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Introduction

1. Introduction

1.1 Definition and causes of the nephrotic syndrome

Nephrotic syndrome (NS) is a characteristic collection of symptoms, including large
proteinuria, hypoalbuminemia, edema, and hyperlipidemia. Among those symptoms,
massive proteinuria is considered as the essential condition to induce NS. A nephrotic-
range proteinuria is defined as a concentration of urinary protein > 3.5 g/24h, or urinary
protein/creatinine ratio > 3.5 g/g creatinine from a spot urine sample. In accordance with
the age of onset, NS can be categorized as congenital nephrotic syndrome (CNS) and
acquired nephrotic syndrome (ANS). It can also be classified as primary nephrotic
syndrome with a disease-specific to the kidneys or secondary nephrotic syndrome due to
systemic diseases for example diabetes and systemic lupus erythematosus'. Primary NS
is the most prevalently presented kidney disease in childhood, with a reported incidence
of 2-7/100,000 children?. The causes of primary NS are highly variable due to age, region,
and race. Pathologically, minimal change disease (MCD) is the common type of primary
NS in children®, while in white Caucasian adults, the leading cause is membranous
glomerulonephritis*. The focal segmental glomerulosclerosis (FSGS) is the main reason
of NS in African natives, and the incidence of FSGS has been tending to increase

worldwide recently®1°.

podocyte
endothelium
GBM

SD

foot process

Figure 1 Ultrastructure of glomerular filtration barrier observed by electron microscope

Image provided by III. Department of Medicine, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany.



Introduction

In a healthy kidney, large molecule-compounds such as protein and platelets are not able
to transit the glomerular filtration barrier (GFB). GFB consists of three layers —
fenestrated endothelial cell, glomerular basement membrane (GBM), visceral epithelial
cells (podocyte) with the foot processes slit diaphragms (SD)!! (Figure 1).

The selective filtration of GFB is mainly based on the size of molecules'2. Molecules with
a radius smaller than 2 nm are freely filtered. Proteins cannot pass the GFB with a radius
of more than 4.2 nm or a molecular weight >69 kDa, while those molecules between 2 —
4.2 nm are poorly percolated and can be re-uptaken by the proximal tubule. Thus, protein
is barely detectable in urine samples with normal renal function (Figure 2). On the
contrary, massive proteinuria will be present when the GFB is damaged (Figure 2). To the
current knowledge, the functional or structural damage of podocytes (Figure 2) is the
leading cause of a damaged GFB and proteinuria®!*!>. Podocyte dysfunction typically
leads to NS which is the most extreme manifestation of a proteinuric renal

disease2,10,ll,l6,l7

Normal podocyte Damaged podocyte

. il s

Large proteinuria

Figure 2 lllustration of podocyte damage and proteinuria

Damage of podocyte leads to large proteinuria (photos of urine samples are provided by Dr. Bohnert).
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Podocytes are highly differentiated and non-regenerable cells expressing unique proteins
which are critical for an intact GFB'8. Nphs1, which encodes nephrin, was the first gene
identified and localized in podocytes'®. Further studies conducted using nphs! knockout
animal models'® showed that mice with nphs! deficiency developed massive proteinuria
and nephrotic syndrome. Histologically, enlarged Bowman’s spaces, dilated tubuli,
effaced foot processes and absent slit diaphragm were visible which recapitulated all
features of Finnish type of congenital nephrotic syndrome (CNS) in humans?’. Podocin
is encoded by the nphs2 gene and expresses on the foot process of podocytes!'¢ (Figure 1).
Genetic defects in nphs2 similarly lead to CNS!:12122 Podocin and nephrin as well as
other molecules interact with each other and maintain the normal structure of podocyte
and the slit diaphragm?®. CNS due to nephrin and podocin deficiency manifest as
nephrotic syndrome in early infancy and lead to progressive renal failure necessitating

renal replacement therapy.

1.2 Mouse models of experimental nephrotic syndrome

Animal models are essential tools to simulate NS in vivo and to study the mechanisms as
well as potential therapeutic approaches to NS. Mouse, rat, and zebrafish are used for
modeling NS; among those models, mice or rats with experimental NS are most
commonly used due to its genetic similarity to human, short reproduction cycle, and ease
of handling.

Experimental models of NS can be basically classified into genetic, toxic, and other
models. Genetic models are based on mice with modified genes that are typically
members of the slit diaphragm and expressed by the podocytes. The genes encoding the
molecules of the podocytes have been recognized and localized by studies in the past
years, such as nphsl, nphs2, lamb2, actn4, wtl, and cd2ap''**?!2325 Among all those
genes, nphsl and nphs2 are the most frequently targeted genes to establish genetic NS
models. Constitutive deletion of those genes usually causes CNS manifesting
immediately after birth and leading to severe or even lethal disease within a short time.
Therefore, CNS models with constitutive deletion of these proteins have only a limited
value to study NS?!-2¢,

Thanks to the development of genetic engineering, it has become possible to remove

genes specifically from a particular tissue and conditionally in adult-animals®’%,
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Conditional gene manipulation methods are mainly based on the tetracycline-controlled
transcriptional activation systems, Tet-on, and Tet-off systems. Tet-on and Tet-off systems
are depended on the resistance to tetracycline or its analogues in Gram-negative bacteria®’.
The Tet-on system functions when the reverse tetracycline transactivator (rtTA) protein
is activated by binding to tetracycline or one of its derivatives, doxycycline. This induces
expression of Cre recombinase that cleaves floxed alleles of the target gene. A model
based on the conditional deletion of nphs2 (encoding for podocin) using the Tet-on system
was reported in 2009 imitating NS effectively with massive proteinuria,
hypoalbuminemia and hypercholesterolemia of the mice®'. Yet the disadvantage of that
conditional nephrotic model is the requirement of three mutated alleles which necessitates
time-consuming breeding of the mice.

On the other hand, experimental NS can be induced in mice using the anthracycline
adriamycin or doxorubicin*?-¢, This model has been adapted to mice’? and resembles the
puromycin-aminonucleoside (PAN) model in rats*’°. Doxorubicin-induced nephrotic
mice and PAN-induced nephrotic rats were reported to develop typical features of NS.

However, these toxic drugs could cause tubule damage to animals, and the response rate

34,40-42 33,43,44

to toxic substances is highly related to species and dose
Other methods, such as induction by repeated injection of cationic bovine serum albumin
(cBSA) in ICR (outbred) or BALB/c mice*>*, lipopolysaccharides (LPS) injection to
BALB/c, C57BL/6 and 129 mice, and injection of sheep anti-rabbit glomeruli antibody

to mice*’

are also reported to establish adult-nephrotic models. However, the
proteinuria reported in these models does not reach the magnitude of nephrotic range

proteinuria.

1.3 The activation of epithelial sodium channel (ENaC) by proteasuria causes
sodium retention in nephrotic syndrome

Sodium retention and oedema are the traits of NS and the leading symptom of patients
with acute NS. The mechanisms of sodium retention and oedema in NS are generally
explained by two theories, the overfill, and the underfill theory (Figure 3). The underfill
theory was proposed about 100 years ago’!, claimed that low plasma protein, as a
consequence of massive proteinuria, leads to intravascular volume depletion®? and

buildup of fluid in the interstitial space. This activates the renin-angiotensin-aldosterone
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system (RAAS), causing increased Na' up-taken by the kidneys. However, underfill
theory is not able to explain the mechanism of edema for all nephrotic cases as there has
been evidence indicating that RAAS activation is absent in many cases of NS from
patients or animal models®>3.

Thus, overfill theory was formulated®*, stating that edema formation could be a result of
an intrarenal mechanism that stimulates tubular sodium reabsorption (Figure 3). The
ENaC, which has three subunits (o, B, and y)*°, and is expressed in distal nephron (Figure

4), is considered as the site of the Na" retention and volume expansion in NS>¢-5¥,

The mechanisms of sodium retention and edema in nephrotic syndrome

Underfill theory Qverfill theory B E—
Proteinuria Proteinuria
Hypoalbuminemia Proteasuria
Plasma oncotic pressure § Intrarenal mechanism
(ENaC activation)
Plasma volumey
RAAS ¢

® Na* reabsorption 4 Plasma volume

_1

Figure 3 The underfill theory and overfill theory of sodium retention in nephrotic syndrome.
1 indicates increase; | indicates decrease

Sodium retention —™ Edema

Increased ENaC activity in NS has been demonstrated by micropuncture studies in
experimental NS°7%, One study reported that treatment with the blocker of ENaC,
amiloride, protected nephrotic mice from ENaC activation and sodium retention. This
study suggested an essential role of ENaC activation as the cause of edema formation in
NS.

Aldosterone is the primary mineralocorticoid hormone, which is synthetized by the
adrenal cortex™. The increased reabsorption of sodium at the collecting duct in
experimental NS was thought to be associated with the increased ENaC expression, which

is regulated by aldosterone (Figure 4). This finding was reported in PAN treated nephrotic
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rats, which presented high plasma-aldosterone, increased number of ENaC, more
specifically a-ENaC®. In addition, elevated plasma aldosterone redistributed ENaC
towards to the apical region of the principal cells of collecting duct, which was called
‘apical targeting’®!. In nephrotic rats with adrenalectomy, the abundance of ENaC
expression was upregulated, however, the apical targeting was abolished. Rats
experienced sodium retention despite the absence of aldosterone®'. However, the apical
targeting was not observed®!. In another study, blocking the mineralocorticoid receptor
by canrenoate did not prevent Na™ retention and edema in experimental NS as well®.
Similar to that, the mice with serum-and-glucocorticoid-kinase 1 (SGK1) deficiency
which represents aldosterone-resistance developed sodium retention after induction of
NS?*2. Besides the evidence from experimental models, nephrotic patients do not always

display an increased level of plasma aldosterone™. All these findings point to some other

mechanism of ENaC regulation in NS than hyperaldosteronism.
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Figure 4 Location, molecular structure and regulation of ENaC by urinary serine proteases

ENaC is sensitive to aldosterone and regulates 3-5% reabsorption of filtered sodium and excess fluid. The
serine protease furin cleaves the o subunit twice, whereas the extracellular serine proteases cleave the y
subunit once. The open probability (Po) of ENaC is increased to the intermediate level accordingly. A
secondary cleavage-events of y-ENaC by some other proteases increases the Po of ENaC into a very high
level (this figure was drawn by Mr. Hao Tian).

* indicates the cleavage sites.

Accumulative studies have proved that aberrantly filtered urinary serine proteases
(proteasuria) due to defective filtration barrier in NS, activate ENaC by proteolysis and

lead to sodium retention and edema*>-%2-**, Nephrotic mice receiving the treatment with
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serine proteases inhibitor avoided Na* retention as effective as treatment with amiloride®>,
indicating the special regulation of ENaC by serine proteases. It was found in one study
that ENaC was activated in a Xenopus kidney epithelial cell line (A6) by co-expression
with one of the serine proteases, which was named as channel-activating protease
(CAP1)®. In this study, the authors also observed that by adding aprotinin, a nonspecific
serine protease inhibitor, to the A6 cells, ENaC activity was reduced. The sodium
transport could be recovered by adding extracellular trypsin afterward, which is also a
serine protease. Later on, a study discovered that ENaC activity correlates with cleavage
of the channel by the intracellular serine protease furin, by using furin-deficient cells or
furin-specific inhibitors in vitro study®®. Subsequently, the two cleavage sites of furin at
the o subunit, and a single cleavage site at y subunit were identified®’ (Figure 4). The
furin-mediated cleavage was proven to be responsible for the basal current

t’%, situated away

(Ina)*®%°(Figure 4). In 2007, a cleavage event was located at the y subuni
from the Furin-cleavage site, and was related to the high open possibility (Po) of the
channel. The same group observed that a second cleavage at the y subunit between the
Furin-cleavage site and a polybasic tract stimulated the full activation of ENaC’! (Figure

4).

1.4 Role of plasminogen in activation of ENaC

tPA/ UPA <« PAHorll
+

<—— a2-Antiplasmin

+

7N

Fibrin Fibrin degradation products

Figure 5 The role of plasminogen in fibrinolysis and the regulations of its activation.

+ indicates activation; - indicates inhibition
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Plasmin is a serine protease released as a zymogen (plasminogen) from the liver into the
circulation and degrades fibrin clots. The plasminogen activators (PAs) present in tissues
(tPA) and in soluble form (urokinase-type or uPA) activate plasminogen®%%72, Activity
of plasmin and its activators can be regulated by several inhibitors (Figure 5).

In 2009, a study identified plasminogen-plasmin as the primary urinary serine protease in
nephrotic patients and rats®2. In this study, the y-ENaC existing on mouse collecting duct
cells (M-1) and in Xenopus laevis oocytes in vitro can be cleaved by nephrotic urine. To
confirm if uPA converts plasminogen to plasmin, researchers applied the combination of
uPA and plasminogen to M-1 cells and Xenopus laevis oocytes. Results revealed the
whole-cell currents sensitive to amiloride were stimulated®®. Since then, plasmin was
proposed as the essential serine protease in activating ENaC in NS (Figure 6). However,
these conclusions were only drawn by the in vitro study. During the last decade, the in

vivo proof of plasmin in ENaC regulation in NS was still missing.
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Urinary

* %% excretion
=

e

apy

Glomerular capillary

=
< —t

[t‘ \

ENaC

tNa*
ENaC

Po

intermediate Po very high

Figure 6 The theory of plasmin in ENaC regulation in NS

The current hypothesis about plasmin in ENaC activation is based on the increased filtration of plasminogen
along with the leakage of massive proteinuria in NS. Aberrantly filtered urinary plasminogen is activated
by uPA into plasmin which is supposed to activate ENaC at the distal tubule and to increase the sodium
reabsorption (this figure was drawn by Mr. Hao Tian).

Ten years after the uPA-plasminogen-plasmin axis was brought up, two studies were
published simultaneously which investigated the role of uPA in activating ENaC, by using
two different experimental NS mouse-models®®’®. In Hinrichs’ study’?, researchers
applied either amiloride or an uPA-antibody in tamoxifen-induced podocin-deficient

nephrotic mice. Results revealed that amiloride treatment abolished the transformation of
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plasminogen to plasmin and Na' retention. Mice with anti-uPA treatment reduced the
cumulative sodium and avoided the cleavage of y-ENaC’®. However, the inhibition of
sodium retention and edema was not complete by the application of the uPA antibody. In
another study performed by our group, uPA deficient mice underwent doxorubicin-
induced nephrotic syndrome *°. Results showed that in nephrotic uP4-ko mice, the
decrease in urinary Na" excretion and an increased body weight, as well as the response
effects to amiloride treatment were not significantly different from uPA-wt mice. The
finding indicated that uPA deficiency did not prevent mice from developing sodium
retention and edema. Yet, trace amounts of plasmin in nephrotic uPA-ko mice could not
be ruled out.

In humans, a study including two hundred and three NS patients was performed to
investigate the hypothesis of plasminogen-plasmin in ENaC activation®. Patients were
assigned into different groups according to the progression of edema. This study found
that urinary plasminogen-plasmin/creatinine ratio was closely associated with edema and
was an independent risk factor for more severe edema®.

All those findings mentioned above did not reveal an essential causal role of plasminogen-
plasmin in ENaC activation. Thus, an experimental nephrotic mouse model with

plasminogen deficiency is necessarily required.

1.5 Aims of the study

This study aimed to investigate the role of plasminogen in ENaC activation and sodium
retention in vivo by applying an experimental NS mouse model with absolute
plasminogen deficiency. Therefore, a new mouse model using a tetO-Cre-lox-P system
with conditional nphs2 gene deletion (nphs247°?) had to be introduced and evaluated for
the features of experimental NS. These nphs2?7°! mice had then to be mated with
plasminogen deficiency mice to generate a double knock-out (nphs2??P°*plg”") mouse
model that allowed to induce experimental NS with plasminogen deficiency. Due to the
detrimental effects of plasminogen deficiency and fibrin deposition in mice, uninduced
nphs24P°?*plo’~ mice needed to be studied for underlying renal disease. Another aim of
the study was to testify the treatment effect on edema with aprotinin in nephrotic
nphs24P°?*plo”- mice. Finally, the long-term effect on kidney function of plasminogen

deficiency in nephrotic mice had to be studied.
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2. Methods
2.1 Study design

2.1.1 Section I: Characterization of an experimental NS mouse model based on inducible

nphs?2 deficiency
. + euthanasia
kidney
d ® ® ¢ blood sample
aprotinin pellet implantation
spot urine sample
doxycycline induction
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Figure 7 Timeline for the study of section |

To generate an inducible experimental NS in this study, a genetic mouse model by using
tetO-Cre-lox P system was applied. This mouse model was established by mating mice
which has a pair of floxed nphs2 alleles (B16-Nphs2™3-141¢) "\ith mice carrying both a
tetracycline-controlled transcriptional activator of a Cre recombinase (Tg (tetO-cre)’®%),
and a nephrin-targeted driven promoter (Tg (Nphs1-rtTA*3G)3"™)* The genotype of
these mice were B16-Nphs2™3-1A1*Tg (Nphs1-rtTA*3G)¥"™*Tg (tetO-cre) ' and were
referred to as nphs2??°? mice’*. Mice have two podocin alleles modified with flox but
absent of either the Tg (tetO-cre) " or Tg (Nphs1-rtTA*3G)3"™ were served as control’.
These mice were a kind gift from Dr. Florian Grahammer (University of Hamburg).
Originally, he received B16-Nphs2™*+14n mice from Géraldine Mollet and Corinne
Antignac (Imagine Institute of Genetic Diseases, Paris, France, first published in 2009°")
and Tg (Nphs1-rtTA*3G)¥™™ mice from Jeffrey H. Miner (Washington University, St.
Louis, USA”).

To characterize the model (Figure 7), nphs247°? mice (n=19) and control mice (n=10)
received oral doxycycline administration for 2 weeks, and were observed for 2 weeks

after induction. The first day started with doxycycline induction was defined as day -14.

10



Methods

The end of oral doxycycline administration was designated as day 0. Blood samples were
collected before induction. Body weight, food, and fluid intake were daily monitored, and
spot urine samples were daily collected until day 14.

To characterize the ENaC activation by proteasuria in this genetic model, a pellet
containing extended release aprotinin were implanted to 4 nephrotic nphs247°? mice on
day 7 (Figure 7). Nphs247°? mice were divided into two groups on day 7; 4 mice received
aprotinin treatment at a dose of 1 mg per day. The rest of the mice did not receive any
treatment. On day 14, blood samples were taken, and both kidneys were removed from
both nphs2??° mice and control mice. One kidney was harvested for Western Blot (WB),

and the other one was used for immunofluorescence (IF).

2.1.2 Section II: Effect of plasminogen deficiency on sodium handling before and after
induction of NS
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Figure 8 Timeline for Section

To generate an experimental NS model with plasminogen deficiency, the nphs247°? mice

tm1Jld

were intercrossed with plasminogen deficient mice (Bl6-Plg or plg”, hereinafter

** mice and nphs2?7°?*plg”" mice respectively)’. Plg”" mice

referred to as nphs24P°d%plg
were a kind gift from Edward Plow (Lerner Institute, Cleveland, USA’%). All mice were
on C57Bl1/6 background, and the offspring was born at the expected Mendelian frequency
7

To study the influence of plasminogen deficiency on ENaC dealing with sodium,
uninduced nphs2?7°¢ *plg™* mice (n=10) and nphs247°?*plg” mice (n=11) were observed

starting on day -25 (16 days before doxycycline treatment, Figure 8). Mice were housed
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in metabolic cages individually for two days with a standard sodium-replete diet. Urine
and feces were collected, food and fluid intake were monitored for calculating sodium
balance. Results of sodium balance were averaged by data from two consecutive days.
Mice were then put back into standard cages, and a low salt diet was given from day -22
until day -15. After a 5-day low salt diet, the observation in metabolic cages was repeated
for the same mice on day -17 to day -15. The same procedure in the same mice in
metabolic cages was repeated after induction of NS from day 5 to day 7, to investigate
the effect of plasminogen deficiency on sodium balance in nephrotic animals. The finding
of a significantly decreased urinary Na* excretion in 24h urine/ a positive sodium balance
with a standard diet condition would be clear evidence of sodium retention in nephrotic
mice. Food, fluid intake, and BW were monitored daily. Blood samples were taken on
day -25 as a baseline, on day -15 after receiving low-salt diet, and on day 7 after induction,
respectively. In a subset of mice from each genotype, kidneys were removed for histology

study as the uninduced control. Mice were euthanized at the end of observation.

