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ABSTRACT

Podocyte apoptosis is a hallmark in the development and progression of diabetic
nephropathy (DN). Several factors of the diabetic milieu are known to induce
podocyte apoptosis. Currently, the role of free fatty acids (FFAS) for podocytopathy
and podocyte cell death is unknown, although FFAs are considered to be crucially
involved in the development of diabetes mellitus type II. It is well known that FFAs
are toxic to several cell types including pancreatic 3 cells and they may contribute to
the development of insulin resistance. The aims of this study were to elucidate the
role of the saturated palmitic acid and the monounsaturated palmitoleic and oleic acid
on podocyte cell death and endoplasmic reticulum (ER)-stress, to investigate more
specifically the impact of ER-stress on podocyte survival as well as to elaborate
strategies to protect podocytes from lipotoxicity.

The present study uncovered that palmitic acid induces podocyte apoptosis and
necrosis and leads to ER-stress as reflected by induction of the unfolded protein
response (UPR), i.e. upregulation of the ER chaperone immunoglobulin heavy chain
binding protein (BiP), X-box protein 1 (XBP-1) mRNA splicing, and a strong
upregulation of the proapoptotic transcription factor C/EBP homologous protein
(CHOP). Gene silencing experiments of CHOP support a crucial involvment of
CHOP and ER-stress in mediating the proapoptotic effect of palmitic acid in
podocytes. Contrariwise, monounsaturated FFAs (MUFAS) such as palmitoleic and

oleic acid prevent palmitic acid-induced podocyte death and attenuate ER-stress.

This study further revealed that the liver X receptor (LXR) agonist TO901317 (TO)
ameliorates survival of palmitic acid-treated podocytes. Mechanistically, this
beneficial effect can be explained mainly by the induction of stearoyl-CoA desaturase
(SCD-) 1 and 2 as shown by gene silencing experiments and further supported from
overexpression studies of SCD-1. Moreover, palmitic acid tracing experiments
revealed a higher incorporation of palmitic acid into the triglyceride (TG) fraction in
podocytes treated with TO or oleic acid, which is at least compatible with a benefit of
increased fatty acid storage, by TO, i.e. SCDs, and MUFAs, respectively.

In addition, this study provides some preliminary data that adenylate cyclases (AC)

may be an interesting target to protect podocytes from ER-stress in general and in



particular from palmitic acid-induced podocytopathy and cell death. Experiments with
forskolin, a specific AC agonist, and cyclic AMP (cAMP) analogons protect from
palmitic acid-induced podocyte lipotoxicity. The effect cannot be explained by an
involvment of PKA-CREB signaling as overexpression of a dominant negative CREB
mutant could not abrogate the protective effect of forskolin. Furthermore, the
beneficial impact of forskolin is not influencing the intrinisic (mitochondrial)
apoptotic pathway. However, in addition to the protection from palmitic acid-induced
cell death, forskolin is suppressing podocyte death caused by other independent ER-
stressors such as tunicamycin and thapsigargin. These findings suggest a direct role of
forskolin and increased CAMP levels for a protection from ER-stress in podocytes.

In summary, this study unveiled antagonistic effects of palmitic acid versus
monounsaturated FFAs for podocyte survival, ER-stress and the UPR. They support
an important role of CHOP in the regulation of podocyte death by FFAs. Similarly to
exogenous MUFAs, induction of SCDs partially protects podocytes from palmitic
acid-induced ER-stress and podocyte death. The protective effect of MUFAs may be
related to increased incorporation of palmitic acid into TGs. Additional, preliminary
data indicate that AC agonists such as forskolin may be interesting compounds to
protect podocytes from ER-stress and from the toxic effects of FFAs. The results of
this study offer a rationale for interventional studies aimed at testing whether dietary
shifting of the FFA balance toward MUFAs, or tissue- (podocyte-) specific
stimulation or overexpression of SCDs can delay the progression of DN. Similarly,
the results of this study should encourage more studies to evaluate the therapeutic
potential of AC agonists or phosphodiesterase inhibitors for the prevention and

treatment of DN.



TABLE OF CONTENT

ABSTRACT L. I
TABLE OF CONTENT ... 11
LIST OF FIGURES AND TABLES. ... Vil

LISE OF FIQUIES .ttt VIl

LISt OF TADIES ... IX
LIST OF ABBREVATIONS ..., X
1. INTRODUCTION ..ottt 1

1.1 Diabetic nephropathy (DN): prevalence, pathogenesis and the role of
POUOCYTE INJUIY ..ttt bbbttt bbbt 1

1.1.1 Prevalence of diabetic nephropathy (DN): The most common cause of end-

StAgE FENAL ISEASE .....vviieieiie ittt 1
1.1.2  Pathogenesis OF DN .......ccccoiiiiiieii e 1
1.1.3 The role of podocytes in the pathogenesis of DN ..........ccccociiiiiiiniincncneenns 2
Factors contributing to apoptosis of podocytes in DN .........ccccccveviveniieiineniinnens 3

1.2 Pathophysiology of dyslipidemia in obesity and type Il diabetes: causes and
coNSequeNCeS OF HPOTOXICITY .......cvvieieiiiesie s 4

1.2.1 Disturbed lipid metabolism in obesity and type Il diabetes............cccccevveiennee 5

1.2.2 FFA lipotoxicity: opposing effects of saturated — and monounsaturated fatty

BCHUS . .ottt ettt ns 5

1.2.2.1 ER-stress and the unfolded proteins response (UPR).........cccceovninieninnne. 7

1.2.2.2 FFA-Mediated ER-SIrESS......cocoiiiiiieiiiiece e s 9

1.3 AIM OF the STUY......coiiiiiee s 10
2. MATERIALS AND METHODS .......c.ccoiiiiiiiee e, 11
2.1 Cell CUIUIE ..ot 11
2.2 Agonists, inhibitors, analogons and CytoKINES............cccovrereieninenininnns 11



2.3 Fatty acid Preparation .........ccoceeeeerienenesie s 12

2.4 APOPLOSIS BSSAY ....vrververvirreriesieeseeseeiestessesbe bt sbe st bt et e et e sbe st sbesbe b b sne s 12
2.5 CytoChrome Crel ase .........couiiiiiiiiieiese s 12
2.6 Vectors and 1entivirus ProduCtion .............cceerirerieiniieie e 13
2.6.1  KNOCKAOWN ....oiiiiiiiee ettt bbb nre e 13
2.6.2  OVEIEXPIESSION . ..cuiitiieientesteeiie sttt ettt sttt sttt sb et e bbbt bbbt b b enee e 13
2.6.2.1  SCD -1 ottt 13
2.6.2.2  ACREB ...t s 14
2.6.3  Lentivirus ProdUCTION .........ccoveiiiiiiiniiiie et 14
2.7 WESEEIN DIOT ... s 14
2.8 Quantitative Reverse Transcription PCR (XBP-1 splicing) ..........cccccvveneee 15
2.9 Quantitative real-time PCR (SCD eXPression) .........cccoeerererenenieseniennns 16
2.10 Quantitative real-time PCR of renal biopsies .........cccccoeveviieniniiiiinns 17

2.11 Incorporation of palmitic acid into diglycerides (DAGS) and triglycerides

(TGs) and B-0Xidation [L08] .......cccoerrreririiesisereeee s 17

2.11.1 DAG and TG @NAIYSIS ....ooveeiiiiiiiiie sttt 17
2.11.2 R-oxidation determination ............cccocvviiiiiiiiniii 18
2.12  Statistical anlaysSiS.........ccooiiiriiieies 18
3. RESULTS L. 19

3.1 Regulation of podocyte survival and endoplasmic reticulum stress by fatty

ACTUS [109].. e 19
3.1.1 Palmitic acid induces apoptosis iN POUOCYLES ........c.ccereeriiririeeiere s 19
3.1.2  Palmitic acid iNdUCES ER-SIIESS ........ccveiiiieieniieieieie st 22
3.1.3 CHORP silencing attenuates palmitic acid-induced podocyte death................. 23

3.1.4 Chemical chaperones do not protect podocytes from palmitic acid-mediated

3.1.5 Monounsaturated fatty acids prevent the induction of ER-stress and block

palmitic acid-induced podocyte death...........cccccvviiiiiiiiiieniie e 27



3.1.6

Glomerular mRNA levels of BiP are induced in patients with DN ................ 28

3.2 Role of Steroly-CoA Desaturases in palmitic acid-induced ER-stress and

cell death in podocytes (Manuscript in preparation)...........c.ccoeevvrervnennns 29

3.21

3.2.2

3.2.3

3.2.4

3.25

TO901317 (TO) ameliorates survival of palmitic acid-treated podocytes......29

In podocytes SCD-2 is the predominant SCD isoform and TO strongly
INAUCES SCD-1 aNd SCD-2.....cciiiiiiiiiiieeie e 30

Gene-silencing of SCD-2 and SCD-1 reverts the protective effect of TO on
palmitic acid-induced podocyte death...........cccccvvieiiiiiiieneie e 31

Genetic overexpression of SCD-1 partially protects from palmitic acid-

INAUCE BPOPLOSIS ...ttt 33

MUFAs and TO shift palmitic acid into triglycerides (TGs) and MUFAs

induce fatty acid B-0XidatioN............ceoviiiiiiiiiie e 35

3.3 The role of cCAMP levels on palmitic acid-induced apoptosis in podocytes

..................................................................................................................... 37
3.3.1 Forskolin protects podocytes from palmitic acid-induced ER-stress and death
by increasing CAMP 1EVEIS. ..ot 38
3.3.2 8-CPT-2Me-cAMP is less potent than 8-Br-cAMP in preventing palmitic
acid-induced podoCyte dEatN..........ccciiiiiieiiiiee e 39
3.3.3  H89 partially reverts the protective effect of forskolin on palmitic acid-
induced apoptosis but is itself enhancing the effect of palmitic acid.............. 40
3.3.4 Forskolin is activating the transcription factor CREB ............cc.cccocvvviininne 41
3.3.5 Forskolin is obviously acting not directly on the intrinsic apoptotic pathway ...
......................................................................................................................... 43
3.3.6  Forskolin generally protects podocytes from ER-stress-induced apoptosis and
LA L=To] (0] PSP PRPOPRTN 44
A, DISCUSSION ....coiiiiiiiiii e 46

