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Abstract 

Apoptosis is one of the most common types of cell death. Under 
physiological conditions, it plays an essential role in removal of damaged 
and potentially harmful cells. Excessive apoptosis has however been 
linked to a number of diseases including proteinuric kidney disease and 
DKD, and is believed to enhance the disease progression. Albuminuria 
and hyperglycemia are common symptoms of these diseases and albumin 
and high glucose have been seen to trigger intrinsic apoptosis in renal 
cells. Ouabain, a cardiotonic steroid, has previously been identified as an 
antiapoptotic agent that in subsaturating concentrations protect from 
intrinsic apoptosis. The mechanism of the protective effect of ouabain is 
still not fully understood and it remains to be concluded whether ouabain 
can protect from albumin and/or glucotoxic-triggered apoptosis.  

In study I we investigated the protective effects of ouabain in albumin-
exposed primary rat PTC and podocytes and in the proteinuric kidney 
disease animal model passive Heymann nephritis. By reestablishing the 
balance between the proapoptotic protein BAX and the antiapoptotic 
protein BCL-XL, ouabain averted the albumin-triggered apoptosis in vitro 
and in vivo and protected from podocytes loss and glomerular-tubular 
disconnection.  

In study II we investigated the relationship between the glucose 
transporters renal cells express and their susceptibility of glucotoxic-
triggered apoptosis. We identified the SGLT expressing cells, PTC and 
MC, to be more susceptible to high glucose-induced apoptosis than cells 
without SGLT. The apoptosis was mediated by BAX and BCL-XL 
imbalance and mitochondrial dysfunction, and was abolished when 
treated with ouabain or SGLT inhibitors. Podocytes, which lack SGLT, did 
not respond to short-term high glucose exposure.  

In study III we used super-resolution microscopy to investigate at which 
stage of the apoptotic process ouabain start to intervene. Ouabain 
interfered early in the apoptotic process, where it prevented activation of 
the sensitizer protein BAD. This allowed BCL-XL to avert BAX activation 
and translocation to mitochondria and thereby protected from 
mitochondrial dysfunction and apoptosis.  

In study IV we investigated differentially expressed genes between renal 
cortex and primary short-term PTC cultures and between PTC exposed to 
control and high glucose. The mRNA expression level of most genes was 
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significantly up- or downregulated in PTC compared to renal cortex, with 
the biggest differences in mitochondria and metabolism related genes. 
Early state glucotoxicity did not significantly alter mRNA expression 
levels in PTC.  

Keywords 

Apoptosis, diabetic kidney disease, hyperglycemia, mesangial cells, 
microscopy, ouabain, podocytes, proximal tubule cells, RNA-seq, SGLT  
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Sammanfattning 

Apoptos, en av de vanligaste typerna av celldöd, är under normala 
förhållanden en viktig process för att kroppen på ett kontrollerat sätt ska 
kunna ta bort skadade och potentiellt farliga celler. Överdriven apoptos 
har dock observerats som en del av processen i flera sjukdomar som 
exempelvis proteinurisk njursjukdom, där stora mängder protein följer 
med urinen ut ur kroppen, och diabetisk njursjukdom, som orsakas av 
diabetes. Albuminuri, dvs albumin i urinen, och hyperglykemi är vanliga 
symptom på dessa sjukdomar. Tidigare studier har visat att albumin och 
höga glukoskoncentrationer kan aktivera apoptos i njurceller.  

Ouabain är en hjärtglykosid, dvs. en substans som påverkar hjärtats rytm 
och slagkraft. I omättade koncentrationer har ouabain identifierats vara 
antiapoptotisk, dvs. den motverkar aktivering av apoptos. Mekanismen av 
den skyddande effekten hos ouabain är dock inte helt klarlagd och det är 
fortfarande inte känt huruvida ouabain kan skydda mot apoptos i 
njurceller utsatta för albumin och/eller hög glukos. 

I studie I undersökte vi om ouabain skyddar mot aktivering av apoptos i 
proximala tubuli celler och podocyter utsatta för albumin, samt i en 
djurmodell av proteinurisk njursjukdom. Albumin orsakade en obalans 
mellan det proapoptotiska proteinet BAX och det antiapoptotiska 
proteinet BCL-XL, vilket ledde till mitokondriell dysfunktion och apoptos. 
Genom att återställa balansen mellan BAX och BCL-XL, avvärjde ouabain 
albumin från att aktivera den apoptotiska processen i vitro och i vivo, 
vilket förhindrade förlust av podocyter och dissociering av glomeruli från 
tubuli. 

I studie II undersökte vi sambandet mellan njurcellers uttryck av 
glukostransportörer och deras benägenhet att genomgå apoptos under 
höga glukoskoncentrationer. Vi identifierade proximala tubuli och 
mesangial celler, som uttrycker SGLT, dvs. natriumberoende 
glukostransportörer, som särskilt utsatta för hög glukosinducerad 
apoptos. Apoptosen orsakades av en obalans mellan BAX och BCL-XL, 
vilket ledde till mitokondriell dysfunktion och slutligen apoptos. 
Behandling med ouabain eller SGLT-hämmare förhindrade aktivering av 
apoptos i proximala tubuli och mesangial celler utsatta för hög glukos. 
Podocyter, som saknar SGLT, påverkades inte av kortvarig exponering av 
hög glukos. 

I studie III använde vi superupplösningsmikroskopi för att studera var i 
den apoptotiska processen som ouabain verkar. Ouabain förhindrade 
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aktivering av den apoptotiska processen i ett tidigt skede genom att 
förebygga aktivering av sensibiliseringsproteinet BAD, vars huvudsakliga 
uppgift är att aktivera BAX. Inhiberingen av BAD möjliggjorde att BCL-
XL kunde förhindra BAX från att aktiveras och förflytta sig från cytosol 
till mitokondrier och skyddade därmed mot mitokondriell dysfunktion 
och apoptos. 

I studie IV undersökte vi skillnader i mRNA nivåer mellan färsk vävnad 
från njurcortex och primära proximala tubuli celler odlade i tre dagar, 
samt mellan proximala tubuli celler odlade i normal och hög glukos. De 
flesta geners mRNA nivåer var signifikant förändrade i PTC jämfört med 
njurcortex. Störst förändringar observerades i mitokondrie- och 
metabolismrelaterade gener. Kortvarig hyperglykemi förändrade inte 
mRNA nivåerna i PTC. 

Sökord 

Apoptos, diabetisk njursjukdom, hyperglykemi, mesangiala celler, 
mikroskopi, ouabain, podocyter, proximala tubuli celler, RNA-seq, SGLT  



xii 
 

List of publications 

This thesis is based on the following publications and manuscripts.  

Paper I.   

Ievgeniia Burlaka*, Linnéa M. Nilsson*, Lena Scott*, Ulla Holtbäck, 
Ann-Christine Eklöf, Agnes B. Fogo, Hjalmar Brismar and Anita Aperia, 

Prevention of apoptosis averts glomerular tubular disconnection and 
podocyte loss in proteinuric kidney disease. 
Kidney Int, 90: 135-148, 2016 

Paper II.   

Linnéa M. Nilsson, Liang Zhang, Alexander Bondar, Daniel Svensson, 
Annika Wernerson, Hjalmar Brismar, Lena Scott and Anita Aperia, 

Prompt apoptotic response to high glucose in SGLT expressing cells. 
Am J Physiol Renal Physiol, 10.1152/ajprenal.00615.2018, 2019 

Paper III.  

Liang Zhang, Jacopo Fontana, Kristoffer Bernhem, Linnéa M. Nilsson, 
Lena Scott, Hans Blom, Hjalmar Brismar and Anita Aperia, 

Ouabain intervenes early in the apoptotic process by preventing BAD 
activation.  
Manuscript 

Paper IV.  

Linnéa M. Nilsson, Lena Scott and Hjalmar Brismar, 

RNA-seq reveals altered gene expression levels in PTC cultures compared 
to renal cortex but not in early state glucotoxic PTC.  
Manuscript 

 

*Equal contribution  



xiii 
 

The author contribution to the publications and manuscripts in this 
thesis: 

I. Conception, performed half of the experiments, analyzed data, 
prepared figures for publication and wrote manuscript. 

II. Conception, performed the majority of the experiments, 
analyzed data, prepared figures for publication and wrote 
manuscript. 

III. Performed and analyzed data of apoptosis assessment, 
mitochondrial membrane potential measurements and qPCR, 
and wrote manuscript. 

IV. Conception, performed the experiment, analyzed data and 
wrote manuscript. 

 

Additional publication not included in this thesis 

Sara Abrahamsson, Hans Blom, Ana Agostinho, Daniel C. Jans, Aurelie 
Jost, Marcel Müller, Linnéa Nilsson, Kristoffer Bernhem, Tally J. 
Lambert, Rainer Heintzmann and Hjalmar Brismar, 

Multifocus structured illumination microscopy for fast volumetric super-
resolution imaging. 
Biomed Opt Express, 8: 4135-4140, 2017  



xiv 
 

List of abbreviations 

2-NBDG 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2 
deoxyglucose 

α-SMA α-Smooth muscle actin 
ADP Adenine diphosphatase 
AI Apoptotic index 
AKT Protein kinase B 
APAF-1 Apoptotic peptidase activating factor 1 
ATP Adenine triphosphatase 
BAD BCL2 associated agonist of cell death 
BAK Bcl-2 homologous antagonist killer 1 
BAX Bcl-2-like protein 4 
BCL2 B-cell lymphoma 2 
BCL-XL B-cell lymphoma-extra large 
BID BH3 interacting-death agonist 
BIM BCL2 like 11 
C3 Complement component 3 
C5b-9 Complement membrane attack complex  
CFP Cyan fluorescent protein 
CKD Chronic kidney disease 
CYT C Cytochrome c 
DCF 2’, 7’-Dichlorofluorescein 
DISC Death-inducing signaling complex 
DKD Diabetic kidney disease  
dUTP 2’-Deoxyuridine, 5’-triphosphates 
ER Endoplasmic reticulum 
ESRD End-stage renal disease 
ETC Electron transport chain 
FADH2 Flavin adenine dinucleotide 
FDR False discovery rate 
FRET Fluorescence resonance energy transfer 
GBM Glomerular basement membrane 
GEC Glomerular endothelial cells 
GFP Green fluorescent protein 
GFR Glomerular filtration rate 
GLUT Facilitated glucose transporters 
GO Gene ontology 
H2DCFDA 2’,7’-Dichlorodihydrofluorescein diacetate 
ICC Immunocytochemistry 
IgA1 Immunoglobulin A1 
IgG Immunoglobulin G 
IgM Immunoglobulin M 



xv 
 

IHC Immunohistochemistry 
IP3 Inositol 1, 4, 5-triphosphate 
IRES Internal ribosome entry site 
JC-1 Tetraethylbenzimidazolylcarbocyanine iodide dye 
LKK Leucine-Lysine-Lysine 
MC Mesangial cells 
MOMP Mitochondrial outer membrane permeabilization 
MTS Mitochondrial targeting sequence 
NADH Nicotinamide adenine dinucleotide 
Na+,K+-ATPase  Sodium-potassium adenosine triphosphatase 
NF-κB  Nuclear factor kappa-light-chain-enhancer of 

activated B cells 
NOX NADPH oxidases 
NOXA Phorbol-12-myristate-13-acetate-induced protein 1 
PCR Polymerase chain reaction 
PHN Passive Heymann nephritis 
PTC Proximal tubular cells 
PUMA BCL2 binding component 3 
qPCR Quantitative polymerase chain reaction 
RIN RNA integrity number 
RNA-seq RNA sequencing 
ROS Reactive oxygen species 
RT-PCR Reverse transcription polymerase chain reaction 
SGLT Sodium-dependent glucose transporters 
siRNA Small interfering RNA 
STED Stimulated emission depletion 
tBID Truncated BID 
TdT Terminal deoxynucleotidyl transferase 
TGFβ Transforming growth factor β 
TNF Tumor necrosis factor 
TUNEL Terminal deoxynucleotidyl transferase dUTP nick-end 

labelling  
WT1 Wilms tumor 1  



xvi 
 

Table of contents 

Abstract ......................................................................... viii 

Sammanfattning .............................................................. x 

List of publications ....................................................... xii 

List of abbreviations .................................................... xiv 

Thesis outline ................................................................ xx 

1 Introduction .................................................................. 1 

1.1 Kidney physiology .............................................................. 1 
1.1.1 Mesangial cells .......................................................... 3 
1.1.2 Podocytes .................................................................. 3 
1.1.3 Proximal tubular cells ................................................ 3 

1.2 Glucose uptake and metabolism ....................................... 4 
1.2.1 Glucose ..................................................................... 4 
1.2.2 Facilitated glucose transporters ................................ 5 
1.2.3 Sodium-dependent glucose transporters .................. 7 

1.3 Kidney diseases .................................................................. 9 
1.3.1 Chronic kidney disease ............................................. 9 
1.3.2 Diabetic kidney disease .......................................... 11 

1.4 Apoptosis ........................................................................... 15 
1.4.1 Cell death ................................................................ 15 
1.4.2 Extrinsic apoptosis .................................................. 15 
1.4.3 Intrinsic apoptosis.................................................... 17 

1.5 Apoptosis and hyperglycemia treatments ..................... 18 
1.5.1 Na

+
,K

+
-ATPase signaling and antiapoptotic drugs .. 18 

1.5.2 Antioxidants ............................................................. 19 
1.5.3 SGLT2 inhibitors ...................................................... 20 

2 Aims ............................................................................ 21 



xvii 
 

3 Materials and methods ............................................... 23 

3.1 Cell cultures ....................................................................... 23 
3.1.1 Primary cell cultures ................................................ 24 
3.1.2 Immortalized cell cultures ........................................ 25 

3.2 Animal model ..................................................................... 25 

3.3 Patient material .................................................................. 26 

3.4 Molecular biology and protein chemistry ....................... 26 
3.4.1 Immunocytochemistry and immunohistochemistry .. 26 
3.4.2 Transfection ............................................................. 28 
3.4.3 TUNEL and apoptosis assessment ......................... 28 
3.4.4 Assessment of glomerular-tubular disconnection .... 29 
3.4.5 Glucose uptake measurements ............................... 30 
3.4.6 Mitochondrial membrane potential assessment ...... 31 
3.4.7 Reactive oxygen species assessment ..................... 32 
3.4.8 Polymerase chain reaction ...................................... 32 

3.5 Microscopy ......................................................................... 33 
3.5.1 Fluorescence microscopy ........................................ 33 
3.5.2 Widefield microscopy ............................................... 33 
3.5.3 Confocal microscopy ............................................... 34 
3.5.4 Super-resolution microscopy ................................... 34 

3.6 RNA sequencing ................................................................ 35 

4 Summary and discussion .......................................... 39 

4.1 Study I. Prevention of apoptosis averts glomerular 
tubular disconnection and podocyte loss in 
proteinuric kidney disease ............................................... 39 

4.2 Study II. Prompt apoptotic response to high 
glucose in SGLT expressing cells ................................... 43 

4.3 Study III. Ouabain intervenes early in the apoptotic 
process by preventing BAD activation ........................... 50 

4.4 Study IV. RNA-seq reveals altered gene 
expression levels in PTC cultures compared to 
renal cortex but not in early state glucotoxic PTC ........ 54 



xviii 
 

5 Additional ongoing study .......................................... 59 

6 Conclusions ................................................................ 67 

7 Future perspectives ................................................... 69 

7.1 Glucose uptake differences in kidney cells ................... 69 

7.2 SGLT and Na
+
/K

+
-ATPase interaction ............................. 69 

7.3 Apoptosis in a DKD animal model ................................... 70 

7.4 Apoptosis in human DKD ................................................. 70 

7.5 Compare mRNA expression profiles in primary 
and immortalized cells to tissue...................................... 71 

Acknowledgements ....................................................... 73 

References ..................................................................... 76



 

xix 
 



 

xx 
 

Thesis outline 

The content of this thesis is outlined as followed: 

Chapter 1. Introduces the biological background to the studies included 
in the thesis. The first section briefly describes the physiology of the 
kidney and the kidney cells that have been the focus in the studies. The 
second section presents different subgroups of glucose transporters and 
their differences. The third section describes the kidney diseases that the 
studies are based on. The fourth section gives an overview of cell death 
with the focus on apoptosis. The last section introduces some potential 
treatments related to apoptosis and hyperglycemia.  

Chapter 2. Briefly presents the aim of each study. 

Chapter 3. Describes and discusses the cell and animal models, patient 
material and majority of the methods used in the studies. Here any 
considerations of methods and/or pros and cons of selected methods are 
discussed. 

Chapter 4. Summarizes and discusses the results of all studies included 
in the thesis as well as some additional results. 

Chapter 5. Summarizes and discusses the results of an ongoing study. 

Chapter 6. Briefly highlights the conclusions of each study. 

Chapter 7. Discusses future perspectives and suggests some potential 
follow-up studies related to the studies in this thesis.  
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1 Introduction 

1.1 Kidney physiology 

The kidney is a complex organ consisting of approximately 800 000 to 1 
million units (Guyton et al., 2011), nephrons, which main functions are to 
remove waste from the blood and regulate fluid homeostasis and osmosis. 
Each nephron is subdivided into a filtration unit, the glomerulus, and a 
segmented reabsorption unit, the tubule (Figure 1). The glomerulus is 
made up of four different cell types; mesangial cells (MC), glomerular 
endothelial cells (GEC), podocytes and parietal epithelial cells (Figure 2). 
The filtration starts when blood enters the glomerulus through the 
afferent arteriole. Ions and small molecules are filtered out from the 
blood into the Bowman’s capsule and together with water form primary 
urine, which enters the first tubular unit, the proximal tubule. The 
proximal tubule can be divided into three interconnecting segments with 
different compositions of biological enzymes, aminopeptidases and 
sodium, hydrogen and glucose transporters (Zhuo & Li, 2013). As the 
primary urine moves through the tubular units, starting at the first 
segment of the proximal tubule and ending at the collecting duct, the 
fluid homeostasis and osmosis are regulated by the reabsorption and 
secretion of ions, amino acids and sugars.  
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Figure 1: Illustration of a nephron consisting of a glomerulus and a tubule. The proximal 
tubule is made up of three interconnecting segments (S1-S3).  

