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Abbreviations

AKI: Acute Kidney Injury

Ang II: Angiotensin I

AT1R: Angiotensin Il Type 1 Receptor
Bcl10: B cell ymphoma/leukemia 10

BP: Blood Pressure

CARMA1/3: Caspase RecruitmenDomain-Containing MAGUK protein 1/3
CBM: CARMA1/3Bcl10-MALT1

CD: Cluster of Differentiation

CKD: Chronic Kidney Disease

cKO: conditional Knockout

CTH/Cth: Cystathionaseprotein/gene
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eGFR: estimated Glomerular Filtration Rate
ESRD: Endstage Renal Disease
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| FNA: | nagaremaf er on

| FNAR: i-gamma Reeeptar n

I KK: |l éB kinase compl ex
IL: Interleukin

IL23R: Interleukin 23 Receptor (IL23R)

IRI: Ischemia Reperfusion Injury

| é B: I nhi-8Bt or of NF

KO: Knockout

loxP: locus of x-over, P1

MALT1: Mucosaassociated lymphoid tissue lymphoma translocation protein 1
NFé B : Nucl ear -lighaahdineenhances ¢f actvated B cells

RAAS: ReninAngiotensin-Aldosterone system

RNA: Ribonucleic Acid

MRNA: messengerRibonucleic Acid



TGFa: Transfor mi-beg Growt h Factor
TNFU: Tumor Nalphaosi s Factor

TRPCB6: Transient Receptor Potentigl Canonical 6



. Introduction

Whereasthe kidneys as organs were recognized already in ancient Egyptt and one of the most
accomplished medical researchers of the Roman Empire, Claudius Galenus, describé the
primary function of the kidneys (i.e., urine generation) correctly ,2 it was not until the discovery
of the microscope and the work of Marcello Malpighi in the seventeenth century when the
microscopic anatomy of the kidney and the hypothesis was born that formation of urine takes
place in the kidneys through a filtering me chanism between blood and renal tubules.® After
three centuries and many bright minds later, such as Richard Bright, Theodor Fahr, and Franz
Volhard, to name a few. The next milestone marked the development of electron microscopy,
which coincided with the introduction of renal biopsy and the establishment of experimental
renal pathology.® Whereas the understanding of the pathophysiology of renal diseases has
been progressing ever since at an unprecedented pace, the clinical subspecialty of nephrology
emerged only some 60 years ago when transplantation and dialysis became available in the
1960s.# Although these groundbreaking interventions have made it possible to save and
prolongthe | i ves of patt agesr en ardecogiiEng ¢ha desebopment
stageso f t hisst afigeen dr e n al d it wass acs eadier Asang2Q0&2 when the first
uniform definition - based on objective measures of kidney function - staging system for

chronic kidney disease (CKD) was developed and 2004 for acute kidney injury (AKI), which

was named at t hi s t i.%&ncédefmitionsewere estatdishedfitdbecamer e o

clear that AKI, as well as CKD, have both high prevalence and associated with increased
mortality and morbidity. AKI can be diagnosed in around 10i 15% of hospitalized patients,
while this number can be as high as 50% in intensive car units.”® The exact figures apply for
CKD: population prevalence is more than 10% and exceeds 50% in subpopulations with

conditions posing a high risk of developing CKD%!

Clinical diagnosis of AKI is still based on rapid changes in creatinine levels in the blood and

reduced urine volume. Stage 1 AKI refers to a creatinine elevation in the blood 01 . 5 t i

me s

baseline value or anintwadayserasrae volime @W5. nd/kgfay 6 id L

12 hours. Stage 2 refers to a blood creatinine two times or more of the baseline value or to a
urine volume <O0. Hastiyls/tkagg ef o3r rCelf2erhs t o a bl

the baseline concent r atmgihor acute dialysisi on uwineevalsne
<0. 3 mL/ kg 2CKbris défiged ashestimated) glomerular filtration rate (€)(GFR)<60
mL/min per 1.73 m? and/or presence of renal damage markers - such as albuminuria (urine

albumin to urine creatinine ratio>30mg/g ), abnormal urinary sediment, electrolyte or other
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abnormality due to renal tubular disorder, abnormal renal histology or history of renal
transplantation for at least 3 months. CKD is clinicallyclassified according to international into
the following categories based on (€)GFR (mL/min per 1.73 m?) as follows: G1 090
or high), G2 60i 89 (mildly reduced), G3a 45 59 (mildly to moderately reduced), G3b 30i 44
(moderately to severely reduced), G4 15i 29 (severely reduced) and G5 <15 (kidney failure ).
Although the clinical diagnosis of AKI and CKD can be made based on these set values and
provide helpful guidance in treating these conditions, the underlying pathophysiology varies,
and many casesare poorly understood.? In fact, treatment of AKI and CKD in almost all cases
is limited to supportive treatment or ameliorating complications and consequences of renal

function loss.

AKIl induced by prerenal factors and leading to reduced blood flow is the most common form
of AKI regarding the number of hospitalized patients. Hypoxia, followed by reperfusion injury,
is a major pathophysiological driver of renal damage, especially in multiple organ failure and
sepsis*1® What we nowadays know about the pathophysiological processesof prerenal AKI
is derived mainly from animal models, especially acute ischemia models induced by temporal
clamping of the renal vessels (the renal artery only or in mouse models commonly clamping
both the renal artery and vein) leading to ischemia-reperfusion injury of the kidney. 162° After
a reduction in adequate kidney perfusion, virtually all kidney cell types are affected, but more
severely, cells with high metabolic rates and limited capacity to switch to anaerobic glycolysis.
This involves the proximal tubular cells (mainly the straight (descending) portion of the

proximal tubule) and tubular epithelial cells of the medulla, which are 7 due to the

(nor mi

countercurrent capillary flow 17 in a healthy situation al r eady i n a f#dAphysiol o

state.?! In these epithelial cells, hypoxia or ischemia leads to depletion of adenosine
triphosphate and consequent cell injury, which may ultimately lead to programmed cell death

(apoptosis) or even necrosis'®?2 However, tubular epithelial cells not only suffer from

morphological, cytoskeletal, and structural changes (or even cell death) but are also active
contributors to the repair. The surviving tubular cells undergo dedifferentiation and
proliferation to replace dead tubular cells and also actively produce cytokines and chemokines
that further define the degree of cellular infiltration and regulate innate and adaptive immune
responses!>?® Cytokines and chemokines produced by tubular cells includeinterleukin (IL)6,

I L 1chemokine (C-C motif) ligand 2, monocyte chemoattractant protein 1, tumor necrosis
fact or ( TtNusorthingagnodith factor (TGF)a.'% Many of these molecules are
controlled by the transcription factor family nuclear factor kappa-light-chain-enhancer of

activated B cells (NFéB).?4#?> The mammalian NFé B f a mi |sof five protsiris ghat can

form several homo- or heterodimers. These members arecalled NFéB1 (pl1l05£€£B20) , N |
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(p100/p52), RelA (p65), RelB and c-Rel. T h e d e n oNt~& B dormmonlyirefers to the p50-
RelA heterodimer (used in this work also in this sense), which is the major complex in most
cells?® Indeed, NF-é B r e g selvesat aspects of the adaptive and the innate immune
systems, thereby mediating inflammator y responses and regulating the activation, survival,
and differentiation of immune cells and other cell types, including renal cells.?#?> To analyze
the time course of NFFé B acti vation after ischemic renal i nj
NFé& B post-ischemic cellular infiltration and chemokine and cytokine expression-specific
mice models were developed and applied, which are described in the first original article of

this work.

A further hallmark of (ischemic) renal damage is endothelial dysfunction. Under physiological
circumstances endothelial cells contribute to vascular tone, thereby regulating the blood flow
of the local tissue beds Modulation of vascular permeability regulates cellular infiltration into
the interstitium. Damaged endothelium has increased microvascular permeability and has an
imbalance between vasoconstrictor and vasodilator agents, with nitric oxide as the central
mediator.1>2227 Next to nitric oxide and carbon monoxide, hydrogen sulfide has emerged
recently as a novel gaseous mediator in renal tissue.?®2° Whereas the application of extrinsic
hydrogen sulfide showed potential to ameliorate acute ischemic renal damage®®3, the role of
the endogenoudy produced hydrogen sulfide was unclear. Endogenous hydrogen sulfide in
the kidney is mainly produced by cystathionine gamma-lyase and by cystathionine beta-
synthase. In the second original article, we investigated the role of endogenous hydrogen
sulfide by using mice lacking or having only one or both copies of the cystathionine gamma-

lyase gene.

