
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2021

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1763

Oxygen metabolism in
experimental kidney disease

EBBA SIVERTSSON

ISSN 1651-6206
ISBN 978-91-513-1267-5
URN urn:nbn:se:uu:diva-450561



Dissertation presented at Uppsala University to be publicly examined in Room A1:107a,
BMC, Biomedical center, Husargatan 3, Uppsala, Friday, 8 October 2021 at 13:15 for the
degree of Doctor of Philosophy (Faculty of Medicine). The examination will be conducted
in English. Faculty examiner: Professor Jenny Nyström (Department of Neuroscience and
Physiology, Göteborgs Universitet).

Abstract
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Tubulointerstitial hypoxia has been proposed a unifying mechanism behind the development of
chronic kidney disease (CKD), regardless of primary diagnosis. Important factors that contribute
to the development of hypoxia are reduced bioavailability of nitric oxide (NO), oxidative stress
and mitochondria uncoupling. Diabetes and hypertension are the leading causes of CKD. Once
established, CKD is a progressive disease and there is no curative treatment. This thesis aimed to
investigate the in vivo kidney oxygen metabolism and in vitro mitochondria function in animal
models of pathological conditions known to cause kidney injury.

The immunosuppressant drug rapamycin has been suggested to counteract diabetic
nephropathy by reducing kidney hypertrophy and proteinuria. In a rat model of diabetes type 1,
we demonstrate that rapamycin induced intrarenal hypoxia, oxidative stress and mitochondria
leak respiration. In diabetic animals, these changes, together with diabetes induced tubular
injury, were further aggravated by rapamycin. Proteinuria was decreased by rapamycin in
diabetic animals, due to altered glomerular permeability of large molecules. When investigating
the role of hypoxia in development of nephropathy there are often confounding factors
such as concomitant hyperglycemia, hypertension and oxidative stress to consider. In rats,
we demonstrate that increased kidney metabolism, induced by increased thyroid hormone
signaling, induced kidney hypoxia, proteinuria and mitochondria leak respiration. Importantly
blood glucose, blood pressure and oxidative stress was unchanged. This provides further
evidence that hypoxia per se can induce kidney injury. The role of mitochondria dysfunction
in hypertensive kidney disease is unclear and angiotensin II (Ang II) has been shown to inhibit
mitochondria respiration. In a mouse model of hypertension, we demonstrate that Ang II
regulation of mitochondria respiration was dose-dependent. Low Ang II signaling increased
leak respiration without compromising efficiency of oxidative phosphorylation. In contrast,
high Ang II signaling inhibited mitochondria respiration and decreased efficiency of oxidative
phosphorylation. Finally, uremic toxins accumulate in patients with CKD and correlate with the
degree of decline in kidney function. In a rat model of CKD, we demonstrate that treatment
to reduce plasma levels of protein bound uremic toxins improves cardiac output and kidney
oxygenation.

In summary, the common denominator for pathological conditions investigated in this thesis
is the occurrence of intrarenal hypoxia. This thesis demonstrates that increased mitochondria
oxygen consumption via leak respiration as an important contributing factor. Further, targeting
plasma levels of circulating uremic toxins may be a potential treatment strategy to slow the rate
of progression of CKD.
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Introduction 

The kidney  
Kidney function  
The kidneys perform a constant filtration of the blood and the entire blood 
volume pass through the kidneys an astonishing 15-20 times per hour in an 
adult human. It is an important process to clear the body of water soluble waste 
products and toxins, but it is also crucial to regulate blood pressure, maintain 
electrolyte homeostasis and acid-base balance. Further, the kidney has an im-
portant role in the production of erytopoetin and synthesis of vitamin D.  

The smallest functional unit in the kidney is the nephron and this is where 
the magic happens. Blood reaches the nephron through the afferent arteriol, 
which divides into the tuft of glomerular capillaries. Here the blood is filtered 
into the connected tubular system, creating the primary urine. The blood exits 
the glomerular capillaries through the efferent arteriol that divides into a sec-
ond capillary network that enfolds the tubular system, the peritubular capillar-
ies. The peritubular capillaries supplies the tubular cells with oxygen and nu-
trients, but also enables the reabsorption and secretion between the primary 
urine in the tubular system and the blood. The glomerular filtration rate (GFR) 
in a human adult is approximately 125 ml/min, meaning that 180 litres of pri-
mary urine is produced daily.  

The human kidney contains approximately 1 million nephrons. The pri-
mary urine is processed along the nephron in an intricate series of reabsorption 
and secretion. Each nephron consists of a glomerulus enfolded by Bowman’s 
capsule, which is followed by the proximal tubule, the loop of Henle, the distal 
tubule and the finally the collecting duct. Each segment has a unique task to 
perform. The glomerulus consists of fenestrated capillaries where water, elec-
trolytes and nutrients are separated from blood cells and large proteins and 
filtered into Bowman’s space. In the proximal tubule all filtered glucose and 
amino acids, and 2/3 of electrolytes is reabsorbed. An equal amount of water 
will also be reabsorbed by passive diffusion. In the loop of Henle, which 
stretches down in the medulla, the urine in concentrated thanks to the hyper-
osmotic environment, reabsorbing water and approximately 10-15% of total 
electrolyte load. In the distal tubule a fine tuning of electrolyte homeostasis 
and acid-base balance takes place. Finally, in the cortical and medullary col-
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lecting duct additional reabsorption of water is regulated by plasma osmolal-
ity. During a state of dehydration osmo-sensitive receptors in the hypothala-
mus stimulate release of antidiuretic hormone (ADH) from the pituitary gland. 
ADH increases water reabsorption in the late distal tubule and collecting ducts 
by stimulating the insertion of aquaporins in the tubular lumen. From 180 li-
tres of primary urine, the final urine output in only 1-2 litres, containing excess 
water and electrolytes and water-soluble waste products.   

Kidney oxygenation  
Renal perfusion is high, receiving approximately 25% of cardiac output. The 
oxygen extraction in the kidney is low compared to other tissues due to shunt-
ing of oxygen from small arteries to parallel running veins, before the blood 
reaches the glomerulus and the peritubular capillaries [1]. 

The blood flow to the kidney is not evenly distributed. A PO2 gradient in 
the kidney tissue was described already in 1960, with decreasing oxygen avail-
ability with increasing depth [2]. This has since been verified by others in an-
imal models [3, 4] and in patients using magnetic resonance imaging [5, 6]. 
The cortex is well perfused relative to the medulla. The medulla receives only 
10% of the total renal blood flow (RBF) but still perform considerable part of 
oxygen consuming electrolyte reabsorption in the medullary thick ascending 
limb. Also in the medulla there is shunting of oxygen between the descending 
and ascending vessels of the vasa recta, decreasing tissue oxygen availability. 
Therefore, in the healthy kidney the medullary regions operate under hypoxic 
conditions. 

In most tissues an increased metabolic demand can be met by increased 
perfusion to deliver more oxygen. However, the supply and demand relation-
ship in the kidney is different. Increasing RBF increases the hydrostatic pres-
sure in the glomerular capillaries, the main driving force in GFR. Thus, in-
creased perfusion will increase the filtration fraction, further increasing the 
work load on the tubular system and thus oxygen demand. This make the kid-
ney sensitive to changes in oxygen consumption (QO2) since this cannot be 
easily corrected by increased perfusion.  

Renal QO2 is high and the majority is related to active transport of sodium 
along the nephron, which constitutes approximately 85% of total renal QO2. 
Large amount of ATP is essential to drive the basolateral located Na+/K+-
ATPase that creates a low intracellular sodium concentration. This gradient is 
used as a driving force to transport electrolytes and glucose over the apical 
membrane. 
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The Renin-Angiotensin-Aldosterone System 
The Renin-Angiotensin-Aldosterone system (RAAS) is an important signal-
ing cascade involved in blood pressure regulation. In situations of hypovole-
mia RAAS activation is crucial to stimulate increased salt and water reabsorp-
tion and vasoconstriction to increase plasma volume and systemic blood pres-
sure. RAAS activation is initiated in the kidney by the release of renin from 
juxtaglomerular cells in the juxtaglomerular apparatus. Renin is an enzyme 
that cleaves angiotensinogen produced by the liver to angiotensin I (Ang I). 
Further, Ang I is processed into angiotensin II (Ang II) by angiotensin con-
verting enzyme (ACE) 1. Ang II signaling via angiotensin II type 1 receptors 
(AT1R) causes vasoconstriction of resistance vessels [7], increased tubular 
Na+ reabsorption [8], nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase activation [9-11] and elevated oxidative stress [11, 12]. Ang II stimu-
lates the release of aldosterone from the adrenal gland, which further increases 
sodium and water reabsorption, and increases secretion of potassium. In sum-
mary, the ACE1/Ang II/AT1R pathway promotes increased tubular transport, 
vasoconstriction and increased blood pressure.  

To balance AT1R signaling, Ang II also bind angiotensin II type 2 recep-
tors (AT2R). The actions of AT2R signaling include increased NO production 
through nitric oxide synthase (NOS) activation, inhibition of sympathetic ac-
tivity and activation of anti-inflammatory pathways [13, 14]. Further, Ang I 
and Ang II can be processed by ACE2 into Ang(1-7). Ang(1-7) binds the Mas1 
receptor and the Mas-related-G-protein-coupled receptor D (MrgD), which 
stimulates increased production of nitric oxide and vasodilation. Thus, to-
gether with AT2R, the ACE2/Ang(1-7)/Mas1 pathway counteracts the actions 
of ACE1/Ang II/AT1R, creating an important balance between vasocon-
striction and vasodilation in response to RAAS activation [15]. 

Increased RAAS activation is associated with both cardiovascular and renal 
pathologies. Inhibitors of RAAS constitutes the foundation in treatment of pa-
tients with hypertension, heart failure, diabetic nephropathy and chronic kid-
ney disease (CKD). 

The mitochondria  
Mitochondria function 
The mitochondria is the organelles in the cell responsible for the majority of 
cellular energy production, in the form of adenosine triphosphate (ATP). The 
ATP is produced by the electron transport chain (ETC) located in the inner 
mitochondrial membrane. The ECT consists of four complexes, the ATP-syn-
thase and the adenine nucleotide translocator (ANT). In the cellular processing 
of glucose, reduced compounds such as nicotinamide adenine dinucleotide 
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(NADH) and 1,5-dihydrogen flavine adenine dinucleotide (FADH2) are pro-
duced. NADH and FADH2 are electron carriers that donates electrons to elec-
tron acceptors at complex I and II in the ETC, respectively. In a series of redox 
reactions, electrons are passed through the ETC and is finally used to reduce 
oxygen into water at complex IV. The energy produced by the redox reactions 
is used to simultaneously pump protons over the inner mitochondrial mem-
brane into the intermembrane space, creating an electrochemical gradient. 
This gradient is used as a driving force by the ATP-synthase to produce ATP 
from adenosine diphosphate (ADP) and inorganic phosphate. This process, 
where QO2 at complex IV is coupled to phosphorylation of ADP by the ATP-
synthase is called oxidative phosphorylation. The newly synthetized ATP is 
transported from the matrix by ANT, which supplies the ATP-synthase with 
ADP by exchanging ATP for ADP (Fig.1).  

Mitochondrial production of reactive oxygen species  
The ECT in the mitochondria is a source of reactive oxygen species (ROS) 
production [16]. As protons move along the ECT they can slip to and react 
directly with molecular oxygen creating superoxide radicals (O2˙-). O2˙- for-
mation increases with increasing membrane potential [17-19]. A high mem-
brane potential decreases the forward motion of electrons in the ETC, pro-
longing the duration of semi-stable intermediates in complex I and III, thus 
increasing the probability of O2˙- formation (Fig.1).  

It is important to note that ROS formation by the mitochondria is important 
in normal cellular signaling. Mitochondrial generated ROS during hypoxic 
conditions has been shown important to stabilize hypoxia inducible factors 
(HIF) [20], a system important for cellular adaptation to hypoxia to ensure cell 
survival. Also, ROS production from mitochondria has been demonstrated to 
stimulate angiogenesis [21]. Although ROS is an important signaling mole-
cule, intracellular levels of ROS needs to be well regulated by antioxidant de-
fense systems. Superoxide dismutase (SOD) and catalase are two cellular an-
tioxidant defense systems, important for regulating ROS levels. SOD converts 
O2˙- into H2O2, which is then converted by catalase into water. When there is 
an imbalance in the scavenging of ROS by the antioxidant defense systems 
and the production of ROS it can cause damage to DNA, oxidation of cellular 
membranes, dysfunction of enzymes and cell death. This is commonly re-
ferred to as oxidative stress. Hyperglycemia in diabetes increases mitochon-
drial ROS production and counteracting this by overexpression of mitochon-
dria SOD or decreasing membrane potential prevents hyperglycemic damage 
[22]. Mitochondrial ROS production is simulated by the NADPH oxidase, an-
other major producer of cellular ROS, after Ang II activation of AT1R [23]. 
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Mitochondria uncoupling 
The coupling between QO2 at complex IV and production of ATP by the ATP-
synthase is not absolute and protons can pass back to the matrix side through 
pathways unrelated to ATP-production. This is called leak respiration, since 
oxygen continues to be consumed at complex IV. In healthy mitochondria, 
leak respiration accounts for approximately 20% of cellular QO2. In the rat, 
mitochondria leak respiration has been calculated to constitute 20-25% of ba-
sal metabolic rate [24, 25].  

Leak respiration can be divided into regulated leak, i.e. the passing of pro-
tons through proteins that can be regulated (also referred to as uncoupling), 
and unregulated leak, which is the process where protons diffuse over the in-
ner mitochondrial membrane in an unregulated manner. In the latter it has 
been demonstrated that lipid composition of the mitochondrial membrane can 
affect the proton conductance over the membrane, where some fatty acids are 
more prone to allow leak than others [26, 27]. Importantly, these alternative 
proton leak pathways increase total mitochondrial QO2 to sustain the same 
ATP production (Fig 1).  

 
Figure 1. An overview of the electron transport chain (complex I-V), summarizing 
the oxidative phosphorylation and sites of ROS production. Leak respiration via 
ANT and UCP are demonstrated at the right. Important inhibitors used in measure-
ments of mitochondria function are Oligomycin, CAT and GDP.  
ADP – adenosine phosphate, ANT – adenine nucleotide translocator, ATP – adeno-
sine triphosphate, cyt c – cytochrome c, e- - electron, FA- - fatty acid, FADH2 – 1,5-
dihydro flavine adenine dinucleotide H+ - proton, NADH – reduced nicotineamid, 
O2˙- - superoxide radical, Pi – inorganic phosphor, QH2 – reduced coenzyme, UCP – 
uncoupling protein. Modified from [28]. 