2.1.3 Section 11 : The effect of plasminogen deficiency on the course of experimental NS
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Figure 9 Timeline for section Il

For the investigation of ENaC activity in experimental NS with plasminogen deficiency,
an observation for amiloride-natriuresis during 7 days after induction of NS was
performed in both genotypes (Figure 9). Nphs24P°*p[g*’* (n=10) mice and nphs24r*d
*plg”” (n=11) mice received an intraperitoneal injection of injectable water or amiloride,

respectively, on day -15 and day -14, as the baseline value. Mice started the oral
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doxycycline treatment on day -14 after the amiloride injection. Vehicle and amiloride
intraperitoneal administration was repeated on day 7, and day 8, successively. Mice were
euthanized on day 8 after amiloride injection. ENaC activity was evaluated as a
significantly decreased Na" concentration in 6h-urine after a vehicle injection, and an
increased amiloride-sensitive urinary sodium excretion 6h after amiloride injection.

Because of the unexpectedly remission of sodium retention presenting body weight loss
and increased urinary sodium excretion starting from day 11, amiloride-natriuresis study
was performed in a subset of nephrotic nphs247°? *plg** mice (n=5) and nephrotic
nphs247°d *pla”- mice (n=6) on day 13 and day 14, respectively (Figure 9). The aim was
to prove the ENaC activity during the “wash-out” phase was downregulated and was not
blocked by amiloride any more. Mice were induced of NS by doxycycline treatment, and
underwent blood sampling (75ul) on day 7. At the end of this cohort, One nphs24¥°?

** mouse and two nphs24P°?*plg”- mice were ruled out because of the illness.

*plg
Eventually, four mice of each genotype received vehicle and amiloride injection, and were
euthanized after amiloride injection. An additional cohort was performed for short-term
observation of the effect of plasminogen deficiency on sodium retention, and full
characters of experimental NS in nphs2¥P°¢*plg”" mice (n=12) (Figure 9).
Nphs24Ped%p]o™* mice (n=16) were used as control. Body weight, food and fluid intake
were daily recorded. Spot urine samples were daily collected for laboratory measurements.

Blood samples and kidneys were taken on day 14. Sodium retention was evaluated by

increase of body weight, decrease of urinary Na* excretion in daily spot-urine samples.

2.1.4 Section 1V: Effect of aprotinin treatment in nephrotic mice with plasminogen

deficiency
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Figure 10 Timeline for section IV

To find out the effectiveness of aprotinin on nephrotic mice lacking plasminogen, pellets
containing extended release aprotinin were implanted to each mice with plasminogen
deficiency and the matched wild-type mice (Figure 10). Nphs24P°?*plg*’* mice (n=8) and
nphs22P°*plo” mice (n=8) received doxycycline treatment at 8 weeks of age for
induction of NS. On days 3, nphs247°¢*plg™* mice and nphs2*?°? *plg”- mice randomly
assigned to either the aprotinin (n=4) or placebo group (n=4). Mice received 2 sustained
release-aprotinin pellets/ mouse containing the dose of aprotinin of Img/ day which were
implanted subcutaneously during isoflurane narcosis. Mice receiving placebo pellets were
used as control. Bodyweight and spot urine were collected before doxycycline induction
and every day from day 0. Mice were sacrificed on day 8 (5 days after pellets

implantation), blood samples, and kidneys were harvested (Figure 10).

2.1.5 Section V: Long-term effect of plasminogen deficiency in experimental NS
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Figure 11 Timeline for Section V

A cohort observation of nephrotic mice in both nphs24¥°?*plg*’* mice (n=14) and
nphs24P°®*plo”~ mice (n=12) was followed up for 63 days after induction to study the
lasting influence of plasminogen deficiency on kidney function (Figure 11). Among them,
16 mice (8 nphs24P°?*plg™* mice and 8 nphs24P°?*plg”" mice) were observed for two
weeks to obtain a normal growth curve in both genotypes before induction. Mice then
received doxycycline induction at 8-week old. Food, fluid intake, and weight of mice

were daily monitored from day -14 until day 28, and spot urine samples were collected.
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Blood samples (75ul) were taken from day -14 and were collected every two weeks
thereafter for evaluating kidney function by plasma urea measurement. Another 100ul of
blood samples were drawn for blood gas analysis (BGA) on day 14. Survival of mice
were followed up until day 63 when all experimental mice died or euthanized, except for
control mice. Mice were euthanized, and kidneys were removed when the prespecified
score reached a value of more than 7, according to National Institutes of Health Guide for

the Care and Use of Laboratory Animals and the German law for the welfare of animals.

2.2 Animal experiments

2.2.1 Genotyping

Ear tissues were collected from the offspring at 3 weeks of age. Genotyping of the
offspring was performed as described in a standard protocol:

- DNA extraction. Ear tissues were stored at -20°C in a 1.5ml/reaction tube before
process. Tissue lysis, digestion and g-DNA extraction were processed by using a
commercial kit (EchoLUTION Tissue DNA Micro Kit, AIM GmbH, Germany). A pre-
mixed buffer contained 5 pl turbolyse T protease and 90 pl tissue lysis buffer per sample
was pipetted to each sample. This mixture was kept at 60°C for 30 minutes with maximum
agitation. After that, the temperature was further increased to 80°C for 10 minutes. During
the incubation, the g-DNA-binding column was prepared and placed in a 1.5ml EP tube.

- Purification of g-DNA. After tissue lysis, 1 ul Rnase A and 10 pl Clearance buffer were
added respectively to each sample. The mixture was centrifugated for 2 minutes at a
maximum speed (13000 g) by centrifuge (Biofuge 13, Heraeus, Germany). Supernatant
(90 ul) was collected and transferred to the g-DNA-binding column. Centrifuged the
column for 1 minute at the speed of (1000 g). Subsequently, purified g-DNA was collected
in the 1.5ml EP tube and stored at 4°C if not used immediately, or at -20°C for long term
storage.

- Polymerase chain reaction (PCR). Primers and conditions used for genotyping of each
genes were listed in Table 1 and Table 2 respectively.

- Agarose gel electrophoresis. Agarose-gels with 3%, 1.5% or 1.75% were prepared
according to the amplicon size of each gene (standard-agarose mixed into 1x TAE buffer).
Loading marker (1 pl 100 bp DNA Ladder, peQ Lab, Germany + 1 pl 6x DNA loading
Dye, VWR International, Lithuania + 4 ul Ampuwa, Fresenius Kabi GmbH, Germany)
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and PCR-product was pipetted into the well of agarose-gel. Electrophoresis was
performed by Electrophoresis Power Supply (EPS 600, Bio Rad, USA) under 120 voltage
for 40-60 minutes. The gel was stained by Nucleic Acid Gel Stain solution (GelRed,
Biotium, USA) for 10-20 minutes, and results were observed under a gel-imaging system
(Bio Rad, USA). Examples of genotyping images from each gene was shown in Figure
12.

- Mice selection. In total, sixty-two of nphs2/P°?¥plg** mice, forty-four of
nphs24P°*plo”" mice, and ten control mice were included in this project.
Mice were kept on a 12:12-h light-dark cycle and fed a standard diet (ssniff, sodium
content 0.24% corresponding to 104 pmol/g, Soest, Germany)’*. Mice were free for
access of tap water and food. All animal experiments were conducted under the regulation
of the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
and followed the German law for the welfare of animals. Animal experiments were
approved by local authorities (Regierungspraesidium Tuebingen, approval number M
15/17)™.

Table 1 PCR conditions for genotyping’

Gene Denaturation Annealing Extension Cycles
Nphsg2tms3-1Antc77 94 °C, 30 seconds 62 °C, 45 seconds 72 °C, 30 seconds 40
Tg(Nphs1-rtTA*3G)¥"™77 94 °C, 30 seconds 57 °C, 30 seconds 72 °C, 45 seconds 40
Tg(tetO-cre) /a7’ 94 °C, 30 seconds 57 °C, 30 seconds 72 °C, 60 seconds 35
B16-Plgim1/1d78 94 °C, 30 seconds 60 °C, 60 seconds 72 °C, 60 seconds 30
Table 2 Primers used for genotyping”
Gene sense/forward antisense/reverse amplicon refer Manufacturer
5°->3’ orientation 5°>3’ orientation P ence
Nphg2tm3-14nte CCAGCATCCCATTA GCATCCAAATGAT  236/286 bp 3 Eurofins Genomics
GATAGATGAGG CAGAGTTCCCAG (wild-type /
G floxed allele)
Tg(Nphs1-rtTA*3G)3™"™  GAAGCAGCAGAAT ACTTTGCTCTTGT 400 ” Eurofins Genomics
GAGTTCACACTGG CCAGTCTAGACAT
GTCC GGTG
Tg(tetO-cre) Mav GCATAACCAGTGA  GGACATGTTCAG 280 80 Eurofins Genomics
AACAGCATTGCTG GGATCGCCAGGC
G
BI16-Plg™* and Plgtm!'1d TCAGCAGGGCAAT  CTCTCTGTCTGCC 450 /230 78 Eurofins Genomics
GTCACGG (wt)and ~ TTCCATGG (wt)  (wild-type /
GCACAGCTGCGCA and ko allele)
AGGAACGCC (ko) AAGATGGATTGC
ACGCAGGTTCTC
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(ko)

A wt/  floxed/ floxed/ B
Marker wt wt  floxed

Marker +? -l

300 bp

250 bp 286 bp
236 bp
200 bp 500 bp

400 bp
250 bp

Marker +/? -/- Marker wt  het ko

450 bp

300 bp

230 bp
200 b
200bp 280 bp P !

150:6p nonspecific band

Figure 12 Examples of genotyping by PCR

(A) Genotyping of floxed nphs2. The expression of homozygote floxed nphs2 was at 236 bp. Heterozygote
floxed nphs2 showed both bands at 236 and 286 bp, while homozygote wild type nphs2 showed only one
band at 286 bp.

(B) Genotyping of Nphs1-rtTA*3G¥'™, The result showed if the mouse contained at least one of nphs1-
rtTA*3G)*"™ allele, it appeared at a single band at 400bp; if there was no band, the mouse did not express
the transgene.

(C) Genotyping of tet-O cre. Presence of tet O-cre was observed at 280 bp.

(D) Genotyping of plasminogen showed the knock-out allele at 230 bp, and the wildtype allele at 450 bp.

Wt: wild type; het: heterozygote; ko: knock out; +/?: positive expression of the gene; -/- : negative
expression of the gene

2.2.2 Induction of experimental nephrotic syndrome in nphs2**°? mice

As described in Chapter 1.2, nphs2’#°? mice were used to model experimental NS,
which is based on a Tet O-Cre recombinase system and removes the floxed nphs2
gene in the presence of doxycycline (Figure 13). All experimental animals including
control mice, received a daily oral doxycycline treatment with a mixture of 2g
doxycycline powder (Yancheng Suhai Pharmaceutical, China) and 50g sucrose in 1

L tap water for NS induction at the age of 8 weeks’*. The duration of oral doxycycline
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treatment was 2 weeks, and the water was changed every 3 days for preventing

bacterial or fungus growth.

Before induction After induction

Induction with doxycycline

Nefta8|  rtTA Nefta8| ‘
| 7o < |
ATG ¢ X X

Nphs2 | - [ensz]

Figure 13 A schematic diagram of inducible nphs2 (podocin, green) deletion in the podocyte
before and after doxycycline initiation?4

Upon exposure to doxycycline, the reverse tetracycline transactivator (rtTA) binds to the promotor (Tet O),
which induces expression of Cre which in turn initiates the deletion of floxed nphs2 gene. In nphs2/od
model, the rtTA is podocyte-specific (Nefta8), which means doxycycline induction of NS not affecting
other cells and tissues (Figure was first published on May 2020 Acta Physiologica).

2.2.3 Daily monitoring of body weight, food and fluid intake, and the collection of spot
urine samples

Spot urine samples were collected in clean Eppendorf-tubes by bladder massage
individually during 8:00 — 9:00 every morning. Daily spot urine samples were used for
monitoring the development of proteinuria, proteasuria and sodium retention, etc. Body
weight of mice was obtained by keeping mouse individually inside a constraint container
and weighing it on a balance. Due to the difficulties and inaccuracy in measurement of
ascites, increase of body weight was taken as the parameter for the development of edema
and ascites in nephrotic mice. The increase of body weight was a hint of ascites despite a
stable food and fluid intake. The increase of body weight was calculated as the following:
difference in BW (%) = (BW on day 0, 1,2... - baseline value of BW) / baseline value of
BW *100%. Body weight on day 0 was used as baseline value.

Food and fluid intake were monitored by weighing the weight and recoding the
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differences between two days. The calculation of the intake was: intake of food/fluid (g)
= (weight of food/ fluid on the day before - weight of food/ fluid) / number of mice in the

cage.

2.2.4 Blood sampling

Blood was drawn from the orbital sinus under anesthesia by isoflurane-inhalation®!

using a gas anesthesia machine, which contains an oxygen flow of 2 I/min and a precision

vaporizer. The dose for induction anesthesia was 4-5 vol% of isoflurane as regulated by

the animal warfare. A 125 pl of blood sample was drawn for blood gas analysis. A 75 pl

blood sample was centrifuged for 20 min at a speed of 800 g, then the supernatant (plasma)

was stored at -20 °C for later measurements.

2.2.5 Implantation of extended release aprotinin pellets
The subcutaneous aprotinin pellets with a matrix-driven sustained release were custom-
made by Innovative Research of America, Florida, USA**. The procedure of implantation

was performed as following®* (this surgery was performed by Dr. Bernhard N Bohnert):

Subcutaneously pellet(s) impaltation

Placebo Aprotinin

Position of
incision

Figure 14 Aprotinin pellets implantation subcutaneously3

- The instruments and materials for the implantation were prepared, including a pair of
hair scissors, a pair of skin preparation scissors, a surgical scalpel, surgical tweezers, two
pairs of tissue tweezers, a needle holder, and 15 cm non resorbable monofil suture3*.

- Instruments were sterilized before the implantation in advance by using a heat sterilizer
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for 5 min at 240 °C3*. The instruments were needed to cool down until room temperature
before using.

- The implantation was performed under isoflurane narcosis (5 vol% for induction and
1.5 vol% for maintenance)

- Mice were put in a prone position and were kept the temperature about 37 °C. Eyes of
mice were protected with ointment during operation.

- Hair on the center back of mice was removed using hair scissors. After disinfection,
the hairless skin was incised about 5 mm length with a surgical scalpel in a vertical
direction (Figure 14)**. A left lateral pocket of about 1 cm depth in the subcutaneous
connective tissue** was prepared using a dull tweezer. For interventional treatment, one
10-day release aprotinin pellet containing a dose of 10 mg was inserted into the pocket
mentioned above by sterilized tweezers on day 7 after induction of NS. For preventive
intervention, 2 aprotinin/ placebo pellets were implanted to each mouse on day 3 at the
end of doxycycline treatment. The two pellets had to keep distance on each side at the

back of mice, so that they did not overlap and influence the treatment effect.

- The wound was sutured, and mice were kept individually after the surgery.

2.2.6 24h urine samples collection in metabolic cages and calculation of sodium balance
Sodium excretion generally equals to sodium intake in human and mice with normal
kidney function and sodium handling. Sodium handling was observed by calculating
sodium balance in uninduced mice with both genotypes, under conditions with either a
standard or a low-salt diet. Each mouse was weighed and put with an emptied bladder
into metabolic cages individually from 8:00 until the next day at 8:00 (24h). Urine
samples and feces were collected, and weighed 24h after hosing in metabolic cages. Mice
were free for tap water and food during the whole observation.

A standard diet contains 106 pumol/g of sodium (C1000, Altromin, Lage, Germany), and
alow salt diet contains 7 pmol/g of sodium (C1036, Altromin, Lage, Germany). Tap water
contains 1umol/g of sodium. Sodium balance was calculated as following:

Sodium balance [umol/ml] = (sodium intake from food + sodium intake from fluid) —

(24h urinary sodium excretion + 24h fecal sodium excretion)
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2.2.7 Natriuretic response to amiloride
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Figure 15 The schematic diagram of amiloride-natriuresis experiment

Urinary Na* excretion after a vehicle injection was taken as baseline value in uninduced mice. In principle,
there would be an increase in urinary Na* excretion after a high dose of amiloride injection, even in mice
with normal sodium handling. After NS was established in mice, urinary Na* excretion would be extremely
low with vehicle injection, while amiloride injection could markedly increase the excretion of sodium
indicating ENaC activation in nephrotic animals.

Amiloride-induced natriuresis was determined to assess ENaC activity in both uninduced

+/+

and nephrotic nphs24P°d*plg

excretion in uninduced mice after a vehicle injection reflected baseline natriuresis. The
response to amiloride obtained in uninduced animals was compared to the response in the

same animal after induction of NS. The expectation was that urinary Na" excretion after
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a vehicle injection during the nephrotic stage significantly decreased, indicating sodium
retention. Since urinary Na* excretion was markedly increased by amiloride injection,
this would be the strong evidence in favor of ENaC activation in nephrotic animals. The
difference in amiloride-natriuresis between uninduced and nephrotic mice reflects the
degree of ENaC activation (Figure 15).

For vehicle injection, mice received 5 pl/g bw injectable water; and for amiloride
injection, mice were injected with a dose of 10 ng/g bw amiloride intraperitoneally’*.
Injection was given at 8:00 in the morning of the experiment day. Urine was voided before
injection. Mice were kept individually in regular cages after injection. Urine samples were
collected, and weighed (g) 6h later to determine the volume.

Urinary sodium excretion in 6 hours was calculated for each mouse as following:
Urinary sodium excretion /* 6h [umol/6h] = urinary sodium concentration measured by flame-

photometer [ Umol/ml] * weight of urine [~ml]

2.2.8 Euthanasia and kidneys collection

At the end of observation, if blood samples were not needed, mice were euthanized mice
by exposing them to isoflurane with a dose of 5 vol% for a minimum of 2 minutes. The
vaporizer was stopped when the movement and respiration of mice were not observed
anymore. A cervical dislocation was applied to ensure euthanasia and death of the mice.
If blood samples were needed from the animals, after 90 seconds of Isoflurane-induced
anesthesia, blood was drawn from the retro-orbital sinus as much as possible. For kidneys
collection, mice were placed on the table in the supine position. A midline laparotomy
from the top of the pubic bone to the sternum was performed, and the abdominal skin and
the muscles were cut with scissors. The blood vessels connected to the left kidney were
clamped. The right kidney was then perfused by injecting 5 ml of Phosphate-Buffered
Saline (PBS) (Sigma-Aldrich, Germany) to remove excess blood, and was fixed
successively with an injection of 5 ml 4% Paraformaldehyde (PFA, Otto Fischer GmbH
& Co.KG, Germany) for histology study. The left kidney without perfusion was then

removed and stored at -80 °C for WB analysis.