Once the kidney suffers insult, intrinsic repair processes are activated rapidly. This process can
lead to (complete or partial) resolution by adaptive repair mechanism or progression by
maladaptive repair mechanism3? Maladaptive repair can occur in the tubular (epithelial),
vascular, and interstitial compartments of the kidney in response to insult, ultimately leading
to renal fibrosis and reduction in kidney function .?®> Glomeruli scarring secondary to podocyte
damage, a critical cell type of the ultrafiltration barrier, can lead to focal segmental
glomerulosclerosis (FSGS) ultimately leading to CKD. Such podocyte damage can be caused
by identifiable factor s (considered asthe primary form of the disease) and the secondary form
of the disease by toxins, drugs, or are associated with viral infection or mutations in differential
genes.®® Mutations of the transient receptor potential cation (TRPC)channel 6 i a member of
non-selective C&*-permeable TRPC channelsi have been found in families with FSGS3*
Subsequent studies have shown that the TRPCG6 channel is expressed in podocytes and

represents a component of the slit diaphragm. This specialized cell junction comprises several
7



cell-surface proteins and connects neighboring podocyte foot processes353% Additionally,
TRPC6channels are expressed in other renal structures, such as glomerular mesangial cells,
tubular epithelial cells, and other cells of renal micr ovasculature. More importantly, the TRPC6
channels are also redox-sensitive.®” An imbalance of redox signaling is a hallmark of AKI.38
More recently, treatment with BI-749327, a potent and selective orally bioavailable TRPC6
antagonist, or having TRPC6 genetically knocked out has been found to ameliorate renal
fibrosis in the model of unilateral ureteral obstruction. *%4° Based on these findings, we
hypothesized that inhibition of TRPC6might be helpful to alleviate the immediate outcome of
AKI. To addressthis hypothesis, we used mice lacking the gene of TRPC6or treated wild-type
mice who underwent AKI induction by BI-749327 or by SHO45, a further selective inhibitor of
TRPC6 The third article describes the usefulness of targeting TRPC6to impact the outcome

of ischemic AKI.

High blood pressure (hypertension) is the main cause of cardiovascular disease and premature
death worldwide.** In human progressive chronic kidney damage, hypertension is the second
leading cause of end-stage renal diseas€*? and a significant risk factor for developing chronic
kidney disease***4 On the other hand, a common consequence of chronic kidney disease is
hypertension.*® Therefore, the interaction between hypertension and (chronic) kidney damage
is complex. Several animal models were developed and analyzed in the last decade to
disentangle the relationship between renal damage and hypertension and to understand the
pathogenesis of hypertension.“® One of the most widely used models is the long-term (at least
4 weeks) angiotensin (Ang) Il -induced hypertension model becauseit closely resembles some
aspects of human hypertension and target-organ damage, including vascular remodeling,
cardiac hypertrophy, and chronic kidney disease® Using this (and also verified in other
models), the concept that immune cells contribute to hypertension has been established.*"4°
With the advancing technology of genetically engineered mouse models, mice lacking the
recombinase activating gene 1 were generated. The protein encoded by this gene is involved
in immunoglobulin and T-cell receptor recombination; therefore, mice lacking this gene fail to
develop B and T lymphocytes. In a milestone paper, mice lacking this gene develop blunted
hypertension in response to angiotensin Il or deoxycorticosterone acetate salt (another agent
to induce hypertension in murine models)®° challenge. Adoptive transfer of T (but not B) cells
into these mice leads to hypertension and end-organ damage.®® Interferon-g a mma  ( ib
an important cytokine that regulates the host defense system by interacting with innate and
adaptive immune systems. Its signaling pathway coordinates a diverse array of cellular
programs.5253 In the fourth manuscript , the role of this pathway was investigated in the

development of hypertensive organ damage with particular emphasis on renal damage.

FNA)



As outlined earlier, the transcription factor family NF-&€ B ¢ osnntamyonbrmal cellular

processes by regulating the expression of genes and proteins involved in immune system
homeostasis, inflammatory responses, cellular growth, or apoptosis. Ang Il can activate NF

6B through its a@glRoanddaypesllirateptor! °>*>%Mone enpattantly, NFé B

inhibition has been shown to ameliorate Ang Il -induced renal damage.®® Nevertheless the

molecular signaling between the AT1R and NFé B waksown. It was not until 2007 that
McAllister-Lucas and colleagues described a signalosome fillingthe signaling gap between

AT1R and NFé B. I n coll aboration wi t h t hi-marragvr o up a
transplantation studies with mice lacking the intermediate bridging factor of the signalosome

mentioned above, we could shed light on its role in immune cells and renal tissue in an Ang

Il -induced hypertension model.

In summary, my experimental works aimed to identify novel pathways in the kidney which
influence the outcome of AKI and are involved in hypertension-induced progressive renal
damage, with the hope to provide molecular targets and , therefore, specific therapy options

for the future.



II.  Original articles

1. Tubular Epithelial NF  -kB Activity Regulates Ischemic AKI

Marké L *, Vigolo E*, Hinze C, Park JK, Roél G, Balogh A, Choi M, Wibken A, Cording
J, Blasig IE, Luft FC, ScheidereitC, SchmidtOtt K, Schmidt-Ullrich R, Miller DN. J Am
Soc Nephrol. 2016;27:2658-2669.

*Marké L and Vigolo E contributed equally to this work.

DOI: https://doi.org/10.1681/ASN.2015070748

Acute kidney injury (AKI) is a clinical syndrome characterized by a rapid (hours to days)
reduction or loss of the kidney's excretory function, leading to the retention of waste products
in the blood, such as creatinine and urea.'* It is a common complication, affecting 10-15% of
all hospitalized patients.” In the case of particular patient groups - such as patients in intensive
care units T the prevalence can be more than 50%.8 Traditionally, AKI is classified based on
the anatomical site of the injury to prerenal, intrinsic, and postrenal AKI .22 Whereas clinically
many conditions can lead to AKI, the pathophysiological mechanisms of AKlare less clear, and
the mechanisms are still poorly understood; increasing evidence suggests that each clinical
entity has a unique pathophysiology.*? Still, hypoperfusion and consequent ischemic injury are

considered to be one of the initiator factor s of renal damage in many forms of AKI.*2

The understanding of the molecular mechanisms behind (prerenal) AKI is mainly derived from
animal models of acute ischemia induced by temporal occlusion of the renal artery, which
provokes renal ischemiareperfusion injury (IRIl). Mechanisms identified by these studies
include the local activation of the coagulation system®’, infiltration of immune cells °8, damage
of the endothelial cells®®, and expression of adhesion molecules® and cytokines®! or activation

of endogenous danger molecule receptors such as the toltlike receptor-4.52

Probably NF-EB is one of (if not the most) studied transcription factor family consisting of the
protein p50/p105 (NF-é B1) , p52-€PB2IBY(REIAN E-Rel, and RelB These can form
various heterodimers or homodimers involved in multiple cellular processes such as
modulating the immune system's activity and inflammatory responses and regulating cell
growth and apoptosis.®® The p65-p50 heterodimer (referred to as NF~é Bin this work) is

activated by a wide range of stimuli relevant to kidney injury, including inflammatory
10
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molecules, chemokines, growth factors, and toll-like receptors.®* In unstimulated cells, NFkB
is retained in the cytoplasm through interaction with NFé&B inhibitor proteins (1éBs). Upon
specific stimuli, the 1&B kinase complex (IKK) phosphorylates the | éB proteins, leading to its

ubiquitination and degradation, allowing translocation of N~éB to the nucleus.®

The pleiotropic effect of NFEB strongly implies that its modulation could influence the course
of IRI and the outcome of AKI. The first studies applied an NF€&B decoy strategy in rat kidney
allograft transplantation® and rat renal IRI models®” or administrated systemically small
interfering ribonucleic acids (RNA targeting RelB*® or |€B kinase subunit b® in animal models
of AKI. Whereas these studies could show that general NFkB inhibition attenuates renal
cellular infiltration and, subsequently, IRI, they did not shed light on the role of NF -éB in the

renal tissue.

