 

the attenuation of c-Abl pro-apoptotic signaling [113, 114], IRE-1a activation 

[115] and by stimulation of autophagy [116]. Notably, the protection against 

beta-cell death requires a pre-exposure period of 6-24h [117], indicating a 

preconditioning-like mechanism of imatinib. A 6h imatinib exposure has been 

shown to result in ERK [118], AKT [117] and NF-kappaB [119] activation, 

all signaling events that may contribute to the amelioration of beta-cell death. 

NADPH oxidases 

Pancreatic islet overproduction of ROS may result in beta-cell dysfunction 

and failure. The excessive production and accumulation of ROS is at least in 

part due to hyperreactivity of the NADPH oxidases (NOX). The NOX family 

consists of seven isoforms, NOX1 to NOX5 and dual oxidase 1 and 2 

(DUOX1-2), each with similar but distinct structural and functional 

characteristics [82, 120], and all with the common feature of generating 

superoxide and other ROS. Physiologically, the NOX family enzymes engage 

in a myriad of processes, ranging from host defense to cellular signaling and 

differentiation [120]. NOX deficiency may lead to immunodeficiency [121], 
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while hyperreactivity of some of the isoforms have been found to be important 

drivers of multiple diseases, including diabetes and diabetes complications 

[82, 83].  

Increased NOX activity has also been linked to lipid-induced ROS production 

and fatty acid promoting amplification of glucose-stimulated insulin secretion 

[122]. Several NOX subunits have been shown to be expressed in both rat and 

human pancreatic islets [123-125], and in vivo studies have reported increased 

NOX-mediated ROS generation in diabetic rat and human islets, with 

associated reduced beta-cell function [83].  

NOX4  

NOX4 has drawn particular interest in the study of peripheral diabetes 

complications, as NOX4 has been shown to be involved in renal and 

cardiovascular pathology in diabetes [126, 127]. While some NOX4 knock-

out models have instead proposed protective effects of NOX4 [128, 129], 

others suggest the contrary [130, 131], signifying multiple roles of NOX4 

depending on the setting. Nonetheless, NOX4-mediated alterations in 

mitochondrial function and redox balance have also the potential to be 

fundamental in the development of beta-cell dysfunction and death in T2D 

[76, 132-134]. NOX4 produces hydrogen peroxide and superoxide [135], 

which affects cell signaling events promoted by receptor tyrosine kinases 

[136]. In myofibroblasts and endothelial cells, NOX4 signaling has been 

reported to participate in processes such as differentiation, cytoskeletal 

reorganization and transcription [137-139]. NOX4 has also been reported to 

affect epithelial to mesenchymal transition [140], ER release of Ca2+ [140] , 

and both protection as well as promotion of apoptosis [141]. NOX4 is 

considered to be expressed in a wide variety of cell types [142-146] and has 

been observed to be controlled by altered gene expression [147], hypoxia 

[135], via direct binding to ATP [148], and protein-protein interactions, by for 

example binding to p22phox, PDI, Poldip2, Tsk4/5 and Hsp70 [149, 150]. As 

cytokines and high glucose + palmitate reduce beta-cell ATP levels [96, 151] 

and can affect phosphorylation events that might enable these protein-protein 

interactions, this presents two different ways in which NOX4 may be activated 

in pancreatic islets in diabetic conditions. Of particular interest in diabetes are 

the reported interactions between NOX4 and mitochondria. NOX4 has been 

observed to, at least in some cases, localize to the mitochondria [152], and is 

suggested to function as a sensor of mitochondrial ATP and regulate flux 

through the glycolytic pathway in tumor cells [148]. NOX4 may also augment 

mitochondrial ROS production and decrease mitochondrial function [153], 

possibly by inhibiting respiratory complex I [154]. NOX4 has also been 

suggested to inhibit mitochondrial function by downregulating Nrf2-mediated 
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TFAM mRNA transcription, an event necessary for mitochondrial biogenesis 

and bioenergetics [155]. NOX4 may therefore be an important modulator of 

mitochondrial function [153]. 

EndoC-βH1 cells 

EndoC-βH1 cells are transformed human beta-cells containing one order of 

magnitude less insulin than primary beta cells but respond to both glucose and 

GLP-1 with increased insulin release and share many other attributes with 

beta-cells [96, 156]. The EndoC-βH1 cell line is commercially available and 

widely considered to be a suitable model for studying human beta-cells in vitro 

[157]. We have previously shown that modulating culture conditions can 

render EndoC-βH1 cells sensitive to lipotoxicity, making them suitable for 

studies of beta-cell lipotoxicity as well [158].   

Mitochondrial function  

Mitochondria, the “powerhouse of the cell”, are central in processing the 

conversion of the majority of nutritive energy in most cells, producing ATP 

via oxidative phosphorylation. Inside of the mitochondrial matrix, the citric 

acid cycle as well as fatty-acid beta-oxidation occurs, and the resulting 

electron carriers NADH and FADH2 donate electrons to the electron transport 

chain (ETC) in the inner mitochondrial membrane, to be used for ATP 

production. However, besides energy production through aerobic respiration, 

mitochondria are integral to a number of other processes such as signaling, 

cellular differentiation, cellular growth and apoptosis [159-161]. Leakage of 

electrons at complex I and III of the ETC leads to a reduction of oxygen to 

form superoxide, a considerable source of mitochondrial ROS [162], with 

some estimates suggesting up to 3-5% of oxygen consumption resulting in 

ROS production (in specific conditions in vitro) [163]. This ROS production 

appears to orchestrate many of the mitochondrial functions. While high 

mitochondrial ROS levels implicate oxidative stress and mitochondrial 

dysfunction, ROS also serves as important mitochondrial signaling molecules, 

with low or moderate levels instead promoting positive effects, in what has 

been termed mitochondrial hormesis, or mitohormesis [164-166]. 

Mitochondrial alterations may thus present numerous roles of interest 

regarding beta-cell dysfunction, and mounting evidence suggests that 

mitochondrial dysfunction plays an important role in diabetes [167]. Targeting 

these alterations and restoring normal mitochondrial functioning in beta-cells 

could be a viable treatment option in diabetes.  
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Aims 

The overall aim of the work presented in this thesis was to investigate the 

diabetes treatment potential of an existing drug (imatinib) as well as of NOX4 

inhibition, in order to find new strategies to improve beta-cell function and 

survival in diabetes.  

The specific aims of each study were:  

Paper I 

To investigate the mechanisms by which the tyrosine kinase inhibitor imatinib 

protects beta-cells, particularly by further characterizing how imatinib 

controls metabolic flow and AMPK activation and how this affects beta-cell 

death.  

Paper II 

To evaluate novel selective NOX inhibitors as protective agents against 

cytokine- or high-glucose + palmitate-induced human beta-cell death.  

Paper III 

To investigate the effects of pharmacological selective NOX4 inhibition on 

human islet and EndoC-βH1 cell mitochondrial function, and to correlate such 

effects with survival in islets of different size, activity and glucose-stimulated 

insulin release responsiveness.  

Paper IV 

To evaluate our previous findings in vivo by transplanting athymic diabetic 

mice with human islets and treating them over a period of 4 weeks with a 

NOX4 inhibitor. 
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Materials and Methods 

Experimental substances 

Paper I-IV 

Primary substances used in each paper, with brief descriptions are listed in the 

table below. For the identification and development of GLX481372 and 

GLX7013114, see paper II, and for GLX7013159, see paper IV. 