Uncoupling proteins (UCPs) are a family of anion carriers located in the inner 
mitochondrial membrane, in connection to the ETC, and are important con-
tributors to regulated leak. Five isoforms have been identified. UCP1 was the 
first isoform discovered and is predominately expressed in brown fat where it 
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is involved in thermoregulation [29]. UCP2 are ubiquitously expressed, UCP3 
is found predominantly in skeletal muscle [30, 31] and UCP4 and UCP5 in the 
central nervous system [31-33]. UCP2 is the predominant isoform expressed 
in the rat kidney, although at much lower levels than in UCP2 rich organs like 
brown adipose tissue, spleen and lung [31, 34]. In the mouse kidney there is 
also expression of UCP4 and 5 [31], which are structurally somewhat different 
compared to the other UCP isoforms. 

Decreasing the mitochondrial membrane potential is effective to decrease 
O2˙- formation [22, 35]. As the name suggests, UCP uncouple the mitochon-
dria membrane by allowing protons to pass from the intermembrane space 
back to the matrix, thereby decreasing the membrane potential. Therefore, un-
coupling has been suggested as a protective mechanism against excessive 
ROS formation during conditions with increased membrane potential [36]. 
However, as mentioned earlier, this is done at the expense of increased mito-
chondrial QO2.  

It is now widely accepted that UCPs are activated by ROS [37-40], sup-
porting the role of UCPs as regulators of oxidative stress. Antisense nucleo-
tides directed against UCP2 increased mitochondria membrane potential and 
ROS production in mitochondria isolated from endothelial cells and increased 
markers of oxidative stress [41]. UCP2 deficient mice have increased markers 
of oxidative stress in plasma and kidney tissue [42]. Although efficient to re-
duce ROS production from mitochondria, uncoupling also have potential 
harmful effects. Superoxide mediated activation of UCP2 cause beta cell dys-
function by impairing glucose-stimulated insulin secretion [40]. In diabetic 
nephropathy, uncoupling of mitochondria via UCP2 increase in vitro QO2 of 
proximal tubular cells [43] and reduced mitochondria uncoupling after UCP2 
gene knock down improves kidney oxygen availability [42]. Further, induc-
tion of mitochondria uncoupling via the chemical uncoupling dinitrophenol 
induce increased kidney QO2, tissue hypoxia and nephropathy independently 
of hyperglycemia and oxidative stress [44]. This establishes uncoupling and 
increased QO2 as an important contributor to development of nephropathy.  

Interestingly, ANT have also been demonstrated to have uncoupling prop-
erties. UCP siRNA induced a compensatory upregulation of ANT. This medi-
ated increased leak respiration, which decreased mitochondrial membrane po-
tential and TBARS in kidney cortex [45]. 

The consequences of hypertension on kidney mitochondria uncoupling is 
less clear. UCP2 deficient mice has been reported to develop more pronounced 
kidney injury when exposed to increased Ang II signaling in combination with 
high salt diet [46]. In isolated mitochondria from diabetic rats, it was demon-
strated that Ang II inhibited mitochondrial QO2 in a dose dependent manner 
and that leak respiration via UCP2 could be altered by Ang II receptor inhibi-
tion [47]. This imply that UCP2 could be involved in Ang II regulation of 
mitochondrial function, which was investigated in Study III. 
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Chronic kidney disease 
Definition and etiology  
CKD is a progressive decline in the ability of the kidneys to filter the blood, 
i.e. decreased GFR. Based on the presence of microalbuminuria and the level 
of GFR decline, CKD is divided into five stages. At stage 1 there are signs of 
kidney injury, i.e. leakage of albumin to the urine but the GFR is still within 
normal range (>90 ml/min). Through stage 2-4 there is a progressive de-
creased in GFR. At stage 5 (GFR<15ml/min) the renal function is critically 
low and the patient is considerate to have reached end-stage renal disease 
(ESRD) if dependent on dialysis treatment and/or renal transplantation [48].  

The leading causes of CKD is diabetes and hypertension in the adult pop-
ulation [49, 50]. Although much less common, CKD can also affect children 
and young adults. The etiology is different in the younger population, where 
polycystic kidney disease and glomerulonephritis are the main causes of CKD. 
According to US Renal data annual report of 2019, diabetes and hypertension 
are the leading primary diagnosis in patients with established ESRD, account-
ing for 2/3 of all patients. Further, diabetes is the most common diagnosis of 
patients receiving dialysis or renal replacement therapy. CKD is a progressive 
disease and there is no curative treatment. Available treatment aims the slow 
the rate of GFR decline and provide symptom relief. 

Symptoms of CKD 
Due to the remarkable ability of the kidney to compensate for the progressive 
loss of functioning nephrons, symptoms of CKD usually arise late in disease 
progression, but the complications are numerous. Insufficient regulation of 
water and electrolyte homeostasis induce development of hypertension, 
edema and hyperkalemia. Further, failing kidney function cause deficiency of 
bicarbonate, erythropoietin and active vitamin D which induces development 
of metabolic acidosis, anemia and secondary hyperparathyroidism, respec-
tively. Also, as the kidney function declines waste products normally excreted 
by the kidneys accumulate. This have systemic negative effects on multiple 
organs systems, causing a wide range of symptoms such as nausea, vomiting, 
decreased appetite, severe itching, cognitive impairment and muscle weakness 
[51, 52].  

Uremic toxins in CKD 
Solutes that accumulate in CKD and have negative biological effects are re-
ferred to as uremic toxins. Over one hundred different solutes have been clas-
sified as uremic toxins [53]. These are divided into three major groups: 1) 
small (<500 D) free water soluble with no known protein binding; 2) protein-
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bound and 3) middle molecules (>500 D) [54]. The protein bound uremic tox-
ins are to a large extent bound to albumin and only a small portion exists in 
free form in the blood circulation. This leads to a poor clearance of protein 
bound uremic toxins by hemodialysis, constituting a problem in the treatment 
of CKD patients [55].  

The two most problematic protein bound uremic toxins are p-cresyl and 
indoxyl sulfate, both derived from gut microbial metabolism of ingested 
amino acids. Increased plasma levels of p-cresyl and indoxyl sulfate correlate 
with CKD progression, cardiovascular disease and all-cause mortality [56-
58]. Therefore, patients with advanced CKD are commonly put on a low pro-
tein diet to reduce the amount of these uremic toxins reaching the circulation. 
However, treatment strategies directly targeting circulating levels of protein 
bound uremic toxins are needed. In Study IV, we investigated the effects of 
an oral absorbent to bind precursors of protein bound uremic toxins in the gut, 
preventing them to reach the circulation.  

Kidney transplantation  
After renal transplantation the patient become lifelong dependent on immuno-
suppressive drugs to prevent allograft rejection. Multiple immunosuppressive 
drugs are available, all with different mechanism of action to suppress the im-
mune system. One approach is to target mammalian target of rapamycin 
(mTOR), a well conserved serine/threonine kinas that has a central role in cell 
growth and proliferation. Rapamycin, an mTOR inhibitor, is a clinical availa-
ble drug used to prevent rejection of a newly transplanted kidney. After bind-
ing to the intracellular protein FK506- and rapamycin-binding protein 
(FKBP12), rapamycin forms a complex with mTOR, preventing formation of 
mTOR complex I (mTORC1). This inhibits the activation of lymphocytes and 
T-cells by preventing cell cycle transition from G1 to S phase [59].  

Activated by nutrients and growth factors, mTOR regulates cell growth and 
metabolism. Also, active mTOR stimulate synthesis of peroxisome prolifera-
tor-activated receptor-gamma coactivator-1α (PGC-1α), a key regulator of mi-
tochondrial biogenesis. Dysregulation of mTOR has been demonstrated in 
both cancer and metabolic diseases such as diabetes. Inhibition of mTOR has 
been reported to decrease renal hypertrophy and decreased proteinuria in ex-
perimental diabetes. The effects of mTOR inhibition by rapamycin on kidney 
oxygen metabolism and mitochondria function in healthy and diabetic kidneys 
was investigated in Study I. 

Kidney hypoxia 
In 1998, it was first proposed by Fine et al. that tissue hypoxia could induce 
kidney dysfunction and damage [60]. Since then this hypothesis has gained 
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increasing support and tubulointerstitial hypoxia has emerged as a unifying 
pathway the CKD, independently of the initial cause. Kidney tissue hypoxia 
has been demonstrated in animal models of diabetes [4, 61-65], hypertension 
[66, 67], polycystic kidney disease [68] and CKD [69]. In the rat CDK model 
hypoxia develop within days after nephron loss, but well before histological 
evidence of tubulointerstitial damage [69]. In animal models of type 1 diabetes 
hypoxia develop within days after diabetes induction [70, 71]. Importantly 
these changes arise prior to onset of albuminuria and structural changes, fur-
ther supporting the hypothesis that tissue hypoxia is a primary event in pro-
gression to kidney disease. Kidney hypoxia have also been demonstrated in 
patients with both diabetic [72, 73] and non-diabetic CKD [73]. Further, the 
prevalence of nephropathy is increased in type 2 diabetic patients living at 
high altitude compared to a corresponding patient group living at sea level, 
independent of differences in arterial blood pressure, lipid status or prevalence 
of retinopathy [74].  

The available literature provides support for the hypothesis that kidney hy-
poxia has a central role in the development of nephropathy. Although the 
mechanisms causing tissue hypoxia in kidney disease is not fully understood, 
available research provide evidence that reduced bioavailability of nitric oxide 
(NO), oxidative stress and mitochondria uncoupling are important factors 
[75]. However, when investigating kidney hypoxia there are often confound-
ing factors such as hypertension, hyperglycemia and oxidative stress to take 
into consideration. This makes it hard to differentiate the role of hypoxia for 
development of nephropathy from other factors that we know can injure the 
kidney. In Study III, we used thyroid hormones to induce increased kidney 
metabolism to investigate the effect of increased kidney QO2 and hypoxia in 
the development of kidney damage, without confounding factors.  
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Aims 

The overall aim of this thesis was to investigate changes in kidney oxygen 
metabolism in pathological states known to negatively affect kidney function.  
Emphasis was directed towards mitochondria oxygen handling and how it 
contributes to intrarenal tissue hypoxia in kidney disease. Also, a treatment 
strategy to preserve kidney function in CKD was evaluated. Each study had 
specific aims as follows: 

 
I To investigate the effects of mTOR inhibition on kidney 

 oxygen metabolism in control and hyperglycemic rats. 
 
II To investigate the effects of thyroid hormones on kidney 

 oxygen metabolism in control and hyperthyroid rats. 
 
III To investigate the effects of angiotensin II on kidney 

 mitochondria function and regulated mitochondrial leak 
 respiration in wild type and uncoupling protein 2 knockout 
 mice. 

 
IV To investigate the effect of a strategy to reduce serum levels of 

 protein bound uremic toxins on kidney oxygenation and 
 function, and compare the effects to that of conventional 
 treatment. 
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Materials and Methods 

Animals 
Ethical permits 
All animal procedures described in this thesis was performed in accordance 
with national guidelines of animal care and use and approved by the Uppsala 
animal ethics committee.  

 
Animals and experimental groups 
All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) un-
less otherwise stated. Male Sprague-Dawley rats were purchased from Charles 
River Laboratories, Germany (Study I and II) or Taconic, Denmark (Study 
IV). In Study III, strain (B6.129S4-Ucp2tm1Lowl/J, stock 005934) was ob-
tained from Jackson Laboratories, USA, and heterozygous breeding generated 
UCP2 knock out (UCP2-/-) and wild type (UCP2+/+) littermates. Animals were 
housed under controlled conditions with a 12 h light/dark cycle and received 
daily care. Animals had free access to water and standard rat or mouse chow. 
The following experimental groups were used:  

 
Study I:  Control and diabetic rats with or without rapamycin treatment.  
 
Study II:  Control rats with vehicle + candesartan or T3 + candesartan 

 treatment. 
 
Study III:  Wild type and UCP2 knockout mice with vehicle, low dose 

 Ang II or high dose Ang II treatment. 
 
Study IV:  5/6-nephrectomy rats with no treatment, AST-120 or enalapril 

 treatment. 

Induction of diabetes and rapamycin treatment (Study I) 
A rat model of diabetes type 1 was generated by injection of streptozotozin 
(55 mg/kg) dissolved in saline in the tail vein. Animals were considered dia-
betic if blood glucose concentrations increased to ≥15 mmol/l. Control and 
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diabetic rats were administered rapamycin (0.15 mg/kg/day) daily by oral ga-
vage for 14 days. Treatment of diabetic animals was started 24 h after induc-
tion of diabetes. 

Induction of hyperthyroidism and candesartan treatment (Study II) 
A rat model of hyperthyroidism was generated by continuous treatment with 
the thyroid hormone triiodothyronine (T3). T3 was administered by osmotic 
minipumps (10 µg/kg/day) for 7 weeks. Both T3 and corresponding untreated 
control animals were given the AT1R antagonist candesartan (1 mg/kg) in the 
drinking water to block the effects of T3-induced renin release. 

Induction of hypertension (Study III) 
A mouse model of hypertension was generated by continuous treatment with 
Ang II. Vehicle, low dose Ang II (400 ng/kg/min) or high dose Ang II (1000 
ng/kg/min) was administered to UCP2+/+ and UCP2-/- by osmotic minipumps 
for 4 weeks. 

5/6-nephrecotmy surgery and treatment with AST-120 or enalapril 
(Study IV) 
A rat model of CKD was generated by a two-step surgery procedure to remove 
5/6 of the total kidney mass. Under isoflurane anesthesia (2-2.5% in 100% 
oxygen) the abdomen was opened through a midline incision. In the first step, 
the whole right kidney was removed after ligation of connecting vessels and 
ureter. The abdomen was closed in two layers of continuous stiches (polyeth-
ylene thread, Ethicon, Norderstedt, Germany). Four days after the removal of 
the right kidney, the midline incision was reopened and the left kidney dis-
sected free from surrounding fat and connective tissue. Blood flow was tem-
porarily occluded with a ligature around the abdominal aorta proximally to the 
kidney. The upper and lower pole of the kidney were removed by scalpel cut-
ting, leaving 1/3 of the original kidney tissue intact. Absorbable hemostatic 
gelatin sponge (Spongostan; Ethicon) was used to control bleeding. Blood 
flow was restored and the abdomen was closed as described above. Analgesia 
(Carprofen, Orion Pharma AB, Sollentuna, Sweden) was given subcutane-
ously perioperative and 24 h post-surgery. 

After a 5 day recovery period rats were allocated into one of three treatment 
groups to receive either no treatment (control); the oral absorbent AST-120 
(8.7% mixed in powdered chow; Kureah Corp, Tokyo, Japan); or the ACEI 
enalapril (10 mg/kg/day in drinking water) for a total of 6 weeks. During the 
6th week standard chow was replaced with a high salt chow (4% NaCl).  
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Continuous blood pressure measurements by telemetry 
(Study IV) 
In Study IV, continuous blood pressure recordings was made in a separated 
control group to verify that the 5/6-nephroectomy rat was normotensive at 
baseline but developed hypertension in response to a high salt diet. In these 
animals wireless telemetry probes (Telemetry Research, Auckland, NZ) was 
implanted into the abdominal aorta. After removal of the right kidney, as de-
scribed above, the abdominal aorta was exposed and separated from the infe-
rior vena cava. Ligatures below the bifurcation of the renal arteries and above 
the bifurcation of the iliac arteries was used to temporarily obstruct blood 
flow. A syringe was used to incise the aorta. The pressure catheter was inserted 
into the aorta and secured with tissue adhesive clue. The blood flow was re-
stored and the body of the telemetry probe was attached to the abdominal wall. 
This allowed for blood pressure measurements in conscious, free moving rats. 
Blood pressure was recorded for five minutes every 30 minutes during the 
dark cycle immediately before and after one week high salt diet. Data was 
recorded and analyzed using a digital data acquisition system (PowerLab, AD 
Instruments, Hastings, UK). 