In our study, we applied a novel transgenic mouse model expressing the luciferase gene under

the control of NF-éB. In mice, renal IRl was achieved by uninephrectomy and temporal

clamping of the remaining renal pedicle. With this mouse model's help and /n vivo
bioluminescence imaging technology, we could assessthe time course of NF-EB activation of

an IRI-induced AKI. The NFE&B activation in the kidney increased significantly as soon as 12

hours after renal ischemia, peaked 2-3 days, and stayed elevated for up to 5 days compared

to sham-operated littermate mice. Immunostaining against phospho-S276-p65 (an indicator

of nuclear translocation) showed that NF-éB was mainly activated in renal tubular cells,

suggesting that the detected signal was derived from these cells rather than from infiltrating

immune cells. Using the Cre-loxP technology, i where Cre is a recombinase enzyme that

recognizes the specific deoxyribonucleic acid (DNA) fragment sequences called loxP (locus of

x-over, P1)° i, we expressed 6B U § decifically in renal tubularcells. | @ BUJN i s a genet
engi neer e dlacksahB N-tetmmal phosphorylation and ubiquitination sites and thus

precludes nuclear translocation of NFé B ) . To express t hi-specificomest r uct
mated Emx1-Cre and loxP| & B Urjidé to get mice with lower renal tubular NF-& Bactivity,

referred further as Emx1-§ N .Twenty-four hours after IRI-induced AKI, Emx1-g N mi c e
developed less renal epithelial damage had less neutrophil and macrophage infiltration in the

kidney tissue, and expressed lower levels of adhesion molecules, poinflammatory cytokines,

and chemokines in comparison to control littermates (mice expressing the Cre enzyme only,

the floxed | &@BUgJN c o nwhichrunderventdthe same sumgicabpfocetiunee s e )
verifying earlier findings with systemic NF-& B ibitioristrategies.®¢-%° More importantly, Emx1-

N mice after renal ischemic injury had | ower se
of renal damage marker neutrophil gelatinase-associated lipocalin, indicating a clinically

relevant amelioration of renal damage. Using microarray data of renal tissue of mice that
11



underwent IRI -induced AKI at time points, we observedNFé B acti vation (6, 24,
and 7 days) and clustered the time-dependent expression pattern of all genes which were
downregulated ininjured kidneys of Emx1-g N mi c e ctolitgrnaate eodtrols. We limited
ourselves to the analysis of these genes because in a priori gene-set enrichment analysis,
they showed enrichment for known NFé& Bargets. The first cluster contained genes primarily
involved in (programmed) cell death and chemotaxis. To further analyze this process, we
performed terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end
labeling to detect DNA fragmentation resulting from apoptosis. Interestingly, the IRI-injured
renal tissue of Emx1-g N mi c e feweroapoptdtic cells than the IRI-injured control renal
tissue. Mimicking hypoxia /n vitro using cobalt chloride containing low-glucose medium in
primary proximal tubular cells isolated from Emx1-g N and | iwildityper nmce veefied

the reduced apoptotic ratein Emx1-g N cel | s.

In summary, we determined the /n vivo time course of NF-€ B a ¢ t and shedilighhon its
function in the renal tubular epithelial cells during a renal IRI. We found that postischemic N~
B activation i n t hversenetubaldrinjary ibflavhneatory regpansehand i a

apoptosis.
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Original manuscript is available under:

DOI: https://doi.org/10.1681/ASN.2015070748
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2. Role of Cystathionine Gamma  -Lyase in Immediate Renal
Impairment and Inflammatory Response in Acute Ischemic

Kidney Injury

Marké L , Szijarto IA, Filipovic MR, KaBmann M, Balogh A, Park JK, Przybyl L, N'diaye
G, Kramer S, Anders J, Ishii I, Muller DN, Gollasch M. Sci Rep. 2016;6:27517.

DOI: https://doi.org/10.1038/srep2 7517

Gaseous signaling moleculesplay an essential role in various biological processes in the human
body. Next to nitric oxide and carbon monoxide, hydrogen sulfide (H.S) emerged in the last
decades as the third physiological gaseousmediator by measuring endogenous concentrations
in brain homogenate of rats.”>? Soon, it was recognized as an endogenous neuromodulator’®,
a vasorelaxant’®, and later even identified as garlic's cardioprotective signaling molecule.” In
mammalian systems, H;S is produced by t wo enzymes: c-gyrthase t ahdi
cyst at h-iyase(CTH, alsokeferred to as cystathionaseor CSH; the former is responsible
for HzS production in the brain and later in the vascular system’® The physiological role in H,S
production of the third enzyme, 3 -mercaptopyruvate sulfurtransferase, is not entirely cleared
yet, although, in a recent paper, this enzyme was found to be the primary source of H,S in

coronary arteries.’’

In the vascular system, H,S causes vasorelaxation by activating adenosine triphosphate-
sensitive potassium channel channels on smooth muscle cells’* Additionally, H2S can act as
an antioxidant by elevating intracellular glutathione concentration and increasing the levels of
the glutathione biosynthetic enzyme.’® These properties of H.S make it an excellent potential
therapeutics, especially in diseases involving ischemic injury. Soon the cardio’®- and
neuroprotective effects®, as well as reno-318!, hepato®?- and pulmoprotective®® effects of H.S

were established.

At that time, all animal studies applied H>S or H,S donor molecules or used pharmacologic
inhibitors of H>S-producing enzymes to investigate the role of H,S in disease as no knockout
animal models existed. However, the physiological concentrations of H»S in tissues have been
debated since its discovery because of methodological difficulties in its measurement.®+#
Consequently, a wide range of values for H,S have been reported in blood or tissues. This

state of affairs generated significant uncertainty in the scientific community. Knockout mice
25
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have been developed in two laboratories to overcome this issue and asses the
(patho)physiological functions of endogenous H,S.88" Although in both laboratories Cth was
targeted to knock out (though different exons were deleted and somewhat different techniques
were used during knockout mouse generation), surprisingly, the two mouse models showed
some important differences - next to shared properties. For example, knockout mice from the
laboratory of Rui Wang developed age-dependent blood pressure elevatiorf’. In contrast, the
other one from the laboratory of Ishao Ishii 8 had similar or even slightly lower blood pressure®®

compared to littermate wild -type mice.

In our study, we investigated the role of endogenous H-S in ischemic renal disease. W& used
the mouse model of Ishii et al.8¢ We mated Cth*/ 'males and females to obtain Cth** , Cth*/ |
and Cth'/ " littermates. First, we confirmed on both m essenger ribonucleic acid (mRNA and
protein levels that Cth'/ "animals do not express cystathionase. Heterozygous animals had
expression levels half of the wild-type, Cth** animals. However, we still measured
approximately 50% and 30% of H2S content in the renal tissue of Cth */ Tand Cth'/ " mice,
respectively, comparedto Cth** littermates, strongly suggesting that CTH is not the source of

H.S in the kidney. Mice underwent the same IRI protocol as described earlier®® Ischemia
significantly reduced the expression of all three H.S-producing enzymes in the kidney, in
agreement with previous reports. % After induction of ischemic AKI in Cth** , Cth*/ [and Cth'/
mice, serum creatinine concentrations and expression of kidney injury molecule 1 and renal
damage marker neutrophil gelatinase-associated lipocalin were analyzed 24 hours after injury.

Unexpectedly, we could not detect significant differences between the 3 experimental mice
groups; moreover, Cth'/ "mice had the lowest serum creatine levels. Histopathological analysis
of tubular damage showed a similar trend, as well as mMRNA expressionanalysis of cytokines
and adhesion molecules in the injured renal tissue. Although flow cytometric analysis of
infiltrating neutrophils and macrophages did not reveal differences between the 3 groups, the

lower renal expression of IL1-beta and T N Filinjured kidneys of Cth'/ "mice led us to test
the hypothesis that Cth deficiency affects these cytokines producing® classically activated
macrophages We polarized /in vitro bone marrow-derived macrophages of Cth** and Cth'/ '
mice using lipopolysaccharide and interferon-gamma. Whereas the mRNA levels of T N FitJ
polarized Cth’ " macrophages were significantly lower compared to the polarized Cth**

macrophages the concentration of T NF id the supernatant of the Cth** and Cth'/’

macrophages was comparable.

We concluded that lacking CTHleads to approximately a 50% reduction in renal H.S levelsin
mice. However, this does not significantly affect the immediate outcome of ischemic AKI. Of

note, while we were performing the experiments, Bos et al. published findings with renal
26



ischemia using the other existing Cth knockout mouse model.®? They observed over 90%
reduction in renal H>S production in CTH deficient mice and lethal renal injury (35% mortality)

with excessive tubular damage compared to wild-type mice. This phenotype was associated
with more oxidative damage and could be rescued by intraperitoneal injection of H,S donor
NaHS. The different outcomes of renal IRI in the study of Bos et al. and ours are probably
multifaceted, which at least in part anchors in the fundamental phenotypic differences of the

two mouse models. Therefore, further studies are needed to establish the role of endogenous

H.S in renal pathophysiology.
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Lyase in Immediate Renal
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Response in Acute Ischemic Kidney
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Joon-Keun Park*, Lukasz Przybyl', Gabriele N'diaye!, Stephanie Krimer®, Juliane Anders?,
Isao Ishii®, Dominik N. Miller'%* & Maik Gollasch7*

Hydrogen sulfide (H,S) is known to act protectively during renal ischemia/reperfusion injury (IRI).
However, the role of the endogenous H,S in acute kidney injury (AKI) is largely unclear. Here, we
analyzed the role of cystathionine gamma-lyase (CTH) in acute renal IRI using CTH-deficient (Cth—/~)
mice whose renal H,S levels were approximately 50% of control (wild-type) mice. Although levels of
serum creatinine and renal expression of AKI marker proteins were equivalent between Cth~/~ and
control mice, histological analysis revealed that IRl caused less renal tubular damage in Cth~/~ mice.
Flow cytometric analysis revealed that renal population of infiltrated granulocytes/macrophages was
equivalent in these mice. However, renal expression levels of certain inflammatory cytokines/adhesion
molecules believed to play arole in IRl were found to be lower after IRl only in Cth—/~ mice. Our results
indicate that the systemic CTH loss does not deteriorate but rather ameliorates the immediate AKI
outcome probably due to reduced inflammatory responses in the kidney. The renal expression of CTH
and other H,S-producing enzymes was markedly suppressed after IRI, which could be an integrated
adaptive response for renal cell protection.