 

Figure 2: Illustration of a glomerulus showing the glomerulus and early proximal tubule and 
their respective cell types. 
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1.1.1 Mesangial cells 

MC are smooth muscle-like pericytes located in the center of the 
glomerulus surrounded by the capillary loops (Figure 2). Together with 
their extracellular matrix MC form the glomerular mesangium and give 
structure and stability to the glomerular filtration barrier (Schlöndorff & 
Banas, 2009). MC have a contractile ability and are involved in the 
regulation of both blood pressure and glomerular filtration rate (GFR) 
(Stockland & Sansom, 1998). In addition, MC produce a variety of 
hormones, cytokines and growth factors that not only effect MC, but also 
GEC and podocytes (Schlöndorff & Banas, 2009). 

1.1.2 Podocytes 

Podocytes are terminally differentiated epithelial cells with unique 
projections known as foot processes that wrap around the glomerular 
capillaries (Figure 2). Together with the GEC and the glomerular 
basement membrane (GBM), podocytes form the glomerular filtration 
barrier. By interacting with each other, the foot processes form a slit 
diaphragm, which allows passage of ions and small molecules while 
preventing large proteins such as albumin from leaving the blood. (Scott 
& Quaggin, 2015) Podocytes are unable to regenerate and averting 
podocyte injury or loss is therefore exceptionally crucial. It has been 
suggested that parietal epithelial cells potentially could replace podocytes, 
but it is still unclear to which extent (Lin & Susztak, 2016).  

1.1.3 Proximal tubular cells 

Proximal tubular cells (PTC) are polarized epithelial cells located in the 
first tubular unit (Figure 1 and 2). The primary function for PTC is to 
reabsorb most of the glucose, amino acids and salts, which were filtered 
out in the glomerulus, back into the blood. The reabsorption is driven by 
the sodium-potassium adenosine triphosphatase (Na+,K+-ATPase) 
located in the basolateral plasma membrane (Figure 3). Na+,K+-ATPase 
actively transports 3 Na+ out of and 2 K+ into the cell at the cost of 1 
molecule adenine triphosphatase (ATP), creating a Na+ concentration 
gradient over the membranes. This is the driving force causing Na+ and 
glucose to be reabsorbed from the tubular lumen via the sodium-
dependent glucose transporters (SGLT) 1 and 2, located in the apical 
plasma membrane of the proximal tubule (Wright, 2001; Wright et al., 
2011). To keep up with the energy consumption required to reinforce the 
Na+ concentration gradient via Na+,K+-ATPase, PTC are densely filled 
with mitochondria that generate ATP (Bhargava & Schnellmann, 2017). 
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Figure 3: Illustration of glucose reabsorption in PTC. Glucose is reabsorbed from the 
tubular lumen via SGLT 1 and 2, located in the apical plasma membrane. The reabsorption 
is driven by the Na

+
 concentration gradient that is maintained by Na

+
/K

+
-ATPase, located in 

the basolateral plasma membrane, which actively pumps Na
+
 out of the cell. Intracellular 

glucose is transported out of the cell via GLUT 1 and 2, located in the basolateral plasma 
membrane. SGLT1 and GLUT1 are expressed in the late proximal tubule and SGLT2 and 
GLUT2 in the early proximal tubule. 

1.2 Glucose uptake and metabolism  

1.2.1 Glucose 

Glucose is one of the most vital substances required as a substrate and 
signaling molecule in cell metabolism and ATP generation and thereby 
cell survival. The glucose homeostasis is controlled by glucagon 
producing alpha cells and insulin producing beta cells in pancreas. 
Glucagon is a catabolic hormone released from the pancreatic alpha cells 
when the blood glucose level is low, stimulating the liver to convert 
glycogen to glucose. Insulin is an anabolic hormone, which is released 
from the pancreatic beta cells when the blood glucose level is high. The 
insulin stimuli cause glucose to be storage as glycogen in skeletal muscle 
and triglycerides in adipose tissue, while suppressing hepatic glucose 
production. The glucose homeostasis is also regulated by glucose sensitive 
neurons that control feeding and energy expenditure and are activated or 
inhibited by changes in blood glucose level (Thorens & Mueckler, 2010).  

Once glucose has been taken up by cells, it is metabolized through 
anaerobic or aerobic respiration to generate energy in form of ATP. The 
first step in both pathways is glycolysis, where pyruvate is anaerobically 
produced from glucose. In the anaerobic pathway pyruvate is then 
reduced to lactate by accepting electrons from nicotinamide adenine 
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dinucleotide (NADH). This process generates 2 ATP molecules from each 
glucose molecule. In the aerobic pathway pyruvate is instead converted to 
acetyl-coenzyme-A, which enters the tricarboxylic acid cycle where acetyl-
coenzyme-A produces NADH, flavin adenine dinucleotide (FADH2) and 
carbon dioxide. Electrons from NADH and FADH2 are transferred to 
complex I and II of the electron transport chain (ETC) in the inner 
mitochondrial membrane for oxidative phosphorylation. The electrons 
move through the ETC via complex III to complex IV, where they are 
accepted by oxygen. As electrons move through complex I, II and IV, 
protons are actively pumped into the mitochondrial intermembrane space 
creating a proton gradient across the inner mitochondrial membrane. As 
the final step in aerobic ATP production, the proton gradient drives the 
conversion of adenine diphosphatase (ADP) to ATP at complex V of the 
ETC, the ATP synthase. Aerobic respiration is more efficient than 
anaerobic respiration and produces 36 ATP molecules from each glucose 
molecule. 

Before glucose can be metabolized to generate ATP, the glucose molecules 
need to be transported into the cell. The first evidence of a compartment 
that transports glucose across the plasma membrane was recognized in 
1948 by LeFevre (LeFevre, 1948). Since then a number of glucose 
transporters have been discovered. There are two main types of glucose 
transporters; facilitated glucose transporters (GLUT) and SGLT. 

1.2.2 Facilitated glucose transporters 

GLUT are passive uniporters that transports substrates following their 
concentration gradient (Figure 4) and are expressed in most mammalian 
cells. In humans, 14 GLUT family members have been identified, where 
GLUT1-4 are the most studied. The function of most GLUT family 
members is still unknown. However, it has been recognized that most, but 
not all GLUT, transport glucose. (Thorens & Mueckler, 2010) 
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Figure 4: GLUT1-4 are bidirectional glucose transporters that passively transport glucose 
following the glucose concentration gradient. (a) The extracellular glucose concentration is 
higher than the intracellular glucose concentration. GLUT1-4 transport glucose into the cell. 
(b) The extracellular glucose concentration is lower than the intracellular glucose 
concentration. GLUT1-4 transport glucose out of the cell. (c) Intracellular Na

+
 concentration 

does not influence GLUT transport. GLUT1-4 transport glucose into the cell, since the 
extracellular glucose concentration is higher than the intracellular glucose concentration. 

1.2.2.1 GLUT1 

GLUT1 is a bidirectional high affinity glucose transporter responsible for 
maintaining cells basal glucose level around 5 mM (Deng et al., 2014). It 
is expressed in most tissues with the highest abundance in erythrocytes 
and endothelial cells of the blood brain barrier (Mueckler el al., 1985; 
Maher el al., 1994). GLUT1 is expressed in kidney cells including MC, 
podocytes and distal PTC (Heilig el al., 1997; Coward et al., 2005; 
Domingues et al., 1992). It has been suggested that GLUT1 is insulin-
regulated (Coward et al., 2005), but the mechanism and relevance is not 
as well established as for GLUT4. 
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1.2.2.2 GLUT2 

GLUT2 is a bidirectional low affinity glucose transporter that not only 
transports glucose, but also has a low affinity for fructose, mannose and 
galactose (Thorens, 2015). It is mainly expressed in the basolateral 
membrane of enterocytes, early PTC, plasma membrane of hepatocytes, 
pancreatic beta cells and cells in the nervous system. In PTC, the main 
role of GLUT2 is to ensure a fast equilibration of glucose between cells 
cytosol and peritubular space after glucose has been taken up from the 
tubular lumen via SGLT2. (Thorens & Mueckler, 2010) 

1.2.2.3 GLUT4 

In the late 1980s, James et al. were the first to discover the insulin-
sensitive glucose transporter GLUT4 (James et al., 1988), after previous 
reports had found evidence of insulin-mediated translocation of glucose 
transport in rat adipocytes (Cushman & Wardzala, 1980; Suzuki & Kono, 
1980). GLUT4, which is a bidirectional high affinity glucose transporter, 
is predominantly expressed in myocytes and adipocytes (Leto & Saltiel, 
2012). In the kidney GLUT4 is expressed in podocytes (Coward et al., 
2005). In absence of insulin, most GLUT4 is located in cytosolic vesicles 
ready to be transported to the plasma membrane upon insulin 
stimulation. Only about 5 % of GLUT4 is at that time located in the 
plasma membrane. Once stimulated with insulin, GLUT4 is translocated 
to the plasma membrane where it can take up glucose. (Leto & Saltiel, 
2012) 

1.2.3 Sodium-dependent glucose transporters 

SGLT are secondary active transporters that together with Na+ can 
transport substrates against their concentration gradient following the 
Na+ concentration gradient, which is maintained by Na+,K+-ATPase 
(Figure 5). In humans, 12 SGLT family members have been recognized, 
but so far the SGLT1-3 isoforms are the most studied. Most SGLT 
transport glucose as well as other sugars, myo-inositol, iodide, short-
chain fatty acids and choline. However, it has been acknowledged that not 
all SGLT are transporters, i.e. SGLT3, which is a glucose sensor. (Wright 
et al., 2011) 
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Figure 5: SGLT are secondary active transporters that transport glucose together with Na
+
 

following the Na
+
 concentration gradient. The Na

+
 concentration gradient is maintained by 

Na
+
/K

+
-ATPase, which actively transports Na

+
 out of the cell. (a) The extracellular 

concentrations of both glucose and Na
+
 are higher than the intracellular concentrations. 

Glucose is together with Na
+
 transported via SGLT1/2 into the cell. (b) The extracellular Na

+ 

concentration is higher than the intracellular Na
+
 concentration, while the extracellular 

glucose concentration is lower than the intracellular glucose concentration. Glucose is 
transported into the cell via SGLT1/2 together with Na

+
 following the Na

+
 concentration 

gradient. 

1.2.3.1 SGLT1 

SGLT1 is a high affinity low capacity sodium-glucose co-transporter that 
transports glucose and Na+ with the stoichiometry 1:2. It is a glucose 
transporter that can transport a variety of substrates such as glucose, 
galactose and myo-inositol. (Wright et al., 2011) SGLT1 is most abundant 
in the brush border of enterocytes in the small intestine. It is however 
also expressed in many other tissues including kidney and heart, where it 
is found in the apical plasma membrane of distal PTC, MC and 
cardiomyocytes (Song el al., 2016). It has been controversial whether MC 
express the SGLT 1 or 2 isoform (Wakisaka et al., 1997; Wakisaka et al., 
2016). In study II we performed immunocytochemistry and polymerase 
chain reaction (PCR) for SGLT 1 and 2 and found that rat MC only 
express SGLT1. 

1.2.3.2 SGLT2 

SGLT2 is a low affinity high capacity sodium-glucose co-transporter that 
transports glucose and Na+ with a 1:1 stoichiometry. In addition to 
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glucose, it has a low affinity for galactose, mannose and fructose. (Wright 
et al., 2011) SGLT2 is highly kidney specific and predominantly expressed 
in the apical plasma membrane of early PTC (Wright et al., 2011; Chen el 
al., 2010). There have been reports showing SGLT2 expression in other 
tissues such as pancreas (Bonner et al., 2015). Yet, when profiling SGLT 
mRNA expression in 72 different human tissues, SGLT2 mRNA was 
specifically found in the kidney (Chen el al., 2010). 

1.3 Kidney diseases 

1.3.1 Chronic kidney disease 

In 2015, chronic kidney disease (CKD) caused 1.1 million deaths 
worldwide, which ranks it as the 12th most common cause of death with 
one of the fastest growing mortality rates over the last 10 years (Neuen et 
al., 2017). CKD, which is a progressive disease, where there is a gradual 
loss of kidney function, is often developed over years. The largest risk 
factor alone for developing CKD is diabetes, accounting for approximately 
50 % of all cases. Other common causes of CKD are hypertension, 
glomerulonephritis and polycystic kidney disease. (Breyer & Susztak, 
2016)  

The most common way to classify CKD is by estimation of GFR. Patients 
are generally diagnosed with CKD if they have a 40 % decline in GFR, to 
less than 60 ml/min/1.73 m2, within 3 months. Based on the estimation 
of GFR, CKD can be divided in five stages as follows: GFR is at stage I 
greater than 90 ml/min, stage II 60-90 ml/min, stage III 30-60 ml/min, 
stage IV 15-30 ml/min and stage V below 15 ml/min. At stage V the 
patients have reached the most severe form of CKD, end-stage renal 
disease (ESRD), where the only options for treatment are dialysis and 
kidney transplantation. (Breyer & Susztak, 2016)  

1.3.1.1 Proteinuria in kidney disease 

Estimation of GFR is not the only way to classify CKD. In a large meta-
analysis of 14 studies, albuminuria correlated well with the development 
of ESRD and mortality (Van der Velde et al., 2011) and was in addition a 
risk factor for increased cardiovascular disease (Van der Velde et al., 
2011; Rahman et al., 2014). Microalbuminuria is indeed one of the 
earliest signs on development of CKD (Mundel & Reiser, 2010) and it has 
been suggested that macroalbuminuria is an even better predictor of 
accelerating loss of renal function than estimated GFR decline (Halbesma 
et al., 2006). Proteinuria is commonly observed in diabetic kidney disease 
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(DKD) (section 1.3.2) and hypertension and is defined as increased 
glomerular permeability to albumin and other macromolecules (Mundel 
& Reiser, 2010).  

Proteinuria is at least partly depending on podocyte injury, where 
reorganization of the podocyte actin cytoskeleton, disruption of GBM-
podocyte interaction and changes in slit diaphragm structure and 
function lead to effacement of podocyte foot processes. The podocyte 
injuries can be further reinforced by disturbances of transcriptional 
regulation and growth factor signaling. Early podocyte injuries are often 
reversible, but persistent injury can cause podocyte cell death and 
detachment. (Mundel & Reiser, 2010) 

1.3.1.2 Albumin toxicity  

Albuminuria is not only a biomarker for kidney disease. Tubular albumin 
overload is also toxic to tubular cells and can cause both interstitial 
fibrosis and inflammation (Birn & Christenssen, 2006). In addition, it has 
been demonstrated that albumin not only activates the production of 
cytokines such as transforming growth factor β (TGFβ), which can trigger 
apoptosis (Ramesh et al., 2009). Albumin itself can activate the intrinsic 
apoptotic pathway (section 1.4.3) in PTC (Erkan et al., 2007) and massive 
loss of early PTC can eventually cause glomerular-tubular disconnection 
(section 1.3.1.4) (Chevalier & Forbes, 2008).  

1.3.1.3 Histopathological features of CKD 

Two of the most commonly observed histopathological features of CKD 
are glomerulosclerosis and tubular interstitial fibrosis (Breyer & Susztak, 
2016). Glomerulosclerosis is often defined as scarring and hardening of 
the glomerulus and is characteristic for kidney diseases such as focal 
segmental glomerulosclerosis, where some glomeruli are partly sclerotic, 
and DKD, where the sclerosis is diffuse or nodular (Fogo, 2015; Williams, 
2005). The cause and manifestation of glomerulosclerosis are disease 
dependent, but since the filtration gets impacted by the scaring it is 
commonly followed by proteinuria (Williams, 2005). Tubular interstitial 
fibrosis is defined as tubular scaring and loss. It is initiated by tubular 
epithelial injury and increased production of fibrosis-stimulating 
cytokines, such as TGFβ, which leads to fibroblast activation and 
accumulation of collagen and other extracellular matrix components. 
(Breyer & Susztak, 2016; Farris & Colvin, 2012) 
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1.3.1.4 Glomerular-tubular disconnection 

Interstitial fibrosis is often highlighted as the primary tubular injury in 
CKD. Collagen deposition is however a late response in ESRD (Chevalier, 
2016). Atubular glomeruli was first discovered by Oliver in 1939 (Oliver, 
1939), but because of the highly time-consuming work of microdissection 
and serial sectioning, which for a long time was required to study 
glomerular-tubular disconnection, it has been suggested to be somewhat 
underappreciated (Chevalier, 2016). Nevertheless, glomerular-tubular 
disconnection has since then been observed in multiple kidney diseases 
including unilateral ureteral obstruction, polycystic kidney disease and 
DKD (Forbes et al., 2012; Galarreta et al., 2014; White et al., 2008). Due 
to their high oxygen consumption, required for oxidative 
phosphorylation, early PTC may be particularly prone to apoptosis, which 
eventually can lead to glomerular-tubular disconnection (Figure 6) 
(Chevalier, 2016). In association to glomerular-tubular disconnection, 
PTC have been seen to undergo oxidative stress, apoptosis, necrosis, 
autophagy, mitochondrial loss and tubular collapse (Forbes et al., 2012) 
and it has been suggested that interstitial fibrosis is secondary to 
apoptosis (Chevalier, 2016). 

 

Figure 6: Illustration of disconnection between the glomeruli and the early proximal tubule. 