2.3 Laboratory measurements

2.3.1 Urinary protein
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Urinary protein was measured using a colorimetric method according to Bradford’+%2,
Urine samples were measured undiluted before induction of NS and were diluted 10-20
folds during proteinuria. Undiluted/diluted urine (2 pl) was added into a 1ml 1x Bradford
working solution (Bio-Rad Laboratories, Germany) and was incubated at room
temperature (RT) for 8 minutes. Absorbance was obtained at a photometer at a wavelength
of 595 nm. Distilled water (ddH20)/Ampuwa (2 ul) was used as blank control. The
photometer was calibrated with bovine serum albumin (BSA) from 1-10 mg/ml. Data
were recorded in a laboratory book entitled with date, series number, mouse ID, and
results with the unit as mg/ml (and so as all the other measurements). Data from diluted
samples were multiplied with the dilution factor accordingly. The ratio of urinary protein
and urinary creatinine (urinary protein [mg/ml]/ creatinine [mg/dl]) was used as the

parameter of proteinuria evaluation [mg/mg crea].

2.3.2 Urinary creatinine

Urinary creatinine was measured using the colorimetric Jaffé method (Labor+Technik,
Berlin, Germany). DdH,O/ Ampuwa (10 pl), standard solution (2 mg/ml), and 10- or 20-
fold diluted urine sample were added into cuvettes with a 1 cm light path, respectively.
Working solution (picric acid + NaOH, 200 pul) was pipetted into cuvettes before reading.
The cuvettes were put into a photometer with a wavelength of 492 nm and the first
absorbance (Al) was read 10 seconds later. After exactly 8 minutes, the second
absorbance (A2) was obtained. The creatinine concentration (Ccrea) Was calculated
according to the following formula:

Delta A = Absorbance A1 — Absorbance A2

Cerea [mg/dl] = (Delta Asample - Delta Apank ) / (Delta Astandard - DeltaApiank) *

Conc.standard * DF

2.3.3 Urinary/ fecal sodium concentration

Urinary and fecal Na" concentration was measured using an automated flame photometer
(Eppendorf EFUX 5057, Germany). Urine samples were directly measured by flame
photometer undiluted, and values were normalized to the urinary creatinine concentration.
The linear range of Na* measurement was 10-200 mM. Feces were collected over 24 h in

metabolic cages and were dried at 80°C for 3 hours, dry feces were weighed and dissolved
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in 3 ml of 0.75 M HNOs overnight to generate a creamy mass. After centrifugation at 683
g by an universal table top refrigerated centrifuge (Megafuge 2.0R, Heraeus, Germany)
for 10 min, 1 ml of the supernatant was measured directly by the flame photometer®:.

Fecal sodium content in umol/24 was calculated by multiplication with 3.

2.3.4 Urinary plasmin activity

0
x 66\’\1
Synthetic substrate (S5-2251) R

E Val ,Leu, Lys f ‘@ ' ‘
Plasmin v

] D{\f\'\(\

E Val , Leu, Lys :
- ) (
Plasmin+aprotinin V

Figure 16 lllustration of the principle of urinary amidolytic activity measurement by using a
synthetic substrate (S-2251)

The substrate S-2251 (H-D-Valyl-L-leucyl-L-lysine-p-Nitroaniline dihydrochloride) is a synthetic
tripeptide substrate coupled to a chromophore pNA. When pNA is liberated from the substrate by cleavage
of plasmin (1 indicating the cleavage of substrate by plasmin), an increased absorbance at 405 nm will be
detected and will be proportional to the plasmin activity. Aprotinin is a wide spectrum serine protease
inhibitor that can inhibit plasmin activity (iindicating the inhibition effect of the substrate cleavage by
plasmin) and is added into urine samples to calculate the aprotinin-sensitive activity which represents
plasmin activity in this assay.

The urinary activity of plasmin was measured by the proteolysis of the amid bond of the
chromogenic substrate S-2251 releasing the chromophore p-Nitroaniline dihydrochloride
ne dihydrochloride (pNA), so called urinary amidolytic activity (Figure 16). S-2251 is a
preferred tripeptide substrate of plasmin (Haemochrom, Germany). 3 pL urine and 50 pL
2 mM substrate was incubated for 60 minutes at 37°C with or without the plasmin
inhibitor aprotinin (final concentration 20 pg/ml)’*. The values of optical density (OD) of
blank and samples were obtained at 405 nm on a 96-well plate reader (Biotek EL800, VT,

USA). The difference between the ODa4os with or without aprotinin reflected the
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predominant activity of plasmin’. Values were expressed as relative units.

Calculation of urinary amidolytic (plasmin) activity as the following formula:

Uril’lal‘y amidolytic aCthlty [OD/60* 1000] = (OD405 without aprotinin = OD405 with aprotinin) / 60
*1000

2.3.5 Plasma/ urinary albumin

In NS, concentration of plasma albumin decreases as a consequence of large proteinuria,
and leads to hypoalbuminemia. Plasma albumin concentration was measured with a
fluorescent ligand (Albumin blue, Carlsbad, USA). The standard curve was prepared
using mouse plasma albumin (Sigma, stock solution with 1000 pg/ml in Ampuwa) in the
range of 10 - 500 pg/ml. Urine or plasma samples were briefly centrifugated (at 1000 g,
for 5 min,) before measurements. Plasma samples were diluted 100-200 fold, while urine
samples were directly measured. Mouse standard albumin or samples (20 pl) were
pipetted into each well of a 96-well microcuvette. After addition of 100 pl dye reagent,
wells were incubated for 5 min RT. The fluorescence was measured at an excitation
wavelength of 560 nm and emission wavelength of 620 nm. Calculation of the
concentration was done using a linear standard curve (Y= a x + b) in Excel which had to

have an R? value of > 0.95.

2.3.6 Plasma cholesterol

Hyperlipidemia or hypercholesterolemia is also one of typical characters of NS. Total
plasma cholesterol was measured by a colorimetric kit (Labor+Technik, Berlin, Germany)
to fully characterize the experimental NS in this study. DdH,O/ standard solution or
undiluted sample (3 pl) was pipetted into a cuvette. After addition of 300 ul reagent and
mixing, the samples were incubated for 60 min RT. Subsequently, OD value was read at
a wavelength of 546 nm. Calculation of the concentration was according the following
formula:

C cholesterol [ME/d1] = (E sample— E blank) / (E standard — E blank) * C standard (Standard concentration
is 200 mg/dl, E sample stands for measured value of sample; E plank stands for measured

value of ddH>O; E standard stands for measured value of standard)

2.3.7 Plasma urea
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Plasma urea is a marker of kidney function, which reflects glomerular filtration rate. The
increase of plasma urea indicates the decrease in GFR and the damage of kidney function.
Concentration of plasma urea was measured using a colorimetric kit (Labor+Technik,
Berlin, Germany). DdH20O/ standard solution or sample (3 pl) was added into a cuvette.
Samples were undiluted or diluted into 3 folds, depending on the kidney impairment.
After pipetting, additional 300 pl reagent was added and mixed up and down for 30 sec.
Samples were incubated for 8§ min at RT and measured by a photometer at a wavelength
of 334 nm. Calculation of the concentration was according to the following formula:

Curea [mg/dl] = (E sample — E blank) / (E standard — E blank) * C standara * dilution factor (standard

concentration is 2 mg/dl)

2.3.8 Plasma creatinine

Creatinine is one of the products that mostly eliminated through kidneys, and the increase
of plasma creatinine indicates the decline of kidney function. Plasma creatinine could be
measured reliably by HPLC in mice, however, was not available. Therefore plasma
creatinine was measured by an enzymatic kit (Labor+Technik, Berlin, Germany) in this
study. DdH»O/ standard solution or undiluted samples (10 ul) were pipetted into cuvettes.
An additional of 250 pul reagent 1 was added into the cuvette and mixed by up and down
subsequently. The mixture was incubated at RT for 5 min. After incubation, 125 pl reagent
2 was pipetted into the cuvette, mixed and incubated for 1 min. OD values were obtained
at a wave length of 490 nm. The concentration of plasma creatinine was calculated as
following:

C crea [mg/dl] = (E sample — E blank) / (E standard — B blank) * C standard (C standard = 2.00 mg/dl)

2.3.9 Plasma aldosterone

The underfill theory claims a low osmotic plasma pressure caused by hypoalbuminemia,
which activates the RAAS and causes the increase of plasma aldosterone as described in
Chapter 1.3. Besides, there is good evidence demonstrating that the number of ENaC
expressed on the tubular membrane is related to plasma aldosterone level. Thus, to
investigate the change of plasma aldosterone in the experimental NS model, and the

+/+

difference between nephrotic nphs24P*?*plg™* mice and nphs2’?°?*plg”- mice, plasma

aldosterone concentration was measured by a competitive ELISA kit (IBL, Germany)

26



Methods

(Figure 17).

Competitive ELISA

1. Load standard/samples 2. Add biotin labeled aldosterone 3. Add HRP conjugate

capture antibody for aldosterone

unlabeled aldosterone from urine/plasma
biotin labeled aldosterone
HRP conjugate

™B

Stop solution

Figure 17 Diagram of the principle and steps of plasma aldosterone concentration
measurement by using an ELISA kit based on competitive technique

Calibration was made using standards with the following concentrations: 0, 20, 80, 200,
500, 1000 [pg/ml] and checked by the use of positive/ negative controls. Plasma samples
were measured undiluted by pipetting 25 pl into the micro plate coated with anti-
aldosterone antibodies. After incubation for 30 min at RT 100 pl, the biotin-conjugated
aldosterone was added as a tracer and mixed thoroughly for 10 sec. After another
incubation for 60 min at RT, each well was washed with 400 pl of 1x wash buffer (1:40)
for 5 times and removed excess solution. 200 pl of TMB substrate was added to each
micro cuvette by a multiple channel pipette, and incubated for 30 min at RT. The reaction
was stopped by adding 100 ul of TMB stop solution. OD values were obtained with a
microplate reader at 450 nm. The obtained OD values (y-axis, linear) of the standard were
plotted against their concentrations (x-axis, logarithmic) on a sigmoidal, four-parameter
logistic graph (Figure 18, GraphPad Prism 8, GraphPad Software, San Diego, CA,
www.graphpad.com). The equation of calculation the aldosterone concentration (X values
[pg/ml]) was:

Y = Bottom + (X Hillslope) * (Top - Bottom) / (X » Hillslope + IC50 ~ Hillslope)®*

(Y was the obtained OD value; values of Bottom, Top, Hillslope, and IC 50 were all
reported by Prism). The interpolated X values then were multiplied by the dilution factor
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to get the final concentrations.
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Figure 18 Standard curve of plasma aldosterone measurement

2.3.10 Plasma plasminogen/ urinary plasmin concentration

+/+

To investigate the development of plasminuria in nephrotic nphs2??°*plg** mice,

urinary plasminogen concentration was measured in nphs24P°d*plg*/*

mice by using a
commercial ELISA kit (AssayPro, USA) which is based on a quantitative sandwich
enzyme immunoassay technique (Figure 19). The influence of plasma plasminogen

+/+

concentration in nephrotic nphs247°/*plg*’* mice was measured by this ELISA kit as well.

Sandwich ELISA

1. Load mouse plasminogen standard/samples 2. Add bictinylated mouse plasminogen antibody 3. Add SP conjugate

Wash

1( capture antibody for mouse plasminogen

© mouse plasminogen from standard or

Wash urine/plasma samples

—_—
A TVB

2 biotinylated mouse plasmincgen antibody

V SP conjugate

. Stop solution

Figure 19 Diagram of the principle and steps of plasma/urinary plasmin(ogen) activity
measurement by using a sandwich ELISA kit
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Calibration was made using standards with the following concentrations: 6.0, 3.0, 1.5,
0.75, 0.375, 0.188, 0.094, 0 [ng/ml]. Plasma samples were diluted 50000 — 100000 fold
according to the development of proteinuria and proteasuria. Urine samples collected
from uninduced mice were diluted 100 fold, while the nephrotic urine samples were
diluted into 5000 — 100000 folds. 50 pl of each standard/ sample was pipetted into the
micro cuvettes and incubated for 120 min at RT. The plate was washed with 200 ul of 1x
wash buffer for 5 times and excess solution was removed. 50 ul of biotinylated mouse
plasminogen antibody was added and incubated for 60 min at RT. After washing as stated
above, 50 pul of SP conjugate was added and incubated for 30 min at RT. After another
wash procedure, 50 pl of chromogen substrate was added and incubated at RT for 10 min.
50 ul of the stop solution was added to stop the reaction, and the absorbance was
immediately read at 450 nm using by a microplate reader. The standard curve was drawn
by plotting the absorbance (on a Y-axis) against the concentrations of standard on the X-
axis on a log-log paper (Graphpad Prism 8)(Figure 20). The unknown plasma/urinary
plasmin concentration from the sample was determined from the standard curve and
multiplied with the dilution factor. The calculation of concentration (X values [pug/ml])
was following the equation below:

Y (OD values) = 10 * (slope * log(X) + Y intercept) * DF / 1000 ( OD values were obtained,;

slope and Y intercept Were reported by Prism)

10+
| /
0.14 .

0.01-

OD 450nm

0.01 01 1 10
Mouse plg [ng/ml]

Figure 20 Standard curve of plasma/ urinary plasmin(ogen) measurement

2.3.11 Plasma/ urinary aprotinin concentration
To investigate the achieved concentration of aprotinin in both plasma and urine, plasma
and urinary aprotinin were measured by a commercial competitive ELISA kit (Cloud-

clone corp, China). Standard solution using the same aprotinin as given to the mice (Loxo,
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Germany), was prepared with the following concentration: 100, 33.33, 11.11, 3.70, 1.23,
0 [ng/ml] was prepared in advance. Plasma samples were diluted 50-100 fold, while urine
samples were 10-20 fold diluted using PBS as the dilution solution. Pipette 50 pul of each
standard/ sample into each microcuvettes, respectively. 50 ul of detection reagent A was
pipetted and the incubation at 37°C lasted for 60 min. The incubation was followed by a
wash step with 350 pl of 1x wash buffer for 3 times. 100 pl of detection reagent B working
solution was added into each microplate and incubated for 30 min at 37°C. The wash
procedure was repeated for 5 times. Subsequently, 90 ul of substrate solution was added
and incubated for 10 — 20 min at 37°C. The reaction was ended by Adding 50 pl of the
stop solution, and OD values were immediately obtained at 450 nm by using by a
microplate reader. The standard curve draw by plotting the obtained OD values on the X-
axis, and the log concentration of the diluted standards on the Y-axis by using a Semi-log
regression fit (Graphpad Prism 8)(Figure 21). The concentration of plasma/urinary
aprotinin was calculated by using the following equation:

Y [pg/ml] = 10 ~ (Slope * X + Y intercept ) * DF / 1000 (X was the obtained OD value;

Slope, Y intercept Were reported by Prism; )

2.5+
2.0+
1.5 :

1.0 *

0.5+

Log. of concentration [ng/ml]

0.0-

0 1 2 3
Optical density [OD]

Figure 21 Standard curve of plasma/ urinary aprotinin concentration measurement

2.3.12 Plasma cystatin C concentration

Plasma cystatin C or cystatin 3, is a biomarker of kidney function, which is more accurate
and sensitive than plasma creatinine and plasma urea. Unlike plasma creatinine and
plasma urea, plasma cystatin C is less dependent on age, gender, muscle mass and protein
intake. The increase of plasma cystatin C indicates the decline of kidney function and
GFR®. Urinary cystatin C was reported as a sensitive marker of renal tubular injury36-%.

Concentration of plasma or urinary cystatin C was measured by using a sandwich-ELISA
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kit (R&D Systems, Inc, USA). Calibrations were prepared as the following concentration:
8000, 4000, 2000, 1000, 500, 250, 125, 0 [pg/ml]. Plasma samples were diluted 200 —
1000 fold depending on the development of renal impairment. 50 ul of standards or
samples was pipetted into each well of the 96-plate, and mixed with 50 ul of Assay
Diluent RD1W. The samples were incubated at RT for 120 min. The solution in each well
was removed and the plate was washed by 1x Wash Buffer (400 pl/ well) for 5 times. 100
ul of Mouse Cystatin C conjugate was pipetted into each well after washing. Incubated
for 12 min at RT. Repeated the wash step for 5 times after incubation. 100 pl of substrate
Solution was added and incubated for 30 min at RT (notice that light protection was
needed in this step). 100 pl of the stop solution was pipetted into each wells to end the
reaction, and the absorbances were read at 450 nm within 10 min using a microplate
reader. The standard curve was drawn by plotting the absorbance (on a Y-axis) against the
concentration of standard on the X-axis on a four-parameter logistic paper (Graphpad
Prism 8)(Figure 22). The unknown concentration of plasma/urinary Cystatin C was

calculated using the equation described in plasma aldosterone measurement.
10
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Figure 22 Standard curve of plasma Cystatin C measurement

2.3.13 Venous blood gas analysis (BGA)

Venous BGA provided the values of pH, standard HCO3", plasma electrolytes including
Na®, K*, and Ca?*, haematocrit (hct), and calculated haemoglobin concentration (cHb),
etc. Alkalemia or acidemia in nephrotic mice could be determined by plasma pH and
standard HCOs". Patients or animal models with kidney disease could have plasma
electrolytes disorders, such as hypernatremia, hyponatremia, hyperkalemia, and
hypocalcemia. Thus, plasma electrolytes should be monitored. Hct, and cHb

concentration could determine if mice had anemia, which is a common complication of
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CKD. A blood sample of about 125 ul was collected in a capillary glass tube, and BGA
was done immediately using an IL GEM® Premier 3000 blood gas analyzer’*

(Instrumentation Laboratory, Munich, Germany).

2.4 Periodic acid—Schiff (PAS) from kidney tissue

Histology study is essential for diagnosing of NS in both clinical practice and model-
study. By using PAS method, the structural damage of glomeruli and tubuli, as well as
proteinuria could be observed. The kidneys were immersed in 10% formalin and
embedded in paraffin. Formalin-fixed, paraffin-embedded sections (5 pum) were
deparaffinized and hydrated to deionized water. The tissue sections of control mice and
nephrotic nphs247°¢ mice with both plasminogen wild type and deficiency were processed
on the same slide. Slides were oxidized in 0.5% periodic acid solution for 5 min, RT.
Slides were stained with Schiff solution for 15 min, RT, after rinsing in ddH»O from the
last step. Slides were washed by running tap water for at least 5 min and were
counterstained afterward in Hematoxylin solution for 1.5 min, RT. After repeating the
rinsing step, slides were dehydrated, cleared and sealed by toluene for light-microscopy
observation (technology and images were provided by III. Department of Medicine,

University Medical Center Hamburg-Eppendorf, Hamburg, Germany)’*.

2.5 Western blot (WB) from urine samples and kidney tissue of mice

WB detected Semi-quantitatively albuminuria and the expression of plasminogen
excretion in mouse-urine samples. 10 pg of urine protein (or maximum volume when
urine protein was less than 10ug)’* was loaded into each lane of an 8% gel for SDS-PAGE.
A rabbit antibody directly against for the heavy chain of plasminogen (ab154560, abcam,
England), amino acid residues 84-434, was applied to detect plasminogen expression.
Plasminogen (zymogen) can be cleaved at 105 kDa. After the cleavage, a heavy chain of
80 kDa released and could be detected by the antibody mentioned above’*. Albumin was
detected using an antibody from R&D systems (AF3329)7* (the method and data analysis
from this part was provided by Mr. Matthias Worn).

Glomeruli isolation was done by using a biotinylation approach and cell sorting’*°. For
protein detection of podocin, an antibody from Sigma, Germany, was applied (P0372)"*

(technology and images were provided by Dr. Grahammer, III. Department of Medicine,
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University Medical Center Hamburg-Eppendorf, Hamburg, Germany).

The cortex of one kidney of each mouse was dissected using a scalpel. The cortex tissue
was homogenized by a Dounce homogenisator in 1ml lysis buffer, which consist of 250
mM sucrose, 10 mM triethanolamine HCI, 1.6 mM ethanolamine, and 0.5
ethylenediamine tetraacetic acid at pH 7.4°° (all Sigma-Aldrich, Germany). The
homogenate was then centrifuged at 300,000 g for 1 hour, at 4 °C. The pellet from last
step was resuspended and boiled in Laemmli buffer (Sigma-Aldrich, Germany) at 70 °C
for 10 minutes®. Note: to prevent the cleavage of y-ENaC, aprotinin (40mg/ml) and a
mixture of other protease inhibitors (final concentration 0.1 x stock; cOmplete, Roche
Diagnostics, Germany)*> were added during the preparation.