Hydrogen sulfide (H,S) has been recognized as a toxic gas for many years until Warenycia et al. discovered the

endogenous production of H,S in the rat brain'. Endogenous H,S is mainly produced by enzymes of the transsul-

furation pathway, cystathionine gamma-lyase (CTH or CSE) and cystathionine beta-synthase (CBS). The third
enzyme, 3-mercaptopyruvate sulfurtransferase (MPST or MST), can also contribute to endogenous H,S produc-
tion in the presence of reductants using 3-mercaptopyruvate as a substrate>*. Although the physiological role of
MPST in mammalian tissues is less well characterized, MPST might contribute to H,S production in the brain or
modulation of cardiovascular functions™.

Several studies demonstrated that H,S could exert protective effects in the cardiovascular system. In particu-
lar, H,S has emerged as potential therapeutics® for ischemia/reperfusion injury (IRT) of different organs®. This
knowledge mainly relies on the results from animal studies using H,S/H,S donor molecules or pharmacological
inhibitors of H,S-producing enzymes’. However, the physiological levels of H,S in tissues have been a matter
of debate because of methodological difficulties in measuring accurate, reliable, and reproducible H,S levels in
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Figure 1. Renal expression of H,S-producing enzymes and H,S. Gene expression levels of (A) cystathionine
gamma-lyase (Cth), (B) cystathionine beta-synthase (Cbs) and (C) 3-mercaptopyruvate sulfurtransferase
(Mpst) in sham- and ischemia/reperfusion (I/R)-injured kidneys of wild-type (Cth™'*), heterozygous (Cth*'~)
and CTH-deficient (Cth /) mice. Values plotted are mean + SEM (n=4 in sham-operated groups, n=8 in
I/R-injured groups). *P < 0.05 vs. sham-operated Cth™'~ and sham-operated Cth*/~; *P < 0.05 vs. I/R-injured
Cth*"* and sham-operated Cth*'~; *P < 0.05 vs. sham-operated Cth*'*, Cth*'~ and Cth~'~ mice. (D) Relative
CTH protein levels of sham- and I/R-injured kidneys of Cth*/*, Cth™/~ and Cth~'~ mice. Values plotted are
mean + SEM (n =4 each). Mean CTH density of two Cth*'* kidneys on each gel was set to 100% and relative
density was calculated for the rests. (E) Levels of H,S in intact kidneys of Cth'’!, Cth'’ and Cth ' mice. Values
plotted are mean + SEM (n=11 for Cth™'* and Cth~'~, and n =4 for Cth™'~). *P < 0.01 vs. Cth~'* and Cth*'—;
SP<0.05vs. Cth''" and Cth ' . AU, arbitrary units. n.d., not detectable.

biological samples. In addition, pharmacological CI'H/CBS inhibitors have been used at suspicious high concen-
trations in vivo and in vitro®, which might cause the lack of specificity in enzyme inhibition®®. Therefore, trans-
genic animals have been recently developed to elucidate the role of H,S in health and disease!®!..

CTH is highly expressed in the kidney and several studies demonstrated that H,S could exert protective effects
in renal IRL. Han et al. found that NaHS administration to IRT mice accelerated the recovery from renal dysfunc-
tion and impaired tubular morphology, whereas the administration of bL-propargylglycine (PAG), an inhibitor
of CTH, delayed it'2. NaHS administration had beneficial effects on renal IRI** and gentamicin-induced acute
kidney injury (AKI) in rats'®. Tan et al. suggested that the beneficial effects of endogenously produced H,S in
AKI are, at least in part, mediated by toll-like receptors (TLRs)-mediated inflammatory response and apoptosis'®.
Chen et al. showed that exogenous H,S reduces kidney injury from urinary-derived sepsis in rabbits, which is
associated with decreased TNF-a expression in the kidneys'®. On a conceptual level, these results are consistent
with recent findings by Bos et al. who reported that their CTH-deficient (Cth™~) mice display aggravated renal
IRI'*!7 when our study was underway. The authors concluded that CTH protects against renal IR, likely by mod-
ulating oxidative stress through the production of H,S. Autosomal-recessive cystathioninuria (OMIM 219500),
which is considered as a benign biochemical anomaly, is caused by homozygous or compound heterozygous
mutations in CTH (OMIM 607657) and has a relatively high prevalence (1 per 14,000 live births)'® though with
somewhat lower incidence in other reports'®2°. Therefore, both the findings of Bos et al. and ours could have
important implications for humans.

Here, we used our Cth~'~ mice on a C57BL/6] background'! to elucidate the function of CTH in renal IRI.
We found that the systemic CTH loss does not deteriorate the immediate outcome of AKI. Instead Cth /~ mice
displayed reduced renal damage and renal expression of inflammatory cytokines/adhesion molecules after IRI,
compared to littermate control (wild-type; Cth*'*) and heterozygous (Cth*'~) mice.

Results

The mRNA Expression of H,S-Generating Enzymes in the Kidney. Levels of renal Cth mRNA
in heterozygous (Cth'/ ") mice were approximately half of those in Cth'’" mice (Fig. 1A). In both Cth''* and
Cth™'~ mice subjected to IRI, renal Cth mRNA levels declined to one third of their initial expression levels
(Fig. 1A). No Cth mRNA was detectable in the kidneys of Cth~'~ mice (Fig. 1A). Renal mRNA levels of two other
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Figure 2. Renal damage after ischemia/reperfusion (I/R) injury. (A) Serum creatinine levels (n =12, 8, and
10 for Cth™'*, Cth™'~, and Cth~'~ mice, respectively) and mRNA levels of (B) kidney injury marker lipocalin

2 (Len2) and (C) hepatitis A virus cellular receptor 1 (Haver!) in I/R-injured kidneys of Cth*/*, Cth*'~, and
Cth™'~ mice (n=8, 7, and 8, respectively). Values plotted are mean + SEM. (D) Representative cortical images
of Masson’s trichrome stain on sections of I/R-injured kidneys of Cth™'~, Cth*™'~, and Cth™'~ mice (x200). Right
hand side is semi-quantification of cortical tubular injury. Values plotted are median = interquartile range (n =6
each). (E) Representative S3 segment images of Masson’s trichrome stain on sections of I/R-injured kidneys of
Cth™'*, Cth*'~, and Cth~'~ mice (x 200). Right hand side is semi-quantification of tubular injury. Values plotted
are median =+ interquartile range (n =6 each). *P < 0.05 vs. Cth™'~ mice. Red dots are red blood cells. AU,
arbitrary units.
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H,S-producing enzymes, CBS and MPST, were not different among all three Cth genotypes. These levels declined
markedly after IRI and the levels after IRI were also not different among Cth genotypes (Fig. 1B,C).

Protein Expression of CTH and Endogenous H,S Levels in the Kidney.  Levels of renal CTH protein
in heterozygous (Cth™'~) mice were ~40% of those in Cth™'* mice (Fig. 1D) as previously reported'?. Similar to
its mRNA level changes, renal CTH protein levels declined after IRI in both Cth™'* and Cth*'~ mice and no CTH
protein was detectable in the kidneys of Cth~'~ mice (Fig. 1D). Next, we measured endogenous H,S levels in the
kidney to assess the impact of systemic CTH deletion on H,S production. Kidneys of Cth*/ and Cth '~ mice dis-
played approximately 30% and 50% reduced H,$ levels, respectively, compared to those of Cth'/' mice (Fig. 1E).