1.3.2 Diabetic kidney disease 

For a long time, DKD was considered a microvascular disease (Thomas et 
al., 2015), where injury of the glomerular cells, GEC, MC and podocytes, 
play the central role. More recently, the view has shifted to consider 
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tubular injury to be a part of the primary injury and not just a 
consequence of glomerular dysfunction (Zeni et al., 2017).  

DKD is often developed over years with diabetic symptoms such as 
hyperglycemia (section 1.3.2.1) and insulin resistance (section 1.3.2.2). It 
has been estimated that about half of those with diabetes type II and one 
third with diabetes type I ultimately develop CKD (Thomas et al., 2015). 
DKD is characterized by progressive mesangial expansion, thickening of 
GBM and tubular basement membrane, diffuse or nodular 
glomerulosclerosis and hyalinosis in both afferent and efferent arteriole 
(Lin & Susztak, 2016; Williams, 2005; Abrass, 1995).  

Because of their susceptibility to diabetic complications and inability to 
regenerate, podocytes have been suggested to be the weakest link in DKD 
(Lin & Susztak, 2016). Some of the most common features of podocyte 
injury in DKD include actin cytoskeleton rearrangement, 
dedifferentiation, apoptosis, foot process effacement and detachment 
(Thomas et al., 2015). Podocyte injury and loss have in addition been 
shown to correlate well with proteinuria and glomerulosclerosis (Lin & 
Susztak, 2016; Weil et al., 2012). MC dysfunction is also commonly 
observed in DKD. The diabetic environment induces MC proliferation 
and hypertrophy and triggers MC to produce excessive amounts of 
extracellular matrix proteins, which leads to mesangial expansion and 
glomerulosclerosis (Abrass, 1995; Qian et al., 2008). Early features of 
tubular injury in DKD generally consist of hypertrophy, hyperplasia and 
upregulation of glucose transporters. The increased glucose reabsorption 
leads to reduced sodium delivery to macula densa and activation of 
tubular-glomerular feedback, which enhances the intracellular pressure 
and causes hyperfiltration. Hyperglycemia and metabolic dysfunction 
eventually cause tubular atrophy, glomerular-tubular disconnection and 
at a final stage interstitial fibrosis. (Thomas et al., 2015) 

1.3.2.1 Hyperglycemia and glucose toxicity 

Hyperglycemia is considered to be a central hallmark of diabetes, where a 
chronic blood glucose level above physiological (4-7 mM) has a toxic 
effect on a variety of signaling pathways and functions. To stay protected 
from glucose toxicity, when the available glucose exceeds normal 
concentrations, it may be crucial for cells to adjust their glucose uptake. It 
has been suggested that cells unable to downregulate their glucose 
transporters are particularly vulnerable to hyperglycemia (Giacco & 
Brownlee, 2010).  
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This hypothesis is supported by studies of the connection between high 
glucose-induced upregulation of GLUT1 in cultured MC and development 
of renal disease resembling glomerulosclerosis in DKD (Heilig el al., 1997; 
Abrass, 1995). The cultured MC responded to high glucose by 
upregulating GLUT1 and increasing their glucose uptake (Heilig el al., 
1997). Glucose elevation stimulates the MC production of TGFβ and 
extracellular matrix proteins such as fibronectin, laminin and collagen I, 
III, IV and VI, while at the same time decreasing the matrix degradation. 
This leads to an accumulation of extracellular matrix in the glomerulus, 
which eventually causes mesangial expansion and glomerulosclerosis. 
(Abrass, 1995) Hyperglycemia does however not only influence mesangial 
expansion and glomerulosclerosis. High glucose has also been seen to 
trigger intrinsic apoptosis (section 1.4.3) in cultured MC (Mishra et al., 
2005).  

Podocyte injury such as excessive production of reactive oxygen species 
(ROS), intrinsic apoptosis (section 1.4.3) and detachment have been 
directly associated with hyperglycemia (Susztak et al., 2006; Piwkowska 
et al., 2011; Lei et al., 2018). The ROS overproduction is believed to 
impair the antioxidant defense system leading to foot process effacement, 
apoptosis and detachment (Piwkowska et al., 2011; Shankland, 2006). 
Antioxidant treatment has therefore been suggested as a therapeutic drug 
to avert podocyte injury (Piwkowska et al., 2011), which, as previously 
mentioned, has been seen to correlate well with proteinuria and 
glomerulosclerosis. 

PTC have been suggested to be particularly susceptible to hyperglycemia 
since they are responsible for most of the glucose reabsorption. One of the 
earliest feature of tubular injury in DKD is upregulation of glucose 
transporters (Thomas et al., 2015), which enables increased glucose 
uptake. Hyperglycemia stimulates PTC production of collagen IV and 
fibronectin causing tubular interstitial fibrosis (Phillips et al., 1997). High 
glucose has also been seen to induce intrinsic apoptosis (section 1.4.3) in 
cultured immortalized PTC (Ortiz et al., 1997). 

One of the main causes of high glucose-induced toxicity is ROS 
overproduction in organelles such as mitochondria and endoplasmic 
reticulum (ER), or by enzymatic systems such as NADPH oxidases (NOX) 
(Coughlan & Sharma, 2016). In mitochondria an augmented glucose level 
leads to generation of more substrates for oxidative phosphorylation, 
which can result in increased leakage of electrons at complex I and 
complex III of the ETC. The leaked electrons can than react with oxygen 
and form superoxide. In the cytosol, the NOX family has an essential role 
in ROS formation, where NOX catalyzes the transfer of electrons from 
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NADPH to molecular oxygen, producing superoxide. Under normal 
condition, ROS play an important role in regulation of biological 
processes such as ion channel activity, gene expression, cell growth and 
apoptosis. (Sedeek et al., 2013) However, when the ROS level is disturbed 
by excessive amounts of free radicals such as superoxide, hydrogen 
peroxide and lipid peroxides, it can cause oxidative stress and 
mitochondrial dysfunction (Coughlan & Sharma, 2016). The increased 
ROS production does not only trigger disproportionate amounts of 
apoptosis, but also enhances the production of TGFβ and thereby 
contribute to glomerulosclerosis and interstitial fibrosis in DKD (Chen et 
al., 2003). 

1.3.2.2 Insulin resistance 

Insulin resistance is a well-known diabetes type II symptom that can be 
defined as the inability of insulin to stimulate glucose uptake in skeletal 
muscle and adipose tissue, resulting in a continuously high blood glucose 
level. Insulin deficiency (type I diabetes) and resistance (type II diabetes) 
have been associated with microalbuminuria in diabetes patients that 
develop DKD (Mykkänen et al., 1998; Ekstrand et al., 1998).  

Several studies point at podocytes, which express GLUT4, as likely targets 
of insulin resistance (Coward et al., 2005; Guzman et al., 2014; Tolvanen 
et al., 2015; Maezawa et al., 2015). Insulin stimulates increased glucose 
uptake in cultured immortalized podocytes, a response that is not 
observed in immortalized PTC or immortalized GEC, which lack GLUT4, 
and is abolished when podocytes are treated with the GLUT inhibitor 
cytochalasin B (Coward et al., 2005). The importance of GLUT4 for 
podocyte injury in DKD has been further demonstrated in a mouse model 
with podocyte-specific knockout of GLUT4. The mice with GLUT4-
deficient podocytes had fewer and larger podocytes than their wild-type 
littermates and did not develop hypertrophy, albuminuria or mesangial 
expansion (Guzman et al., 2014). Knockdown of the adapter protein CD2-
associated protein in cultured immortalized podocytes disrupts the 
GLUT4 vesicle translocation from cytosol to plasma membrane and 
consequently reduces the glucose uptake (Tolvanen et al., 2015). Podocyte 
GLUT4 inhibition has been proposed to avert diabetes-associated 
albuminuria without restoration of blood glucose level and thereby 
protect from podocyte injury (Thomas et al., 2015).  
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1.4 Apoptosis 

1.4.1 Cell death 

Cell death plays an important role in maintenance of body health by 
removal of irreversible injured and potentially harmful cells. Excessive 
cell death has however been linked to numerous neurodegenerative 
disorders, cardiovascular and kidney diseases (Mattson, 2000; Lee & 
Gustafsson, 2009; Havasi & Borkan, 2011). For a long time, cell death was 
group into three separate pathways; apoptosis (section 1.4.2 and 1.4.3), 
autophagy (characterized by widespread vacuolization in the cytoplasm 
that terminates with lysosomal degradation) and necrosis (unregulated 
cell death without involvement of phagocytic activity and lysosomal 
degradation). Lately, new pathways of cell death have been discovered 
including ferroptosis, mitochondrial permeability transition driven 
necrosis and pyroptosis. Ferroptosis is an iron-dependent cell death, 
initiated by excessive ROS generation and lipid peroxidation, which is 
mainly regulated by the lipid peroxidation inhibitor glutathione 
peroxidase 4. Mitochondrial permeability transition driven necrosis is a 
cyclophilin D-dependent cell death that is triggered by oxidative stress 
and excessive cytosolic calcium and involves breakdown of the inner and 
outer mitochondrial membranes. Pyroptosis, a cell death most often 
initiated by inflammatory caspases as a response to pathogens, is 
characterized by chromatin condensation and permeabilization of the 
plasma membrane by the gasdermin protein family. (Galluzzi et al., 2018) 
Despite the fact that new pathways of cells death have emerged, apoptosis 
is still one of the most extensively investigated. Apoptosis can be 
activated through two separate pathways; extrinsic apoptosis and 
intrinsic apoptosis.  

1.4.2 Extrinsic apoptosis 

Extrinsic apoptosis is a form of regulated cell death triggered by 
extracellular microenvironment disturbances, which is initiated via death 
or dependence receptors in the plasma membrane (Galluzzi et al., 2018).  

Death receptors, i.e. members of the tumor necrosis factor (TNF) receptor 
superfamily, are activated by binding of cognate ligands (such as Fas 
ligand and TNF), permitting formation of a death-inducing signaling 
complex (DISC). The complex formation is accompanied by a 
conformational change of the receptors, enabling caspase 8 to bind the 
DISC and get activated. Active caspase 8 can drive the execution of 
extrinsic apoptosis via two separate pathways. (1) In cells as thymocytes 
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and mature lymphocytes, active caspase 8 initiates proteolytic maturation 
of caspase 3 and caspase 7. (2) In hepatocytes, pancreatic beta cells and 
most cancer cells, active caspase 8 cleaves the BH3 interacting-death 
agonist (BID) to a truncated form of BID. The truncated BID (tBID) 
translocates to the outer mitochondrial membrane, where it activates the 
proapoptotic proteins Bcl-2-like protein 4 (BAX) and Bcl-2 homologous 
antagonist killer 1 (BAK). Active BAX and BAK proceed the apoptotic 
process with mitochondrial outer membrane permeabilization (MOMP) 
and caspase 9 activation. (Figure 7) (Galluzzi et al., 2018) 

 

Figure 7: Illustration of the extrinsic (death receptor mediated) and intrinsic (mitochondria 
mediated) apoptotic pathways. 

Dependence receptors, in contrast to death receptors, stimulate cell 
survival, proliferation and differentiation under physiological condition, 
when their cognate ligand level is normal. However, when the ligand level 
drops below a certain threshold, dependence receptors initiate extrinsic 
apoptosis. The activation of death signals through dependence receptors 
often terminate in caspase 3 and/or caspase 9 executed apoptosis. 
(Galluzzi et al., 2018) 
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1.4.3 Intrinsic apoptosis 

Intrinsic apoptosis, also referred to as the mitochondrial apoptotic 
pathway, is a form of regulated cell death that is activated by intracellular 
or extracellular microenvironment disturbances such as growth factor 
withdrawal, DNA damage, ER stress and ROS overload (Galluzzi et al., 
2018). It is controlled by the proapoptotic and antiapoptotic proteins of 
the B-cell lymphoma 2 (BCL2) family. Under physiological condition, 
inactive BAX is located in the cytosol and inactive BAK is residing on the 
outer mitochondrial membrane. However, in response to apoptotic 
stimuli, BAX translocates to the mitochondria where BAX and BAK are 
activated by conformational changes stimulated by the so called 
“activators” BID, BCL2 like 11 (BIM), BCL2 binding component 3 
(PUMA) and phorbol-12-myristate-13-acetate-induced protein 1 (NOXA). 
(Galluzzi et al., 2018; Chen et al., 2015) Once activated, BAX and BAK 
form homodimers, undergo further oligomerization and eventually create 
pores in the outer mitochondrial membrane causing MOMP (Chen et al., 
2015; Große et al., 2016). This is the most critical step of intrinsic 
apoptosis, since MOMP irreversibly damages the mitochondria (Galluzzi 
et al., 2018).  

Under physiological conditions, antiapoptotic proteins such as BCL2 and 
B-cell lymphoma-extra large (BCL-XL), located at the mitochondria, 
directly avert the initiation of intrinsic apoptosis by binding the 
proapoptotic proteins and thereby preventing the oligomerization and 
pore formation at the outer mitochondrial membrane (Galluzzi et al., 
2018). BCL-XL implements its protective effect by retranslocating BAX 
from the mitochondria back to the cytosol (Chen et al., 2015; Edlich et al., 
2011) and thereby minimize BAX activation. However, upon apoptotic 
stimulation, activators (including BIM, BID and PUMA) and “sensitizers”, 
such as BCL2 associated agonist of cell death (BAD), bind the 
antiapoptotic proteins, inhibiting their protective effects, which allows 
BAX and BAK to induce MOMP (Galluzzi et al., 2018; Chen et al., 2015). 

MOMP leads to loss of mitochondrial membrane potential, disruption of 
mitochondrial functions, such as ATP synthesis, and promotes the release 
of apoptogenic factors that resides in the mitochondrial membrane space, 
including the ETC electron shuttle cytochrome c (CYT C). Together with 
apoptotic peptidase activating factor 1 (APAF-1), the released CYT C 
forms a supramolecular complex i.e. apoptosome, which stimulates 
activation of caspase 9. Once activated, caspase 9 promotes cleavage of 
the executor caspases, caspase 3 and caspase 7, which are responsible for 
the morphological and biochemical changes of apoptosis, including DNA 
fragmentation and formation of apoptotic bodies. (Galluzzi et al., 2018) 
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1.5 Apoptosis and hyperglycemia treatments 

1.5.1 Na
+
,K

+
-ATPase signaling and antiapoptotic drugs 

One of the most vital enzymes, Na+,K+-ATPase, located in the plasma 
membrane of eukaryotic cells, plays a central role in maintenance of 
membrane potential, regulation of cell volume and secondary 
transporters such as SGLT. Na+,K+-ATPase preserves the intra- and 
extracellular concentration gradients of Na+ and K+ by actively pumping 
Na+ out of and K+ into the cell, keeping the intracellular concentration of 
Na+ low and K+ high.  

In addition to its role in ion transportation, Na+,K+-ATPase also acts as a 
signaling transducer. Saturated concentrations of the Na+,K+-ATPase 
ligand ouabain, a cardiotonic steroid, is known to inhibit Na+,K+-ATPase 
activity, which leads to apoptosis (Ark et al., 2010; Chou et al., 2018). 
However, subsaturating ouabain concentrations (1-10 nM) can instead 
induce cell proliferation and protect from apoptosis (Li et al., 2006; 
Burlaka et al., 2013). The protective mechanism is initiated when ouabain 
binds to Na+,K+-ATPase, stimulating a conformational change, which 
triggers an interaction between Na+,K+-ATPase and inositol 1, 4, 5-
triphosphate (IP3) receptor via the amino acid residues LKK (Leucine-
Lysine-Lysine) in the N-terminus of the catalytic subunit of Na+,K+-
ATPase. The interaction is supported by the scaffolding protein Ankyrin-
B and creates an ouabain/Na+,K+-ATPase/IP3 receptor complex. The 
complex formation triggers slow Ca2+ oscillations, which activates the 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
p65 subunit, increases BCL-XL transcription and ultimately protects from 
apoptosis. (Figure 8) (Fontana et al., 2013)  
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Figure 8: Ouabain protects from apoptosis by binding to Na
+
/K

+
-ATPase initiating a 

conformational change that induces an interaction between Na
+
/K

+
-ATPase and the IP3 

receptor (IP3R) via the amino acids LKK in the N-terminus of the catalytic subunit of Na
+
/K

+
-

ATPase. The interaction triggers slow Ca
2+

 oscillations, activates the NF-κB p65 subunit, 
increases the transcription of BCL-XL and protects from apoptosis.  

Our group has previously shown that ouabain can prevent initiation of 
intrinsic apoptosis in both serum-deprived and shiga toxin-exposed 
primary rat PTC (Li et al., 2006; Burlaka et al., 2013). Shiga toxin 2, a 
toxin produced by Escherichia coli, activated the intrinsic apoptotic 
pathway via BAX upregulation and BCL-XL downregulation. Ouabain 
protected the cells by activating the NF-κB p65 subunit, restoring the 
BAX/BCL-XL balance, preventing cleavage of caspase 3 and reducing the 
percentage of apoptotic cells. (Burlaka et al., 2013) 

1.5.2 Antioxidants 

Oxidative stress, as a result of excessive ROS production, has been closely 
associated with cellular dysfunction in DKD. Antioxidant agents have 
been suggested as potential therapeutic treatment to reduce ROS and 
thereby protect from oxidative stress. The endogenous lipid coenzyme Q 
is expressed in all membranes of animal cells. The human isoform of 



 

20 
 

coenzyme Q has 10 isoprenes on its side chain and is therefore often 
referred to as coenzyme Q10. In the inner mitochondrial membrane, 
coenzyme Q10 has multiple functions including as a redox carrier, 
antioxidant and activator of uncoupling proteins. The reduced form of 
coenzyme Q is an effective antioxidant that prevents lipid peroxidation 
and protein oxidation. (Bentinger et al., 2007) Supplementation of 
external coenzyme Q10 has been demonstrated to reduce the oxygen 
consumption and mitochondrial dysfunction in db/db mice, a diabetes 
type 2 mouse model, and thus protect from glomerular hyperfiltration 
and proteinuria (Friederich-Persson et al., 2012).  

