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1. INTRODUCTION

For the last 20 years, Chronic Kidney Disease (CKD) has remained a major cause of death
worldwide. Cardiovascular events even account for 40 to 50% of deaths in patients with
CKD.(1, 2) Cardiac changes observed in CKD involve metabolic remodeling, compromised
myocardial energetics, and loss of insulin-mediated cardioprotection. The entity of these
symptoms describes Uremic cardiomyopathy (UCM).(3) This thesis focuses on the effect of
urea on cardiomyocytes and on affected intracellular pathways that can be linked to
the transcriptional coactivator peroxisome proliferator-activated receptor-
v (PPARy) coactivator-1a (PGC-1a), an important orchestrator of intra-cellular energy

metabolism.

1.1 Chronic Kidney Disease: Overview

The kidneys are important filtration devices of the human body. They are responsible for the
body’s volume control and for excretion of toxins and metabolic waste-products. Besides, the
kidneys regulate electrolyte levels and have endocrine function (renin, erythropoietin, and
calcitriol). The importance of these regulatory systems becomes apparent in the failing state

— chronic kidney disease (CKD).

Damage to the kidney is mediated through two general processes: A trigger, such as a
genetical alteration of kidney development or accumulation of immune complexes. And
adaptational mechanisms like hypertrophy and hyperfiltration by the remaining functional
nephrons. Long-term reduction of kidney mass causes these adaptions through hormones,
cytokines, and growth factors. But these changes cannot compensate for the damaged
nephrons for a longer period and therefore cannot equilibrate the elevated blood pressure

and flow. This leads to a decreased glomerular filtration rate (GFR).(4)

CKD is defined by the International Society of Nephrology in the KDIGO (Kidney Disease:
Improving Global Outcomes) Position Statement from 2012 as abnormalities of kidney
structure or function, present for >3 months, with implications for health. These criteria can
consist of either a decreased GFR <60 ml/min/1.73 m? or a different marker of kidney damage.

This is illustrated in table 1.



Criteria for CKD (either of the following present for >3 months)

Markers of kidney damage (one or more) Albuminuria (AER >30mg/24 hours; ACR =30mg/g [>3 mg/mmol])
Urine sediment abnormalities
Electrolyte and other abnormalities due to tubular disorders
Abnormalities detected by histology
Structural abnormalities detected by imaging
History of kidney transplantation

Decreased GFR GFR <60 ml/min/1.73 m? (GFR categories G3a-G5)

Figure 1 | Criteria for chronic kidney disease; KDIGO 2012 clinical practice guideline for the

evaluation and management of chronic kidney disease.(5)

In the latest clinical practice guideline, classification of CKD is based on cause, GFR, and
albuminuria (CGA). Cause of CKD can be assigned based on presence or absence of systemic
disease and pathologic changes located in the kidney. GFR category (G1 to G5) depends on
the patient’s GFR and CGA classification then sorts the patient into categories (Al to A3),

regarding their albumin excretion rate in 24 hours. This is shown in table 2.(5)



Persistent albuminuria categories
Description and range

A1 A2 A3
Prognosis of CKD by GFR
and Albuminuria Categories: N?]:T;;to Moderately Severely
KDIGO 2012 increased increased increased
<30 mg/g 30-300 mg/g >300 mg/g
<3 mg/mmol 3-30 mg/mmol >30 mg/mmol
&E G1 | Normal or high >90
™
N o
- g'l G2 Mildly decreased 60-89
ES
Eo Mildly to moderately
Lé S | ©3@ | decreased 45-59
- c
oo Moderately to
28 | @3 | severely decreased S
O ‘=
3 @
w0 G4 Severely decreased 15-29
o
1
<"."3 G5 | Kidney failure <15

Figure 2 | Classification of Chronic Kidney Disease. The figure accounts for GFR category hori-
zontally and albuminuria category vertically. Green: low risk for CKD(if no other markers of
kidney disease, no CKD); Yellow: moderately increased risk for CKD; Orange: high risk for CKD;
Red, very high risk for CKD.(6)

Symptoms of CKD vary in between patients from pruritus and sleep disorders to intestinal
problems and pain. Lower stages of kidney disease are not associated with symptoms of
decreased GFR but with the underlying kidney disease: Edema in patients with nephrotic
syndrome, or secondary high blood pressure in polycystic kidney disease patients, for
example. In higher stages nearly all organs are affected. Most evident complications include
anemia and subsequently fatigue, loss of appetite and malnutrition, and damaged balance of
electrolytes, acid-base state, and hormones (Calcitriol, Parathormone, Fibroblast-Growth-
Factor 23). If a patient reaches kidney failure, toxins accumulate, and the patient is gravely
limited in his every-day life. This condition is lethal if kidney replacement therapy is not

initiated.(4, 7)

Chronic kidney disease is a highly prevalent condition. In 2017 global prevalence was

estimated as 9.1% in the world’s population. It varies between 3.31% in Norway and 17.3% in
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northeastern Germany regarding all stages of CKD. Similar rates exist in China and the United
States.(8, 9) Leading causes of chronic kidney disease show a global variance, too. In high-
income and middle-income countries, diabetes (types 1 and 2) and hypertension are the main
reasons. Diabetes accounts for 30 — 50% of all CKD and for 30.7% of CKD DALYs (DALY=
disability-adjusted life-year, a measure of overall disease burden). In east Asia, eastern
Europe, tropical Latin America, and western sub-Saharan Africa, high blood pressure accounts
for the biggest number of cases of CKD. Also, in Asia, India, and sub-Saharan Africa,
glomerulonephritis and unknown causes are more common. This can be explained by toxic
effects of herbal medicines and environmental pollution of water, regarding heavy metals and

organic compounds, such as pesticides.(9, 10)

In Germany, the leading causes for ESRD are diabetes, glomerulonephritis, and hypertensive
nephropathy. In table 3, the different underlying diagnoses of patients undergoing dialysis

treatment in the year 2006 are illustrated.(11)

Other
Hypertensive nephropathy 4%
Cystic kidney disease

Unknown
10%
Type 1 diabetes
Systemic disease 24%
3% . Type 2 diabetes
Hereditary 2%
1%

Interstitial nephritis
12%

Glomerulonephritis
19%

Figure 3 | Distribution of diagnoses of ESRD patients in Germany (2006, prevalence). Diabetes
is the highest cause (28%), followed by glomerulonephritis (19%) and hypertensive nephropa-
thy (17%). The Table has been translated from the original source; n = 48.535.(11)



The mortality of patients receiving dialysis can be divided into cardiovascular and non-cardio-
vascular causes, the latter including infections, malignancies, cachexia, withdrawal, suicide/re-
fusal of treatment, and miscellaneous. For the first three years of dialysis treatment, these
numbers have been compared by De Jager et al. in 2009. They found that “the increased risk
of cardiovascular mortality in patients starting dialysis goes together with an equally increased
risk of non-cardiovascular mortality” and underlined the importance of researching non-car-

diovascular as well as cardiovascular causes. Their data is shown in table 4.(2)

Miscellaneous,
14.6%

Suicide/refusal of treatment
3.9%

Withdrawal
5.2%

Cardiovascular
39.1%

Cachexia,
4.7%

Malignancies’
7.8%

Infections Unknown
14.6% 10.2%

Figure 4 | Causes of death after first three years of dialysis. Data from the European Renal
Association — European Dialysis and Transplant Association [ERA-EDTA] Registry (years 1994
to 2007); n =123 407.

Cardiovascular events account for approximately 40 to 50% of deaths in patients with CKD and
mortality due to cardiovascular disease (CVD) is 10 to 30 times higher in dialysis patients than
in the general population.(2, 12, 13) In 2010, Matsushita et al. showed that the cardiovascular
risk increases linearly with the decrease of the estimated GFR below the threshold of 75
ml/min/1.73m and especially in young patients, development of cardiac and vascular disease

has shown to be rapid.(14, 15)



1.2 Pathophysiological changes in CKD: Uremic cardiomyopathy

When kidney function declines, the kidneys are incapable of excreting enough water and
waste products (uremic toxins). Both these toxins and endocrine failure (e.g., deficiency of
erythropoietin and vitamin D, or excess of parathyroid hormone) cause major structural and
functional changes to the heart and the vascular system, resembling all aspects of an acceler-
ated ageing process and latent cardiac failure. The vascular tree can be affected by both ath-
erosclerosis and arteriosclerosis with lipid rich plagues and abundant media calcification. It
has been shown that patients undergoing dialysis have pronounced atherosclerosis with spe-
cific calcification and lipid patterns. Furthermore, marked fibrous or fibro-elastic thickening of
elastic and muscular arteries with a loss of elastic fiber content are linked to CKD. This causes

increased vascular stiffness and pronounced peripheral artery disease.(14)

In the heart, the changes include impaired angio-adaption, myocardial micro-arteriopathy,
myocardial fibrosis and left ventricular hypertrophy (LVH). The entity of these symptoms has
been termed uremic cardiomyopathy (UCM), with LVH being the primary manifestation.(14,
16) Apart from increased pre- and afterload, the parathyroid hormone (PTH) seems to play a
role on LVH, interstitial fibrosis and cardiac arterioles, as its concentration correlates with car-
diac morbidity and cardiac death in dialysis patients. Other authors suggest an intensification
of cardiac changes by the renin-angiotensin-aldosterone system (RAAS) and the endothelin

(ET) system. Especially ET-1 correlates closely with the development of LVH.

Another factor that interferes with oxygen supply of the heart muscle is the reduction of ca-
pillary density. This lack of oxygen makes the heart more susceptible to ischemic damage and
may increase the cardiac risk in uremic patients. This rarefaction also occurs in different types

of hypertrophy, but is significantly more pronounced in uremia.(17)

1.3 Urea —just metabolic waste?

Urea is produced in a set of biochemical reactions, mainly in the liver and the kidney, to pre-
vent toxic levels of ammonium, which develop from the breakdown of amino acids. Then, urea
is eliminated through the kidneys. The physiologic plasma concentration averages no higher

than 416 uM for male, and 339 uM for female individuals.(4, 18)



Physiologically, a cell needs to get rid of certain toxins that originate from its metabolism. If
this buffering capacity is exceeded by abnormal cell metabolism, aggressive peroxides and
free radicals can no longer be eliminated. The term “oxidative stress” reflects this imbalance
in the redox state of the cells that can cause damage to all cellular components. It mainly
consists of reactive oxygen species (ROS) such as peroxides, superoxides and hydroxyl radicals.
The induction of oxidative stress has impaired cardiomyocyte viability in previous studies and

reduction of oxidative stress has led to augmented survival of various cell types.(19, 20)

In the past, the effect of elevated urea in CKD was neglected. Blood urea concentrations of
less than 50 mM were well tolerated in dialysis and the HEMO study demonstrated in 2002
that increasing urea reduction rate from 66% to 75% did not alter survival in patients with an
increased dialysis dose.(21, 22) However, patients with ESRD displayed elevated levels of oxi-
dative stress, which reflects an imbalance between the generation of reactive oxygen species
(ROS) and the cellular ability to detoxify reactive intermediates or to repair resulting damage.
Recent data showed that non-physiologic levels of urea lead to increased ROS production and
an elevated level of 8-oxoguanine, a marker of oxidative stress.(23-25) Mitochondrial ROS
production was triggered by exposing human aortic endothelial cells to 20 mM urea, a con-
centration found in chronic renal failure.(26) These results suggest an important effect of urea

on the mitochondria of endothelial cells.

