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Summary

Zusammenfassung

Adipositasassoziierter Tyy2-Diabetes (T2Dist eines der grof3ten Gesundheitsprobleme der
Welt. Die Morbiditat und Mortalitdt von T2D sind mit Komplikationen wie Hé&eislauf
Erkrankungen, chronischer Nierenerkrankung(CKD), diabetischer Retinopathie und
diabetischem Ful3syndronassoziiert. Risikofaktoren fir T2D sind ein bewegungsarmer
Lebensstil, hyperkalorische Erndhrung, Adipositas, Hyperlipidamie und Hyperurikdmie.
Diabetes fuhrt zu h&modynamischen und metabolischen Stress in dere.NR@er
zugrundeliegende Pathomechanismus beruht auf glomerul&igperfiltration und einer
Hyperreabsorption Reaktiv kommt es zu einer Hyperreabsorption l6slicher Substanzen
LINPEAYLFf Sy ¢{dioNB @zd HASAGSNI &AyS Erdnyigplirone y St £ S
dar und beguinstigt das Auftreten und Fortschreiten von Nierenerkrankungen. Insbesondere
Patienten mit einer vorbestehenden, verringerten Nephroasrahl sind gefahrdet.
Therapeutisch werden standardmalig Medikamente zur Senkung des Blutzpiekeis
(Inhibitoren des ReniAngiotensirAldosteronSystems (RAS), Metformin, Inhibitoren des
Natrium-GlucoseTransporters2 (SGLT2und des Blutdrucks (Erstlinien Therapie mit
Inhibitoren des RAAS, sekundare Therapie mit Statinen sowie Nikotinentwghood
salzarme Erndhrung) eingesetzt. Oftmals reicht eine Standardtherapie zur Pravention der
Progression der Nierenaknkung und Verbesserung der Prognose nicht aus. Auch unser
Verstandnis fir die zugrundeliegenden Rattechanismen entwickelt sich weite Als
Reaktion hieraumuss die Standardtherapie stetigrbessert und angepasst werden. Jingste
Studien legen nahe, dass beispielsweise eine verbesserte Podozytenregeneration (mit Hilfe
von Arzneimitteln wie BIO) ein potenzieller therapeutischer Ansatipaur Milderung von

Hyperfiltration und Albuminurie sein kénnte.

Die Frinphase der CKD ist durch eine stabile Ges@ifiR, mesangiale Glomerulosklerose und
milde Albuminurie gekennzeichnet. Dies ist mit einem Sddium GAl (GFR> = 90
ml/min/1,73 n? und ACR <3 mg/mol) vergleichbar und wird in den meisten
tierexperimentellen Studien nachgeahmt. Im Gegensatz dazu prasentieren sich Patrenten
Diabetesin klinischen Berichten mit einem Rickgang der GFR und Makroproteinurie unter
StandardtherapieUm diesen Sachverhalt im Tiermodell zu Gberprifen, wurde zunéchst ein
Studiendesign fur eine progressive Glomerulosklerose etabliert. Hierzu wurden adipése db /

db-Mause mit T2D eingesetzt. Der progressive-8€&ust konnte durch Uninephrektomie im
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Alter vonsechs Wochen imitiert werden. Zéggravationder glomeruléaren Hyperfiltration
erhielten die Tiere bis zur 20. Woche des Experimeeitse salzarme Diatlm Verlauf
entwickelten die Mauseine Glomerulosklerose. Die Bewertung der @Kblgte mithilfe von
Nierenfunktionsparameternmvie GFR und Albuminurie. T2Ihx Mause zeigten im Vergleich
zu WildtypKontrollen (WTUnx) wahrend des gesamten Experiments ein erhohtes
Korpergewicht und einen erhdhten Blutzucker. Hyperfiltration und Albuminurie konnten
ebenfals nur bei T2BUnxMausen beobachtet werden. Die Auswertung
immunhistochemischer Schnittpraparate ergab eine verringerte Podozytendichte und

Glomerulosklerose in kortikalen und juxtamedullaren Nephronen vorUi2BEMausen.

Im nachsten Schritivurde die Stamlardtherapie zur Behandlung des T2D auf dieses Modell
angewendet. Hierzu wurde den Mausen fur vier Wochen Metformin, Ramipril und
Empagliflozin (MRE) verabreicht. Die Auswertung der Daten nach der vierwodchigen Therapie
ergab, dass Mause mit medikamentodehandlung eine verringerte Hyperglykdmie und
Albuminurie im Vergleich zur Kontrollgruppe aufwiesen. In der SRatsarbung war bei
MREbehandelten T2BUnxMausen eine signifikante Reduktion der Glomerulosklerose,
insbesondere in juxtamedullaren Nephem zu beobachten. Die kortikalen Nephrone der
T2DUnxMausen zeichneten sich zudem durch eine verringerte Hypehtie und signifikant
verbesserte Podozytenregeneration aus. Die Filtrationsspaltdichte wurde als Pradiktor fur
eine ultrastrukturelle Podozgnverletzung mithilfe von STEbchauflésungsmikroskopie
analysiert. Im Vergleich zu unbehandelten Mausen erhohte die-Bétandlung die Dichte

der Filtrationsschlitze entlang der glomeruléren Filtrationsbarriere. Insgesamt konnte also ein

nephroprotektive Effektdurch dievierwtchige MRH herapie nachgewiesen werden.