1.5.3 SGLT2 inhibitors  

SGLT inhibitors, including dapagliflozin, canagliflozin and empagliflozin 
(Heerspink et al., 2016; Yale et al., 2014; Cherney et al., 2016), have in 
recent years emerged as therapeutic treatments to avert hyperglycemia by 
preventing glucose reabsorption via SGLT2 in proximal tubules. Clinical 
trials have shown that SGLT2 inhibition reduces blood glucose level, 
blood pressure and weight, as well as diminish the risk of cardiovascular 
complications and heart failure (Zinman et al., 2015; Wu el al., 2016; 
Weber et al., 2016). The effects of SGLT2 inhibition to improve renal 
function in DKD have been less studied. Dapagliflozin and canagliflozin 
have been demonstrated to reduce albuminuria and estimated GFR in 
type II diabetes patients (Heerspink et al., 2016; Yale et al., 2014). 
Empagliflozin was able to reduce both micro- and macroalbuminuria in 
diabetic type 2 DKD patients independent of improved glycemic control 
(Cherney et al., 2016). Currently there is little knowledge on how SGLT 
inhibition protects renal cells from glucotoxicity. 
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2 Aims 

Study I  

Investigate if the cardiotonic steroid ouabain can protect from PTC and 
podocyte apoptosis in proteinuric kidney disease 

 

Study II  

Examine if there is a relationship between the glucose transporters renal 
cells express and their risk of glucotoxic-triggered apoptosis  

 

Study III 

Investigate the mechanism of glucotoxic-triggered intrinsic apoptosis to 
determine at what stage in the pathway ouabain exerts its protective 
effect 

 

Study IV 

Analyze differences in mRNA expression levels in PTC cultures compared 
to outer renal cortex and PTC exposed to short-term hyperglycemia 
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3 Materials and methods 

3.1 Cell cultures 

When setting up experiments, it is important to choose the best model for 
the application you are interested in. There are two main types of 
dissociated cell cultures to choose from when doing cell based 
experiments; primary cells and immortalized cells. Primary cells are cells 
that are directly derived from animal or human tissues. Normally primary 
cells are kept in culture during a short period of time, days up to a few 
weeks. Primary cells are a good option to use when you want to study 
signaling pathways in an isolated environment and at the same time want 
the cells to keep most of their in vivo phenotype in vitro. The main 
drawback of using primary cells is that they still not completely mimic the 
in vivo situation. Primary cells are in addition more difficult to culture 
than immortalized cells, since they are more sensitive to their 
environment. Immortalized cells are cells that have been genetically 
modified to proliferate indefinitely. These cells can therefore be kept in 
culture over a long period of time. Immortalized cells have the advantages 
of being easy to culture, dividing unlimitedly and easily modified with 
transfection. However, due to mutations induced during the 
immortalization process and by extensive division in vitro, immortalized 
cells lose their original phenotype and are therefore not a good option 
when trying to investigate in vivo signaling pathways. 

A few other aspects that also should be considered when choosing cell 
cultures are; the heterogeneity of the culture, the reproducibility, 
limitations in cell number from each culture and animal ethics. Primary 
cell cultures are generally more heterogeneous than immortalized cells, 
since immortalized cells typically originate from one clone whereas 
primary cells are more individualized. The heterogeneity of the cell 
culture will influence the reproducibility in the sense that experiments 
with primary cells generally have higher variability than immortalized 
cells. This is something that should be remembered when analyzing and 
perhaps comparing data from different cell cultures. The number of cells 
needed for the experiment could also influence the choice of cell culture. 
Primary cells will generate a limited number of cells, since they only can 
be kept in culture for a few days up to a few weeks. Preparation of new 
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cells is therefore required continuously. Immortalized cells, which divide 
unlimitedly, can generally be used for an infinite number of experiments. 
The final, but maybe the most important aspect that should be considered 
is animal ethics. Preparation of primary cells often requires sacrifice of 
animals each time new cells are prepared. If the experiments do not 
require primary cells, immortalized cells are probably the better choice. 

In this thesis we have used both primary and immortalized cell cultures. 
Most of the experiments were performed on short-term primary rat 
kidney cell cultures, since primary cells are known to gradually lose their 
phenotype in vitro. However, in study II we used immortalized mouse 
podocytes to study glucotoxicity in SGLT2-transfected podocytes. 

3.1.1 Primary cell cultures 

All primary cultures were prepared from 20 days old male Sprague-
Dawley rat kidneys. PTC were prepared from the outer 150 µm renal 
cortex, which consists of approximately 90 % proximal tubular volume 
(Aperia et al., 1981). In study I, we characterized our PTC cultures with 
antibodies against SGLT2 and the fibroblast marker α-smooth muscle 
actin (α-SMA) (Study I, Supplemental Figure S1a), to verify that they still 
maintained their phenotype at the time of experiments. At day 3 in 
culture, 99 % of the cells were SGLT2-positive and α-SMA-negative, and 
therefore identified as PTC. However, as most cell types, PTC gradually 
lose their phenotype in vitro. At day 6, 75 % and at day 10, 46 % of the 
cells were SGLT2-positive and α-SMA-negative. PTC were therefore used 
for experiments on day 2-4 in culture.  

Primary podocytes were prepared from isolated glomeruli, which were 
cultured on coverslips for 2-3 days to allow the podocytes to migrate out 
from the glomeruli and attach to the glass before being used in 
experiments. The podocyte cultures were not homogenous and podocytes 
were therefore identified with antibodies against the nuclear podocyte 
marker Wilms tumor 1 (WT1) in every experiment. Only WT1-positive 
cells were identified as podocytes and included in experiments. In study 
II, we verified that our primary podocytes express two additional 
podocyte-specific proteins; synaptopodin, an actin binding protein in 
podocyte foot processes, and nephrin, a transmembrane protein of the slit 
diaphragm (Study II, Figure 7a). 

Primary MC were just as podocytes prepared from isolated glomeruli, but 
in order to reach the MC, the glomeruli were further digested. Before 
experiments, the cells were passaged 3 times to remove other glomerular 
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cells and acquire homogenous MC cultures. The MC should be considered 
as primary-derived cells instead of primary cells, since they were 
passaged before they were used in experiments. The passage 3 MC were 
characterized with SGLT1 and α-SMA antibodies. Most of the cells were 
SGLT1 and α-SMA-positive and identified as MC. The specificity of SGLT 
antibodies have been up for discussion. In addition, it has been 
controversial which SGLT isoform MC express. We therefore verified our 
result with PCR, showing that rat MC express only the SGLT1 and not the 
SGLT2 isoform.  

3.1.2 Immortalized cell cultures 

In study II, we chose to use Mundelocytes, which are well-described 
immortalized podocytes (Mundel et al., 1997), instead of primary 
podocytes to performed glucose toxicity experiments on SGLT2-
transfected podocytes out of three reasons. (1) Primary podocytes only 
keep their phenotype in culture for 3-4 days and since the podocytes 
would have to attach before transfection, the cultures would no longer be 
good to use at the time of treatment. (2) Immortalized cells have a much 
higher degree of transfection than primary cells. (3) The density of 
primary podocytes is much lower than immortalized podocytes, since 
primary podocytes do not proliferate.  

Undifferentiated immortalized podocytes were supplemented with 
interferon gamma and cultured at 33 °C. At passaged 12-16, interferon 
gamma was removed from the medium and the cells were moved to a 
37°C incubator for 7-14 days to differentiate. The differentiated podocytes 
were transiently transfected with SGLT2-IRES-CFP or empty vector CFP. 
The cyan fluorescent protein (CFP) tag was used to visualize transfected 
cells. When constructing the plasmid, we chose to use an internal 
ribosome entry site (IRES) so that the CFP tag would not be directly 
attached to SGLT2, which potentially could prevent SGLT2 from 
functioning correctly. The plasmid was designed so that CFP would be 
translated after SGLT2 had been translated to ensure that only cells 
expressing SGLT2 would express CFP. 

3.2 Animal model 

A rat experimental model of membranous nephropathy, passive 
Heymann nephritis (PHN), was chosen to study ouabain protection from 
apoptosis in proteinuric kidney disease (Study I). PHN is a slowly 
progressive glomerular disease characterized by immune complex 
deposits, such as immunoglobulin G (IgG), complement component 3 
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(C3) and complement membrane attack complex (C5b-9), in the 
glomerular and tubular subepithelium. The primary injury of PHN is 
proteinuria, but changes in glomerular hemodynamics and tubular 
function are also commonly observed. PHN is induced by a single 
injection of foreign (usually sheep or rabbit) antiserum (anti-Fx1A), 
which binds to the proximal tubular brush border and glomerular 
capillary walls. Fx1A contains the glycoprotein megalin that initiates the 
heterologous phase of the disease, an immune response to the 
sheep/rabbit antiserum, within 5-7 days. The heterologous phase is 
followed by a chronic autologous phase, where the rats IgG antibodies 
respond to the foreign IgG antibodies enhancing the immune complex 
depositions and degree of proteinuria. 

The animal model of proteinuric kidney disease was selected based on 
three parameters. (1) PHN is a relatively well-studied rat model of 
proteinuric kidney disease, making it easier to interpret the results. (2) 
Induction of PHN is a quite straight-forward procedure, minimizing the 
suffering of the animal. (3) The population of PHN rats is relatively 
homogenous, so that the progression of the disease is the same for all rats 
induced with anti-Fx1A.  

3.3 Patient material 

Apoptosis studies of renal biopsies from DKD patients (Study II) were 
performed in collaboration with Professor Annika Wernerson at the 
division of renal medicine at Karolinska Institute. We selected five 
patients that fulfilled the clinical and histopathological criteria of 
moderate to severe DKD. Patients with known complicating diseases were 
excluded. As control we used biopsies from kidney transplantation 
donors. An option could have been to use healthy tissue from kidney 
tumor patients. However, tumor kidneys usually have a higher incidence 
of ischemia, which can trigger apoptosis, than donor kidneys. The 
number of control tissues was lower than the number of patients due to 
availability of donor biopsies. We aged-matched the DKD patients and 
the kidney donors (Study II, Supplemental Figure S3b), since kidney 
function is reduced with age.  

3.4 Molecular biology and protein chemistry 

3.4.1 Immunocytochemistry and immunohistochemistry 

Two of the most commonly used immunostaining techniques are 
immunocytochemistry (ICC), staining of cells, and 
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immunohistochemistry (IHC), staining of tissues. The techniques are 
based on antibodies that specifically recognize and bind the antigens of 
the proteins of interest. ICC and IHC are generally done in a two-step 
procedure. First a primary antibody is applied against specific epitopes of 
the desired antigen. The primary antibody is followed by a secondary 
antibody that binds the immunoglobulins of the primary antibody 
species. The secondary antibody is tagged with a reporter molecule such 
as an enzyme, which catalyzes a reaction where the colored product is 
detectable with light microscopy, or a fluorophore, where the 
fluorescence is detectable with fluorescence microscopy. The two-step 
procedure gives the advantage of choosing secondary antibodies based on 
the application, something that often is desirable when detecting multiple 
antigens simultaneous. However, two-step labelling can cause unspecific 
binding of the secondary antibodies and thereby give a lot of background 
fluorescence. By washing the samples thoroughly, the background can be 
reduced. Another way of reducing background is to conjugate the primary 
and secondary antibodies creating a one-step labelling procedure. This 
reduces the background from unspecific secondary binding, but also takes 
away the option to change secondary antibody. In this thesis we have 
used two-step labelling for both the ICC and IHC staining. 

Before immunostaining, the samples need to be fixed. The fixative can 
influence the staining and therefore needs to be optimized for each 
application. Two of the most common fixatives for cells are formaldehyde 
and methanol. Formaldehyde is also a common fixative for tissues. 
Methanol is a fixative that dehydrates and permeabilizes the cell by 
removing lipids from the membranes. The main advantage of using 
methanol fixation is that epitopes, where antibodies will bind during 
staining, are kept available for binding. The disadvantage is that 
structures in the cell might be disrupted by this harsh fixation. 
Formaldehyde is a less disruptive fixative, which stabilizes the sample by 
creating crosslinks between lipids and proteins. It has the advantage of 
keeping the sample intact after the fixation, but with the drawback that 
the crosslinks can block certain epitopes preventing antibodies from 
binding those epitopes. It might therefore be necessary to test different 
fixatives to find the fixative that works best for the antibodies used and 
the questioned intended to address. After the sample has been fixed, 
protein blocking might be required to minimize non-specific binding of 
antibodies. Blocking is normally done with a serum or a protein blocking 
agent. Some of the most common blocking agents are bovine albumin 
serum and nonfat dry milk. In the studies of this thesis we fixed tissues 
with formaldehyde and cells with formaldehyde or methanol and used 
bovine albumin serum or nonfat dry milk for blocking. 
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3.4.2 Transfection 

Transfection is a process of introducing foreign DNA or RNA into cells 
using chemical, biological or physical methods. The choice of transfection 
method depends on the cell type and application. DNA can either be 
expressed continuously by stable transfection or during a limited period 
of time with transient transfection. RNA can only be transiently 
expressed. In this thesis we have used a chemical method, lipofectamine, 
to transiently insert SGLT2 in immortalized podocytes, SGLT2 small 
interfering RNA (siRNA) in PTC and mitochondrial targeting sequence 
(MTS) - green fluorescent protein (GFP) in PTC.  

3.4.2.1 BacMam technology 

BacMam technology is a transient expression system that uses modified 
baculoviruses to deliver and express genes in mammalian cells. The gene 
expression is commonly detectable 4-6 hours after transduction with a 
maximum detection after 24 hours. In this thesis, we used BacMam 
technology to visualize mitochondrial targeted GFP when studying BAX 
and mitochondria co-localization with confocal microscopy.  

3.4.3 TUNEL and apoptosis assessment 

Terminal deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL) 
is one of the most common methods for detecting apoptotic DNA 
fragmentation and is frequently used to quantify apoptotic cells in both 
cell cultures and tissue sections. TUNEL assays are based on the enzyme 
terminal deoxynucleotidyl transferase (TdT), which detects and labels 
nicks in DNA. TdT catalyzes attachment of 2’-deoxyuridine, 5’-
triphosphates (dUTP) to free 3’-OH ends of strand breaks. The dUTP, 
labelled with a secondary marker such as a fluorochrome or hapten, is 
detected with light microscopy, fluorescence microscopy or flow 
cytometry.  

In this thesis we have used ApopTag Red-staining to identify apoptotic 
cells in all cell cultures and human tissue sections. ApopTag Red is a 
TUNEL-based assay that labels the free 3’-OH ends of single-stranded 
and double-stranded breaks with antidigoxigenin antibodies that have 
rhodamine fluorochromes attached. The fluorochromes can then be 
detected with fluorescence microscopy or flow cytometry. Free 3’-OH 
ends, which are generated upon DNA fragmentation, is a commonly 
observed feature of apoptotic bodies. Normal and proliferating nuclei 
generally lack free 3’-OH ends and are therefore usually not stained. In 
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contrast to most apoptosis detection methods, which only detect late-
stage apoptosis, ApopTag can in addition detect early-stage apoptosis, 
where chromatin condensation has begun but the strand breaks are still 
few. Necrotic cells are rarely stained with this method, since only cells 
with DNA cleavage and chromatin condensation, commonly associated 
with apoptosis, are detected. The ApopTag stain correlates well with 
morphological aspects of apoptosis i.e. pyknotic nuclei (Study I, 
Supplemental Figure S7).  

In study I we used pyknotic nuclei instead of ApopTag-staining to 
quantify apoptotic cells in rat tissue section, since the sections had a lot of 
autofluorescence. The percentage of pyknotic nuclei correlates well with 
TUNEL-staining in cell cultures. However, in tissue sections pyknotic 
nuclei quantification can somewhat overestimate the number of apoptotic 
cells, since the size of nuclei in sections not only depend on apoptosis, but 
also the angle of the sectioning. We therefore normalized the data so that 
the quantification is expressed as a change from control. 

In all cell based experiments on apoptosis we express the number of 
apoptotic cells as apoptotic index (AI) i.e. percentage apoptotic cells, 
since the total number of cells may differ both between individual cell 
preparations within a cell type and between cell types. In human sections 
we stain with ApopTag, but instead of quantifying AI we quantified the 
fraction of tubules with or without apoptotic cells. In the tubules which 
had at least one apoptotic cell, we in addition quantified the fraction of 
tubules with one or more than one apoptotic cell. The quantification 
method was selected based on the fact that extensive apoptosis in a single 
tubule can cause glomerular-tubular disconnection (section 1.3.1.4). In 
sections, it may therefore be of greater interest to investigate how the 
apoptotic cells are spread out among the tubules rather than quantifying 
the AI. 

3.4.4 Assessment of glomerular-tubular disconnection  

Assessment of glomerular-tubular disconnection is a time and labor 
consuming method, where kidneys are serial sectioned and the 
connection between glomeruli and tubules is quantified. In study I, we 
assessed glomerular-tubular disconnection in PHN rats by serial 
sectioning approximately 75 sections (3–4 mm) per animal and analyzed 
the connection between glomeruli and tubule in 300 to 320 glomeruli for 
each group of animals. Glomeruli that were only partly located inside the 
stack of sections were excluded. Approximately 50 % of all glomeruli were 
located within the stack and included in the analysis.  
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The glomerular-tubular connections were classified in three groups. (1) 
There was a normal connection between the glomerulus and tubule. The 
glomerulus and tubule were classified as normal. (2) There was a 
narrowing of the proximal tubule. The proximal tubule was classified as 
atrophic. (3) There was a disconnection between the glomerulus and 
tubule. The glomerulus was without a tubular connection and classified as 
atubular. (Figure 9) 

 

Figure 9: Representative images of normal connection between glomeruli and tubules (left), 
atrophic tubules (middle) and atubular glomeruli (right).  