1.4 PGC-la - orchestrator of mitochondrial metabolism

The question arises what connects urea to an impaired mitochondrial metabolism.
The transcriptional coactivator peroxisome proliferator-activated receptor-y (PPARy) coacti-
vator-la (PGC-1a) is considered an important regulator of mitochondrial content and orches-

trator of intra-cellular energy metabolism.(27, 28)

PGC-1a was first discovered due to its importance in thermogenesis. Ilts mMRNA expression was
highly elevated upon cold exposure in both brown fat and skeletal muscle, key thermogenic
tissues, and connected to upregulation of PPARy and uncoupling protein-1 (UCP-1, also called
thermogenin).(29) Aside from cold temperature, it is induced by physical exercise and medi-

ates muscle adaption.(30, 31) Soon, PGC-1a was linked to mechanisms controlling mitochon-



drial biogenesis and respiration. The nuclear genome encodes most proteins found in the mi-
tochondria. PGC-1a and PGC-1B, a related coactivator, induce the transcription of most of
these genes. This includes the proteins necessary for the electron transport chain, the Krebs

(TCA) cycle, and those involved in the B-oxidation of fatty acids.(28, 32, 33)

In the cardiomyocyte, PGC-1a and B are highly expressed. This is in line with the high meta-
bolic activity of this cell type.(28) PGC-1a levels correlated with cardiac oxidative capacity (34)
and hearts from PGC-1a KO mice had reduced mitochondrial enzymatic activities, decreased
levels of ATP and their hearts had a diminished ability to increase work output.(35) Constitu-
tive cardiac PGC-1a overexpression in mice resulted in uncontrolled mitochondrial prolifera-
tion, leading to dilated cardiomyopathy.(36) In culture, PGC-1a increased mitochondrial num-
ber, upregulated expression of mitochondrial enzymes, and increased rates of fatty acid oxi-

dation and coupled respiration.(37, 38)



1.5 Objective of research

Cardiac events account for a major part of deaths in CKD patients. These patients show met-
abolic changes, which could be caused by altered regulation of PGC-1a. Our objective was to
investigate the signaling pathways connecting uremia, PGC-1a, and myocardial dysfunction.
We also investigated the effects of urea on cardiomyocyte metabolism, as we suspect urea to

cause an alteration on mitochondrial viability.
Hypothesis:

PGC-1a plays a role in the cardiac changes seen in uremic cardiomyopathy.
To test our hypothesis, we designed the following experiments:

A) Treatment of endothelial cells and cardiomyocytes with high-physiological concentra-
tion of urea in a time course from 30 minutes to 48 hours, to distinguish short-term
activation (e.g. phosphorylation) from long-term alterations (e.g. transcription). To
consider osmotic effects, we included a glucose-treated control group (25 mM).(39) As
urea can spontaneously transform into cyanate, we included a cyanate-treated group

to eliminate the chance, that we solely investigate the effect of cyanate.

B) Analyzing heart tissue of mice which were fed a high-urea/oxalate diet to simulate kid-

ney failure. This diet is used to induce stable stages of CKD in mice.(40)



2. MATERIALS

2.1 Fine chemicals and reagents

Acetic acid

Acetonitrile

BioAcryl-P (30%)

Agarose

Ammonium Persulfate (APS)
Amidoblack 10B

Chloroform

D-Glucose

D-Mannitol

Dimethyl Sulfoxide (DMSO)
Ethanol

Fetal Bovine Serum (HL-1 screened)
Formaldehyde

Isopropanol

L-Ascorbic Acid

L-Glutamine

Methanol

Norepinephrine

Potassium cyanate

Sodium pyruvate

Standard Fetal Bovine Serum
Tetramethylethylenediamine (TEMED)
TRIzol® Reagent

Urea

Fluka

Laboratory stock
Boston BioProducts
Sigma

Sigma

Bio-Rad
Sigma-Aldrich
Sigma-Aldrich
Fischer Scientific
Fischer BioReagents
Sigma-Aldrich
Sigma-Aldrich
Fischer Chemical
Sigma-Aldrich
Sigma-Aldrich
Cellgro
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Laboratory stock
HyClone

Sigma

Ambion

Fischer Scientific
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2.2 Plasmids

PGC-1a promoter 2kb luciferase #8887 addgene
pcDNA-f:PGC1 #1026 addgene
FLAG-FOXO3a WT #8360 addgene
pSG5 PPARa #22751 addgene

2.3 Immunohistochemical staining

MitoSOX™ Red mitochondrial superoxide Invitrogen
indicator

MitoTracker™ Red CM-H2XRos Invitrogen
MitoTracker™ Green FM Invitrogen

DAPI (4,6-diamino-2-phenylindole, dihydro- = Invitrogen

chloride)

2.4 Primary antibodies used for western blot

PGC-1a Laboratory stock

PPARy Laboratory stock

pFOX03a (p-FOX001 (T24)/FOX003a) Cell Signaling Technologies
Akt (Akt (pan)(C67E7)) Cell Signaling Technologies
pAkt (P-Akt (S473) (193H12)) Cell Signaling Technologies
Erk (p44/42 MAPK (Erk1/2)) Cell Signaling Technologies
pErk (P- p44/42 MAPK (Erk1/2)) Cell Signaling Technologies
pp38 (p38 MAPK (D13E1)XP®) Cell Signaling Technologies
JNK (SAPK/JNK) Cell Signaling Technologies
B-Actin Laboratory stock
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2.5 Secondary antibodies used for western blot

Peroxidase conjugated AffinPure F(ab’)2

rabbit

Anti-mouse antibodies

2.6 TagMan probes

TagMan® Gene Expression Assays
TagMan® Fast Advanced Master Mix

TagMan® Assay probes (Mm01208835_m1

Jackson ImmunoResearch

Laboratory stock

Ppargcl; Mm00725448 s1 Rplp0)

2.7 Transcriptional factors for RT PCR

PPARG coactivator 1 alpha (#4331182)

2.8 Buffers

TBS-Tween-20 Washing
Buffer(10X)

Tris-Glycine-SDS Running
Buffer (10X)

Transfer Buffer (10X)

Destaining Buffer

Tris 500 mM

NaCl 1.5M
Tween-20 1%
Tris base 250 mM
Glycine 1.92 M
SDS 1%

Tris base 0.25 M
Glycine 1.92 M
Methanol 45%
Acetic acid 10%
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Applied Biosystems
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Thermo Fischer Scientific
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Boston BioProducts

Boston BioProducts

Boston BioProducts



SDS Sample Buffer (4X)

Stacking Buffer

RIPA Buffer (5X)

Tris-HCL 250 mM Boston BioProducts
SDS 8%

Glycerol 40%

bME 8%

Bromophenol 0.02%

Tris-Base 0.5 M Boston BioProducts
SDS 0.4%

Tris-HCl 250 mM Boston BioProducts
NaCl 750 mM

NP-40 5%

Sodium deoxycholate 2.5%
SDS 0.5%

2.9 Ready for use kits and solutions

Amidoblack solution

Amino acid solution
Ampicillin 50 mg/ml
Claycomb Medium

Methanol 40mi Laboratory stock
Acetic Acid 10ml
Amidoblack 0.1g

H,O 50ml
Sigma-Aldrich
Laboratory stock
Total protein 261 mg/I Sigma-Aldrich

Bovine albumin 48.85 mg/I Nones-
sential amino acids 0.1 mM

Fetuin 165 mg/I

Transferrin 31.8 mg/I

Retinoic acid 300 pg/I

Human insulin (recombinant) 0.1 pg/I
Long R3IGF-1 (recombinant) 0.1 pg/I

Long EGF (recombinant) 0.1 pg/I
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DEPC-Treated Water
Dulbecco’s Modified Eagle’s
Medium (DMEM)

Endothelium Cell Basal Me-

dium-2 Bulletkit

Ethidium Bromide Solution
Fibronectin (1 mg/ml)
Formaldehyde load dye
Gelatin solution 2%

Hanks’ Balanced Salt Solu-
tion (HBSS)

Isotopic Standards

LB-Medium Miller

Cholesterol 1.96 mg/I

Linolic acid 0.78 mg/I
y-Oleyl-B-pal-a-phosphatidylcholine
1.96 mg/I

Ascorbic acid 0.3 mM

Glucose 4500 mg/I
L-glutamine 4500 mg/I
Sodium bicarbonate 4500 mg/I
EBM-2 Basal Medium 500 ml
FBS 10 ml

Hydrocortisone 0.2 ml

hFGF 0.2 ml

VEGF 0.5 ml

R3-IGF-1 0.5 ml

Ascorbic Acid 0.5 ml

hEGF 0.5 ml

GA-1000 0.5 ml

Heparin 0.5 ml

Trypton 1%
Yeast extract 0,5%

NaCl 1%
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Sigma

Lonza

Bio-Rad
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Sigma
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L-Glutamine 200 mM Solu-
tion
L-Glutamine-Penicillin-
Streptomycin solution
Streptomycin 10 mg/ml
Lipofectamine® 2000
Lipofectamine® 3000
MOPS Electrophoresis
Buffer

NorthernMax® MOPS Gel
Running Buffer
Nuclease-Free Water
Opti-MEM® | Reduced Se-
rum Medium
Penicillin-Streptomycin So-
lution

Phosphate Buffered Saline

Phosphatase Inhibitor Cock-
tail 2

Ponceau S solution

Protease Inhibitor
PMSF
DTX

Pierce® BCA Protein Assay

L-glutamine 200 mM

Penicillin 5000 I.U./ml
Streptomycin 5000 pg/ml
NaHPO4 (10 mM)
KH2PO4 (2 mM)

KCL (2.7 mM)

NaCl (137 mM)

PonceauS 0.1%
Acetic acid 5%

BCA Reagent A (sodium carbonate,
sodium bicarbonate, bicinchoninic
acid and sodium tartrate in 0.1 M so-

dium hydroxide)
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Penicillin 10000
units

Sigma
Invitrogen
Invitrogen
Fischer BioRea-
gents

Ambion

Ambion

Thermofisher

Cellgro

Boston BioProd-

ucts and Gibco

Sigma

Sigma-Aldrich

Laboratory stock

Laboratory stock

Laboratory stock

Thermo Scientific



Precision plus protein ladder

RNaseZap™

RNeasy® Mini Kit (250)
SuperSignal® West Pico

Chemiluminescent Sub-

strate

SuperSignal® West Femto

Trial Kit

Trypsin-EDTA Solution

Western Blocker Solution™

Solution

XF Base Medium

XF cell mito stress test kit

2.10 Cells

HL-1 Cardiac Muscle Cell Line
H9c2(2-1) (ATCC® CRL-1446™)

HEK 293T

DH5a™ Competent E. coli

BCA Reagent B (4% cupric sulfate)
Albumin Standard Ampules 2mg/mL
(bovine serum albumin (BSA) at 2
mg/mL in 0.9% saline and 0.05% so-

dium azide)

Trypsin2.5g
EDTAO0.2 g
4 Na per liter of HBSS with phenol red

Sigma-Aldrich
ATCC
Laboratory stock

Invitrogen
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Invitrogen
Qiagen

Thermo Scientific

Thermo Scientific

Sigma

Sigma

Agilent Technolo-
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Agilent Technolo-
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2.11 Animals

8-week-old male FVB mice were obtained from Charles River Laboratories. IACUC-approved

protocol no. 059-2015 / 101118 (Animal Welfare Assurance #A3153-01).

2.12 Consumables

1.5 ml Microcentrifuge Tube

1.5 ml sterile Microcentrifuge Tube
2.0 ml Microcentrifuge Tube
Disposable Cell Scraper

Filter paper

Filter sterile pipets

Tube Top Filter 50 ml

0.2 pum PES for filtration 500 ml
Mini-PROTEAN® Precast Gels

Immobilon®-FL Transfer Membranes

Insulin Syringes 0.37x12.7 mm

Luna HPLC column (100x3.0 mm, 2.6 um)
MicroAmp® Fast optical 96-Well 0.1 ml

plate

Mini-Protean® Glass plates 1.0 mm
Mini-Protean® Glass plates 1.5 mm
Corning 3506 6 well

Corning 3527 24 well

Corning 3548 48 well

Corning Flask 75 cm?