Insertion of osmotic minipumps (Study II and III) 
Osmotic minipumps were inserted subcutaneously in the neck in rats (Study 
II) and mice (Study III) during isoflurane anesthesia. The incision was closed 
using metallic clips. Analgesia (Carprofen) was given subcutaneously periop-
erative and 24 h post-surgery. 

Measurements of GFR in awake animals (Study III) 
In Study III, conscious GFR was measured before animals were started on a 
high salt diet. GFR was estimated by plasma clearance of fluorescein isothio-
cyanate (FITC)-labeled inulin (ClFITC), as previously described [76]. FITC-
inulin was dissolved in sterile phosphorus buffered saline (PBS, 500 mM, pH 
7.4). 1.5% FITC-inulin was dialyzed light protected at +4°C overnight using 
a 1000 D cut-off dialysis membrane (Spectra/Por® 6 Membrane, Spectrum 
Laboratories Inc., Rancho Dominguez, CA, USA). Before use the solution 
was filtered through a 0.45 μm syringe filter in order to remove any free or 
crystalline FITC. The conscious rat was restrained and 1 ml of FITC-inulin 
was injected into the tail vein. The exact dose given was calculated by 
weighting the syringe before and after the injection. Blood samples were ob-
tained from a cut to the tip of the tail at 1, 3, 7, 10, 15, 35, 55, 75, 95, 125 and 
155 minutes after the injection. Samples were centrifuged for 3 minutes at 
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12,000 rpm. The plasma portion were diluted in HEPES buffer (pH 7.4) and 
fluorescence was measured using a plate reader (496 nm excitation and 520 
nm emission, Safire II, Tecan Austria GmbH, Grödig, Austria). ClFITC was 
calculated using a non-compartmental pharmacokinetic data analysis as de-
scribed by Sällström and Fridén [77]. ClFITC was calculated as the administered 
intravenous dose divided by the total area under the plasma fluorescence time 
curve (AUC0-∞):  

ClFITC = doseiv/AUC0-∞ 

The fluorescence of obtained plasma samples was plotted against time. AUC0-

∞ was calculated by summing the trapezoid areas that are formed by connect-
ing the data points (Fig. 2).  

 

 

 

 

 

 

 

 

 
Figure 2. A representative plot of measurements of GFR in conscious rats using 
clearance of FITC-inulin. Plasma sample fluorescence was plotted against time and 
GFR was calculated from the total area under the plasma fluorescence time curve 
(AUC0-∞).  

Measurements of cardiac output by thermal dilution 
(Study IV) 
In Study IV, cardiac output was measured by thermal dilution. After insertion 
of the endotracheal tube, described under “Surgical procedures” in the next 
paragraph, a polyethylene catheter containing a T-type implantable probe (AD 
Instruments, Oxford, UK) was inserted via the left carotid artery to the level 
of the aortic arch. A thermodilution curve was generated by infusion of room 
temperature saline and the area under the curve was calculated as an estimate 
of cardiac output. An average of the four highest measurements was made. 
After cardiac output measurements was completed the catheter containing the 
probe was replaced by the catheter for blood pressure recoding as described 
below.  
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Evaluation of in vivo kidney function in rat (Study I, II 
and IV) 
Surgical procedures  
Animals were anesthetized with Inactin (sodium thiobarbitural i.p, 80-120 
mg/kg) and placed on a servo-rectally controlled heating pad to maintain body 
temperature at 37°C. An endotracheal tube was inserted in order to facilitate 
spontaneous respiration. Catheters were inserted into left femoral vein for in-
fusion of saline and into the left carotid artery for measurement of blood pres-
sure and blood sampling. The left kidney was exposed by a flank incision and 
immobilized in a plastic cup. Urine was collected from a catheter placed in the 
ureter. Surgery was followed by a 40-minute recovery period and a 60-minute 
experimental period with measurements of all parameters. 

Measurements of kidney function in Study I and II 
The clearance of 3H-inulin and 14C-paraaminohippuric acid (PAH) was used 
to estimate GFR and RBF, respectively. At the end of the experimental period 
the activity of 3H-inulin and 14C was measured in plasma and urine samples 
by standard liquid scintillation technique. 

Measurements of glomerular permeability (Study I) 
Glomerular permeability and GFR were estimated by measuring FITC-Ficoll 
and FITC-inulin clearance, respectively (FITC-Ficoll-70, 40 μg/ml; FITC-Fi-
coll-400, 0.96 mg/ml; FITC-Inulin, 1.0 mg/ml, in saline). A non-linear least-
squares regression analysis was used to calculate optimal values of pa-
rameters of glomerular permeability, as previously described [78]. 

Measurements of kidney function in Study III 
The clearance of FITC-labeled inulin was used to estimate GFR. Fluorescence 
of FITC-inulin in plasma and urine were analyzed as described above. RBF 
was measured by an ultrasound probe (Transonic, Ichita, USA) placed around 
the left renal artery. 

Measurements of renal oxygen tension and oxygen metabolism 
(Study I, II and III) 
Kidney PO2 in the cortex and the medulla was measured using Clark-type ox-
ygen electrodes (Unisense, Aarhus, Denmark). Electrodes were two-point cal-
ibrated in water saturated with sodium metabisulfite to set PO2 = 0 mmHg and 
with air to set PO2 =147 mmHg.  
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A venous blood sample was taken from the left renal vein at the end of the 
experiment to determine arteriovenous extraction of oxygen. Blood gas pa-
rameters in samples from the left renal vein and carotid artery were analyzed 
(iSTAT, Abbott, Princeton, NJ, USA) in order to determine total kidney QO2. 
Kidney weight and urine volumes were determined at the end of the experi-
ment period. 

Calculations 
GFR was calculated from the clearance of inulin: GFR = U · V/P, where U 
and P denote the activity of 3H-inulin or FITC-inulin in urine and plasma, re-
spectively, and V denotes the urine flow. RBF was calculated from the clear-
ance of PAH adjusted for haematocrit and arterio-venous PAH extraction. Fil-
tration fraction was calculated as GFR/(RBF · (1-Hct)). Kidney QO2 
(μmol/min/kidney) was calculated from the arteriovenous difference in oxy-
gen content (O2ct = [Hb] · O2 saturation · 1.34 + PO2 · 0.003) multiplied by 
RBF. Transported sodium (TNa) was calculated as GFR · [Na+]plasma - urinary 
Na+ excretion. Electrolyte transport efficiency was calculated as TNa/QO2.  

Evaluation of in vitro mitochondria function (Study I, II 
and III).  
Isolation of kidney cortex mitochondria 
Rats (Study I and II) were euthanized by decapitation and mice (Study III) by 
cervical dislocation. Kidneys were rapidly excised and placed in ice-cold iso-
lation buffer (250 mM sucrose, 10 mM HEPES, 1 mM EGTA, 1 g/L BSA, pH 
7.4, 300 mOsm/kg H2O). Kidney cortex was dissected on ice and homoge-
nized in isolation buffer. Tissue homogenate was centrifuged at 800xg (Study 
I and II) or 700xg (Study III) for 10 min at 4°C. The supernatant was trans-
ferred to new tubes and centrifuged at 8000xg (Study I and II) 10.000xg 
(Study III) for 10 min at 4°C. The pellet was gently washed in isolation buffer 
and in Study III the pellet resuspended in 450 µL isolation buffer and centri-
fuged at 7000 x g for 5 minutes. In Study I and II, the pellet was stored on ice 
and dissolved in isolation buffer at beginning of experiments. In Study III the 
pellet was dissolved in pre-calculated volume of preservation buffer (0.5 mM 
EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM 
KH2PO4, 20 mM HEPES, 110 mM sucrose, 20 mM histidine, 20 µM vitamin 
E succinate, 3 mM glutathione, 1 µM leupeptine, 2 mM glutamate, 2 mM mal-
ate, 2 mM Mg-ATP, and 1 g/L BSA essentially fatty-acid free; 0.8 µL/mg 
sample weight) and stored on ice. 
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Measurements of mitochondria function 
Mitochondria QO2 was measured by high resolution respirometry at 37ºC (Ox-
ygraph 2k, Oroboros Instruments, Innsbruck, Austria). Isolated mitochondria 
was suspended in air-equilibrated respiration buffer  (Study I and II: 68 mM 
sucrose, 198 mM mannitol, 2 mM EGTA, 5 mM MgCl2, 5 mM KPO4

- (from 
a 1M mix of K2HPO4

- and KH2PO4
-), 10 mM HEPES, 3 mg/ml BSA; Study 

III: 0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 
mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g/L BSA essentially 
fatty-acid free) containing 10 mM glutamate (Study I and II) or 5 mM py-
ruvate and 2 mM malate (Study III). Baseline resting respiration (state 4) was 
determined in the absence of ADP. The maximal oxidative phosphorylation 
capacity of complex I (state 3) was determined by adding ADP and the maxi-
mal capacity of complex II was determined by adding 10 mM succinate (only 
in Study III) (Fig. 3). The respiratory control ratio (RCR), i.e. the fold increase 
in QO2 in response to ADP, is an estimate of the degree of coupling of the 
mitochondria. RCR was calculated state 3/state 4. 

In separate experiments mitochondria was incubated with, in sequence, the 
ATP-synthase inhibitor oligomycin; the UCP2 inhibitor guanosine diphos-
phate (GDP) and the ANT inhibitor carboxyatractylate (CAT) (Fig. 4). Respi-
ration during oligomycin is an estimate of total leak respiration of the mito-
chondria. The delta change in respiration after addition of GDP and CAT is 
an estimate of QO2 related to proton leak through UCP2 and ANT, respec-
tively, also known as regulated leak. In Study I and II, samples were taken 
after each run was used for protein concentration determination in order to 
adjust mitochondrial QO2 for the amount of protein. In Study III, mitochon-
drial QO2 was adjusted for protein concentration of the mitochondria suspen-
sion. Respiration during incubation with oligomycin, GDP and CAT is an es-
timate of total unregulated leak.  
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Figure 3. A representative graph of mitochondria respiometry experiments with 
chamber oxygen concentration (µM) (left y-axis/blue line) and oxygen consumption 
(pmol/s/ml) (right y-axis/red line) plotted against time (h:min). State 4 is mitochon-
dria respiration in the presence of complex I substrate but no ADP and State 3 respi-
ration after addition of ADP, supplying the ATP-synthase with substrate to perform 
maximal oxidative phosphorylation. The fold increased in respiration from state 4 to 
state 3 equals the respiratory control ratio. 

 
Figure 4. A representative graph of mitochondria respiometry experiments with 
chamber oxygen concentration (µM) (left y-axis/blue line) and oxygen consumption 
(pmol/s/ml) (right y-axis/red line) plotted against time (h:min). Mitochondria respi-
ration during incubation with substrates and oligomycin is an estimate of leak respi-
ration, i.e. respiration not related to ATP production. Thereafter, the delta change in 
QO2 after addition of GDP and CAT in sequence, gives an estimate of UCP and 
CAT leak respiration, respectively.   
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Plasma, urine and tissue analysis 
Urinary concentrations of Na+ and K+ were determined by flame photometry 
(IL943, Instrumentation Laboratory, Milan, Italy). Protein content in urine 
was determined by DC-Protein Assay (Bio-Rad Laboratories, Hercules, CA, 
USA). Albumin content in urine was measured by rat albumin ELISA kit, 
(Bethyl Laboratories, Montgomery, TX, USA) according to manufacturer´s 
instruction. Concentration of protein and albumin in urine samples was mul-
tiplied with urine flow to determine urinary excretion rate. 

Thiobarbituric acid reactive substances (TBARS) in plasma, urine or tissue 
homogenate of kidney cortex were determined fluorometrically. Samples was 
mixed with 42 mmol/l thiobarbituric acid and heated to 97°C for 60 minutes. 
Malondialdehyde was used to prepare standard samples. After cooling on ice, 
samples were precipitated with a mixture of methanol and 1 mol/l NaOH 
(91:9) and centrifuged at 3000 rpm for 5 min. The supernatant was transferred 
to a 384 well plate and fluorescence intensity was analyzed (excitation 532 
nm, emission 553 nm). Concentration of TBARS in tissue homogenate were 
corrected for protein content. Concentration of TBARS in urine samples were 
multiplied by urine flow to to determine urinary exertion rate. 

ELISA immunoassay was used to analyze urinary excretion of kidney in-
jury molecule-1 (KIM-1) (Trevigen, Gaithersburg, MD, USA) and 8-hydroxy-
2’-deoxyguanosine (8-OHdG) (R&D Systems, Minneapolis, MN, USA) ac-
cording to manufacturer´s instruction. All values were normalized for creati-
nine content (Abbott, Abbott park, IL, USA).  

Protein carbonyl content in kidney cortex was determined spectrophoto-
metrically by protein Carbonyl Colorimetric Assay (Cayman Chemicals, MI, 
USA) and normalized for protein concentration. 

Western blotting (Study I) 
Samples were homogenized in 700 µl RIPA buffer (1.0% NP40, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 80 mmol/l Tris, 10 
mmol/l NaF, pH 7.5) containing enzyme inhibitors (Protease inhibitor cocktail 
II, and Complete Mini; Roche Applied Science, Bromma, Sweden). Samples 
were separated on 12.5% Tris-HCl gels with Tris/glycine/SDS buffer. Proteins 
were transferred to a nitrocellulose membrane and detected using antibodies 
directed against UCP2 (rabbit-anti-UCP2, 1:2000, Calbiochem, Gibbstown, 
NJ, USA) together with HRP-conjugated secondary antibodies (goat-anti-rab-
bit 1:10,000). β-actin was detected using mouse-anti-β-actin (1:15,000) to-
gether with secondary (rabbit-anti-mouse, 1:50,000). Protein levels were cor-
rected for β-actin. 
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PCR (Study IV) 
Total RNA from kidney cortex was extracted with Trizol (Invitrogen, Calsbad, 
CA; USA), according to manufacturer’s instructions, followed by DNase I 
treatment (Thermo Fisher Scientific, Austin, TX, USA). Conversion to cDNA 
was performed using the High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems; Foster City, CA, USA). Amplification and detection of 
genes of interest was achieved with QuantStudio5 Real-Time PCR System by 
using SYBR Green PCR Master Mix (Applied Biosystems) for fluorescence 
detection and primers as listed in Table 1. The expression was normalized to 
the house keeping gene GAPDH. Relative expression of target genes to con-
trol (vehicle UCP2+/+) was calculated using the 2-∆∆Ct method. 

 

Table 1. List of Forward and reverse primers used in the amplification of the genes 
of interest. 