Electrophoresis was performed by loading 40 mg of homogenate from last step ona 7.5 %
polyacrylamide gel for detection of y-ENaC>°. For electrophoresis of a-ENaC and P-
ENaC, a polyacrylamide gel of 7%, and 8% was used respectively. The blocking of blots
was performed after transferring to nitrocellulose membranes, by incubation with the
antibodies in a 1:500 dilution overnight, at 4 °C.

For this study, the antibodies used to detect ENaC subunits were obtained from rabbits
against the amino acids at 45-68 for a-ENaC, 617-638 for B-ENaC 634-655 for y-ENaC
(Pineda, Germany), respectively’*°!?2. Besides, the detection of y-ENaC was verified by
an antibody directed against the same immunogenic peptide (SPC-405, Stressmarq)’*.
Subsequently, blots were incubated with the secondary antibody labelled with fluorescent
infrared dyes (fluorescent donkey anti-rabbit, LI-COR Biosciences, Lincoln, USA) with
a dilution ratio of 1:20,000 for lhour, at 4 °C. Finally, blots were scanned by a
fluorescence scanner (Odyssey, LI-COR Biosciences, Lincoln, USA)™*. For loading
control, total protein was measured using Revert Total Protein Stain (Licor, Lincoln,

USA)* (the method and data analysis from this part was provided by Ms. Andrea Janessa).

2.6 Immunohistochemistry and immunofluorescence from kidney tissue

One kidney was removed from each mouse. Kidney tissue for immunohistochemistry
with a size of 1.0 cm x 1.0cm x 0.2cm was fixed by formalin and embedded with paraffin
and was sliced into 2pum sections. Sections were deparaffinized and rehydrated using a
standard protocol’, and were blocked with normal goat serum for 15 minutes’*. The

dilution of the goat serum was with 50 mM of tris (hydroxymethyl)-aminomethane (Tris)
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into 1:5, pH 7.4, supplemented with 1% (w/v) skim milk (Bio-Rad Laboratories, Munich,
Germany)*>’*. Incubation was performed by the primary antibodies, rabbit anti-y-ENaC,
1:50 or rabbit anti-a-ENaC, 1:1000, for 1 hour, at 37 °C. Subsequently, a wash step was
done by using Tris buffer (50 mM Tris, pH 7.4, supplemented with 0.05% (v/v) Tween 20
(Sigma-Aldrich, Munich, Germany; 3 x 5 minutes)’*. Sections were incubated for another
30 minutes with the secondary antibody (a biotinylated goat anti-rabbit, Vector
Laboratories, Burlingame, CA USA; 1:5007%). Under the manufacturer’s instructions
(DABImmpact, Vector Laboratory), sections were then processed using the VectaStain
ABC kit as substrate’. Finally, the sections were observed using an Olympus Bx60
upright microscope after the counterstaining in hemalaun and dehydration (technology
and images were provided by Institute of Nephropathology, Friedrich-Alexander
University Erlangen-Niirnberg (FAU), Erlangen, Germany)’*.

Kidneys were frozen in OCT compound for immunofluorescence. Sliced kidneys with a
thickness of 5 um were obtained by Leica Kryostat (Wetzlar, Germany). The sections
were then fixed with 4% paraformaldehyde or Methanol. Blocking of slices were done
by a mixture containing PBS, 5% BSA, and 5% Normal Donkey Serum?®’. Several times
of rinse by PBS then followed the incubation of the sections with primary antibodies (as
described above) for 45 min. After an additional incubation with fluorophore-conjugated
secondary antibodies for 30 minutes (LifeTechnology, Karlsruhe, Germany), images were
obtained by a Zeiss fluorescence microscope®>  (Zeiss, Oberkochen,

Germany)(technology and images were provided by Dr. Grahammer, III. Department of

Medicine, University Medical Center Hamburg-Eppendorf, Hamburg, Germany).

2.7 Electron microscopy

For the ultrastructural study, a cubic piece of mouse renal cortex (about Imm?®) was
immersed in 4% PFA and 1% (v/v) glutaraldehyde in 0.1M PB4, Fixation was lasted for
over-night with the same solution at 4°C. Before tissue blocks were treated with 0.5%
OsO4 for 1 hour, washing step was done by 0.1 M PB solution. Kidneys were then stained
with uranyl acetate (1% w/v in 70% v/v Ethanol)’*. The tissue blocks were embedded in
epoxy resin (Durcupan ACM, Sigma-Aldrich, Gillingham, UK)’* after dehydration.
Sections with the thickness no more than 40nm were cut on an UC6 ultramicrotome

(Leica, Wetzlar, Germany) and analyzed using an 80kV Philipps CM100 transmission
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electron microscope and Olympus ITEM software (technology and images were provided
by III. Department of Medicine, University Medical Center Hamburg-Eppendorf,

Hamburg, Germany)’4.

2.8 Statistical analysis

Data in this thesis are presented as means with SEM. The Normality of data was tested
by using the Kolmogorov-Smirnov-Test, D'Agostino, and Pearson omnibus normality test
and Shapiro-Wilk-Test respectively’®. Variances test were run by the Bartlett’s test for
equal variances’. Analysis for significant difference for repeated measurements were
tested by one-way ANOVA (multiple comparisons). A considerable difference between
genotypes with two time points was tested by one-way ANOVA (multiple comparisons).
Data analysis mentioned above was done by GraphPad Prism 8, GraphPad Software (San
Diego, CA, www.graphpad.com)’®. Densitometric analysis of western blots was obtained
by Image Studio Version 3.1.4 (Licor)’. It would be considered to reach a statistically

significant when the p-value <0.05 by two-tailed testing’.
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3 Results

3.1 Characterization of a new mouse model with inducible nphs2 deficiency

(nphs24r°d mouse model)

3.1.1 Deletion of the nphs2 gene in podocytes after doxycycline induction

Podocin encoded by the nphs2 gene is expressed on the foot process of podocyte and is a

critical molecular for preserving a regular function and structure of podocyte in humans

and mice. To establish a genetic model of experimental NS with podocyte-specific,

tetracycline-sensitive nphs2 deletion in adult mice in this study, the triallelic mice were

yielded®!. Firstly, mice with two nphs2-modified by two flox alle (nphs2fl/fl) were

intercrossed with mice carrying podocyte-specific nephrin promoter to make sure that the

specificity expression of a reverse tetracycline transactivator (rTA”®) in podocyte. These

mice were then intercrossed with mice carrying a transgene for expression of Cre

recombinase to initiate nphs2 deletion after binding of rTA in the podocytes. This model

was first established by Dr. Grahammer (III. Department of Medicine, University Medical

Center Hamburg-Eppendorf, Hamburg, Germany) and were imported to our facility. The

Cre-recombinase was not activated before doxycycline induction, and the nphs2 gene was

functional. Once doxycycline was given, the Cre-recombinase was activated and the

deletion of nphs2 was initiated in nphs247°? mice (n=5-16) (see methods). On the contrary,
the nphs2 gene was preserved in mice have two floxed tag on nphs2 but lacking either

Cre-recombinase or nephrin promotor. Those mice were taken as control (n=5-10).
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Figure 23 Western blot revealed nphs2 deletion in adult nphs24°d mice by using a doxycycline-
sensitive Cre lox-P system

Protein was prepared from an isolated podocyte of uninduced and nephrotic nphs2#°? mice. Actin
expression used as a loading control. WB showed the expression of podocin was deleted on day 14 (A-B).
Arithmetic means = SEM, # indicates a significant difference to the baseline value (Figures A-B were first
published on May 2020 Acta Physiologica)
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Day -14

podocin nephrin

Day 14

podocin nephrin

Figure 24 Immunofluorescence and ultrastructure study of nphs24°d mice before and after
induction

(A) Podocin expression (red) was almost lost in nephrotic nphs2??° mice on day 14 compared with
uninduced mice. In contrast, nuclei expression (blue) was constant in podocytes from both uninduced and
nephrotic mice. Scale bar: 100 pm.

(B) In the uninduced animals, podocytes had normal foot processes (arrowheads), while in the nephrotic
mice, foot process were effacement (arrows). Scale bar: 2 um. (Figures A-B were first published on May
2020 Acta Physiologica)

All of nphs2?P°? mice and control mice received an oral doxycycline treatment in daily
drinking water for 14 days. The beginning of doxycycline induction was designated as
day -14, and the end of doxycycline-water intake was day 0. The duration of observation
for this cohort of mice ended on day 14 after induction. Expression of podocin was not
detectable in glomeruli 14 days after induction according to Western blot (Figure 23 A).
The nphs2 expression was 1.02 = 0.05 relative units in uninduced animals (n=8) and
decreased to 0.10 + 0.04 relative units in nephrotic mice on day 14 (n=8, P < 0.0001,
Figure 23 B’#). This corresponds to a down-regulation by about 90% after a 14-day
doxycycline treatment, which indicates a very high efficiency. These results were further

confirmed by immunofluorescence, which demonstrated the disappearance of podocin in
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podocytes in kidney harvested on day 14. Interestingly, besides the downregulated
expression of podocin, the expression of another podocyte protein nephrin was also found
to be lost in nephrotic mice (Figure 24 A). Ultrastructural studies using electron

microscopy revealed the fused foot processes on day 14 after induction (Figure 24 B).

3.1.2 Characterization of proteasuria and sodium retention in doxycycline induced
nphs22P°d mice

Nphs24°d mice (n=19) were induced for experimental NS by doxycycline. It has been
shown that Na® retention could be inhibited by aprotinin in a doxorubicin-induced
experimental nephrotic model®>. To study the effects of aprotinin in nphs2??°? mice,
nephrotic nphs247°? mice were separated into an aprotinin treatment group, which
received an aprotinin pellet implantation (1 mg/ day) on day 7, and an untreated group.
Mice lacking tet O Cre or nephrin-driven promoter were used as control. Urinary protein
concentration was measured every day, and plasma samples were collected every 7 days
after induction of NS for albumin concentration measurement. In control mice,
proteinuria remained constant through the entire observation (3.7 + 0.7 on day 7,
p=0.9702; 4.6 + 0.7 on day 14, p=0.7928, Figure 25 A). On the contrary, all nphs24r*
mice developed massive proteinuria reaching a nephrotic range (> 100 mg/mg crea) after
induction of NS (Figure 25 A). Compared to the value from day -14, proteinuria increased >
20 fold on day 7 (from 2.8 + 0.8 mg/mg crea to 64.3 + 7.6 mg/mg crea, p=0.0001) and
was further increasing until day 14 (146.0 £ 20.0 mg/mg crea, compared to baseline,
p=0.0009). There was no significant difference in proteinuria between day -14 and day 0
in nphs24P°d mice (P=0.9998), indicating that the development of NS did not start before
the end of induction. Compared the aprotinin treated mice with untreated ones, there was
no significant difference in maximum proteinuria (143.4 + 13 mg/mg Crea vs. 116.4 +
8.9 mg/mg Crea, p=0.4818), indicating aprotinin had no effects on protein excretion
quantitatively. However, aprotinin suppressed urinary amidolytic activity immediately
from day 8, which measured with the chromogenic substrate S-2251 (Figure 25 B).

As a consequence of massive urinary protein loss, plasma albumin concentration dropped
from 31.2 = 0.8 mg/ml on day -14 to 11.0 + 2.3 mg/ml in nephrotic nphs2?°? mice on
day 7 (Figure 25 C, P<0.0001). It continued to drop thereafter to 7.3 = 0.5 mg/ml until
day 14 in nphs2??°? mice (P<0.0001).

Plasma aldosterone concentration was measured by ELISA. Results revealed an increased
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tendency of plasma aldosterone concentration in nephrotic nphs2?7° mice on day 14,
however, the difference was not statistically significant, indicating that sodium retention
and edema was not regulated by aldosterone (Figure 25 D). The measured results from
plasma aldosterone were 271 & 33 pg/ml on day -14, 295 + 18 pg/ml on day 7 and 333 +
69 pm/ml on day 14.
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Figure 25 Nphs24rod mice developed massive proteinuria, proteasuria, hypoalbuminemia,
sodium retention and edema after induction of experimental nephrotic syndrome

(A) Course of urinary protein, in nephrotic nphs247° mice with or without aprotinin pellet implantation on
day 7, and control mice.

(B) Course of urinary amidolytic activity in nephrotic nphs247°¢ mice with or without aprotinin pellet
implantation.

(C) Plasma albumin concentration in nephrotic nphs24#°? mice and control mice.

(D) Concentration of plasma aldosterone.

(E-F) Course of urinary Na* excretion and difference in BW in nphs24#°¢ mice with aprotinin treatment or
untreated, as well as control mice.

Arithmetic means = SEM, # indicates significant difference to baseline value; * indicates significant
difference between nphs247°?mice and control mice.
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Sodium retention and edema are typical characters of NS, and were monitored by urinary
Na" excretion in spot voided urine daily and body weight difference during a constant
food and drink intake. In nephrotic nphs247°? mice without aprotinin treatment, urinary
sodium concentration dropped from 206 + 59 to a minimum of 10 + 2 pmol/mg Crea
(p=0.0001), and as a consequence, body weight increased to a maximum by 21 + 1% from
the baseline value on day 10 (p=0.0143) and was paralleled with the development of
ascites which was easily visible by extruded flanks (Figure 25 E-F, Figure 40). Urinary
Na" excretion immediately increased from 9 + 2 umol/mg Crea to 150 + 53 pmol/mg
Crea after aprotinin pellet implantation, indicating reversion of sodium retention by
aprotinin (Figure 25 E). This led to a prompt decrease in body weight and resolution of
ascites in aprotinin-treated nephrotic nphs24#°¢ mice (Figure 25 F). In control mice, the
excretion of sodium, and body weight was constant during the 14-day observation.

Periodic acid—Schiff (PAS) staining of kidneys of nephrotic nphs2??°? mice displayed
sclerosis of segments in some glomeruli with protein casts in the tubule which is the
typical manifestation of focal-segmental glomerulosclerosis (FSGS, Figure 26).

Aprotinin implantation did not show any effects on kidney damage and proteinuria.

Day 14

+ aprotinin

Figure 26 PAS of uninduced and nephrotic nphs24P°d mice

Kidneys harvested from uninduced (day -14) and nephrotic (day 14) nphs24?°¢ mice. Light microscopy of
kidney in uninduced mice showed normal structure of glomeruli and tubules, while in nphs247°? mice
showed segments of sclerosis in some glomeruli and protein droplets (arrow) in dilated tubules of nephrotic
mice. Scale bar: 100 um.
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Figure 27 Plasma cholesterol and kidney function before and after induction of NS in nphs24irod
mice

(A-B) Plasma was obtained after centrifugation of the blood samples collected on day -14, day 7 and day
14, respectively. On day -14, a clear plasma was observed, whereas it turned whitish 14 days after induction
of NS indicating hyperlipidemia. Measurement of plasma cholesterol showed an increasing tendency on
day 7 after initiation of NS and reached a significance on day 14.

(C-D) Concentrations of plasma urea, and plasma creatinine on day -14, day 7 and day 14 respectively.
Arithmetic means + SEM, * indicates significant difference to baseline value.

Hyperlipidemia is another complication of NS and manifests as an elevated plasma level
of cholesterol and triglycerides. Thus, plasma cholesterol concentration was evaluated in
this study to validate the model of nephrotic syndrome. The results of plasma cholesterol
in nphs2?7°? mice increased subsequently from 79 + 6 mg/dl on day -14, to 205 + 31 g/dl
on day 7, and 513 £ 53 g/dl on day 14 (day -14 vs day 7, p=0.1004; day -14 vs day 14,
p<0.0001)(Figure 27 A-B). This result indicated that nephrotic nphs247°? mice developed
massive hypercholesterolemia. To investigate the kidney function in nphs24?7°¢ mice,
plasma urea and plasma creatinine were measured on day 7 and day 14, respectively.

Plasma urea concentration was significantly increased on day 14, compared to day -14
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(126 = 27 mg/dl vs 22 + 2 mg/dl, p=0.0007), however it was not significantly increased
on day 7 (45 £ 2 mg/dl vs 22 + 2 mg/dl, p=0.7034, Figure 27 C). There was an increased
tendency in plasma creatinine of nphs247°¢ mice after induction, however the differences
did not reach statistical significance. The values were 0.25 + 0.03 mg/dl on day -14, 0.33
+ 0.10 mg/dl on day 7 and 0.36 + 0.05 mg/dl on day 14 (Figure 27 D).

3.2 Role of plasminogen in a genetic mouse model of experimental nephrotic
syndrome with plasminogen deficiency

3.2.1 Nphs2Pod*plo™ mice have growth retardation but normal kidney function
Nphs2??°? mice were intercrossed with the mice which were constitutively absent of

mlld or plg”") to generate double knockout mice (nphs24P°?*plg™).

plasminogen (B16-Plg
Nphs24P°d*plo”~ mice had a reduced body weight and often developed rectal prolapse
compared to the wild-type littermates (nphs24P°?*plg*’* ) (Figure 28 A-B’*%). Since
lacking of plasminogen could lead to damage to the liver and gastrointestinal tract due to
fibrin deposition, which has been reported in a mouse model previously®®. The retarded
bodyweight in uninduced nphs24?°?*plg”- mice could be as a consequence of plasminogen
deficiency. At day -21, the body weight was 21.02 + 0.63 g in nphs24P°?*plg*"* mice (n=8)
and 19.65 = 1.10 g in nphs2¥°?*plg”" mice. This difference however, did not reach

statistical significance (p=0.3051).
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Figure 28 Comparison of the uninduced nphs24°d*p|g** and nphs24Pod*plg’ mice

(A) Phenotype of uninduced nphs24#°?*plg™"* and nphs24°d*plg” mice.

(B) Growth curve of nphs247°d*p]g™/* and nphs247°?*plg”" mice from day -35 until day -22 (First published
on May 2020 Acta Physiologica).

Arithmetic means + SEM.
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Figure 29 Kidney function in the uninduced nphs22r°d*plg** and nphs24P°d*plg7 mice™

(A-B) Absence of albuminuria and hypoalbuminemia in uninduced nphs247°?*plg™* and nphs24P*4*plg™"
mice.

(C-D) Similar extent of plasma urea and plasma creatinine concentrations in uninduced mice with both
genotypes.

Arithmetic means + SEM.

Despite the possible damage of other organs, the kidney function was normal in
uninduced nphs24P°?*plg” mice. As shown in Figure 29 A, urinary albumin excretion on
day -35 was 0.19 + 0.03 mg/mg crea vs. 0.20 + 0.03 mg/mg crea in uninduced
nphs24P°d¥plg™ and nphs24P°d*plg” mice respectively (p=0.7254). Plasma albumin
concentration was similar in both genotypes (P=0.5266, Figure 29 B) indicated
nphs2?P°®*plg”- mice were not hypoalbuminemic. There was also no significant
difference between nphs2?P°4*plg™* and nphs2??°?*plg”- mice in plasma urea and
creatinine concentrations (Figure 29 C-D). Concentration of plasma urea was 22 + 4

mg/dl vs 32 + 5 mg/dl in nphs2/Pod¥plgtt vs. nphs2’Po?¥plg”- mice on day -14
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(p=0.1501). Plasma creatinine concentration was 0.25 = 0.03 mg/dl vs. 0.19 + 0.02 mg/dl
in uninduced nphs24P°?*plg™* and nphs24P°?*plg”- mice (p=0.1246). Histology of
kidneys from uninduced mice of both genotypes also revealed a normal glomerular
structure (Figure 30). In conclusion, these findings demonstrated that the kidneys were
spared from the detrimental effects of plasminogen deficiency as seen in the liver, lungs

or the gastrointestinal tract 7>,

Figure 30 Histology of the uninduced nphs24irod*pjg*/+ and nphs24iPod*plg7 mice showed the
normal renal structure”

3.2.2 Uninduced nphs2*?P°**plg”" mice have normal sodium handling
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Figure 31 Sodium handling in uninduced nphs24irod*p|g*”* and nphs24r°d*plg”- mice under a
standard and a low salt diet condition

(A-B) 24h Urinary sodium excretion and sodium balance in uninduced nphs24#°¢*plg*/* and nphs24r°d*plg-
~ mice”™.