 

Substance    

Imatinib mesylate Selleck Chemicals 
Tyrosine Kinase Inhibitor (bcr-
abl, c-kit, PDGF-R) 

Paper I 

Sunitinib Selleck Chemicals 
Tyrosine Kinase Inhibitor (c-kit, 

PDGF-R, VEGF-R, + more)  
Paper I 

GNF-2 Selleck Chemicals 
Tyrosine Kinase Inhibitor (bcr-
abl) 

Paper I 

Metformin  Sigma-Aldrich Biguanide  Paper I 

DPI  Sigma-Aldrich Pan-nox inhibitor Paper II 

Dapsone  Sigma-Aldrich NOX4 and DUOX1 inhibitor Paper II 

GLX481372  Glucox Biotech NOX4 and NOX5 inhibitor Paper II 

GLX7013114  Glucox Biotech Selective NOX4 inhibitor Paper II & III 

GLX7013159 Glucox Biotech NOX4 inhibitor Paper IV 

    

EndoC-βH1 cell culture 

Paper I-III 

EndoC-βH1 cells were cultured in ECM/fibronectin-coated plates in a mixture 

of DMEM/Ham’s F12 culture medium (50%/50% vol/vol) with the presence 

of 2% fatty acid free bovine serum albumin, as previously described [158, 

168]. The cells were supplemented with imatinib, metformin, NOX-inhibitors 

and other drugs as specified in the respective papers. Sodium-palmitate 

(Sigma-Aldrich) was dissolved in 50% ethanol during heating to 60°C and 

added to the culture media. Some cells were supplemented with cytokines, IL-

1β (20 ng/ml) + IFN-γ (20 ng/ml) and others with palmitate (1.5 mM) and/or 

high glucose (17-22 mM). 
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Human islet culture  

Paper I-IV 

Human pancreatic islets were generously provided by the Nordic Network for 

Clinical Islet Transplantation. Only organ donors who had agreed to donate 

for scientific purposes were included, informed written consent was obtained 

from donors or relatives of donors by the National Board of Health and 

Welfare (Socialstyrelsen), Sweden. Permission to obtain human pancreatic 

islets from the Nordic Network for Clinical Islet Transplantation was reviewed 

and approved by the local ethics committee in Uppsala, Sweden. Islets were 

individually picked to reduce exocrine tissue contamination, and subsequently 

cultured free-floating in Sterilin dishes in CMRL 1066 medium containing 

5.6mM glucose, 10% vol/vol fetal calf serum and 2mM L-glutamine. All 

cultures were kept at 37°C in a humidified atmosphere with 5% CO2. In paper 

I-III, the islets were cultured for 1-5 days. In paper IV, the mean culture time 

to transplantation was 6.2 ± 1.9 days. 

Experimental animals  

Paper IV 

Male NMRI nu/nu mice were purchased from Taconic, Denmark. The mice 

were housed under standardized conditions with free access to food and water 

until 8-16 weeks-of-age, before transplantation. All animal procedures were 

approved by the local animal ethics committee at Uppsala University, Sweden.  

Induction of diabetes and islet transplantation  

Paper IV 

Human islet recipient NMRI nu/nu mice were administered a single 

intravenous injection of alloxan (75 mg/kg, Sigma-Aldrich) in the tail vein 

two to three days before being transplanted, to induce diabetes. Blood glucose 

concentrations were monitored daily from blood withdrawn from the tip of the 

tail and analyzed using FreeStyle Lite (Abbot) test reagent strips. Mice with 

P-glucose >12.2 mmol/L on two consecutive days were considered to have 

diabetes.  

Diabetic mice were transplanted with 200 hand-picked and (between animals) 

size matched human islets, to the left subcapsular kidney space. Carprofen (5 

mg/kg s.c., Norbrook Laboratories) was administered preoperatively and 24h 

postoperatively for analgesia. Water consumption, food consumption, weight, 

health-scoring and blood glucose concentrations were monitored daily for the 

first 5 days following transplantation, and bi-weekly throughout the rest to the 
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experiment. Mice reaching a score of 0.3p or more on the Uppsala University 

extended assessment template (available in the supplementary material, paper 

IV) were terminated as a humane endpoint. Half of the mice were 

supplemented with the NOX4 inhibitor GLX7013159 in their drinking water 

(2 mg/kg/day, water concentration adjusted continuously according to water 

consumption and body weight). After 28-30 days, the animals were killed by 

cervical dislocation, with islet graft-bearing kidneys and blood samples 

collected for further analysis. All surgical procedures and subsequent 

euthanizations were performed under spontaneous inhalation of isoflourane-

anasthesia. 

 
Figure 1. Experimental design of paper IV. (1) NMRI nu/nu mice were administered 
a single intravenous injection of 75 mg/kg Alloxan to induce diabetes. (2) Diabetic 
mice were transplanted with 200 human islets to the left subcapsular kidney space. (3) 
Transplanted mice were administered either 2 mg/kg/day of the NOX4 inhibitor 
GLX7013159 or clean drinking water for the following month, and regularly 
monitored. Following the conclusion of the experiment the mice were killed, with 
blood samples and graft bearing kidneys collected for further analysis. Figure created 
with BioRender.com. 

ROS production in human islets  

Paper II 

Human islets were cultured as described above, with or without the addition 

of 1.5 mM palmitate (2% BSA) + 20 mM high glucose for 24h. NOX 

inhibitors were added to the culture medium during the last 3h of incubation. 

During the last 40 minutes of the incubation, islets were loaded with the free 

radical indicator carboxyl-H2DCFDA (10 μM, Life Technologies), nuclei 

were labeled with Hoechst stain (Life Technologies) in the last 10 minutes of 
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incubation. The islets were then washed and photographed in an inverted 

confocal microscope (Nikon TE2000-U) and analyzed for green (DCF – 

dicholorfluirescen) and blue (Hoechst) fluorescence. The intensity of green 

and blue signals was quantified using ImageJ software (National Institutes of 

Health) and ratios were calculated as a relative measure of oxidative stress. 

ROS production in EndoC-βH1 cells 

Paper II & III 

Mitochondrial superoxide production was measured using the MitoSox Red 

(Invitrogen) fluorescent probe. EndoC-βH1 cells were incubated with or 

without the NOX4 inhibitor GLX7013114 for 60 minutes, 5 μM MitoSox Red 

was added 30-40 minutes prior to analysis.  

In paper II, the EndoC-βH1 cells were additionally loaded with H2DCFDA 

(10μM, Life Technologies) for 30 minutes, for measurement of total ROS 

production.  

In paper III, the cells were additionally treated with palmitate (1.5 mM), high 

glucose (22 mM), a combination of the two, antimycin (10 μM) and cytokines 

(IL-1β 20 ng/ml + IFN-γ 20 ng/ml) during the 1h MitoSox incubation.  

After trypsinization and washing, the DFC (total ROS, 530 nm) and/or 

MitoSox Red (mitochondrial ROS, 580 nm) fluorescence intensity was 

quantified by flow cytometry in a Becton Dickinson FACSCalibur. 

Oxygen Consumption and Extracellular Acidification 

Rates 

Paper I & III 

Oxygen consumption rates (OCR) and extracellular acidification rates 

(ECAR) were determined by Seahorse Extracellular Flux Analyzer XFe96 

(Seahorse Bioscience). In paper I, EndoC-βH1 cells were cultured with or 

without imatinib (5 and 15 μM) and metformin (200 and 1000 μM) at 5.6 mM 

glucose for 6h prior to analysis. In another series of experiments cells were 

pre-cultured for 23h in 22 mM glucose to increase TXNIP expression, after 

which during OCR analysis, either 5 mM malate or 10 mM pyruvate was 

injected 20 minutes after the start of OCR readings.  