Neben der ublichen Theraplonnte in diesem Modell auch das neuartige Medikament BIO
untersuchtwerden. Hier ist insbesondere BIO zu erwéhnen. Es sollte gezeigt werden, dass eine
Therapie ag MRE und BIO im etablierten Tiermodelleinem verbesserten Phanotjighrt.

Hierzu wurde die Therapie aus MRE+BIO einer MRE Therapie gegentbergestellt.
LYGSNBaalyGaSNBSAaS 1SAIGS RAS Y2YO0AYyl A2y aick
alleinigen MRE Therapie. Die Glomerulosklerose war insbesondere in juxtamedullaren
Nephronen von T2nxMausen (MRE+BIO) signifikant reduziert. Dartber hinaus zeigte die
MRE+BlI&Behandlung eine signifikante Verbesserungglemerularen Hyppertrophisowie

Podozytenegeneration in juxtamedullaren Nephronen von T@bxMausen. Die MRE+BIO
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Behandlung verbesserte die Filtrationsspaltdichte der Podozyten entlang der glomerularen

Filtrationsbarriere.

Weiterhin  wurden T2BJnxM&use mit einer BIO Monotherapie Mausen mit
Komhnationstherapie aus MRE+BIO gegenibergestellt. Im Rahmen der Monotherapie konnte
eine signifikante Reduktion der GFR beobachtet werden. Ebenfalls wirkte sich die
Monotherapie im Vergleich zur Kombinationstherapie nicht negativ auf die sekundéren
Parameteraus. Zwar reduzierte die BiBehandlung signifikant die Glomerulosklerose, hatte
jedoch im Vergleich zur MRE+BEB®handlung keinen Einfluss auf die Podozytenzahl.
Insgesamt kann einer Bi®upplementierung zu einer MRE Behandlung ein nephroprotektiver
Effekt zugeschrieben werden.

Dieser Effekt wurde audim vitro untersucht. Dazu wurden Glomeruli in hoher Reinheit aus
Méausenieren extrahiert. In Anwesenheit hohelukosg30 mnol) und BIO wurde die mRNA
Expression des Podozytspezifischen Proteins Nephrimtersucht. Als Kontrolle dienten
Kulturbedingungen ohn&lukose Nephrin wurde vor allem von Zellen unter BEQposition
vermehrt exprimiert. Insgesamt erwies sich BIO als ein potenter Nephateininduktor in

Maus-Glomeruli unter diabetischen und nicldiabetischen Bedingungen.

Das Ergebnis unserer Experimente zur Weiterentwicklung der Standardtherapie der
progressiven CKD unter T2D kombinierte ein Modell aus: progressivem Nephronenverlust,
StandardKomedikation, Berechnung der Gruppengrof3e, Durchfiigreiner neuartigen
Therapie, vorab festgelegter primarer und sekundarer Endpunkte (orientiert an klinischen
Studien), komplexe morphologische Untersuchungen, um mechanistische Erkenntnisse zu
gewinnen. Unser neuartiges BNledikament zeigte in diesem expmentellen Design eine
signifikante nephroprotektive Wirkung gegentiber Metformin mit doppelter RAAS / SGLT2
Inhibition. Die Zahl der Podozyten und die morphologischen Verdnderungen der Nieren
nahmen unter Verbesserung der mutmallichen WirkmechanismealmchlieRend legte der
Wirkmechanismus der Medikamente eine doppelte RAAS / SBéfinung nahe. Hiervon

konnten insbesondere T2D Patienten mit einer &X&gression profitieren.
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Summary

Obesityassociated type€ diabetes (T2D) is a leadivgorldwide medcal concern The
morbidity and mortality of T2D links tigjt to complications such as cardiovascular disease,
chronic kidney disease (CKD), blindness, and foot uléask factors for T2D include a
sedentary lifestyle, hypercaloridiet, obesity, hyperlipidemia, and hyperuricemia. The
diabetes mechanism leading to kidney injury involves glomerular hyperfiltration, and the
associated hyperreabsorption of solutes in the proximal tubule is referred teemodynamic

and metabolic stre8 F2NJ GKS {ARySeéd ¢KAA GqaidaNBaaé NBL
kidney nephrons, a risk factor for kidney disease onset and progression, especially in patients
with low nephron numbers. e current standard medical therapy is limited to the contbl
hyperglycemia (renkangiotensin system (RAS) inhibitors, metformin, sodglotose
transporter2 (SGLT2) inhibitor) and blood pressure control, preferentially with inhibitors of
the RAS as well as adjunct treatments such as statins, smoking cesaatioloysalt diet.
However, the mentioned strategies are maifficientto delay the progression of CKD in most
cases. Furthermore, we need to improve potential medication for diabetic patients. Recent
studies suggest that enhancing podocyte regenerafiasing drugs such as BIO) could be a

potential therapeutic strategy to attenuate hyperfiltration and albuminuria.