S: standard diet; LS: low salt diet.

Arithmetic means + SEM, * indicates significant difference to baseline value, * indicates significant
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difference between genotypes.
Uninduced nphs24P°*plg”" mice had a slightly higher urinary sodium excretion than

uninduced nphs24?°?*p]g** mice due to a higher food intake (Table 3). After a 5-day of
low salt diet, 24h urinary sodium excretion was similarly decreased in both genotypes,
compared to the Na" excretion under a standard diet (Figure 31 A-B, Table 3). In both
control and low salt diet, sodium balance was not different between uninduced
nphs22P°%pla™* and nphs24P°?*plg”- mice excluding the abnormal sodium handling in

nphs22P°d*plo”" mice.
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Figure 32 The change of plasma aldosterone concentration, body weight, as well as the intake
in uninduced nphs24red*plg*+ and nphs24irod*plg7- mice under either a standard or a low salt diet
condition

(A-B) Plasma aldosterone concentration and body weight verified under different conditions in uninduced
nphs24Pod*pla*’* and nphs24P°?*plg” mice.

(C-D) Fluid and food intake in both genotypes under different conditions.

S: standard diet (housing in a regular cage); S + MB: standard diet + housing in a metabolic cage; LS +
MB: low salt diet + housing in a metabolic cage.

45



Results

Arithmetic means + SEM, # indicates significant difference to baseline value.

Plasma aldosterone concentration was similar in uninduced nphs24rod*plg**

and
nphs22P°4*plo”~ mice under control or low salt diet, indicating plasma aldosterone
regulation is not altered in uninduced nphs2/?°?*plg”- mice (Figure 32 A). There was a
small influence on the individual values depending on the maintenance of the mice
(standard cage vs. metabolic cage). However, the large scatter precluded the detection of
significant differences. The body weight was almost constant in uninduced
nphs24Pod*pla™* and nphs24P°¢*plg”- mice under a low salt diet in metabolic cages
(Figure 32 B). Fluid intake in nphs24P°?*plg”- mice was decreased after housing in
metabolic cages (0.37 £ 0.07 g/g bw in standard cages vs. 0.20 + 0.02 g/g bw in metabolic
cages, p=0.0373, Figure 32 C) while food intake was not affected by the different housing
conditions (Figure 32 D).

3.2.3 Nphs24rodspla™ mice develop nephrotic-range proteinuria with the absent of

urinary plasminogen excretion
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Figure 33 Nphs24od*p|g** mice and nphs24od*plg’- mice were successfully induced similar
extent of massive proteinuria and hypoalbuminemia after doxycycline treatment.

(A) Course of proteinuria in nephrotic nphs247°? mice with both plasminogen wild type or plasminogen
deficiency.

(B) Concentration of plasma albumin in both nphs24P°?*p[g*"* mice and nphs247°?*plg”- mice before and
after induction of nephrotic syndrome.

Arithmetic means = SEM, # indicates significant difference to baseline value (Figures A-B were first
published on May 2020 Acta Physiologica).

Development of proteinuria was similarly in both nphs24P°*plg™* and nphs2P°d*plg™"-

mice after doxycycline induction (Figure 33 A). Urinary protein excretion increased from

+/+

2.2 + 0.4 mg/mg crea to 23.9 + 6.1 mg/mg crea in nphs2??P°?*plg*"* mice, and increased
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from 1.1 + 0.5 mg/mg crea to 19.1 £ 8.4 mg/mg crea in nphs247°¢*plg” mice on day 3.
Proteinuria increased further on day 6 in both genotypes (63.5 £ 11.9 mg/mg crea in
nphs22P°%plo™* mice and 68.8 + 15.4 mg/mg crea in nphs2??P°*plg”" mice). Maximum
of urinary protein excretion was 161 + 16 mg/mg crea in nphs247°?*plg*’* mice and was
160 + 47 mg/mg crea in nphs2??P°*ple”" mice which was almost identical difference
(P>0.9999).

Accordingly, plasma albumin concentration decreased significantly in both genotypes on
day 7 compared to their baseline values (10.9 2.2 mg/ml vs. 31.2 £ 0.8 mg/ml, p<<0.0001
in nphs24P°4*¥plg™* mice; 112 + 3.1 mg/ml vs. 32.8 £ 2.6 mg/ml, p<0.0001 in
nphs22P°4*plo”" mice). Minimum plasma albumin concentration was observed in both
genotypes on day 14 and there was no significant difference between genotypes (7.3 +

+/+

0.5 mg/ml in nphs24P°?*plg™* mice vs. 9.0 £ 0.6 mg/ml in nphs24P°?*plg” mice,

p=0.9696, Figure 33 B).
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Figure 34 Plasma cholesterol concentration in nphs24irod*pjg*+ and nphs24P°d*plg mice before
and after induction of NS

Arithmetic means + SEM, * indicates significant difference to baseline value (Figure was first published on
May 2020 Acta Physiologica).

In addition, plasminogen deficiency did not influence the development of hyperlipidemia
in nephrotic nphs247°?*plg”" mice compared to their wild-type littermates (Figure 347%).
The increase of plasma cholesterol concentration was similar in both genotypes on day
14 (456.3 £ 81.0 mg/dl in nphs24P°?*plg** mice vs. 490.9 + 33.5 mg/dl nphs24P°d*plg™-
mice, p=0.9856).
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Figure 35 Plasma urea (A) and plasma creatinine (B) concentrations in nphs24iPed*pjg** mice
and nphs24iPod*p|g- mice

Arithmetic means + SEM, * indicates significant difference to baseline value (Figure was first published on
May 2020 Acta Physiologica).

Kidney function was evaluated in both genotypes every 7 days after induction of NS. A
decreased renal function was suggested by an increase in plasma urea concentration
(Figure 35 A™) on day 14 compared to the values measured on day -14 (126 + 27 mg/dl
vs. 22 £ 3 mg/dl in nphs2?P°?%plg*" mice, p=0.0002; and 135 + 29 vs. 29 + 4 in
nphs22P°*plo”- mice, p=0.0005). There was no significant difference between genotypes
(p>0.9999). When analyzing plasma creatinine concentration, there was no significant

change over the course of NS in both genotypes (Figure 35 B'#).
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Figure 36 Plasma aldosterone concentrations in nephrotic nphs24irod*plg*+ and nphs24ired*p|g
mice

Arithmetic means + SEM, * indicates significant difference to baseline value, * indicates significant
difference between genotypes (Figure was first published on May 2020 Acta Physiologica).

Plasma aldosterone concentration was not significantly different in uninduced
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nphs24P°d*pla™* mice and nphs24P°?*plg”- mice. Plasma aldosterone concentration
increased significantly in nephrotic nphs24P°/*plg”" mice on day 14 (day -14 vs. day 14
in nphs24P°*plo”" mice, 346 + 50 pg/ml vs. 693 + 146 pg/ml, p=0.0277, Figure 3674
which were also significantly higher than in the nephrotic wild type-mice (693 + 146
pg/mL vs. 333 £ 69 pg/ml, p=0.0112). However, the measured values of plasma
aldosterone on day 7, did not increase significantly in both genotypes compared to day -
14 (day -14 vs. day 7 in nphs2??P°*plg™* mice, 271 £+ 33 pg/ml vs. 295 + 18 pg/ml,
p>0.9999; day -14 vs. day 7 in nphs24?P°*plg”" mice 346 + 50 pg/ml vs. 368 + 94 pg/ml,
p>0.9999).

Plasminogen expression in plasma and urine samples was detected using Western blot
from uninduced as well as nephrotic mice (Figure 3774%). Albumin (69 kDa) was barely

** mice, as well as plasminogen (105

observed in the urine from uninduced nphs24#°?*plg
kDa). However, urine samples collected on day 7 contained abundant albumin,
plasminogen (105 kDa), and the heavy chain (80 kDa) indicating the activation of
plasminogen by uPA3®. There was no significant change in the expression of plasma
plasminogen on day 7, compared to the baseline. Massive albumin was observed in urine

from nephrotic nphs24P°/*plg”" mice, whereas plasminogen was not detectable in both

plasma and urine samples’®.
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___plg zymogen
(105 kDA)
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Figure 37 Qualitative study of plasmin(ogen) expression in nphs24Pod*plg** and nphs24k°d*plg
mice

Detection of plasminogen and albumin by Western blot from both plasma (P) and urine (U) samples of

nphs24#°? mice with both plasminogen wild type or knock out, before and after induction of NS (Figure
was provided by Mr. Matthias Worn and first published on May 2020 Acta Physiologica).

Quantification of plasmin(ogen) excretion in the urine of nphs24#°?*plg*"* mice using

ELISA showed a massive increase from 0.41 £+ 0.22 pg/mg crea on day 0 to 2005 + 493
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ng/mg crea on day 11 (p<0.0001, Figure 387). Plasma concentration of plasmin(ogen)
slightly increased on day 14, compared to the results on day 0 (278 + 16 pg/ml on day 0
vs. 440 = 37 pg/ml on day 14, p=0.0263), and this result was consistent with the result
had shown by western blot (Figure 37).
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Figure 38 Qualification of urinary plasmin(ogen) excretion in nphs24ir°d*plg** mice

Course of urinary and plasma plasmin(ogen) concentration in nphs2/¥°¢*plg™* mice’. Urinary

plasmin(ogen) excretion increased heavily after induction of NS, while the plasma plasminogen
concentration was also slightly elevated.

Arithmetic means + SEM, * indicates significant difference to baseline value (Figure was first published on
May 2020 Acta Physiologica).

3.2.4 Nephrotic nphs24P°*plg™* and nphs2P**plg”" mice undergo ENaC activation
and sodium retention”*

To assess ENaC activity, the natriuretic response to amiloride (10 pg/g bw i.p.) was
determined in nphs2??°%*plg™* and nphs24P°?*plg”- mice sequentially in both the
uninduced and nephrotic state’®. The baseline of natriuresis was determined by injecting
mice with the injectable water (5 ul/g bw, vehicle injection)’.

As shown in Figure 39 A, the response to amiloride was similar in nphs247°¢*plg™* (n=10)
and nphs24P°4*plg” mice (n=11) before induction of NS (nphs2/Po?*plg™* vs.
nphs24P°?*plg”" 93 + 11 umol/6 h vs. 91 £ 11 umol/6 h), presenting a close ENaC
function in both genotypes’®. After treatment of doxycycline, the response to amiloride
injection increased significantly in both genotypes to a similar extent. In nephrotic
nphs24P°T¥pla™" mice (n=9) and nphs24P°?*plg”" mice (n=8) urinary sodium excretion
was significantly reduced (3 = 1 umol/6 hand 5 = 1 pmol/6 h, respectively) after a vehicle
injection, indicating sodium retention’*. After amiloride injection, urinary sodium

excretion increased to 110 + 26 umol/6 h and 159 + 27 umol/6 h’*, in nephrotic
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Figure 39 ENaC activation and sodium retention in nephrotic nphs24rPod*p|g*+ and
nphs24irod*plg7- mice’™

(A) Natriuretic response to vehicle or amiloride injection in nphs24P°?*plg** and nphs247°*plg” mice
before and after induction of NS, respectively’.

(B) ENaC activation was presented as an increased ratio between amiloride and vehicle injection in
nephrotic mice on day 7. The ratio was decreased on day 14, indicating the inactivation of ENaC.
Arithmetic means + SEM, # indicates significant difference to baseline value, * indicates significant
difference between genotypes, § indicates significant difference between uninduced and nephrotic state.
A: amiloride; U: uninduced; N: nephrotic. V: vehicle’ (Figures A-B were first published on May 2020
Acta Physiologica).

nphs24Poxpla™ and nphs24P°4*plg”- mice, respectively. The ratio of the natriuretic
response between vehicle and amiloride injection (amiloride response/ vehicle response,
A/V) was calculated and showed a significant increase in both genotypes after induction
of NS (Figure 39 B). In nphs247°4*p[g*/* mice, the A/V ratio was 4 + 1 (n=10) before
induction, and it was increased to 72 £ 26 after induction of NS (p=0.0328). In uninduced
nphs24P°?*plo”- mice the ratio was 9 £+ 3 (n=11) and in nephrotic mice the ratio was 63 +
16 (p=0.0070). This was the clearest evidence of ENaC activation in nephrotic mice of
both genotypes. However, there was no significant difference between two genotypes in
A/V ratio before or after induction of NS (difference comparison the A/V ratio between
uninduced nphs27°4*plg*’* and nphs 24P *plg”" mice, p=0.9952; difference comparison
the A/V ratio between nephrotic nphs247°?* plg™* and nphs24P°?*plg” mice, p=0.3468).
Because of an unexpected reversely increase in urinary Na™ excretion and a loss of body
weight around 8-10 days after induction of NS in nphs24%°? mice as described previously
(Figure 25 E-F). To investigate ENaC activity after reverse loss of sodium retention and
edema in both nphs2?P°*plg™* and nphs24P°*plg”- mice, four mice per genotype were

received the vehicle and amiloride injection respectively on day 13 and on day 14. Results
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showed that there was a tendency in the decrease of response to amiloride on day 14 in
each genotype. The 6h urinary sodium excretion after an amiloride injection was 23 + 17
umol/6 h in nphs2/P°?*plg** mice and was 18 = 15 pmol/6 h in nphs2?P°?*plg” mice.

** mice,

And the A/V ratio was also decreased in both genotypes on day 14 (2 £ 2 in plg
and 1+ 1 in plg”” mice, Figure 39 A-B). The difference was not significant compared to

the values on day 8 because of the low sample size.
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Figure 40 Sodium retention and edema in nephrotic nphs22irod*pjg*+ and nphs24iPod*pjg’ mice’

(A-B) Course of sodium concentration in spot urine and the minimum values of nphs24P°*plg*’* and
nphs24#od*pla”- mice’,

(C-D) Course of body weight and the maximum increase in both genotypes indicating the development of
edema.

(E) Course of Na*/K* ratio in spot urine.

(F) Area under the curve (AUC) of difference in body weight in nephrotic mice of both genotypes’.
Arithmetic means = SEM, * indicates significant difference to baseline value (Figures A, C and F were first
published on May 2020 Acta Physiologica).
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As a consequence of increased ENaC activity within the first 7 days after induction of
NS, sodium concentration from daily collected spot urine samples dropped to minimal
values of 6 £ 1 mM (10 = 2 umol/mg crea) and 5 £ 1 mM (7 £ 2 umol/mg crea) in
nphs22P°¥plo™" and nphs2?P°* plg”- mice respectively (Figure 40 A-B)™, despite a
constant sodium intake (Figure 54 A-B). The results indicated both nphs247°d*p[g*/* and
nphs22P°*plo”- mice underwent sodium retention, and there was no significant difference
between the two genotypes (p>0.9999). Urinary Na"/K " which excluded the influence of
intake and urinary creatinine, was consistent with the result of urinary sodium
concentration (Figure 40 C). The evidence of a significantly decreased 24h-urinary
sodium excretion (Table 3) also showed sodium retention in nephrotic mice of both
genotypes (a decrease from 193 £ 16 umol/24 h to 15 + 6 umol/24 h in nphs24Pod*plg*’*
mice, p=0.0002; and a decrease from 229 + 11 pumol/24 h to 25 + 7 umol/24 h in
nphs24P°d*plo- mice, p=0.0202). Besides, the positive sodium balance (Table 3) was also

evidence supported for sodium retention.

Table 3 Sodium balance in nphs22red*plg*+ and nphs22irod*plg7- mice during various
conditions”
Values of ‘low salt diet’ were obtained in uninduced mice 5 days after a low salt diet. Nephrotic mice
received the standard diet and data were collected on day 7.
Arithmetic means + SEM (n= 8-11 each).
# significant difference compared to uninduced mice of the same genotype under a control diet, * significant
difference between genotypes (Data were first published on May 2020 Acta Physiologica)

Day -28 Day -21 Day 7
(control diet) (low salt diet) (control diet)
plg”* plg” plg”* plg” plg™”* plg”
total Na* intake, pmol 24/h 290 + 14 322 £16 23+1% 24+1# 258+ 15 304 + 13
urinary Na* excretion, umol/24 h 193+£16  229+11" 18+3* 16+3* 15+6* 25+7%
fecal Na* excretion, umol/24 h 13+1 19+3 7+1 13+£2 11+£2 21+2°
Na' balance, pmol/24 h 84 + 13 74 +14 D +3H 5+3# 232+ 18% 258+ 15*

Subsequently, nephrotic mice of both genotypes developed a visible ascites (Figure 41)
which was accompanied by body weight gain (Figure 40 D-F). To correct for the smaller
size of nphs24P°?*plg” mice, the relative difference in body weight increase (%) was
calculated. The maximal difference in body weight was 21 £ 1% in nphs24%°?*plg™"* mice
whereas 18 £ 2% in nphs24P°?*plg”- mice’. There was no significant difference in body
weight increase between genotypes (p=0.2192, Figure 40 E). In addition, the area under
the curve (AUC) of the bodyweight difference was calculated in each mouse during the
14-day observation (Figure 40 F’#). The AUC values from nphs24?°d*p[g** mice (116 +
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9 % * 14 days) were similar to those from nphs247°?*plg” mice (110 + 14 % * 14 days)
without showing a significant difference (p=0.6951).

Uninduced Nephrotic

+/+

Figure 41 Phenotypes of nphs24Pod*plg*+ and nphs24iPod*plg-- mice before and after induction of
NS

The mice developed an identical ascites (the arrow pointed) after the induction of NS in both genotypes.
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Figure 42 Chronological features of experimental NS development in nphs24irod*pjg*+ and
nphs24irod*plg7- mice

Arithmetic means + SEM (Figures A-B were first published on May 2020 Acta Physiologica)

Both nphs24Pod*plg™* and nphs2??P*"*plg”" mice displayed the symptoms of
experimental NS in a chronological order. Proteinuria was the first noticed symbol of NS

/-

in nephrotic nphs247°4* plg** and nphs24¥°¢*plg”- mice (Figure 42 A-B7*). Surprisingly,

the development of urinary amidolytic activity was even ahead of proteinuria in nephrotic
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nphs24P°d*pla*’* mice. This finding indicated urinary amidolytic activity maybe more
sensitive in investigating glomerular damage than urinary protein, and perhaps could be
used as a promising biomarker in diagnosing proteinuric diseases. The decrease of sodium
excretion in urine was observed after an increased urinary amidolytic activity and
proteinuria, indicating sodium retention. Maximum of body weight increase in nephrotic
nphs22P°d%plo™* mice was a delay of one to two days than sodium retention.
Unexpectedly, sodium retention and edema were spontaneously reversed on day 9-10 in
nphs22P°4*pla™* mice. The same results have been reported previously in doxorubicin-
induced nephrotic mice*? and in PAN induced nephropathy-rats®®. The pathophysiological
process in nphs2?P°?*plg”" mice was generally the same as nphs2??°**plg+/+ mice,
except for the urinary amidolytic activity which constantly remained at a very low level

during the entire time course.