4.1 Palmitic acid induces podocytes death; involvement of ER-stress and

4.2 Palmitoleic and oleic acid attenuate palmitic acid-induced ER-stress and

prevent palmitic acid-induced podocyte death ...........cccccevevieieniiinnininnnn, 47



4.3 Stearoyl-CoA desaturases protect from palmitic acid-induced cell death ..48

4.4  The protective effect of increased cCAMP levels on palmitic acid-induced

POCOCYTE AEALN ... 50
5. CONCLUSION ...ttt e 53
6. REFERENCES..........co e 54
7. ACKNOWLEDGEMENT ..o 68
APPENDIIX .. A-1

Regulation of podocyte survival and endoplasmic reticulum stress by free fatty

acids. Am J Physiol Renal Physiol. 2010 Oct;299(4):F821-9. ........ccccovvvvvennnn. A-l
7.1.1 - AmJ Physiol Renal Physiol Article ........ccccooiiiiiiiii A-l
7.1.2 - Supplemental material ...........cccocoviiiiiiii A-XI

CUITICUIUM VITAE ..o A-XV

VI



LIST OF FIGURES AND TABLES

List of Figures

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Figure 12:

Structure of the glomerular filtration barrier..........c.ccoccviveviiivniervcee, 2

The unfolded protein response (UPR), adapted from [75]..........ccccvvvnnens 8

Time-dependent induction of apoptosis and necrosis by palmitic acid. 19

Palmitic acid induces apoptosis and necrosis in a dose-dependent

4 F=T ] 81 TSR 20

Palmitic acid activates caspase 3 and induces mitochondrial cytochrome
(o =] =T =TS OSSR 21

Palmitic acid induces ER-stress: the chaperone BiP, the proapoptotic
trancription factor CHOP and splicing of XBP-1 mRNA...................... 23

CHOP-silencing protects against palmitic acid-induced cell death. ......24

Gene-silencing of CHOP with a second ShRNA sequence. ................... 26

The chemical chaperone TUDCA has no protective effect on palmitic
acid-induced cell death. ..........cccevveveiieceeee e 27

Palmitoleic and oleic acid prevent podocytes from palmitic acid-induced
cell death and attenuate CHOP indUCtioN. .........cccvvveiveinieere e 28

In DN patients MRNA expression levels of BiP are increased and CHOP
levels are downregulated. ..........cccoovveiiiiiiienie s 29

TO induces SCD-1 and ameliorates survival of palmitic acid-treated
0700 (003 (=SSR 30

Vil



Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:

The expression pattern of SCD isoforms in the whole kidney differs
from podocytes and TO strongly upregulates SCD-1 and SCD-2 in
0700 003 (-SSRSO 31

SCD-2 silencing does not affect the protective effect of TO on palmitic
acid-induced podocyte death. ..o 32

Combined silencing of SCD-1 and SCD-2 partially reverses the
protective effect of TO on palmitic acid-induced apoptosis. ................. 33

Overexpressing SCD-1 moderately protects from palmitic acid-induced
APOPLOSIS ANG NECTOSIS. .vvevveerieireieeriesieesieeeesreeste e sree e eseesreesseeeeereenees 34

Oleic acid and TO increase palmitic acid incorporation into the TG
fraction but only oleic acid reduces palmitic acid containing DAG levels
in palmitic acid-treated POJOCYLES. ........cccoviriririeierieese e 35

Cotreatment with oleic acid but not TO increases palmitic acid 3-
(o) q Lo F= 1[0 PSSP 37

Forskolin protects from palmitic acid-induced apoptosis and reduces the
INAUCEION OF ER-SIIESS. ...vvivieiecee e 39

The positive effect of forskolin on palmitic acid-induced apoptosis is
caused by elevating levels of CAMP. ........ccooeviiieiieie e 40

H89 is partially reverting the beneficial effect of forskolin on palmitic
acid-induced apoptosis and necrosis but is enhancing itself the effect of

PAIMITIC ACIA. ..o s 41

Forskolin activates CREB in podocytes and induces its downstream
target Bcl-2 at an early time PoOiNt. .........ccocovvviniiinieneese e 42

VIl



Figure 23: A dominant negative CREB does not impair the effect of forskolin on

palmitic acid-induced cell death. ... 43

Figure 24: Forskolin ameliorates survival of thapsigargin- and tunicamycin-treated
0700 (003 (=SSR 45

List of Tables

Table 1:  Agonists, inhibitors and compounds with their applied concentrations.....11

Table 2: shRNA sequences and the particular VECLOrS...........cccooerereneieninesnnnnn 13
Table 3: The specific antibodies and the applied concentrations.............c.cccceveneee. 15
Table 4:  SpecifiC Primer SEBQUENCES. .....covvieerreieeiesieeee e steesee e sreeee e sneeneesneenes 16



LIST OF ABBREVATIONS

4-PBA 4-phenylbutyric acid

AC Adenylate cyclase

ACC Acetyl-CoA carboxylase

AGE Advanced glycated end product

Aicar 5-aminoimidazole-4-carboxyamide ribonucleoside

AMPK AMP-activated protein kinase

ATF Activating transcription factor

ATP Adenosine triphosphate

Bcl-2 B-cell lymphoma 2

BiP Immunoglobulin heavy chain binding protein

BSA Bovine serum albumin

CAMP 3’,5’-cyclic adenosine monophosphate

CHOP C/EBP homologous protein

CMV Cytomegalovirus

CPT-1 Carnitine palmitoyl transferase 1

CREB CAMP response element binding protein

DAG Diglyceride

DGAT1 DAG acyltransferase 1

DMEM Dulbecco’s modified eagle medium

DMSO Dimethyl sulfoxide

DN Diabetic nephropathy

DNA Desoxyribonucleic acid

dNTP Deoxyribonucleoside triphosphate

DPM Disintegrations per minute

EDTA Ethylenediaminetetraacetic acid

EGTA Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-
tetraacetic acid

Epac Exchange protein directly activated by cCAMP

ER Endoplasmic reticulum

ERAD ER associated protein degradation



ESRD End-stage renal disease

FBS Fetal bovine serum

FFA Free fatty acid

FOXO04 Forkhead box protein O4

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GBM Glomerular basement membrane

GFP Green fluorescent protein

GIcNACc N-acetylglucosamine

GLP-1 Glucagon-like peptide-1

HEK Human embryonic kidney

HYOU1 Hypoxia-upregulated protein 1

IRE-1 Inositol-requiring enzyme 1

IRS Insulin receptor substrate

JNK c-Jun NHa-terminal kinase

LXR Liver X receptor

MAP Mitogen-activated protein

MCD Minimal change disease

MPT Mitochondrial membrane permeability transition

MUFA Monounsaturated fatty acid

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PERK Double-stranded DNA-dependent protein kinase
(PKR)-like ER kinase

Pl Propidium iodide

PKA Protein Kinase A

PPARa Peroxisome proliferator-activated receptor o

RAAS Renin-angiotensin-aldosterone system

RIPA Radioimmunoprecipitation assay

ROS Reactive oxygen species

RPM Revolutions per minutes

RPMI Roswell Park Memorial Institute

SCD Stearoyl-CoA desaturase

SD Standard deviation

Xl



SDS-PAGE

SERCA
SFA
SNP
SREBPI1c
TBS

TG
TGF-R
TO
TUDCA
UPR
VEGF
VSV
XBP-1

Sodium dodecyl sulfate polyacrylamid gel
electrophoresis

Sarcoplasmic/endoplasmic reticulum calcium ATPase
Saturated fatty acid

Single nucleotide polymorphism

Stearoyl regulatory-element binding protein 1c
Tris-buffered saline

Triglyceride

Transforming growth factor 3

TO901317

Tauroursodeoxycholic acid

Unfolded protein response

Vascular endothelial growth factor

Vesicular stomatitis virus

X-box binding protein 1

Xl



1. INTRODUCTION

In the following I will highlight the relevance of diabetic nephropathy (DN) and I will
give an introduction into its pathogenesis. Thereby, the main focus will lie on
podocytes which are highly specialized epithelial cells of the glomerular filtration
barrier and which are considered to play an important role in the pathogenesis of DN.
In a second part | will outline causes and the pathophysiology of dyslipidemia, which
is a hallmark of diabetes mellitus. Also, the distinct effects of saturated and
unsaturated fatty acids on cell function and cell survival will be described in more
detail.

1.1 Diabetic nephropathy (DN): prevalence, pathogenesis and the

role of podocyte injury

1.1.1 Prevalence of diabetic nephropathy (DN): The most common cause of

end-stage renal disease

Diabetic nephropathy (DN) is the most common cause of end-stage renal disease
(ESRD) in industrialized countries, e.g. 44% in the US [1]. Although the progression
to ESRD is less likely in patients with type Il than with type | diabetes, the majority
of diabetic patients starting renal replacement therapy today have type Il diabetes as
the prevalence of type Il diabetes is much higher [1]. Of the patients with type Il
diabetes 20-40% develop ESRD [2]. The five-year survival rate of patients with DN
and renal replacement therapy is significantly worse than in patients with other renal
diseases mainly as a result of an increased cardiovascular mortality [1, 3]. Therefore,
it is important to better understand the pathogenesis of DN, to identify new strategies
and additional therapeutic targets for the prevention and treatment of DN.

1.1.2 Pathogenesis of DN

Dating back to the first description by Kimmelstiel and Wilson [4] histological
analysis has focused on the increase in mesangial matrix as the main lesion of DN. In
addition, glomerular basement membrane (GBM) thickening, and mesangial cell
hypertrophy have been considered important pathophysiological events in the disease.

However, the genesis of proteinuria in diabetes is not readily explained by the



associated mesangial expansion. Rather, consideration should be given to alterations
of the glomerular filtration barrier. The glomerular filter consists of three layers: a
fenestrated endothelium, the GBM, and the glomerular visceral epithelium cell or
podocyte (Fig. 1). Podocytes are highly specialized cells forming primary processes,
which are branching into secondary foot processes. Foot processes of neighboring
podocytes interdigitate, leaving between them filtration slits that are connected by an

extracellular structure, the slit diaphragm [5]
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Figure 1: Structure of the glomerular filtration barrier. The glomerular filter consists of

three layers: a fenestrated endothelium, the glomerulare basement membrane (GBM) and the
podocyte with their interdigitating foot process, the slit diaphragm. Picture adapted from

website of Karolinska Institute, Stockholm, Sweden.