Corning 43029 100mm Dish

XF24 V7 cell culture microplate

XF96 V3 cell culture microplate

SealRite
Fischerbrand

USA Scientific
Fischerbrand
Bio-Rad Laboratories
USA scientific
Corning

Autofil

Bio-Rad Laboratories
Merck Millipore

Exel

Phenomenex Inc.

Applied Biosystems

Bio-Rad
Bio-Rad
Corning
Corning
Corning
Corning
Corning
Seahorse Bioscience

Seahorse Bioscience
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PCR Plate 96 well, PP, 0.3 ml non-skirted
Pipettes and Tips

RNase-Free 0.2 ml PCR Tubes w/caps

50 ml Conical Centrifuge Tubes

15 ml Conical Centrifuge Tubes

2.13 Instruments

7500 Fast Real-Time PCR System

API 5000™ System

Bel-Art™ SP Scienceware™ Liquid Nitrogen-
Cooled Mini Mortar

Blotting chamber: Mini PROTEAN® Tetra
Cell

Dry Bath Incubator MK-20

Easycast B1A-BP gel electrophoresis cham-
ber

Electrophoresis Power Supply Gibco BRL
GeneAmp® PCR System 2700

IncuBlock™

Invitrogen™ EVOS™ FL Cell Imaging System
Freezing container

Isotemp Heat Block

MicroMax® Centrifuge

Microwave theGenius inverter

MilliQ

Mini Centrifuge

NanoDrop 2000c Spectrophotometer

ORBI Shaker MP

PowerPac® Basic

Fischerbrand
Laboratory stock
Ambion

Thermo Scientific

Thermo Scientific

Applied Biosystems
AB Science

FischerScientific

Bio-Rad Laboratories

TSZ Scientific

Thermo Scientific

Life Technologies
Applied Biosystems
Denville Scientific inc.
Thermo Scientific
Nalgene

Fischer Scientific
IEC

Panasonic
Millipore

Fischer Scientific
Thermo Scientific
Benchmark

BioRad
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SpectraMax 190 Molecular Devices

SpectraMax M5 Molecular Devices
Thermomixer Eppendorf

The Belly Dancer Stovall Life Science
ThermoScientific myECL Imager Thermo Scientific
Vortex Genie 2 Scientific Industries
XF 24 Extracellular Flux Analyzer Seahorse Bioscience
XFe 96 Extracellular Flux Analyzer Seahorse Bioscience
XF Prep Station Seahorse Bioscience

2.14 Software

Adobe Photoshop
Analyst 1.6

Imagel

Microsoft Office 365
NanoDrop2000
Thomson EndNote

Wave Seahorse XF
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3. METHODS

3.1 In-vitro work

3.1.1 Human Embryonic Kidney Cells (HEK 293T)

The 293T cell line is a highly transfectable derivate of Human Embryonic Kidney 293 cells. The
293T cells express the Large T antigen, important for replicating plasmids containing a SV40

origin of replication.

We grew the cells on 100 mm dishes in an incubator containing 5% CO, at 37°C and used

DMEM growth medium, which we filtered to avoid contamination.

DMEM medium: DMEM 89%
FBS 10%

Penicillin/Streptomycin 1%

When the cells reached full confluence, they were detached by incubating them at 37°C with
1.3 ml Trypsin/EDTA solution. The detached cells were repeatedly pipetted to avoid clumping

and incubated on new dishes overnight.

3.1.2 Atrial Muscle Cell Line (HL-1)

HL-1 cells (Sigma-Aldrich) are immortalized atrial mouse cardiomyocytes able to continuously
divide and spontaneously contract while maintaining a differentiated cardiac phenotype. For
proliferation, we grew the cells on dishes that were coated with gelatin/fibronectin solution
containing 0.04% gelatin and 20 pg/ml fibronectin. The solution was filter-sterilized using a
0.22 um filter and left on the cell culture dish for at least one hour at 37°C before using the
dishes for cell culture. Media was prepared as recommended by the manufacturer using the

following ingredients:
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Norepinephrine 10 mM: Distilled Water 100 ml

Ascorbic acid 0.59¢
Norepinephrine 320 mg
Supplemented Claycomb Medium: Claycomb Medium 87 ml
FBS 10 ml
Penicillin/Streptomycin 1ml

Norepinephrine 10 mM 1ml
L-Glutamine 200 mM 1ml

Supplemented Claycomb Medium was filter-sterilized and wrapped in aluminum foil, since the
medium is extremely light sensitive. Therefore, cell work was done leaving the hood lighting
off. Cells were fed daily and passaged at high confluence following the protocol provided by

SAFC®.

3.1.3 Ventricular Muscle Cell Line (H9c2 (2-1) (ATCC® CRL-1446™)

H9c2(2-1) cells are a subclone of the original clonal cell line derived from embryonic BD1X rat
heart tissue. The myoblast cells were cultured in DMEM medium containing 10% FBS. For pas-
sage, we followed the protocol provided by ATCC® and kept the cells beneath 70% confluence

for expansion.

3.1.4 Plasmid cloning

We used DH5a competent E. coli cells to clone plasmid vectors following the protocol pro-
vided by Invitrogen. The successful transfection was controlled by antibiotic selection on am-
picillin containing LB plates. A single colony was transferred into 100 ml of LB-Medium Miller
containing ampicillin at 50 pg/ml and incubated at 120 rpm at 37°C overnight. The next day,
the plasmids were extracted using EndoFree® Plasmid Maxi Kit (Qiagen) and subsequently

stored at -20°C.
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3.1.5 Transfection

Transfection was performed on HEK 293T cells in 6well plates growing in DMEM medium with-
out antibiotics. We followed Lipofectamine® 2000 DNA Transfection Reagent Protocol. The

successful transfection was confirmed by western blot.

3.1.6 Extracellular Flux Analyzer

We measured the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
in live cells using Seahorse Bioscience XF24 Extracellular Flux Analyzer (Seahorse Bioscience).
Cells were seeded into quadruplicate wells of XF24 V7 cell culture plates (Seahorse Biosci-
ence). The next day, the medium was changed to XF assay medium (Seahorse Bioscience),
supplied with 10 mM glucose, 1 mM pyruvate and 2 mM glutamine. After a one-hour incuba-
tion in a non-CO2 incubator, OCR and ACAR were measured three times. Then, measurements
were taken as the cells were treated in four conditions: (1) no additives to measure basal lev-
els; (2) 1 uM oligomycin to reversely inhibit ATP synthase (complex V) and reveal glycolysis
alone; (3) 0.3 uM Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), an uncou-
pling agent, induces maximal respiration; (4) 0.5 uM rotenone/antimycin A, a mitochondrial

poison and Complex | inhibitor, to show non-mitochondrial respiration.

We used Pierce® BCA Protein Assay to adjust the results to the number of cells existing in each
well. Cells were lysed in 10 ul RIPA buffer for 10 minutes on a shaker and we then added 200
ul of BCA solution and incubated the reaction at 37°C for 30 min. Diluted albumin in the con-
centrations 0.125 mg/ml, 0.5 mg/ml, 1 mg/ml, 2 mg/ml and 4 mg/ml was used for calibration.
SpectraMax 190 was utilized to measure absorbance. We made use of the Seahorse software

“Wave” to normalize for protein quantity and plot the results.
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3.1.7 Staining for mitochondria and Reactive oxygen species (ROS)

MitoTracker Green FM (ThermoFisher) is a reduced dye, that fluoresces upon oxidation and
stains mitochondria in live cells. It was used at a concentration of 500 nM. MitoSOX™ Red
reagent (ThermoFisher) that specifically targets mitochondria and produces fluorescence only
upon oxidation by superoxides. We used it in a concentration of 5 uM. To show the integrity

of the nucleus, we used Hoechst® nucleid acid stain.

Staining dyes were diluted to the above-mentioned concentration in HBSS. Cells were treated
with MitoTracker for 45 min and with MitoSox for 10 min. The staining solution was then re-
placed with warm HBSS. Cells were examined using EVOS™ FL Cell Imaging System

(Invitrogen).

3.2 Animal work

All procedures were performed according to the IACUC-approved protocol no. 059-2015 /
101118 (Animal Welfare Assurance #A3153-01). 8-week-old male FVB mice were obtained
from Charles River Laboratories and housed in groups of 3-5 mice in standard housing condi-
tions with unlimited access to food and water. One group (n=6) of mice was given a standard
diet as control group and a larger group (n=21) was given an oxalate diet for 3 weeks. The
oxalate diet (catalog no. TD.110105, Envigo Teklad Diets, NJ, USA) was prepared by adding
0.67% (6.7 g/kg) sodium oxalate to a calcium deficient standard diet (catalog no. TD.95027) as
reported elsewhere.(41) Mice with baseline mild/moderate crystal-induced nephropathy
were maintained with western-type diet (catalog no. D12492, Research Diets, Inc. NJ, USA)
and 50 g/L urea with or without taurine 10 g/L (as carbamylation scavenger) in their drinking
water for 8 weeks. Control animals were similarly treated with oxalate but only fed western-

type diet. Animals to be studied were randomly chosen.
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3.3  Protein Biochemistry

3.3.1 Protein extraction and assessment of protein concentration

Heart tissue was homogenized using a Liquid Nitrogen-Cooled Mini Mortar (Fisher Scientific)
and resolved in RIPA buffer. After an incubation on ice for 1 hour, we homogenized the sam-
ples by passing them 7 times through Insulin Syringes (Exel). Insoluble material was pelleted
by centrifugation at 10000 X G for 10 minutes. Samples from cell culture were first washed
with ice-cold PBS and harvested in 1 ml RIPA buffer. Protein was quantified using SpectraMax

M5 Flurometer (Molecular Devices). Samples were stored at -20°C.

3.3.2 Electrophoretic protein separation (SDS-PAGE)

Proteins were separated in a polyacrylamide gel electrophoresis (PAGE) based on their molec-
ular weight. We used Mini-PROTEAN® Precast Gels (Bio-Rad) and self-made gels. For the self-

made gels we used following formulae:

Resolving gel: ddH,0 15,8 ml
Acrylamide (30%) 13,3 ml
Running Buffer 10,4 ml
APS 400 pl
TEMED 40 pl

Stacking gel: ddH,0 13,2 ml
Acrylamide (30%) 5ml
Running Buffer 6,5 ml
APS 250 pl
TEMED 25 ul

Gels were manufactured in a Mini-gel chamber (Bio-Rad). The resolving gel was polymerized
between two glass plates (Bio-Rad) and covered with isopropanol to lower surface tension
and straighten the gel. The stacking gel was loaded onto the resolving gel and inserted with a
comb to spare the sample wells. The chamber was filled with running buffer and the samples

were loaded into the wells. To determine the protein size, we filled the first well with Precision
24



plus protein ladder (Bio-Rad). Remaining wells were filled with SDS sample buffer to avoid
diffusing the bands from neighboring wells to the empty wells. With four gels in the chamber,

60 mA constant electric current was set for 15 min and then increased to 100 mA for an hour.