Gene Primer Foreward Primer Reverse 

UCP1 GGGCCCTTGTAAACAACAAA GTCGGTCCTTCCTTGGTGTA 

UCP2 AAGTGTTTCGTCTCCCAGCC CTAGCCCTTGACTCTCCCCT 

UCP3 ACCCGATACATGAACGCTCC TCATCACGTTCCAAGCTCCC 

UCP4 TTTCCACCCACGGCTTATCC CAAGGGGTCATTCTCAGCCA 

UCP5 GCCAATCCCACTGATGTTCT ATTGTGTCTCCCAGCATTCC 

SOD1 GAGACCTGGGCAATGTGACT TTGTTTCTCATGGACCACCA 

SOD2 GGCCAAGGGAGATGTTACAA GCTTGATAGCCTCCAGCAAC 

SOD3 CTGCTGCTCGCTCACATAAC TGCTAGGTCGAAGCTGGACT 

Catalase ACATGGTCTGGGACTTCTGG CAAGTTTTTGATGCCCTGGT 

ACE1 AGCCACTGACAGAATGGCTC TGCGCGAGCGGTGTTT 

ACE2 TCTGGGAATGAGGACACGGA CCATAGGCATGGGATCGTGG 

Mas1 CTGAGTTTGGAAGCCTCTGG TTCCTTAAACATGCCCGTTC 

AT1aR ATCGCAGCGGTCTCCTTTT CGTGGGTCTCCATTGCTAATG 

AT1bR CTCTTTCCTACCGCCCTTCA TGGCTTCTACTGTCAGGGGAT 

AT2R TGATGCCTTCTTGGGGGTAA GGAACTGTGCCCAGAAATGC 
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Statistical analysis 
Statistical analysis was performed using GraphPad Prism (GraphPad Soft-
ware, San Diego, CA, USA) or R (version 3.1.2 for Linux). A P<0.05 was 
considered significant and all values are presented as mean±SEM. 

 
In Study I, all data was analyzed by a 2by2 analysis of variance (ANOVA). 
The two-pore parameters were analyzed by a 2by2 factorial ANOVA (type III 
SS).  

 
In Study II, all data was analyzed by Student’s t-test (unpaired, two-tailed). 

 
In Study III, all data was analyzed by a 2by2 ANOVA followed by a Fisher’s 
least significant difference post hoc test.  

 
In Study IV, all data was analyzed by a one-way ANOVA followed by 
Tukey’s post hoc test. Comparisons of data before and after high salt challenge 
within each group were performed using Student´s t-test (paired, two-tailed). 
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Results and Discussion 

Study I 
In a previous study we found that rapamycin to inhibit mTOR induced in-
creased QO2 of isolated kidney cortex mitochondria [79]. However, the given 
dose also induced hyperglycemia, making it difficult to differentiate treatment 
effects from effects induced by hyperglycemia. Therefore, in Study I, we pro-
ceeded with a lower dose and aimed to investigate effects of mTOR inhibition 
on in vivo oxygen metabolism, in vitro mitochondrial function and on glomer-
ular permeability in control and diabetic animals.  

mTOR inhibition increase kidney oxygen consumption and 
induce increased production of oxidative stress  
Evaluation of in vivo kidney function revealed that treatment with rapamycin 
to inhibit mTOR increased total kidney QO2 (Fig. 5A). Also mTOR inhibition 
substantially decreased transport efficiency of sodium (TNa/QO2) (5B). Since, 
approximately 85% of total kidney QO2 is related to sodium transport, a de-
creased TNa/QO2 could have a huge impact on renal oxygen availability. The 
commonly seen hyperfiltration was evident in the diabetic groups, but GFR 
was unaffected by mTOR inhibition. mTOR inhibition increased levels of 
both intrarenal and systemic oxidative stress (Fig. 5C and D).  

mTOR inhibition induce tubular damage but decrease urinary 
excretion of proteins in diabetic animals   
Excretion of KIM-1, a marker of tubular injury, was increased in diabetic 
groups and further aggravated by mTOR inhibition in diabetic animals. How-
ever, proteinuria, a commonly used marker of kidney injury in both clinical 
and experimental settings, was decreased by mTOR inhibition in diabetic an-
imals (Fig. 6).  
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Figure 5. In vivo kidney oxygen consumption (A); in vivo electrolyte transport effi-
ciency (B); TBARS in kidney cortex (C); and TBARS in plasma (D); in controls and 
diabetics with or without chronic mTOR inhibition for 14 days. 

 

 

 
 
 

 

Figure 6. Urinary markers of tubular injury (left) and protein excretion (right) in 
controls and diabetics with or without chronic mTOR inhibition for 14 days. 

mTOR inhibition induce mitochondrial uncoupling through 
uncoupling protein 2 and adenine nucleotide translocator 
Increased QO2 by mitochondria have in previous studies been demonstrated 
as a contributing factor to increased kidney QO2 and tissue hypoxia [44, 65]. 
Also, oxidative stress have been shown to activate UCP2 [38-40]. Therefore, 
we studied the function of mitochondria isolated from kidney cortex, using 
high resolution respirometry, to investigate the effects of mTOR inhibition on 
mitochondria efficiency and leak related QO2. mTOR inhibition induced leak 
respiration via both UCP2 and ANT (Fig. 7). Also, mTOR induced an increase 
in unregulated leak. Both regulated and unregulated leak increases the total 
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QO2 to sustain ATP production and provides a causative mechanism for the 
increased kidney QO2 seen in vivo. 

 
Figure 7. Absolute delta change in oxygen consumption after incubation with GDP 
to inhibit UCP2 (left) or CAT to inhibit ANT (right) in mitochondria isolated from 
kidney cortex of controls and diabetics with or without chronic mTOR inhibition for 
14 days. 

mTOR inhibition decrease kidney tissue oxygen availability and 
alter glomerular permeability 
Next, we wanted to investigate if the increased QO2 in vivo and in vitro had 
effects on oxygen availability in kidney tissue. In a separate group of animals 
we measured oxygen availability in kidney tissue using a Clarke type elec-
trode. mTOR inhibition decreased kidney cortex PO2 (Fig 8), confirming that 
increased QO2 do translate to kidney tissue hypoxia. This is detrimental for 
long term kidney function since tubulointerstitial hypoxia has been demon-
strated a common pathway to nephropathy [75].  

 
 
 
 
 
 
 

 
 

Further, we wanted to investigate if changes in glomerular permeability could 
explain the somewhat contradicting decrease in proteinuria induced by mTOR 
inhibition. Therefore, we analyzed changes in glomerular permeability by 
FITC-Ficoll clearance. The glomerular sieving coefficient for large molecules 
was increased in diabetic groups (Fig. 9), indicating a higher permeability for 
large molecules induced by diabetes. Interestingly, mTOR inhibition de-
creased the glomerular sieving coefficient in both controls and diabetic ani-
mals by decreasing the large pore radius. This demonstrates that decreased 

Figure 8. In vivo kidney cortex 
oxygen tension in controls and 
diabetics with or without chronic 
mTOR inhibition for 14 days. 
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proteinuria by mTOR inhibitors is an effect on the filtration barrier, rather than 
a preserved kidney function. 

 
Figure 9. Glomerular sieving curves of controls and diabetics with or without 
chronic mTOR inhibition for 14 days. 

Inhibitors of mTOR has gained substantial interest in the research of diabetic 
nephropathy due to their ability to counteract renal hypertrophy and reduce 
urinary protein leakage [80-84]. However, these results should be interpreted 
with caution since our results clearly demonstrate detrimental effects on kid-
ney oxygen metabolism which may be pivotal for long term kidney function. 
mTOR inhibition deteriorated kidney oxygen availability and further aggra-
vates diabetes induced tubular injury, possibly by inhibiting cellular repair 
[85]. Ang II signaling via AT1R has been demonstrated to directly control 
assembly for large pores in the glomerular filtration barrier, independently of 
hemodynamic changes [86] and intrarenal levels of Ang II is increased in di-
abetes. In a similar fashion, infusion of glucose causing acute hyperglycemia 
induced the formation of large pores in normoglycemic rats [87]. The result 
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from our study suggests a role of mTOR in large pore formation, which pro-
vides a mechanism to the improved proteinuria commonly seen in experi-
mental models of diabetes after mTOR inhibition.  

Diabetes is closely related to increased kidney oxidative stress [22, 45]. 
Diabetes is also associated with intrarenal hypoxia and increased oxidative 
stress has been demonstrated a contributing factor [4, 71]. mTOR inhibition 
increased oxidative stress and reduced intrarenal oxygen availability in 
normoglycemic rats and further aggravated these parameters in diabetic ani-
mals.  

In conclusion, rapamycin treatment to inhibit mTOR reduced electrolyte 
transport efficiency, increased oxidative stress and mitochondrial QO2 via in-
creased leak respiration. This translated to decreased oxygen availability in 
the kidney, regardless of glycemic status. In diabetic animals this also aggra-
vated tubular damage. Further, mTOR inhibition alters the permeability for 
large molecules over the glomerular membrane, decreasing urinary protein 
leakage. mTOR inhibition may add additional stress on the diabetic kidney, 
already battling increased oxidative stress, cellular damage and hypoxia, and 
should be used with caution in patients with diabetes or other pre-existing 
nephropathy. 
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Study II 
Tubulointerstitial hypoxia has been suggested as a unifying pathway to 
nephropathy [75]. However, when discussing the role of hypoxia in kidney 
disease confounding factors such as hyperglycemia, oxidative stress and hy-
pertension must be taken into account. This makes it difficult to differentiate 
one thing from the other. In Study II, we aimed to investigate the role of hy-
poxia, isolated from other confounding factors, in the development of 
nephropathy. The effects of increased metabolism by the thyroid hormone tri-
iodothyronine (T3) on in vivo oxygen metabolism and in vitro mitochondrial 
function was studied in rats. To block the effects of T3-induced renin release 
and activation of RAAS, animals was co-treated with the AT1R blocker can-
desartan. 

T3 increases kidney oxygen consumption and decrease oxygen 
availability in kidney cortex 
T3 administration to induce hyperthyroidism and increased metabolism in 
healthy rats increased in vivo kidney QO2 (Fig. 10A) and decreased electrolyte 
transport efficiency (Fig 10B) compared to vehicle treated controls. GFR and 
RBF was similar between groups. 

In line with results from Study I, increased kidney QO2 translated to de-
creased oxygen availability in kidney cortex (Fig 11A). Interestingly, T3 in-
creased the availability of oxygen in the medulla (Fig. 11B). Medullary hy-
peroxia could be due to increased reabsorption of electrolytes in the proximal 
tubule. Thyroid hormones stimulates the activity of several transport proteins, 
increasing proximal tubule reabsorption [88]. This could potentially decrease 
the work load in the more distal segments and decrease oxygen usage. Infusion 
of furosemide, an inhibitor of electrolyte reabsorption in the medullary thick 
ascending limb, did indeed increase medullary PO2 in rats [89]. However, a 
redistribution of blood flow to the medulla, thereby increasing oxygen deliv-
ery, cannot be excluded. 

T3 induces urinary protein leakage  
T3 increased proteinuria and albuminuria (Fig. 12A and B). As previously 
mentioned, increased leakage of proteins is used as a marker of kidney injury 
in both clinical and experimental settings. Hyperthyroid proteinuria have been 
demonstrated in animals and also in early studies in patients with autoimmune 
hyperthyroidism, in some persisting even after reaching euthyroidism [90]. 
Interestingly, hyperthyroid-induced proteinuria in rats could not be controlled 
by blood pressure regulation [91, 92] or reduction of oxidative stress [91]. 
Further, hyperthyroidism did not induce damage to or loss of podocytes [93]. 
Since hyperthyroidism stimulates increased signaling through the mTOR 
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pathway [94-96], it is plausible that thyroid hormones are involved in regulat-
ing permeability of the filtration barrier in a similar fashion as described in 
Study I, although not acting via the AT1R receptor since animals in our study 
were treated with candesartan. However, increased albuminuria indicates tub-
ular dysfunction and cannot be explained only by alterations in the glomerular 
filtration barrier. Since T3 treatment induce intrarenal tissue hypoxia, concom-
itant tubular injury could explain the increased albuminuria in T3 treated ani-
mals.  

 
Figure 10. In vivo total kidney oxygen consumption (A) and transported sodium per 
consumed oxygen (TNa+/QO2) (B) in rats with and without chronic administration 
of triiodothyronine (T3) for seven weeks. * denotes P<0.05 compared to control. 

 
Figure 11. In vivo kidney oxygen tension in kidney cortex (A) and medulla (B) in 
rats with and without chronic administration of triiodothyronine (T3) for seven 
weeks. * denotes P<0.05 compared to control. 
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Figure 12. Urinary excretion of total protein (A) and albumin (B) in rats with and 
without chronic administration of triiodothyronine (T3) for seven weeks. * denotes 
P<0.05 compared to control. 

T3 induces mitochondrial uncoupling through uncoupling protein 
2 and adenine nucleotide translocator 
To investigate if increased in vivo QO2 could be attributable to mitochondria 
dysfunction as in Study I, we isolated kidney cortex mitochondria from a sep-
arate group of control and T3 treated rats. Indeed, T3 increased mitochondria 
uncoupling via both UCP2 (Fig. 13A) and ANT (Fig. 13B). Further, unregu-
lated leak was increased by T3. 

 
Figure 13. Absolute delta change in oxygen consumption of mitochondria isolated 
from kidney cortex in rats with and without chronic administration of triiodothyro-
nine (T3) for seven weeks, after incubation with GDP to inhibit uncoupling protein 2 
(A) or CAT to inhibit adenine nucleotide translocator (B). * denotes P<0.05 com-
pared to control. 
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In diabetes, uncoupling via UCP2 and increased mitochondrial QO2 can be 
effectively reduced by antioxidant treatment [97] and as previously mentioned 
are UCPs activated by ROS. However, markers of oxidative stress was not 
elevated in neither urine nor kidney tissue by administered T3 in our study, 
indicating an alternative pathway for activation of UCPs by thyroid hormones. 
In brown adipocytes, thyroid hormones have been demonstrated to increase 
mitochondria respiration and activate UCP1 without increasing intracellular 
ROS production. The authors argues for a non-transcriptional mechanism, 
since activation of mitochondria by thyroid hormones was seen within 30 
minutes [96]. Indeed, T3-receptors have been localized to the inner mitochon-
drial membrane [98] and has been reported to rapidly induce respiration in 
isolated liver mitochondria [99]. The precise mechanism for UCP activation 
by T3 warrants further studies. 

In conclusion, T3 administration to induce hyperthyroidism increased kid-
ney metabolism and QO2. Decreased transport efficiency, increased regulated 
leak through UCP2 and ANT and increased unregulated leak are demonstrated 
as contributing factors. This resulted in decreased intrarenal hypoxia and signs 
of nephropathy, evident as increased albuminuria. Importantly, these changes 
in kidney oxygen metabolism was unrelated to changes is blood glucose, 
blood pressure or levels of oxidative stress. Our data add support to the pro-
posed central role of hypoxia in the development of nephropathy.  
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Study III 
After diabetes, hypertension is the most common cause of ESRD [50]. In dia-
betes, the uncoupling properties and upregulation of UCP2 by oxidative stress 
has been demonstrated important in the development of diabetic nephropathy. 
Although hypertension is closely associated with increased oxidative stress, 
the role of UCP2 in hypertensive kidney disease is less clear. In Study III, we 
aimed to investigate the effect of low and high Ang II signaling on wild type 
and UCP2 deficient mice. 