Table 4 Plasma parameters of venous blood gas analysis in nphs24rod*pjg*+ and nphs24rod*plg
~ mice before and 14 days after induction of nephrotic syndrome

Arithmetic means + SEM (n=8-11 each)

# significant difference between uninduced and nephrotic mice of the same genotype;” significant difference

between genotypes

Abbreviations: std standard, Het haematocrit, cHb calculated haemoglobin concentration (Data were first

published on May 2020 Acta Physiologica)

Day -14 Day 7 Day 14

plg*’* p lg'/' ) lg*” plg”- plg™* plg”
venous pH 7.28+0.02 7.24+0.01 7.24+0.01 7.23 £0.02 7.31+0.01 7.23+£0.02 "
std HCO3, mM 22+09 21+£0.8 26+ 1.4% 25+1.5% 25+06% 22+£0.8
Na®, mM 147+0 150+ 1 146 + 1 147+ 1 14417 149+£2°
K*, mM 4.1+£0.07 42+0.13 43+0.24 4.7+0.25 49+0.15% 51+0.197
Ca"", mM 1.00+ 0.01 1.13£0.02"  1.00+0.05 1.10 £0.07 1.03 +£0.01 1.05+0.04
Hct, % 44 +1 44 +1 41+4 46 + 1 42 +1 42+1
cHb, g dL™! 146+0.3 144+0.2 16.3+1.4 187197 14.0+0.5 13.8+04
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Figure 43 An illustration of hematocrit in uninduced and nephrotic mice

Whole blood was divided into three parts after centrifugation, including plasma, white blood cells (WBCs),
and red blood cells (RBCs). In uninduced mice, the hematocrit (Het) value (%) was about 44% of the whole-
blood, while the Hct value tended to decrease in nephrotic mice on day 14.

Plasma parameters measured by a blood gas analyzer before and after induction of NS in
nphs24Potxpla™ and nphs24P°*plg”- mice were listed in Table 47*. Venous pH values
were lower in nphs24?P°*plg”" mice on day 14 than in nphs24P°?*plg*’* mice (p=0.0009).
However, the values of venous pH from nphs24?°?*plg”- mice were not significantly
different from baseline values (p>0.9999). Standard bicarbonate concentration tended to
be higher in both genotypes on day 7, as well as in nphs2??°?*plg”- mice on day 14 (day
7 vs. day -14 in nphs22P°*plg™* mice, p=0.0349; day 14 vs. day -14 in nphs24r°d*plg™’*
mice, p=0.0275; day 7 vs. day -14 in nphs24P°d*plg”" mice, p=0.0194). Plasma

concentration of Na' significantly decreased in nphs24Pod*plg™/*

mice on day 14
compared to baseline values, while did not decrease in nphs247°/*plg”~ mice (day 14 vs.
day -14 in nphs2/P°d*plg*’* mice, p=0.0184; nphs24P°?*plg™"* vs. nphs24P°*plg”- mice
on day 14, p=0.0007). Notably, plasma K" concentration was significantly elevated in
both genotypes on day 14 (day 14 vs. day -14 in nphs24?P°?*plg*’* mice, p=0.0005; day
14 vs. day -14 in nphs24P°?*plg” mice, p=0.0070), but not on day 7, indicating a
hyperkalemia which has been analogously shown in nephrotic rats*®. Plasma calcium

** mice than in nphs24P°?*plg”- mice

concentration was slightly higher in nphs24P°4*plg
before induction (nphs24P°d*plg™* vs. nphs24P°?*plg”" mice on day -14, p=0.0008).
There was a decreased tendency in hematocrit values in both genotypes on day 14,
indicating either anemia or plasma volume retention (Figure 43). Changes of cHb was in
parallel with the result of hematocrit in both genotypes. In both nphs24¥°4*plg** and

nphs22P°*plo”~ mice, histology of kidneys presented a manifestation of FSGS (Figure
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44),

Day -14

Day 8

Figure 44 Histology of nphs24irod*plg*+ and nphs24iPod*plg’ mice before doxycycline induction
and 14 days after induction of NS

The uninduced mice of both genotypes had normal structure of podocyte and tubular. Glomerulosclerosis
in some glomerular, and protein cast in tubular (error) was observed on day 8 in both genotypes. Histology
results showed mice developed FSGS in nphs24?°?*plg** and nphs2#°¢*plg”- mice. Scalar bar: 100 pm.
3.3 Aprotinin prevents sodium retention in nephrotic nphs24Po?*plg*’* and
nphs24irodiplg’- mice™

3.3.1 Dose finding study for aprotinin pellet to nephrotic nphs24°*plg™* and
nphs2/P¥pla™” mice on day 0

In doxorubicin-induced experimental NS, sodium retention and ascites were completely
prevented by the serine protease inhibitor aprotinin®>. The data presented in 3.1.2 showed
that aprotinin treatment in nephrotic nphs2/?°?*plg** mice starting from day 7 inhibited
proteolytic activation of ENaC and edema. To analyze if proteasuria accounted for the
sodium retention in mice lacking plasminogen (nphs2??P**plg”), we planned to

preventively implant sustained-release pellets containing aprotinin to both nphs24Ped*
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plg™* and nphs2?P°*plg”" mice. At the beginning of this study, there was no data on
aprotinin treatment in C57BL/6J mice. Based on the preliminary data with pellet
implantation on day 7 and the previous study in 129S1/SvImJ mice *** we began with
the dose of 1 mg aprotinin per day to 4 mice of each genotype on day 0, the other 4 mice
received placebo treatment on the same day. Compared to mice with placebo treatment,
three out of four nephrotic nphs2?P°*plg”" mice were completely protected from the
decrease of urinary sodium excretion and body weight increase by 1 mg/day aprotinin
treatment, however, one mouse failed to be protected. On the contrary, aprotinin
implantation with a dose of 1 mg/day could not inhibit the development of sodium
retention and edema in nphs247°¢*plg™* mice. It was concluded that with the dose of 1
mg/day, treatment effect for sodium retention and edema by aprotinin was not sufficient

for C57BL/6J mice, and the dose had to be increased.

3.3.2 Effect of aprotinin on sodium retention in nphs2P**plg™’* and nphs24P°?*plg”

mice’*
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Figure 45 Investigation of effective concentration of aprotinin in urine and plasma samples of
nephrotic nphs24iPod*plg** and nphs24Pod*plg”- mice

Course of urinary aprotinin concentration. The excretion of aprotinin though urine was rapid in both
genotypes after pellets implantation’™.

Arithmetic means = SEM, # indicates significant difference to baseline value, * indicates significant
difference between genotypes (Figure was first published on May 2020 Acta Physiologica).

After the dose-finding study, we decided to increase the dose of aprotinin to 2 x 1 mg per
day (one pellet on each side of the back of each mouse) in both nphs24P°?*plg*’* mice or
nphs22P°*plo”~ mice which coincided with the development of proteinuria as well as

amidolytic activity on day 3. The mice which were assigned to placebo group received
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the same amount of matrix-only (placebo) pellets subcutaneously. Therefore, 3 days after
of the end of doxycycline induction, 8 mice of each genotype were assigned equally to
either placebo or aprotinin group (nphs24P°*?*plg™* + placebo, n=4; nphs2P**plg™* +
aprotinin, n=4; nphs27°*plg”- + placebo, n=4; nphs24P°?*plg”" + aprotinin, n=4).

The urinary aprotinin concentration on day 3 (the day of pellet implantation) was set as
the negative control (Figure 45). The maximum value of urinary aprotinin concentrations
reached to the maximum values between 667 + 210 in nphs2/?°?*plg*’* and 773 + 269
ng/ml in nphs24P°?*plg”- mice on day 4 (one day after pellets implantation)’*. Thereafter,
urinary aprotinin concentration dropped fast two days after pellets implantation to 94 +
16 pug/ml in nphs24P°d*plg*"* mice and to 271 £ 75 in nphs24¥°¢*plg”- mice. After 5 days
of pellets implantation, urinary aprotinin concentration was further decreased to 35 + 15
ng/ml in nphs24P°4*plg™* mice and to 108 + 32 pg/ml in nphs2??°?*plg”" mice. Plasma
aprotinin concentration 5 days after pellets implantation was only 2 = 1 ug/ml and 4 £ 1
pg/ml in nphs24Pod¥plg*’* and nphs24P°?*plg”- mice, respectively. Notably, nphs24P*

plg” mice always had a higher aprotinin concentrations in both urine and plasma samples.
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Figure 46 Proteinuria of in nephrotic nphs24iPod*plg** and nphs24P°d*plg” mice with aprotinin or
placebo pellets implantation
(A-B) Course of proteinuria and the comparison of proteinuria before implantation and the maximum
proteinuria after implantation.

Arithmetic means + SEM, # indicates significant difference to baseline value. P: placebo pellets; A:
aprotinin pellets (Figure A was first published on May 2020 Acta Physiologica).

The course of proteinuria was similar in all groups (Figure 46 A). The maximum of
proteinuria after pellet implantation was 202 + 32 mg/mg crea in nphs24P°4* plg™* +

placebo group; 148 + 20 mg/mg crea in nphs24?°? plg** + aprotinin group; 111 + 18
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mg/mg crea in nphs24P°?*plg”- + placebo group and 112 + 456 in nphs24Pod*plg”- +
aprotinin group, respectively. There was no significant difference in the maximum
proteinuria among each group after pellet implantation (p=0.1798), indicating that

aprotinin had no impact on urinary protein concentration (Figure 46 A-B).

pellet implantation
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Figure 47 Urinary amidolytic activity in nephrotic nphs22irod*pig** and nphs24iPod*plg”- mice with
placebo or aprotinin treatment

Arithmetic means + SEM, * indicates significant difference to baseline value, * indicates significant
difference between genotypes, § indicated significant difference between placebo and aprotinin-treated
nephrotic mice’™  (Figure was first published on May 2020 Acta Physiologica).

However, the urinary amidolytic activity in aprotinin treated mice of both genotypes was
utterly inhibited (Figure 47). In nphs24P°?*plg™* + placebo group, urinary amidolytic
activity increased significantly to a maximum value of 27 + 5 OD/60*1000 on day 5
compared to the baseline. In contrast, the urinary amidolytic activity was zero in aprotinin
treated mice of both genotypes on day 5. However, the urinary amidolytic activity was
not completely abolished in nphs247°?*plg” mice with placebo pellets implantation (the
average value was 3 = 1 OD/60*1000) on day 5. In nphs24P°?*plg*’* + placebo group,
urinary amidolytic activity increased significantly to a maximum value of 27 + 5
OD/60*1000 on day 5 compared to the baseline. In contrast, urinary amidolytic activity

was completely suppressed in aprotinin treated mice of both genotypes.
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Figure 48 Inhibition effect of aprotinin in sodium retention and edema formation in nephrotic
nphs24irod*plg** and nphs24irod*plg- mice’

(A-B) Course of urinary sodium excretion and difference in body wight in either aprotinin treated or placebo
treated group with both genotypes.

Arithmetic means = SEM, # indicates significant difference to baseline value, * indicates significant
difference between genotypes, § indicated significant difference between placebo and aprotinin-treated
nephrotic mice. P: placebo pellets; A: aprotinin pellets (Figures A-B were first published on May 2020 Acta
Physiologica).

7+ mice

Urinary sodium excretion dropped in placebo-treated nephrotic nphs24P°*plg
from 230 + 55 pumol/mg crea on day 3 to a minimum value of 7 + 3 umol/mg crea on day
77 (values from day 3 vs. values on day 7, p=0.0068, Figure 48 A); in placebo-treated
nphs24P°?*plg”" mice urinary sodium excretion dropped from 158 + 73 umol/mg crea to
10 + 7 pmol/mg crea (results on day 3 vs. results on day 7, p=0.0947). In contrast, urinary
Na" concentration remained constant in aprotinin-treated nephrotic mice of both
genotypes, indicating suppression of proteolytic ENaC activation by aprotinin’*. Urinary

sodium excretion in aprotinin-treated nphs24P°4*plg™/*

mice was 230 £ 55 umol/mg crea
on day 3 and 207 £ 63 umol/mg crea on day 8 (p=0.9914); in aprotinin-treated
nphs24P°?*plo”” mice urinary sodium excretion was 158 + 73 pmol/mg crea on day 3 and
115 + 37 umol/mg crea on day 7 (p=0.9658). The inhibition effect of aprotinin in sodium
retention led to a prevention of edema and ascites too, resulting in the non-increased

7+ and nphs2?P°*plg” mice. In contrast,

bodyweight in nephrotic nphs24P°¢*plg
placebo-treated nephrotic mice of both genotypes gained body weight and had edema’
(Figure 48 B). The increased percentage of body weight in placebo group reached to a

maximum of 23% =+ 2 in nphs24Pod#plg*’*

mice (p<0.0001, compared to the baseline
value), and reached 15% = 2 in nphs247°¢*plg” mice on day 8 (p<0.0001, compared to

the baseline value), respectively. On the contrary, the difference in body weight on day 8,
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was only 1 £ 1 % in aprotinin treated nphs247°?*plg*’* mice (p=0.2679), and was 1 +2 %

in nphs22P°*plo”" mice (p=0.8830) with aprotinin treatment’>.
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Figure 49 Change of plasma aldosterone concentration under different situation and treatment
in nphs24ipod*plg** and nphs24Ped*plg-- mice

Arithmetic means + SEM, * indicates significant difference to baseline value, * indicates significant
difference between genotypes, § indicated significant difference between placebo and aprotinin-treated
nephrotic mice (Figure was first published on May 2020 Acta Physiologica).

Plasma aldosterone concentration was elevated in placebo-treated mice of both genotypes
compared to the values from uninduced mice, however, there was a large scatter (1361 +
538 pg/ml vs. 418 + 151 pg/ml in nphs24P°?*plg™* mice, p=0.3617; 1366 + 449 pg/ml
vs. 477 + 154 pg/ml in nphs24P°¢*plg”" mice, p=0.4351), and was tended to be reduced
by aprotinin treatment (634 + 178 pg/ml, compared to baseline p=0.9999; 645 + 163
pg/ml, p>0.9999 compared to baseline, Figure 497%).

+/+

3.3.3 Expression of ENaC subunits in kidney tissues from nephrotic nphs24r°?*plg
and nphs24P°*plg”- mice’

Expression of cleavage of a- and y-ENaC in kidney cortex was studied using Western
blot. Membrane protein samples were prepared from the kidney cortex of all 4 groups of
mice treated with placebo or aprotinin-pellets. The used antibody against a-ENaC was
directed against a N-terminal sequence, whereas the antibody against y-ENaC bound to a
C-terminal sequence (Figure 50 A-B7*). Western blot revealed two specific bands for o-

ENaC at 87 kDa and 26 kDa as expected as the full-length and the N-terminal fragment,
and two bands for y-ENaC at 84 kDa as the full-length, and 72 kDa as the C-terminal
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fragment’*. The specificity of the bands was confirmed by administration of the blocking-

peptides to anti-a-ENaC and anti-y-ENaC (Figure 50 C-D)"*.

a-ENaC (87 kDa) y-ENaC (84 kDa)
extracellular
: serine protease
fu.rm R231 7~ 57 kDa RKRK 186 —
furin R205 +~ 26 kDa furin R205 =

a-ENaC ab y-ENaC ab
(aa 45-68) 2= (aa 634-655)
¢ N c
a-ENaC y - ENaC
+ blocking peptide + blocking peptide

kDa

Full-length Full-length
(87 kDa) (84 kDa)
70 Furin-cleaved
(72 kDa)
Furin cleavage Non-specific band
product(26 kDa) (57 kDa)

Figure 50 Specificity of the bands obtained with antibodies against a- and y-ENaC subunits in
kidney cortex from uninduced nphs24iPod mice™

(A) The antibody against a-ENaC is supposed to detect full-length a-ENaC and an N-terminal fragment
with a mass of 26 kDa.

(B) The antibody against y-ENaC is supposed to detect full-length y-ENaC and a C-terminal fragment with
a mass of 72 kDa after furin cleavage.

(C) Administration of the blocking peptide for a-ENaC attenuated the bands at 26 and 87 kDa.

(D) Administration of the blocking peptide for y-ENaC (Stressmarq) attenuated bands at 84 and 72 kDa
while the band at 57 kDa was only partially blocked.
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The expression of the a- and B-ENaC subunits were not significantly changed in nephrotic
nphs24Pod*plg™* and nphs24P°?*plg”- mice with either treatments, compared to
uninduced animals, as presented in Figure 51 and as the densitometric analysis showed
in Table 57%. However, there was an increased tendency of the 26 kDa o-ENaC fragment
expressing in nephrotic nphs24?7°?*plg™* and nphs24P°?*plg”- mice receiving placebo
treatment. Detection of full-length y-ENaC (84 kDa) by western blot was similar from

+/+

uninduced mice in neither placebo nor aprotinin treated nphs24P**plg and

+/+

nphs24P°4*plo” mice (uninduced nphs2’P**plg*’" mice vs. placebo mice, p=0.8641;
uninduced nphs24P°?*plg*’* mice vs. aprotinin mice, p>0.9999).

However, there was a significant increase in y-ENaC expression at 72 kDa, which
indicated y-ENaC cleaved by furin, in nephrotic nphs24?°?*plg** mice. And it was

7 mice vs.

attenuated by aprotinin treatment (Table 57*) (uninduced nphs24r°?*plg
placebo mice, p=0.0239, t-test; nphs2?P°*plg*™* + placebo mice vs. aprotinin mice,
p=0.0165, t-test). The changing-tendency of the ENaC expression in nephrotic

nphs24P°*plo”- mice, was not different from nphs24Pod*plg™/*

mice. However, the
individual variability in animals excluded the statistical differences (uninduced
nphs22P°4*plo”~ mice vs. placebo mice, p=0.9998; uninduced nphs2?P°*plg” vs.
aprotinin, p>0.9999).

Unfortunately, in the present study, we cannot detect the band of y-ENaC between 65 to
67 kDa, which specifically corresponded to fully-cleavage of y-ENaC, in renal cortex
from nephrotic mice with both genotypes (Figure 50)7.

Immunohistochemistry indicated an up-regulation of a- and y-ENaC expression in both
nephrotic nphs2?P°*plg*’* and nphs2?*?*plg”~ mice with placebo treatment’®. The
increasing tendency similarly and particularly at the luminal side of the principal cells
(Figure 527%). Interestingly, the aprotinin treatment attenuated the up-regulation of a- and
v-ENaC expression to both genotypes and tended to prevent the apical targeting as

described previously®>.

64



Results

Day -14 Day 8 + Placebo Day 8 + Aprotinin
plg plg plg plg -

+/+ +/+

Full-length (87kDa)

Furin cleavage
product (26kDa)

a-ENaC

B-ENaC (85kDa)

Full-length

84kDa)
urin-cleave

d (72kDa)

y-ENaC  B-ENaC

Figure 51 Expression of ENaC subunits in kidney cortex from nphs24rod*plg*+ and
nphs24irod*plg7- mice’

Detection of ENaC subunits by Western blots from uninduced, and nephrotic nphs24#°?*plg*/* and
nphs24Po?*ple”- mice with either placebo or aprotinin treatment. Kidneys were collected on day 8 as
described in Figure 10 from mice in each group (n=4)"*.