In paper III, human islets in groups of 10 were pre-incubated for 3h with 20 

mM glucose and OCR and ECAR was similarly analyzed. 20 minutes after 
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the start of OCR readings, GLX7013114 (0.5 and 2 μM) was injected into 

some of the wells. After an additional 20 minutes, Oligomycin (to detect 

proton leak), FCCP (to detect maximal OCR), and Antimycin + rotenone (to 

detect non mitochondrial respiration) was consecutively injected at 20–30-

minute intervals. 

Mitochondrial membrane potential  

Paper III 

Mitochondrial inner membrane potential was assessed using the fluorescent 

probe JC-1, which gives an increased FL2 (j-aggregate) signal in highly 

polarized mitochondria. EndoC-βH1 cells, cultured as described above, were 

incubated at 5.5 mM or 22.2 mM glucose and incubated with JC-1 (4 μM) and 

varying concentrations of the NOX4 inhibitor GLX7013114 for 40 minutes. 

Subsequently, the cells were washed with warm Hank’s balanced salt solution, 

trypsinized for 5 minutes and analyzed by flow cytometry. FL2/FL1 signal 

ratios were used to calculate changes in mitochondrial membrane potential.  

ATP and ADP assessment  

Paper I, III 

In paper I, EndoC-βH1 cells were incubated with 10 M imatinib or 100 g/ml 

sodium azide for various time intervals. After washing with ice-cold PBS, the 

cells were scraped from their plastic culture wells in 200 l cold methanol 

(90%) and rapidly frozen on dry ice and kept at -80°C until metabolomics 

analysis. Nucleotides were analyzed using LCMS as described in paper I. 

In paper III, EndoC-βH1 cells were incubated with 0.1-2.0 μM GLX7013114 

for 20 minutes, the mitochondrial uncoupler FCCP (50 μM) was used as a 

positive control. A bioluminescent ADP/ATP assay kit (Abcam) was used to 

examine changes in ADP and ATP levels.  

EndoC-βH1 insulin release  

Paper III 

EndoC-βH1 cells were acclimatized for 1h in 1.67 mM KRBH (0.1% BSA) 

and subsequently cultured in low (1.67 mM) or high (17 mM) glucose 

containing KRBH with 0.1-1.0 μM GLX7013114 for 1h. The buffer was 

collected, and insulin levels analyzed using an insulin ELISA (Mercodia). 
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Assessment of islet and EndoC-βH1 viability 

Paper I-III 

Staining or labeling with the fluorescent intercalating agent propidium iodide 

(PI) was used in papers I, II and IV to evaluate cell viability in EndoC-βH1 

cells and human islets.  

In paper I and II, EndoC-βH1 cells were cultured with or without imatinib, 

GNF-2, or NOX inhibitors, and then further cultured with cytokines (IL-1β 20 

g/ml + IFN-γ 20 g/ml) or palmitate (1.5 mM 2% BSA) + high glucose (20 

mM). Following a PBS washing and trypsinization for 5 minutes, the cells 

were labeled with PI (10 g/ml) for 5-10 minutes and then analyzed with flow 

cytometry using a FACSCalibur (BD biosciences). Using CELLQUEST 

software (BD biosciences), cells with increased FL3 fluorescence were gated 

as dead cells.  

Following a pre-culture with or without imatinib and a subsequent culture with 

or without cytokines or palmitate (0.5 mM + 0.5% BSA) and high glucose (20 

mM) (paper I), or a simultaneous culture with NOX inhibitors with or without 

cytokines or palmitate (0.5 mM + 0.5% BSA) and high glucose (20 mM) 

(paper I), or a single islet insulin release (paper III), islets were stained with 

bisbenzimide (10 g/ml) and propidium iodide (10 g/ml) for 20 or 30 

minutes. After washing in PBS, the islets were photographed using an inverted 

fluorescence microscope, the ratios between the propidium iodide (dead cells) 

and bisbenzimide (all cells) were quantified using ImageJ (National Institutes 

of Health).  

LCMS and GCMS 

Paper I 

EndoC-βH1 cells were incubated for various time intervals with 10 μM 

imatinib or 100 g/ml sodium azide, the cells were then washed with cold PBS 

and scraped from the plastic support in cold methanol/H20 (90%/10% vol/vol). 

Cell suspensions were rapidly frozen on dry ice and kept at -80°C until 

metabolomic analysis. For complete descriptions of the LCMS analysis of 

nucleotides and other polar metabolites, LCMS and GCMS metabolomics 

analysis and data processing, please refer to paper I.  
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Single islet insulin release  

Paper III 

A total of 131 size-matched islets from three separate deceased human donors 

were included in a single islet insulin release registration and subsequent 

survival assessment after gluco-lipotoxic stress. Following a 20-minute 

acclimatization in KRBH containing 2 mM glucose, individual human islets 

were sequentially incubated for 20 minutes in 2-, 5- and 12 mM glucose in 

KRBH with 1% BSA at 37°C. Buffer samples were saved from each glucose 

concentration for insulin analysis. After the last incubation, the buffer was 

changed to CMRL1066 medium containing 20 mM glucose + 0.75 mM 

palmitate (1% BSA), and the islets were subsequently cultured for 48 h. Half 

of the islets received the addition of 1μM GLX7013114 during this period. 

Islet viability was then assessed, as previously described.  

 

 
Figure 2. Experimental design of the single islet insulin release in paper III. A total 
of 131 islets were, after acclimatization at 2 mM glucose, separately incubated for 20 
minutes in 2-, 5- and 12 mM glucose containing KRBH. Buffer samples were 
collected at the end of each stage and analyzed using an ultrasensitive insulin ELISA 
(Mercodia). After the last incubation period, the islets were kept at high glucose + 
palmitate conditions for 48 h, with half of the islets supplemented with 1 μM 
GLX7013114 during this period. Islet viability was finally assessed by staining with 
PI + BIS and photographing each islet. Figure created with BioRender.com. 
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Immunohistochemistry & immunofluorescence 

Paper I, II & IV 

In Paper I, previously fixed and paraffin embedded NOD mice pancreases 

[109] were sectioned to a thickness of 5 μm and deparaffinized. After antigen 

retrieval, consecutive sections were washed in PBS and stained for AMPK, P-

AMPK and insulin. DAPI was used for nuclei staining. Using an inverted 

Nikon Eclipse C1/TE-2000U microscope, islets larger than approximately 100 

μm were photographed. Image analysis, with beta-cell area staining intensity 

quantification (normalized to the DAPI signal), was performed using ImageJ 

software.  

In paper II, EndoC-βH1 cells were cultured on coverslips, and human islets 

were cryosectioned (8 μm) before staining for NOX2, NOX4, and cleaved 

caspase 3. Hoechst was used for nuclei staining. Images were obtained using 

a Zeiss LSM 780 laser scanning confocal microscope. 

In paper IV, human islet grafts were fixated in 4% (vol/vol) paraformaldehyde 

for 24h and thereafter frozen in TissueTech (Sakura Finetech). Frozen grafts 

were cryosectioned (8 μm) and stained for insulin and cleaved caspase 3. 

DAPI was used for nuclear staining. Images were obtained using a Zeiss LSM 

780 laser scanning confocal microscope.   

Antibodies used in the respective staining are outlined in table 2. 

Immunoblotting 

Paper I-II 

EndoC-βH1 cells were cultured with or without pharmaceutical substances, 

and/or cytokines or palmitate + high glucose as specified in each paper. 

Following washings with cold PBS, cells were lysed on ice in SDS-sample 

buffer (2% SDS, 0.15M Tris, pH 6.8, 10% glycerol, 5% beta-mercaptoethanol, 

bromophenol blue and Halt protease & phosphatase inhibitor cocktail 

(Thermo Scientific)). Samples were boiled for 5 minutes and separated on 

10% SDS-PAGE gels. Proteins were transferred to LF-PVDF membranes 

(Merck), pre-blocked in 2.5% BSA for 1h and then incubated with the 

antibodies outlined in table 2 overnight. Immunodetection was performed 

using fluorescent red and green anti-mouse/rabbit secondary antibodies. 