The impact of CTH loss in Renal Damage after IRl.  To get insights into (patho)physiological roles of
CTH in renal IRI, we performed comparative in vivo studies using Cth*/*, Cth*/~ and Cth~'~ mice. Twenty-four
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Figure 3. Flow cytometric analysis of renal granulocyte and macrophage infiltration. (A) Pre-gating on live
cells using Fixable Viability Dye eFluor 660 and further gating on single cells. (B) Representative flow cytometry
data of infiltrating Ly6G-positive cells (granulocytes) and F4/80-positive cells (macrophages) in I/R-injured
kidneys of Cth*'*, Cth™'~, and Cth~'~ mice. Quantification of infiltrating (C) Ly6G-positive cells and (D) F4/80-
positive cells. Values plotted are mean == SEM (n=6, 3 and 5 for Cth*'*, Cth*'~, and Cth™/~ mice, respectively).

hours after ischemia, Cth~'~ mice showed somewhat lower serum creatinine levels (136 umol/l average) com-
pared to Cth*'~ mice (152 pmol/l average) and Cth™'~ mice (155pmol/l average) although the differences were
not statistically significant (overall ANOVA P =0.30; Fig. 2A). Renal mRNA levels of two sensitive AKI markers,
lipocalin 2 (Len2; also known as neutrophil gelatinase-associated lipocalin [Ngal]) and hepatitis A virus cel-
lular receptor 1 (Havcrl; also known as kidney injury molecule 1 [Kim1]), were not different between Cth''*,
Cth*™'=, and Cth™'~ mice (Fig. 2B,C). To assess the degree of tubular damage after ischemic AKI, kidney sections
were stained and examined by an experienced renal pathologist who was unaware of Cth genotypes. Histological
analyses and semi-quantitative scoring revealed a moderate amelioration in cortical tubular damage after renal
IRI in Cth~'~ mice compared to Cth*'~ or Cth™'* mice (Fig. 2D). Histological analysis of the $3 segments of the
proximal tubules in the outer stripe of outer medulla, especially vulnerable loci against renal IRI, identified that
Cth™'~ mice exhibit less tubular necrosis and less occlusions of tubular lumen with cellular debris, compared to
Cth*'~ or Cth*'* mice (Fig. 2E). These parameters were comparable among sham-operated mice with all Cth
genotypes (Supplementary Figure 1A-C). It is notable that all Cth™'*, Cth™~ and Cth™~ mice that underwent
surgery survived in this study.

The impact of CTH loss in Cellular Infiltration to the Kidneys after IRI.  Renal IRI is known to
associate with infiltration of granulocytes, monocytes/macrophages and other immune cells immediately after
reperfusion, which contributes to inflammation and subsequent repair in injured kidneys®!. Therefore, we
characterized granulocytes and macrophages in renal IRI by flow cytometry. Whole kidney cell suspensions
were immunolabelled for Ly6G and F4/80 as markers for granulocytes and macrophages, respectively. Among
pre-gated singlet live cells (Fig. 3A), Ly6G-positive & F4/80-negative granulocytes as well as Ly6G-negative &
F4/80-positive macrophages were detected (Fig. 3B). There were no significant differences in both granulocyte
and macrophage populations between Cth "', Cth'’",and Cth '~ kidneys at 24h after IRI (Fig. 3C and D) or after
sham surgery (Supplementary Figure 2A-C). We next performed immunohistochemistry to detect IRI-induced
granulocyte infiltration (Supplementary Figure 3A)*2. In the outer medulla after IRI, average Ly6B-positive cell
numbers per view field were 12 in Cth~'~ mice while 13 and 19 in Cth*™/~ and Cth*/* mice, respectively, although
the differences were not statistically significant (P = 0.501, Supplementary Figure 3B). Furthermore, renal levels
of $100a8/a9 mRNAs for calprotectin, a heterodimeric protein that was recently found to co-localize with Ly6G in
granulocytes after AKI and playing a crucial part in controlling M2 macrophage-mediated renal repair following
IRI?, were also not significantly different (Supplementary Figure 3C,D).

The impact of CTH loss in Expression of Cytokines, Chemokines, and Adhesion Molecules.
Production of inflammatory molecules is maintained low in the normal kidney but is markedly increased under
pathophysiological conditions such as ischemia?!. We measured mRNA levels of several molecules involved in
long-term outcome/repair after renal IRI. Renal expression of interleukin 1-beta (I/1b) and vascular cell adhesion
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Figure 4. Renal gene expression of cytokines and adhesion molecules. Gene expression levels of (A)
interleukin (I1))1-beta, (B) vascular cell adhesion molecule (Vcam)1, (C) tumor necrosis factor alpha (Tnf) and
(D) intercellular adhesion molecule (Icam)1 in ischemia/reperfusion-injured kidneys of Cth*'*, Cth*/~, and
Cth™'~ mice. Values plotted are mean = SEM (n=38, 7, and 8 for Cth*'*, Cth™'~, and Cth~'~ mice, respectively).
*P < 0.05 vs. Cth™'~ mice. AU, arbitrary units.

molecule 1 (Vcam1) after IRI was significantly lower in Cth~'~ mice compared to Cth*/~ mice (Fig. 4A,B). Also,
renal expression of tumor necrosis factor-alpha (Tnf) and vascular cell adhesion molecule 1 (Veam1) was sim-
ilarly lower in Cth™'~ mice compared to Cth*/~ mice (overall ANOVA P =0.099 and P =0.088, respectively)
(Fig. 4C,D). Renal expression of other important cytokines/chemokines such as interleukin 6 (116), chemokine
(C-X-C motif) ligand 2 (Cxcl2), and chemokine (C-C motif) ligand 2 (Ccl2), were not altered among Cth geno-
types (Supplementary Figure 4A-C).

The impact of CTH loss in In Vitro Macrophage Polarization.  Although the proportion of infil-
trating macrophages after IRI was not significantly different (Fig. 3D), renal mRNA expression of IL1-beta
and TNF-alpha, the two major inflammatory cytokines of macrophage origin, was lower or in Cth /~ mice
(Fig. 4A,C). We hypothesized that macrophage polarization is disturbed by the lack of CTH, and thus investi-
gated Tnfinduction by the lipopolysaccharide (LPS)/interferon (IFN)-gamma in vitro treatment of bone marrow
(BM)-derived macrophages from Cth'/" and Cth ' mice. Cth expression was induced while Mpst expression was
not altered by LPS/IFN-gamma treatment in BM-derived macrophages from Cth~"+ mice (Fig. 5A,B). In contrast,
Mpst expression was significantly induced by the same treatment in macrophages from Cth~'~ mice (Fig. 5B), and
Cbs expression was not detectable in macrophages from either mice (data not shown). Under such conditions, Tnf
expression was markedly induced by LPS/IFN-gamma treatment of both Cth*/* and Cth '~ macrophages, and
the levels were significantly lower in Cth /' macrophages (Fig. 5C), although the supernatant TNF-alpha concen-
trations of activated macrophages were comparable between Cth™** and Cth~'~ mice (Fig. 5D).

Discussion

A number of studies have demonstrated the cytoprotective effects of H,S in myocardial, liver, brain, pulmonary,
and renal IRI (reviewed by Nicholson and Calvert)2. Most of these studies utilized Na,S/NaHS as exogenous H,S
donors and PAG as a non-specific CTH inhibitor. To overcome pharmacokinetic problems in H,S donor applica-
tions and specificity issues of PAG, two research groups have independently generated mice in which Cth genes
have been differentially deleted!®!!. In our study, we investigated the pathophysiological roles of CTH in renal
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Figure 5. Gene expression of hydrogen sulfid producing enzymes and tumor necrosis alpha (Tnf) in

bone marrow (BM)-derived macrophages. Gene expression levels of (A) cystathionine gamma-lyase (Cth),
(B) 3-mercaptopyruvate sulfurtransferase (Mpst) and (C) Tnf in non-polarized M(—) and lipopolysaccharide
(LPS) and interferon (IFN)-gamma polarized Cth*/* and Cth~'~ BM-derived macrophages. Values plotted are
mean =+ SEM (1= 12 of each group, 2 independent measurement, 6 biological repetition/experiment). *P < 0.05
vs. Cth'!" M(—).*P < 0.05vs. Cth'/* M(—), Cth'"" M(LPS+IFN-gamma) and Cth " M(—). %P < 0.05 vs.
Cth™'* M(—), Cth~'= M(—) and Cth~'~ M(LPS+IFN-gamma), P < 0.05 vs. Cth™'* M(—), Cth*'* M(LPS+IFN-
gamma) and Cth © M(—). AU, arbitrary units. (D) TNF-alpha concentration in the supernatant of the cultured
BM-derived macrophages. Values plotted are mean+ SEM (n=5 and 6 for non-polarized and polarized
macrophage group, respectively). SP < 0.05 vs. Cth™'= M(—) and Cth~'~ M(—).

IRI using one of those Cth~'~ mice and their littermate Cth*'~ and Cth*'* mice as controls; all were the offspring
from the mating between Cth™~ males and Cth*/~ females that had been backcrossed over 10 generations onto
a C57BL/6 background!!. We found that the lack of CTH does not cause aggravated immediate renal functional
impairments after IRI as assessed by serum creatinine levels (Fig. 2A) and renal expression of sensitive AKI
markers, Len2 and Haverl (Fig. 2B,C). Our histological examinations rather identified a moderate amelioration
in renal tubular damage in Cth /'~ mice (Fig. 2D,E).