The initial CKD phase, characterized by stable gdtaherular filtration rate GFR, mesangial
glomerulosclerosis, and mild albuminusamilar to CKD stage G1Al1 (GFR>= 90 ml/min/1.73
m? and ACR < 3 mg#mol), is mimic by most animal studies in this domain. Conversely, most
clinical reports associate diabetes patients with gradual GFR decline and macroproteinuria
under standarebf-care treament. Furthermore, novel drugs can be studied in an
experimental setting of obese db/db mice with T2D with residual progressive GFR loss by
induction of uninephrectomy despite antidiabetic therapy and combination therapy RAS/

SGLT2 inhibitors.

Therefore,BlIOwashypothesizedo decreaseCKDprogressiorover metformin, ramipril, and
empagliflozilMRE)herapyin uninephroctomizecbesedb/db micewith T2D(T2BUnx).A
progressiveglomerulosclerosimousemodelwasdevelopedoy inductionof uningphrectomy
(at sixweeksof age)in obesedb/db micewith T2D,after uninephrectomy fed with the low
salt diet until week 20 of the experimentto acceleratedglomerularhyperfiltration-related

CKDprogression.CKDwas evaluated by kidney function parametes such as GFRand
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albuminuria.T2DUnxshowedmiceincreasedodyweightandblood glucosethroughoutthe
experimentcomparedwith wild type controls(WT-Unx).Furthermore, T2BUnxmiceshowed
hyperfiltration and albuminuriacomparedwith WT-Unxmice.Immunohistochemicahnalysis
revealed reduced podocyte density and increased glomerulosclerosisin cortical and
juxtamedullarynephronsof T2DUnx mice. Theseresults suggestour model resemblesthe

mousemodelwith progressiveglomerulosclerosis.

After edablishing a progressive glomerulosclerosis mouse model, four weeks of diabetic
patients treatstandardof-care drugs such awetformin, ramipril, and empagliflozin (MRE).
Four weeks of MRE treatment shown hyperglycemia and albumimedaction compared

with untreated T2DUnx miceln Sirius red stainindiRE treated T2nx mice significantly
reduced glomerulosclersis especially in juxtaedullary nephrons. Furthermore, MRE
treated T2DBUnx mice, reducinghypertrophy, and significantly enhanced podocyte
regeneration in cortical nephrons. Filtration slit density wasalysedas a predictor of
ultrastructural podocyte injury by STED supesolution microscopy on tissue clearing
concerning podocyte assessment. Compareth wntreated T2BUnx mice, MRE treatment

substantially increased the density of filtration slits along the glomerular filtration barrier.

Therefore, four weeks of MRE therapy was shown nephroprotection irJr20nice. Further,
we includeda novel BIO dmito the treatment regimen along witMRE toT2DUnx mice for
four weeks. Interestinglyin the progressive glomerobkclerosis mouse moddhur weeks of
treatment with MREBIO treatment shown significantly reducgdsFR compared to MRE
treated T2DUnx mice Complementation of BIO to MRE treatment significantly reduced
glomerulosclerosis, especially in juxtamedrylanephrons inT2BDUnx mice Furthermore,
MRESBIO treatmentrepresented a significant reduction of hypertrophy and enhanced
podocyte regeneratiorin juxtamedullary nephrons in T20nx mice. MRE+BIO treatment
substantially improved podocyte filtration silt density along the glomerular filtration barrier

correlated to MRE treated T2Dnx mice.

Finally, BIO alone treated T2Ihx mice affected the kidiyecompared withBIO add on
treatment with MRE.In T2DUnx mice, the administration of Bio (without MRE therapy)
significantly reduced GFR decline and did not affect secondary outcomes BliREdherapy's
absence However, BIO treatment could significantlgcrease glomerulosclerosis, with no

effect on podocyte numbers compared with MRE+BIO treatment. From the above
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observation, BIO supplementation, along with MRE therapy, can improve kidney protection
during disease conditions. Furthermonge investigatedts direct impact on whole mouse
glomerular cellgn vitro.For that,glomeruli were extracted at high purity from mouse kidneys.

In the presence of high glucose (30 Mm), the mMRNA expression of the podpaddic
protein, i.e., nephrinis highly expressed within glomeruli under the glucose condition control
group treated with BIO and quantified. Therefore, BIO is a particular nephrin proteineinduc

in mouse glomeruli in nodiabetic and diabetic conditions.