Low dose Ang II increases overall mitochondria respiration 
without compromising oxidative phosphorylation capacity 
Low dose Ang II stimulated an overall increase in mitochondria respiration. 
Although total leak respiration, i.e. respiration unrelated to ATP production 
was increased (Fig. 14B), oxidative phosphorylation capacity was not com-
promised (Fig. 14A). Leak respiration by UCP was not different between 
groups (Fig. 14C). However, leak respiration via ANT was increased in 
UCP2+/+. Vehicle treated UC2-/- had increased ANT activity compared to ve-
hicle treated UCP2+/+, but was not further increased by low dose Ang II (Fig. 
14D). Low dose Ang II increased unregulated leak in both groups.  

High dose Ang II decreases overall mitochondria respiration and 
oxidative phosphorylation capacity 
In contrast to low dose, high dose Ang II decreased over all mitochondria res-
piration, impaired oxidative phosphorylation capacity (Fig. 15A) and de-
creased total leak respiration (Fig. 15B). Leak respiration via both UCP and 
ANT (Fig. 15C and 15D), as well as unregulated leak, was reduced. 

The normal mouse kidney express all UCP isoforms 
By PCR we determined gene expression of UCP1-5, key antioxidants and im-
portant components of RAAS. Although UCP2 was the dominant isoform, we 
also found expression of UCP4 and UCP5, and at much lower levels, UCP1 
and UCP3 in kidney tissue from vehicle treated UCP2+/+. This is in line with 
results from Alán et. al. who compared rat and mouse UCP expression. Inter-
estingly, they demonstrate low levels of UCP4 and UCP5 also in the rat kidney 
[31]. UCP2 have been suggested the only UCP isoform expressed in the rat 
kidney. However, UCP4 and UCP5 expression was not investigated [100].      
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Figure 14. Function of kidney cortex mitochondria, isolated from wild-type (UCP 

+/+) and UCP2 deficient (UCP -/-) mice after vehicle or low dose angiotensin II (Ang 
II) for 4 weeks. Mitochondrial respiratory control ratio (A), total leak respiration 
(B), mitochondrial leak respiration via UCP (C), and mitochondrial leak respiration 
via ANT (C). Data presented as mean±SEM, * denoted P<0.05. 

 
Figure 15. Function of kidney cortex mitochondria, isolated from wild-type (UCP 

+/+) and UCP2 deficient (UCP -/-) mice after vehicle or high dose angiotensin II (Ang 
II) for 4 weeks. Mitochondrial respiratory control ratio (A), total leak respiration 
(B), mitochondrial leak respiration via UCP (C), and mitochondrial leak respiration 
via ANT (C). Data presented as mean±SEM, * denoted P<0.05. 
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Low and high dose Ang II induces different UCP isoform 
expressions 
Low dose Ang II induced a 2-fold increase in UCP2 and UCP5 expressions in 
UCP2+/+ and, although from very low levels, a 4-fold increase in UCP3 ex-
pression in UCP2-/-. High dose Ang II, on the other hand, induced a 2-fold 
increase in UCP4 and UCP5 expression, whereas UCP2 and UCP3 were un-
changed.  

Although the gene expression of uncoupling proteins were stimulated by 
Ang II, it did not translate to increased activity of UCPs in isolated mitochon-
dria. This is surprising since Ang II signaling is closely related to increased 
production of oxidative stress and UCP2 is known to respond to oxidative 
stress under diabetic conditions. The reason for this is unknown, but available 
literature indicates inhibitory actions of Ang II on UCPs. Isolated kidney mi-
tochondria from diabetic rats, known to have increased UCP2 uncoupling, 
showed no increased leak respiration via UCPs when stimulated with Ang II 
alone. However, the addition of a AT2R inhibitor increased UCP leak respi-
ration [47]. Studies in the spontaneously hypertensive rat (SHR) showed that 
AT1R inhibition by Losartan increased UCP2 protein content, which success-
fully reduced mitochondrial hydrogen peroxide (H2O2). Further, UCP2 protein 
content was inversely related to mitochondrial H2O2 production and tubu-
lointerstitial lesions [101]. This demonstrates the importance of a functional 
UCP2 to decrease mitochondrial ROS production to protect the tubulointer-
stitium. However, it also show a potential role of Ang II signaling to regulate 
UCP2 protein expression.   

High Ang II signaling alters the relationship of angiotensin II 
type 1 and type 2 receptor expressions 
Animals treated with low dose Ang II had an increase in ACE2 and Mas1 
expression, which could potentially favor the ACE2/Ang(1-7)/Mas1 pathway 
with increased NO production as a consequence. Ang II receptor isoforms was 
unaffected. In animals treated with high dose Ang II, ACE1 and angiotensin 
II type 1a receptor (AT1aR) expression was also induced, while AT2R ex-
pression is decreased, indicating an advantage of the ACE1/Ang II/AT1R 
pathway and increased ROS production.   

Ang II induces oxidative stress and activates genes of the 
antioxidant defense system  
Since Ang II is well known to induce increased production of ROS, we meas-
ured markers of oxidative stress in cortical tissue. Low dose Ang II induced a 
small increase in markers of oxidative stress in both UCP2+/+ and UCP2-/- (Fig. 
16A). Low dose Ang II also increased expression of important mediators of 
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the antioxidant defense system; superoxide dismutase (SOD) 2, also known as 
mitochondrial SOD, and catalase. High dose Ang II, induce a marked increase 
in oxidative stress markers (Fig. 16B) and further increased SOD2 gene ex-
pression.  

 
Figure 16. Thiobarbituric acids reactive substances (TBARS) in wild-type (UCP +/+) 
and UCP2 deficient (UCP -/-) mice after vehicle, low dose or high dose angiotensin II 
for 4 weeks. Values are presented as mean±SEM, * denoted P<0.05. 

Ang II activation of AT1R induce vasoconstriction and increase production of 
superoxide radicals by activating the NADPH oxidase [102], while stimula-
tion of AT2R and Mas1 mediate NO production and relaxation [103]. We pro-
pose, that during low Ang II signaling, the balance of the two pathways, to-
gether with sufficient induction of antioxidant defense, is enough to control 
ROS production and prevent oxidative stress.  

Further, low levels of the NO precursor L-arginine or NO donors have been 
shown to increase mitochondria respiration, while high levels of NO have in-
hibitory effects [104]. The slight increase in ACE2 and Mas1 gene expression 
by low dose Ang II could potentially induce NO production, thereby stimulat-
ing mitochondria respiration. 

Low Ang II signaling stimulated mitochondrial respiration without com-
promising the efficiency of oxidative phosphorylation capacity or affecting 
oxidative stress status. However, increased QO2 by mitochondria can contrib-
ute to decreased kidney oxygen availability which may lead to kidney tissue 
hypoxia, as demonstrated in Study I and II. Leak respiration is increased, but 
mediated mainly through ANT whereas UCP leak respiration is unaffected. 
This is in line with previous results where UCP leak respiration was unaffected 
by Ang II incubation of kidney mitochondria from diabetic rats [47].  

On the contrary, at high levels Ang II inhibit mitochondria respiration and 
deteriorate oxidative phosphorylation capacity. Also, high dose Ang II induce 
kidney tissue oxidative stress. AT1R expression is strongly increased while 
AT2R expression decreased compared to vehicle treated animals, which could 
potentially favor increased vasoconstriction and ROS production through the 
ACE1/AngII/AT1R pathway. 
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Decrease in mitochondria respiration and reduced efficiency to produce 
ATP by high dose Ang II is a clear indication of mitochondria dysfunction. 
To optimize mitochondria function and accommodate cellular energy demand, 
mitochondria undergo constant fusion and fission. During conditions of cellu-
lar stress, mitochondria fusion is induced which increases oxidative capacity 
and promotes cell survival. However, when subjected to prolonged stress, fis-
sion is increased, resulting in mitochondria defragmentation, decreased oxi-
dative phosphorylation capacity, mitochondria degradation and may ulti-
mately lead to apoptosis [105]. Ang II was been shown to increase mitochon-
dria fission in rat aortic endothelial cells [106] and in cardiomyocytes from 
hypertensive rats [107]. This results in decreased capacity of oxidative phos-
phorylation, mitochondria degradation and may ultimately lead to apoptosis 
[105]. Possibly, low dose Ang II stimulation in the present study affected mi-
tochondria fusion processes to sustain the efficiency to produce ATP, whereas 
high dose Ang II may affect mitochondrial integrity and therefore also oxida-
tive capacity. Increased AT1R signaling and mitochondrial fragmentation 
may explain the deranged oxidative stress and mitochondria dysfunction in 
high dose treated animals. 

During hypertensive conditions and moderate Ang II signaling, ANT un-
coupling seems to be the primary leak pathway in kidney mitochondria. How-
ever, during high Ang II signaling overall mitochondrial function is compro-
mised independently of ANT- or UCP2-mediated pathways. Importantly, our 
results indicate that UCP2 is essential to promote survival, since UCP2 defi-
cient mice have a decreased survival rate compared to UCP2+/+ when treated 
with high dose Ang II, possibly due to cardiovascular injury.  

In conclusion, Ang II affects mitochondrial respiration and function in a 
dose-dependent manner. Altered bioavailability of NO, affected mitochondria 
fission or imbalance in the RAAS may provide possible mechanistic explana-
tions. 
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Study IV 
CKD is an irreversible condition where the kidneys ability to filter the blood 
progressively worsens. There is no cure and available treatment only slow the 
progression of the disease. Conventional treatment for patients with CKD are 
drugs to inhibit the RAAS system. In Study IV, the 5/6-nephrectomy (5/6 Nx) 
rat was used as a model of CKD to study the effect of reducing circulating 
uremic toxins by AST-120, and compared it to the effects of an ACEI (enal-
april). In vivo kidney oxygen metabolism and cardiac function was measured. 
Since excessive salt intake is an increasing health problem worldwide, we also 
included a high salt challenge. 

The 5/6-nephroctomy rat is normotensive at baseline but develop 
salt sensitive hypertension 
Untreated 5/6 Nx rats had normal mean arterial pressure (MAP) during normal 
salt intake (100±3 mmHg), and responded with an increase in pressure when 
fed a high salt diet for one week (+20±2 mmHg; P<0.05 versus normal salt), 
measured by telemetry. This verifies the integrity of our model, since the tech-
nique used to remove kidney mass by scalpel cutting should not induce is-
chemic injury and RAAS activation, unlike other techniques where kidney 
mass is decreased by artery ligation. AST-120 treated rats had a comparable 
baseline MAP (101±2 mmHg), but had a significantly smaller increase in 
MAP in response to high salt diet compared to untreated control (Fig. 17). 

 
Figure 17. Delta change in mean arterial pressure in response to high salt diet in rats 
receiving either no treatment (Control) or AST-120 throughout the study period. * 
denotes P<0.05 versus Control. 
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AST-120 improves parameters of cardiovascular function and 
decrease systemic oxidative stress 
Animals treated with AST-120 had an improved cardiac output (Fig. 18A) and 
an increased stroke volume, compared to untreated controls. Further, total pe-
ripheral resistance was decreased (Fig. 18B), demonstrating positive cardio-
vascular properties of AST-120. Treatment with enalapril also decreased total 
peripheral resistance (TPR), but did not significantly improve cardiac output 
or stroke volume. AST-120 decreased urinary oxidative stress, but failed to 
decrease intrarenal oxidative stress (Fig. 20).  

 
Figure 18. Cardiac output (A) and total peripheral resistance (B) at the end of the 
study period in rats receiving either no treatment (Control), AST-120 or Enalapril 
throughout the study period. * denotes P<0.05 versus Control. 

Enalapril protects renal functional reserve and decreases 
intrarenal oxidative stress 
Measurements of GFR before and after high salt challenge was made to esti-
mate the capacity of the remaining kidney tissue. Animals treated with enal-
april had a lower GFR before high salt challenge, but was able to significantly 
increase GFR in response to increased sodium load (Fig. 19), without in-
creased protein leakage. This indicates a more preserved functional reserve in 
these animals. Also, enalapril alone increase sodium excretion in response to 
increased salt intake. Ang II signaling stimulates increased reabsorption of 
electrolyte and water, increasing plasma volume. Therefore, the effect of en-
alapril to increase sodium excretion may be beneficial for long term blood 
pressure regulation. Further, oxidative stress in kidney tissue was decreased 
by enalapril (Fig. 20). 
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Figure 19. Glomerular filtration rate after four weeks of normal salt diet as well as 
after one week of high salt diet in rats receiving either no treatment (Control), AST-
120 or Enalapril. * denotes P<0.05 versus corresponding Control and † denotes 
P<0.05 versus AST-120. 

 
Figure 20. Urinary excretion of TBARS (A) and protein carbonyl content in kidney 
tissue (B) as markers of oxidative stress at end of the study period in rats receiving 
either no treatment (Control), AST-120 or enalapril throughout the study period. * 
denotes P<0.05 versus Control, # denotes P<0.05 versus Enalapril and † denotes 
P<0.05 versus AST-120. 

AST-120 and enalapril independently improve kidney oxygen 
availability and decreased urinary protein leakage 
Both treatment to decrease circulating levels of uremic toxins and to target 
Ang II signaling had striking effect on kidney cortex oxygen availability (Fig 
21). This is important since tubulointerstitial hypoxia has been proposed to 
have central role in the development of nephropathy [75]. Further, proteinuria 
was reduced by both treatments (Fig 22).  
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Figure 21. Kidney cortex oxygen tension at the end of the study period in anesthe-
tized rats receiving either no treatment (Control), AST-120 or Enalapril throughout 
the study period. * denotes P<0.05 versus Control. 

 
Figure 22. Urinary protein excretion at the end of the study period in rats receiving 
either no treatment (Control), AST-120 or Enalapril. * denotes P<0.05 versus Con-
trol. 

There are previous reports of beneficial effects on kidney function after RAAS 
blockade in the 5/6 Nx rat. ARB has been demonstrated to prevent vascular 
changes to peritubular capillaries and ameliorate tubular hypoxia [69] and 
combined treatment with ARB and ACEI normalized TNa/QO2 [108]. Re-
duced Ang II signaling decrease tubular transport, NADPH oxidase activation 
and ROS production. In our study, enalapril protects the remaining renal tis-
sue, decrease renal oxidative stress and improves kidney oxygenation. A pos-
itive effect on TPR is also evident.  

Interestingly, reduction of indoxyl sulfate by AST-120 have also been re-
ported to influence the actions of RAAS. Indoxyl sulfate increase AT1R and 
decrease AT2R protein expression in kidney tissue [109]. Also, indoxyl sul-
fate has been demonstrated to downregulate the Mas1 receptor, which can be 
restored by AST-120 [110]. In our study, AST-120 improves kidney oxygen 
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availability, but is insufficient to increase GFR in response to a high salt chal-
lenge.  