1.1.3 The role of podocytes in the pathogenesis of DN

Over the past two decades by elucidating the genetic origin of a number of single
human gene defects that result in congenital or early onset nephrotic syndrome, it has
become apparent that the final barrier restricting plasma proteins to the vasculature is
the podocyte [6, 7]. Also, damage to podocytes has been linked to many renal
diseases that often progress to ESRD [8]. However, little research has been conducted
on podocyte biology in diabetes until recently.

Podocytopathy in DN is characterized by foot process widening which was shown to
correlate in microalbuminuric type | diabetic subjects with the urinary albumin
excretion rate [9]. In addition to foot process widening, the number and density of
podocytes have been reported to be decreased in patients with type | or type Il
diabetes [10-14]. This podocyte loss clearly relates to elevated proteinuria [15]. The
mechanism underlying proteinuria can be explained by the lack of charge and size
selectivity in areas of podocyte loss. In Pima Indians with type Il diabetes the reduced



number of podocytes per glomerulus was the strongest predictor of progressive
kidney disease [16].

As podocytes have no or very limited ability to replicate [17] two mechanisms remain
for the loss of podocytes in diabetes: apoptosis and/or cell detachment. The later
scenario does not exclude a role of apoptosis, since cells may first detach and then
undergo apoptosis or vice versa (anoikis = apoptosis caused by loss of attachment of
cells to their basement membrane). Alternatively, detached cells can be shed in the
urine as viable podocytes [18, 19]. In patients with type Il diabetes podocyturia
worsens with the progression from normoalbuminuria to microalbuminuria and to

overt proteinuria [20].

Viable podocytes have also been isolated in the urine of DN-induced rats [18].
Podocytes are connected on the basolateral membrane to the GBM via integrins (o
and B subunits) [21] and dystroglycans [22]. Decreased levels of o331 integrins have
been found in patients with DN and streptozotocin-induced diabetic rats [23], and
altered expression of dystroglycan 1 has been observed in early DN of db/db mice, a
type Il diabetes model [24].

The second cause leading to a reduction in podocyte number is apoptosis. The
decision whether a cell undergoes apoptosis can be seen as an imbalance between
proapoptotic and survival factors. Data are increasing with the focus on factors that
are altered in the diabetic milieu and shifting the cell fate towards apoptosis.

Factors contributing to apoptosis of podocytes in DN

In diabetes various factors are altered and contribute to the diabetic milieu. Several of
these factors have been shown to damage the glomerulus and to influence directly
podocyte survival. Among these factors are hyperglycemia, advanced glycated end
products (AGES), insulin resistance, TGF-R and angiotensin II.

Susztak and coworkers demonstrated that podocyte apoptosis is coinciding with the
onset of diabetes in a type | diabetes (Akita mice) and a type Il diabetes model (db/db
mice) [25]. Furthermore they could show that hyperglycemia itself induces apoptosis

in cultured podocytes via accumulation of reactive oxygen species (ROS).



Accordingly apocynin, a NADH oxidase inhibitor, could partially block podocyte
depletion and proteinuria in diabetic mice [25].

In addition prolonged exposure of proteins to glucose leads to the formation of AGEs.
In diabetes, tissue levels of AGEs are elevated [26]. In podocytes, AGEs result in
increased expression of transforming growth factor B (TGF-R) and vascular
endothelial growth factor (VEGF) [27]. Finally, AGEs lead to apoptosis involving the
nuclear transcription factor FOX0O4 [28] and endoplasmic reticulum (ER)-stress [29].

A recent study examined defective podocyte insulin signaling in vivo and it has been
observed that insulin signaling itself is crucial for proper glomerular function.
Podocyte-specific insulin receptor knockout mice are albouminuric at week 8 and show
morphological changes of the glomerulus with loss of podocyte foot processes and
increased apoptosis of podocytes [30].

The renin-angiotensin-aldosterone system (RAAS) is also critically involved in the
pathogenesis of DN. Angiotensin Il acts directly on the glomerulus by inhibiting
mesangial matrix degradation [31]. Furthermore, angiotensin Il is inducing podocyte
apoptosis, potentially mainly through increased production of TGF-B [32]. TGF-B, a
cytokine involved in tissue repair is known to be elevated in DN [33], leading to
extracellular matrix expansion and consequently contributing to progressive
glomerulosclerosis [34, 35]. Transgenic mice overexpressing TGF-R show glomerular
abnormalities at three weeks of age and mice with the highest levels of TGF-i3
developed proteinuria after five weeks [35]. In the same mouse model podocyte
number gradually decreased within five weeks. In vitro TGF-B induces apoptosis in
podocytes via activation of the proapoptotic mitogen-activated protein (MAP) kinase
p38 [36].

1.2 Pathophysiology of dyslipidemia in obesity and type Il diabetes:

causes and consequences of lipotoxicity

Apart from hyperglycemia and insulin resistance type Il diabetes is characterized by
altered blood lipid levels or dyslipidemia. In type Il diabetes dyslipidemia is mainly
manifested by increased lipid content (hyperlipidemia) such as hypertriglyceridemia
and elevated plasma free fatty acids (FFAs). Contrariwise, increased plasma FFAs are
critically involved in the pathogenesis of type Il diabetes. Obesity is associated with



markedly increased plasma FFA, which is considered a major contributor to the
development of type Il diabetes [37, 38].

1.2.1 Disturbed lipid metabolism in obesity and type Il diabetes

Under healthy conditions energy substrate metabolism is tightly controlled by
endocrine and paracrine factors, e.g. insulin and catecholamines, to adjust energy
availability to the particular needs. In general, availability of glucose is inhibiting
lipolysis in fat cells (adipocytes) and fatty acid oxidation in tissue. In the fasted state,
lipolysis is activated and provides fatty acids, or ketone bodies, which are produced
by the liver. Both, fatty acids and ketone bodies are delivered as energy substrates to
tissues [39, 40].

Obesity is caused by an imbalance of energy intake and expenditure leading to
enlarged adipocytes (hypertrophy) and/or an increased adipocyte number
(hyperplasia). Hypertrophy results from augmented storage of triglycerides (TGSs) in
lipid droplets. Enlarged, “saturated” adipocytes show decreased sensitivity towards
the action of insulin, they release an increased amount of fatty acids, and they secrete
inflammatory cytokines (adipokines) [41-43]. Adipokines are recruiting macrophages,
which further amplify the inflammatory response [44]. The increased release of fatty
acids from adipocytes elevates plasma FFA concentrations further, finally resulting in
enhanced overspilling of fatty acids to non-adipose tissue [45, 46]. Constant exposure
of non-adipose tissue to high levels of FFAs leads to accumulation of toxic
metabolites such as diglycerides (DAGs) and ceramides. The associated cellular
dysfunctions are referred to as lipotoxicity. Lipotoxicity aggravates insulin resistance,
disrupts pancreatic 3 cell function (insulin secretion), and ultimately leads to
programmed cell-death (lipoapoptosis) [46]. Once the compensatory hyperinsulinemia
characteristic of obese, insulin-resistant individuals cannot be maintained as a result

of pancreatic 3 cell failure, hyperglycemia i.e. type Il diabetes manifests [45, 47, 48].

1.2.2 FFA lipotoxicity: opposing effects of saturated — and monounsaturated

fatty acids

Up to 80% of the plasma FFAs consist of the saturated palmitic (C16:0) and stearic
acid (C18:0), and the monounsaturated oleic acid (C18:1) [49]. Lipotoxicity has been



attributed mainly to saturated long chain fatty acids (SFAs) whereas monounsaturated
fatty acids (MUFAS) exert beneficial and cytoprotective effects [50].

Adipocytes are naturally not susceptible to apoptosis induced by SFAs but they
become insulin resistant and they express inflammatory cytokines [51]. However,
preadipocytes with its little capacity to synthesize and store lipids undergo apoptosis
when treated with palmitic acid [52]. Furthermore, exposure to palmitic acid is
initiating insulin resistance and/or apoptosis in pancreatic 3 cells [48, 53-56], skeletal
muscle cells [57, 58], cardiomyocytes [59, 60], hepatocytes [61-63], endothelial cells
[64] and some breast cancer cells [65].

Palmitic acid-induced insulin resistance in hepatocytes has been attributed to
increased reactive oxygen species (ROS) resulting from (3-oxidation. ROS lead to
phosphorylation and activation of c-Jun NH,-terminal kinase (JNK) that is inhibiting
insulin-stimulated tyrosine phosphorylation of insulin receptor substrate 2 (IRS-2) and
subsequent serine phosphorylation of Akt via alternate threonine phosphorylation of
IRS-2 [63, 66]. Alternatively, studies in skeletal muscle cells have shown that
activation of protein kinase C isoforms by lipid metabolites such as DAGs and
ceramide, inhibit insulin signaling by either serine phosphorylation of IRS-1 or by
threonine phosphorylation of Akt [67]. In a recent study, JNK activation and insulin
resistance have been causatively linked to the membrane-anchored tyrosine kinase c-
Src. SFAs are leading to c-Src partitioning into membrane microdomains where c-Src
likely becomes phosphorylated, which leads to phosophorylation and thereby
activation of JNK [68]. Long-term exposure of cells to SFAs is generally causing
apoptosis. Apoptosis has been linked, at least in part, to accumulation of ceramides
and ROS that eventually induce the activation of the apoptotic machinery [53, 69].

In contrast, MUFASs are in general non-toxic and prevent from SFA-induced cell
damage. The cytoprotective actions of MUFAs and their underlying mechanisms are
not completely understood [50]. However, on one side MUFAs are more potent
ligands of the peroxisome proliferator-activated receptor oo (PPAR«), a transcription
factor regulating lipid metabolism [70]. PPARa is inducing transcription of genes
involved in peroxisomal and mitochondrial 3-oxidation [71]. Hence, MUFAs are
thought to detoxify cells from SFAs by increasing [3-oxidation. On the other side,
coincubation of MUFAs and SFAs has been shown to restore TG synthesis as SFA-
derived long chain acyl-CoAs are not incorporated into TGs very efficiently [65, 72].



It is thought that storage of SFAs in TGs prevent from the accumulation of toxic
metabolites. Furthermore cotreatment restores levels of cardiolipin that, if reduced,
results in increased cytochrome c release from mitochondria [65].

Associated with the distinct effects of SFAs and MUFAs is the initiation of
endoplasmic reticulum (ER)-stress and the resulting activation of several signaling
pathways, collectively known as unfolded protein response (UPR) [73].