The outcome in our experimés to advance drug testing for progressive CKD with T2D
combined a model of progressive nephron loss, standaremedication, group size
calculation, randomization to an intervention not approved before disease;speeified
primary and secondary endpomsimilar to those used in clinical trials, complex morphologic
estimation to obtain mechanistic insights and detailed safety analysis. Our novel BIO drug
demonstrated significant nephroprotective effects over metformin with dual RAS/ SGLT2
inhibition in this experimental setting. Podocyte numbers and kidney morphological changes
were increased as the putative mechanism of action was improved. Furthermore, drug
targeting in these mechanisms can consider dual RAS/SGLT2 inhibition and be a beneficial add

on medication strategy in patients withradualCKD progression wittiabetes



Introduction

1. Introduction

1.1 Chronic kidney disease

CKDis an unavoidableand gradualdecrease of kidney functioand leads to kidney failure,
termed end-stage kidney diseas€KD define athe kidney undergoes structural changes or
functional changes preserfor three months or longér. Kidneyabnormalities combine
albuminuria (alburm/creatinine ratio >30 mg/g), kidney structural changes, urine
abnormalities, electrolyte imbalance due to tubular stress, histopathological changes, and
reduction of GFRto <60ml/min/1,73m2 present for 3 months, with health implications
(Fig.1) Furthermore, kidney structural changes such as most to dfiect of podocyte
catastropheassociatedylomerulosclerosis, e.g., iniag, diabeteshigh blood pressurgeand
glomerulonephriti4>. CKDafflicts 15% of the US#dult population,and its predominance has

to rise to 50% over the next two decadds

Complications

Glomerular
filtration rate
Normal Incrgased Bamagh -::'..}GFR
n5k -"‘~..........___________
Damage
dney dsease {27y Aoute Kidney injury
- Duration £ 3 months = acute - Change within 1 week

- Duration > 3 months = chronic

Figure 1. Theoreticalmodel andallocation of kidney diseaseComponents correlatedith increased
risk of kidney disease (greemhasesof disease (orange), ardifficulties (death; red). Horizontal
arrows showchangedetweenphasegkidney outcomes). From left to rigt$polid arrowsndicatethe
progression of kidney disease.

The classification of CKD in five different stages is bagethe GFR (Table 1). Moreover,
albuminuria and clinical diagnosis involvement in the classification define the disease's

severity more accurately and #icipate the prognosi&®. Then, the prevalence of CKD
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accounts for almost 15% of the adult US community, and the associated major risk factors are

diabeted? andheart-related diseasa?=3.

Table 1.Developng Global Outcomes (KDIGO) kidney function and disease

abbrevia

Symptom tions

Rationale/explanation Terms to avoid

GFR categories

b2NXIFf (G: G1
arf Rfe @ G2

LA PR G3a
a2ZRSNJ uSt G3b
{ SGSNEBET & G4
Kidney failure G5

Hyperfiltration

GFR reserve

For use in dfine GFR levetither presence or

absence of kidney disea®eal/min per 1.73 m2

GFR >90

GFR 669

GFR 45%9

GFR 30

GFR 129

GFR <1%or dialysis)

Thetheory of hyperfiltration is accepted but not Kidney
constantlydefined. Ifthis term is used as an hyperfiltration
exposureoutcome,the GFR threshold must be
described(e.g., >120 ml/min per 1.73 m2).

Thetheory of GFR reserve &pprovedas the
variationamongstimulated and basal GFR

Kidneyfunction
reseve

Albuminuria
categories
Normal

aiAf Rt & e

Normal to mildly Al
rH(normal tomild)

Moderately A2
O Y2 RSN (

Todefine albuminuria leveleither the presence
or absence of kidney disease

AER <10 mg/dACR <10 mg/g (<1 mg/mmol)
AER 1629 mg/d,ACR 1629 mg/g (1.@2.9
mg/mmol)

AER <30 mg/dACR <30 mg/g (<3 mg/mmol)
PER<150 mg/dPCR <150 mg/g (<15 mg/mmol

AER 36300 mg/d, ACR 3300 mg/g (830
mg/mmol) andPER 15600 mg/d,PCR 15500
mg/g (1550 mg/mmol)

Normoalbuminuria

Microalbuminuria

Adopted and modifiett

1.2.Kidney anatomy and function

The kidneys areomposedof functional units of nephrori. Each nephron has two parts,

glomerulus and tubuleA crosssectional view of the kidnegifferentiates into two distinct

regions: Cortex and Medulfa (Fig2). The kidney cortex comprises the cortical and

juxtamedullary glomeruli and proximal tubules, a significant part of distal tubulbereas

the kidneymedulla comprises theollecting ductof the nephron.The domerulusis vital for

the filtration of blood* The glomerulus filters blood and allowing the passage of small

molecules such as glucose and electrolytes,the.glomerdar ultrafiltrate.