Fluorescence was recorded in an Odyssey FC (LI-Cor Biosciences) 

instrument.  
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Table 2. Antibodies used for histological evaluations and immunoblotting 

Histology    

Rabbit anti-AMPK 1:100 
Aviva Systems Biology 

#ARP53846 

Paper  

I 

Rabbit anti-P-AMPK 1:50 Cell Signaling #2535 
Paper  

I 

Guinea pig anti-insulin 1:100 Fitzgerald #20-IP30 
Paper  

I + IV 

Rabbit anti-NOX4 1:300 
NOVUS Biologicals #NB110-

58849 
Paper II 

Mouse anti-NOX2 1:250 Abcam #ab80897 
Paper  

II 

Rabbit anti-cleaved caspase-
3 

1:300 Cell Signaling #9661 
Paper      II 

+ IV 

Western Blotting    

Mouse anti-AMPK1/2 1:1000 Santa Cruz #sc-74461 Paper I 

Rabbit anti-Phospho-

AMPK1 
1:100 Cell Signaling #2537 Paper I 

Rabbit anti-Phospho-S6 

Ribosomal protein 
1:1000 Cell Signaling #4858  Paper I 

Rabbit anti-TXNIP 1:1000 Abcam #ab188865 Paper I 

Mouse anti--Tubulin 1:1000 Santa Cruz #TU-02 Paper I 

Rabbit anti-Phospho-ACC 1:1000 Cell Signaling #3661  Paper I 

Rabbit anti-GAPDH 1:1000 Cell Signaling #2118 Paper I 

Rabbit anti-NOX4 1:500 
NOVUS Biologicals #NB110-

58849 
Paper II 

Mouse anti-NOX2 1:1000 Abcam #ab80897 Paper II 

Mouse anti-ERK 1/2 1:200 Santa Cruz #sc-514302   Paper II 

    

Statistical analysis 

Paper I-IV 

Statistical calculations were performed in Prism 9 (GraphPad Software). Two-

group parametric data was compared using Student’s two-tailed t-test. For 

multiple comparisons, repeated measurements one- and two-way analysis of 

variance (ANOVA) followed by Holm-Sidak or Fisher PLD post hoc tests 

were used. In paper IV, average blood glucose, water and food consumption 

was calculated using AUC and analyzed as described above. Results are 

expressed as means ± standard error of the mean (S.E.M). P-values of < 0.05 

were considered statistically significant in all comparisons.  
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Results and Discussion 

Imatinib as a protective agent against beta-cell stress 

In paper I we investigated the beta-cell protective effects of the tyrosine kinase 

inhibitor imatinib and the possible mechanistic explanations. Imatinib did not 

affect basal cell death, but both imatinib and GNF-2 dose-dependently 

counteracted cytokine-induced death (Figure 2B, paper I). Imatinib also 

counteracted cytokine-induced cell death in human islets (Figure 2D, paper I). 

A 6-hour pre-incubation was necessary for the anti-apoptotic effects. 

Whole transcriptome analysis on islets from 10 different human donors 

revealed that 24h treatment with imatinib decreased the expression of 863 

genes and increased the expression of 647 genes by more than 20%. Gene 

ontology analysis of the down- and up-regulated genes revealed clustering in 

several categories, amongst others was upregulation of “sterol biosynthetic 

process” which may reflect an imatinib-induced lowering of cholesterol [169]. 

As AMPK is known to reduce cholesterol levels by increased lipolysis and 

reduced cholesterol biosynthesis, imatinib’s effect on AMPK phosphorylation 

in EndoC-βH1 cells was examined next. A 6h pre-incubation period with 

imatinib dose-dependently increased the P-AMPK/AMPK ratio in both 

EndoC-βH1 cells and human islets (Fig 1A+1D, paper I). The AMPK 

activator AICAR increased AMPK phosphorylation more potently, while 

metformin, a known AMPK activator [170], evoked similar results to imatinib 

(Fig 1A+1C, paper I). Imatinib also increased AMPK phosphorylation in the 

presence of cytokines, or palmitate + high glucose, while cytokines alone had 

no significant effect (Figure 1B+1C, paper I). Downstream events of AMPK 

activation were also studied; phosphorylation of the indirect AMPK target 

ribosomal protein S6 was reduced by both imatinib and GNF-2. The redox 

regulator protein TXNIP, which is thought to promote beta-cell dysfunction 

and death in response to increased glucose [171], was dramatically increased 

by palmitate + high glucose but reduced by imatinib. The latter conforms with 

results from a previous study [115]. AICAR promoted similar effects as those 

of imatinib, supporting the notion that imatinib induced reduction of TXNIP 

levels stems from an AMPK activation. 
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The beta-cell protective effect of TKIs appears to be AMPK dependent, as 

treatment with GNF-2 in combination with the AMPK inhibitor compound C 

resulted in the loss of the cell-death protective effect, while the AMPK 

activator AICAR mimicked the effects observed by the TKIs. Imatinib also 

decreased palmitate + high glucose-induced human islet cell death, and 

compound C again blocked this protective effect, suggesting that an increase 

in AMPK indeed is central in the beta-cell protective effect of imatinib. 

AMPK also promotes increased autophagy [92], which is known to antagonize 

islet amyloid formation, a known cause of beta-cell dysfunction and failure 

[172]. Treating EndoC-βH1 cells with cytokines, and labeling them with 

pFTAA, a fluorescent probe that targets IAPP amyloid fibrils, we observed an 

increase in the percentage of pFTAA positive beta cells. This cytokine induce 

effect was counteracted by both imatinib and GNF-2.  

In a previous study it was observed that imatinib prevented diabetes in NOD 

mice and protected against the loss of beta-cell mass [109]. To assess 

imatinib’s effect on AMPK activation in vivo, pancreatic sections from these 

mice were stained for AMPK and P-AMPK, and we observed a similar 

increase in P-AMPK/AMPK ratio, indicating that the beta-cell AMPK 

activating effect of imatinib also applies in vivo. 

Metabolic effects of imatinib 

Taken together, our results suggest that imatinib protects beta-cells from 

cytokine and palmitate + high glucose induced stress through an increased 

AMPK activation. Next, we attempted to address how this AMPK activation 

occurs. As AMPK is known to be activated by increased AMP levels, we 

analyzed relative nucleotide levels in imatinib treated EndoC-βH1 cells using 

HILIC chromatography/LCMS. No effects were observed on NTP/NMP 

levels at 30, 160 or 180 minutes, however, at 5h the ATP/AMP, UTP/UMP 

and GTP/GMP levels all decreased by 20-40%. Glycolytic intermediates were 

also examined, and imatinib was observed to promote a gradual decrease in 

fructose-1,6-bisphosphate levels, and a trend to decreased levels of the other 

intermediates, indicating increased glycolytic flow. Studying less polar/non 

charged metabolites with LCMS and GCMS metabolomics, imatinib was 

found to augment adenosine levels, which concurs with the observed decrease 

in ATP/AMP ratio. Short-chain acyl-carnitines were decreased and acetyl-

carnitine increased, this pattern is also observed in response to metformin 

treatment in patients with ovarian tumors [173]. Pantothenic acid, as well as 

the amino acids methionine and tyrosine were increased after 6h imatinib 

exposure.  
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To further understand how imatinib achieves a decreased NTP/NMP ratio, we 

analyzed EndoC-βH1 oxygen consumption rates (OCR) and extracellular 

acidification rates (ECAR). A 6h imatinib pre-culture decreased basal OCR, 

ATP-synthesis coupled OCR and maximal OCR, while proton leak was 

unaffected. The lowered OCR was paralleled by and increased ECAR, 

resulting in a significant increase in the ECAR/OCR ratio. As increased ECAR 

usually represents an increased glycolytic lactate production [174], these 

findings indicate that imatinib promotes a shift from mitochondrial to 

glycolytic ATP production. This is often observed in cases where 

mitochondrial ATP production is impaired, resulting in a compensatory 

increase in glycolysis. Metformin decreased OCR and increased ECAR as 

well, resulting in an even more pronounced ECAR/OCR ratio. Thus, imatinib 

mimics metformin in promoting aerobic glycolysis, which is paralleled by a 

lowered mitochondrial ATP production rate. Decreased ATP levels may affect 

beta-cell insulin release, due to its effect on plasma membrane K(ATP)-

channels. However, neither acute or long-term incubation of human islets, at 

low- or high-glucose, with imatinib or GNF-2 significantly affected human 

islet insulin release. 