3.3.3 Sample preparation for gel electrophoresis

Proteins in the RIPA-lysate were heat-denatured in SDS Sample buffer (2X) containing B-mer-
capthoethanol (B-ME). The high temperature, B-ME and SDS assured protein denaturation
and breakdown of the disulfide bridges. The anionic SDS molecules bind to the polypeptides
and outweigh their intrinsic charge. The gel acts as a micro-sieve, thus small proteins wander
along the electric field at higher velocity, compared to higher molecular proteins. This method
secures protein separation due to molecular mass and not due to interfering effects of pro-

tein-intrinsic charge.

3.3.4 Western blot and protein detection

PVDF membranes were activated in methanol on a shaker for 1 min. SDS-PAGE-separated pro-
teins were transferred from the gel onto the membrane by wet blotting. Filter papers, mem-
brane and gel were soaked in transfer buffer and stacked vertically in a transfer chamber. The
chamber was filled with transfer buffer and a cool pack was added to reduce heat. The cham-
ber was set to constant 110 Volt for 90 min and transfer efficiency was evaluated by unspecific
protein staining using Amidoblack solution or Ponceau S. The color was removed with destain-

ing buffer and wash buffer afterwards.

The membrane was blocked for 1 hour using blocking buffer to prevent unspecific antibody
binding. For detection of the target proteins, we incubated the membrane overnight at 4°C in
blocking buffer containing the primary antibody in a dilution recommended by the manufac-
turer. After removing the primary antibody and three 10 minutes washing steps in washing
buffer, the secondary antibody directed against the primary antibody was added in a 1:3000-
dilution in blocking buffer. After five additional washing steps, the membrane was incubated

in an enhanced chemiluminescent (ECL) HRP substrate for 5 minutes which was mixed directly
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before usage according to manufacturer’s recommendation. Chemiluminescence was de-
tected using Thermo Scientific myECL Imager and band density was evaluated using Imagel®

(NIH).

3.4 Amino acid analysis

3.4.1 Sample preparation and calibrators

Cell culture media was collected, and cells were lysed with methanol. 20 pl of isotopic stand-
ards (Cambridge isotopes) and 160 ul of acetonitrile (ACN) were added to 20 ul of media or
cell lysate. Isotopic standards did not include glutathione, but we expected the sensitivity to
be sufficient. We also included iodoacedamide to prevent oxidation. The liquid was vortexed
and subsequently centrifuged at 10000 rpm for 5 minutes. 100 pl of the supernatant was col-

lected for LC-MS/MS.

Standard amino acid solution (100 uMol of each standard amino acid dissolved in HCI, Sig-
maAldrich) was diluted in milliQ water and used for calibration. The solution included 100

LMol homocysteine, cysteine, cysteinylglycine, and glutathione.
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3.4.2 High performance liquid chromatography — mass spectrometry (LC-MS/MS)

Liquid chromatography was performed using Luna HPLC column (100x3.0 mm, 2.6 um) (Phe-
nomenex Inc.) with a flow rate of 0.5 ml/min at 50°C. Mobile phase consisted of 90% ACN,
10 mM ammonium formate and 10% formatic acid. Concentration of ACN was subsequently

decreased to 50%.

Samples were monitored using APl 5000™ System (AB Science) triple quadrupole equipped
with an electrospray ionization source. For system control and data analysis, we used Analyst
1.6 software. The APl 5000™ System was operated in ESI-positive mode and capillary voltage
was set to 2.5 kV. The nebulizer used nitrogen at a desolvation temperature of 450°C and
desolvation gas flow of 15 I/h. lon source gas 1 and 2 (GS1 and GS2) were set to 40 I/h. The
collision chamber contained nitrogen, collision energy was set to 25 and entrance potential
and declustering potential to 15 and 100, respectively. Dwell time was fixed at 50 ms. The
mass spectrometer was operated in multi reaction monitoring mode and validated for linear-

ity and precision.

3.5 Quantification and statistical analysis

Data is presented as mean £ SD. For comparison of two groups, the two-tailed Student’s t-test
was used in Microsoft Excel® (2007). Comparison of more than two groups was done by one-
way ANOVA followed by the Tukey’s Multiple Comparison test using VassarStats website (Ref:
Lowry, Richard. VassarStats: Website for Statistical Computation. http://vassarstats.net/ (last

accessed 27 October 2020)). P values < 0.05 were considered statistically significant.
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4. RESULTS

4.1 Regulation of upstream effectors of PGC-1a

4.1.1 Western blot for upstream effectors on h9c2 cell culture

Figures 5 to 8 present quantitative western blot results for upstream effectors of PGC-1a: The
protein kinases Akt and Erk. Our results showed an increased expression of Erk by urea-
treatment, although the total amount of pErk remained unchanged. Akt on the other hand

showed a significant increase of its phosphorylated form in the urea-treated group.

18 11| Erk expression/beta actin
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Control Glucose Urea Cyanate

Figure 5 | Increased Erk expression in urea-treated h9c2 cells. Western blot analysis of h9c2
cells that were treated with glucose, urea, or cyanate for 30 minutes. Erk expression was meas-
ured and compared to beta actin as a loading control. Erk expression was significantly elevated
in the urea-treated group. (Mean + SD; n = 3 — 4 per group; * = p < 0.05 vs the control group;

one-way ANOVA followed by Tukey’s post-hoc test.)

Figure 5 shows a significant increase (p < 0.05) of Erk protein expression (0.76, 95%-CI[0.69,
0.83]) in comparison to the control group (0.52, 95%-Cl[0.48, 0.56]), although the trend to-
wards increased expression of Erk can be seen in the glucose group as well as in the cyanate

group. Furthermore, figure 6 shows that there is no clear change of Erk phosphorylation.
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Figure 6 | No significant trend of phosphorylated Erk in urea-treated h9c2 cells. Western blot
analysis of h9c2 cells that were treated with glucose, urea, or cyanate for 30 minutes. pErk
expression was measured and compared to beta actin as a loading control. There was no ap-
parent trend regarding the concentration of pErk in between the four groups. (Mean + SD; n =

3 —4 per group; one-way ANOVA followed by Tukey’s post-hoc test.)
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To investigate the rate of phosphorylation of Erk, we measured the phosphorylated Erk (pErk)
and compared it to the total amount of Erk. We found that this ratio has significantly de-
creased (p < 0.05) in the urea group (0.98, 95%-CI[0.72, 1.24]) compared to the control group
(1.63, 95%-Cl[1.26, 1.99]). The results can be seen in figure 7.
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Figure 7 | Downregulation of pErk compared to total Erk in the urea-treated group. Western
blot analysis of h9c2 cells that were treated with glucose, urea, or cyanate for 30 minutes. Erk
expression was measured and compared to total Erk. pErk expression was significantly down-
regulated in the urea-treated group. (Mean + SD; n = 3 —4 per group; * = p < 0.05 vs the control

group; one-way ANOVA followed by Tukey’s post-hoc test.)

Phosphorylation of Akt (pAkt), on the other hand, was significantly increased (p < 0.05) in the
urea-treated cells (0.98, 95%-Cl[0.11, 0.82]), compared to the control group (0.32, 95%-

Cl[0.24, 0.40]), shown in figure 8. Consistently, beta actin was used as loading control.
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Figure 8 | Increased pAkt expression in urea-treated h9c2 cells. Western blot analysis of h9c2
cells that were treated with glucose, urea, or cyanate for 30 minutes. pAkt expression was
measured and compared to beta actin as a loading control. pAkt expression was significantly
elevated in the urea-treated group. (Mean + SD; n = 3 — 4 per group; * = p < 0.05 vs the control

group,; one-way ANOVA followed by Tukey’s post-hoc test.)

4.1.2 Upregulation of Akt and Erk in Urea/Oxalate model

In the heart samples of our animal model, we investigated changes of the factors Akt and Erk.
We measured both the total amount and the phosphorylated protein via western blot and
then analyzed the intensity with Imagel. Figure 9 illustrates that the expression of Akt was
significantly higher in the group that was fed urea and oxalate diet (2.31, 95%-CI[1.5, 3.12])
than in the control group (0.97, 95%-Cl[0.73, 1.21]). The Erk expression, too, was significantly
increased in the group that was fed urea and oxalate diet (0.76, 95%-CI[0.437, 1.08])
compared to the control group (0.2, 95%-CI[0.063, 0.337]). This experiment was conducted
for 12 days.
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Figure 9 | Western blot analysis of heart samples from mice that were given Oxalate or Urea
+ Oxalate diet for 12 days. Top left: Akt expression was significantly increased in the group that
was fed with urea and oxalate. Akt expression was measured and compared to beta actin as
loading control. Top right: Total amount of phosphorylated Akt was compared to beta actin.
There was no significant difference. Bottom left: Erk expression was significantly increased in
the group that was fed with urea and oxalate. Erk expression was measured and compared to
beta actin as loading control. Bottom right: Total amount of phosphorylated Erk was compared
to beta actin. There was no significant difference. (Mean * SD; n = 4 per group; * = p < 0.05;

one-way ANOVA followed by Tukey’s post-hoc test.)
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4.2 Oxidative stress by urea treatment

To investigate oxidative stress in the urea-treated cells, we designed three different
experiments: First, we analyzed the amino acids that are affected the most by oxidative stress.
As second approach, we used fluorescent stains to visualize changes in superoxides and
number of mitochondria. Third, we used Agilent Seahorse XF Mito Stress Test to analyze

mitochondrial metabolism in the living cell.

4.2.1 Difference in reduced amino acids in the media of HL-1 cells

Methionine Cysteine Betaine
6 2,5 30 *
T
5 5 1 25
4 * 20
1,5 *
3 15
1
2 10
1 0,5 5
0 0 0
Control Urea Control Urea control * = p<0,01

Figure 10 | In the media of urea-treated HL-1 cells was a significant decrease of methionine
and cysteine whereas betaine has been upregulated. HL-1 cells were treated with 40 mM Urea
for 24 hours. We then analyzed the media via mass spectrometry. Left: Methionine was signif-
icantly decreased in the urea-treated group. Center: Cysteine was significantly decreased in
the urea-treated group. Right: Betaine was significantly increased in the urea-treated group.

(Mean * SD; n = 3 per group; * = p < 0.01 vs the control group; Student t-test.)

Figure 10 shows the results of a mass spectrometry analysis of free amino acids in the media
of HL-1 cells. These cells were treated with urea for 24 hours. Illustrated are the results for the
amino acids that, in our eyes, are the best indicators for oxidative processes: Methionine,
cysteine and betaine. The amount of methionine (3.43, 99%-Cl[2.89, 3.97]) was significantly
reduced, compared to the control group (4.98, 99%-CI[4.40, 5.57]). Cysteine levels (1.35, 99%-
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Cl[1.32, 1.38]), too, were significantly decreased in comparison to the control group (1.93,
99%-Cl[1.64, 2.21]), suggesting consumption by oxidative stress. Betaine (24.45, 99%-
CI[19.65, 29.28]) levels were significantly elevated in the urea-treated group compared to the

control group (11.57, 99%-Cl[9.68, 13.40]).

4.2.2 No change of the number of mitochondria and concentration of ROS

We suspected that a change in metabolic function took place in long-time (>24 h) treated H9c2
cells. This change would affect the state of oxidative stress as well as mitochondrial function.
We used Hoechst® nucleid acid stain to show integrity of the nucleus. MitoTracker Green FM
(ThermoFisher) was used to stain mitochondria, and MitoSOX™ Red reagent (ThermoFisher)

was used to determine the concentration of superoxides.

In figure 11 one picture is shown as an example for each of the four groups: 1. An untreated
control; 2. Urea-treated cells (35mM urea); 3. Glucose-treated cells (25mM glucose); 4.