11



Introduction

— cortical nephron

— Cortex
Juxtamedullary
nephron
Collecting duct — Medulla

Figure 2 A cosssectional view of the kidney.

Thenephron's proximal tubule ensures reabsorption of most of the filtered solinetjding
glucose from the glomerularltiate. The kidneyubule is dividedinto a proximal and distal
tubule connected by the Henle's loop. The distal tubules of many nephrons merge into
common collecting ducts. Sevekadineytubules and collecting ducts together form a pyramid
shape called Bartolini pyramids. The base of gaglamid connects to th&idneypelvis and

drains the urine into the ureter.

Kidney physiology

The kidney has a fundamental role in the elimination of metabolic waste products and
maintaining homeostastd Besides filtration, kidneys also secrete molecules that control
blood pressure, plasma pH, etc. The kidney's function to produce nearly pffodeirurine
depends on thenutual contribution of all three components of SD. The glomerulus has highly
vasculaized blood capillariesormingthe glomerular filtration barriet®. Glomerular filtration
barriert®consists of threegivotal elements fenestrated endothelium, glomerular basement
membrare (GBM), and podocytes (RY.The fenestrated endothelium (7100 nm) lines the
innerareaof glomerular capillarieand permits the small molecules ¢mthrough theurine'’.

GBM (256300 nm) is an extracellular matrix composed of structural proteins such as collagen

matrix, fibronectin, and heparan sulfate proteoglycn®odocytes are poshitotic visceral

12
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epithelial cellshat adhere firmly to GBM and offer epithelial coverage to glomerular blood
vessels. The sifore size between adjacent podocytes is differing from 20 to 60 nm. This
three-layeredglomerular filtration barrierand particular architecture play a stgpecificand
chargedependent molecular sieve, improving the filtration of water, electrolytes, and small
solutes. However, limiting the entry of negatively charged macromolecules, such as proteins

and polypeptide®. Proteins with a molecular weight of 20 kDa will pass through the GBM.

Collecting duct

Endothelium

J/ 4 Urinary
space

High flux of water & small‘mblecules

Kidney cross section Nephron Glomerulus Filtration barrier components
Figure3. The kidney structure and the cellular component8AS panoramic 1xephron structure,

and the glomerulus and its cell components.

Furthermore, the smaller proteins are mostly reabsorbed by proximal convolubedes, and
only a small amountliminate through the urine. Howeverdue to abnormalities in the
nephron, different quantities of plasma proteins, mainly albumin (~65 kDa), are eliminated
through the urine. Albuminuria is a welkstablished marker of filtration barrier dysfunction

and indicates kidney injury.

1.3. Kidneypathophysiology
1.3.1. Type 2 diabetes

T2D indicatesthat a class of common metabolic disordecentribute to the essential
phenotype of elevated levels of gars in blood circulatich??2 The worldwide diabetic
population of patients with diabetesvas around 463 millio¥, and more than 59 million
affectedEurope.The number ofdiabetic patientsvaspredictedto increase to 51%ndeven
double in North Africagountries and territoriesn the Eastern Mediterranean, and SouBast
Asiaby 2045 However,severalcountries reportthat the onset ofT2D, evenn the young
population also increasinglue to a sedentary lifestyleand obesity*2% According to the
reports ofhigh morbidityand mortality ratesin 2013 around 5 million people diedue toT2D

complicationsThe morbidity of T2D relates taacrovasculacomplications such asoronary

13
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artery diseasegerebrovascular diseasand microvascular complications such as neuropathy

retinopathy, andnephropathy?.26.27

Diabetes iglividedinto severaltypes Fig4), from whichT2Dcontributes approximately 90%
and the rest by typel diabetes T1D. T2D the pathophysiologyincludng peripheral insulin
resistance, lack dfisulin secretion, andnimbalance inglucose resorptioff. However, T1D
represents the absenceof insulin due © the destruction of pancreatic OStt a
compromised action on target cels The etiology off1Dand T2Dassociate withgenetic
predisposition with environmental factots InT20 it has been shown that individualityle
contributes massively to theiskase'sadvancementand increaseassociated witha high-fat

diet and physical inactivit{.

Classification of diabetes types

|

1.Type 1 diabetes (5%)  2.Type 2 diabetes 3.0ther specific types of diabetes 3.Gestational diabetes
a) Immune-mediated (9.3%) a) Genetic defects of Bcell function mellitus (GDM) (13.2%)
b) Idiopathic b) Genetic defects to insulin action

c¢) Diseases of the exocrine pancreas

d) Endocrinopathies

Figure4. Allocation of diabetes typesAdaptedand modified?