Metformin is a known complex I inhibitor, which is thought to account, at 

least in part, for its anti-hyperglycemic and insulin-sensitizing effects. It 

should be pointed out however, that these effects are complex and somewhat 

controversial, in part due to the higher than clinically relevant concentrations 

required for this effect [175]. We subsequently attempted to identify 

mitochondrial targets for imatinib that would mediate a lowered mitochondrial 

respiration. In vitro respiration assessments using isolated mitochondria from 

rat kidney cortex cells showed that acute exposure of mitochondria to 5-20 

μM imatinib significantly inhibited complex I-mediated respiration by 5-11%, 

and complex II mediated respiration by 1-7%. Maximal ADP-stimulated 

electron transport chain capacity through complex I (noncoupled respiration) 

was inhibited by 2-6%. GNF-2, as well as the non c-Abl TKI Sunitinib evoked 

similar responses, suggesting that TKIs directly suppress respiration by direct 

inhibition of complex I and II. Imatinib induced inhibition of glucose 

oxidation was -28% in islets and -44% in EndoC-βH1 cells. Sunitinib induced 

a greater inhibition of palmitate oxidation than imatinib (18 vs 12%). The 

mitochondrial enzymes ECHS1 and SCD1 were observed to bind sunitinib 

with moderate affinity. Imatinib failed to affect the activity of SCD1, while 

ECHS1, an enzyme involved in the second step of fatty acid beta-oxidation 

was stimulated by imatinib but not by sunitinib.  

The observed effects of imatinib in inhibiting mitochondrial respiration and 

redirecting substrate usage via TXNIP and ECHS1 in favor of fatty acid and 

non-glucose fuel oxidation were present at physiological concentrations 

between 2 and 10 μM, which are in the range observed in patients treated for 
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leukemia [176]. These in vitro effects could thus be relevant in vivo as well. 

Additionally, the currently observed effects were not unique to imatinib, but 

also apply to the Abl inhibitor GNF-2 and non-Abl inhibitor sunitinib, which 

promoted inhibitory effects on mitochondrial respiration at micromolar, 

clinically relevant concentrations. The non-Abl TKI sorafenib has also been 

previously shown to inhibit mitochondrial respiration in HEK293 cells at 

micromolar concentrations [177]. With all of these inhibitors differing in 

potency, target inhibition and specificity, the inhibitory effect on 

mitochondrial respiration is likely not mediated by their main targeted 

proteins. Most TKIs contain purine-like structures for binding to ATP-sites, 

making it credible that they interact with low affinity with the respiratory 

chain complexes I and II, that also bind the ADP residue of NADH or FADH2. 

This low or modest mitochondrial respiratory inhibition that TKIs exhibit 

could make the mitochondria more stress resistant in a mitohormesis like 

process [164], and be sufficient to ameliorate metabolic dysfunction in 

diabetes, but not strong enough to function as mitochondrial poisons.   

The described effects on mitochondrial respiration, decreased glucose 

oxidation and increased glycolytic flow induced by imatinib occurred early on 

(30-60 min), while the changes in amino acids, NTP/NDP ratios and AMPK 

activation were delayed (5-6h). This suggest that TKI induced mitochondrial 

inhibition rapidly initiates a compensatory increase in glycolysis, but as this 

and other compensatory mechanisms to restore ATP/AMP ratios partially fail, 

a delayed reduction of ATP/AMP ratio develops. This delayed reduction in 

ATP/AMP ratios explains the delay in AMPK activation, and why a 6h 

imatinib pre-exposure period is necessary to induce protection against 

metabolic stressors. AMPK activation is conceivably central for this 

protective effect, as AICAR mimicked, and CC counteracted the effects of 

imatinib. AMPK acts via a multitude of pathways that improve autophagy, 

mitochondrial function, energy conservation and defense against oxidative 

stress [92]. Elevated TXNIP levels are also considered to promote beta-cell 

dysfunction and death [178], thus AMPK-mediated downregulation of TXNIP 

may also aid in protecting beta-cells, at least during glucolipotoxic conditions. 

While it cannot be fully excluded that interactions with c-Abl stand for at least 

some of the beta-cell protective effects of imatinib, our present findings, as 

well as the point that multiple TKIs with different targeting profiles exhibit 

similar effects, rather point to an “off-target” effect of these substances.   
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NOX4 inhibition protects against beta-cell stress and 

death 

Hyperactivity in the NOX enzyme family has been suggested to cause an 

accumulation of ROS that may contribute to the failure of beta-cells in 

diabetes. NOX inhibitors have been examined both in vivo and in vitro to 

evaluate the roles of NOX enzymes in different pathological processes in 

diabetes. However, many of the previously examined substances have been 

found to lack in selectivity. Isoform specific NOX inhibitors allow for the 

examination of the putative roles of different isoforms and are important in 

the development of new drugs with minimal side effects. In paper II we 

evaluated novel selective NOX inhibitors as protective agents against 

cytokine- or high-glucose + palmitate-induced human beta-cell death.  

Two new NOX inhibitors GLX481372 and GLX7013114 were characterized 

in paper II, with the former targeting NOX4 and NOX5 in the sub-micromolar 

range, and the latter only targeting NOX4. GLX7013114 did not display any 

direct redox activity or interact with xanthine oxidase or glucose oxidase. The 

NOX enzymes contain a common gp91-Phox/p22-Phox catalytic core [179], 

that many NOX-inhibitors target, making them non-selective. As 

GLX7013114 only inhibits NOX4, it is likely that it targets a unique site 

distant from this core, making it selective for this particular isoform.  

Using immunoblotting, both NOX2 and NOX4 were observed in human islets, 

with NOX2, but not NOX4 expression increasing after cytokine incubation at 

both 4h and 24h. Palmitate + high glucose did not affect expression of either 

enzyme. NOX2 and NOX4 expression was observed in EndoC-βH1 cells as 

well and did not change in response to cytokine or palmitate + high glucose 

exposure. Using confocal immunofluorescence analysis, NOX2 was found 

mainly in the cytoplasm of human islet, while NOX4 also displayed some 

nuclear membrane accumulation, with a similar expression pattern being 

observed in EndoC-βH1 cells. No obvious re-localization of NOX2 or NOX4 

was observed in EndoC-βH1 cells when cultured in the presence of cytokines, 

however, EndoC-βH1 cells undergoing late stages of mitosis exhibited an 

increased cytoplasmic NOX4 accumulation. This last observation concurs 

with recent reports describing a role of NOX4 in beta-cell 

differentiation/proliferation [180, 181]. As metabolic and inflammatory stress 

did not affect NOX4 expression or subcellular localization in neither human 

islets nor EndoC-βH1 cells, it is likely that NOX4 activity is primarily 

controlled post translationally.  