Cyanate-treated cells (100uM).
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Figure 11 | Immunofluorescent staining for Cyanate, Urea, and Glucose. H9c2 cells were

treated with 35 mM Urea, 25 mM glucose, or 100 mM cyanate for 48 hours. We used Mito-
SOX™ Red reagent to detect ROS, MitoTracker Green FM to detect mitochondria, and Hoechst®
nucleid acid to detect the nucleus. The staining reagents were left on the samples for 30

minutes. These are overlay pictures that show the three colors combined.

We measured the intensity of the different color stains via Imagel® and blanked to the

background noise. The different intensities were compared in three ways:

1. ROS to Mitochondria, to show oxidative stress in comparison to number of
mitochondria
2. Mitochondria, to Nuclei, to investigate changes in the number of mitochondria

3. ROS to Nuclei, to show general oxidative stress.

The results are presented in figure 12 and show some differences in the urea-treated cells. In
average, the level of oxidative stress and the number of mitochondria was higher in the urea-
treated cells than in the other groups. But due to high deviation of background noise, we could
not show any significance using this assay.
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Figure 12 | Intensity analysis for the colors red, green, and blue using ImageJ. For this analysis,
we used the single-colored images, not the overlay. Top: Urea-treated cells showed a trend
towards a higher amount of produced ROS adjusted for the number of mitochondria. There
was no significance. (Mean * SD; n = 6 per group, n = 10 for each image’s fluorescence and n
=4 for each image’s background; * = p < 0.05 vs the control group; one-way ANOVA followed
by Tukey’s post-hoc test.) Center: Urea-treated cells had more mitochondria than the other

treatment groups. There was no significance. (Mean * SD; n = 6 per group, n = 10 for each
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image’s fluorescence and n = 4 for each image’s background; * = p < 0.05 vs the control group;
one-way ANOVA followed by Tukey’s post-hoc test.) Bottom: Urea-treated cells contained
more ROS. (Mean + SD; n = 6 per group, n = 10 for each image’s fluorescence and n =4 for each
image’s background; * = p < 0.05 vs the control group; one-way ANOVA followed by Tukey’s

post-hoc test.)
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4.3  H9c2 cells show significant difference in basal metabolism, uncoupling and reserve ca-
pacity

To measure key parameters of mitochondrial function, basal metabolism, uncoupling, and re-
serve capacity, we performed Agilent Seahorse XF Mito Stress Test. This assay made it possible
to measure the oxygen consumption rate (OCR), basal respiration, proton leak, maximal res-
piration, spare respiratory capacity, and non-mitochondrial respiration. Figure 13 illustrates
the succession of the experiment whereat an array indicates the adding of reagents that in-

fluence the cellular respiration.

OCR
|
Reserve
capacity
P—e—* Maximal |
respiratory = |
Basal capacity
respiration
Proton leak Iy
—
Non-mitochondrial respiration
time [min]

Figure 13 | Schematic diagram to illustrate Agilent Seahorse XF extracellular flux assay and
mitochondrial  function components. Modified from Agilent’s website (www.ag-
ilent.com/en/products/cell-analysis-(seahorse)/mitochondrial-respiration-xf-cell-mito-stress-

test). OCR was measured three times for each stage. The arrows indicate the addition of dif-
ferent regencies. 1. Oligomycin: Reversible inhibition of ATP-synthase/Complex V of the respir-
atory chain. This step subtracts the ATP-linked respiration from the basal respiration. 2. FCCP:
Induction of uncoupling. This step induces the maximal respiration. 3. Rotenone/antimycin A:
Inhibition of NADH dehydrogenase/Complex | of the respiratory chain. This step reveals non-

mitochondrial respiration.

We performed Agilent Seahorse XF Mito Stress Test on h9c2 cells. The four groups were:

Untreated cells, urea-treated cells (35mM), glucose-treated cells (25mM), and cyanate-
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treated cells (35uM). Figure 14 shows the results of our experiment. It depicts twelve different
time points which represent the following mitochondrial attributes (please also see figure 13

for graphic illustration):

Points 1-3 show the basal oxygen consumption rate (OCR), which compromises glycolysis and
proton leak. At 20 min, oligomycin was added to reversely inhibit the ATP synthase (Complex
V) to measure only glycolysis at points 4 — 6. The next three points (7 — 9) reveal maximal
respiration, after the uncoupling agent FCCP was added at 40 min. At 60 min, we inhibited
Complex I, so points 10 — 12 show only non-mitochondrial respiration. The shown data has

been adjusted for amount of protein in each of the experiments’ wells.

OCR [pMol/min]
18

16

14

12

10

0 time [min]

0 10 20 30 40 50 60 70 80

—e— Control Glucose —e—Urea —e—Cyanate

Figure 14 | Seahorse Mito Stress Test: Urea and glucose-treated cells had a higher OCR than
cyanate-treated cells and the control group. OCR is shown vertically and time (in min) horizon-
tally. H9c2-cells were treated with 35 mM urea, 25 mM glucose and 35 uM cyanate for 24
hours. Oligomycin was added at 20 min to inhibit ATP synthesis (complex V). FCCP was added
at 40 min to disrupt the proton gradient and lead to maximal oxygen consumption. At 60 min,
antimycin A and Rotenone were added to shut down mitochondrial metabolism. (Mean * SD;

n = 20 per group and timepoint, n = 4 for background noise per timepoint)
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To have clearer results of mitochondrial respiration, we adjusted our data for non-mitochon-

drial respiration. This adjustment resulted in the following graph:

OCR [pMol/min] (adjusted for non-mitochondrial respiration)

0 10 20 30 40 50 60 70 80

—@— Control Glucose —@—Urea —@— Cyanate

Figure 15 | Seahorse Mito Stress Test, adjusted for non-mitochondrial respiration: Urea and
glucose-treated cells had a higher OCR than cyanate-treated cells and the control group. For
timepoints 7 -9, the urea-treated cells had a much steeper incline than the other groups. H9c2-
cells were treated with 35 mM urea, 25 mM glucose and 35 uM cyanate for 24 hours. Oligo-
mycin was added at 20 min to inhibit ATP synthesis (complex V). FCCP was added at 40 min to
disrupt the proton gradient and lead to maximal oxygen consumption. (n = 20 per group and

timepoint, n = 4 for background noise per timepoint)
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Three findings emanated from the Seahorse XF experiment: Firstly, we found a significant dif-
ference (p < 0.05) in oxygen consumption rate (OCR) for the urea-treated cells (15.83, 95%-
Cl[13.52, 14.14]). Their OCR was higher than both, the cyanate-treated cells (14.14, 95%-
ClI[12.8, 15.5]) and the control group (12.54, 95%-CI[10.4, 14.6]), which indicates a higher rate

of respiration. This data is shown in figure 16.
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Figure 16 | Oxygen consumption rate (OCR) was compared between the four investigated
groups. The general OCR of the urea-treated cells was significantly higher than the control
group (p < 0.05). Their OCR was even higher than the OCR of our positive control group, the
cyanate-treated cells. Basal respiration (timepoints 1-3) was compared between the four
groups of the Seahorse Mito Stress Test. (Mean * SD; n = 20 per group and timepoint, n = 4 for
background noise per timepoint; * = p < 0.05; one-way ANOVA followed by Tukey’s post-hoc

test.)
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Secondly, the oxygen consumption after inhibiting the ATP synthase, visualized at timepoints
4 — 6, was higher for the urea-treated cells (11.7, 99%-CI[10.1, 13.4]) and glucose-treated cells
(11.19, 99%-CI[9, 13.4]) compared to the control group (9.16, 99%-ClI[7.52, 10.8]) and repre-
sents the proton leak. The level of proton leak was about the same for glucose- and urea-
treatment and was significantly elevated compared to the control group. Our positive control
group, too, showed a significantly (p < 0.05) increased proton leak (10.55, 95%-CI[9.83, 11.3])
compared to the control group (9.16, 95%-ClI[7.91, 10.4]).
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Figure 17 | Proton leak was significantly higher for the glucose-, urea- and cyanate-treated
group in the Seahorse Mito Stress Test. Oxygen consumption rate (OCR) was compared for the
four investigated groups after inhibiting the ATP synthase (timepoints 4 —6). The OCR of urea-
(35 mM) and glucose-treated cells was about equally increased with high significance. The OCR
of cyanate-treated cells was significantly increased. (Mean * SD; n = 20 per group and
timepoint, n = 4 for background noise per timepoint; * = p < 0.01 vs the control group, ** =p

< 0.05 vs the control group; one-way ANOVA followed by Tukey’s post-hoc test.)
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And lastly, our results showed a trend regarding the differences in maximal respiratory capac-
ity. At timepoints 7 — 9, the urea-treated cells had the highest rate of oxygen consumption,
after FCCP was added. At these timepoints, the glucose-treated cells had the second highest

OCR. These results are illustrated in figure 18.
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Figure 18 | Maximal respiratory capacity was higher in the urea -treated group in the Sea-
horse Mito Stress Test. Oxygen consumption rate (OCR) was compared for the four investi-
gated groups after addition of FCCP (timepoints 7 —9). (Mean + SD; n = 20 per group and
timepoint, n = 4 for background noise per timepoint; one-way ANOVA followed by Tukey’s

post-hoc test.)
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5. DISCUSSION

In uremic cardiomyopathy, the major cardiac changes seen in patients are vascular and mus-
cular impairments, such as micro-arteriopathy, fibrosis and left ventricular hypertrophy (LVH),
the latter being its primary manifestation.(14, 16) It seems obvious that increased preload
(hypervolemia) and afterload (elevated blood pressure, aortic stiffening) cause hypertrophic
changes in the heart muscle, but experimental models of renal failure showed persistence of
LVH despite correction of anemia and hypertension. More recent research concluded that the
changes in ventricular function occur prior to measured structural changes.(42, 43) These find-
ings suggest a different mechanism leading to the abovementioned pathophysiological

changes in the heart.

5.1 Uremia and oxidative stress

Urea is produced mainly by liver and kidneys to prevent toxic levels of ammonium. Supraphys-
iological concentrations of urea are known to increase oxidative stress in cultured cells.
D’Apolito, Du et al. found in 2010 that uremic mice, same as cultured cells, displayed insulin
resistance and glucose intolerance. These effects could be normalized by treatment with an
antioxidant SOD/catalase mimetic. In 2015 d’Apolito, comes to the conclusion that “urea it-
self, at levels common in patients with chronic renal failure, causes endothelial dysfunction
and activation of proatherogenic pathways”, which is conclusive with numerous research find-
ings.(25, 26, 44-46) In our experiments, we used the urea concentration of 35 mM, which is

the maximally accepted concentration in end-stage renal disease (ESRD).

In the search for the pathways linking uremia to cardiac failure, many investigators identified

several dysregulations that lead to increased oxidative stress.(47) The induction of oxidative
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stress has impaired cardiomyocyte viability in previous studies and reduction of oxidative

stress has led to augmented survival of various cell types.(19, 20)
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Figure 19 | The amino acids methionine, homocysteine and cysteine can be converted into
each other via methylation and sulfuration. These amino acids are important for sustaining

oxidative balance.