1.2.2.1 ER-stress and the unfolded proteins response (UPR)

The ER is the organelle where secreted, membrane-bound and some organelle-
targeted proteins are synthesized and folded. Optimal folding conditions require Ca?*,
ATP and an oxidizing environment to enable disulfide bond formation. As a
consequence, the ER is highly sensitive to changes in Ca?* and energy levels as well
as in redox state [74, 75]. Such changes are reducing the folding capacity of the ER
and thereby leading to an accumulation of unfolded and/or misfolded proteins, a
condition that has been termed ER-stress. Cells have evolved strategies to counteract
the detrimental effects of ER-stress, referred to as the UPR (Fig. 2). The UPR cascade
is involving three signaling branches that are mediated by ER transmembrane
receptors: double-stranded DNA-dependent protein kinase (PKR)-like ER Kkinase
(PERK), inositol-requiring enzyme 1 (IRE-1), and activating transcription factor 6
(ATF®6).

In the resting state the receptors are bound by the ER chaperone immunoglobulin
heavy chain binding protein (BiP, also termed GRP78 or HSPAS) that keeps them
silenced. Accumulation of unfolded and/or misfolded proteins is leading to
dissociation of BiP and therefore to the activation of PERK, IRE-1 and ATF®6.

PERK is dimerizing and autophosphorylation results in phosphorylation of eukaryotic
initiation factor 2 that is inhibiting protein translation [76]. One of the genes not
affected by this process is ATF4, a transcription factor which upregulates genes
involved in stress response, redox reactions and amino acid metabolism [75, 77].
IRE-1 activation is occurring by oligomerization and its endoribonuclease domain is
removing a 26 nucleotide long intron of X-box binding protein 1 (XBP-1) mRNA
[78]. The spliced form of XBP-1 is an active transcription factor and binds to

promoter elements to activate transcription of ER chaperones, ER associated protein



degradation (ERAD) factors and factors involved in ER membrane biogenesis [79-
82].

Finally, dissociation of BiP leads to the transport of ATF6 to the Golgi where
cleavage and release of the cytosolic domain takes place [79, 83, 84]. ATF6
translocates to the nucleus to activate transcription of target genes as chaperones and
XBP-1.

If normal ER function cannot be restored apoptosis is initiated mainly by the
transcription factor C/EBP homologous protein (CHOP). The promoter of CHOP
contains binding sites for all three branches of the UPR: ATF4, ATF6 and XBP-1
[85]. However, the molecular mechanisms of CHOP-mediated apoptosis are not
completely understood. Nevertheless CHOP has been linked to reduced expression of
antiapoptotic Bcl-2, hyperoxidized ER lumen and calcium-related apoptotic signaling
[86].

& PeRK
ER A 2 pepk — Nucleus
/ P Translational G
] = Stress response
=Redox reactions
BiP =CHOP
- o Cleaved cleaved s
@ <[5 QTFG) -\‘ > @6) > a;;’:;m > ()'(Jg;;:erones
dg ‘L/l CHOP
A
\
\ sXBP G
\ r:FIN/l—’ sXBP1 » | sXBP1 ﬁb Chaperfc::e's
a protein degradation
@ IRE1 P5aPx
& IRE
XBP1 <
mRNA
Figure 2: The unfolded protein response (UPR), adapted from [75]. After accumulation

of un- and misfolded proteins, the ER chaperone BiP is dissociating from the three ER
transmembrane receptors, PERK, IRE-1 and ATF-6, which are transmitting the ER-stress
response. The UPR is leading to translational block, increased protein degradation and to
expression of ER chaperones (e.g BiP). If ER-stress is persistent apoptosis is initiated, which
is mainly executed by the transcription factor CHOP. PERK, PKR-like ER kinase; IRE-1,
inositol-requiring enzyme-1; ATF6, activating factor 6; BiP, immunoglobulin heavy chain

binding protein; CHOP, C/EBP homologous protein.



1.2.2.2 FFA-mediated ER-stress

Exposure to FFA is inducing ER-stress and initiating the UPR in several cell types.
SFAs and MUFAs show quantitatively and qualitatively distinct or even opposite
effects, i.e. MUFAs are protecting cells from the proapoptotic actions of SFA-induced
ER-stress. Palmitic and oleic acid are rapidly incorporated into the ER membrane but
only palmitic acid is leading to changes in ER structure and integrity [87]. Palmitic
acid increases the saturated lipid content and compromises ER integrity, which is
thought to trigger ER-stress. Of interest, overexpression and induction of ER-located
stearoyl-CoA desaturases (SCDs), which catalyze the A9-desaturation and thus the
conversion of SFAs to MUFAs, have been shown to attenuate palmitic acid-induced
ER-stress and apoptosis [88-90].

In pancreatic 3 cells, SFAs such as palmitic acid are activating all three branches of
the UPR, PERK, IRE-1 and ATF-6. PERK and IRE-1 signaling are mainly
responsible for the upregulation of the proapoptotic transcription factor CHOP [91].
In addition IRE-1 is activating JNK [91]. Both, CHOP and JNK, have been shown to
be partially responsible for palmitic acid-induced pancreatic 3 cell apoptosis [91]. In
contrast, MUFAs such as oleic acid are exclusively triggering ATF-6 signaling, which
is inducing the ER chaperone BiP [91]. Moreover, oleic acid is preventing pancreatic
B cells from palmitic acid-induced CHOP induction and JNK activation [91, 92].
These differences might explain the distinct actions of SFAs and MUFAs on cell
lipotoxicity [93].

A similar picture has been observed in hepatocytes. Palmitic acid leads to an
induction of CHOP and to JNK activation. CHOP-silencing revealed that CHOP can
delay palmitic acid-induced hepatocyte apoptosis whereas inhibition of JINK signaling
could suppress apoptosis [94]. Oleic acid is not inducing ER-stress but, consistently,
prevented hepatocytes from palmitic acid-induced ER-stress [61].

In skeletal muscle cells, palmitic acid-induced ER-stress has been linked to impaired
insulin signaling and oleic acid has been shown to block this effect by preventing
from palmitic acid-induced abnormal cellular lipid composition and distribution [95].
Overall, ER-stress is thought to be crucially involved in FFA-mediated and in

particular SFA-mediated lipotoxicity.



1.3 Aim of the study

As outlined before, podocytopathy is an early feature in the pathogenesis of DN and a
decreased number of podocytes per glomerulus predicts progressive renal disease in
type Il diabetes patients [16]. Several factors of the diabetic milieu have been
associated with podocyte dysfunction and/or apoptosis but very little is known about
the role of dyslipidemia and FFAs on podocyte function and survival.

In vitro, SFAs in contrast to MUFASs are causing insulin resistance and/or apoptosis in
several cell types and SFA-mediated lipotoxicity involves ER-stress. Importantly, ER-
stress has been associated not only with the development of diabetes [86, 96, 97], but
also with renal dysfunction [98].

The objectives of this study were to investigate the regulation of podocyte survival
and ER-stress by fatty acids. More specifically, | explored the impact of the saturated
palmitic acid and MUFAs, such as oleic and palmitoleic acid, on podocyte death and
the involvment of ER-stress herein. Moreover, | investigated the role of cell
autonomous conversion of SFAs into MUFAs by studying the impact of stearoyl-CoA
desaturases, which catalyze the A9-desaturation of SFA and thereby convert them to
MUFAs. In addition, | examined the potential of elevated cCAMP levels in preventing
palmitic acid-induced podocyte death.
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2. MATERIALS AND METHODS

2.1 Cell culture

Podocytes were cultured as described before by Mundel et al. [99, 100]. Briefly,

conditionally immortalized podocytes were cultured under permissive conditions
(33°C) in RPMI-1640 (#21875, Invitrogen) supplemented with 10% FBS (#10270,
Invitrogen), 100 U/ml penicillin and 100 pg/ml streptomycin (#15140, Invitrogen)

and interferon-y (Cell Sciences) on type | collagen (BD Biosciences). Induction of

differentiation is mediated by a thermo shift to 37°C without interferon-y in 6-well

plates (apoptosis assays, mMRNA isolation, and lipid and R-oxidation analysis) and

10cm dishes (protein isolation). Experiments were performed at least at day 11 of

differentiation.

HEK293 cells were cultured in DMEM (#41965, Invitrogen) supplemented with 10%

FBS and penicillin/streptomycin.

2.2 Agonists, inhibitors, analogons and cytokines

The following agonists, inhibitors and compounds were used at the indicated

concentrations (Table 1).
Substance Product number # | Supplier Action Concentration
4-PBA 567615 Calbiochem | Chemical chaperone 0.5mM
8-Br-cAMP B7880 Sigma CAMP analogon 100-200 uM
8-CPT-2Me-cAMP | 116833 Calbiochem | cAMP analogon 200 uM
Forskolin F6886 Sigma AC agonist 1uM
H89 371963 Calbiochem | PKA inhibitor 2-10 uM
Staurosporine 1048 BioVision | General kinase inhibitor | 0.25 uM
TGF-R 100-21C PeproTech 5 ng/ml
Thapsigargin 586005 Calbiochem | SERCA inhibitor 1uM
Cayman .
TO901317 71810 Chemical LXR agonist 1uM
TUDCA 580549 Calbiochem | Chemical chaperone 0.25-5 mM
GIcNAC
Tunicamycin T7765 Sigma phosphotransferase 2-5 ng/ml
inhibitor
Table 1: Agonists, inhibitors and compounds with their applied

concentrations
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2.3 Fatty acid preparation

Fatty acid preparation was applied by two different methods as described in
Listenberger et al. (2001) and Maedler et al. (2001) [53, 69].

First, a 20 mM solution of palmitic or palmitoleic acid in 0.01 M NaOH (vehicle) was
incubated at 70°C for 30 min and complexed to 10% BSA in a molar ratio of 6.6:1,
shaken overnight at 37°C under Ny-atmosphere, sonicated for 10 min, sterile filtrated
and stored at -20°C; the complexes were heated at 60°C for 15 min before use
followed by dilution in culture medium.

Second, sodium palmitate, palmitoleic or oleic acid (all from Sigma) were dissolved
overnight at 10 mM in glucose-free RPMI-1640 medium (#11879) containing 11%
essential fatty-acid free BSA (Sigma) under N-atmosphere at 55°C, sonicated for 10
min and sterile filtered (stock solution). The molar ratio of fatty acid to BSA was 6:1.
The effective free fatty acid concentrations were measured with a commercially
available kit (Wako).