The pan-NOX inhibitor DPI, the NOX4 + DUOX1 inhibitor Dapsone, the 

NOX 1 + NOX4 inhibitor GLX351322 and the NOX4 + NOX5 inhibitor 

GLX481372, all reduced human islet ROS production during the last 3h of a 
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24h palmitate + high glucose exposure, this was paralleled by improved 

viability (reduced PI/BIS ratio) and reduced caspase 3 activation. This 

suggested that at least one of the different NOX enzymes participates in 

metabolic-stress induced beta-cell death. Using specific NOX inhibitors, only 

the highly selective NOX4 inhibitor GLX7013114 (1 μM) protected against 

both cytokine and high glucose + palmitate induced cell death, while selective 

NOX1 (2 μM ML171) inhibition had no protective effects and Rac1/NOX2 

inhibition (2 μM Phox-I2) only partially protected against high glucose+ 

palmitate. This indicates that NOX4 participates in both cytokine and high 

glucose + palmitate induced stress, and that NOX2 may play a role in 

metabolic stress. This contradicts the results from a recently published study, 

where NOX2 gene knock-out did not protect against high glucose + palmitate 

induced cell death in C57BL/6J mice [182]. This inconsistency could possibly 

be explained by different functionality of NOX2 in human islets compared to 

mouse islets, or by distinctive consequences of a complete gene deletion in 

lieu of a non-total pharmacological inhibition. Noteworthy is also the 

possibility of dual interactions between the NOX isoforms. NOX2 has been 

demonstrated to be activated in response to Src tyrosine kinase substrate 

phosphorylation [183], and NOX4 has been shown to mediate Src-dependent 

PDK1 activation [184], and mesenchymal cell activation and migration may 

involve Src-mediated NOX4 activation [185]. A previous study proposed that 

NOX1 participates in high glucose + palmitate and cytokine induced beta-cell 

dysfunction [186], however, the inhibitor used in these experiments inhibited 

both NOX1 and NOX4. NOX4 thus appears to be the most promising isoform 

to target in the context of diabetes. Nonetheless, it must be noted that as the 

IC50 for DUOX1/2 inhibition is not known for most NOX-inhibitors, including 

GLX7013114, DUOX1/2 as well as other unknown targets of NOX-inhibitors, 

cannot be excluded to participate in the currently observed effects.   

Even though GLX7013114 suppressed total ROS in a dose-dependent manner 

in EndoC-βH1 cells, it failed to affect cell death rates in response to cytokines 

or palmitate + high glucose (paper II). This could indicate that paracrine 

interaction between different cell types, such as endothelial cells, is required 

for the toxic effects of NOX4 activation [187], or that EndoC-βH1 cells 

respond differently to ROS than primary human islet beta-cells. It is likely that 

EndoC-βH1 cells are not suitable for studies of NOX4-induced beta-cell 

death.  

NOX4 has been observed in some cases to localize to mitochondria [188], and 

may, besides simply promoting harmful levels of ROS, be an important 

modulator of mitochondrial function [153]. To further examine the effects of 

NOX4 inhibition on mitochondrial respiration in human beta-cells in paper 

III, OCR was analyzed using the SeaHorse assay. GLX7013114 did not affect 

basal oxygen consumption in human islets incubated in high glucose, 
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however, when challenged with the electron chain uncoupler FCCP that 

maximizes respiration, the NOX4 inhibitor dose-dependently increased 

respiration. This suggests that NOX4 limits maximum respiration and is 

supported by previous findings that NOX4 targets respiratory complex I in 

endothelial cells, resulting in reduced respiration [153]. NOX4 has been 

previously suggested to function as a mitochondrial energy sensor and 

glycolytic regulator in tumor cells [148], this however does not seem to be the 

case in our experiments on human islets, as the acidification rate (glycolysis) 

was unaffected. GLX7013114 also did not affect proton leak. 

When examining mitochondrial membrane potential in EndoC-βH1 cells 

using the JC-1 fluorescent probe, NOX4 inhibition was found to increase the 

mitochondrial membrane potential dose dependently. High glucose treatment 

increased mitochondrial membrane potential as well, with GLX7013114 again 

potentiating this effect. As GLX7013114 increased both maximal respiration, 

as well as mitochondrial membrane potential, ATP/ADP ratios were examined 

next, using a bioluminescent ATP/ADP assay. GLX7013114 increased ATP 

levels, but did not significantly affect ADP levels, however, this resulted in 

increased ATP/ADP ratios at both 1 μM and 2 μM.  

Mitochondrial ROS was unaffected by GLX7013114 in EndoC-βH1 cells at 

basal conditions in both paper II and III, however, when exposed to palmitate, 

high glucose or the combination of the two, mitochondrial ROS tended to 

increase (paper III). Also when exposed to cytokines or antimycin, 

GLX7013114 treatment resulted in a significant increase in mitochondrial 

ROS. This is somewhat surprising, as NOX4 is a ROS producing enzyme, and 

contradicts what has been previously reported [154]. These findings could 

however indicate that the amount or ROS produced by NOX4 in beta-cell 

mitochondria is insignificant in comparison with the amounts produced by the 

respiratory chain. Increased mitochondrial activity would be coupled with an 

increased electron leakage, and thus result in a subsequent increase in 

mitochondrial ROS.  

Examining insulin release in GLX7013114 treated EndoC-βH1 cells we found 

that while at low glucose (1.7 mM), NOX4 inhibition did not affect insulin 

release, at high glucose (17 mM) NOX4 inhibition resulted in potentiated 

insulin release. This likewise supports the notion that NOX4 has a regulatory 

role in the mitochondria, limiting respiration under conditions of ample 

nutrient supply. While this may be physiologically beneficial in limiting 

harmful effects of acute metabolic stress, it is possible that the prolonged 

metabolic conditions present in T2D dysregulate NOX4 into a chronically 

hyperactive state, resulting in subsequent late-stage impairment of beta-cell 

mitochondrial function, as has been previously discussed [167]. 
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It is notable that that when we previously examined the NOX1, NOX4 and 

NOX5 inhibitor GLX351322 regarding insulin release in human islets, it was 

found to inhibit insulin release in response to glucose and palmitate [189]. The 

reason for these contradictory results is not clear but could demonstrate the 

intricate roles of the different NOX isoforms and their inhibition, and 

particularly the important regulatory effects of NOX4 in beta-cell energetics. 

As we have found both effects on total ROS levels (paper II), and effects on 

mitochondrial function (paper III), the positive effects of NOX4 inhibition in 

human beta-cells could both stem from specific effects on cellular energy 

balance as well as a general decrease in ROS.  

Islet heterogeneity and NOX4 inhibition 

Human pancreatic islets have been demonstrated to be vastly heterogeneous 

regarding size, function, maturity and granularity [8-10]. Regional differences 

in beta-cell loss in the pancreases of diabetic patients [13], as well as findings 

that the most functional islets are more prone to develop amyloid deposits 

[11], make it tempting to speculate that the particularly active islets are more 

sensitive to the damaging effects of glucolipotoxicity. As impaired glucose 

tolerance usually presents prior to onset T2D, islets responding at higher 

glucose concentrations could also be of particular importance. Preserving 

islets with certain functional traits could thus be critical in preventing T2D 

progression and/or development. We therefore examined if different islet sub-

populations, based on functional characteristics would respond differently to 

NOX4 inhibition. When evenly subcategorizing the islets as either large or 

small based on their BIS-signal strength, as well as highly- or low active and 

early- or late responding based on the pattern of insulin release responsiveness 

at 2/5/12 mM glucose, only large islets were found to be more susceptible to 

the damaging effects of glucolipotoxicity. However, NOX4 inhibition with 

GLX7013114 protected all islets regardless of their size, insulin response 

characteristics or activity.  