While our study was underway, Bos et al. published findings with their Cth~'~ mice (on a mixed strain back-
ground; the sex of mice used is not indicated) investigating the role of CTH-derived H,S in renal IRT". They
found that CTH deficiency aggravated kidney damage after IRI, which was associated with increased mortality'”
however, we did not observe such severe systemic damage after renal IRI. The reasons for this discrepancy are
possibly multifaceted. First, their Cth ' mice display age-dependent hypertension (15-20 mmHg higher systolic
blood pressure vs Cth™'+ mice only after 7 weeks of age) and sex-related hyperhomocysteinemia in which females
have six times the plasma homocysteine levels (120 vs 20 M) in males'®", both of which are caused by unknown
mechanisms. Hypertension per se has deleterious effects on renal IRI**** nevertheless, hypertension was not prop-
erly treated in their studies'’. This affair makes it difficult to assess the impact of reduced renal H,S production
over elevated blood pressure on the outcome of IR; fortunately, our Cth * mice display systolic normotension'!.
This fact may, at least in part, underlie differences between their and our findings. It should be noted that our
Cth ' males and females display similar serum levels of homocysteine (104-151 uM)!! the reasons for this dif-
ference are yet unknown but may depend on differences in genetic backgrounds and/or nutritional conditions.
Second, Bos et al. performed renal ischemia by clamping both (right and left) renal arteries for 30 min, whereas
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we performed uninephrectomy by clamping the renal artery of the remnant left kidney for 20 min'”. Despite the
differences in surgical protocols, serum creatinine levels at 24 h after IRI were equivalent. But, importantly, all
mice that underwent surgery survived in our study while Bos et al. observed 35% mortality only in Cth~'~ mice?’.
Third, we used a temperature controller with heating pads to maintain a stable core temperature (which was meas-
ured continuously during surgery by a rectal probe) whereas Bos et al. used only heating pads and lamps'”. It is
well known that fluctuations in core body temperature contribute to variability in IRI and the way of maintaining
body temperature during ischemia has a major impact on the outcome of IRI*. Fourth, their Cth~'~ mice showed
a massive (91%) reduction in renal H,S production compared to Cth™* mice!” while our Cth™'~ mice showed
only 50% reduction (Fig. 1E). Although the methods used for H,S measurement substantially differ between the
two studies and this precludes the direct comparison, >90% reduction is surprising per se, considering the facts
that (i) Cth /~ kidney still expresses CBS and MPST, (ii) (increased/activated) CBS could compensate for H,S pro-
duction when CTH is inhibited or abrogated (though we did not observe compensatory Cbs mRNA induction;
(Fig. 1B) and (iii) renal Cbs/Mpst expression was markedly down-regulated by ischemia/reperfusion irrespective
of Cth genotypes (Fig. 1B,C)!"1217:27:28, A previous study mentioned that the reduction in CBS (rather than CTH)
activity may serve as the major contributor for endogenous H,S level reduction during renal IRI?’.

Despite such differences, we also found some agreement with previous studies by Bos et al.'” and others?”*°.
First, renal expression (either gene or protein) of both CTH and CBS were suppressed after renal IRI (Fig. 1A,B).
It might be noteworthy that the partial or complete loss of CTH did not cause compensatory induction (or
reduced repression of expression) of CBS (or MPST) during IRI (Fig. 1B,C) at least on mRNA level. Second, both
Bos et al. and we did not find significant differences between Cth genotypes in the numbers of granulocyte infil-
trated into injured kidneys of IRI mice (Fig. 3C and Supplementary Figure 3A-C)"”. We also counted the numbers
of F4/80-positive macrophages infiltrated into injured kidneys of IRI mice and found that macrophages behave
similar to granulocytes (Fig. 3D). In contrast, renal expression of Tnf, Il1b, Icam1, and Vcam]1 after IRI were lower
(though overall ANOVA was just P=0.099 and 0.088 for Tnfand Icam1, respectively) in Cth~'~ mice compared
to Cth*'~ mice (Fig. 4A-D). TNF-alpha was initially discovered as a LPS-induced macrophage product®™. It is also
released during IRI and acts as a potent pro-inflammatory cytokine®, and in line, the blockade of TNF-alpha sig-
naling is a novel promising therapeutic target in renal IRT**. Although intrinsic renal cells also secret TNF-alpha
upon injury, monocytes/classically activated macrophages are considered as the main source of TNF-alpha in
early renal IRI*'. We found that CTH deficiency alters Tnf expression in LPS/IFN-gamma-stimulated BM-derived
macrophages that intrinsically differ from LPS-stimulated peritoneal macrophages'®*. However, the supernatant
TNF-alpha concentrations did not differ between both groups, which questions the physiological relevance of this
finding. Meanwhile, renal expression of other cytokines that are known to play a role in renal IRI*® (116, Cxcl2, and
Ccl2) were not distinguishable between Cth genotypes (Supplementary Figure 4A-C).

Our findings are in contrast to previous results by others who use PAG for CTH inhibition. Tripatara et al.
found that single intraperitoneal administration of PAG (50 mg/kg, 1 h before ischemia) prevented the renal
recovery from IRI (45-min ischemia/72-h reperfusion) in a rat bilateral ischemia model®”. More recently Han
et al. showed similar deteriorative effects of PAG in renal IRI (50 mg/kg daily (i.p.), beginning 2 days after
ischemia) in mice'2. However, PAG (5 mg/kg (i.p.), twice a day for 4 successive days) exhibited nephroprotective
effects in the cisplatin model of AKI in rats®*. Similar protective effects of PAG (50 mg/kg (i.p.) at 2 h after adri-
amycin injection) have been observed in adriamycin-induced nephrotoxicity in rats*. Whereas these kidney
injury models differ, they point out that PAG treatment can have multiple effects depending on the renal injury
models. Moreover, the specificity of this widely used CTH inhibitor and relatively late time points after reperfu-
sion are a matter of concern. Our model is of particular interest because we used a genetic approach to abrogate
CTH specifically and investigated acute renal post-ischemic injury after 24 h, a time point where serum creatinine
levels are the highest and renal Cth/Cbs expression levels are the lowest”.

Numerous studies have revealed cytoprotective/anti-oxidative/anti-inflammatory roles of H,S, but some
studies also have identified pro-inflammatory roles of H,S that accelerate inflammatory responses; for exam-
ple, Ang et al. previously reported that caerulein-induced acute pancreatic damage as well as its associated lung
injury was ameliorated in Cth™'~ mice compared to Cth™'*. It is possible that CTH-produced H,S may act as
a pro-inflammatory factor in renal IRI. In addition, further studies should also clarify the impact of high levels
of cystathionine and homocysteine and low levels of taurine that are common in Cth~/~ mice'" on the outcome
of renal IRT*!***, In conclusion, the systemic loss of CTH in mice caused approximately 50% reduction in renal
H,S levels but did not influence immediate outcomes of ischemic AKI; however, it reduced tubular damage mod-
erately and suppressed the renal expression of inflammatory cytokines. Future studies should clarify the role of
CTH on the long-term outcome of renal impairment in AKI.

Methods

Mice. Cth"/~ and Cth '~ mice were generated and characterized earlier'". In this study, Cth '~ males and
females were bred to obtain Cth*'*, Cth™'~, and Cth~'~ littermates. Mice were allowed free access to stand-
ard chow and water. The mice were kept in a 12:12-h light-dark cycle. All works involving animals have been
approved by the Berlin Animal Review Board in 2012 (No. G 0444/12) and conducted in accordance with the
American Physiological Society standards.

Renal IRI Model. Male mice (age between 12-15 weeks) were used. Anesthesia was performed with isoflu-
rane (2.3%) in air (350 ml/min)*. Each mouse was operated separately to ensure similar exposure to isoflurane
(35.7 £+ 2.3min, mean + SD)*. In order to keep body temperature stable at 37 °C and monitor it during surgery,
a temperature controller with heating pad (TCAT-2, Physitemp Instruments) was used. Rectal body temperature
was continuously monitored during surgery using a sensor-based thermistor (36.9 = 0.4°C at beginning of the
surgery, 37.0 4 0.4 °C after uninephrectomy, 37.1 + 0.3 °C five minutes after clamping the left renal pedicle and
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37.1+0.1°Cat the end of surgery). After right-sided uninephrectomy, ischemia was induced by clipping the pedi-
cles of the left kidney for 20 minutes with non-traumatic aneurysm clips (FE690K, Aesculap). Reperfusion was
confirmed visually. After surgery, mice had free access to water and chow. We applied body-warm sterile physio-
logical saline solutions and preemptive analgesia with tramadol (1 mg/kg) for every mouse. Sham operation was
performed in a similar manner, except for clamping the renal pedicle. Mice with bleeding during surgery, with
incomplete renal reperfusion, with excessive exposure of isoflurane of any reason, with significant temperature
fluctuation during surgery, or with signs for infection 24 h after IRI, were immediately euthanized and were not
used for further analysis. After 24 h of reperfusion, mice were sacrificed, and kidney and blood samples were
collected for further analysis. The kidneys were divided into three portions. One third of the kidney was placed
in optimum cutting temperature (OCT) compound for immunohistochemistry, one third was immersed in 4%
phosphate-buffered saline (PBS)-buffered formalin for histology, and the rest was snap-frozen in liquid nitrogen
for RNA preparation.