CKD is associated with cardiovascular dysfunction and the negative impact 
of CKD on cardiac dysfunction and vice versa is commonly referred to as the 
cardiorenal syndrome [111]. Our results demonstrate protective properties of 
AST-120 on cardiac function. Since heart rate was similar between groups, 
treatment with AST-120 improves cardiac output by increasing stroke vol-
ume. AST-120 has been shown to ameliorated endothelial dysfunction [112], 
decreased myocardial apoptosis and fibrosis [113] and decreased arterial stiff-
ness in CKD patients [114]. Decreased stiffness of the cardiac muscle with 
improved diastolic relaxation and increase preload, increasing contractility 
and stroke volume could potentially be the mechanism of action of AST-120 
on cardiac output. Also, AST-120 diminished development of hypertension, 
measured by telemetry in response to high salt diet. This is in line with the 
decrease in TPR and could have beneficial effects on long term blood pressure 
regulation.  

AST-120 successfully improves cardiac output and reduce urinary oxida-
tive stress but fails to reduce intrarenal oxidative stress. This suggests a more 
systemic effect of AST-120, compared to the direct renoprotective effects of 
ACEI. If the reduced proteinuria in AST-120 treated animals is by a direct 
effect on kidney function or a secondary effect of improved cardiac function 
is still unclear and warrants further studies.  

In conclusion, in comparison to conventional treatment directed towards 
blocking the RAAS, we demonstrate that reducing uremic toxins improves 
cardiovascular function and decreases urinary oxidative stress. However, 
RAAS inhibition is essential to decrease intrarenal oxidative stress and protect 
renal reserve. Both treatments improve oxygen availability and reduce pro-
teinuria, evidence of renoprotective abilities of both strategies. Therefore, it 
may be beneficial to apply a dual strategy targeting both circulating levels of 
uremic toxins and the RAAS to slow the progression of CKD.  
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Summary and Conclusions 

In this thesis, we have investigated mechanisms behind increased QO2 and 
development of hypoxia in experimental kidney disease. The results of this 
thesis demonstrate that mitochondria leak respiration is susceptible to multiple 
outer stimuli. Both regulated leak, via UCP and ANT, and unregulated leak 
contribute. This have a pivotal influence on kidney QO2 which in turn con-
tribute to the development of kidney hypoxia and, ultimately, kidney damage. 
In addition, this thesis also highlights the potential harm of using mTOR in-
hibitors in diabetic settings and the potential beneficial effects of reduced cir-
culating levels of uremic toxins in CKD. 

 
 mTOR inhibition causes intrarenal hypoxia by inducing mitochondria 

leak respiration and decreased tubular transport efficiency. It aggra-
vates diabetic oxidative stress and tubular injury. Proteinuria is de-
creased due to a reduction in permeability of large molecule in the 
filtration barrier.   

 
 T3 to induce hyperthyroidism increases total kidney QO2 by decreas-

ing tubular transport efficiency and inducing mitochondria leak respi-
ration. This leads to decreased intrarenal cortical hypoxia and devel-
opment of nephropathy, without confounding factors such as hyper-
glycemia, hypertension or oxidative stress. This further supports the 
hypothesis that kidney hypoxia is a pathway to kidney injury.  

 
 Ang II regulation of mitochondria respiration is dose-dependent. Low 

Ang II signaling stimulate mitochondria QO2, without compromising 
oxidative capacity. However, high Ang II induces mitochondria dys-
function and oxidative stress. 

 
 Reduced circulating levels of protein bound uremic toxins by AST-

120 have both cardiac and renoprotective properties in the 5/6 Nx rat. 
AST-120 improves cardiac output and reduces urinary oxidative 
stress. In the kidney, AST-120 increases oxygen availability and de-
creases proteinuria.  
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Populärvetenskaplig sammanfattning 

I kroppen genomför njurarna en konstant filtration av blodet och bildar urin. 
Med urinen utsöndras vattenlösliga gifter och avfallsprodukter från kroppens 
metabolism. Njuren är också med och reglerar kroppens blodtryck, salt- och 
vattenbalans och syra-bas status. Njuren bidrar även till produktionen av vita-
min D och erytropoetin, ett hormon som stimulerar nybildning av röda blod-
kroppar. På grund av att njuren delaktig i flera viktiga processer i kroppen 
drabbas man av många besvär när njurfunktionen försämras, t.ex. högt blod-
tryck, ödem, rubbningar i salt- och syra-bas balans, blodbrist, illamående, svår 
klåda mm. Försämrad njurfunktion kallas njursvikt och när njursvikten blir 
kronisk sker en successiv försämring. Idag finns ingen botande behandling för 
kronisk njursvikt och hos vissa patienter blir njurfunktionen så dåliga att de 
behöver dialysbehandling eller njurtransplantation. Det vanligaste orsakerna 
till kronisk njursvikt är diabetes och högt blodtryck. 

Hela kroppens blodvolym passerar njurarna cirka 15-20 gånger per timme. 
När njuren filtrerar blodet bildas primärurinen, vilket är makalösa 180 liter per 
dag! Så mycket kan vi ju inte kissa tänker du. Nej det kan vi inte, primärurinen 
processas i nefronet, den minsta funktionella enheten i njuren, så att endast 1-
2 liter urin slutligen kissas ut per dag. I nefronet tar njuren tillbaka vatten, salt 
och näringsämnen som kroppen behöver och ser till att avfallsprodukter och 
endast överflödigt vatten och salt utsöndras.  

Den sammantagna forskningen har visat att syrgasbrist i njuren är en ge-
mensam orsak till kronisk njurskada, oavsett vilket sjukdom som orsakade 
njurskadan. Under normala förhållande är tillgången på syre i njuren lägre än 
i andra vävnader. Dessutom så kräver njurens arbete mycket syrgas. Därför är 
njuren känslig för förändring i syrgastillgång. 

Mitokondrien finns i alla kroppens celler och är de som tillverkar merparten 
av den energi som kroppen behöver. Om mitokondrierna använder syrgas 
mindre effektivt kan det leda till syrgasbrist i njuren. I min avhandling har jag 
undersökt hur olika sjukdomstillstånd påverkar 1) njurens funktion och till-
gång till syre; och 2) mitokondriens funktion och hur effektivt den använder 
syrgas.  

Studie I 
Andra forskargrupper har undersökt om ett immunohämmade läkemedel, 
rapamycin, kan användas för att behandla diabetesorsakad njurskada. När nju-
rarna är skadade, t.ex. av diabetes, läcker de protein till urinen. Forskning har 
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visat att rapamycin minskar läckaget av protein i urinen, vilket man har tolkat 
som att rapamycin minskar diabetesorsakad njurskada. I studie I undersökte 
jag hur rapamycin påverkar njurfunktionen och njurens tillgång till syre, samt 
hur det påverkar mitokondriefunktionen. Resultaten visade att rapamycin or-
sakade syrgasbrist i njuren och att det förvärrade njurskador orsakade av dia-
betes. Mitokondrier använde syrgas mindre effektivt. Jag såg också ett mins-
kat läckage av protein till urinen, men visar att det beror på att rapamycin 
förändrar genomsläppligheten i njuren för protein, inte att det nödvändigtvis 
beror på mindre njurskador. Slutsatsen är ett rapamycin är skadligt för njuren 
och att vid diabetes förvärrar det njurskador som redan finns ytterligare.  

Studie II 
Vid överfunktion av sköldkörteln utsöndras för höga nivåer av sköldkörtel-
hormon vilket ökar kroppens metabolism. Detta sker vid t.ex. Graves sjukdom 
och giftstruma. Symtomen är att man får hjärtklappning, svettningar, går ner i 
vikt och får oro/ångest. I studie II har jag undersökt hur överfunktion av sköld-
körteln påverkar njurfunktionen och njurens tillgång till syre, samt hur det på-
verkar mitokondriefunktionen. Resultaten visade att sköldkörtelhormon orsa-
kade syrgasbrist i njuren, ökade läckage av protein i urinen och påverkade 
mitokondrierna att använda syrgas mindre effektivt. Slutsatsen är att ökad 
metabolism i njuren (till följd av överfunktion av sköldkörteln) leder till syr-
gasbrist och njurskador.  

Studie III 
Njuren är viktigt spelare för att reglera kroppens blodtryck. Det gör njuren 
genom att aktivera det s.k. renin-angiotensin-aldosteron systemet (RAAS), 
vilket ökar blodtrycket. Efter diabetes så är högt blodtryck, även kallat hyper-
tension, den vanligaste orsaken till kronisk njurskada. I studie III har jag un-
dersökt hur mild respektive svår hypertension, d.v.s. liten eller stor aktivering 
av RAAS, påverkar njurens mitokondrier och hur det påverkar uttrycket av 
olika gener som är inblandande i RAAS. Resultaten visade att mild hypertens-
ion stimulerade mitokondrierna till att använda mer syrgas, men påverkade 
inte deras förmåga att tillverka energi. Svår hypertension däremot, försämrade 
mitokondriens förmåga att bilda energi. Vi såg också att mild respektive svår 
hypertension förändrade uttrycket av gener som är inblandade i RAAS på 
olika sätt. Slutsatsen är att graden av RAAS aktivering har olika effekt på 
mitokondriens funktion och att det delvis kan förklaras med att det påverkar 
uttrycket av gener inblandande i RAAS på olika sätt.  

Studie IV 
Som tidigare nämnt så finns det ingen botande behandling för kronisk njur-
svikt. Idag behandlas patienter med kronisk njursvikt med läkemedel som 
hämmar RAAS. Det minskar hur fort njursvikten försämras, men är som sagt 
ingen botande behandling. Vid njursvikt så kan inte njuren utsöndra giftiga 
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ämnen från kroppens metabolism lika bra och dessa ansamlas istället i blodet. 
Sådana gifter kallas uremitoxiner. I studie IV har jag undersökt om behandling 
med läkemedlet AST-120 kan minska mängden uremitoxiner i blodet och på 
så sätt förbättra njurfunktionen. Jag har jämfört detta med behandling att 
hämma RAAS. Resultaten visade att AST-120 minskade uremitoxiner i blo-
det, ökade tillgängligheten av syre i njuren och minskade läckage av protein 
till urinen. Dessutom förbättrade AST-120 hjärtats funktion genom att öka hur 
mycket blod hjärtat orkar pumpa ut vid varje hjärtslag. Slutsatsen är att AST-
120 och minskad mängd uremitoxiner i blodet har positiva effekter på båda 
njurens och hjärtats funktion.  

Sammanfattningsvis så presenterar jag i min avhandling att syrgasbrist i 
njuren är ett genomgångende fenomen vid sjukdomstillstånd som påverkar 
njuren, i det här fallet diabetes, högt blodtryck och överfunktion av sköldkör-
teln. En bidragande orsak till detta är att mitokondrierna använder syrgas 
mindre effektivt. Jag visar även att behandling för att minska uremitoxiner i 
blodet kan vara en behandlingsstrategi för att bromsa sjukdomsförloppet vid 
kronisk njurskada.  



 55

Acknowledgements  

This thesis was carried out at the Department of Medical Cell Biology, Divi-
sion of Integrative Physiology, Uppsala University, Sweden. The work pre-
sented in this thesis was supported by grants from the Swedish Research 
Council, the Swedish Diabetes Foundation, the family Ernfors foundation and 
the Swedish Heart Lung Foundation.  
 
Since the work of this thesis has been going on for many, many, many years 
there are lots of people who over the years have contributed to this work, di-
rectly or indirectly. To all of you I want to say a big thank you!   
 
First of all I want to thank my supervisor Fredrik Palm for taking me on as a 
SOFOSKO student in 2008 and then as a PhD student, guiding me up until 
this thesis. I am grateful for our scientific discussions and for you challenging 
me through these years. I am not as grateful for all the knowledge in hunting 
I have (involuntarily) acquired during this time (the university should award 
me 60 credits in “How to take lives in the woods using dogs and rifles”). I also 
want to thank you for giving me the opportunity to do this PhD part time when 
I decided to join “the dark side” (i.e. become a medical doctor). I think you 
might have regretted that decision a couple of times, I have definitely had my 
doubts, but I am glad it resulted in this thesis at the end. 

 
I also want to thank my co-supervisor Peter Hansell for your support and for 
making me feel welcome in the group from day one. I am grateful for your 
invaluable input on my research and manuscripts. Thank you for also caring 
about to all that other stuff that is not science, but just life: relationships, fam-
ily, kids…. 

 
Several other senior researchers at the department and at Akademiska Univer-
sity hospital have helped and inspired me along the way. Thank you to Per 
Liss for taking on the role of a mentor in the research to come and for being 
so enthusiastic and supportive. You made research fun again during a period 
when things were tough. To Per-Ola Carlsson, for support and advice on both 
future clinical projects and career paths. To Dick Wågsäter, for your positive 
and engaging energy and for interesting discussions about everything from 
science to garden projects.   

 



 56 

To the whole Kidney Research Group, past and present members, this fan-
tastic group of people – thank you!! To Angie, for teaching me the in vivo 
micro surgery all those years ago and for knowing everything about where 
everything is and not is in the lab. To Sussi, for all your expertise in animal 
care, for helping me run all those metabolic cages and for all the good laughs. 
To Micke, for your help, positive energy and fun times in the fika room, at 
parties and in San Diego. To Henrik, for your kind and helpful manners. To 
Oscar, although we have not managed to sync our research time at all through 
the years it is always fun when we meet. To Patrik, for all your help, for 
sharing your knowledge and for being a voice of calm and reason in this group. 
And to Malou, min sköna höna, thank you for everything and I mean every-
thing! For all the help, all your time, all the laughs and all the tears (some of 
sadness but mostly from laughing so hard!).  
  
To the stitch ‘n bitch ladies and former office companions, Malou, Sofia, 
Mediha and Carla, you kept me sane, happy and full of cake through these 
years! Invaluable. Sofia, Mediha and Carla you are all greatly missed at the 
lab and in the office. Time to book the next SnB! 
 
To the present: David, Amanda, Kristel, Catarina, Emelie, Per; and former: 
Hanna, Carmen, Daniel, Stephanie, Liselotte, Evelina, Sara; PhD compan-
ions and colleagues - thank you for good times in and outside the lab! A spe-
cial thanks to Amanda for taking your time to help me with last minute PCRs 
and to Kristel for drawing the cover picture for this thesis! And to all other 
colleagues at MCB, especially Fysiologen, for the great atmosphere. Special 
thanks to Björn Åkerblom, for your kind manners, for all your help and for 
knowing everything a PhD student needs you know that is not related to the 
science.  
 
Thank you to my co-authors for fruitful collaborations.  
 