Large and more active islets may have higher basal metabolic requirements, 

and thus become more prone to exhaustion, damage and ultimately death when 

exposed to metabolic stress. As we cultured the islets at a relatively high 

glucose level (20 mM) for 48 h, it is possible that other effects on islets with 

different functional characteristics could emerge with a more prolonged 

culture period, at different lower glucose levels. However, our results suggest 

that NOX4-mediated beta-cell death occurs in all types of islets, independent 

of the insulin releasing activity of the islet.  
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NOX4 inhibition in vivo 

Using the NOX4 inhibitor GLX7013159, characterized in paper IV, the anti-

diabetic effects of NOX4 inhibition were examined in vivo in athymic diabetic 

mice transplanted with human islets. Compared to GLX7013114, used in 

paper II and III, GLX7013159 similarly inhibits NOX4 in the sub-micromolar 

range, with some cross-selectivity for NOX2 (although at five times higher 

IC50 than NOX4). This less specific NOX4 inhibitor was chosen in paper IV 

due to its superior metabolic stability and solubility in water. 16 diabetic mice 

were successfully transplanted with 200 human islets each, of whom half 

received supplementation of 2 mg/kg/day GLX7013159 in their drinking 

water. Treatment was well tolerated, with 14 mice completing the entire 4-

week experiment period (one mouse from each group was terminated during 

the treatment period for reaching the humane endpoint). Blood glucose levels 

were overall lower throughout the treatment period in the GLX7013159 

treated group (AUC of 684 mmol/L in treated mice vs. 752 mmol/L in 

control), as was water consumption (paper IV, Fig 1). As alloxan injected mice 

are more or less devoid of endogenous beta-cells, the lowered blood glucose 

likely reflects an improved function of the transplanted human islets.  

Treatment with the NOX4 inhibitor did not affect either food consumption or 

weight of the animals. This last observation concurs with our groups previous 

findings where the NOX4 inhibitor GLX351322 was shown to counteract 

glucose intolerance in high-fat diet treated C57BL/6 mice [189].  

Caspase-3 is recognized as a main effector in the apoptotic cascade in both 

autoimmune driven islet apoptosis in T1D and in T2D [190]. Evaluation of 

the islet grafts after the conclusion of the experiment revealed an almost 

threefold decrease in cells co-localizing insulin and cleaved caspase 3. 

Surprisingly, there was no significant difference in the total insulin positive 

area in the grafts. This could signify that NOX4 inhibition protects against 

beta-cell apoptosis, but perhaps not against necrosis or dedifferentiation, at 

least in the studied time frame of 4 weeks. Nonetheless, the findings in paper 

IV suggests that the anti-diabetic effects observed from NOX4 inhibition do 

indeed stem from an improved beta-cell function and decreased apoptosis, that 

these effects persist over a longer four-week time period and are applicable in 

vivo.  
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Conclusions 

This thesis presents the exploration of two potential therapeutic strategies for 

diabetes mellitus; the tyrosine kinase inhibitor imatinib, as well as NOX4 

inhibition using GLX7013114 and GLX7013159, and their effects on human 

beta-cell and islet function and survival. Conclusions for each paper are: 

Paper I 

The tyrosine kinase inhibitor imatinib in beta-cells: 

- Decreased glucose oxidation and mitochondrial respiration rates 

- Augmented lactate production/glycolytic flow rates 

- Decreased oxidative phosphorylation rates causing lowered 

NTP/NMP ratios.  

These effects were likely due to a modest inhibition of the mitochondrial 

respiratory chain at complexes I and II. Not only imatinib, but also other Abl 

and non-Abl tyrosine kinase inhibitors, with differing potencies, mechanisms 

of target inhibition and specificity, exhibited similar effects at clinically 

relevant concentrations. We thus propose that the previously reported anti-

diabetic effects of imatinib, and other TKIs, stem from “off-target” 

suppressive effects on mitochondrial function via low affinity mitochondrial 

interactions.  

Paper II 

We conclude that: 

- NOX4 expression or subcellular localization is not affected in 

response to metabolic or inflammatory stress. 

- NOX4 may participate in stress-induced islet cell death in human 

islets in vitro 

- The novel selective NOX4 inhibitor GLX7013114 protects islets 

against both high glucose + palmitate and cytokine-induced islet cell 

death. 
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Paper III 

- Pharmaceutical alleviation of NOX4 induced inhibition of beta-cell 

mitochondria leads to increased, and not decreased mitochondrial 

ROS 

- This was associated with protection against cell death in different 

types of heterogeneous islets.  

While seemingly in contradiction with the results in paper I, where instead 

mitochondrial inhibition protected against beta-cell dysfunction, this suggests 

complex roles of both ROS and of mitochondrial regulation in diabetes. It is 

possible that NOX4 generated ROS produces different effects in the 

mitochondria compared to ROS generated from electron leakage. 

Alternatively, NOX4 activation might indeed have a physiologically 

protective role in the mitochondria by inhibiting their function in the short 

term, however prolonged activation, or hyperactivity may conversely be 

detrimental to normal beta-cell functioning in conditions of metabolic stress. 

NOX4 inhibition may also have effects on AMPK activation, something that 

remains to be studied. Thus, both an inhibition of the mitochondrial 

complexes, as seen with imatinib in paper I, and the effects of NOX4 

inhibition, while having different results on mitochondrial metabolism, may 

modulate mitochondrial ROS or affect downstream signaling in a sense that is 

beneficial for the survival and function of the beta-cell in conditions of stress.  

Paper IV 

- The anti-diabetic effects of NOX4 inhibition by GLX7013159 persist 

during prolonged time periods in vivo 

- The anti-diabetic effects of NOX4 inhibition are likely due to 

decreased apoptosis and improved function of human islets.  
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Sammanfattning på Svenska 

De langerhanska öarna är miljontals små samlingar med celler som finns 

utspridda i bukspottskörteln. Dessa små organ reglerar kroppens omsättning 

av glukos genom att frisätta olika hormoner, där det viktigaste hormonet är 

insulin som produceras av betaceller. Diabetes mellitus är en sjukdom som 

drabbar kroppens förmåga att reglera blodsockeromsättningen. Det finns två 

huvudformer av diabetes, typ 1 och typ 2-diabetes. Vid typ 1-diabetes uppstår 

av en autoimmun reaktion, där immunförsvaret av någon okänd anledning 

angriper och förstör beta-cellerna och genom detta även förmågan att frisätta 

insulin. Vid typ 2-diabetes är det i stället vävnaderna i kroppen som förlorar 

känsligheten för insulin, vilket till en början kan resultera i en ökad 

insulinproduktion i beta-cellerna, men på sikt tröttar ut dem och leder till en 

sänkt insulinproduktion. Orsaken till typ 1-diabetes är inte känd, men 

ärftlighet och miljöfaktorer kan påverka, och sjukdomen drabbar ofta barn och 

unga. För typ 2-diabetes är riskfaktorerna betydligt bättre kända, även här kan 

ärftlighet påverka, men livsstilsfaktorer; så som övervikt och fetma utgör de 

största riskerna.  