3.4.5 Glucose uptake measurements 

For a long time, the gold standard of glucose uptake measurements was 
to use radioactively labelled 3H-2DG to assess the intracellular 
accumulation of 3H-2DG6H. Radioactive material is however not the 
most optimal to work with out of safety perspective and a variety of 
techniques based on luminescence, absorbance and fluorescence have 
therefore been developed. 

In study II, we used the fluorescent glucose analog 2-(n-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino)-2 deoxyglucose (2-NBDG) to measure glucose 
uptake in PTC, MC and podocytes incubated with Na+ or Na+-free buffer. 
This is a quite straight forward method where cells are incubated with a 
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trace of 2-NBDG, which can be detected with fluorescent techniques such 
as fluorescent microcopy or flow cytometry. 2-NBDG measurements do 
however have a few limitations. (1) 2-NBDG is only a glucose analog and 
its affinity to glucose transporters is not exactly the same as glucose. This 
will likely affect the glucose uptake in cells that express different 
combinations of glucose transporters. To do a good readout, it is 
therefore important that all cells are incubated with the same 
concentration of 2-NBDG for the same amount of time. (2) This method 
is consequently not an optimal method to choose when comparing 
different glucose concentrations. The likelihood that the cells will take up 
glucose or the glucose fluorescent analog will change based on the glucose 
concentration. Since the glucose transporters have different affinity for 
the analog and for glucose it cannot be easily compensated by increasing 
the analog concentration the same amount as the glucose concentration 
was increased. (3) 2-NBDG does not tell anything about the rate of 
glucose uptake is cells, since it can be metabolized.  

3.4.6 Mitochondrial membrane potential assessment 

Mitochondrial membrane depolarization is a common indication on 
mitochondrial dysfunction and a step in intrinsic apoptosis. One of the 
most frequently used assays to measure mitochondrial membrane 
potential with is the fluorescent tetraethylbenzimidazolylcarbocyanine 
iodide dye (JC-1). JC-1 is a cationic dye, which accumulation in 
mitochondria depends on mitochondrial membrane potential. When the 
mitochondrial membrane potential is high, JC-1 form red fluorescent 
aggregates. However, when the mitochondrial membrane gets 
depolarized, JC-1 forms green fluorescent monomers causing is a shift in 
fluorescence emission from red (~590 nm) to green (~527 nm), resulting 
in a decreased red/green fluorescence ratio. We chose to measure 
mitochondrial membrane potential with JC-1, since the mitochondrial 
membrane potential is calculated from a ratio, which gives it some 
advantages over other mitochondrial membrane potential dyes that 
expresses the mitochondrial membrane potential as maximum 
fluorescence intensity. (1) The measurement only depends on 
mitochondrial membrane potential and no other factors such as 
mitochondrial size, shape or density. (2) Unlike many other dyes it allows 
for comparable measurements, since heterogeneous labelling affects can 
be disregarded. The main drawback of using JC-1 is that it is not very 
stable. The correct storage is therefore particularly important; otherwise 
the only outcome of the measurements will be a depolarized 
mitochondrial membrane. 
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3.4.7 Reactive oxygen species assessment 

At physiological level, ROS are important signaling molecules in many 
biological processes. Excessive ROS production is however a strong 
indicator of cellular dysfunction. There are several assays that can be used 
to detect ROS. Some assays detect ROS at specific organelles, for instance 
MitoSOX, which is a fluorescent dye that detects mitochondrial 
superoxide. Other assays, such as 2’,7’-dichlorodihydrofluorescein 
diacetate (H2DCFDA), detect all types of ROS. In this thesis we have used 
H2DCFDA to measure general ROS. H2DCFDA is a non-fluorescent 
reduced form of fluorescein that is converted to fluorescent 2’,7’-
dichlorofluorescein (DCF) when the acetate groups are cleaved by 
intracellular esterases and oxidation. DCF can then be detected with live 
cell fluorescent microscopy. 

3.4.8 Polymerase chain reaction 

PCR is a commonly used method, with many variants, to amplify specific 
DNA sequences. In this thesis we have used two of those variants; reverse 
transcription PCR (RT-PCR) and quantitative PCR (qPCR).  

3.4.8.1 Reverse transcription polymerase chain reaction 

RT-PCR is a PCR variant that is used to detect specific RNA transcription 
levels. RNA is first reversely transcribed into cDNA. The DNA sequence of 
the gene of interest is then amplified with the help of specifically designed 
primers that match the targeted DNA sequence, and a polymerase that 
facilitates the reaction during repeated cycles of heating and cooling. In 
the last step, the amplified DNA sequences are detected with gel 
electrophoresis. We used this method in study II, to verify which SGLT 
isoforms PTC and MC express. Our primers were specifically designed for 
this study, since SGLT primers in previous studies to our knowledge are 
unspecific, recognizing multiple sequences, according to Primer-Blast. 
Our PCR products were sequenced and only gave one single product.  

3.4.8.2 Quantitative polymerase chain reaction 

qPCR is a PCR variant that can be used to quantitatively measure the 
amplification of target DNA in real-time. This method is more sensitive 
than traditional PCR that detects the PCR product on a gel. The 
amplification of DNA in qPCR is, just as for RT-PCR, performed during 
repeated cycles of heating and cooling using specifically designed primers 
and a polymerase. The thermal cycler, used for qPCR, is however 
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equipped with a laser beam that continuously illuminates the samples 
and detects the fluorescence that the dyes emit when they are bound to 
DNA. The dyes can be non-specific, which labels all DNA sequences, or 
specific, which recognizes and bind specific DNA sequences. Because of 
its sensitivity, we used qPCR to quantify siRNA knockdown of SGLT2 
(Study II) and BAX and BCL-XL levels (Study III).  

3.5 Microscopy 

In this thesis, we have used light microscopy techniques to image proteins 
and structures, in cells and tissues, which cannot be observed with the 
naked eye. The techniques we have used are fluorescence, widefield, 
confocal and stimulated emission depletion (STED) microscopy. 

3.5.1 Fluorescence microscopy 

Fluorescence microscopy is a sensitive optical method that uses 
fluorescence to study biological processes in live or fixed cells/tissue. The 
technique is based on excitation of a fluorescently labelled sample, which 
emits light when it is illuminated with light of a specific wavelength. The 
fluorescent molecules absorb the energy of photons, causing excitation of 
electrons, which move from their ground state to a higher energy state. 
However, since the law of physics requires electrons to be at the lowest 
possible energy state, the electrons will relax back to its ground state. As 
the electrons move back to their ground state, some of the energy is lost 
due to vibrations. This result in Stokes shift, causing the emitted energy 
to be lower than the excitation energy and thereby the emitted 
fluorescence to be of a longer wavelength than the illumination light.  

3.5.2 Widefield microscopy  

In widefield microscopy, the entire sample is illuminated with white light 
(brightfield microscopy) or light of a specific wavelength (fluorescent 
microscopy) and viewed in an eyepiece or captured by the detector of a 
camera. The resolution is limited by diffraction of light and determined 
by the numerical aperture of the objective and the wavelength of the 
illumination light. The theoretical resolution limit, with a perfectly 
aligned microscope, is about 200-250 nm (lateral resolution). In reality 
the resolution is lower due to background fluorescence from emitted light 
of planes above and below the focal plane, which causes a decreased 
signal-to-noise ratio and blurring of the images.  
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3.5.3 Confocal microscopy 

Confocal microscopy uses a small adjustable pinhole, placed in the optical 
pathway, to only allow emitted light close to the focal plane to reach the 
detector. By scanning the excitation light beam over the sample, the 
sample is imaged pixel-by-pixel. The theoretical resolution of confocal 
microscopy is about the same as for widefield, but in reality the resolution 
is improved since the pinhole prevents emission light from above and 
below the focal plane to reach the detector, limiting the background 
fluorescence. Confocal microscopy is commonly used when a three 
dimensional structure is of interest. By scanning one focal plane at the 
time, creating a stack of images, the three dimensional view of the sample 
is obtained.  

3.5.4 Super-resolution microscopy 

The resolution in conventional fluorescence microscopy techniques is 
limited by diffraction of light, which causes fluorescence molecules to be 
blurred and enlarged according to the microscopes point spread function. 
To separate two objects, the distance between the objects needs to be at 
least half the distance of the lights wavelength, otherwise the two objects 
will blur together and appear as one. However, in recent years, a number 
of optical microscopy techniques that challenges the diffraction limit have 
emerged. These super-resolution microscopy techniques bypass the 
diffraction limit and allow imaging at nanoscale level. In this thesis we 
have used super-resolution microscopy to study protein co-localization 
(Study III). 

3.5.4.1 Stimulated emission depletion microscopy 

The principle of STED microscopy is to use two laser beams to improve 
the localization of the fluorescent molecules. The first laser beam is the 
excitation light that excites the fluorophores. The second laser beam is 
the depletion light, a high-intensity donut shaped laser, which is used to 
overlay the excitation laser. If the intensity of the depletion laser is high 
enough it will suppress the fluorescence, stimulated by the excitation 
laser, by forcing the excited electrons back to their ground state, gaining 
spatial resolution of the fluorophores (Figure 10). Images are acquired by 
scanning the excitation and depletion laser beams across the sample in a 
similar way as in confocal microscopy. However, in contrast to confocal 
microscopy, where resolution is limited by diffraction, STED has a lateral 
resolution around 40-50 nm. One of the main advantages of using STED, 
compared to other super-resolution techniques, is that no additional 
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processing of raw data is acquired before visualization. However, since 
STED requires a high-intensity depletion laser, there is an increased risk 
of phototoxicity, which makes it less optimal for live imaging. 

 

Figure 10: Illustration of confocal laser scanning microscopy (left) and stimulated emission 
depletion (STED) (right) of a mitochondrion. The resolution in confocal microscopy is limited 
by diffraction of light. The donut shaped depletion laser, used in STED, improves the 
resolution beyond the diffraction limit by suppressing fluorescence caused by the excitation 
laser.  

3.6 RNA sequencing 

RNA sequencing (RNA-seq) is a sensitive high-throughput sequencing 
method for obtaining transcriptional insight, such as quantification of 
gene expression, identification of alternatively spliced genes and 
posttranscriptional modifications, in biological samples. It is commonly 
used to identify differentially expressed genes in samples with different 
treatment conditions. RNA-seq can, depending on the choice of cDNA 
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library preparation, recognize differences in total RNA or subgroups of 
RNA, including messenger RNA, transfer RNA, ribosomal RNA and micro 
RNA. The two most common ways to prepare RNA libraries are by poly-
adenylated (poly-(A)) selection or ribosomal RNA depletion. The poly-(A) 
selection approach removes the ribosomal RNA from the total RNA by 
hybridizing poly-(A) enriched RNA i.e. messenger RNA (coding RNA) 
with poly-(dT) oligomers. Ribosomal RNA depletion on the other hand, 
isolates both coding and non-coding RNA by only removing oligomers 
that are complementary to ribosomal RNA. A common method to 
sequence cDNA libraries is by using Illumina systems, for which Illumina 
TruSeq Stranded mRNA can be used for poly-(A) selection and Illumina 
TruSeq Stranded total RNA for ribosomal depletion.  

RNA-seq is performed in four steps. (1) The samples are prepared by 
extracted RNA from cells or tissues and eluting it in nuclease free water 
or tris(hydroxymethyl)aminomethan buffer. (2) Since RNA is gradually 
degraded, it is important to validate the quality of the starting material 
(RNA) before preparing the cDNA libraries. Historically this has been 
done by visually measure the ratio between 18S and 28S ribosomal 
subunits in gel electrophoresis images. However, because it required 
manual interpretation of data, the results became subjective and 
(sometimes) inaccurate. Today the RNA quality is commonly analyzed 
with an Agilent Bioanalyzer, which performs the electrophoresis of the 
samples and generates RNA electropherograms that are used to calculate 
the ratio between the 18S and 28S ribosomal subunits. A decreasing 18S 
to 28S ratio and increasing baseline between the ribosomal peaks is an 
indication of gradual RNA degradation. The ratios are used to assign the 
samples RNA integrity numbers (RIN), which are calculated with a 
predefined algorithm. Completely degraded RNA will have a RIN of 1 and 
completely intact RNA a RIN of 10. The RNA samples that do not fulfill 
the quality criteria are disregarded. (3) RNA is selected or depleted from 
the samples based on the choice of library preparation. (4) The isolated 
RNA is reversely transcribed into cDNA. 

Our RNA-seq library was prepared by National Genomics Infrastructure 
at Science for Life Laboratory in Solna using Illumina TruSeq Stranded 
mRNA, for which it is recommended to use total RNA with a 
concentration of 30-100 ng/µl as starting material. To get a good readout, 
the minimum RNA volume should be 15 µl and minimum amount 400 
ng. The samples should in addition have a RIN of 8 or more for the RNA 
to be considered to be of a good enough quality to be used for preparing 
cDNA libraries. At least 3 replicates of each sample are needed to get 
good statistical power in the analysis.  
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Once cDNA libraries have been created, the data can be analyzed using a 
variety of bioinformatics tools. Our quality control was performed by 
National Genomics Infrastructure using MultiQC. The gene alignment, 
normalization, differential expression and gene ontology analyses were 
implemented using edgeR, which is an R package for analyzing 
differentially expressed genes in RNA-seq datasets. 
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4 Summary and discussion 

4.1 Study I. Prevention of apoptosis averts glomerular 
tubular disconnection and podocyte loss in 
proteinuric kidney disease 

CKD is a progressive disease, which is characterized by a gradual loss of 
renal function. Two of the most common predictors of CKD is 
albuminuria and estimated GFR decline. Albuminuria is however not only 
a predictor of CKD, but also a well-known risk factor. Albumin toxicity 
has previously been linked to both apoptosis and fibrosis (Erkan et al., 
2007; Diwakar et al., 2007). Yet the relationship between them has not 
been given much investigation. 

To address this question, we investigated at which time albumin triggers 
apoptosis and fibrosis in PTC exposed to 10 mg/ml albumin for 2, 4, 8 
and 18 hours. Albumin is a facilitator of free fatty acid transport. We 
therefore used fatty acid and endotoxin-free albumin to focus the study 
on the toxic effects of albumin, excluding any harmful effects by fatty 
acids or endotoxins. The apoptosis was quantified as AI with TUNEL-
staining and the fibrosis as TGFβ expression with immunoblotting (Study 
I, Figure 1a, c). Albumin triggered apoptosis in PTC within 2 hours (Study 
I, Figure 1b), whereas the fibrotic response occurred first after 8 hours 
(Study I, Figure 1d). We concluded that apoptosis precedes fibrosis in 
PTC exposed to albumin. The apoptotic response was not only triggered 
in a time-dependent manner, but was also dose-dependent (from 5 to 20 
mg/ml albumin) (Study I, Figure 1e, f). Podocytes, which are a part of the 
filtration barrier (Scott & Quaggin, 2015), responded to albumin by a 
dose-dependent increase in apoptotic cells (Study I, Figure 1g, h).  

Our group has previously identified the cardiotonic steroid ouabain as an 
antiapoptotic agent in shiga toxin-induced apoptosis (Burlaka et al., 
2013). We therefore hypothesized that ouabain would protect from 
albumin-triggered apoptosis. At high concentrations (µM range), ouabain 
is known to inhibit Na+,K+-ATPase. In subsaturating concentrations (nM 
range), ouabain has however been identified as antiapoptotic drug that 
protects from apoptosis by stimulating transcription of BCL-XL (Fontana
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et al., 2013). The albumin-triggered apoptotic response in PTC and 
podocytes was significantly reduced when cells were co-incubated with 
albumin and ouabain (5 nM) (Study I, Figure 1e, f, h).  

Apoptosis can be triggered by an extrinsic or intrinsic pathway. The 
intrinsic apoptotic pathway involves activation of the proapoptotic 
protein BAX and inhibition of the antiapoptotic protein BCL-XL (Galluzzi 
et al., 2018). Albumin (10 mg/ml) triggered an upregulation of BAX, 
downregulation of BCL-XL and increased cleavage of caspase 3 in PTC 
(Study I, Figure 2b, c). The imbalance between BAX and BCL-XL was 
prevented by ouabain. To verify that the protective effect of ouabain was 
mediated by calcium release from ER storage and activation of the NF-κB 
p65 subunit, the cells were co-treated with ouabain and cyclopiazonic 
acid, an ER Ca2+-ATPase inhibitor that depletes Ca2+ from ER, or 
helenalin, a NF-κB p65 subunit inhibitor. In both cases ouabain was no 
longer protecting from apoptosis (Study I, Figure 2b, c).  