Both applications revealed comparable results but the second approach became the
method of choice.

2.4 Apoptosis assay

The cells were trypsinized, washed once with PBS, and resuspended in 120 pl
annexin V binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4).
100 ul of the cell suspension was used for the staining procedure. Alexa-647 annexin
V (Invitrogen) staining was applied for 15 min at room temperature at a dilution of
1:100 (see producer protocol) and before analyzing an additional 400 ul of annexin V
binding buffer and 0.5 pg propidium iodide (Invitrogen) were added. 20’000 — 25’000
cells were analyzed by flow cytometery (Beckman Coulter) [101]. Annexin V single
positive cells were counted as apoptotic cells and annexin V and Pl double positive
cells were counted as (late apoptotic) necrotic cells.

2.5 Cytochrome c release

The cells were washed twice with ice cold PBS and incubated for 10 min on ice in
digitonin lysis buffer (75 mM KCI, 1 mM NaH,PO4, 8 mM Na;HPO,4, 250 mM
sucrose and 190 pg/ml digitonin) in the presence of EDTA-free protease inhibitors
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(Roche). The cytosolic fraction was collected and spun down at 500xg for 5 min at

4°C to remove cell debris. The supernatant was further analyzed by Western blotting.

2.6 Vectors and lentivirus production

2.6.1 Knockdown

A) Specific 21-nt CHOP oligonucleotides (see table 2) were cloned into a CMV

vector (BbSI/BstBI) under an ubiquitin (U6) promoter. In a second step the U6-21-nt-

oligonucleotides were cloned into a FUGW vector (BstBIl/Nhel) coexpressing GFP. A

21-nt scrambled sequence with no significant mammalian homology was applied as a

control [101].

B) Specific SCD1 and SCD2 shRNAs in a PLKO.1 puro vector were obtained from

Sigma.

Gene shRNA sequence Vector GeneBank
number

CHOP GGAAACGAAGAGGAAGAATCA | FUGW NM_007837

CHOP (2) GGCGGGCTCTGATCGACCGCA | FUGW NM_007837

Scrambled GACCGCGACTCGCCGTCTGCG | FUGW

Scrambled (2) GACCGCATAGATACTAGACCC | FUGW

SCD1 GCCTTTAATCAACCCAAGAAA | PLKO.1 puro | NM_009127

SCD1 CCTACGACAAGAACATTCAAT | PLKO.1 puro | NM_009127

SCD1 AGTTTCTAAGGCTACTGTCTT PLKO.1 puro | NM_009127

SCD2 GAACATTAGCTCTCGGGAGAA | PLKO.1 puro | NM_009128

SCD2 CGCGTATTTGTACTATGTAAT PLKO.1 puro | NM_009128

Table 2: shRNA sequences and the particular vectors.

2.6.2 Overexpression

2.6.2.1 SCD-1

The whole murine SCD1 sequence under a CMV promoter in an EZ-Lv153 vector

was purchased from GeneCopoeia. GFP in a pLVX-puro vector, as well under a CMV

promoter, was used as a control. It was kindly provided by Dr. Dennis Pfaff

(University Hospital Basel, Switzerland).
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2.6.2.2 ACREB

ACREB [102] was kindly provided by Prof. Handschin (University of Basel,
Switzerland). The sequence was amplified with two primers (5’-
ATAATTTCGAACGGTGGGAGGT-3’, 5’-AGAAGGCACAGTCGAGGCTG-3’)

and cloned into the vector pLVX-puro using the restriction sites BstBI and Xbal.

2.6.3 Lentivirus production

Lentivirus production was performed as previously reported by Dittgen et al. 2004
[103]. In brief, HEK293 cells (30-40% confluency in a T175 cm? flask (BD falcon))
were transfected using Fugene (Roche) with the expression (1 pg) and two helper
plasmids, vesicular stomatitis virus (VSV) G protein (5 pg) and A8.9 (7.5 ug). The
particular plasmids were added to a mixture of 45 ul Fugene and 500 pl Opti-MEM
(Invitrogen), incubated for 15 min at room temperature and subsequently added to
HEK293 cells in 20 ml culture medium (see part 2.1). 12 hours after transfection
medium was exchanged and after 72 hours the supernatant was spun down at 780xg,
filtered at 0.45 um pore size and stored at -80°C.

Podocytes were transduced by adding virus-containing medium after five minutes
pretreatment with 10 ug/ml Polybrene (Sigma). 8-24 hours after transduction medium
was exchanged. Experiments were performed three to five days after viral

transduction.

2.7 Western blot

Podocytes were washed with ice cold PBS and scraped in 200 ul RIPA lysis buffer
(50mM Tris-HCI, pH 7.5, 200 mM NaCl, 1% Triton, 0.25% deoxycholic acid, 1 mM
EDTA, 1mM EGTA) containing EDTA-free protease inhibitors (Roche) and
phosphatase inhibitors (Pierce). To include the floating and detached cells, the culture
medium and PBS (the cells were washed with) were collected, centrifuged (530xg)
and resuspended in 20 ul lysis buffer. The pooled cells were lysed mechanically and
rotated for 1 h at 4°C. To remove nuclei, the samples were spun down (10’000 rpm,
10 min) and the protein concentration of the supernatant was determined by Dc
Protein Assay (Bio-Rad). 20 - 80 ug of protein was complemented with 6x sample
buffer (200 mM Tris-HCI pH 6.8, 26% glycerol, 10% SDS, 0.01% bromphenol blue)
and DTT (final concentration of 100 mM) and heated for 10 min at 95°C. Protein
samples were loaded on 12-15% gels and SDS-PAGE was performed at 200 V.
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Transfer to nitrocellulose membranes (Protran BA83, Whatman Schleicher und
Schuell) was applied at 100 V in the coldroom for 1 hour and the blots were blocked
for 2 hours with 5% milk powder in TBS-Tween (50 mM Tris HCI pH 7.4, 150 mM
NaCl, 0.02% Tween). Primary antibodies were applied overnight and the secondary
antibodies for 1 hour at the indicated dilutions in 5% milk in TBS-Tween (Table 3).
The immunoblots were detected by enhanced chemiluminescence (Pierce) on Kodak
BioMax light films (Sigma).

Antigen Species Conjugate | Supplier Application | Dilution
Akt Rabbit Purified Cell signaling | WB 1:1000
Bcl-2 Rabbit Purified Cell Signaling | WB 1:1000
BiP Rabbit Purified Cell signaling | WB 1:500
Caspase 3 Rabbit Purified Cell signaling | WB 1:100
CHOP Mouse Purified Santa Cruz wB 1:200
CREB Rabbit Purified Cell Signaling | WB 1:1000
Cytochrome ¢ | Mouse Purified BD Bioscience | WB 1:3000
Flag Mouse Purified Sigma wWB 1:2000
Mouse IgG Goat antiserum | HRP Jackson wWB 1:2000
P-Akt Rabbit Purified Cell Signaling | WB 1:500
P-CREB Rabbit Purified Cell Siganling | WB 1:500
Rabbit 19G Goat antiserum | HRP Dako wB 1:1600
R-actin Mouse Purified Sigma WB 1:50°000
Table 3: The specific antibodies and the applied concentrations.

2.8 Quantitative Reverse Transcription PCR (XBP-1 splicing)

Total RNA was extracted with a Nucleospin kit (Macherey-Nagel GmbH) and first-
strand cDNA was synthesized using oligo(dT) primers (Fermentas). The mRNA (0.5-
2 ug) and oligo(dT) (0.5 ug) mix (Vier = 12.5 pul) was heated at 70°C for 5 min and
put on ice for 4 min. After addition of 5x RevertAid™ reaction buffer, dH,O, RNAse
inhibitor (20 U), dNTPs (1 mM) and RevertAid™ Reverse Transcriptase (50 U; all
from Fermentas) reverse transcription (Vyr = 20 ul) was performed at 42°C for 60
min and a final step at 72°C for 10 min.

cDNA (1ul) was amplified in a total volume of 10 ul: 1 pul dNTP mix (10 mM each,
Sigma) 1 ul of each primer (20 mM, see table 4), 1 ul 25 mM MgCl;, (Promega), 2 pl
Promega 5x Buffer, 3 ul dH,0 and 0.2 ul Taq Polymerase (Promega). Amplification
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was performed with an initial denaturation at 94°C for 1 min, 30 cycles of PCR at
94°C for 30 s, 58°C for 30 s and 72°C for 1 min, and a final extension at 72°C for 10
min. 3-actin was applied as a control. PCR products were separated by electrophoresis
on 2.5% agarose gels in TAE running buffer (40 mM Tris acetate pH 8, 1 mM
EDTA), stained for 10 min in 2 ug/ml ethidium bromide (Sigma) and visualized by
UV light.

2.9 Quantitative real-time PCR (SCD expression)

After cDNA synthesis (see part 2.7), real-time PCR was performed in a total volume
of 20 ul using 2x GoTag® gPCR Master Mix (Promega) and 0.75 uM of the
particular primers (see table 4). GAPDH and R-actin were used as internal controls.
The experiments were carried out in a 7500 Fast Real Time PCR System (Applied
Biosystems) with an initial denaturation at 95°C for 10 min and 40 cycles of
amplification (95°C for 15 sec and 60°C for 1 min).