Eftersom man vid typ 1-diabetes har en absolut insulinbrist består 

behandlingen av livslång substitution med insulin. Typ 2-diabetes går att 

behandla med ett flertal läkemedel som bland annat sänker blodsockret genom 

att höja vävnadernas känslighet för insulin, ökar utsöndringen av glukos i 

urinen eller ökar beta-cellernas insulinfrisättning. För många krävs dock 

insulinbehandling också på längre sikt. Trots stora framsteg i behandlingen av 

diabetes är sjukdomen fortfarande associerad med stor sjukdomsbörda och 

komplikationer. Det finns ett behov av nya behandlingar som kan förbättra 

funktionen och överlevnaden hos beta-celler vid diabetes. I denna avhandling 

undersöks två nya potentiella behandlingar, tyrosinkinashämmaren imatinib 

och selektiva NADPH oxidashämmare.  

Imatinib introducerades i början av 2000-talet som en målspecifik 

cancerbehandling som hämmar de vanligen muterade enzymen bcr-abl, c-kit 

och PDGFR vid bland annat kronisk myeloid leukemi, gastrointestinala 

stromacellstumörer och andra maligniteter. Redan tidigt efter dess 

introduktion på marknaden kom det rapporter om att patienter med samtidig 
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diabetes (både typ 1 och typ 2) som fick imatinib även förbättrades i sin 

diabetessjukdom. 

Följande studier visade att imatinib minskar beta-cellsdöd in vitro (i 

provrör/odlingsskålar), kan förebygga eller till och med vända på diabetes-

utvecklingen hos en typ av möss som används som en djurmodell för typ 1 

diabetes (NOD möss), samt förbättra toleransen för socker och typ 2-diabetes 

hos råttor som får hög-fettsdiet. Det har nyligen även avslutats en klinisk 

studie där patienter med nydiagnostiserad typ 1-diabetes fått imatinib i 6 

månader, där såg man en minskad sjukdomsprogress och förbättrad beta-

cellsfunktion. Intressant nog är denna effekt inte beroende av imatinibs 

egentliga cancerspecifika mål, utan även andra tyrosinkinashämmare som har 

andra proteiner som mål uppvisar liknande effekt. I studie I undersöktes 

mekanismerna som kan förklara imatinibs beta-cellsskyddande effekt. Vi fann 

att imatinib hämmar komplex I och II i mitokondriens elektrontransportkedja, 

vilket resulterade i en aktivering av AMPK, minskad amyloid-bildning och 

skyddade mot uppreglering av TXNIP. Samtliga faktorer kan vara förklaringar 

för den skyddande effekten mot diabetes.  

Oxidativ stress har föreslagits spela en central roll i utvecklingen av 

dysfunktion och död av beta-celler vid typ 2-diabetes. Reaktiva syreradikaler 

är oundvikliga och nödvändiga molekyler som deltar i olika signalvägar i 

cellen. Under normala förhållanden balanseras deras skadliga potential av 

antioxidanter och ”scavengers”, ibland kan det dock uppstå en obalans mellan 

de pro-oxidativa och anti-oxidativa beståndsdelarna och orsaka oxidativ 

stress. Vid oxidativ stress skadar de fria syreradikalerna celler och 

omkringliggande vävnad. NADPH-oxidas enzym (NOX) är en källa som kan 

bilda ett överflöd av reaktiva syreradikaler. Överaktivering av NOX-enzym 

har föreslagits kunna vara en bidragande orsak till utvecklingen av diabetes. 

NOX-familjen består av sju olika enzym: NOX 1-5 och DUOX 1-2. I studie 

II undersöktes olika nya selektiva hämmare av vissa av dessa enzym; NOX-

hämmare utan specifik selektivitet för någon form minskade produktionen av 

reaktiva syreradikaler i langerhanska öar som utsattes för en stressmiljö med 

hög glukos och fettsyran palmitat. Samtidigt förbättrade detta öarnas 

överlevnad och minskade aktiveringen av caspas-3 som är ett protein som är 

delaktigt i celldöd. Specifik hämning av NOX1 uppvisade inte denna effekt, 

hämning av NOX2 skyddade delvis mot högt glukos och palmitat, men inte 

mot cytokiner (inflammation). Däremot skyddade specifik hämning av NOX4 

öarna både mot cytokiner samt högt glukos och palmitat.  

I studie III togs dessa resultat vidare; där undersöktes hur mitokondrien 

påverkades av NOX4-hämning i både öar från människa och odlade betaceller 

(endoC-BetaH1 celler). NOX4-hämning ökade mitokondriens 

membranpotential, mitokondriens halt av reaktiva syreradikaler samt kvoten 

av ATP/ADP. Detta talar för att NOX4 är en viktig komponent i regleringen 
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av mitokondriens funktion, och att NOX4-hämning resulterar i en ökad 

mitokondriefunktion. Det är möjligt att NOX4 skyddar mitokondrierna genom 

att bromsa deras funktion vid akut stress, men att den vid bibehållen metabol 

stress (som vid exempelvis diabetes) i stället överaktiveras och hämmar 

mitokondriefunktionen i betacellerna för mycket.  

I studie III undersökte vi även om NOX4-hämning har olika effekt på olika 

öar. De langerhanska öarna varierar mycket i storlek, aktivitet och funktion. 

Eftersom typ 2-diabetes ofta föregås av en tids försämrad glukostolerans är en 

teori att de öar som är mest aktiva vid höga glukoskoncentrationer, eller de 

generellt mest välfungerande öarna, också är dem som skadas först vid 

diabetes. Därför undersökte vi öar från tre olika donatorer avseende deras 

insulinfrisättningsförmåga vid tre olika glukoskoncentrationer innan de 

utsattes för stress i form av hög glukos och palmitat i två dygn. Hälften av 

öarna behandlades samtidigt med NOX4-hämmare under denna tid. Stora öar 

var känsligare för stress än små öar, men i övrigt fann vi ingen signifikant 

skillnad i överlevnad baserat på de funktionella egenskaperna. Gemensamt var 

att NOX4-hämmaren minskade celldöden i alla behandlade öar oavsett 

grupptillhörighet.  

Slutligen i studie IV undersökte vi effekten av NOX4-hämmare på diabetes in 

vivo (i levande försöksobjekt). 16 möss behandlades först med alloxan som 

slog ut deras egna betaceller för att ge dem diabetes. Därefter transplanterades 

donerade mänskliga langerhanska öar till dem. Mössen i studien var av en typ 

som saknar fullgott immunförsvar (NMRI nu/nu-möss). Detta för att inte stöta 

bort den transplanterade vävnaden. Mängden öar som transplanterades (200st) 

var otillräcklig för att bota dem helt från diabetes, på så sätt blev de 

transplanterade mössen en djurmodell för typ 2-diabetes hos människor.  

Efter transplantationen följdes mössen under totalt 4 veckors tid med 

regelbundna kontroller av vikt, vatten- och matintag samt blodsocker. Hälften 

av mössen fick under denna tid en NOX4-hämmare i sitt dricksvatten. Mössen 

som behandlades med NOX4-hämmare hade lägre blodsocker under hela 

perioden och var mindre törstiga än kontrollgruppen. Efter fyra veckor 

avlivades alla möss och vävnaden med de transplanterade öarna samlades in. 

Därefter analyserades öarna i mikroskop. Det fanns ingen skillnad i den totala 

mängden insulinpositiva celler mellan grupperna; däremot hade de 

behandlade mössen ett markant minskat uttryck av celldödsmarkören caspas-

3 i betacellerna.  

Slutsatsen från studie IV är att NOX4-hämning verkar effektivt för att sänka 

blodsockret i en djurmodell, och att denna effekt kvarstår under en längre tid. 

Den förbättrade blodsockerkontrollen kommer troligtvis från en ökad funktion 
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hos betacellerna, samt en förbättrad överlevnad av öarna med tanke på det 

minskade uttrycket av caspas-3. 
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palīdzība un atbalsts man nozīmē ļoti daudz, paldies, ka vienmēr esat ar mani! 
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