An important step in intrinsic apoptosis is BAX translocation to 
mitochondria, where it permeabilizes the mitochondrial outer membrane, 
which leads to mitochondrial dysfunction and ultimately apoptosis. We 
measured BAX and mitochondria co-localization using confocal 
microscopy, where BAX were identified with immunostaining and 
mitochondria with BacMam transfection (Study I, Figure 3b). Albumin 
(2.5 mg/ml) triggered a time-dependent (2-8 hours) increase in BAX and 
mitochondria co-localization (Study I, Figure 3g), something that was not 
observed in cells co-treated with ouabain (Study I, Figure 3e). As the BAX 
and mitochondria co-localization gradually increased in PTC exposed to 
albumin (2.5 mg/ml), the expression level of BCL-XL gradually decreased 
(Study I, Figure 3g). Ouabain significantly improved the BCL-XL 
expression levels that were reduced by albumin (Study I, Figure 3c, f). To 
assess mitochondrial dysfunction, we measured mitochondrial membrane 
potential (Study I, Figure 3a). Albumin (2.5 mg/ml) caused a gradual 
depolarization of the mitochondrial membrane over time (2-8 hours) 
(Study I, Figure 3g). Ouabain significantly prevented the albumin-
induced mitochondrial membrane depolarization (Study I, Figure 3d). 
The albumin concentrations used for most experiments in this study are 
relatively high. To test the toxic effects of lower albumin concentrations, 
we measured the mitochondrial membrane potential of PTC incubated 
with 0.2 mg/ml for 8 and 18 hours. Even at the lower concentration, 
albumin triggered mitochondrial depolarization in PTC (Study I, Figure 
3h, i). We concluded that ouabain protects PTC from albumin-induced 
apoptosis in vitro by restoring the balance between pro- and 
antiapoptotic proteins and preventing mitochondrial dysfunction (Figure 
11). 
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Figure 11: a) Albumin triggered apoptosis within 2 hours of exposure and increased the 
TGFβ expression level after 8 hours. The apoptosis was mediated via BCL-XL 
downregulation, BAX translocation to mitochondria, decreased mitochondrial membrane 
potential (Δψm) and increased cleavage of caspase 3. Ouabain prevented initiation of the 
intrinsic apoptotic pathway by preventing BCL-XL downregulation, BAX translocation to 
mitochondria, reduction of Δψm and cleavage of caspase 3. b) Ouabain protection from 
apoptosis was abolished by the NF-κB p65 subunit inhibitor helenalin and the ER Ca

2+
-

ATPase inhibitor cyclopiazonic acid (CPA). 

To validate the antiapoptotic effect of ouabain, observed in the in vitro 
studies of PTC and podocytes, we used an animal model of proteinuric 
kidney disease, PHN, to test if ouabain would protect against albumin-
toxicity in vivo. The rats were injected with Fx1A or vehicle and treated 
with 15 µg/ml/day ouabain or vehicle (sterile phosphate-buffered saline) 
for 4 months. The rats injected with antiserum progressively developed 
PHN, with increased urinary albumin-to-creatinine ratio (week 2-16) and 
serum creatinine level (at week 16), compared to control rats. Ouabain 
significantly reduced the albumin-to-creatinine ratio and serum 
creatinine level in PHN rats. (Study I, Supplemental Figure S5b, c) 

After the rats had been sacrificed, the kidneys were embedded in paraffin 
and sectioned for IHC and glomerular-tubular connection studies. 
Apoptosis was quantified as pyknotic nuclei in control rats, vehicle-
treated PHN rats and ouabain-treated PHN rats. The vehicle-treated PHN 
rats, but not the ouabain-treated PHN rats, had significantly increased 
percentage of pyknotic nuclei in their tubules compared to control (Study 



 

42 
 

I, Figure 4a). BAX and BCL-XL expression levels were detected with IHC 
by measuring the immunofluorescence signal intensity. The BAX level 
was significantly upregulated and BCL-XL level was significantly 
downregulated in the proximal tubules of vehicle-treated PHN rats 
compared to control rats (Study I, Figure 4b, c), indicating an imbalance 
between pro- and antiapoptotic proteins and activation of the intrinsic 
apoptotic pathway. Ouabain protected the proximal tubules of PHN rats 
from apoptosis by preventing BAX upregulation and BCL-XL 
downregulation. We concluded that ouabain reestablishes the balance 
between BAX and BCL-XL, which is disrupted in proximal tubules of 
PHN rats, and thereby prevents activation of intrinsic apoptosis.  

Excessive early PTC apoptosis can cause tubular atrophy and glomerular-
tubular disconnection. We therefore analyzed the connection between 
proximal tubules and glomeruli in control rats, vehicle-treated PHN rats 
and ouabain-treated PHN rats. The vehicle-treated PHN rats had 
increased apoptotic cells in the glomerular-tubular junction, glomeruli 
connected to atrophic tubules and atubular glomeruli compared to 
control rats (Study I, Figure 5). Ouabain protected PHN rats from these 
diseases related manifestations. We concluded that ouabain protects from 
glomerular-tubular disconnection in PHN rats. 

Podocyte loss is considered an irreversible damage, since podocytes have 
a low regenerative capacity and can therefore not be replaced (Lin & 
Susztak, 2016). Apoptotic podocytes were quantified as AI with TUNEL-
staining in WT1-positive cells and podocyte number as WT1-positive cells. 
The vehicle-treated PHN rats had increased AI and decrease WT1-
positive cells compared to control rats (Study I, Figure 6). Ouabain 
significantly reduced the podocyte AI and increased the WT1-positive 
cells in PHN rats. We concluded that ouabain protects from podocyte 
apoptosis and loss in PHN rats. 

Fibrosis and glomerulosclerosis are common features in CKD (Breyer & 
Susztak, 2016). We quantified fibrosis by measuring the expression of 
TGFβ1 and glomerulosclerosis by assessing the glomerular accumulation 
of collagen IV. Vehicle-treated PHN rats had enhanced level of TGFβ1 
expression and collagen IV compared to control rats (Study I, 
Supplemental Figure S8b, c). Ouabain significantly reduced TGFβ1 and 
collagen IV expression in PHN rats. We concluded that ouabain protects 
from fibrosis and glomerulosclerosis in proteinuric kidney disease.  
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4.2 Study II. Prompt apoptotic response to high 
glucose in SGLT expressing cells 

Hyperglycemia is one of the most common causes of diabetes. Under 
normal condition, when the blood glucose level is around 5 mM, glucose 
is a vital substrate and signaling molecule in cell metabolism. Moderate 
and high glucose levels can however, via excessive ROS production and 
oxidative stress, trigger signaling pathways that lead to apoptosis, fibrosis 
and inflammation (Jha et al., 2016). The kidney is a direct target for 
diabetic complications, which lead to progressive development of DKD 
with increasing proteinuria and declining GFR. Several kidney cell types, 
including podocytes, MC and PTC, are targeted by hyperglycemia and/or 
insulin resistance. Most previous cell-based studies on DKD have focused 
on one cell type, omitting other kidney cells, which also may suffer from 
the same dysfunction. In this study, we wanted to compare the apoptotic 
response to hyperglycemia in kidney cells with different set up of glucose 
transporters, to investigate if cells expressing SGLT are at a higher risk of 
glucotoxic-induced apoptosis than other cells. 

All cell types are equipped with a unique set up of glucose transporters to 
facilitate their demand of glucose uptake, which depends on the cells 
requirement of glucose. PTC, which main function is to reabsorb glucose 
from the tubular lumen, need to be able to take up glucose against the 
glucose concentration gradient and are therefore equipped with SGLT 1 
(distal PTC) and 2 (early PTC) (Song el al., 2016; Wright et al., 2011). 
SGLT 1 and 2 are secondary active co-transporters, which take up glucose 
together with Na+ following the Na+ concentration gradient (Wright et al., 
2011). Na+,K+-ATPase is an active transporter, energized by ATP, which 
maintains the Na+ concentration gradient by continuously transporting 
Na+ out of the cell, keeping the intracellular Na+ concentration low. In 
addition to SGLT, PTC express GLUT 1 (distal PTC) and 2 (early PTC) on 
their basolateral side (Domingues et al., 1992; Thorens & Mueckler, 
2010). Since PTC are polarized cells, with SGLT toward the lumen and 
GLUT toward blood vessels, the GLUT will mostly facilitate glucose 
transport out of the cells (as long as the glucose concentration in PTC is 
higher than in the blood). MC have also been reported to express SGLT, 
but it has been controversial whether it is the SGLT 1 or 2 isoform 
(Wakisaka et al., 1997; Wakisaka et al., 2016). The requirement and 
function of SGLT in MC is currently unknown and need more 
investigation. In addition to SGLT MC express GLUT1, which is 
responsible for maintaining cells basal glucose uptake (Deng et al., 2014). 
Podocytes do not express any SGLT, but are insulin sensitive and express 
the insulin-sensitive GLUT4, as well as GLUT1 (Coward et al., 2005). In 
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absence of insulin GLUT4 are located in cytosolic vesicles. However, upon 
insulin stimulation GLUT4 translocates to the plasma membrane and 
facilitates glucose uptake. (Leto & Saltiel, 2012) Podocytes can thereby 
regulate their glucose uptake depending on their demand of glucose. 

We verified that our primary cultures still expressed their specific glucose 
transporters. The PTC were SGLT2-positive, the MC SGLT1-positive and 
the podocytes GLUT4-positive (Study II, Figure 1b and Supplemental 
Figure S1). To test whether SGLT expressing cells are more prone to high 
glucose-triggered apoptosis than other cells, it is important that the SGLT 
also function correctly. We assessed SGLT function by measuring glucose 
uptake with the glucose fluorescent analog 2-NBDG in Na+ and Na+ free 
buffer. The glucose uptake was, in PTC 60 % and in MC 40 %, Na+-
dependent. Podocyte glucose uptake was completely Na+-independent. 
(Study II, Figure 1c, d) We concluded that the primary cultures used in 
study II still expressed functional glucose transporters at the time of 
experiments and that PTC and MC, but not podocytes, have a Na+-
dependent glucose uptake. 

High glucose can trigger apoptosis in immortalized kidney cells (Ortiz et 
al., 1997; Isermann et al., 2007). Yet to our knowledge, not many studies 
on high glucose-triggered apoptosis have been performed on primary 
cells. We exposed PTC with moderately high glucose concentration (10-15 
mM) for 2, 4 and 8 hours and quantified the AI. Both 10 and 15 mM 
glucose caused a low, but significant increase in apoptotic cells (Study II, 
Figure 2). The high glucose-triggered apoptosis was both time- and dose-
dependent. We concluded that moderately high glucose triggers apoptosis 
in primary PTC. 

Already in 1997, Ortiz et al. concluded that high glucose can initiate 
apoptosis via the intrinsic pathway by changing the balance between pro- 
and antiapoptotic proteins (Ortiz et al., 1997). To validate if that was the 
case here, we performed ICC against BAX and BCL-XL. BAX was 
significantly upregulated and BCL-XL significantly downregulated after 4 
hours of glucose exposure (15 mM) (Study II, Figure 4b-e). BAX was in 
addition co-localized with mitochondria to a higher degree than in 
controls (Study II, Figure 4f). To determine if there was any 
mitochondrial dysfunction we measured mitochondrial membrane 
potential. The mitochondrial membrane was significantly depolarized 
after 4 hours of glucose exposure (Study II, Figure 4g). Since oxidative 
stress is a major cause of mitochondrial dysfunction (Jha et al., 2016) we 
measure the level of ROS. The fluorescence intensity of DCF was indeed 
significantly increased in cells exposed to high glucose compared to 
controls, demonstrating an augmentation in ROS level (Study II, Figure 
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4h). The apoptotic response was completely abolished in cells co-treated 
with high glucose and the antioxidant Q10, indicating that the apoptosis 
was a result of increased oxidative stress (Figure 12). We concluded that 
high glucose triggers apoptosis via the intrinsic pathway in primary PTC. 

 

Figure 12: Quantification of apoptotic index in PTC incubated with control (5.6 mM 
glucose), 15 mM glucose (HG15) or 15 mM glucose + 10 µM antioxidant Q10 containing 
medium for 8 hours. Data is expressed as mean ± SEM. n = 7 coverslips from 2 individual 
cell preparations. **p<0.01, ***p<0.001 

SGLT2 inhibitors have been widely used to reduce high blood sugar levels 
by preventing glucose reabsorption in the proximal tubule (Bailey et al., 
2010; Yale et al., 2014). We therefore tested if inhibiting glucose uptake 
via SGLT2 would reduce glucotoxic-triggered apoptosis in PTC by co-
treating the cells with glucose (15 mM) and the SGLT2-specific inhibitor 
dapagliflozin (1 µM). Dapagliflozin significantly reduced the high glucose-
triggered apoptosis (Study II, Figure 3a). By downregulating SGLT2 with 
siRNA, we validated that the decreased PTC apoptosis, observed in the 
dapagliflozin treated cells, indeed was due to reduced glucose uptake via 
SGLT2 (Study II, Figure 3b, c). We concluded that high glucose-triggered 
PTC apoptosis is averted by reducing the glucose uptake via SGLT2. 

Albuminuria is both a cause and consequence of DKD (Mundel & Reiser, 
2010; Birn & Christenssen, 2006; Erkan et al., 2007). In study I we 
concluded that albumin can trigger the intrinsic apoptotic pathway. DKD 
patients generally suffer from both hyperglycemia and albuminuria. Since 
both albumin and high glucose can trigger apoptosis in PTC, we tested if 
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cells exposed to both albumin and high glucose would be more prone to 
apoptosis than cells exposed to either substance alone. Albumin (2.5 
mg/ml) and high glucose (10 mM) did as expected have an additive effect 
on apoptosis, indicated by a significant increase in AI compared to each 
substance alone (Study II, Figure 5b). This was confirmed by BAX 
staining, which showed that BAX was further upregulated and had a 
higher incidence of co-localization with mitochondria (Study II, Figure 
5c, d). We concluded that PTC exposed to both high glucose and albumin 
are at a higher risk of intrinsic apoptosis than PTC exposed to either 
substance alone. 

The significance of tubular apoptosis in DKD patients has to our 
knowledge not been thoroughly investigated. To test if DKD patients 
suffer from apoptosis we reexamined biopsy sections from patients with 
moderate to severe DKD and compared them to biopsy sections from 
transplantation kidneys. The DKD patients had a substantial increase in 
tubular cell apoptosis compared to the controls, with apoptotic cells in a 
large fraction of the tubules (Study II, Supplemental Figure S3a, c). In 
addition, most of the tubules with apoptotic cells had more than one 
apoptotic cell, which was rarely seen in the controls, where tubules with 
apoptotic cells typically only had one apoptotic cell (Study II, 
Supplemental Figure S3d). Occasional apoptotic tubular cells can (to 
some extent) be replaced, since tubular cells have the capacity to 
regenerate (Duffield et al., 2005). High abundance of early PTC apoptosis 
can however cause glomerular-tubular disconnection (Chevalier, 2016). 
These results of tubular apoptosis in DKD patients suggest that tubular 
apoptosis is a common manifestation of DKD, but further investigation is 
needed to fully evaluate the role of apoptosis in DKD.  

PTC are not the only cells in the kidney that express SGLT. To test if other 
SGLT expressing cells also are potential targets of hyperglycemia we 
exposed primary-derived MC to high glucose (15 mM) for 8 hours. High 
glucose triggered apoptosis in MC via the intrinsic pathway by 
downregulating BCL-XL and upregulating and translocating BAX to the 
mitochondria (Study II, Figure 6a-f). The high glucose-triggered 
apoptosis was prevented in MC co-incubated with the SGLT 1 and 2 
inhibitor phlorizin (Study II, Figure 6g). We concluded that high glucose 
triggers intrinsic apoptosis in primary-derived MC and that by inhibiting 
SGLT1 the apoptotic response is abolished. 

Podocytes have, because of their low capacity to regenerate, been 
suggested to be the weakest link in DKD (Lin & Susztak, 2016). To test 
whether podocytes, which lack SGLT, are sensitive to high glucose, we 
exposed primary podocytes to 15 mM glucose for 8 hours and quantified 
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the AI. The primary podocytes did not respond to the increased glucose 
level (Study II, Figure 7b, f). Since oxidative stress is an early feature of 
the initiation of intrinsic apoptosis we measured the ROS level to verify if 
the podocytes were exposed to oxidative stress. The podocytes had not 
increased their production of ROS (Study II, Figure 7c), indicating that 
they did not suffer from oxidative stress. Since previous studies have 
shown that high glucose (25-30 mM) can trigger apoptosis in 
immortalized podocytes after 24 hours or longer (Susztak et al., 2006, Li 
et al., 2016), we exposed the primary podocytes to 30 mM glucose for 8 
and 24 hours. The primary podocytes did still not respond to the 
increased glucose levels (Study II, Figure 7d-f). We concluded that 
podocytes do not respond to short-term high glucose exposure. 

To further validate our hypothesis, that SGLT expressing cells are more 
prone to high glucose-triggered apoptosis than other cells, we transiently 
expressed SGLT2 in immortalized podocytes. Transfected podocytes were 
identified with CFP fluorescence and the SGLT2 expression was verified 
with ICC (Study II, Figure 8a, b). To validate the function of SGLT2 in the 
transfected podocytes, we measured the Na+-dependent glucose uptake. 
The SGLT2 expressing podocytes did surprisingly not have a Na+-
dependent glucose uptake and they did not go into apoptosis when 
challenged with high glucose (Study II, Figure 8c-e). This may be an 
indication that the mechanism of glucose uptake via SGLT is more 
complicated than previously believed. SGLT2-mediated glucose uptake is 
directly regulated by the Na+ concentration gradient, which is maintained 
by Na+/K+-ATPase. The amount and distribution of Na+/K+-ATPase may 
therefore influence the glucose uptake via SGLT. Cells, such as podocytes, 
which do not express SGLT naturally, might not have the amount and/or 
distribution of Na+/K+-ATPase, that is required for SGLT to transport 
glucose. However, more investigation is still needed to fully understand 
the mechanism of how SGLT facilitates glucotoxicity in renal cells. 