Gene Primer Sequence (5°-3’) Product GeneBank | Reference
Length (bp) | number

XBP-1 | Fw- TGAGAACCAGGAGTTAAGAACACGC |u™: 330 AF027963 | [104]
Rv- TTCTGGGTAGACCTCTGGGAGTTCC | s: 304

SCD-1 Fw-TCTTGTCCCTATAGCCCAATCCAG 130 NM_009127 | [105]
Rv-AGCTCAGAGCGCGTGTTCAA

SCD-2 FW-AGTGTTGCTCGTGAGCCTGTG 140 NM_009128 | [105]
Rv-CCTGCAGATCCATGTCCAGCTA

SCD-3 Fw-TCACACCGTGAACCCTGAGATTGT 160 NM_024450 | [105]
Rv-TGCTTGCTCTGCCTCTTGACCTAT

SCD-4 Fw-ACCTTGCTCTCTCTGCCTTCACAA 84 NM_183216 | [105]
Rv-TGCTGGAGATCTCTTGTGGCAAGT

R-actin Fw-GAAATCGTGCGTGACATCAAA 510 NM_007393
Rv-GTGCACCGCAAGTGCTTCTAG

GAPDH | Fw-CTGCACCACCAACTGCTTAGC 88 NM_008084
Rv-GGCATGGACTGTGGTCATGAG
Table 4: Specific primer sequences.
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2.10 Quantitative real-time PCR of renal biopsies

Experiments were performed by the group of Prof. Cohen at the University of Zurich.
Human renal biopsy specimens were procured in an international multicenter study,
the European Renal cDNA Bank-Kroener-Fresenius Biopsy bank (ERCB-KFB).
Biopsies were obtained from patients after informed consent and with approval of the
local ethnics committees. Following renal biopsy, the tissue was transferred to RNase
inhibitor and microdissected into glomerular and tubular fragments. Total mMRNA
isolation from microdissected glomeruli and reverse transcription real-time PCR were
performed as reported previously by Cohen and coworkers [106]. Pre-developed
TagMan reagents were used for human BiP (NM_005347.2), HYOU (NM_006389.2)
CHOP (NM_004083.4), as well as reference genes (Applied Biosystems). The
expression of BiP, HYOU1 and CHOP was normalized to the mean of three reference
genes: GAPDH, 18 rRNA and synaptopodin. The mRNA expression was analyzed by

standard curve quantification [107].

2.11 Incorporation of palmitic acid into diglycerides (DAGs) and
triglycerides (TGs) and R-oxidation [108]

Pretreatment was carried out in complete medium for 14 hours. The experiment was
performed in serum-free medium supplemented with 0.5% FFA-free BSA containing
200 uM palmitic acid or the combination of palmitic and oleic acid (100 uM each) in
the presence of 0.5 uCi/ml [*H]-palmitic acid.

2.11.1 DAG and TG analysis

At the particular time points the cells were washed three times with cold PBS and
scraped in a volume of 120 pl PBS. To extract total lipids the lysates were transferred
to 500 ul chloroform/methanol/5SN HCI (2:1:0.05, v/v), rotated for 5 min and
centrifuged at 350xg for 5 min. The organic phase was dried under N, and redissolved
in 30 ul of chloroform. 5 ul were applied to measure radioactivity of the total lipid
fraction and 20 ul were loaded onto silica plates (20x20 cm; Sigma). Lipid fractions
were separated by unidimensional thin layer chromatography in n-Hexane/diethyl
ether/methanol (45:10:1, v/v). The lipid standards (Sigma) were visualized by
spraying with KMnO, and subsequent drying and heating with a Bunsen burner. The
spots corresponding to the adequate markers were scraped into scintillation vials and
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after addition of 150 ul methanol and 2 ml of scintillation buffer radioactivity was
measured. Values of DAGs and TGs were normalized to total lipid.

2.11.2 R-oxidation determination

At the particular time points the supernatant (1 ml) was transferred to 5 ml of
chloroform/methanol/5N HCI (2:1:0.05, v/v), rotated for 5 min and spun down at
350xg for 5 min. 500 pl of the aqueous phase was added to 2 ml of scintillation buffer
before measuring radioactivity. Values of B-oxidation were normalized either to total

protein or total lipid.

2.12 Statistical anlaysis

Data are expressed as means and SD. Significance of differences was calculated with
a two-sided, unpaired t-test. For the real-time RT-PCR data of mRNA expression in
renal biopsies statistical analysis was performed using Kruskal-Wallis and Mann-
Withney U tests.
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3. RESULTS

3.1 Regulation of podocyte survival and endoplasmic reticulum
stress by fatty acids [109]

3.1.1 Palmitic acid induces apoptosis in podocytes

The saturated palmitic acid is inducing cell death in several cell types [53, 57, 110]. In
a first experiment podocytes were exposed to 500 uM palmitic acid complexed to
BSA for 10, 24, 34 and 48 hours and stained with annexin V and PI (Fig. 3a).
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Figure 3: Time-dependent induction of apoptosis and necrosis by palmitic acid. a)

Representative flow cytometry results for podocytes treated with 500 uM palmitic acid or
BSA for 10, 24, 34 and 48 hours and stained for annexin V and PI. b,c) Bar graphs represent
mean fold-increase + SD of apoptotic (annexin V-positive/Pl-negative) and necrotic (annexin
V-positive/Pl-positive) podocytes, respectively. BSA controls were set to 1. d) Bar graph

represent the number of cells recovered from culture dishes to analyze by flow cytometry.
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Decreasing number of cells reflect the accumulation of necrotic cell debris that could not be

recovered for flow cytometry. (n =3, * p = 0.05, ** p < 0.05, *** p < 0.01).

Fatty acid free BSA was used as a control. Annexin V single positive cells were
considered as (early) apoptotic and annexin V and Pl double positive cells as (late
apoptotic and) necrotic cells. Cell death of podocytes, both apoptosis and necrosis,
increased over time and became apparent after 24 hours. After 48 hours, a 2.5 to 3-
fold increase of apoptotic and necrotic podocytes was observed (p < 0.01, Figs. 3b, c).
Of note, the increase of annexin V/PI double positive late apoptotic/necrotic was
underestimated by flow cytometry as more floating cellular debris was formed in the
supernatants of cell pellets used for flow experiments over time. This was reflected in
a decreased total number of cells recovered in cell pellets after 34 and 48 hours (p <
0.05; Fig. 3d).

500 uM of palmitic acid is a high free fatty acid concentration even under diabetic
conditions. Therefore, apoptosis and necrosis was additionally examined at lower
concentrations (125, 250 uM) of palmitic acid (Fig. 4).
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Figure 4: Palmitic acid induces apoptosis and necrosis in a dose-dependent manner. a)

Representative flow cytometry results for podocytes exposed to 125, 250 and 500 uM
palmitic acid or BSA (at concentration equivalent to cells treated with 500 uM palmitic acid
complexed to BSA) for 38 hours. The abscissa and ordinate represent the fluorescence
intensity of annexin V and PI, respectively. b) Quantitative analysis of palmitic acid-induced
cell death. Bar graph represents the mean percentages + SD apoptotic and necrotic podocytes
(n=3;*p<0.05 **p<0.01).
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After 24 hours of treatment no toxic effect was visible at 125 and 250 uM (data not
shown). Palmitic acid-induced cell death was dose-dependently increased after 38
hours. In BSA control, 5.2 £ 0.1% of podocytes were apoptotic and 5.9 £ 0.9% were
necrotic. Palmitic acid significantly increased apoptosis at 250 (9.1 + 0.9%, p < 0.01;
Fig. 4b) and 500 uM (14.0 + 0.2%, p < 0.01; Fig. 4b). Similar findings were observed
for necrosis (at 500 uM, 17.3 + 1.2, p < 0.01; Fig. 4b). Furthermore necrotic cells
were already increased at 125 uM (Fig. 4b).

To confirm the effect of palmitic acid on apoptosis and necrosis with a second
independent approach caspase 3 cleavage and mitochondrial cytochrome c release
were examined by Western blotting. As caspase 3 activation occurs before
externalization [111] of phosphatidylserine podocytes were treated with palmitic acid
for 1 and 16 hours. Staurosporine, a general kinase inhibitor and a strong inducer of
apoptosis, was used as a positive control. Cleaved caspase 3 was detected in
staurosporine-treated podocytes after 1 hour. In palmitic acid-treated podocytes the
effect was visible after 16 hours (Fig. 5a). Consistent with the flow cytometry data
activation of caspase 3 was also observed at lower concentrations of palmitic acid
(Fig. 5b). In addition, mitochondrial cytochrome c was released into the cytosol after

exposure to palmitic acid (Fig. 5c).
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Figure 5: Palmitic acid activates caspase 3 and induces mitochondrial cytochrome ¢

release. Western blot of activated, cleaved caspase 3 of podocytes exposed to staurosporine
(0.25 uM), BSA or palmitic acid. B-actin was used as a control. a) Staurosporine and palmitic
acid (500 uM) caused strong activation of caspase 3 at 16 hours. No signal was detected after
1 hour-treatment of palmitic acid. b) Dose-dependent cleavage of caspase 3 in podocytes
exposed to 125, 250 or 500 uM palmitic acid for 16 hours. ¢) Western blot of cytosolic
cytochrome c of podocytes exposed to palmitic acid (250 uM) for 16 hours. -actin served as

a loading control.
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3.1.2 Palmitic acid induces ER-stress

The toxicity of palmitic acid has been attributed to involve the induction of ER-stress
[52, 54, 56, 61, 62]. Therefore, the effect of palmitic acid on protein levels of BiP, an
ER chaperone that is upregulated during ER-stress, and CHOP, a proapoptotic
transcription factor that is typically upregulated in severe and prolonged ER-stress
was studied [112]. 500 uM palmitic acid led to a 6-fold (p < 0.01) upregulation of BiP
at 24 hours (Fig. 6a). Analogous to apoptosis and necrosis BiP was also induced at
lower concentrations (data not shown). Similarly, CHOP levels were increased 9
times (p < 0.01) in podocytes treated for 24 hours with 500 uM palmitic acid (Fig.
6b). In addition, CHOP induction was dose- and time-dependent and it occurred as
early as 6 hours (Fig. 6¢). Other known apoptotic stimuli as high glucose [25], TGF-3
[36] and staurosporine did not induce CHOP (Fig. 6e). However, high glucose might
enhance the effect of palmitic acid. Interestingly, TGF-B (5 ng/ml) alone or in
combination with high glucose induced BiP.