The amino acids methionine, homocysteine and cysteine are highly involved in sustaining the
oxidative balance in the cell. Methionine, an essential amino acid, is necessary for protein
synthesis and methylation.(48) For the latter, the “de novo pathway” is essential. Methionine
is converted to S-adenosylmethionine (SAM), the principal methyl donor. SAM is needed in
many cellular processes, such as cellular respiration, protein synthesis and proliferation, but
it can also be converted to S-adenosylhomocysteine (SAH) and then hydrolyzed to homocys-
teine. Homocysteine may be converted to methionine via betaine-homocysteine S-methyl-
transferase (BHMT). In this reaction, betaine transfers a methyl group to homocysteine to be-
come dimethylglycine. Other than its role as methyl donor, where BHMT is the only known
enzyme that uses betaine as a substrate, betaine is a highly effective osmolyte that protects
cells from environmental stress. Betaine has shown to protect internal organs and enhance

performance of the heart.(49)

In summary, methionine and betaine are important cellular components to protect the cell
from oxidative stress. In our experiments, we found a significant elevation of betaine in the
media of the urea-treated cells. As betaine is consumed by regenerating methionine from ho-
mocysteine, the accumulation of betaine may indicate that the regeneration of methionine is
diminished. Consistently, we could also measure a significantly decreased level of methionine.
Methionine is an important antioxidant, as its sulfur atom is redox-active, so the significant

decrease of methionine in the media would aggravate the oxidative state of a cell.(50)
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Cysteine is a metabolite of methionine following the “trans-sulfuration pathway”. This path-
way is the only irreversible elimination pathway for homocysteine, which then condenses with
serine to form cystathionine. Cystathionine is split into cysteine, that is excreted with the
urine, and a-ketobutyrate, that is oxidized in the Krebs cycle. Cysteine was significantly re-
duced after long-term treatment with urea. As trans-sulfuration depends on the methionine
level, this finding is consistent with the low level of methionine described above. In conclusion,
the low level of cysteine indicates that the trans-sulfuration pathway is not enhanced by urea
treatment. Secondly, the reduction of cysteine is a marker for reactive oxygen species (ROS),
as cysteine is necessary for the synthesis of glutathione, which is one of the most important
non-enzymatic antioxidants that reduces ROS and thereby protects cells from oxidative stress.
Therefore, a reduction of cysteine results in decreased synthesis of glutathione and thus in-
creased oxidative stress.(51-53) Our findings regarding methionine, cysteine and betaine lead

us to the conclusion that our cells are in a state of low antioxidative resources.

The trend towards higher oxidative stress was also measured in our fluorescent staining assay,
where we found a higher amount of ROS as well as a higher number of mitochondria in the
cells that underwent urea-treatment. Our results did not reach significance, but the tendency
agrees with the findings of Li et al. that high uremic acid in concentrations of 15 mg/dl inhibits
viability of h9c2 cardiomyocytes due to oxidative stress. They also determined the “ERK/p38
pathway” to connect uremia to the metabolic changes of cardiomyocytes.(19) This is also con-

sistent with our findings regarding Erk being elevated in the urea-treated cells.

5.2 Urea’s pathway affecting cellular energy resilience

The extracellular signal regulated kinase 1 and 2 (Erk1/2, also called MAPK3/1) are closely
related kinases that can phosphorylate myelin basic protein (MBP) and microtubule-
associated protein-2 (MAP2). Therefore, they are of utmost importance in the transduction of
extracellular signals, especially growth factor signaling.(54) Akt (PKB) is a serine/threonine
kinase that plays a central role in promoting cell growth, proliferation and survival. It is part
of a pathway that links extracellular signals via multiple receptor tyrosine kinases (mTOR and
PI3K) to intracellular effectors. Because of these attributes, Akt is regarded as “a promising

point of intervention for many cancers.”(55) But Akt also plays a key role in the control of
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metabolic processes that lead to fibrosis, metabolic remodeling, vascular changes and
hypertrophy.(56) These are the main symptoms of uremic cardiomyopathy. Our results of the
urea/oxalate mouse model reveal a significant increase of both Akt and Erk. In this
experiment, we also investigated the rate of phosphorylation of Akt and Erk. Probably, the
rate of phosphorylation was not altered, as the experiment was conducted for 12 days and
changes in phosphorylation usually occur in short-time treatments. Another explanation
would be, that urea does not alter the phosphorylation of the investigated kinases but

increases their rate of synthesis.

The fact that we could measure a similar increase in the urea-treated cells in the 24-hour
treatment of h9c2 cells (Erk was significantly increased) indicates that this change is not only
caused by the circulation of an organism adapting to kidney disease, but also by urea alone.
This agrees with the finding of Winterberg et al. that “myocardial dysfunction occurs prior to
changes in ventricular geometry in mice with chronic kidney disease (CKD)” and Li et al., who
also found a reduced cardiomyocyte viability through the Erk-pathway.(19, 43) Also, it
suggests the involvement of Akt and Erk in linking urea to intracellular changes leading to the
symptoms of uremic cardiomyopathy. To connect these intracellular effectors to urea we

propose the following pathway.

Uremia

[ Oxidative stress ]

v

Erk

[ FOXO ]4-»{ Nrf2 ]4-» PGC-1a

Figure 20 | The Erk/p38 pathway connects uremia, oxidative stress, and multiple upstream

effectors to influence mitochondrial metabolism. Akt plays a central role, including PI3K sig-

naling.
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The Erk/p38 pathway has been discussed for its important regulatory impact on cell growth,
metabolism, differentiation, and cell death. By the activation of this pathway, uremia causes
impaired cardiomyocyte viability. Li et al. showed a time- and dose-dependent effect of urea
on the viability of cardiomyocytes, consistent with other studies. They could also show a
higher level of oxidative stress in their immunofluorescence assay, which is consistent with
the trend towards oxidative stress that we found in our immunofluorescence staining assay

of urea-treated cells.(19, 57)

P38 is one of the MAPKs (mitogen activated protein kinase), which are a family of serine/thre-
onine kinases that control key cellular functions, such as proliferation and apoptosis. P38 is
especially triggered by a range of cytotoxic stress and cytokines and moderates cell mortality.

(57-59)

Keap1 (Kelch-like ECH-associated protein 1) and Nrf2 (Nuclear factor erythroid 2-related fac-
tor 2) are connected in a pathway that is the major regulator of cytoprotective responses to
endogenous and exogenous stresses caused by reactive oxygen species (ROS) and electro-
philes. Key signaling proteins are Nrf2, which binds to the antioxidant response element (ARE),
and Keapl, a repressor protein of Nrf2 that promotes ubiquitination and degradation of Nrf2.
Nrf2 is an important transcription factor encoding subunits from all five respiratory com-
plexes. It is also involved in the transcription and replication of mitochondrial DNA. As it is of
importance for the energy balance of the cell, the decreased activation of Nfr2 leads the cell
to a state where it can no longer meet the requirements for an energetical resilient cardiomy-

ocyte. (60, 61)

As patients with ESRD are more susceptible than the general population regarding cardiac and
vascular mortality and this cardiac vulnerability has been linked to oxidative stress, the Keap1-

Nrf2 pathway seems likely to play an important role in ESRD patients’ mortality.(14, 47)
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5.3 Uremia increases oxygen consumption

In uremic patients, cardiomyocytes need to be fit for the structural changes of the heart that
lead to a progressive loss of cardiac contractility.(14, 62) Jefferies et al. confirmed in a study
of patients with chronic kidney disease that their myocardium is more susceptible to ischemic
damage. They also found that two thirds of adults and children receiving dialysis experience
repeated episodes of intradialytic impairments in cardiac function.(63-65) These functional

effects on the heart are part of the symptoms of uremic cardiomyopathy.

In our experiments we could show alterations in the metabolism of urea-treated h9c2 cells.
The urea- and glucose-treated myocardial cells had a much higher oxygen consumption rate
(OCR) than the untreated cells. The results did not reach significance for the glucose-treated
cells. Their trend towards higher OCR may be explained by an increased metabolism caused
by the provided supply of energy in form of glucose. Another factor is the elevated mitochon-
drial oxidative stress and inefficient metabolism due to uncoupling in hyperglycemic cells. Re-
garding the topic of diabetic cardiomyopathy (DCM), whose cellular alterations include fibro-
sis, insulin resistance and cardiac hypertrophy, many authors investigated the effect of hyper-
glycemia on cardiomyocytes. Findings from curated studies have connected cellular apoptosis
in DCM to the increased generation of ROS.(66) Nishikawa et al. proved via inhibiting the elec-
tron transport chain that the increased generation of ROS in hyperglycemia is mainly caused
by mitochondria.(67) Other studies confirmed this, as ROS scavenging could improve myocar-
dial energetics in hyperglycemic rodents and in the h9c2 cell line.(66, 68) Therefore, our find-
ing of elevated OCR in glucose-treated cells is conclusive with prior studies. As well as hyper-
glycemia, uremia has also been reported to increase levels of ROS in cell culture and in patients

with end-stage renal disease.(25)

Insulin resistance is a common symptom and independent risk factor for vascular disease in
patients with kidney disease. It has been thoroughly investigated in the field of Diabetic car-
diomyopathy. Next to insulin resistance, there are also other factors leading to DCM. These
factors include inflammation, transcriptional regulation and lipotoxins.(69) Nonetheless, insu-
lin resistance and uremia might have a similar pathway causing cardiac hypertrophy. The con-
nection between these two pathways seems to be the protein kinase AKT that is explained
above and was discussed by Semple et al. in 2011.(56) Insulin resistance leads to increased

ROS production in muscles. This is followed by an impaired mitochondrial oxidative capacity.
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Conclusively, Bonnard et al. (2008) could show a reverse of insulin resistance in diet-induced
diabetic mice by inhibition of mitochondrial ROS production.(70-72) In our experiment, we
measured an increased oxygen consumption for the urea-treated cells. We adjusted the data
for non-mitochondrial respiration, as we suspect an increasing mitochondrial energy wasting

to be the main explanation, such as uncoupling or mitochondrial damage.

Physiologically, the mitochondrial respiratory complex pumps protons from the mitochondrial
matrix to the intermembrane space to build up an electrochemical gradient, which is then
used to generate ATP. A fraction of this potential is “uncoupled” from this process by uncou-
pling proteins and only generates heat, which for example is used for thermogenesis in brown
adipose tissue.(73) Other explanations would be a damaged inner mitochondrial membrane,
or electron slippage that would result in increased OCR without proton translocation.(74) Tay-
lor et al. (2015) also reported that “mitochondrial respiration in the uremic heart is chronically
uncoupled” in a rat model of chronic uremia. The authors suggest the mitochondrial permea-
bility transition pore (mPTP) to play an important role regarding the mitochondrial uncoupling.
This has been shown in a post-ischemia reperfusion model, where it might play a protective
role by eliminating accumulated calcium from the matrix.(3, 75) Our finding of an elevated
OCR leads us to the conclusion, that urea induces mitochondrial inefficiency, or even damages
the myocardial cells. If the mPTP is affected by uremia, and not only by ischemia, is still to be

investigated.