Then there is a bunch of important people that have contributed to this thesis 
outside the lab in different ways:  
 
Till ”Biomedicinar-pinglorna”, Karro, Elin, Joanna, Ada, Linnea och Ka-
rin. Åren på Biomedicinarprogrammet är ju liksom hela grunden för den här 
avhandlingen! Tack för allt kul genom åren på BMC, olika nationer och resor! 
Och för vänskapen sen dess. Ni är fantastiska! Och till Johanna, min kloka, 
roliga, vackra, omtänksamma vän. Tack för alla skratt, långa samtal och även-
tyr genom åren! Puss! 

 
Till Joanna och Lisa för att ni var mitt stöd i tillvaron och källa till skratt 
under läkarprogrammet och AT. Extra tack till dig Joanna som har stöttat mig 



 57

så mycket genom doktorandtiden. Jag är så tacksam för er även om det går 
alldeles för länge mellan gångerna vi ses. Ni är bäst!  
 
Till “Stockholmsgänget”, Las Chicas, Lisa, Emma, Kattan, Marre och Isa, 
vår Messenger-tråd är en life saver för alla slags problem och frustrationer och 
en källa till så mycket inspiration, skratt och pepp! Jag är så tacksam att vi har 
varandra, typ 20 år senare. Love you!  
 
Till “Mamma-gänget”, Katja, Clara, Olivia och Janna. Jag är väldigt glad 
att vi fördes samman under den där första föräldraledigheten. Tack för att ni 
har stöttat och inspirerat mig i föräldrarollen, läkarrollen och doktorandrollen.  
Ni är fantastiska!  
 
Till Jenny, min fina kloka vän. Tack för att du inspirerar mig till att tänka på 
vad som är viktigt i livet och att man ”inte måste göra som alla andra”. Vi ses 
snart i Dalarnas skogar!  
 
Till min familj! Mina föräldrar, Helena och Anders, för att ni alltid stöttat 
mig och på något sätt har fått mig att känna att jag kan göra vad som helst. Till 
mina fantastiska systrar Petra, Louise och Emelie. Var och en av er är speci-
ella för mig. Jag är så tacksam att vi har varandra och för alla svågrar och 
älskade syskonbarn jag får på köpet. Till Karin, för all din omtanke om mig 
och min familj. Till min utökade familj, Monica, Simon och Sarah. Tack för 
uppmuntran och omtanke, hos er känner man sig alltid välkommen! Tack hela 
storfamiljen för att ni alla är kärleksfull flock runt Felix och Elliot, det är en 
lycka för mig!  
 
Felix och Elliot, mina gulle-gutts! Jag älskar att vara er mamma, det bästa och 
svåraste jag har gjort. Jag älskar er! Och fantastiska, omtänksamma Tuva, jag 
är glad att jag får vara en del i ditt liv och du i mitt. Tack för att du är den bästa 
storasystern till Felix och Elliot!  
 
Och slutligen, till min Eric, min kärlek och min ”största fan club”. Tack för 
att du helhjärtat stöttat mig i att gå helhjärtat in i det här. Jag är så glad för det 
vi har! Jag älskar dig!  

 
 
 
 
 
 

Uppsala 2021-08-18 



 58 

References 

1. Leong, C.L., et al., Evidence that renal arterial-venous oxygen shunting 
contributes to dynamic regulation of renal oxygenation. Am J Physiol Renal 
Physiol, 2007. 292(6): p. F1726-33. 

2. Aukland, K. and J. Krog, Renal oxygen tension. Nature, 1960. 188: p. 671. 
3. Liss, P., et al., Intrarenal oxygen tension measured by a modified clark 

electrode at normal and low blood pressure and after injection of x-ray 
contrast media. Pflugers Arch, 1997. 434(6): p. 705-11. 

4. Palm, F., et al., Reactive oxygen species cause diabetes-induced decrease in 
renal oxygen tension. Diabetologia, 2003. 46(8): p. 1153-60. 

5. Milani, B., et al., Reduction of cortical oxygenation in chronic kidney 
disease: evidence obtained with a new analysis method of blood oxygenation 
level-dependent magnetic resonance imaging. Nephrol Dial Transplant, 
2017. 32(12): p. 2097-2105. 

6. Li, L.P., et al., Evaluation of the reproducibility of intrarenal R2* and 
DeltaR2* measurements following administration of furosemide and during 
waterload. J Magn Reson Imaging, 2004. 19(5): p. 610-6. 

7. Timmermans, P.B., et al., Angiotensin II receptors and angiotensin II 
receptor antagonists. Pharmacol Rev, 1993. 45(2): p. 205-51. 

8. Banday, A.A. and M.F. Lokhandwala, Oxidative stress causes renal 
angiotensin II type 1 receptor upregulation, Na+/H+ exchanger 3 
overstimulation, and hypertension. Hypertension, 2011. 57(3): p. 452-9. 

9. Dikalova, A.E., et al., Therapeutic targeting of mitochondrial superoxide in 
hypertension. Circ Res, 2010. 107(1): p. 106-16. 

10. Griendling, K.K., et al., Angiotensin II stimulates NADH and NADPH 
oxidase activity in cultured vascular smooth muscle cells. Circ Res, 1994. 
74(6): p. 1141-8. 

11. Chabrashvili, T., et al., Effects of ANG II type 1 and 2 receptors on oxidative 
stress, renal NADPH oxidase, and SOD expression. Am J Physiol Regul 
Integr Comp Physiol, 2003. 285(1): p. R117-24. 

12. Rajagopalan, S., et al., Angiotensin II-mediated hypertension in the rat 
increases vascular superoxide production via membrane NADH/NADPH 
oxidase activation. Contribution to alterations of vasomotor tone. J Clin 
Invest, 1996. 97(8): p. 1916-23. 

13. Matavelli, L.C., J. Huang, and H.M. Siragy, Angiotensin AT₂ receptor 
stimulation inhibits early renal inflammation in renovascular hypertension. 
Hypertension, 2011. 57(2): p. 308-13. 

14. Patel, S.N., et al., Emerging Role of Angiotensin AT2 Receptor in Anti-
Inflammation: An Update. Curr Pharm Des, 2020. 26(4): p. 492-500. 

15. Te Riet, L., et al., Hypertension: renin-angiotensin-aldosterone system 
alterations. Circ Res, 2015. 116(6): p. 960-75. 



 59

16. St-Pierre, J., et al., Topology of superoxide production from different sites in 
the mitochondrial electron transport chain. J Biol Chem, 2002. 277(47): p. 
44784-90. 

17. Lambert, A.J. and M.D. Brand, Superoxide production by NADH:ubiquinone 
oxidoreductase (complex I) depends on the pH gradient across the 
mitochondrial inner membrane. Biochem J, 2004. 382(Pt 2): p. 511-7. 

18. Korshunov, S.S., V.P. Skulachev, and A.A. Starkov, High protonic potential 
actuates a mechanism of production of reactive oxygen species in 
mitochondria. FEBS Lett, 1997. 416(1): p. 15-8. 

19. Starkov, A.A. and G. Fiskum, Regulation of brain mitochondrial H2O2 
production by membrane potential and NAD(P)H redox state. J Neurochem, 
2003. 86(5): p. 1101-7. 

20. Sanjuán-Pla, A., et al., A targeted antioxidant reveals the importance of 
mitochondrial reactive oxygen species in the hypoxic signaling of HIF-
1alpha. FEBS Lett, 2005. 579(12): p. 2669-74. 

21. Connor, K.M., et al., Mitochondrial H2O2 regulates the angiogenic 
phenotype via PTEN oxidation. J Biol Chem, 2005. 280(17): p. 16916-24. 

22. Nishikawa, T., et al., Normalizing mitochondrial superoxide production 
blocks three pathways of hyperglycaemic damage. Nature, 2000. 404(6779): 
p. 787-90. 

23. Doughan, A.K., D.G. Harrison, and S.I. Dikalov, Molecular mechanisms of 
angiotensin II-mediated mitochondrial dysfunction: linking mitochondrial 
oxidative damage and vascular endothelial dysfunction. Circ Res, 2008. 
102(4): p. 488-96. 

24. Rolfe, D.F. and M.D. Brand, Contribution of mitochondrial proton leak to 
skeletal muscle respiration and to standard metabolic rate. Am J Physiol, 
1996. 271(4 Pt 1): p. C1380-9. 

25. Rolfe, D.F., et al., Contribution of mitochondrial proton leak to respiration 
rate in working skeletal muscle and liver and to SMR. Am J Physiol, 1999. 
276(3): p. C692-9. 

26. Fontaine, E.M., et al., Effect of polyunsaturated fatty acids deficiency on 
oxidative phosphorylation in rat liver mitochondria. Biochim Biophys Acta, 
1996. 1276(3): p. 181-7. 

27. Harper, M.E. and E.L. Seifert, Thyroid hormone effects on mitochondrial 
energetics. Thyroid, 2008. 18(2): p. 145-56. 

28. Friederich, M., P. Hansell, and F. Palm, Diabetes, oxidative stress, nitric 
oxide and mitochondria function. Curr Diabetes Rev, 2009. 5(2): p. 120-44. 

29. Enerbäck, S., et al., Mice lacking mitochondrial uncoupling protein are cold-
sensitive but not obese. Nature, 1997. 387(6628): p. 90-4. 

30. Langin, D., et al., Uncoupling protein-2 (UCP2) and uncoupling protein-3 
(UCP3) expression in adipose tissue and skeletal muscle in humans. Int J 
Obes Relat Metab Disord, 1999. 23 Suppl 6: p. S64-7. 

31. Alán, L., et al., Absolute levels of transcripts for mitochondrial uncoupling 
proteins UCP2, UCP3, UCP4, and UCP5 show different patterns in rat and 
mice tissues. J Bioenerg Biomembr, 2009. 41(1): p. 71-8. 

32. Mao, W., et al., UCP4, a novel brain-specific mitochondrial protein that 
reduces membrane potential in mammalian cells. FEBS Lett, 1999. 443(3): 
p. 326-30. 

33. Sanchis, D., et al., BMCP1, a novel mitochondrial carrier with high 
expression in the central nervous system of humans and rodents, and 
respiration uncoupling activity in recombinant yeast. J Biol Chem, 1998. 
273(51): p. 34611-5. 



 60 

34. Friederich, M., et al., Identification and distribution of uncoupling protein 
isoforms in the normal and diabetic rat kidney. Adv Exp Med Biol, 2009. 
645: p. 205-12. 

35. Miwa, S. and M.D. Brand, Mitochondrial matrix reactive oxygen species 
production is very sensitive to mild uncoupling. Biochem Soc Trans, 2003. 
31(Pt 6): p. 1300-1. 

36. Brand, M.D., et al., Mitochondrial superoxide: production, biological 
effects, and activation of uncoupling proteins. Free Radic Biol Med, 2004. 
37(6): p. 755-67. 

37. Echtay K S, R.D., St-Pierre D, Superoxide activates mitochondrial 
uncoupling proteins. Nature, 2002. 3;415(6867):: p. 96-99. 

38. Echtay, K.S., et al., Superoxide activates mitochondrial uncoupling protein 
2 from the matrix side. Studies using targeted antioxidants. J Biol Chem, 
2002. 277(49): p. 47129-35. 

39. Echtay, K.S., et al., A signalling role for 4-hydroxy-2-nonenal in regulation 
of mitochondrial uncoupling. EMBO J, 2003. 22(16): p. 4103-10. 

40. Krauss, S., et al., Superoxide-mediated activation of uncoupling protein 2 
causes pancreatic beta cell dysfunction. J Clin Invest, 2003. 112(12): p. 
1831-42. 

41. Duval, C., et al., Increased reactive oxygen species production with antisense 
oligonucleotides directed against uncoupling protein 2 in murine endothelial 
cells. Biochem Cell Biol, 2002. 80(6): p. 757-64. 

42. Friederich-Persson, M., et al., Deletion of Uncoupling Protein-2 reduces 
renal mitochondrial leak respiration, intrarenal hypoxia and proteinuria in 
a mouse model of type 1 diabetes. Acta Physiol (Oxf), 2018. 223(4): p. 
e13058. 

43. Friederich, M., et al., Diabetes-induced up-regulation of uncoupling protein-
2 results in increased mitochondrial uncoupling in kidney proximal tubular 
cells. Biochim Biophys Acta, 2008. 1777(7-8): p. 935-40. 

44. Friederich-Persson, M., et al., Kidney hypoxia, attributable to increased 
oxygen consumption, induces nephropathy independently of hyperglycemia 
and oxidative stress. Hypertension, 2013. 62(5): p. 914-9. 

45. Friederich-Persson, M., et al., Acute knockdown of uncoupling protein-2 
increases uncoupling via the adenine nucleotide transporter and decreases 
oxidative stress in diabetic kidneys. PLoS One, 2012. 7(7): p. e39635. 

46. Sabaa, N., et al., UCP-2 does not modulate angiotensin II-induced high blood 
pressure but limits the development of hypertensive renal sclerosis. 2005, 
Journal of Hypertension, 2005. Volume 23 - Issue 8 - p A11. 

47. Friederich-Persson, M. and P. Persson, Mitochondrial angiotensin II 
receptors regulate oxygen consumption in kidney mitochondria from healthy 
and type 1 diabetic rats. Am J Physiol Renal Physiol, 2020. 318(3): p. F683-
F688. 

48. Levey, A.S., et al., Definition and classification of chronic kidney disease: a 
position statement from Kidney Disease: Improving Global Outcomes 
(KDIGO). Kidney Int, 2005. 67(6): p. 2089-100. 

49. Foundation, N.K., KDOQI Clinical Practice Guideline for Diabetes and 
CKD: 2012 Update. Am J Kidney Dis, 2012. 60(5): p. 850-86. 

50. Collins, A.J., et al., US Renal Data System 2013 Annual Data Report. Am J 
Kidney Dis, 2014. 63(1 Suppl): p. A7. 

51. Krishnan, A.V. and M.C. Kiernan, Neurological complications of chronic 
kidney disease. Nat Rev Neurol, 2009. 5(10): p. 542-51. 



 61

52. Lew, S. and J. Radhakrishnan, Chronic Kidney Disease and Gastrointestinal 
Disorders. 2015, Academic Press. p. Pages 298-309. 

53. Vanholder, R., et al., A bench to bedside view of uremic toxins. J Am Soc 
Nephrol, 2008. 19(5): p. 863-70. 

54. Vanholder, R., et al., Review on uremic toxins: classification, concentration, 
and interindividual variability. Kidney Int, 2003. 63(5): p. 1934-43. 

55. Viaene, L., et al., Albumin is the main plasma binding protein for indoxyl 
sulfate and p-cresyl sulfate. Biopharm Drug Dispos, 2013. 34(3): p. 165-75. 

56. Barreto, F.C., et al., Serum indoxyl sulfate is associated with vascular disease 
and mortality in chronic kidney disease patients. Clin J Am Soc Nephrol, 
2009. 4(10): p. 1551-8. 

57. Liabeuf, S., et al., Free p-cresylsulphate is a predictor of mortality in patients 
at different stages of chronic kidney disease. Nephrol Dial Transplant, 2010. 
25(4): p. 1183-91. 

58. Wu, I.W., et al., p-Cresyl sulphate and indoxyl sulphate predict progression 
of chronic kidney disease. Nephrol Dial Transplant, 2011. 26(3): p. 938-47. 