XBP-1 is involved in the transcriptional activation of CHOP in ER-stress, but only the
spliced form of XBP-1 (sXBP-1) has transcriptional activity [113]. Therefore, RT-
PCR had been used to amplify fragments of XBP-1 representing both the unspliced
(uXBP-1) and the spliced (sXBP-1) forms of XBP-1 mRNA. Palmitic acid and
tunicamycin (Tn), an established inducer of ER-stress, strongly induced sXBP-1 and
an additional slower migrating band (Fig. 6d). The slowly migrating band represents a
hybrid form of uXBP-1 and sXBP-1 (hXBP-1), which can form during annealing in
the last PCR step [114]. XBP-1 splicing was increased as early as 4 hours after
exposure to palmitic acid (data not shown), implying a potential role of XBP-1
splicing in transcriptional activation of CHOP [112].
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Figure 6: Palmitic acid induces ER-stress: the chaperone BiP, the proapoptotic

trancription factor CHOP and splicing of XBP-1 mRNA. a) Palmitic acid-induced
upregulation of BiP (top) and quantitative analysis of BiP levels normalized to B-actin. BSA
control was set to 100% (n = 4; * p < 0.01). b) Palmitic acid-induced upregulation of CHOP
(top) and quantitative analysis of CHOP levels normalized to 3-actin. BSA control was set to
100% (n = 4; * p < 0.01). ¢) Time- and dose-dependent induction of CHOP in podocytes
exposed to 125, 250 or 500 uM palmitic acid for either 6 or 24 hours. d) RT-PCR of XBP-1
after exposure of 500 uM palmitic acid for 12 hours. In BSA-treated controls the unspliced
fragment (u) was predominant whereas treatment with palmitic acid and tunicamycin (5
ug/ml) augmented the spliced (s) and the hybrid (h) form. e) BiP and CHOP expression after
24 hours of exposure. Lane 1, control BSA and 5 mM glucose (LG); lane 2, BSA control, LG
and 17 mM Mannitol (M); lane 3, BSA control and 22 mM glucose (HG); lane 4, 500 uM
palmitic acid and LG; lane 5, 500 uM palmitic acid and HG; lane 6, TGF-R (5 ng/ml) and
HG; lane 7, TGF-B and LG; lane 8, 0.25 uM staurosporine (stauro). 3-actin was used as a

control.

3.1.3 CHORP silencing attenuates palmitic acid-induced podocyte death

As shown before, the proapoptotic transcription factor CHOP is markedly induced by
palmitic acid treatment and levels are already elevated at early time points. To test
whether CHOP is mechanistically involved in palmitic acid-induced cell death CHOP
knockdown podocytes were generated. CHOP silencing was performed by lentivirus
transduction using CHOP-specific ShRNA and a scrambled sequence was used as a
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control. Knockdown efficiency was examined by Western immunoblotting of whole
cell lysates of podocytes treated with tunicamycin for 24 hours. CHOP levels were
reduced by 88 + 10% (p < 0.001; Fig. 7a, b). Surprisingly, BiP levels were also
significantly decreased (44 + 1%, p < 0.01; Fig. 7a, b). A similar picture was observed
in podocytes treated with 500 uM palmitic acid (Fig. 7c).
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Figure 7: CHOP-silencing protects against palmitic acid-induced cell death. a,b) Gene-

silencing of CHOP suppresses tunicamycin-induced upregulation of CHOP and BiP. Bar
graphs (b) show the relative expression of CHOP + SD. A scrambled shRNA was used as a
control and set to 100%. [3-actin was used to normalize (n = 3, * p < 0.01, ** p < 0.001). c¢)
CHOP shRNA suppresses palmitic acid-induced upregulation of CHOP and BiP. d-f) Gene-
silencing of CHOP blocks palmitic acid-induced apoptosis (200 uM) after 38 hours but not
necrosis. Bar graphs represent mean fold-increase £ SD of apoptotic (d), necrotic (e), and

apoptotic + necrotic (f) cells. BSA controls were setto 1 (n = 3).

In a next step, the effect of CHOP silencing on palmitic acid-induced apoptosis and
necrosis was examined. As 500 uM is a high concentration and a protective effect of
CHOP knockdown might not become visible the experiments were performed with
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200 uM palmitic acid for 48 hours. Podocytes either transduced with CHOP-shRNA
or scrambled-shRNA were treated with palmitic acid or BSA and stained with
annexin V and PI. Absolute numbers of apoptotic and necrotic cells were slightly
increased in CHOP-silenced podocytes compared to control (data not shown).
Although, the relative fold-increase of apoptosis (the ratio palmitic acid to BSA
control) was significantly reduced in CHOP-silenced cells (1.7 + 0.2-fold) compared
to control (2.4 + 0.2-fold; Fig. 7d). No significant reduction was observed for necrosis
(Fig. 7e).

To verify the essential role of CHOP in inducing palmitic acid-induced podocyte
death the experiments have been repeated with a second set of ShRNA sequences (in
Methods signed with (2)). Knockdown of CHOP was again efficient in podocytes
treated with palmitic acid and tunicamycin but BiP levels remained unaffected (Fig.
8a). Absolute numbers of apoptosis and necrosis were lower in CHOP-silenced cells
treated with BSA (5.1 + 1.0% and 5.8 + 1.1%) compared to controls (8.8 £ 0.7% and
8.5 £ 0.3%; Fig. 8b). Furthermore, apoptosis and necrosis were strongly prevented in
palmitic acid-treated CHOP-silenced cells: 7.7 £ 0.6% vs. 21.8 * 3.2% apoptotic cells
and 7.6 + 1.0% vs. 13.8 £ 0.8% necrotic cells (Fig. 8b). The effect is also highlighted
in the significant reduction of the relative fold-increase in CHOP-silenced podocytes
(Fig. 8c, d). Overall, the results of both CHOP-shRNA sequences indicate a crucial
involvement of CHOP in mediating palmitic acid-induced cell death.
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Figure 8: Gene-silencing of CHOP with a second shRNA sequence. a) CHOP shRNA

suppresses tunicamycin- and palmitic acid-induced upregulation of CHOP. However, BiP
levels remain unchanged. b-d) Gene-silencing of CHOP prevents palmitic acid-induced cell
death. A scrambled sequence served as a control. b) Bar graphs show mean percentages £ SD
of apoptotic and necrotic cells (n = 3; p < 0.05). ¢,d) Bar graphs represent mean fold-increase

+ SD of apoptotic and necrotic cells, respectively. BSA controls were set to 1.

3.1.4 Chemical chaperones do not protect podocytes from palmitic acid-
mediated death

The previous results clearly point to an active contribution of ER-stress in palmitic
acid-induced podocyte apoptosis and necrosis. Treatment with small molecules,
classified as chemical chaperones have been reported to enhance ER folding [115].
Although the mechanisms of action of these compounds are not completely
understood they have been classified as such due to their ability to protect cells from
ER-stress and to facilitate protein folding [116, 117]. Two of these molecules, 4-
phenylbutyric acid (4-PBA) and tauroursodeoxycholic acid (TUDCA) have been
demonstrated to reduce the induction of ER-stress in an obesity and type Il diabetes
mouse model [118]. To examine if chemical chaperones can reduce susceptibility
towards palmitic acid-induced cell death, podocytes were treated with 4-PBA and
TUDCA. 4-PBA worsened the effect of palmitic acid even at low concentrations (data
not shown). On the other side TUDCA was not toxic itself but also had no clear
beneficial effect on palmitic acid-induced apoptosis (Fig. 9; 0.5 mM TUDCA, p =
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0.19). Palmitic acid-mediated ER-stress in podocytes might not be triggered by an
accumulation of misfolded proteins but rather by impaired ER membrane integrity
and ER-to-Golgi protein trafficking [87, 119].
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Figure 9: The chemical chaperone TUDCA has no protective effect on palmitic acid-

induced cell death. Podocytes were pretreated with 0.25, 0.5, 1 and 5 mM TUDCA for 1 hour
and incubated with 200 uM palmitic acid for 48 hours. Bar graphs show mean percentages *

SD of apoptotic and necrotic cells (n = 3).

3.1.5 Monounsaturated fatty acids prevent the induction of ER-stress and
block palmitic acid-induced podocyte death

Unlike saturated fatty acids (SFAs) monounsaturated fatty acids (MUFAS) as
palmitoleic and oleic acid show no toxic effects on several cell types and furthermore
they could rescue cells from palmitic acid-induced cell death and ER-stress [92, 120].
Therefore, podocytes exposed to 500 uM palmitic acid were coincubated with either
500 uM palmitoleic or oleic acid. Induction of apoptosis and necrosis was analyzed
after 38 hours. Both, palmitoleic and oleic acid could prevent podocyte death caused
by palmitic acid (Fig. 10a, c). In line with this observation palmitoleic and oleic
reduced the induction of CHOP and BiP (Fig. 10b, d).
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Figure 10: Palmitoleic and oleic acid prevent podocytes from palmitic acid-induced cell
death and attenuate CHOP induction. a,c) palmitoleic and oleic acid block palmitic acid-
induced cell death after 38 hours. Bar graphs represent mean fold-increase £ SD of apoptotic
and necrotic cells. BSA controls were setto 1 (n = 3; * p < 0.05 ** p < 0.01 compared with
palmitic acid). b,d) palmitoleic and oleic acid block palmitic acid-induced upregulation of BiP

and CHOP after 16 and 24 hours. R-actin was applied as a loading control.

3.1.6 Glomerular mRNA levels of BiP are induced in patients with DN

As shown before elevated SFA levels lead to ER-stress in podocytes in vitro. In
addition induction of ER-stress has been observed in two rodent DN models [121,
122]. To evaluate an involvement of ER-stress in DN mRNA levels of the ER-stress
markers BiP, CHOP and hypoxia-upregulated protein 1 (HYOU1) were quantified in
glomerular extracts of patients with DN. They were compared to healthy controls and
patients with minimal change disease (MCD). Consistent to the in vitro data the
chaperone BiP was significantly upregulated in DN patients (Fig. 11). HYOUL1 levels
showed increased tendency but the data were not significant (Fig. 11). Interestingly,
the proapoptotic factor CHOP was significantly down compared to both healthy
controls and MCD patients (Fig. 11). These findings in one hand confirm a
participation of ER-stress as BiP was up but on the other hand the downregulation of
CHORP is opposing the in vitro data. It may be explained by the possibility that

apoptotic podocytes detach and are not included in the analysis.
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Figure 11: In DN patients mRNA expression levels of BiP are increased and CHOP
levels are downregulated. mRNA levels of BiP, HYOU1 and CHOP were quantified in
microdissected glomeruli from controls (CON; n = 6), patients with MCD (n = 12) and
patienst with established DN (n = 8). The graphs show expression ratios of each gene

normalized to three reference genes (18S rRNA, hGAPDH and synaptopodin).