Pathophysiology of diabetic kidney disease

Diabetic kidney disease (DK®)he primary chronic probleim diabetic subjects that promote
20-40% of patients with Type 2 DM or Typgé. DKOs a microvasculazomplexity indiabetes
progressioncharacterized byyperglycemiagonstant alouminuria (>306g/24 h), declined
GFR, and higher blood presstiteThepast eventsof DKD hae been extensivelystudied in
T1Dbecause the onset is usuaihisible It developsearlier in life, so thgperiod of diabetesis
longer as for those witi2D In general, CKD with diabetes starts wdh increase in GER
gradual albuminuria, and further leads to podocyte injanyd, ultimately, leads to kidney
failure. Different netabolic changesccur in diabetes, whideadsto kidneyinflammationand
causedibrosis and kidney hypertropR$ However, the progression of microalbuminuria (>30
mg/day)to macroalbuminuria (>300 mg/day) and decline in GF&rect predictor forend-

stage kidney diseasim DKB* (Fig5). Therefore microalbuminuria is a crucial anticipating
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parameter for the progression in the advancement of DKD in diabetic patteNevertheless
some other causes such as gendage, obesityglycemic regulationdiabetesperiod, high
blood pressureetc. also contributeto some extent to progressive deterioration of kidney

function3®

Figure 5 The natural course ofCKD with
diabetes diabetic kidney diseas&®redominant
clinical and morphological changes in the time of
DKD are summarized in this picture. The onset of
DKD begins with hyperfiltration and progresses
to overt proteinuria. The major structural

changes dung the progression of DKD are

mesangialmatrix expansion,GBM thickening,
and glomerular sclerosis. DKWas mainly
demonstrated with gradual proteinuria

increased SNGFR, and decreased GFR events

associated with kidney failure.

Kidney failure

Glomerularhyperfiltration in DKD

TheGFRs a primary parameteto check thekidney function and it shows theplasma flow
from the glomerulus into Bowman's space overagticular period®’. Thetotal GFRepresents
the sum of all single nephron GFRs (SNGFR) and shown CKD progrefididmey life spaff.
Nephron number is constardt birth, andas mammals cannot replace or regenerate lost
nephrons, nephron number declines along witlie*°. In healthy individualsGFR declines
accordingly as noompensatory hypertrophy occuf% indicating that healthy agmrequires
fewerkidney functiort!, probably due to less uptake of osmolytes and generation ofahelic
waste products (Fi§). A diabeticpatient with poorly controlled CKD stage G2 whtvinga
total GFR of 80 ml/min has probably already lost 60% of nephrons as with all nepBFeRs
shouldbe 150 ml/min or more. These remnant nephrons must have an increased SNGFR as a
marker of increased workload and are at riskyield single nephron hypeitration and

hyperreabsorbtio?.
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Figure 6 Thekidney lifespan with chronic kidney diseasén diabetes, hyperglycemia is a central
driver of the same mechanismsThus single nephron hyperfiltration is a central disease
pathomechanism of CKd@Fadual increasd.e, shortening kidney lifespan.

The condition is worst in diabeticpatient with poorly controlled CKD stage G3a widving

a total GFR of 50 ml/mjrwith probably only 25% of his nephrons leBach of them with
massively increased SNGFR, massive siegleron hyperfiltrationand hyperreabsorbtiof?.
Without a robust therapeutic intervention that reduces the workload at timelividual
nephrons' level such nephrons loss gets lagtickly, i.e, CKD progressiowith diabeteg?.
Thus, the increased SNGFR is the central pathomechanismsaricemenin every form of
CKDanddiabetic nephropathy, a disease where single nephhyperfiltration is the central
pathomechanisr?f?’. While endowment with a large number of nephrons can handle
diabetesrelated hyperfiltration, conditions of absolute (CKD, aging, or both) or relative low
nephron numbers (low nephron endowment, obesity, pregnancy, previous acute kidney
injury) may pass the threshold amtomote the podocyte loss leads fwrogressive loss of
nephrong?. Therefore, reducing single nephron hyperfiltration (and hyperreabsorbisaihe
main treatment tar@t in diabetic kidney diseases and requieedeeper understanding of the

factorsdeterminingglomerular filtration in health and diabetes.

Albumin leakage inducekidney damage

Proteinuria often referred to as albuminuria, is indexed by the amouattafmin is presented

in the urine collected in 24 ht$ Under standard physiological conditions, the minimal
amount of albumin protein is filtered by the glomeruli again easily reabsorbed into the
tubule*®“%, The increased albuminuria increases kidney injury involves several pathways that
finally lead to tubulointerstitial damagé Albuminuria is a primary clinical symptom in DKD

1€



Introduction

Albuminuria is rangeftom micro to macro to adverse or overt proteinuria. Microalbuminuria,
referred to as albumin levels, varied from 30 to 300 mg/24 h urine collected, and
I 6 B44zBrounpo50% of Eatiekts

with microalbuminuria would proceed to macroalbuminuria in the absence of early

Y ONR I f 0 dzY Ay dzNA |

intervention, which is correlated with ten times greater probability ofradud increaseto
end-stage kidney diseagban thatabout patientsalongnormoalbuminurid®®°. However, in

patients with T2D, classical cardiovascular risiois such as the high concentration of