59. Dumont, F.J. and Q. Su, Mechanism of action of the immunosuppressant 
rapamycin. Life Sci, 1996. 58(5): p. 373-95. 

60. Fine, L.G., C. Orphanides, and J.T. Norman, Progressive renal disease: the 
chronic hypoxia hypothesis. Kidney Int Suppl, 1998. 65: p. S74-8. 

61. Edlund, J., et al., Reduced oxygenation in diabetic rat kidneys measured by 
T2* weighted magnetic resonance micro-imaging. Adv Exp Med Biol, 2009. 
645: p. 199-204. 

62. Palm, F., et al., Differentiating between effects of streptozotocin per se and 
subsequent hyperglycemia on renal function and metabolism in the 
streptozotocin-diabetic rat model. Diabetes Metab Res Rev, 2004. 20(6): p. 
452-459. 

63. Rosenberger, C., et al., Adaptation to hypoxia in the diabetic rat kidney. 
Kidney Int, 2008. 73(1): p. 34-42. 

64. Palm, F., et al., Reduced nitric oxide in diabetic kidneys due to increased 
hepatic arginine metabolism: implications for renomedullary oxygen 
availability. Am J Physiol Renal Physiol, 2008. 294(1): p. F30-7. 

65. Persson, M.F., et al., Kidney function after in vivo gene silencing of 
uncoupling protein-2 in streptozotocin-induced diabetic rats. Adv Exp Med 
Biol, 2013. 765: p. 217-223. 

66. Welch, W.J., et al., Nephron pO2 and renal oxygen usage in the hypertensive 
rat kidney. Kidney Int, 2001. 59(1): p. 230-7. 

67. Welch, W.J., et al., Angiotensin-induced defects in renal oxygenation: role 
of oxidative stress. Am J Physiol Heart Circ Physiol, 2005. 288(1): p. H22-
8. 

68. Bernhardt, W.M., et al., Involvement of hypoxia-inducible transcription 
factors in polycystic kidney disease. Am J Pathol, 2007. 170(3): p. 830-42. 

69. Manotham, K., et al., Evidence of tubular hypoxia in the early phase in the 
remnant kidney model. J Am Soc Nephrol, 2004. 15(5): p. 1277-88. 

70. Ries, M., et al., Renal diffusion and BOLD MRI in experimental diabetic 
nephropathy. Blood oxygen level-dependent. J Magn Reson Imaging, 2003. 
17(1): p. 104-13. 

71. Franzén, S., et al., Pronounced kidney hypoxia precedes albuminuria in type 
1 diabetic mice. Am J Physiol Renal Physiol, 2016. 310(9): p. F807-9. 

72. Yin, W.J., et al., Noninvasive evaluation of renal oxygenation in diabetic 
nephropathy by BOLD-MRI. Eur J Radiol, 2012. 81(7): p. 1426-31. 



 62 

73. Inoue, T., et al., Noninvasive evaluation of kidney hypoxia and fibrosis using 
magnetic resonance imaging. J Am Soc Nephrol, 2011. 22(8): p. 1429-34. 

74. Sayarlioglu, H., et al., Nephropathy and retinopathy in type 2 diabetic 
patients living at moderately high altitude and sea level. Ren Fail, 2005. 
27(1): p. 67-71. 

75. Hansell, P., et al., Determinants of kidney oxygen consumption and their 
relationship to tissue oxygen tension in diabetes and hypertension. Clin Exp 
Pharmacol Physiol, 2013. 40(2): p. 123-37. 

76. Stridh, S., et al., C-peptide normalizes glomerular filtration rate in 
hyperfiltrating conscious diabetic rats. Adv Exp Med Biol, 2009. 645: p. 
219-25. 

77. Sällström, J. and M. Fridén, Simultaneous determination of renal plasma 
flow and glomerular filtration rate in conscious mice using dual bolus 
injection. J Pharmacol Toxicol Methods, 2013. 67(3): p. 187-93. 

78. Öberg, C.M. and B. Rippe, A distributed two-pore model: theoretical 
implications and practical application to the glomerular sieving of Ficoll. 
Am J Physiol Renal Physiol, 2014. 306(8): p. F844-54. 

79. Sivertsson, E. and M. Friederich-Persson, Inhibition of mammalian target of 
rapamycin induces renal mitochondrial uncoupling in rats. Adv Exp Med 
Biol, 2013. 789: p. 309-314. 

80. Stridh, S., et al., Inhibition of mTOR activity in diabetes mellitus reduces 
proteinuria but not renal accumulation of hyaluronan. Ups J Med Sci, 2015: 
p. 1-8. 

81. Mori, H., et al., The mTOR pathway is highly activated in diabetic 
nephropathy and rapamycin has a strong therapeutic potential. Biochem 
Biophys Res Commun, 2009. 384(4): p. 471-5. 

82. Lloberas, N., et al., Mammalian target of rapamycin pathway blockade slows 
progression of diabetic kidney disease in rats. J Am Soc Nephrol, 2006. 
17(5): p. 1395-404. 

83. Yang, Y., et al., Rapamycin prevents early steps of the development of 
diabetic nephropathy in rats. Am J Nephrol, 2007. 27(5): p. 495-502. 

84. Sakaguchi, M., et al., Inhibition of mTOR signaling with rapamycin 
attenuates renal hypertrophy in the early diabetic mice. Biochem Biophys 
Res Commun, 2006. 340(1): p. 296-301. 

85. Lieberthal, W., et al., Rapamycin delays but does not prevent recovery from 
acute renal failure: role of acquired tubular resistance. Transplantation, 
2006. 82(1): p. 17-22. 

86. Axelsson, J., et al., Rapid, dynamic changes in glomerular permeability to 
macromolecules during systemic angiotensin II (ANG II) infusion in rats. 
Am J Physiol Renal Physiol, 2012. 303(6): p. F790-9. 

87. Axelsson, J., A. Rippe, and B. Rippe, Acute hyperglycemia induces rapid, 
reversible increases in glomerular permeability in nondiabetic rats. Am J 
Physiol Renal Physiol, 2010. 298(6): p. F1306-12. 

88. Iglesias, P., et al., Thyroid dysfunction and kidney disease: An update. Rev 
Endocr Metab Disord, 2017. 18(1): p. 131-144. 

89. Brezis, M., Y. Agmon, and F.H. Epstein, Determinants of intrarenal 
oxygenation. I. Effects of diuretics. Am J Physiol, 1994. 267(6 Pt 2): p. 
F1059-62. 

90. Weetman, A.P., et al., Proteinuria in autoimmune thyroid disease. Acta 
Endocrinol (Copenh), 1985. 109(3): p. 341-7. 



 63

91. Moreno, J.M., et al., Cardiac and renal antioxidant enzymes and effects of 
tempol in hyperthyroid rats. Am J Physiol Endocrinol Metab, 2005. 289(5): 
p. E776-83. 

92. Rodríguez-Gómez, I., et al., Increased pressor sensitivity to chronic nitric 
oxide deficiency in hyperthyroid rats. Hypertension, 2003. 42(2): p. 220-5. 

93. Rodríguez-Gómez, I., et al., Influence of thyroid state on cardiac and renal 
capillary density and glomerular morphology in rats. J Endocrinol, 2013. 
216(1): p. 43-51. 

94. Varela, L., et al., Hypothalamic mTOR pathway mediates thyroid hormone-
induced hyperphagia in hyperthyroidism. J Pathol, 2012. 227(2): p. 209-22. 

95. Mourouzis, I., et al., Thyroid hormone improves the mechanical performance 
of the post-infarcted diabetic myocardium: a response associated with up-
regulation of Akt/mTOR and AMPK activation. Metabolism, 2013. 62(10): 
p. 1387-93. 

96. Yau, W.W., et al., Thyroid hormone (T3) stimulates brown adipose tissue 
activation via mitochondrial biogenesis and MTOR-mediated mitophagy. 
Autophagy, 2019. 15(1): p. 131-150. 

97. Persson, M.F., et al., Coenzyme Q10 prevents GDP-sensitive mitochondrial 
uncoupling, glomerular hyperfiltration and proteinuria in kidneys from 
db/db mice as a model of type 2 diabetes. Diabetologia, 2012. 55(5): p. 1535-
43. 

98. Hashizume, K. and K. Ichikawa, Localization of 3,5,3'-L-triiodothyronine 
receptor in rat kidney mitochondrial membranes. Biochem Biophys Res 
Commun, 1982. 106(3): p. 920-6. 

99. O'Reilly, I. and M.P. Murphy, Studies on the rapid stimulation of 
mitochondrial respiration by thyroid hormones. Acta Endocrinol (Copenh), 
1992. 127(6): p. 542-6. 

100. Friederich, M., et al., Identification and distribution of uncoupling protein 
isoforms in the normal and diabetic rat kidney. Adv Exp Med Biol, 2009. 
645: p. 205-12. 

101. de Cavanagh, E.M., et al., Renal mitochondrial dysfunction in spontaneously 
hypertensive rats is attenuated by losartan but not by amlodipine. Am J 
Physiol Regul Integr Comp Physiol, 2006. 290(6): p. R1616-25. 

102. Ushio-Fukai, M., et al., p22phox is a critical component of the superoxide-
generating NADH/NADPH oxidase system and regulates angiotensin II-
induced hypertrophy in vascular smooth muscle cells. J Biol Chem, 1996. 
271(38): p. 23317-21. 

103. Zhang, F., et al., Effects of Angiotensin-(1-7) and Angiotensin II on 
Acetylcholine-Induced Vascular Relaxation in Spontaneously Hypertensive 
Rats. Oxid Med Cell Longev, 2019. 2019: p. 6512485. 

104. Dynnik, V.V., E.V. Grishina, and N.I. Fedotcheva, The mitochondrial NO-
synthase/guanylate cyclase/protein kinase G signaling system underpins the 
dual effects of nitric oxide on mitochondrial respiration and opening of the 
permeability transition pore. FEBS J, 2020. 287(8): p. 1525-1536. 

105. Marín-García, J., The Emerging Role of Mitochondrial Dynamics in 
Cardiovascular Diseas, J. Marín-García, Editor. 2014, Academic Press: 
Post-Genomic Cardiology (Second Edition),. p. 499-530. 

106. Miyao, M., et al., Involvement of Senescence and Mitochondrial Fission in 
Endothelial Cell Pro-Inflammatory Phenotype Induced by Angiotensin II. Int 
J Mol Sci, 2020. 21(9). 



 64 

107. Qi, J., et al., Mitochondrial Fission Is Required for Angiotensin II-Induced 
Cardiomyocyte Apoptosis Mediated by a Sirt1-p53 Signaling Pathway. Front 
Pharmacol, 2018. 9: p. 176. 

108. Deng, A., et al., Regulation of oxygen utilization by angiotensin II in chronic 
kidney disease. Kidney Int, 2009. 75(2): p. 197-204. 

109. Sun, C.Y., S.C. Chang, and M.S. Wu, Uremic toxins induce kidney fibrosis 
by activating intrarenal renin-angiotensin-aldosterone system associated 
epithelial-to-mesenchymal transition. PLoS One, 2012. 7(3): p. e34026. 

110. Ng, H.Y., et al., Indoxyl sulfate downregulates expression of Mas receptor 
via OAT3/AhR/Stat3 pathway in proximal tubular cells. PLoS One, 2014. 
9(3): p. e91517. 

111. Kumar, U., N. Wettersten, and P.S. Garimella, Cardiorenal Syndrome: 
Pathophysiology. Cardiol Clin, 2019. 37(3): p. 251-265. 

112. Namikoshi, T., et al., Oral adsorbent AST-120 ameliorates endothelial 
dysfunction independent of renal function in rats with subtotal nephrectomy. 
Hypertens Res, 2009. 32(3): p. 194-200. 

113. Asanuma, H., et al., AST-120, an Adsorbent of Uremic Toxins, Improves the 
Pathophysiology of Heart Failure in Conscious Dogs. Cardiovasc Drugs 
Ther, 2019. 33(3): p. 277-286. 

114. Nakamura, T., et al., Oral ADSORBENT AST-120 decreases carotid intima-
media thickness and arterial stiffness in patients with chronic renal failure. 
Kidney Blood Press Res, 2004. 27(2): p. 121-6. 

 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1763

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-450561

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2021


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	The kidney
	Kidney function
	Kidney oxygenation
	The Renin-Angiotensin-Aldosterone System

	The mitochondria
	Mitochondria function
	Mitochondrial production of reactive oxygen species
	Mitochondria uncoupling

	Chronic kidney disease
	Definition and etiology
	Symptoms of CKD
	Uremic toxins in CKD
	Kidney transplantation

	Kidney hypoxia

	Aims
	Materials and Methods
	Animals
	Ethical permits
	Animals and experimental groups

	Continuous blood pressure measurements by telemetry (Study IV)
	Insertion of osmotic minipumps (Study II and III)
	Measurements of GFR in awake animals (Study III)
	Measurements of cardiac output by thermal dilution (Study IV)
	Evaluation of in vivo kidney function in rat (Study I, II and IV)
	Surgical procedures
	Measurements of kidney function in Study I and II
	Measurements of glomerular permeability (Study I)
	Measurements of kidney function in Study III
	Measurements of renal oxygen tension and oxygen metabolism (Study I, II and III)
	Calculations

	Evaluation of in vitro mitochondria function (Study I, II and III).
	Isolation of kidney cortex mitochondria
	Measurements of mitochondria function

	Plasma, urine and tissue analysis
	Western blotting (Study I)
	PCR (Study IV)
	Statistical analysis

	Results and Discussion
	Study I
	mTOR inhibition increase kidney oxygen consumption and induce increased production of oxidative stress
	mTOR inhibition induce tubular damage but decrease urinary excretion of proteins in diabetic animals
	mTOR inhibition induce mitochondrial uncoupling through uncoupling protein 2 and adenine nucleotide translocator
	mTOR inhibition decrease kidney tissue oxygen availability and alter glomerular permeability

	Study II
	T3 increases kidney oxygen consumption and decrease oxygen availability in kidney cortex
	T3 induces urinary protein leakage
	T3 induces mitochondrial uncoupling through uncoupling protein 2 and adenine nucleotide translocator

	Study III
	Low dose Ang II increases overall mitochondria respiration without compromising oxidative phosphorylation capacity
	High dose Ang II decreases overall mitochondria respiration and oxidative phosphorylation capacity
	The normal mouse kidney express all UCP isoforms
	Low and high dose Ang II induces different UCP isoform expressions
	High Ang II signaling alters the relationship of angiotensin II type 1 and type 2 receptor expressions
	Ang II induces oxidative stress and activates genes of the antioxidant defense system

	Study IV
	The 5/6-nephroctomy rat is normotensive at baseline but develop salt sensitive hypertension
	AST-120 improves parameters of cardiovascular function and decrease systemic oxidative stress
	Enalapril protects renal functional reserve and decreases intrarenal oxidative stress
	AST-120 and enalapril independently improve kidney oxygen availability and decreased urinary protein leakage


	Summary and Conclusions
	Populärvetenskaplig sammanfattning
	Acknowledgements
	References