3.2 Role of Steroly-CoA Desaturases in palmitic acid-induced ER-

stress and cell death in podocytes (Manuscript in preparation)

As MUFAs such as palmitoleic acid or oleic acid can reduce the induction of ER-
stress and completely protect podocytes from palmitic acid-induced cell death, |
explored in a next step whether stimulation of podocyte autonomous fatty acid
desaturases can protect podocytes from palmitic acid-induced cell death.
Stearoyl-CoA desaturases (SCDs) catalyze the A9-desaturation of SFA. Four SCD
isoforms have been identified in mice [123-125]. In the current literature, SCD-1 and
SCD-2 are ubiquitously expressed whereas SCD-3 expression is restricted to the skin,
preputial gland and harderian gland and SCD-4 to the heart [125, 126]. The
predominant isoform in most tissues including the kidney is SCD-1 [126] and SCD-1
is positively regulated by liver X receptor (LXR) binding to an LXR response element
in the SCD-1 promoter [127] and by LXR-mediated stearoyl regulatory-element
binding protein 1c (SREBP1c) transcription [128].

3.2.1 TO901317 (TO) ameliorates survival of palmitic acid-treated podocytes

To investigate the potentially beneficial action of SCDs on palmitic acid-induced
lipotoxicity in podocytes it has been taken advantage of TO901317 (TO), an LXR
agonist [129], which is known to induce SCD-1. Figure 12a shows that TO-treatment
of podocytes for 14 hours led to a 2-3-fold increase in SCD-1 levels. To test the effect
of TO on cell viability, podocytes were pretreated with 1uM TO for 14 hours and
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subsequently incubated with 200 uM palmitic acid for 48 hours. Incubation with TO
reduced apoptosis by 38 = 6% and necrosis by 30 + 8% (Fig. 12b).
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Figure 12:  TO induces SCD-1 and ameliorates survival of palmitic acid-treated
podocytes. a) 14 hours treatment with TO upregulates protein levels of SCD-1. R-actin was
used as a control. Bar graph represents relative expression £ SD of SCD-1. Vehicle (DMSO)
treatment was set to 100% (n = 3, * p < 0.05). b) 14 hours pretreatment with TO protects
podocytes from palmitic acid-induced death. Bar graphs represent mean percentages = SD of

apoptotic and necrotic cells (n = 3, * p < 0.01).

3.2.2 In podocytes SCD-2 is the predominant SCD isoform and TO strongly
induces SCD-1 and SCD-2

To investigate whether the protective effect of TO on palmitic acid-induced podocyte
death may be related to the induction of SCDs the expression pattern of the various
isoforms was evaluated in whole kidney lysates and podocytes. Real-time RT-PCR
revealed that all four isoforms are expressed in the kidney (Fig. 13a) as well as in
podocytes (Fig. 13b). Consistent with data from others [126] the most abundant
isoform in the kidney is SCD-1 followed by SCD-2 (25% of SCD-1). Compared to
SCD-1, SCD-3 (3%) and SCD-4 (< 1%) showed low expression levels in kidney
lysates (Fig. 13a). Contrariwise, in podocytes SCD-2 was identified as the
predominant isoform with 8-fold higher mRNA levels than SCD-1 (Fig. 13b). Similar
to the expression in whole kidney lysates, expression levels of SCD-3 (22% of SCD-
1), and SCD-4 (< 1%) were also low in podocytes (Fig. 13b). Next, the effect of TO
on SCD mRNA expression has been examined in podocytes. Comparable to the effect
of TO on SCD-1 protein levels (Fig. 12a), TO strongly induced SCD-1 (2.5 % 0.4-
fold, p < 0.01), and to an even higher extent SCD-2 mRNA levels (5.0 + 0.9-fold, p <
0.01; Fig. 13c). Contrariwise, SCD-3 and SCD-4 mRNA levels were not significantly
increased by TO (Fig. 13c).
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Figure 13: The expression pattern of SCD isoforms in the whole kidney differs from
podocytes and TO strongly upregulates SCD-1 and SCD-2 in podocytes. a,b) SCD-1 is
predominant in the kidney whereas in podocytes SCD-2 shows highest expression levels.
Compared to SCD-1 and SCD-2 mRNA levels of SCD-3 and SCD-4 are low. Bar graphs
represent relative expression £ SD in the kidney (a) and in podocytes (b); each isoform was
normalized to GAPDH and SCD-1 expression was set to 100%. c) Real-time RT-PCR
analysis of SCD-1, SCD-2, SCD-3 and SCD-4 at 14 hours of TO-treatment. Bar graph
represents fold induction = SD of each isoform normalized to GAPDH. Vehicle (DMSO)

treatment was setto 1 (n = 3, * p < 0.01).

3.2.3 Gene-silencing of SCD-2 and SCD-1 reverts the protective effect of TO on

palmitic acid-induced podocyte death

To investigate the role of desaturases in the protective action of TO, SCD-2
knockdown podocytes were generated as SCD-2 is the predominant isoform in
podocytes and as SCD-2 is strongly induced by TO (Fig. 13a, ¢). SCD-2 knockdown
podocytes were generated by lentiviral infection using a SCD-2-specific ShRNA. A
scrambled shRNA was used as a control. By RT-PCR, a marked suppression of SCD-
2 expression (Fig. 14a) was observed in podocytes transduced with the SCD-2
silencing shRNA. To assess the effect of TO on podocytes deficient in SCD-2,
podocytes were either pretreated with TO or vehicle for 14 hours before incubation
with 200 uM palmitic acid for 48 hours. SCD-2 silenced podocytes showed increased

overall apoptosis and necrosis (data not shown) but SCD-2 silencing did not affect the
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protective effect of TO on palmitic acid-treated podocytes (Fig. 14b-d). As shown in
Figure 14, the protection of TO was not reduced in SCD-2-silenced podocytes, i.e. TO
blocked palmitic acid-induced apoptosis to a similar degree in controls, and SCD-2
knockdown cells, by 26 + 10%, and by 29 + 7%, respectively (Fig. 14b). Similar
findings were observed for necrosis as well as apoptosis and necrosis combined (Fig.
14c, d).
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Figure 14: SCD-2 silencing does not affect the protective effect of TO on palmitic acid-
induced podocyte death. a) SCD-1 and SCD-2 shRNA suppress the TO-mediated
upregulation of SCD-1 and SCD-2 as analyzed by RT-PCR. -actin served as a control. b-d)
Podocytes were pretreated with 1 uM TO for 14 hours and incubated with 200 uM palmitic
acid for 48 hours. Bar graphs represent mean fold-increase £ SD of apoptosis (a), necrosis (b)

and apoptosis+necrosis (c). Vehicle (DMSQO) control was setto 1 (n = 3).

As SCD-1 might compensate for SCD-2 SCD-1/SCD-2 double-deficient podocytes
were generated. As for SCD-2, efficiency of SCD-1 knockdown was assessed by RT-
PCR (Fig. 14a). SCD-1/SCD-2 double-deficient podocytes were highly susceptible to
palmitic acid-induced cell death and apoptotic cells increased from 8.5 + 1.0% to 21.6
+ 0.9% in palmitic acid-treated controls and SCD-1/SCD-2 double-deficient cells,
respectively (Fig. 15a), and most importantly the protective effect of TO was largely
abrogated (Fig. 15a). In SCD-1/SCD-2 double-deficient podocytes the protective
effect of TO on apoptosis was reduced from 40.3 £ 4.0% in control cells to 11.1 +
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7.7% (p < 0.01) in SCD-1/SCD-2 double-silenced cells (Fig. 15b). Similarly, the
protective effect of TO on apoptosis and necrosis combined was reduced from 30.6 +
1.1% in control cells to 11.6 + 7.9% (p < 0.05) in SCD-1/SCD-2 double-silenced cells
(Fig. 15d) whereas no significant impact was seen for necrosis (Fig. 15c¢). Together,
these data indicate that SCD-1 and SCD-2 induction are mainly responsible for the
protective effect of TO. Furthermore, SCD-1 and SCD-2 are presumably
compensating for each other as a single-knockdown of SCD-1 (data not shown) and
SCD-2 (Fig. 14) could not prevent the protective effect of TO on palmitic acid-

induced podocyte apoptosis.
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Figure 15: Combined silencing of SCD-1 and SCD-2 partially reverses the protective
effect of TO on palmitic acid-induced apoptosis. Podocytes were pretreated with 1 uM TO for
14 hours and incubated with 200 uM palmitic acid for 48 hours. a) Bar graph represents mean
percentages = SD of apoptotic and necrotic cells. b-d) Bar graphs represent mean fold-
increase = SD of apoptosis (b), necrosis (c), and apoptosis + necrosis (d). Vehicle-treated
(DMSO) control was setto 1. n = 3; * p < 0.05, ** p < 0.01.

3.2.4 Genetic overexpression of SCD-1 partially protects from palmitic acid-
induced apoptosis

To further confirm the important role of SCDs on palmitic acid-induced apoptosis of
podocytes a genetic approach, again by lentiviral transduction, was used by

overexpressing SCD-1 in podocytes. Overexpression of SCD-1 was confirmed by

33




Western immunoblotting (Fig. 16a). Initially, GFP-overexpressing cells showed
higher basal cell death that was associated with higher occurrence of ER-stress (data
not shown). To overcome this problem podocyte transduction was carried out using
lower virus titers and the cells were left to recover from ER-stress for 5 days before
entering the experiment as BiP and CHOP levels were decreasing over time (data not
shown). Treatment with BSA control for 48 hours showed comparable basal apoptosis
and necrosis levels: 2.9 + 0.2% apoptotic and 5.1 + 0.9% necrotic cells in SCD-1
overexpressing cells versus 3.8 + 0.4% apoptotic and 4.3 £ 0.7% necrotic cells in
GFP-overexpressing cells (Fig. 16b). High levels of SCD-1 significantly prevented
palmitic acid-induced apoptotic (7.0 £ 0.3% vs. 10.3 £ 0.7%, p < 0.01; Fig. 16b) and
necrotic events (5.7 £ 0.4% vs. 7.3 £ 0.5%, p < 0.05; Fig. 16b). In Figure 16¢ and 16d
the results of five independent experiments are pooled. Compared to GFP
overexpression (set to 1), SCD-1 overexpression reduced the increase of apoptosis
and necrosis after exposure to palmitic acid compared to podocytes incubated with
BSA (control) by 16 £ 9% (p < 0.0001) and 12 + 18% (p < 0.05), respectively (Fig.
16¢, d). These data indicate that genetic overexpression of SCD-1 protects podocytes
from palmitic acid-induced apoptosis, which is in complete accordance with the SCD-
1 and SCD-2 dependent protective effect of TO (Fig. 15a-d).
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Figure 16: Overexpressing SCD-1 moderately protects from palmitic acid-induced
apoptosis and necrosis. a) Western blot analysis of SCD-1 levels