Table 5 Densitometric analysis of ENaC subunits expression in kidney cortex from uninduced
and nephrotic nphs24iPod*pjg** and nphs24Pod*plg” mice with different treatments™

Signal intensity of the bands (relative units) was normalized for total protein expression of the respective
lane’™.
Arithmetic means of expression in relative units + SEM (n=4 each)
# significant difference between uninduced and nephrotic mice of the same genotype (t-test), § significant
difference between placebo and aprotinin-treated nephrotic mice (t-test) (Data were first published on May
2020 Acta Physiologica).

uninduced nephrotic + placebo nephrotic + aprotinin
molecular
weight, plg™* plg” plg*”* plg” plg** plg”
kDa
87 186 + 16 252 +23 229 + 40 237 +29 223 +58 183+75
a-ENaC 26 64+ 12 90 £ 31 110 £ 11 98 £ 53 69 + 3 95+ 21
B-ENaC 85 8+ 1 10£1 8+023 10£1 11+1 9+ 1
84 178 + 36 183 + 45 142 + 28 254 + 37 284 + 42 188 + 23
v-ENaC 72 110+9 163 + 55 187 + 24 * 141 + 62 97+ 13 ¢ 133 + 48
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a-ENaC

y-ENaC

Figure 52 Expression of a-ENaC and y-ENaC in kidney tissues from nphs24irod*pjg*/+ and
nphs24irod*plg-- mice™

Immunohistochemical staining of o-ENaC (brown) and y-ENaC with formalin-fixed kidneys from
uninduced, placebo-treated, or aprotinin-treated nephrotic nphs24P°?*plg** and nphs24P°*plg” mice.
Kidney-collections were performed on day 8 from the same mice as mentioned above’™. Both o- and y-
ENaC were up-regulated on day 8 in both genotypes. The apical targeting was prevented in aprotinin-treated,
both nphs2P°d¥plg*™* and nphs24P**plg”- mice (Figure was first published on May 2020 Acta
Physiologica).
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3.4 Long-term course of nephrotic nphs247°**plg™* and nphs247°¢*plg”" mice
After the spontaneous reversal of sodium retention and edema until day 14, body weight
was lost thereafter in both genotypes (Figure 53 A7#). Body weight loss was significantly

faster in nphs2?7°¢*plg” mice than in nphs2/Pod¥plg*/*

mice (Figure 53 B) reaching a
significant difference on day 21 (nphs24P°?*plg*’* vs. nphs24P°T*plg™ -8 %+ 2 vs. -20 %

+ 3, p =0.0054).
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Figure 53 Long-term observation of the bodyweight
(A) Daily body weight was recorded from the beginning of doxycycline induction until 28 days after
induction in nphs24#°?*plg*’* and nphs247°4*plg”" mice. An increasing bump of body weight was observed
around day 10 in both genotypes, however, bodyweight was decreasing since then. Compared to

nphs24wod*pla*’t - pphs24Pod*pla”- mice had a reduced body weight (Figure was first published on May
2020 Acta Physiologica).

(B) Changes of the percent body weight in nphs24°¢*pig** and nphs24?°**plg”- mice following from day
14 until day 28 after induction.

Arithmetic means + SEM ¥ significant difference compared to the baseline within the same genotype, *
significant difference between two genotypes

Body weight (g) was constant in nphs24P°¢*plg™* and nphs2?7°¢*plg”" mice from day -
14 until day 0 (until the end of doxycycline induction, Figure 53 A”). Six days after the
end of doxycycline induction, body weight increased significantly in each genotype.
Unexpectedly, bodyweight accumulation was reversed 14 days later after induction as
previously described. Differences in bodyweight decrease (%) reached to a significant
difference from day 24 in nphs247°*plg*’* mice and from day 17 in nphs24P°*plg”" mice
compared to baseline value from day -14. There was a significant difference in body
weight loss between two genotypes from day 21 (nphs2/P°4*plg*'* vs. nphs24Pod*plg™" -
8 £ 2 vs. -20 £ 3, p =0.0054).
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Figure 54 Food and fluid intake monitoring before and after induction’

There was an increase in fluid intake in both genotypes from day 14 to day 28, compared to uninduced
mice. Whereas the amount of food intake was constant during the entire observation in both genotypes. It
seemed the nphs24#°?*plg mice had a higher fluid and food intake than nphs247°¢*pjg*/* mice.
Arithmetic means = SEM. * significant difference between uninduced and nephrotic mice of the same
genotype, " significant difference between genotypes (Figures A-B were first published on May 2020 Acta
Physiologica).

Food and fluid intake was generally constant during the 6-week observation (from day -
14 to day 28). Except for there was an increasing tendency in fluid intake in both
genotypes from day 14 on, perhaps related to increases in body weight loss (Figure 54 A-
B4). Nphs24P°d*plo”- mice had a tendency of a higher intake than nphs247°*plg™* mice
during the entire observation that might indicate a increased energy demand (or
expenditure) in nphs24#°?*plg” mice. Food and fluid intake was largely constant during

+/+

the course of the model from day -14 to day 14 in nphs24P°?*plg™* mice. Thereafter,
there was a trend for increased fluid intake, perhaps related to development of renal failure.
Kaplan-Meier curves for survival revealed a median survival of 42 days in nphs24rod*

+/+

plg™" mice and of 26 days in nphs2??°?*plg”" mice ( Figure 55 A). The difference in

median survival between nphs24Pod¥plg**

mice and nphs2?P°?¥plg” mice was
significant (log-rank P<0.0001). In contrast, no control mice died until day 63 (log-rank
P<0.0001). Beginning after day 21, nephrotic mice deteriorated and experienced death or
had to euthanized.

Concentration of plasma urea was increasing gradually after induction of NS in both
nphs22P°¥pla™ and nphs24P°*plg”- mice during the long term observation (Figure 55

B). The differences in plasma urea were not significant until day 7 compared to the
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baseline values in each genotype whereas a substantial increase was evident from day 14
on. Plasma urea concentration significantly increased in nephrotic mice of both genotypes
on day 28 (day 28 vs. day 0 in nphs2?P°?*plg** mice, 231 £ 20 vs. 53 = 9 mg/dl, p<0.0001;
and 351 £ 167 vs. 29 + 4 in nphs2/P°?*plg”- mice, p=0.0342). In control mice, plasma

urea concentration remained stable after treatment with doxycycline until the end of

observation.
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Figure 55 Long term study of survival and kidney function in nphs22irod*pjg*/+ and nphs24iPod*plg-
~ mice

(A) Kaplan-Meier survival curves of nephrotic and non-nephrotic mice following 63 days after doxycycline
treatment.

(B) Course of plasma urea in nphs2P°*plg*’* and nphs2/°¢*plg”- mice before and until day 53 after
induction of NS.

(C-D) Concentration of plasma and urinary cystatin C. Plasma cystatin C had an increasing tendency 14
days after induction of NS in both genotypes, while the urinary cystatin C was increased slightly in both
genotypes on day 7.

Arithmetic means = SEM. * significant difference between uninduced and nephrotic mice of the same
genotype.

Plasma cystatin C concentration which is a better biomarker for indicating kidney
function than plasma urea was measured before doxycycline induction (on day -14) and

was followed every 7 days after induction until day 28 in 4 mice of each genotypes
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(Figure 55 C). There was an increasing tendency in plasma cystatin C concentration
starting at 7 days after induction of NS in both genotypes, indicating a reduced kidney
function in both genotypes overtime. The difference reached to a significance on day 21
compared to the baseline in both genotypes (2.00 + 0.52 vs 0.47 £ 0.06 pg/ml in
nphs22P°d%pla™* mice, p=0.038; 2.29 £ 0.50 vs 0.38 + 0.02 pug/ml in nphs24P°d*pig-/-
mice, p=0.0037). However, the difference between genotypes did not reach to a statistical
significance at any time point, which indicated a similar tendency of reduced kidney
function in both genotypes. Urinary cystatin C was reported as a biomarker of renal
disease. The increasing urinary cystatin C/ creatinine ratio especially indicated for tubular
damage®®®. In this study, urinary cystatin C/ creatinine ratio was measured before
induction of NS and was followed until 21 days after induction. Results showed no
significant difference until 3 weeks after induction of NS, compared to the baseline in
both genotypes, indicating tubular function was not much influenced in this model.
Combining the results of plasma urea and plasma cystatin C, it indicated that the
significant difference in survival between genotypes might not be caused by the decline

of kidney function.
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Figure 56 Long term investigation of Hct and cHb values in nphs24Pod*p/g** mice

+/+

(A-B) Both Hct and cHb values showed a reduced tendency in nephrotic nphs247°¢*plg*’* mice on day
14, however, the difference was not significant from baseline values. Along with the development of NS,
Hct and cHb values significantly decreased in nphs24#°?*plg** mice on day 42.

Arithmetic means + SEM. # significant difference between uninduced and nephrotic mice.
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As previously mentioned in Table 474, there was a tendency towards decreased Hct and
cHb values measured by a BGA analyzer, suggesting anemia in nephrotic mice of both
genotypes. However, the difference did not reach a statistical significance. We further
investigate the Hct and cHb values in nphs247°?*plg™" mice on day 42. We could not
measure the values in nphs247°?*plg”- mice on day 42 because of reduced survival and
the fear that they were more likely intolerant to a 175ul of blood sampling than their wild
type littermates and would die. Results showed both Hct and cHb values were
significantly reduced in nphs247°?*plg™* mice on day 42 compared to baseline (Hct value
was 44 = 1 % on day -14, and was 24 £ 5 % on day 42, p<0.0001; cHb was 14.6 + 0.3
g/dl on day -14, and was 9.4 + 2 g/dl on day 42, p=0.0005, Figure 56 A-B’*). These results

suggest the development of renal anemia in these mice.

Figure 57 The histology of kidney from long-term study in nphs24°d*pjg** mcie

Proteinuria (arrow), and protein droplets in tubule (star).

PAS staining showed a progressive damage of glomerular in nephrotic mice (Figure 57).
FSGS was able to be observed on day 14. Glomerulosclerosis, and damage of tubular
were observed from the kidney harvested on day 42 of nephrotic mice.
Immunohistochemistry showed that both o and y-ENaC expression were significantly
upregulated in distal tubule 10 days after induction in nphs2??°? mice, however this
upregulation was reduced on day 42 (Figure 58). Fusion of foot processes of podocyte
were already visible by electron microscopy on day 10, and there was a significant

progression in loss of podocyte foot processes on day 40 in both genotypes (Figure 59).
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a-ENaC

y-ENaC

50 um o 50 um

Figure 58 Long term study of the expression of a-ENaC and y-ENaC by immunohistochemistry
in kidney tissues from nphs24irod*pjg*+ mice

The expression of a-ENaC and y-ENaC was slightly upregulated on day 8 and was downregulated on day
42, compared to the baseline.

L

Figure 59 Long term study of Electron microscopy of kidneys from nphs24irod*pjg*+ and
nphs24ircd*plg7- mice before induction, on day 8 and day 40 after induction of NS respectively

In uninduced kidney from plg**

mice, a normal structure of GFB, and normal podocyte with fine foot-
process were observed. The ultrastructure result of podocyte on day 8 showed foot-process fusion, as well

as a collapsed structure of fenestrated endothelial cells in both genotypes. Electron microscopy result of

podocyte on day 40 showed incomplete GFB. Foot process was barely observed in both genotypes.
arrowheads: the change of foot process. Scale bar: 2 pm.
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4 Discussion

4.1 A new mouse model with an inducible podocin deficient develops experimental
nephrotic syndrome and develops chronic kidney disease

Nphs?2 is the gene encoding for the protein podocin that is the structurally and functionally
critical for the podocyte and the glomerular filtration barrier. Our study firstly
characterized an experimental NS mouse-model that, with conditional and podocyte-
specific Podocin deletion (nphs247°? mice), fully developed the symptoms of NS in
patients, including massive proteinuria, hypoalbuminemia, sodium retention and
hyperlipidemia. This basis of NS is the high proteinuria which reached values > 100 —
140 mg protein mg/creatinine (corresponding to > 50 — 70 mg protein mg/ 24 h) in this
model’®. Notably, the downregulation of podocin was accompanied by a diminished
nephrin expression, another protein expressed in podocytes. Both podocin and nephrin
are key molecules for maintaining the glomerular filtration barrier. Several studies have
reported that there might be some cross-talk and interactions among these molecules®®%.
In both human patients with mutation of nphs2 gene?' and animal models®, distribution
of nephrin was altered, indicating that the normal distribution of nephrin may relate to a
podocin expression??.

All the features of the experimental nephrotic syndrome in nphs247°? mice were
comparable with those observed in the doxorubicin-induced nephropathy model (DIN),
which is a commonly used model of experimental nephrotic syndrome established by our
group’2. Published data indicated that features of experimental NS in nphs247°? mice are
comparable to those observed in the DIN®"""#, Proteinuria as the most important indicator
for NS reached 205 + 30 mg/mg crea®>*%!% in DIN model and 161 + 18 mg/mg crea in
nphs2?7° mice. This was accompanied by a decrease of plasma albumin concentration
by 4-5 fold in both models. These differences in proteinuria and hypoalbuminemia
between the two models were not significant (p=0.4641 in proteinuria, p=0.99 in
hypoalbuminemia). In addition to proteinuria and hypoalbuminemia, both models
experienced the same chronology of sodium retention and edema formation. Urinary
sodium retention occurred from day 6 to day 8 after induction. As a consequence, body
weight increase and edema developed from day 6 on and reached the maximum on day
10. However, unexpectedly in both models, Na* excretion in spot urine increased

spontaneously 9-10 days after the induction of NS, followed by complete remission of
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edema’?74, This finding had also previously been reported in the PAN nephrosis model in
rats®’.

Histologically, the DIN and nphs2/?°? mice presented as podocytopathy and focal
segmental glomerulosclerosis (FSGS) without involvement of an immunological insult.
Compared to the DIN model, induction of NS in nphs24?°? mice is easier, and unlike
doxorubicin, doxycycline is not tissue-toxic to mice at all as demonstrated in control mice
(Figure 22 A-B, and Figure 52). However, the dose of doxycycline intake cannot be
accurately monitored. To account for this induction treatment was given over 14 days and
was obtained highly efficient, reliable and highly reproducible results. However, breeding
is much more time consuming than for the DIN model relying in wild-type BALB/c mice
or 129S1/SvImJ mice due to the three allelic character of the nphs247°¢ model.

Except for studying of the mechanisms of proteinuria and edema during the first 10 days,
nphs227°4 mice are also a suitable model for studying chronic kidney disease because of
the progression of renal failure, development of complications of CKD and eventually
death after a median survival of six weeks. For example hyperkalemia was observed on
day 14, and anemia occurred on day 42, which may contribute to mortality in these mice
as in patients with CKD'°"1%2, The cause of hyperkalemia in nphs247°¢ mice is most likely
related to the decrease of the glomerular filtration rate along and the reduced potassium
secretion by the distal tubule. Regarding anemia, the lack of erythropoietin (EPO) could
be one of the mechanisms in nphs2?7°? mice. In addition, reduced erythrocyte survival

(or so-called eryptosis) could also contribute to the development of anemia!®,

4.2 The impact of plasminogen deficiency in nphs247°¢ mice

In a study using antibodies against the glomerular basement membrane showed that in an
experimental glomerulonephritis model, mice with plasminogen deficiency tended to
develop more severe glomerular damage'®. This suggested that plasminogen might play
a critical role in protecting glomeruli in acute inflammatory kidney injury in mice.
Plasminogen also had an influence on the development of the DIN model. It was found
that plg” mice on a 129S1/SvIimJ background were completely protected from the
induction of nephrotic proteinuria'®. Histological studies revealed that plasminogen
binding to endothelium within hours after doxorubicin injection was a prerequisite for the

toxic effect of doxorubicin to induce experimental NS!%, Therefore, plasminogen had
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detrimental effects in the DIN model and was an essential contributor to podocyte damage.
The exact mechanisms for this remain unclear.

The failure to induce NS in plg” mice on a 129S1/SvImJ background prevented to study
the role of plasminogen in sodium retention. Thus, nphs2?°? mice were imported as an
alternative model of NS. By intercrossing these plg”” mice with triallelic nphs24?°? mice
to generate the nphs247°?*plg”~ mice that allowed to investigate the role of plasminogen
in sodium retention and ENaC activation in experimental NS in vivo.

As plasminogen deficient mice suffer from fibrin deposition into internal organs such as

lungs, liver or the gastrointestinal tract!?’

, we first looked at the kidney function and
histology in nphs247°¥*plg”- mice to rule out structural and functional changes that would
have had an impact on the results of the NS model. To this end, we investigated the growth
curve and the appearance of uninduced nphs24?°**plg”" mice, kidney structure, kidney

** mice. Our results showed

function and sodium handling compared to nphs24?P°?*plg
that, on the one hand, uninduced plasminogen deficient mice (nphs24¥°%*plg” ) were
smaller than the wild types (Figure 28 A-B), and experienced rectal prolapse. These
findings were in accordance with the result showed for plasminogen deficient mice
previously”. The diseased state was associated with higher food intake than in wild type
mice (Table 3, Figure 54), indicating there might be a higher energy demand/expenditure
in nphs24P°4*plg”" mice. On the other hand, uninduced nphs2??°*plg” mice had a
normal glomerular structure, kidney function, as well as a normal sodium handling
(Figure 29 A-D, Figure 30, and Figure 31 A-B). Therefore, there was no obstacle to use
nphs22P°*plo”" mice as a model for investigating the role of plasminogen on sodium
retention in experimental NS.

In the long-term observation, there was a significantly reduced survival time in
nphs24P°%plo’- mice (Figure 55 A), indicating that the lack of plasminogen might
increase the risk of death in nephrotic mice. The results of plasma urea, plasma cystatin
C, and urinary cystatin C showed that the earlier death in nephrotic nphs247°%*plg”- mice
were not related to a different declined kidney function than the wildtypes (Figure 55 B-
D). The ultrastructure of nphs2??P°®*plg” mice also did not show a worse glomerular
damage than those in nphs2/7°%plg*’* mice (Figure 59). The possible causes of a reduced
survival of nphs2?P°®*plg”- mice could be due to plasminogen deficiency increases the

chances of fibrin deposition, and known hypercoagulability in NS. This could have,
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caused more severe damage to other tissues’®**. Besides, as shown in Figure 53 B,
nphs22P°*plg”- mice showed a significantly faster body weight loss or wasting than the
nphs24P°*plg™* mice. This finding might be caused by a higher negative protein and
energy balance due to the liver damage induced by plasminogen deficiency.

The evidence of ENaC inactivation are the decreased amiloride natriuresis in both
nphs22P°*plg™* mice and nphs2?P°**plg”- mice after 14 days of developing NS (Figure
39 A-B), and the down-regulated expression of both a-ENaC and y-ENaC on day 42
(Figure 58). The increased urinary Na® excretion may cause hyponatremia and
hyperkalemia (Table 4) indicating a significant change in the internal environment or even
lethal to the nephrotic mice especially with the absence of plasminogen. However, the

exact causes for difference in survival between two genotypes were not clear.

4.3 The role of proteasuria and the uPA-plasminogen-plasmin axis in ENaC
activation and sodium retention in experimental nephrotic syndrome

Nphs247°d mouse is a good model for investigating the underlying mechanisms of sodium
retention and edema formation. As the same with DIN model, the genetic model combines
elements of both the overfill and underfill theories to explain the mechanisms of sodium
retention. As a matter of fact, both theories are not mutually exclusive and coexist>>!%,
The renin-angiotensin-aldosterone system (RAAS) can be provoked by arterial underfill,
and elevated aldosterone level leads to sodium retention by the up-regulation of ENaC’,
In nephrotic mice, plasma aldosterone concentration was not significantly changed on
day 7 which coincided with the minimum urinary sodium excretion (Figure 36 A) in both
genotypes, indicating that the activation of ENaC may be independent from plasma
aldosterone in this experimental NS model. This evidence supports the independent
aldosterone activation of ENaC in experimental NS which has been also encountered in
aldosterone-resistant nephrotic mice with the serum and glucocorticoid kinase 1 (SGK1)
deficiency’?. Moreover, blockade of the mineralocorticoid receptor by canorenoat did not
prevent sodium retention in DIN*. The concentration of plasma aldosterone reached a
statistical significance in nphs247°¥*plg” mice (Figure 36) on day 14", The variance in
plasma aldosterone concentration of nephrotic mice could be explained by diversity in
aldosterone secretion according to the severity of the albumin loss and artery-underfill. It

is known that nephrotic mice increase hepatic albumin synthesis to counteract urinary
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loss'®. This could be impaired in nephrotic nphs2??P°®*plg”- mice which have liver
disease and therefore would suffer from more severe protein loss inducing a state of
underfill with increased plasma aldosterone secretion. The idea of ENaC activation causes

3738 However, the

sodium retention was brought up for more than twenty years
mechanism of ENaC activation was still debating. The up-regulated expression of ENaC
was observed in PAN-induced nephrotic rats, with or without the presence of
aldosterone®. The similar finding was also observed by our study, as the increased
expression of ENaC on day 8 was detected by the immunohistochemistry in Figure 52,
and Figure 58, while the plasma aldosterone concentration did not significantly increase
on day 7 (Figure 36) in nephrotic nphs24P°%plg™* and nphs2?P°**plg”- mice. These
findings might indicate the ENaC regulation in this model was aldosterone independent,
and some other mechanisms might involve in the activation of ENaC.