5.4 Urea-treated cells may have an increased reserve capacity

Interestingly, we found that the urea-treated cells probably have an increased reserve capac-
ity, even though our results did not reach significance (see figure 18). In the measurement of
OCR, we added FCCP to the living cells to induce maximal oxygen consumption. This enabled
us to estimate the maximal potential respiration sustainable by the cells. A decrease of spare
respiratory capacity indicates how close a cell is operating to its bioenergetic limit. After add-
ing the uncoupling agent, oxygen consumption was highly elevated in the cells that underwent
urea-treatment. This trend is best to be seen in figure 15 as the urea- and glucose-treated cells
have a much steeper increase after FCCP is added.(74, 76) The increased reserve capacity

could lead to the conclusion that urea, in some way, protects the cardiomyocyte regarding the
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increasing energy demands in kidney failure. This protection was associated to increased Akt
signaling by Wende et al. in 2015. Short-term activation of Akt was found to preserve cardiac
function. Long-term activation, on the other hand, contributed to heart failure by inducing
LVH and progressive repression of mitochondrial fatty acid oxidation pathways.(77) In our ex-
periment, the cells were treated for 36 hours, which is a relatively short period of time to

expect the induction of mitochondrial dysfunction.
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5.5 PGC-1la and cardiac hypertrophy

PGC-1a is one of the transcription factors activated by Akt and is said to be the orchestrator
of mitochondrial metabolism. Numerous signaling pathways transduce stimuli, such as stress,
to the PGC-1a pathway. These pathways include MAPK, B-adrenergic pathways, Ca*-depend-
ent and NO-dependent pathways. PGC-1aq, in turn, coactivates transcriptional partners, such
as Nrfl and -2, Tfam (Mitochondrial transcription factor A), FOXO (Forkhead box O), ERR (Es-

trogen related receptor) and, as its name indicates, PPARy.(28, 61, 78-80)
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Figure 21 | PGC-1a integrates multiple pathways and regulates mitochondrial biogenesis, fatty
acid oxidation and cell cycle. It is the master orchestrator of mitochondrial metabolism. The
figure is an adaption to Huss and Kelly, 2005. Arrows indicate activation mediated by signal

transduction pathways. Double lines indicate coactivation.(78)

The mitochondrial transcription factor A (Tfam or mtTFA) has been found to activate mito-
chondrial transcription and participate in mitochondrial genome replication. It encodes im-
portant proteins for the respiratory chain and is involved in mitochondrial fusion and fis-
sion.(80) Forkhead box O (FOXO) denotes a family of transcription factors that regulate the
expression of different genes that affect cell survival and metabolism. FOXO, as well as Nrf2,

is one of the binding partners of PGC-1a. In a model of Akt activation, PGC-1a was the most
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repressed transcriptional gene, along with several binding partners such as Foxol and Nrf2.
This reduction was found as early as 6 weeks in a mouse model of increased Akt activation.(77,
81) Our lab, previously, using primary cardiomyocytes, also showed that Urea decreases PGC-
la expression. In our animal model, four months of urea treatment decreased PGC-1a levels
in the hearts of mice, too (data not shown). These findings add to the evidence that PGC-1a is

an important mediator in uremic cardiomyopathy, therefore influencing ventricular hypertro-

phy.

Left ventricular hypertrophy (LVH) is the primary manifestation of uremic cardiomyopathy and
said to predict mortality in patients with ESRD.(82) As explained above, LVH occurs not only
as reaction to hypertension, but also in its absence. So, hypertrophy must have an intracellular
precursor. We see urea as a uremic toxin that has been neglected for too long. Other authors
discuss different uremic toxins. Examples of these substances are endothelin 1, parathyroid
hormone, tumor necrosis factor a, leptin, interleukin 1a and interleukin 6.(83) The cardiotonic
steroids Ouabain and Marinobufagenin are among these substances. These steroids act on
the K-ATPase transmembrane protein on the surface of cardiomyocytes and lead to an in-
crease of reactive oxygen species. As they can be filtered by a semipermeable membrane,

they might present a good therapeutic target in the future.(16, 84)

Even though these toxins might influence the development of uremic cardiomyopathy, there
has not been a clear finding that one of these substances alone leads to the cardiac changes
seen in uremia. It seems more likely that many different toxins cause oxidative stress and alter
the mitochondrial health of the cell. LVH in renal failure is characterized by cardiomyocyte
hypertrophy and cardiomyocyte drop out. This can be caused by an impaired mitochondrial
state of the cell. Regarding the explained pathways above, we see PGC-1a as a possibly im-

portant regulator of cardiac dysfunction and mitochondrial biogenesis in uremia.(45, 46)
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6. CONCLUSION AND LIMITATIONS

6.1 Uremic cardiomyopathy — a puzzle with many pieces

The physiological and pathological influences on the oxidative system and mitochondrial func-
tion are numerous. PGC-1a is likely one of many players in uremic cardiomyopathy. Nonethe-
less, our results add to the scientific evidence of many authors that PGC-1a plays an important

role, and that the Erk/p38 pathway is one of its main upstream effectors.

In 2009, Adhihetty et al. published a paper about a PGC-1a knockout mice. They found that
the lack of PGC-1a lead to an alteration of mitochondrial composition and impaired mitochon-
drial respiratory function. Also, they looked at the state of oxidative stress and did not find
the ROS to be affected. As we found increased oxidative stress in the urea-treated cells, it
supports our conclusion that oxidative stress must be up-stream of PGC-1a (see figure 20).(85)
Lack of PGC-1a was also found to impair the heart’s ability to appropriately react to exercise
and other stimuli that activate B-adrenergic signaling. PGC-1a-KO-mice showed a decreased
chronotropic response, although a decreased ventricular function could not be shown.(86)
Other authors detected an upregulation of PGC-1a in response to 3-adrenergic stress and a
lower cardiac energy state in response to uremia.(78, 87) As we did not research the physio-
logical cardiac function in our mouse work, it is difficult to assess these findings. But it would
be an interesting next step to look at the cardiac function of the uremic mice and see if there

is a change in the chronotropic response to B-adrenergic stress as well.

We found mitochondrial inefficiency to be the cause for the impaired efficiency of cardiomy-
ocytes in uremia, but there is another possible explanation: Mitochondrial fusion and fission.
It has become more and more evident in the last years that mitochondria are highly dynamic
and undergo continuous changes that can be caused by oxidative stress, as well as by other
factors of environmental stress (e.g. exercise, cold exposure and calorie restriction).(80, 88)
In the heart, these processes are mainly caused be ischemia and reperfusion which then trig-
gers two large guanosine triphosphatases (GTPases) to mediate fusion and fission processes.
Damaged mitochondria are subjected to autophagy, which appears to be closely linked to the

beforementioned processes. Therefore, mitochondrial inefficiency is likely not the sole reason
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for impaired cardiomyocyte function, but it may be involved in the processes of mitochondrial

biogenesis.(89, 90)

It should be considered that our cell culture and mouse model can only simulate the reality in
the human body to a certain extent. We used different cardiomyocyte cell lines (HL-1, h9c2)
and samples from our mouse model for our experiment. On the one hand, this gives us the
opportunity to investigate our subject from different angles. On the other hand, one could say
that we did not care enough for the replicability of our results and it is true that a much bigger
quantity of repetitions of our experiments is necessary to come to binding conclusions. The
extracellular flux analyzer is a well-established method to assess mitochondrial function in
h9c2 cells. Even though the experiment worked very well for us, we would suggest searching
the perfect seeding concentration for h9c2 cells prior to the analysis. Other authors suggest a

number of 20-40K for the XF24 analyzer.(91, 92)

Even though our findings are consistent with many well-published papers, we only looked at
a piece of the puzzle. The next steps of investigating uremic cardiomyopathy should be to
strictly document the level of urea in patients’ blood in a clinical trial and screen for cardiac
events, as it is already done. This clinical study should include a group of participants whose
level of urea is decreased more thoroughly than the control group, maybe by using peritoneal
dialysis. After analyzing the resulting data, the findings could proof a toxic effect of so-called
physiological concentrations of urea. Still, it remains difficult and unethical to measure levels

of PGC-1a in the cardiomyocytes of human patients.
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6.2 Clinical implications: Target cardioprotective pathways for ischemic resilience

In the field of ischemic tolerance of the heart, targeting cardioprotective pathways may pre-
sent clinical strategies for patients with kidney disease. Dikow et al. discuss in their paper of
2012 possible findings in uremia: Intracellular signaling pathways for cell protection and ische-
mia are intact in a uremic state. Furthermore, the uremic cells seem to profit more from car-
dioprotective adaptations than cells that are not affected by the uremic milieu.(93) Byrne et
al. (2012) even investigate the ischemic resilience of uremic cardiomyocytes that were pre-
and post-conditioned in different states of ischemia in two different animal models. They
found that the uremic myocardium reacts differently from myocardium not exposed to uremic
toxins, as the uremic cells are much more susceptive to ischemic conditioning.(94) For renal
patients with acute myocardial infarction the pathways that adapt in uremia, e.g. the Erk/p38

pathway discussed above, may be an interesting target.

6.3 Clinical implications: Carbamylated Albumin - a possible indicator of heart failure

Another limitation of our experiments is that we investigate possible pathways who influence
the heart in uremia, but we do not have a way to detect the patients with renal disease who
are the most at risk for a cardiac event. A continuous measurement of urea would be needed.
Drechsler et al. discuss a different possibility: Carbamylated albumin (cAlb). Same as glycated
albumin is used as indicator for the state of glycemia in a longer period of time, carbamylated

albumin could be used for uremia.(95)

Carbamylation is a term used to describe the addition of a “carbamoyl” moiety (2CONH2) to
a functional group. Chronically elevated urea promotes carbamylation of proteins and directly
contributes to pro-atherogenic mechanisms. As Berg, Drechsler et al. explain in 2013 “urea is
in equilibrium with cyanate (HNCO), a product of urea deamination whose central carbon is
susceptible to nucleophilic attack from amines and thiols [...] in vivo”. Protein carbamylation
therefore is an unavoidable consequence of excess urea.(96) This urea-derived cyanate
reaches concentrations of 140 nmol/L in patients with ESRD (45 nmol/L in healthy individuals)
and leads to cellular responses, such as accelerated atherosclerosis and inflammation. Cya-

nate can produce irreversible modifications of primary amines and reversible modifications of
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thiols, hydroxyls, phenols, and imidazole groups.(97) The effect of carbamylation was demon-
strated by Kraus et al. by measuring exceeding concentrations of many carbamylated free
amino acids in patients with ESRD, compared to their unmodified precursor.(98, 99) Car-
bamylation not only affects free amino acids. Like the glycation of hemoglobin, proteins are
carbamylated, too, and recent studies reveal an association between elevated protein car-
bamylation and all-cause and cardiovascular mortality. As time-averaged urea concentrations
and plasma protein carbamylation depict a strong correlation carbamylated Albumin could be

used as a clinical parameter to predict cardiac risk. (96, 100, 101)

With cAlb as a predictor of cardiac threat, drugs can be developed for the patients who are at
high risk with the aim to ameliorate their outcome. For this indication, many drugs are already
being investigated. We hope that our research can help to find a better treatment for these

patients.
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7. SUMMARY

For the past 20 years, chronic kidney disease (CKD) has remained one of the major causes of
death worldwide. Cardiovascular events account for approximately 50% of deaths in CKD pa-
tients, underscoring the clinical relevance of the observed cardiac changes. These changes
define uremic cardiomyopathy (UCM) and include left-ventricular hypertrophy (LVH), LV dila-
tation, and LV systolic and diastolic dysfunction. LVH is seen as the primary manifestation of
UCM and is caused by a multitude of different systems including increased pre- and afterload
and the renin-angiotensin system (RAS). More recent studies found that myocardial dysfunc-
tion is apparent before changes in the ventricular geometry, like hypertrophy, occur to the
uremic heart. This leads to the conclusion that LVH is not the cause of cardiac dysfunction, but
one of the alterations caused by factors related to the uremic state itself. Among these factors
that are independent of pressure and volume overload, are cardiotonic steroids as well as the
parathyroid hormone and the endothelin (ET-1) system. But we suggest a different substance
to play an important role in UCM: Urea. Patients in end-stage renal disease (ESRD) display
increased oxidative stress and urea has been found to increase levels of oxidative stress, at
least in endothelial cells. Therefore, we investigated the effect that elevated urea levels, as
seen in patients undergoing dialysis, have on cardiomyocytes. As the oxidative stress in a cell
is regulated by mitochondrial processes, we suspected the mitochondrial orchestrator PGC-

la to play an important role.

The uremic heart is in a state of elevated oxidative stress. This has been presented by multiple
authors before. By conducting immunofluorescent staining for reactive oxygen species (ROS),
we tried to replicate their findings and illustrate elevated levels of ROS. As the fluorescence
analysis did not bear significant results, we approached oxidative stress from a different angle:
Via mass spectrometry, we looked at the amino acids methionine, cysteine and betaine which
are highly involved in sustaining the oxidative balance in the cell. Our findings in the media of
urea-treated HL-1 cells lead us to the conclusion, that these cardiomyocytes were in a state of

low antioxidative resources.