N} y3ISa

HnNK

albumin present in the urine, high levels of hemoglobin A1C in the blood, hypertension, and

hyperglycemia without effect on estimated GERn vitro studies showed that high albumin
concentrations present in thgroximal and distal tubular cells would activate several
intracellular signaling pathways such ashif; protein kinase C, e¥>4. In turn, activation

of these signaling pathways induces the release of inflammatory resppmseduction of
reactive oxygerspecies® followed by endthelin-1°7, and causes tubulointerstitial fibros%

60 finally, leading to irreversible kidney injubyowever, its partial reversal upon glucose and

hypertension control has been shoywsuggesting no direct correlation with DKD. On the other

hand, macroalbuminuria is considered a standard marker of podocyte loss and an indicator of

CKD progressiorOften, macroalbuminuria develops into overt proteinuria, a clear sign of

establishing ESR followed by podocyte detachment from the basement membrane, nephron

loss, leading to kidney failute

G1 Normal or high
G2 Mildly decreased
G3a Mildly to moderately decreased

G3b Moderately to severely decreased

GFR categories
(ml/min/1.73m2)

G4 Severely decreased
G5 Kidney failure

>90
60-89
45-59

30-44

Persistent albuminuria categories

Al A2 A3

Normal to Moderately Severely
mildly increased increased increased
<30mg/g 30-300mg/g >300mg/g
<3mg/mmol 3 -30mg/mmol >30mg/mmol

Low risk Moderately increased risk

Figure 7 The KDIGO classification of CKediction of CKBtages withGFR and albuminuria. The

High risk

B Very high risk

colors display the severitiex risk in decreasing ordefdopted and modifiedft

Podocytedetachment in DKD
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Podocytes are highly specialized visceral epithelial cells and structurally and functionally
distinct fromvarious cell®f the glomerulug’. Podocytes arpostmitotic cells andconsist of

a complexcell bodyalong with expandedoot-processes’?. These foot-processedurther
interdigitate with neighboring podocyts foot processesand form the slit-diaphragng®.
Several proteingomprisal the slit-diaphragmand reported apotential role in maintaining
the functionas well aghe structure of the podocytéd. The primaryrole of the podocyte is
(a) to stabilize the glomerulaystemby opposing the distensions of the GBM, (b) to maintain
a large filtration surface across tlséit-diaphragm and also (c) teontrol the size and charge
characteristics features of thglomerularfiltration barrier, and (d) alsglaythe centralrole

in the GFR. Podocytes serve as size and chasgkective barrier, counteract intraglomerular
pressure,releasingof vascularendothelial growth factorfor maintaining thestability of

glomerular endothelial cells, and maintenance of GBM
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Healthy glomerulus cross-section Podocyte loss in DKD

(Endothelial cell @ Mesangial cell 5:? Podocyte .Detached podocyte EParietal epithelial cell .Albumin

Figure 8 A crosssection of the glomerulusThe glomerular capillaries are fixed with endothelial cells
(green) joined to the GBM. Podocyte cover theer part of GBM with large cell bodies and between
interdigitating foot procases (yellow). Mesangial cells (orange) and its associate extraceimtidax
(gray) connect adjacent capillaries, and the capillary bundle is contained theidewman’s capsule.

They are involved in the conservation of the capillary wall and capillary loop tension.
Podocytes function as an integrated filtration unisignificant crossalk between endothelial
cells, mesangial cells, and GBM is crétishjury to thepodocytes leads to lengthening the
lamellipodial extensions, and focal adhesion turnover eventually results in retraction, and the

movement of foot processes leads to foot processes effacefhdntevious studies proposed
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that upon injury, podocyte cytoskeleton reorganization is the ma@®mmon pathway

resulting in footproces effacement.

Risk factors of podocyte dysfunction

Triggers of pdocyte injuriesare marifold, includingimpairment metabolism irglucose and
lipids, high blood pressureactivationof RAS pathwaynflammation,genetics, toxins, shear
stress etc.%’. In vitro, high glucose conditioniscreasepodocyte ap@tosis viaa reactive
oxygen speciedependent pathwasf. In vivo, remnantpodocytesexpand their size to
compensatefor lost neighboring podocyts i.e., podocyte hypertrophy. Several signaling
pathways such aERK1/2 mammaliantarget of rapamycin, GSK8d some inflammatory
signalingpathways contribute to podocyte injury The TGF /Smad signaling pathwaig
alteredin diabets further inducesepitheliatto-mesenchymalransition, finallyleadingto the
detachmentof podocytesrom the GBMS. The detachment of podocysdrom the basement
membraneis a major phenotypein diabetic patientswith CKD progressiobecause its
consequences arhyperfiltration and albuminuriaand irreversible nephron lossiltimately
leadng to kidney injury Alsg glomerularhyperfiltration-related shear stresgicreases the
detachment of podocytesfrom the basement membra® Several cellular pathways
affecting podocyteinjury in CKD with diabetescludedisturbed insulin, Notchglomerular
inflammation, increased proteostasis, autophatpypassing cell cycle checkpointsmard

mitotic catastrophe, et¢%"4,

1.4. Current therapies

Multiple drugs are available to tre@KD with diabetesSeveral drugs have been deployed to
treat diabetes, but RAS inhibitors showed a promising roldeiaying CKD progressianith
diabetes>.