Since subsaturated concentration of ouabain can avert PTC apoptosis, 
triggered by albumin (Study I) and shiga toxin (Burlaka et al., 2013), we 
hypothesized that ouabain also could protect from high glucose-induced 
activation of the intrinsic apoptotic pathway in PTC and MC. Ouabain did 
indeed avert apoptosis by restoring the balance between BAX and BCL-
XL, retranslocating BAX from mitochondria back to the cytosol and 
preventing mitochondrial depolarization (Study II, Table 1). Figure 13 
summarizes the conclusions from study II. 
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Figure 13: High glucose triggered intrinsic apoptosis in PTC and MC, but not in podocytes. 
The apoptosis was mediated by an increased ROS production (oxidative stress), which 
resulted in downregulation of the antiapoptotic protein BCL-XL and upregulation of the 
proapoptotic protein BAX. The altered balance in pro- and antiapoptotic proteins permitted 
BAX translocation to mitochondria, caused mitochondrial membrane potential (Δψm) loss 
and apoptosis. The glucotoxic-triggered apoptosis was abolished in cells co-treated with 
SGLT inhibitors dapagliflozin and phlorizin, the antioxidant Q10 or the antiapoptotic agent 
ouabain.  

The main drawback of the PTC experiment here and in other studies, 
both on primary and immortalized cells, is that in vitro experiments in 
general are performed on coverslips, which do not allow PTC to maintain 
their polarization. In vivo early PTC express SGLT2 toward the tubular 
lumen and GLUT2 toward the blood. In vitro the polarization is 
disrupted, permitting SGLT2 and GLUT2 to be expressed throughout the 
plasma membrane. This could perhaps have affected the outcome of the 
results to some extent. The main drawback of the MC experiments is, as 
previously mentioned, that the cells are primary-derived and not primary. 
In case this would have affected the outcome of the experiments, it would 
most likely have caused a downregulation of SGLT1, resulting in less 
glucose uptake via SGLT1 in vitro than in vivo. 
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The outcome of the podocyte experiments in this study somewhat 
contradict results obtained in previous studies, where high glucose has 
been seen to trigger podocyte apoptosis. One reason for the conflicting 
results could be that previous studies have been performed on 
immortalized podocytes whereas this study was performed on primary 
podocytes. This theory is supported by the outcome of experiments where 
primary podocytes were cultured for 10 days prior to high glucose 
exposure, instead of 3-4 days, which was the limit for keeping primary 
podocytes in culture in study I and II of this thesis. The primary 
podocytes that were cultured for 10 days prior high glucose exposure 
responded with a 70 % increase in AI (Figure 14). This could be an 
indication that cells susceptibility to glucose changes with their time in 
culture. Another parameter that may influence podocytes response to 
high glucose is whether the podocytes are differentiated or 
dedifferentiated. During the phase of division, immortalized podocytes 
are dedifferentiated. However, by changing the culturing environment 
prior experiments immortalized podocytes are stimulated to differentiate. 
The immortalized podocytes described by Mundel et al., often called 
mundelocytes, are for instance kept at 33°C and supplemented with 
interferon γ during the phase of division (Krtil et al., 2007). By removing 
interferon γ and incubating the mundelocytes at 37°C for 7-14 days they 
become differentiated. Differentiated podocytes are, in contrast to 
dedifferentiated podocytes, large, branched, often binucleated and 
express synaptopodin (Krtil et al., 2007). In this study, both the primary 
and immortalized podocytes were differentiated at the time of high 
glucose exposure. It still remains to be concluded whether podocytes are 
completely insensitive to high glucose and that the apoptotic response of 
immortalized cells is just a consequence of the immortalization process or 
dedifferentiation, or if podocytes respond to high glucose during a later 
stage than PTC and MC.  
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Figure 14: Quantification of apoptotic index in primary podocytes cultured for 10 days prior 
exposure of high glucose. Podocytes were incubated with control (5.6 mM glucose) or 30 
mM glucose (HG30) containing medium for 24 hours. Data is expressed as mean ± SEM. n 
= 8 coverslips from 3 individual cell preparations. *p<0.05 

4.3 Study III. Ouabain intervenes early in the apoptotic 
process by preventing BAD activation  

In study I and II we conclude that albumin and high glucose trigger the 
intrinsic apoptotic pathway in PTC by downregulating BCL-XL and 
upregulating BAX, which permitted BAX activation and translocation 
from cytosol to mitochondria. At the mitochondria, active BAX have been 
shown to oligomerize and form pores in the outer mitochondrial 
membrane (Chen et al., 2015; Große et al., 2016) causing mitochondrial 
dysfunction and apoptosis. Ouabain protected from apoptosis in both 
cases. In study III, we wanted to deepen the investigation on the 
protective effect of ouabain to understand at which point in the apoptotic 
process ouabain intervenes. 

To improve the visualization of the apoptotic process in study III, we used 
STED microscopy instead of confocal microscopy, which was used in 
study I and II. The enhanced resolution, gained by STED, allows us to get 
a better precision on the localization of fluorescent molecules and can 
thereby be used to detect changes in distance between fluorescently 
labelled proteins.  
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BAX activation is facilitated by activator and sensitizer proteins of the 
BCL2 family. The sensitizer protein, BAD, has been shown to be directly 
involved in BAX activation by binding to BCL-XL and thereby preventing 
BCL-XL from retranslocating BAX from mitochondria back into the 
cytosol. (Galluzzi et al., 2018) Since we in study II observed an increase in 
apoptotic cells, mediated by a change in balance between BAX and BCL-
XL, when exposing PTC to high glucose, we hypothesized that high 
glucose would stimulate increased interaction between BAD and BCL-XL. 
We exposed PTC to control (5.6 mM glucose) or 20 mM glucose for 1, 2 
and 4 hours and immunostained for BAD and BCL-XL. The BAD and 
BCL-XL immunostainings were counterstained with MTS-GFP 
transfection followed by immunostaining against GFP to visualize 
mitochondria. BAD and BCL-XL was imaged with STED microscopy and 
mitochondria with confocal microscopy (Study III, Figure 3a). BCL-XL 
was predominantly expressed on mitochondria in both control and high 
glucose exposed cells during all time points. The distance between BAD 
and BCL-XL was assessed with a nearest neighbor algorithm. For all 
proteins in one of the channels, the algorithm calculates the closest 
distance to a protein in the other channel and plots the distances of the 
nearest neighbor in a histogram (Figure 15). In this case BAD was 
visualized in one channel and BCL-XL in the other channel. The 
algorithm calculated the closest distance from each BCL-XL to a BAD and 
plotted the distances of the nearest neighbors in a histogram. The nearest 
neighbor histogram between BCL-XL and BAD peaked after 2 hours of 
high glucose exposure (Study III, Figure 3a), indicating that the distance 
between BAD and BCL-XL proteins was shortest at that time. The 
decreased distance between BAD and BCL-XL was likely a result of 
increased interaction between the two proteins, since BAD is known to 
bind and inhibit BCL-XL at the mitochondria (Chen et al., 2005; Galluzzi 
et al., 2018).   
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Figure 15: Illustration of the nearest neighbor algorithm. Merged image of two channels 
with fluorescently labelled proteins (left). The algorithm calculates the distance between 
proteins in one channel (purple) to the nearest neighbor in the other channel (green) (left) 
and plots the nearest neighbor in a histogram (right). 

We next assessed the distance between BAX and BCL-XL using the 
nearest neighbor algorithm in the same way as for BAD and BCL-XL. PTC 
were exposed to control (5.6 mM glucose) and 20 mM glucose for 4 and 6 
hours. The BAX and BCL-XL histogram of nearest neighbor peaked after 
4 hours of high glucose exposure (Study III, Figure 2a). The decreased 
distance between BAX and BCL-XL in the high glucose exposed cells was 
likely caused by the increased BAX abundance on mitochondria. When 
BAX translocates to mitochondria, the likelihood that BAX will be closer 
to BCL-XL increases, since BCL-XL predominantly are expressed on 
mitochondria. We concluded that the BAD interaction with BCL-XL 
precedes BAX translocation to mitochondria.  

Once the order in which BAD start to interact with BCL-XL and BAX 
translocate to mitochondria had been determined, we wanted to 
investigate at which state in the apoptotic process ouabain interfere. PTC 
were co-treated with 20 mM glucose and 10 nM ouabain for 2 hours to 
study the interaction between BAD and BCL-XL and for 6 hours to study 
BAX localization on mitochondria. In both cases ouabain asserted 
protective effects by restoring the balance between the pro- and 
antiapoptotic proteins (Study III, Figure 2b and 3b). The protecting effect 
of ouabain was validated by quantification of BAX and BCL-XL mRNA 
levels in PTC exposed to control (5.6 mM glucose) or 20 mM glucose with 
or without 10 nM ouabain for 24 hours. High glucose induced an 
upregulation of BAX mRNA and a downregulation of BCL-XL mRNA. 
Ouabain restored the mRNA level of both BAX and BCL-XL to control 
level. (Study III, Figure 4) 
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BAD can exist in two different forms, either phosphorylated or 
dephosphorylated. Ser-136 has been identified as a phosphorylation site 
that creates binding sites for the proteins 14-3-3 and protein kinase B 
(AKT) and thereby promotes the formation of a BAD/AKT/14-3-3 
complex. The complex cause BAD to be retained in the cytosol and 
thereby prevents it from interacting with BCL-XL and protects from 
apoptosis. (Zha et al., 1996) By blocking AKT and preventing the 
BAD/AKT/14-3-3 complex formation, we hypothesized that ouabain 
would no longer protect from apoptosis. PTC were co-treated with high 
glucose, ouabain and the AKT inhibitor MK-2206 for 6 hours. The 
protecting effect by ouabain was abolished in cells co-treated with the 
AKT inhibitor, permitting BAX to translocate to mitochondria (Study III, 
Figure 6a). The interaction between AKT and BAD was verified with co-
immunoprecipitation between AKT1 and BAD (Chen et al., 2001), where 
we found increased interaction between AKT1 and BAD in cells treated 
with ouabain (Study III, Figure 5). Figure 16 summarizes the conclusions 
from study III. Altogether the results from study III confirms our 
hypothesis that ouabain interferes early in the apoptotic process.  
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Figure 16: High glucose activated the intrinsic apoptotic pathway by dephosphorylating 
BAD causing BAD to dissociate from AKT and interact with BCL-XL. BAD interaction with 
BCL-XL prohibited BCL-XL from preventing BAX activation and translocation to 
mitochondria, which led to mitochondrial membrane potential (Δψm) loss and apoptosis. 
Ouabain averted the high glucose-triggered initiation of intrinsic apoptosis by preventing 
BAD dephosphorylation. AKT inhibition abolished the protective effect of ouabain. 

4.4 Study IV. RNA-seq reveals altered gene expression 
levels in PTC cultures compared to renal cortex but 
not in early state glucotoxic PTC  

In biological research, primary and immortalized cells are often used to 
model physiological and disease processes in an isolated and controlled 
environment. Cells in culture are known to gradually change their gene 
expression and thereby lose their phenotype. The dedifferentiation as 
such is however rarely experimentally addressed. In this study we 
therefore wanted to compare the mRNA expression levels in primary rat 
PTC, cultured for 3 days in vitro, with rat outer renal cortex, retrieved 
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directly from the kidney, to distinguish groups of genes that were 
differentially expressed. We chose to use 3 days old cells, since 99 % of 
PTC at that time are SGLT2-positive and α-SMA-negative (Study I, 
Supplemental Figure S1a) when immunostained with antibodies. The 
thickness of the outer renal cortex was selected so that 90 % of the 
tubular volume would consist of proximal tubule (Aperia et al., 1981). In 
addition to getting a better understanding on how the mRNA expression 
profile differ in PTC compared to renal cortex, we also wanted to 
investigate if and how mRNA levels are altered by short-term 
hyperglycemia. The exposure time and high glucose concentration were 
chosen based on study II, where we observed a change in protein 
expression level of BCL2 family members within 8 hours of exposure to 15 
mM glucose. 

We used RNA-seq to generate cDNA libraries for all three groups; renal 
cortex, control (5.6 mM glucose) PTC and high glucose (15 mM) PTC. The 
libraries were aligned to a reference genome that was generated from the 
Rattus Norwegian genome at the National Center for Biotechnology 
Information webpage. Prior to analyzing differentially expressed genes, 
the list of genes was filtered to discard genes that were not expressed at 
all or only rarely expressed. Since each biological replicate was used to 
generate 2 cDNA libraries, we kept genes that had at least 10 counts in at 
least 2 samples. To remove any composition bias, i.e. taking in 
consideration that the samples had different number of total counts, we 
performed trimmed mean of M-values normalization. Differences in 
expression profile among the samples were visualized with a multi-
dimensional scaling plot (Study IV, Figure 2). The difference between 
PTC and renal cortex was quite large with a fold change of 64, whereas 
the difference between normal and high glucose exposed PTC was small 
within a fold change of 1.4. The variations among the samples within the 
renal cortex and control PTC groups were small i.e. within a fold change 
of 1.4. One of the high glucose exposed PTC samples did however differ 
somewhat from the other two high glucose PTC samples, i.e. the fold 
change between that sample and the other high glucose samples was 2.8. 
The cause of the variation in the high glucose exposed group is not 
known. It may be within the range of expected biological variability in 
PTC exposed to short-term high glucose. In that case, the readout from 
the result is completely accurate. Other possibilities for this variation 
could be that one or two sample(s) failed to respond to the high glucose 
exposure or that the RNA quality of one sample was not as good as the 
other samples even if it had passed the quality control. If this is the case, 
the readout of the result will most likely be affected causing the fold 
change between the control and high glucose exposed PTC to be 
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overestimated if it is one sample that is inaccurate and underestimated if 
it is two samples.  

After the filtration and normalization, we performed differential 
expression analysis between renal cortex and PTC. We generated a list of 
differentially expressed genes in PTC compared to renal cortex. The 
significance of the differentially expressed genes was evaluated with false 
discovery rate (FDR) instead of p-value, since RNA-seq evaluates the 
expression of numerous genes at the same time, which statistically will 
cause some of the genes to have a significant p-value when they should 
not, i.e. be a false positive. FDR takes this in consideration and will adjust 
its strictness depending on the number of genes included in the analysis. 
In this study, genes with a FDR of less than 5 % were considered 
significantly differentially expressed.  

To identify which groups of genes were altered most in PTC compared to 
renal cortex we performed a gene ontology (GO) enrichment analysis. 
Mitochondrial and metabolism related GO terms were highest on the list 
of overrepresented GO terms. Most of the significantly altered genes of 
these GO terms were downregulated in PTC compared to renal cortex 
(Study IV, Table 2). In addition to identifying the most enriched GO 
terms, we looked at GO terms related to cell death and transporters, since 
we in our previous studies investigate intrinsic apoptosis and glucose 
transport. The highest apoptosis related GO terms were a bit down on the 
list, at place 585-673 (Study IV, Table 3). The overrepresentation of 
apoptosis related GO terms might be a consequence of that approximately 
3 % of PTC in culture are apoptotic at day 3 in culture (Study II, Figure 2). 
Even though apoptosis of tubular cells occurs naturally during 
regeneration of cells in renal cortex, it is likely less frequent than 
apoptosis of cells in culture. General transporter activity GO terms were 
among the top 100 overrepresented GO terms, whereas the GO terms for 
glucose transport and regulation of glucose metabolic process were 
among the least significantly altered GO terms (Study IV, Table 4). A 
slight change in glucose transporters is perhaps to be expected, since the 
metabolism related GO terms were among the most overrepresented. 
Based on the GO enrichment analysis between PTC and renal cortex we 
noted that metabolism and mitochondria related GO terms are highest on 
the list of overrepresented GO terms, while apoptosis and glucose 
transport related GO terms are in the middle and end of the list, 
respectively. 

We next identified the most significant differentially expressed genes in 
the GO terms that were most overrepresented (mitochondria and 
metabolism related GO terms) in PTC compared to renal cortex, as well as 
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in the cell death and transporter related GO terms in Table 3 and 4 of 
study IV. The gene expression of metabolic enzymes such as Pck1, Amacr, 
Prodh2 and Cyp2e1 were among the most downregulated and Loxl2 the 
most upregulated in PTC compared to renal cortex (Study IV, Table 5).  

More interestingly for the studies of this thesis were perhaps to analyze 
differentially expressed genes of cell death related GO terms. Some of the 
top 100 differentially expressed genes included Casp12, Casp2, Tmbim6 
and Bcl2. Casp12 and Casp2, genes coding for the inflammatory protein 
caspase 12 and the executer protein caspase 2, respectively, were 
significantly upregulated in PTC compared to renal cortex. The gene 
expression of Tmbim6 and Bcl2, which codes for the antiapoptotic 
proteins BAX inhibitor 1 and BCL2, respectively, were significantly 
downregulated in PTC compared to renal cortex. The downregulation of 
gene expression levels of antiapoptotic proteins at the same time as the 
gene expression of executor caspase 2 was upregulated may be an 
indication of increased apoptosis in PTC compared to renal cortex. This 
could, as previously mentioned, be a consequence of that PTC cultures 
always have a few percent of apoptotic cells, whereas apoptotic tubular 
cells are less common in vivo. 

The gene expressions of transporters were overall downregulated in PTC 
compared to renal cortex (Study IV, Table 7). Some of the most 
significant differentially expressed genes in the transporter GO terms 
included Aqp1, Aqp2, Aqp3 and Aqp6, which were all downregulated in 
PTC compared to renal cortex. Aqp1/2/3/6 codes for the aquaporins 1, 2, 
3 and 6, which are water channels expressed in the kidney. Interestingly 
Slc51α and Slc51β were among the top 50 differentially expressed 
transporter genes in PTC compared to renal cortex. Slc51α and Slc51β 
codes for the α and β subunits of an organic solute transporter that 
transports various organic solutes across the plasma membrane including 
bile acid (taurocholate) and organic steroids such as digoxin, a cardiac 
glucoside related to ouabain.  