Next, to find the intracellular mechanisms that connect uremia to oxidative stress and com-
promised energetics, we investigated possible downstream effectors of uremia. The urea-

treated cardiomyocytes exhibited significant alterations regarding upstream effectors of PGC-
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la: The protein kinases Akt and Erk were expressed and phosphorylated differently in a west-
ern blot analysis of uremic h9c2 cells and in mice with induced kidney failure. To combine
these findings regarding the protein kinases Akt and Erk and oxidative stress, the Erk/p38
pathways seems conclusive (figure 20). This pathway links uremia and oxidative stress to in-
tracellular effectors that have been found to influence the development of uremic cardiomy-

opathy.

Another life-threatening alteration in uremic cardiomyopathy is a corrupted cardiac function.
The myocardium of uremic patients has shown to be more susceptible to ischemic damage
and most patients receiving dialysis experience repeated episodes of intradialytic impairments
in cardiac function. The urea-treated cardiomyocytes had a significantly higher oxygen con-
sumption rate due to an inefficiently increased metabolism, most likely caused by an in-

creased level of uncoupling.

Taken together, the results of this study indicate that urea by itself plays a role in the devel-
opment of uremic cardiomyopathy. So-called high-physiologic levels of urea have led to a mi-
tochondrial inefficiency and an increase of oxidative stress in cardiomyocytes. The protein ki-
nases Akt and Erk may work as effectors of urea to induce these changes via the Erk/p38 path-
way. It seems very likely that the mitochondrial changes are mediated by the mitochondrial
orchestrator PGC-1a. These observations might lead to further studies investigating urea lev-
els in dialysis patients. In the future, these might lead to a change of practice regarding toler-
ated urea levels in dialysis and help reduce the cardiac mortality of patients with chronic kid-

ney disease.
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8. ZUSAMMENFASSUNG

Chronische Niereninsuffizienz ist eine der haufigsten Todesursachen weltweit. Da etwa die
Halfte dieser Todesfdlle auf kardiovaskuldre Ursachen zurlickzufiihren sind, ist ein genaues
Verstandnis der kardialen Veranderungen entscheidend. Zu diesen zahlen linksventrikuldre
Hypertrophie, linksventrikuldre Dilatation sowie systolischer und diastolischer Funktionsver-
lust. Zusammen pragen diese Veranderungen den Begriff der Uramischen Kardiomyopathie
(UCM). Verschiedene Systeme spielen bei UCM zusammen, wie beispielsweise eine erhdhte
Vor- und Nachlast und das Renin-Angiotensin-Aldosteron-System (RAAS). Sie fihren zur pri-
maren Manifestation der UCM: Die linksventrikulare Hypertrophie (LVH). Allerdings konnten
aktuellere Studien zeigen, dass die Funktion des uramischen Myokards bereits abnimmt, noch
bevor Veranderungen der Ventrikelstruktur, wie Hypertrophie, messbar sind. Demnach ist
LVH nicht einzig die Ursache des kardialen Funktionsverlusts, sondern eine von vielen Veran-
derungen bei chronischer Niereninsuffizienz. Zu den Faktoren, die unabhdngig von Blutdruck
und Volumensteigerung sind und eine Rolle bei den oben geschilderten Verdnderungen spie-
len, gehdren kardiotonische Steroide, das Parathyroidhormon und das Endothelinsystem (ET-
1-System). Wir sehen Grund zur Annahme, dass Urea (Harnstoff) ein weiterer dieser Faktoren
ist, der zu Veranderungen des Herzmuskels fiihrt und die Entstehung von UCM beglinstigt.
Dialysepatienten haben ein erhéhtes Level an oxidativem Stress und es wurde gezeigt, dass
Urea in Endothelzellen zu erh6htem oxidativem Stress fiihrt. Deshalb behandelten wir Kardi-
omyozyten mit sogenannten hochphysiologischen Urea-Konzentrationen und untersuchten
diese anschlieBend. Dabei setzten wir einen Schwerpunkt auf mitochondriale Prozesse, die zu
erhohtem oxidativen Stress flihren kénnen. Unser Interesse galt dabei insbesondere dem
Transkriptionsfaktor PGC-1a, der als Regulator der Mitochondrien und Dirigent des intrazel-

luldaren Metabolismus gilt.

Um ebenfalls erhéhte Konzentrationen von oxidativem Stress nachzuweisen, experimentier-
ten wir mit immunofluoreszenten Farbungen. Hierdurch konnten wir nur einen Trend ohne
Signifikanz feststellen. Deshalb naherten wir uns dem Problem aus einer anderen Richtung:
mittels Massenspektrometrie. Wir untersuchten die Aminosauren Methionin, Cystein und Be-
tain, die fiir die Regulation des oxidativen Gleichgewichts wichtig sind. Im Medium von mit
Urea behandelten HL-1 Zellen konnten wir nachweisen, dass die untersuchten Kardiomyozy-
ten signifikant geringere Konzentrationen an antioxidativ wirkenden Aminosauren hatten.
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Als nachstes untersuchten wir die intrazellularen Mechanismen zwischen Uramie und oxida-
tivem Stress. In den mit Urea behandelten h9c2 Zellen und im Mausmodell fand sich eine sig-
nifikante Konzentrationssteigerung der Proteinkinase B (PKB/Akt) und Proteinkinase Erk.
Diese Enzyme beeinflussen auch den Transkriptionsfaktor PGC-1a. Zusammenfiihren lassen
sich unsere bisherigen Ergebnisse mittels der Erk/p38 Signalskaskade (Abb. 20). Urdmie fuhrt
darin tGber Oxidativem Stress zu einer Beeinflussung intrazelluldrer Effektoren, die zur Entste-

hung von Uramischer Kardiomyopathie beitragen.

Eine weitere lebensbedrohliche Komplikation von Uramischer Kardiomyopathie ist die Verrin-
gerung der Herzfunktion. Bei uramischen Patienten ist das Myokard anfalliger fir ischamiebe-
dingten Schaden und bei den meisten Dialysepatienten zeigen sich wiederholt Episoden, in
denen die Herzfunktion geschwacht ist. In der Zellkultur konnten wir dazu passende Verande-
rungen nachweisen. Aufgrund eines ineffizienten Metabolismus verbrauchten die mit Urea
behandelten Zellen signifikant mehr Sauerstoff. Ursache dafiir ist wahrscheinlich ein vermehr-

tes Entkoppeln (Uncoupling) der Mitochondrien.

Zusammengefasst zeigt diese Studie, dass Urea in der Entwicklung von Urdmischer Kardiomy-
opathie eine wichtige Rolle spielt. Hoch-physiologische Konzentrationen von Urea im Blut fih-
ren Uber die Erk/p38 Signalkaskade und die Proteinkinasen PKB und Erk zu einer ineffizienten
Funktion der Mitochondrien und erhéhen den intrazelluldren oxidativen Stress. Wir halten es
flir wahrscheinlich, dass der Transkriptionsfaktor PGC-1a die dazu flihrenden mitochondrialen
Veranderungen reguliert. Diese Erkenntnisse kénnen weitere Studien anregen, die die tole-
rierte Konzentration von Urea bei Dialysepatienten untersuchen. Zukiinftig kann dies zu einer
strengeren Einstellung der Urea-Werte bei Dialysepatienten fihren. Moglicherweise lasst sich

dadurch die Mortalitat der Patienten mit chronischer Niereninsuffizienz senken.
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10. APPENDIX

10.1 ABBREVIATIONS

UM
pm
oC

Ab
ACN
ACR
AER
Ag
Akt
ANOVA
APS
ARE
ATP
BHMT
bME
cAlb
cAMP
cDNA
CGA
CKD
DALY
DAPI
DCM
ddH,0
DEPC
DMEM
DMSO
DNA
ECAR
EDTA
EGF
ERA
Erk
ERR
ESRD
ET
FBS
FCCP
FGF
FOXO3a
GFR
GTP
h

Micromole

Micrometer

Degrees Celsius

Antibody

Acetonitrile

Albumin to creatinine ratio

Albumin excretion rate

Antigen

Protein kinase B
Analysis of variance

Ammonium persulfate

Antioxidant response element
Adenosine triphosphate
Betaine-homocysteine S-methyltransferase
Beta-mercaptoethanol
Carbamylated albumin

Cyclic adenosine monophosphate
Complementary DNA

Cause, glomerular filtration rate, and albuminuria
Chronic kidney disease
Disability-adjusted life-year
4,6-diamino-2-phenylindole, dihydrochloride
Diabetic cardiomyopathy

Double distilled water

Diethyl pyrocarbonate

Dulbecco’s Modified Eagle’s Medium
Dimethyl Sulfoxide
Deoxyribonucleic acid

Extracellular acidification rate
Ethylenediaminetetraacetic acid
Epidermal growth factor

European Renal Association
Extracellular signal-regulated kinase
Estrogen related receptor
End-stage renal disease

Endothelin

Fetal bovine serum

Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
Fibroblast grow factor
Forkhead-Box-Protein O3A
Glomerular filtration rate

Guanosine triphosphate

Hour
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HBSS Hanks’ Balanced Salt Solution

HEK Human Embryonic Kidney Cells

HNCO Cyanate

HPLC High-performance liquid chromatography
IACUC Institutional Animal Care and Use Committee
IGF Insulin-like growth factor

JNK C-Jun N-terminal kinase

KDIGO Kidney Disease: Improving Global Outcomes
Keapl Kelch-like ECH-associated protein 1

KO Knock-out

kv Kilovolt

LC-MS/MS Liquid chromatography—mass spectrometry
LVH Left-ventricular hypertrophy

M Mole

mA Milliampere

MAPK Mitogen activated protein kinase

min Minute

ml Milliliter

mM Minimole

mm Millimeter

MOPS 3-(N-morpholino)propanesulfonic acid
mPTP Mitochondrial permeability transition pore
mMRNA Messenger RNA

ms Millisecond

mTOR Mammalian target of rapamycin

nM Nanomole

NO Nitric oxide

Nrf2 Nuclear factor erythroid 2-related factor 2
OCR Oxygen consumption rate

p38 p38 mitogen-activated protein kinase

PAGE Polyacrylamide gel electrophoresis

pAKT Phosphorylated Akt

PBS Phosphate buffered saline

PCR Polymerase chain reaction

pErk Phosphorylated Erk

PGC-1a Peroxisome proliferator-activated receptor-y (PPARy) coactivator-1la
PGC-1p Peroxisome proliferator-activated receptor-y (PPARy) coactivator-1f3
PI3K Phosphoinositide 3-kinase

PMSF Phenylmethylsulfonyl fluoride

PPARy Peroxisome proliferator-activated receptor-y
PTH Parathyroid hormone

PVDF Polyvinylidene fluoride

RAAS Renin-angiotensin-aldosterone system

RIPA Radioimmunoprecipitation assay

RNA Ribonucleic acid

ROS Reactive oxygen species

rpm Revolutions per minute

SAH S-adenosylhomocysteine
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SAM

SDS

TBS

TCA cycle
TEMED
Tfam
UCM

UCP
VEGF

WT

S-adenosylmethionine

Sodium dodecyl sulfate
Tris-buffered saline

Tricarboxylic acid cycle; Krebs cycle
Tetramethylethylenediamine
Mitochondrial transcription factor A
Uremic cardiomyopathy
Uncoupling protein; Thermogenin
Vascular endothelial growth factor
Wild type
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