More than one decade ago, plasmin was found to be the most abundant serine protease in
nephrotic urine and was suggested to be responsible for ENaC activation in NS®2. This
hypothesis was drawn by the findings of the ability of plasmin to stimulate ENaC currents
in vitro by cleavage of human y-ENaC, which may take place at two distinct sites (K189
and RKRK178)7+10%! yet this hypothesis has never been proven in an in-vivo study
before. In the current study, we confirmed the presence of large amounts of plasminogen
and active plasmin in nephrotic urine from nphs247°¢ mice (Figure 37-38), as previously
described to be the case in DIN model®”.

In a previous study using nephrotic mice lacking the uPA (uPA”"), nephrotic urine
expressed almost no active plasmin*®. The similar findings were presented in another uPA
deficient mouse model, which used an antibody against tubular uPA activity in conditional

12, However, the residual plasmin could not be ruled

podocin knockout NS mouse mode
out by these two studies (Figure 60). In contrast, plasminogen and plasmin were
absolutely absent in nphs24P°¥*plg” mice, as shown in Figure 60, making it an ideal
model to investigate the role of plasminogen in mediating ENaC in NS in vivo.

Our study, for the first time, investigated ENaC activation and sodium retention in an
experimental nephrotic mouse model with plasminogen absence. And the results clearly
demonstrated that nephrotic mice were not protected from ENaC activation and sodium

retention even though without plasminogen’. This result was in agreement with data from

nephrotic uP4”" mice*® which were also not protected from sodium retention (Figure 61).
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Taken together, the two consecutive studies strongly argued against the current concept
of proteolytic ENaC activation mediated by the uPA-plasminogen-plasmin axis in NS7+%4,
Plasma Urine

Uninduced  Nephrotic ~ Uninduced Nephrotic
WT uPA” Plg” WT uPA™ PIg” WT uPA” Pig” WT uPA" Pig™

125 kDa

Plg, zymogen (105 kDa)
90 kDa

Plg, heavy chain (80 kDa)
albumin (69 kDa)

70 kDa

50 kDa

Figure 60 Expression of albumin and plasmin(ogen) in wild type mice (wt), and mice with uPA
(uPA”) and plg (plg”) deficiency.

Albumin was strongly expressed in plasma samples which was reduced in nephrotic mice. In healthy urine,
albumin expression was minimal and increased massively under nephrotic conditions. Plasminogen
expression at 105 kDa, and its heavy chain at 80 kDa was not present in uninduced urine samples from each
genotype. Plasminogen-plasmin expression was upregulated in nephrotic wt mice. In nephrotic uP4” mice
plasminogen activation was almost completely absent except for a faint band at the height of the heavy
chain. The expression of either plasminogen or plasmin was not detectable in plasma and urine samples
from uninduced and nephrotic nphs247°*plg”- mice (This Figure was provided by Mr. Matthias Worn).
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Figure 61 Summary of urinary sodium excretion and body weight increase in wt mice, uPA”
mice, and nphs24kod*plg’ mice

After induction of NS, wt mice, uP4” mice, and nphs247°?*plg”- mice all underwent the decrease in urinary
sodium excretion and body weight increase, and reached to a similar extent.
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4.4 The potential treatment of sodium retention and edema by inhibiting ENaC
activation in nephrotic syndrome

The treatment of severe edema in NS is always a challenge. According to the underfill
theory, plasma oncotic pressure is reduced, and the RAAS is activated consequently.
However, the treatment of volume correction by albumin substitution seems neither
reducing edema nor increasing natriuresis''>!'#. On the other hand, blocking of RAAS by
using angiotensin-converting enzyme inhibitors (ACEI) or angiotensin II receptor

blockers (ARBs) in nephrotic patients''”

, or adrenalectomy in animals cannot resolve
edema alone®'.

The traditional and primary therapeutic choice for edema is a diuretic strategy, which is
commonly pointed to use loop-diuretics!!®!'7. However, the treatment effect of loop
diuretics to edema is variable depending on glomerular filtration rate (GFR)!'8, and the
degree of edema. Because of the resistant tendency to the loop diuretics, patients with
nephrotic edema usually need an incremental dose or intravenous administration, while
for the extreme severe cases an additional treatment of human-albumin, or even dialysis.
Increasing evidences have suggested that ENaC is the site of sodium retention occurred,
and the blockade of ENaC showed significantly increased natriuresis and reduced body
weight in both patients and animals®®’>!16U7119 " Amiloride, which is a well-known
blocker of ENaC, has been proven that inhibits ENaC activation in experimental NS36-5874,
The amiloride-sensitive natriuresis was increased, and sodium retention was prevented in
daily amiloride-treated nephrotic mice®®. Besides, the activity of both uPA and plasmin
were inhibited in the first 4 hours after amiloride injection. These findings indicated the
mechanisms of amiloride in prevention edema by directly blocking ENaC, and the
possible inhibition of ENaC activation by preventing plasmin®®’2, In our study’, we

7+ and

observed increasing natriuresis to amiloride in nephrotic nphs24Po%plg
nphs24P°%*plo”~ mice (Figure 39), which clearly showed ENaC activation in NS, even
with the absence of plasmin. Small intervention trials with amiloride treatment were
applied to patients with proteinuric diseases as well. Results showed attenuated edema,
reduced blood pressure, and reduced total and active plasmin in urine!!”>12%-122_ It seems

rational to use amiloride as an alternative treatment for edema especially to the patients

who are resistant to loop diuretics. Yet, the application of amiloride for edema treatment
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is still limited due to the low oral bioavailability (~50b)!?3, and the risk of
hyperkalemia'!”!22,

Since the abnormally filtered serine proteases were claimed significantly involved in
ENaC activation, sodium retention, and edema, it makes targeting the inhibition of serine
proteases a promising treatment for edema. Aprotinin is an antifibrinolytic molecular that
has a wide spectrum inhibition to serine protease, including plasmin, trypsin, kallikrein,
tissue plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA)!2%125,
Aprotinin was once used as the treatment for prophylactic patients with a risk of blood
loss and blood transfusion. However, aprotinin was suspended because of the increase in
all-cause mortality, which was studied by a large, double-blind, randomized clinical trial
(Blood Conservation Using Antifibrinolytics in a Randomized Trial, BART)'?®. Aprotinin
was proved efficiency in inhibiting ENaC activity in Xenopus kidney epithelial cells®.
In 2018, a study observed that subcutaneously implanted of sustained release-pellets
aprotinin prevented sodium retention, and edema completely®> in nephrotic mice. The
same finding was proved in our study’®. In nephrotic nphs247°? mice, aprotinin treatment
from day 7 on reversed, and from day 3 on prevented sodium retention and ascites
development (Figure 25 E-F, Figure 48 A-B). These findings would prove the hypothesis
of ENaC activation by proteasuria and would be in agreement with the overfill theory
postulating a defect in tubular sodium handling with increased sodium avidity. The
inhibitory effect of aprotinin on aldosterone secretion (Figure 49) has been reported in
this and previous study, however, the mechanisms remain unclear®>’*. This beneficial
effect of aprotinin on sodium retention and edema suggests that targeting proteasuria
might be a promising treatment for nephrotic edema. Unlike the mechanism of blockade
ENaC by amiloride completely, aprotinin prevented over-activation of ENaC by
inhibiting the serine proteases-mediated cleavage of ENaC subunits®>.

However, aprotinin seems not to be the ideal inhibitor that can be used in humans as it is
related to severe side effects such as kidney injury, myocardial infarction, heart failure
and stroke'?. It would also be a promising alternative therapy by using the specific serine
protease(s) inhibitor, which is (are) responsible for ENaC activation in nephrotic patients
with diuretic resistance''®. Therefore, the responsible serine protease(s) for activating
ENaC have to be identified to enable a targeted inhibition in the urinary space. A novel

finding in our study was, aprotinin treatment was still effective in nephrotic
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nphs22P°d*plo”- mice’™ underscoring other serine proteases than plasmin are
indispensable in ENaC activation in experimental NS (Figure 47 and Figure 48). The
activity of these protease(s) was (were) suggested by the residual amidolytic activity in
nphs22P°*plo”" mice that treated by placebo pellets’, as shown in Figure 47.

We believe that this perception will promote recognizing those serine proteases
abnormally increased in nephrotic urine, which should be aprotinin-sensitive (Figure 62).
It should keep in mind that any promising serine protease should be testified accordingly
by a knockout mouse that is subjected to experimental nephrotic syndrome. The gold
standard for diagnosing sodium retention should be an abrupt body weight gain. However,
the single knockout models might not elucidate the possibility of a cascade reaction
among the excess serine proteases in nephrotic animals that regulates the ENaC in a
proteolytic manner. With this regard, the prevention of sodium retention by aprotinin in
nephrotic mice could result from the inhibition of multiple serine proteases in ENaC
activation’*,

In an experimental NS with inducible mutation of nphs2, inducing by tamoxifen injection,
researchers identified several proteases in nephrotic mouse urine®, such as Hepatocyte
growth factor activator, Napsin-A, Lactotransferrin, Cathepsin B, Kallikrein-1, Cathepsin
D, Prostasin, etc. Notably, some of the identified serine proteases are aprotinin-sensitive.
For example, urinary active plasma kallikrein, which has been shown that was closely
correlated with albuminuria in about in 30% of patients with CKD!!!. However, this
candidate was reported not essential in the activation of ENaC in a DIN model
previously'?’. For a better understanding of the pathophysiologic relevance of the exact
serine protease or the interactions among serine proteases involved in the activation of
ENaC in NS, more in vivo studies are required.

The expression of ENaC subunits by immunohistochemical analysis highlighted the
increased expression of a- and y-ENaC at the apical membrane on day 8’*, which is the
so-called apical targeting. This is related to the increased cleavage of a- and y-ENaC by
furin, which are the dominant forms of ENaC found in the plasma membrane'?’. This
phenomenon was also observed by Western blot which detected mild up-regulation of the
furin-cleaved a- and y-ENaC, most likely by increased aldosterone level. However, it was
difficult to detect the fully cleaved y-ENaC in either nephrotic nphs2/?°? mice (C57B16
%

background)’™ or in doxorubicin induced experimental nephrotic mice (129/SvimlJ
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background)***%1% at least by our group, and is still needed to be improved. The amount
of fully cleaved ENaC protein, which locally lies in the apical membrane, might not be
sufficiently identified by the antibody applied in Western blot in this study’®. Thus, we
cannot provide direct evidence of the increased ratio of fully cleaved y-ENaC at the cell
surface of renal tubular by filtered urinary serine proteases in NS’ In general, the
complex of ENaC regulation should always be taken into account!?1?°. Except for
proteases, there are several other extracellular and intracellular factors that may involve
in ENaC regulation in NS as well, such as diet habits (intake of Na"), regulatory proteins,
phosphorylation status, acidic phospholipids or palmitoylation®.

In conclusion, our study proved for the first time that plasminogen is not required in ENaC
activation in experimental nephrotic syndrome. In contrast, we emphasized that the
treatment with serine proteases inhibitor aprotinin effectively prevented sodium retention
and edema in nephrotic animals with plasminogen deficiency’*. These findings contribute
to searching for the essential role of other serine proteases in regulating sodium retention
in NS. The present study strongly argues against the current concept of plasmin-mediated

proteolytic ENaC activation in NS,

Serine protease
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Figure 62 The current model of the role of proteasuria in activation EnaC in experimental NS

In experimental NS, due to the damaged podocyte, proteasuria reaches to distal tubular and activates ENaC
in a proteolytic manner. Plasmin(ogen) is one of highly acquainted serine proteases in nephrotic urine,
which was proved not essential for ENaC activation by this study. However aprotinin inhibited the
activation of ENaC in nephrotic plasminogen-null mice. These findings indicate that one or more over-
filtered serine protease(s) in experimental NS may be responsible for ENaC activation and edema. The
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specific urinary serine protease(s) is (are) still unknown’™ (This artwork was supported by Ms. Marina
Corral Spence and Mr. Hao Tian ).
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Summary

Sodium retention is the hallmark of nephrotic syndrome (NS) and is considered as a
consequence of epithelial sodium channel (ENaC) activation by proteasuria in a
proteolytic way. Plasmin is the most adequate serine proteases in urine from nephrotic
patients and experimental animal models, and has been proposed indispensable for ENaC
activation. However, evidence of the crucial role of plasmin in ENaC activation lacks in
vivo. Thus a reliable mouse model developing experimental NS with plasminogen
deficiency was needed. In this study, mice with conditional nphs2 deficiency were used
for modeling experimental NS (nphs247°? mice), based on a podocyte specific deletion

of podocin. These mice were crossed with mice lacking plasminogen (B16-Plg™!14

or plg
") to generate a double knockout mouse-model (nphs24P°?*plg”"). After a 14-day oral
doxycycline treatment, both nphs24P*?*plg™* and nphs2?P°/*plg”~ mice developed NS.
Nephrotic mice were investigated for the ENaC activation and sodium retention during
follow-up. Nphs24Pod*plg™* and nphs24P°¢*plg” mice received the implantation of
sustained release pellets containing aprotinin to determine if the serine protease inhibitor
prevented sodium retention. Podocin was completely deleted from podocytes in
nphs227°4 mice after doxycycline treatment and recapitulated all the features of NS in
patients including massive proteinuria, hypoalbuminemia, severe edema, and
hyperlipidemia. Function of kidney and ENaC were not different in uninduced
nphs24P°4*plo”" mice compared to the wild type mice. Quantitative of proteinuria was

+/+

similar in both nephrotic nphs2??P°*plg™* and nphs2/P°?*plg”- mice. Western blot

** mice which was absent

detected plasmin (ogen) in urine from nephrotic nphs247°?*plg
in nphs24P°d*plo”" mice. The natriuresis response to amiloride was increased similarly in
both genotypes after induction of NS compared to the uninduced state, which indicated
ENaC activation. The decline of sodium excretion in both genotypes led to body weight
increase and edema. Sodium retention and edema were then lost in nephrotic mice 10
days after the end of induction in both genotypes. Treatment with the serine protease
inhibitor aprotinin prevented sodium retention in not only nphs2/#°?*pJg mice but also in
nphs22P°*plo”" mice. In the long-term, and nphs2?7°“*plg”~ mice lost more body weight
than nphs2?7°*plg*’* mice and had a shorter survival time. In conclusion, a new mouse

model with inducible podocin deficiency was characterized featuring all aspects of

nephrotic syndrome including sodium retention by ENaC activation. This model is ideal
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for studying postnatal nphs2 mutation and ENaC activation by proteasuria. Beside, this
model is also sufficient for studying chronic kidney disease, and its complications, such
as anemia. For the first time, this study indicated that mice lacking plasminogen were not
protected from ENaC-mediated sodium retention, even though plasminogen-plasmin was
highly abundant in the urine from experimental nephrotic syndrome. In contrast,
treatment with serine protease inhibitor aprotinin abolished sodium retention in both
genotypes. These findings highlighted that plasmin is not essential for ENaC activation
in experimental NS in vivo. The essential aprotinin-sensitive serine protease(s) in NS

remains to be identified.
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Zusammenfassung

Die Natriumretention ist das Kennzeichen des nephrotischen Syndroms (NS) und wird
wahrscheinlich durch die proteolytische Aktivierung des epithelialen Natriumkanals
(ENaC) durch aberrant gefilterte Serinproteasen vermittelt. Plasmin ist die am hiufigsten
vorkommende Serinprotease im  nephrotischen Urin von Patienten und
Tierversuchsmodellen und wurde als verantwortlich fiir die ENaC-Aktivierung
vorgeschlagen. In vivo fehlt jedoch ein Beweis fiir die wesentliche Rolle der ENaC-
Aktivierung durch Plasmin im experimentellen NS. Daher wurde ein zuverldssiges
Mausmodell benétigt, das experimentelle NS mit Plasminogenmangel entwickelt.

In dieser Studie wurden Méuse mit induzierbarem nphs2-Mangel in Kombination mit
einem podozytenspezifischen TetO-Cre-Lox-P-System zur Modellierung von
experimentellem NS verwendet (im folgenden nphs247°?-Miuse genannt). Diese Miuse
wurden mit Méusen mit Plasminogenmangel (B16-Plgtm1Jld oder plg”") gekreuzt, um
Double-Knockout-Miuse (nphs24?°?*plg”") zu erzeugen. NS wurde nach einer oralen

** als auch in

Doxycyclin-Behandlung fiir 14 Tage sowohl in nphs24Pod#plg
nphs22P°*plo”- Miusen induziert und die Miuse sodann auf die Entwicklung einer
Natriumretention und ENaC-Aktivierung untersucht. Zur Priifung des Effekts des
Serinproteaseinhibitors Aprotinin wurden Mausen von jedem Genotyp subkutane Pellets
mit verzogerter Freisetzung von Aprotinin implantiert.

Podocin wurde in nphs24?°?-Miausen nach Doxycyclin-Behandlung vollstindig aus
Podozyten entfernt. Dies fiihrte zur Auspragung aller Merkmale eines NS bei Patienten,
einschlieBlich massiver Proteinurie, Hypoalbuminimie, ausgeprigten Odem und
Hyperlipidimie. Nicht induzierte nphs24#°¢*plg”- Miuse hatten im Vergleich zu Wildtyp-
Mausen eine normale Nierenfunktion und Natriumhandhabung. Nach der Induktion nahm
die Proteinurie sowohl bei nphs24P°?*plg”- Musen dhnlich zu. Western Blot zeigte eine
Ausscheidung von Plasminogen-Plasmin im Urin bei nphs247°?*plg™* Miusen, die bei
nphs24P°?*plo’- Miusen fehlte. Nach dem Einsetzen der Proteinurie war die Amilorid-
sensitive Natriurese in beiden Genotypen im Vergleich zum nicht induzierten Zustand
erhoht, was auf eine ENaC-Aktivierung in beiden Genotypen von dhnlichem Ausmal
hinweist. Anschliefend sank die Natriumausscheidung im Urin bei beiden Genotypen,
was zu einer Zunahme des Korpergewichts und der Entwicklung von Aszites fiihrte.

Natriumretention und Odem waren bei nephrotischen Miusen 10 Tage nach dem Ende
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der Induktion in beiden Genotypen reversibel. Im weiteren verloren nephrotische

** Méuse und

nphs22P°*plo”- Miause verloren mehr Kdrpergewicht als nphs24P°d#plg
wiesen eine kiirzere Uberlebenszeit auf. Die Behandlung mit dem Serinproteaseinhibitor
Aprotinin verhinderte die Natriumretention nicht nur bei nphs2??P°/*plg™* Mausen,
sondern auch bei nphs24P°*plg” Miusen.

In dieser Arbeit wurde ein neues Mausmodell mit induzierbarem Podocin-Mangel
charakterisiert, das zur Untersuchung der postnatalen nphs2-Mutation und der ENaC-
Aktivierung durch Proteasurie ideal ist. Daneben ist dieses Modell auch geeignet, um
chronische Nierenerkrankungen und deren Komplikationen wie Andmie zu untersuchen.
Obwohl Plasminogen-Plasmin reichlich im Urin nachzuweisen war, waren nephrotischen
nphs24P°?*plo”"_Miusen nicht vor einer ENaC-bedingten Natriumretention geschiitzt. Im
Gegensatz dazu waren beide Genotypen durch die Behandlung mit dem
Serinproteaseinhibitor Aprotinin geschiitzt. Diese Befunde weisen darauf hin, dass
Plasmin fiir die ENaC-Aktivierung in experimentellen NS in vivo nicht erforderlich ist.

Die Identitdt der essenziellen aprotinin-sensitiven Serinprotease(n) beim NS bleibt noch

verborgen.
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