The gene expression of the glucose transporters Naglt1, Slc5a1, Slc2a1 
and Slc2a2 were among the top 10 most differentially expressed genes in 
the glucose transmembrane transporter activity GO term (Study IV, Table 
8). The gene expression of Naglt1, Slc5a1 and Slc2a2 was downregulated 
and Slc2a1 was upregulated in PTC compared to renal cortex. Naglt1 
codes for Na+-glucose cotransporter (NaGLT1), Slc5a1 for SGLT1, Slc2a2 
for GLUT2 and Slc2a1 for GLUT1. The gene expression for Slc5a2, which 
codes for SGLT2, was not in the top of the list of differential expressed 
genes in any of the transporter related GO terms. Slc5a2 was however 
significantly downregulated in PTC compared to renal cortex. The reason 
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for the downregulation of Na+-dependent glucose transporters in vitro is 
not known. One likely explanation is that PTC have a lower requirement 
of glucose in vitro than in vivo and therefore reduce their abundance of 
Na+-coupled glucose transporters that can transport glucose against the 
glucose concentration gradient. Another possibility is that vectorial 
transporters, which transport substrates across the cells, are 
downregulated in PTC cultures, since PTC lose their polarity in vitro and 
therefore no longer need vectorial transport. This is supported by the 
downregulation of gene expression of aquaporins, Na+/K+-ATPase and 
SGLT1 and 2, which all have vectorial transport in vivo. We concluded 
that the gene expression of apoptosis related genes and glucose 
transporters is altered in PTC compared to renal cortex, but that the cells 
still express the genes related to our previous studies.  

After comparing the gene expression between PTC and renal cortex we 
identified differentially expressed genes in PTC incubated in normal (5.6 
mM) and high (15 mM) glucose for 8 hours. At this time point, only one 
gene was significantly differentially expressed i.e. the mRNA was 
upregulated in the high glucose exposed group compared to the control. 
The gene was identified as Ubn2, which codes for the nuclear protein 
ubinuclein 2. The function of ubinuclein 2 is not well established and has 
previously not been related to hyperglycemia. We therefore discarded the 
altered gene expression as background.  

In study II we found that the protein expression levels of proteins 
involved in intrinsic apoptosis were altered within 8 hours of high glucose 
exposure (Study II, Figure 4b-e). In study IV we did not observe any 
significant differentially expressed genes between control and high 
glucose exposed PTC after 8 hours. Altogether the results from study II 
and IV indicate that high glucose exerts its toxicity in two steps. First, 
high glucose triggers an acute response, which changes the protein 
expression of intrinsic apoptosis related proteins. Secondly, high glucose 
alters the mRNA level of proteins, when the existing mRNA level is not 
enough to adjust the protein expression level further. This is supported by 
the results in study III, where we observed an upregulation of BAX 
mRNA and downregulation of BCL-XL mRNA after exposing PTC to high 
glucose for 24 hours (Study III, Figure 4), and by others (Ortiz et al., 
1997). More investigation is needed to determine at which time point high 
glucose alter mRNA expression levels of apoptosis related genes and if 
other groups of genes also are differentially expressed at a later stage of 
hyperglycemia. 
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5 Additional ongoing study 

IgA nephritis, also known as IgA nephropathy and Berger’s disease, is one 
of the most common glomerulonephritis in the world. Its primary injury 
depends on abnormal glycosylation of O-linked glycans in the hinge 
region of immunoglobulin A1 (IgA1). This consequently leads to an 
augmentation in galactose-deficient IgA1 serum levels, which are 
recognized by glycan-specific IgA and IgG antibodies. The pathogenic 
IgA1, with occasional inclusion of IgG and immunoglobulin M (IgM), 
form immune complexes that are deposited in the mesangium. IgA 
nephritis has been suggested to be an autoimmune kidney disease with a 
“multi-hit” pathogenesis as follow: (1) IgA are produced. (2) IgA are 
recognized as autoantigens by circulating antiglycan antibodies. (3) 
Immune complexes are formed. (4) The complexes are deposited in the 
mesangium and activate MC. (5) MC proliferates and start to produce 
increased extracellular matrix, cytokines and chemokines. (Lai et al., 
2016) 

IgA nephritis is a slowly progressive disease where patients gradually 
develop CKD with increasing proteinuria and declining renal function. 
After 20-30 years, about 30-40 % of all patients reach ESRD. Currently, 
the only way to diagnose IgA nephritis is by collecting biopsies and 
analyzing immunostaining against immunoglobulins using light 
microscopy. IgA nephritis is characterized by dominant mesangial 
deposits of IgA in the mesangium close to activated MC, with λ-light 
chains being more prevalent than κ-light chains. (Lai et al., 2016) 

In study I we concluded that albumin-toxicity can trigger apoptosis in 
podocytes and PTC. Since albuminuria is a common feature in IgA 
nephritis we hypothesized that IgA nephritis patients could be suffering 
from apoptosis. In an ongoing study, we have therefore examined 
biopsies from IgA nephritis patients with regard to apoptosis. Nine male 
patients were, based on their level of albuminuria and estimated GFR, 
selected for the study. The patients were divided in two groups; one group 
(4 patients) with mild changes in GFR and microalbuminuria (mild 
group) and one group (5 patients) with severe decline in GFR and/or 
macroalbuminuria (severe group). In the severe group, the patients had 
both severe decline in GFR and macroalbuminuria except for one patient, 
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which had a severe decline in GFR, but only microalbuminuria and one 
patient that had macroalbuminuria, but no GFR decline. Kidney biopsies 
from three male kidney donors were used as controls. The IgA nephritis 
patients were 18-66 years and the kidney donors were 33-57 years. 

We first quantified the fraction of tubules with apoptotic cells in biopsy 
sections from controls and IgA nephritis patients. Apoptotic cells were 
detected with TUNEL-staining and total number of cells with DAPI 
(Figure 17). The biopsies from both the mild and severe IgA nephritis 
groups had a tendency to increased fraction of tubules with apoptotic 
cells compared to controls (Figure 18). Surprisingly, the biopsies in the 
mild IgA nephritis group seemed to have a higher fraction of tubules with 
apoptotic cells than the biopsies in the severe IgA nephritis group. The 
apoptosis did not correlate well with either albuminuria (Figure 19) or 
estimated GFR (Figure 20).  

 

Figure 17: Representative images of TUNEL-staining (red) in biopsies from control (left) 
and IgA nephritis patient (right). Nuclei were identified with DAPI (blue) and proximal tubules 
with SGLT2 (green). Scale bars are 40 µm. 
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Figure 18: Quantification of tubules with apoptotic nuclei in control kidney, mild IgA 
nephritis and severe IgA nephritis. Data is expressed as mean ± SEM. n = 3 controls, 4 
patients in the mild group and 5 patients in the severe group. 

 

Figure 19: Plot showing fraction of tubules with apoptotic cells versus albuminuria. Blue 
circles: patients with mild IgA nephritis. Red squares: patients with severe IgA nephritis. 
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Figure 20: Plot showing fraction of tubules with apoptotic cells versus estimated GFR. Blue 
circles: patients with mild IgA nephritis. Red squares: patients with severe IgA nephritis. 
R

2
 = 0.0224 

In study I we concluded that albumin-triggered apoptosis is mediated via 
the intrinsic apoptotic pathway. To see if this was the case in kidneys of 
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of IgA nephritis patients had a tendency to increased BAX/BCL-XL ratio 
(Figure 21). The ratio between BAX/BCL-XL seems to increase with the 
severity of the disease. In addition, the BAX/BCL-XL ratio seems to 
correlate better with both albuminuria (Figure 22) and estimated GFR 
(Figure 23) than fraction of tubules with apoptotic cells. 
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Figure 21: Quantification of BAX/BCL-XL ratio in tubules of control kidney, mild IgA 
nephritis and severe IgA nephritis. Data is expressed as mean ± SEM. n = 3 controls, 4 
patients in the mild group and 5 patients in the severe group. 

 

Figure 22: Plot showing the BAX/BCL-XL ratio verses albuminuria. Blue circles: patients 
with mild IgA nephritis. Red squares: patients with severe IgA nephritis. R
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Figure 23: Plot showing the BAX/BCL-XL ratio verses estimated GFR. Blue circles: patients 
with mild IgA nephritis. Red squares: patients with severe IgA nephritis. R

2
 = 0.3008 
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patients have a higher occurrence of tubular apoptosis than healthy 
kidneys and that the apoptosis at least partly is mediated by the intrinsic 
pathway. Increased tubular apoptosis did however not correlate well with 
either increasing albuminuria or declining GFR. Interestingly, the 
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classification of IgA nephritis that is based on mesangial hypercellularity, 
segmental glomerulosclerosis, tubular atrophy and endocapillary 
hypercellularity. IgA nephritis is a disease with active and passive 
episodes. One possibility that we will investigate is if apoptosis is 
activated in the cycles of active and passive episodes. In biopsies from the 
newly selected patients, we will stain for apoptotic cells in both tubules 
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apoptosis is mediated via the mitochondria, we will measure the ratio 
between BAX/BCL-XL.  
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6 Conclusions 

Study I  

Apoptosis is a major consequence of albumin-toxicity and contributes to 
progressive loss of kidney function in proteinuric kidney disease. Ouabain 
protects from albumin-toxicity in vitro and in vivo by preventing 
activation of the intrinsic apoptotic pathway in PTC, via reestablishment 
of balance between pro- and antiapoptotic proteins, and protection from 
podocyte death and loss. Glomerular-tubular disconnection is a main 
consequence of PTC apoptosis and a key feature of proteinuric kidney 
disease. Ouabain protects from glomerular-tubular disconnection in 
proteinuric kidney disease. These results highlight antiapoptotic 
treatment as a therapy to prevent from glomerular-tubular disconnection 
and podocyte loss in proteinuric kidney disease. 

Study II  

SGLT expressing cells, PTC and MC, are direct targets of short-term 
hyperglycemia, which initiates the intrinsic apoptotic pathway by 
changing the balance between pro- and antiapoptotic proteins. Podocytes, 
which lack SGLT, are not targets of short-term hyperglycemia. Co-
exposure of high glucose and albumin has an additive effect on PTC 
apoptosis indicating that PTC may be major targets in DKD. The 
glucotoxicity-induced apoptosis can be prevented by treatment with the 
antiapoptotic agent ouabain or the SGLT inhibitors dapagliflozin and 
phlorizin.  

Study III 

Hyperglycemia trigger the intrinsic apoptotic pathway via AKT-mediated 
translocation of the sensitizer protein BAD from cytosol to mitochondria, 
which allows BAD to inhibit the antiapoptotic protein BCL-XL from 
exerting its protective effects. BAD inhibition of BCL-XL permits the 
proapoptotic protein BAX to translocate from cytosol to mitochondria, 
where it is activated and can penetrate the outer mitochondrial 
membrane causing mitochondrial dysfunction and apoptosis. Ouabain 
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protects PTC from glucotoxicity by interacting early in the apoptotic 
process where it prevents AKT-dependent activation of BAD.  

Study IV 

Differential expression analysis reveals that short-term primary PTC 
cultures still express most genes expressed in outer renal cortex, but with 
altered gene expression levels. Most altered are mitochondrial and 
metabolism related GO terms. Apoptosis seem to be slightly more 
common in PTC cultures than renal cortex, since proapoptotic gene 
expressions are upregulated and antiapoptotic gene expressions 
downregulated in the cultures compared to the renal cortex. Gene 
expression of transporters is overall downregulated, including the 
expression of glucose transporters. PTC mRNA expression levels are not 
significantly altered by 8 hours high glucose exposure and may, in 
contrast to alterations in protein expression levels, be a response of long-
term hyperglycemia. 
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7 Future perspectives 

The studies in this thesis have, like most research, answered questions, 
but also, with the newly acquired information, raised new questions. In 
this last section I will bring up future perspectives of the studies in this 
thesis that I think would be valuable for the field and for understanding 
the apoptotic process in DKD.  

7.1 Glucose uptake differences in kidney cells 

In study II we investigated Na+-dependent glucose uptake in different cell 
types to verify the function of SGLT in the SGLT expressing cells. It would 
in addition be of great interest to examine cells glucose uptake in normal 
and high glucose to understand if and how glucose uptake per se 
contributes to glucotoxicity, especially during the early phase of 
hyperglycemia. Glucose uptake in normal and high glucose cannot be 
assessed with 2-NBDG, since 2-NBDG require the glucose concentration 
to be the same in all samples to give accurate measurements (section 
3.4.5). It would therefore be necessary to use another method, such as a 
fluorescence resonance energy transfer (FRET)-based biosensor 
(Takanaga & Frommer, 2010), to measure the glucose uptake in normal 
and high glucose. The currently available FRET-based glucose sensors 
are, to my knowledge, most sensitive between 0-5 mM glucose (Fehr et 
al., 2003), since the sensors are saturated at or below 5.3 mM glucose. By 
developing a FRET-based glucose sensor with sensitivity at higher 
glucose concentrations it may be feasible to accurately assess the glucose 
uptake at hyperglycemic ranges in the future. 

7.2 SGLT and Na+/K+-ATPase interaction 

It is well-known that Na+/K+-ATPase regulates the intracellular Na+ 
concentration, which is the driving force of glucose uptake via SGLT. In 
study II, we transiently expressed immortalized podocytes with SGLT2 to 
stimulate high glucose-triggered apoptosis in these cells. The cells 
expressed SGLT2, but did not have a Na+-dependent glucose uptake. 
These data suggest that SGLT expressing cells may be equipped with 
optimal Na+/K+-ATPase amount and/or distribution to accommodate a 
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Na+-dependent glucose uptake and that cells which naturally lack SGLT 
therefore are unable to take up glucose via SGLT. It would consequently 
be interesting to compare the Na+/K+-ATPase expression in SGLT 
expressing and none-expressing cells to investigate if the amount and/or 
distribution of Na+/K+-ATPase are different in these cells.  

7.3 Apoptosis in a DKD animal model 

In the studies of this thesis we have investigated the apoptotic process in 
primary kidney cell cultures exposed to albumin and/or high glucose. The 
next step in understanding the apoptotic process would be to use an 
animal model of DKD to pinpoint at which state of the disease the 
apoptotic process is activated in each of the cell types; PTC, MC and 
podocytes. This would require an animal model with similar disease 
manifestations as human DKD, where both the glomeruli and tubules are 
affected. There are a number of rat and mouse models to choose from to 
study DKD; unfortunately, none of these models completely fulfill the 
criteria of human DKD with both glomerular and tubular injuries (Betz & 
Conway, 2014). Therefore, there currently is no ideal model to use.  

Some of the most common diabetes type I models are to either inject 
streptozotocin or to use genetic models such as Akita rats or OVE26 mice. 
The most frequently used diabetes type II models are db/db mice, ob/ob 
mice and Zucker rats. These models usually result in subtle alterations in 
gene expression, hypertrophy, mesangial expansion, minimal fibrosis and 
modest albuminuria, but no GFR decline. In recent years, new animal 
models have starting to appear, which disease manifestations are more 
similar to human DKD. The model that currently seem to resemble 
human DKD the most is perhaps eNOS-/- db/db mice, which have similar 
changes in gene expression, develops glomerulosclerosis, arteriolar 
hyalinosis, progressive albuminuria and declining GFR. The drawback of 
using eNOS-/- db/db mice is that they do not develop tubulointerstitial 
fibrosis. (Betz & Conway, 2014) Since we want to study changes in both 
glomerular and tubular cells, this model may or may not be the best 
option to use. Hopefully, new animal models with a better resemblance to 
human DKD will be developed in the near future, which would allow for 
comparative studies of glomerular and tubular cells. 

7.4 Apoptosis in human DKD  

In study II, we analyzed biopsy sections from DKD patients to verify that 
apoptosis is one of the manifestations of this disease. However, the 
apoptotic pathway in DKD patients is still not well established. To 
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understand the apoptotic process in the disease it would be necessary to 
analyze the expression of pro- and antiapoptotic proteins, such as BAX 
and BCL-XL, in the patients, to verify that the intrinsic apoptotic 
pathway, or another cell death pathway, is activated. 

It would in addition be valuable to investigate at which state of the 
disease that the apoptotic process is initiated and if it is activated in MC 
and podocytes as well as PTC. The patients in study II all had moderate to 
severe DKD. Apoptosis was at that stage a common phenomenon in 
tubules of these patients. It is however unknown what happens at an 
earlier stage of DKD. Unfortunately, this may be troublesome to 
investigate, since DKD patients rarely are diagnosed at an early stage. 
But, by examining biopsies from more patients, it would perhaps be 
possible to see a trend in when and how the apoptotic process is activated 
and thereby also be possible to correlate the results to clinical parameters. 
Preliminary results could perhaps make it more clinically supported to in 
the future apply for permission to biopsy diabetic patients with early 
stage DKD and investigate early disease manifestations that otherwise 
would be overlooked. I think that the results from this pilot study of 
apoptosis in human DKD has open up for new exciting and valuable 
research of this field. 

7.5 Compare mRNA expression profiles in primary and 
immortalized cells to tissue 

In study IV, we used RNA-seq to identify differentially expressed genes 
between renal cortex and primary PTC cultures. It would be beneficial to 
deepen this investigation, for instance by comparing differentially 
expressed genes between tissue, primary cells and immortalized cells. We 
observed a change in gene expression, i.e. mRNA levels, in PTC compared 
to outer renal cortex after the cells had been in culture for only 3 days. At 
this time, most of the genes were still expressed in the cells. But what 
happens in cells that have been immortalized, frozen and/or passaged? 
When is the limit when cells should no longer be used? This will of course 
most likely depend on both the application that the cells are being used 
for and the cell type, but it would be helpful to be aware of how cells have 
changed when setting up experiments. This would allow scientists to 
adjust their experiments to make them more accurate. There are still a lot 
of unanswered questions about how cells change in vitro and when cells 
have dedifferentiated so that the results no longer accurately correspond 
to the in vivo situation. Hopefully these questions will be answered in the 
future to further improve cell-based research. 
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