Quantitative Real-Time (QRT)-PCR. Total RNA from snap-frozen kidneys were isolated using RNeasy
RNA isolation kit (Qiagen) according to manufacturer’s instruction after homogenization with a Precellys 24
homogenizator (Peqlab). RNA concentration and quality was determined by NanoDrop-1000 spectrophotom-
eter (Thermo Fisher Scientific). Two micrograms of RNA were transcribed to cDNA (Applied Biosystems).
Quantitative analysis of target mRNA expression was performed with qRT-PCR using the relative standard curve
method. TagMan and SYBR green analysis was conducted using an Applied Biosystems 7500 Sequence Detector
(Applied Biosystems). The expression levels were normalized to 18S or to beta-actin. Primer sequences are pro-
vided in Supplementary Table 1.

Western Blot. Sham and IRI-damaged kidneys were lysed with RIPA buffer (Sigma) supplemented with
Complete® protease inhibitor (Roche), 1 mM phenylmethylsulfonyl fluoride (PMSF), phosphatase inhibitor
cocktail 3 (Sigma) and were homogenized using a Precellys 24 homogenizator. Fifty micrograms of protein
samples were separated by 12% SDS-PAGE. After wet transfer, non-specific binding sites of the nitrocellulose
membrane were blocked with 5% non-fat skim milk in Tris-buffered saline containing 0.1% Tween (TBST). The
membrane was then incubated with primary antibody (anti-CTH, 1:500 (ab80643) Abcam or anti-CTH carboxyl
terminus rabbit polyclonal antibody that recognizes amino acids 194-398 of a rat 398-amino acid CTH protein,
1:1,000% and anti-beta-actin, 1:2,000 (4970) Cell Signaling). Secondary antibody was from LI-COR Biosciences
(anti-rabbit, 1:5,000). Images were acquired by Odyssey infrared imaging system (LI-COR Biosciences).
Beta-actin was used as a loading control. Membranes were first probed with anti-CTH antibody and detected
for their signals, and then stripped for re-probing with anti-beta-actin antibody (as loading controls). Successive
stripping was confirmed by the absence of signals in the stripped membranes.

TNF-alpha Measurement. TNF-alpha levels in the supernatants of macrophages (that were used for
qRT-PCR analyses) were measured using the Mouse TNF alpha ELISA Ready-SET-Go!® Kit (eBioscience).

H,S Measurement. To detect H,S production in the kidneys, Cth*'+ and Cth~/~ mice were euthanized
and freshly isolated kidneys were incubated in PBS containing 50 1M of a recently developed fluorescent probe
(Washington State Probe-1 [WSP-1], Cayman Chemical) for H,S"". After 45min of incubation the samples were
snap-frozen. Thawed samples were homogenized and centrifuged, and the supernatants were analyzed for fluo-
rescence signals using Ex. 465 nm/Em. 525 nm using a spectrofluorometer*. Full spectrum was also analyzed to
ensure that the measured fluorescence is indeed the product of the reaction between the probe and H,S. Further
experiments with spiking the samples with H,S donor NaHS$ (10 and 5011.M) were performed to determine the
accuracy of our measurements.

Serum Creatinine. Blood samples were taken from left ventricle at the time of termination. After clotting
on room temperature for at least 15 min blood was centrifuged at 2,000 x g for 10 min to obtain serum. Serum
creatinine was measured by external clinical laboratory (Labor 28 GmbH, Berlin).

Histology. Formalin-fixed, paraffin-embedded sections (2jum) of kidneys were subjected to Masson’s tri-
chrome stain using standard protocols. The severity of tubular injury was assessed by a renal pathologist who is
blinded to the genotype of the mice. Tubular necrosis was evaluated in a semi-quantitative manner by determin-
ing the percentage of tubules in the cortex where epithelial necrosis, loss of the brush border, cast formation, and
tubular dilation was observed. A five-point scale was used: 1, normal kidney; 2: 1 to 25%; 3: 25 to 50%; 4: 50 to
75%; and 5, 75 to 100% tubular necrosis.

Immunofluorescence.  Five-pm thick cryosections of IRI-injured kidneys were post-fixed in ice-cold ace-
tone, air-dried, rehydrated and blocked with 10% normal donkey serum (Jackson ImmunoResearch) for 30 min.
Then sections were incubated in a humid chamber overnight at 4°C with rat anti-Ly6B.2 (Gr1) (1:300; MCA771G;
AbD Serotec). The bound anti-Ly6B.2 antibody were visualized using Cy3-conjugated secondary antibody (1:500;
Jackson ImmunoResearch) by incubating the sections for 1h in a humid chamber at room temperature. Positive
cells were counted in the outer medulla on five non-overlapping view fields at 200 x magnification and mean cell
numbers were taken for analysis.

Flow cytometry. To assess granulocyte and macrophage infiltration in sham-operated in IRI-injured kid-
neys, single cell suspension was created with GentleMacs C-tubes (Miltenyi Biotec) in the presence of 10mg/mL
collagenase IV (Sigma) and 200 U/mL DNase I (Roche) dissolved in Hank’s balanced salt solution. Dead cells were
excluded from the analysis using Fixable Viability Dye eFluor 660 (eBioscience). Granulocytes and macrophages
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were stained with PE-conjugated anti-Ly6G (clone: 1A8, Beckton Dickinson) and eFluor450-conjugated
anti-F4/80 (clone: BM8, eBioscience) antibodies, respectively. Samples were analyzed on FACSCanto II flow
cytometer (Becton Dickinson). Data analysis was conducted by FlowJo (TreeStar) software.

Preparation and activation of BM-derived macrophages.  Cells were isolated from the femur and tibia
of freshly euthanized Cth™'* and Cth~'~ mice, by flushing with approximately 10 ml of activation media (RPMI1640
containing L-glutamine (Gibco), 10% (v/v) fetal calf serum (FCS), 10mM HEPES, 50 puM beta-mercaptoethanol,
1% (v/v) penicillin/streptomycin (P/S), without colony stimulating factor (CSF)-1). Cells were then pelleted, and
resuspended in monocyte differentiation media (DMEM (Gibco), 10% (v/v) FCS, 5% (v/v) adult horse serum
(Cell Concepts), 1:100 non-essential amino acids (Sigma), 50 M beta-mercaptoethanol (Sigma), with 20% (v/v)
1929 conditioned media containing CSF-1 Gibco® RPMI. Conditioned media containing CSF-1 was generated
by collecting the media from 1.929 cells (ATCC) cultured for 14 days in DMEM containing 10% (v/v) FCS, 1:100
non-essential amino acids, 10 mM HEPES and 1% (v/v) P/S. For macrophage differentiation, 10” bone-marrow
cells were cultivated in 50 ml of differentiation media for 7 days in sealed, hydrophobic Teflon® bags (FT FEP
100 C (DuPont), American Durafilm) at 37 °C and 10% CO,. The yield of BM-derived M(—) macrophages (also
known as M0) from one bag was consistently approximately 7-10 x 107cells with a purity of >95% (determined as
F4/80+ CD11b+- cells by flow cytometry). For activation of M(—) into M(LPS+IFN-gamma) (also known as M1),
BM-derived M(—) were harvested from Teflon bags, pelleted and resuspended into activation media containing
LPS (100 ng/ml) and recombinant mouse IFN-gamma (20 ng/ml). For qRT-PCR analysis, 2 x 10° BMD-derived
M(—) and BM-derived M(LPS+IFNgamma) were plated per well of 6-well plates. In all cases, the M(—) mac-
rophages were first allowed to rest and adhere for 2h. Then cells were activated for 24h at 37 °C and 5% CO,.

Statistics. Statistical analysis was performed using GraphPad 5.04 (GraphPad Software) and SPSS 13.0 (SPSS)
softwares. Normality of the data was evaluated by Kolmogorov-Smirnov test. To test the presence of an outlier, Grubbs’
test was used. Study groups were analyzed by one-way ANOVA using Tukey’s post-hoc test or by Games-Howell
post-hoc test if homogeneity of variances was violated, with the exception of tubular necrosis data. Those were ana-
lyzed using Kruskal-Wallis test and Mann Whitney U-test. Data are presented as mean - SEM, or median and inter-
quartile range in case of tubular necrosis data. P values < 0.05 were considered as statistically significant.
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The kidney can be the primary source of its disease (primary nephrological clinical entities),
but the pathogenic processes often originate outside the kidney (secondary kidney diseases)?
Dysfunction of ion channels (membrane proteins that form pores and thereby allow ions to
pass through the cell membrane) or their interacting proteins, either of genetic or acquired
reasons, can lead to primary renal clinical disease As such, in 2005, the familiar form of focal
segmental glomerular sclerosis (FSGS) was described as a gaiof-function mutation in the
canonical transient receptor potential (TRPC) 6-channel gene.® TRPC channels belong to the
TRPsuperfamily®® and are the most intensely studied family of channels in glomerular cells.%
In humans, they have 6 subtypes (designated as TRPC17, whereas TRPC2 is a pseudogene).
TRPCB6, similarly to the other TRPC channels, ha a broad expression profile in the kidney. In
mammals, it is expressed in mesangial cells®® podocytes,* vascular smooth muscle cells,,
and in principal cells of the collecting duct and scattered in some renal cortex cells.®” The
TRPC6 channel can be activated by different stimuli, including stretch activation,®® redox
mechanisn®, or diacylglycerol, generated by the activation of G protein-coupled receptors.®
Activation of the TRPC6channel leads mainly to Ca?* influx resulting in changes in cell motility
or to the secretion of cellular vesicles®®, but TRPC6 channels are often part of a larger molecular
signaling complex.}®* Because mutations of the TRPC6 channels can lead to glomerulopathy
leading to excessive fibrosis, and the activation of the channels involves mechanisms which
are also playing a significant role in renal damage signaling pathways, it became fast a target

molecule for renoprotection.

Studies investigating renal fibrosis using the obstructive nephropathy model reported
reductions in tubulointerstitial fibrosis in TRPC6knockout mice**102 and wild-type mice treated
with TRPC channel inhibitors.3%1% Knocking out the TRPC6 channel has been additionally

shown to reduce glomerular damage in several acquired glomerular disease models Still, this
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strategy was less effective in alleviating diabetic nephropathy in mouse and rat models. %
However, if modulation of TRPC6 channels can beused as a nephroprotective approach in
acute renal diseases such as AKI has not been considered, although reactive oxygen species
produced during ischemic injury could possibly modify the activation of TRPC6 channels.
Additionally, the TRPC6 channel has been shown to play a role in transendothelial immune cell
migration and C-X-C motif chemokine receptor 2-mediated neutrophil chemotaxis. These
mechanismsare crucial in the early phase of AKI.195:1% We used wild-type and TRPC6 knockout
(TRPC6") mice®® and applied specific, orally bioactive TRPC6 inhibitors(SH045 and BI-749327)
to explore the potential nephroprotective effect of such an approach during the early stage of
AKI.

At baseline, TRPCB- mice had comparable blood parameters to wild-type mice (except
elevated but physiological Na and ionized C&* concentrations). After a 20-minute ischemia
and 24 hours reperfusion injury (IRI) , wild-type and TRPC8- mice developed similady high
serum creatinine, blood urea nitrogen, and potassium concentrations. Renal histopathology,
as well as the extent of renal neutrophil granulocyte infiltration and renal mRNA expression of
various inflammatory cytokines (such as tumor necrosis factor-alpha (T N B &F interleukin (IL)

6) or adhesion molecules (such as vascular cell adhesion molecule lor intercellular adhesion
molecule 1) were also comparable between the WT and TRPC6" mice that underwent IRI.
Since the TRPC6B" mice we used (with a mixed, 129Sv:C57BL/6J genetic background) were
established as a homozygous lireage, we could not use real littermates as control animals;

therefore, mice of C57BL/6J genetic background were usedas control wild-type animals. To
overcome this potential confounding factor, we further investigate d the effect of 2 specific

TRPC6 inhibitors, namely SH45 and BI-749327. SH045 was applied intravenously (through
the tail vein) 30 minutes before ischemia induction, and BI-749327, since its orally bioavailable,
via oral gavage 60 min before induction of renal ischemia. Additionally, we randomly assigned
mice to two ischemic times: a milder one of 17.5 minutes and another with 20 minutes of
ischemia, which induces more severe damage.High concentrations of the injected SH045 were
detected by high-performance liquid chromatography-tandem mass spectrometry in the renal
tissue of mice 30 minutes as well as 24 hours after IRI. Still, similarly to the findings of the
experiments with the TRPC8- mice, we could not detect any effect of the applied inhib itors
on the immediate outcome of renal IRIl. Using isolated kidneys and perfused with SH045 or
BI-749327, we also could not see any impact of TRPC6 inhibition on the renal arterial myogenic

tone.

Whereas we could not detect any effect on the immediate outc ome of AKI by lacking or

inhibiting TRPCG6 channels, a recent study using pharmacological inhibition of TRPC6in mice
39



(though using different TRPC6 channel blockers) demonstrated reduced astrocytic apoptosis
as well as cytotoxic and inflammatory responses in cerebral IRl model. °” More intriguingly, as
our study was on its way, Hou et al. published renoprotective effect of lacking TRPC6 in a
renal IRl model. % They observed that lacking TRPC6 leads to amelioratedIRI-induced renal
damage by increasing the level of autophagy and restraining mitochondria-mediated
apoptosis. The discrepancy between their and our findings has probably multiple reasons. For
example, crucial experimental circumstances, such as the genetic background of the mice or

the renal IRI protocol , were different between the two studies.

In summary, despite a multimodal experimental approach, we could not provide evidence that
inhibition of TRPC6 channels would be beneficial to ameliorate outcomes in the early phase of
AKI. However, others could detect beneficial effects by either inhibiting or lacking TRPC6 ina
cerebral IRl or even in a different renal IRl model, respectively. These results warrant further

research and make TRPC6a potential druggable target for treating acute renal injury.
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Transient receptor potential channel subfamily C, member 6 (TRPC6), a non-selective cation channel
that controls influx of Ca?* and other monovalent cations into cells, is widely expressed in the kidney.
TRPC6 gene variations have been linked to chronic kidney disease but its role in acute kidney injury
(AKI) is unknown. Here we aimed to investigate the putative role of TRPC6 channels in AKI. We used
Trpc6- mice and pharmacological blockade (SH045 and BI-749327), to evaluate short-term AKI
outcomes. Here, we demonstrate that neither Trpcé deficiency nor pharmacological inhibition of
TRPC6 influences the short-term outcomes of AKI. Serum markers, renal expression of epithelial
damage markers, tubular injury, and renal inflammatory response assessed by the histological
analysis were similar in wild-type mice compared to Trpc6”- mice as well as in vehicle-treated versus
SHO45- or BI-749327-treated mice. In addition, we also found no effect of TRPC6 modulation on renal
arterial myogenic tone by using blockers to perfuse isolated kidneys. Therefore, we conclude that
TRPC6 does not play a role in the acute phase of AKI. Our results may have clinical implications for
safety and health of humans with TRPC6 gene variations, with respect to mutated TRPC6 channels in
the response of the kidney to acute ischemic stimuli.

Transient receptor potential (TRP) channels are a group of ion channels located mostly on the plasma membrane
of numerous cell types with a relatively large non-selective permeability to cations'?>. Mammalian TRP channel
family comprises 28 members, which share some structural similarity with each other®®. Transient receptor
potential canonical or classical 6 (TRPC6) are non-selective Ca** permeable cation channels expressed in renal
tissue including glomerular podocytes, mesangial cells, endothelial cells, tubulointerstitial vascular and epithelial
cells, as well as in renal blood vessels*. Ca** influx through TRPC6 maintains the integrity of glomerular filtration
barrier by interacting with nephrin, podocin, CD2-associated protein, and a-actinin-4 directly or indirectly’.
Mutations in TRPC6 lead to familial forms of focal segmental glomerulosclerosis (FSGS) and to end stage kidney
disease®’. Of note, TRPC6 dysregulation is also linked to progression of acquired forms of proteinuric kidney
disease®’. As a result of the TRPC6 activation, intracellular Ca’' concentration in the podocyte increases and
ultimately causes programmed cell death leading to progressive kidney failure. Recent evidence strongly suggests
that TRPC6 also contributes to renal fibrosis and immune cell infiltration in the unilateral ureteral obstruction
mouse model of progressive renal interstitial fibrosis™'’.

Initiation of renal fibrosis is often caused by acute kidney injury (AKI), an increasingly common compli-
cation occurring in critically ill patients with high morbidity and mortality''. The outcome of AKI has been
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