The Impat of ReninAngiotensin System lockade n CKD patients

The functionof the FAS has been extensively studied in the pathophysiology of CKD. In the
last decade, many studies have confaunthat the local intrarenal RRoperates separately
from the systemic RS and isstimulated in both experimental and human diabetés”.
Howeva, classically RS is a simplistic pathway through angiotensin Il (Arenid)angiotensin

Il type 1 receptor (AT1RJurrent observationeave denonstrated the complexity of F&Athat
includes among otherghe discoery fromangiotensinconverting enzyme (ACE2) in 2000

with its derived Ang Il metabolitealong withangiotensin 17 (Ang (17)) and angiotensin-@
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(Ang (19)), whichpresentan essentiafunction in the advancementaind gradual increasef

CKD with diabeté&’°. The kidney RAS is exclusively different from all other local RAS because
the rest of the essential intrarenal Ang Il production components are available with the
nephrorf®. Ang Il fomation depends on the angiotensinogen substrates, angiotensin |, and
the enzymatic action of renin, angiotenstonverting enzyme, angiotensgonverting
enzyme2, and ACG&ltonomous enzymatic pathways contains the serine proteases, such as
chymase. Ang (I), a metabolite of Ang Il, can be produced from Ang Il via hydrolysis of ACE2
or from the polypeptide Ang | via angiotengionverting enzym@&(Fig. 9). The study of
development and complicated interactions among these hormones and their relative
receptors has led to enlightening knowledgdated to the pathomechanism of CKD

progression.

Classical RAS pathway Novel RAS pathway
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Figure9. Classical and novel pathways of threnin-angiotensinaldosterone system modulated in
CKD with diabetesR/S- renin-angidensin-aldosterone system, AGinhgiotensin converting enzyme,
POP¢ Prolyloligopeptidase ACE2angiotensiconverting enzyme 2, AT1Rangiotensin Il type 1
receptor,AT2R angiotensin Il type 2 receptor, PREro)renin receptorMAS- Mas receptor.

Current treatment with RAS inhibitors
The RAS inhibitors enhanced insutfiediated glucoseuptake®?, reduced inflammatory

response, andincreased adhesion moleculexpressiof®. Ramipril treated group
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effectivelyprevented the progression of diabeteompared with placeb?d. The RENAAL
study stronglysupportedthe use of losartan as part of the standaof care irdiabeticpatients

to lower the risk of progression to ES®RDIelmisartan treated diabetic patients slow down

the progression of CKD and high blood pressure compared with placebo. Furthermore, it is an
essential therapeutic drug to protect against canhscular and kidney complications in CKD
with diabete$®. However, SGLT2 inhibitors showed a potenfiglat along withRAS inhibitors

on the diabetic ppulation

Sodiumglucosetransporter -2 as a therapeutic target in CKD with diabetes

Diabetes is unique in involving SGLT2 for deactigdtie tubuloglomerular feedbacKkr GF)
thereby installing apersistent glomerular hyperfiltration and hypertension, known to
accelerate proteinuria, glomerulosclerostie progression of CKDP8 Sodiumglucose
cotransporter2 inhibitor (SGLT2i), a negative controller of 8@LT2is an oral antidiabetic
(OAD) thatllow a hopeful perspective in the medicatiohDKDdue to the glycemic control

as well as in the remedy of the upset TGF that hayspe diabetegHg. 10). SGLT2i diminishes
glucose reabsorption in the proximal convoluted tubule, advances glycosuria, and decreases
hyperglycemia in an insukautonomous way by repressing SGLT2. (Dissimilar to other
OAD§°% Simultaneously, in the proximal tubule, glucose is reabsorbed, and then the
prevention of sodium cotransport and then the tubular fluid sodium concentration is above in
the macula densaSGLT2i reactivates the TGF and reducegltimaerular weight and SNGFR,
further decrease hyperfiltration and its unfavorable impacts on CKD with didBetes
Furthermore, the restraint of SGLT2 stopirey gluconeogenesis and advances weight
reduction and lower blood pressure, which offers a slower pace of death from cardiovascular

and for any other reasch
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Figure 10 Postulated tubuloglomerular feedback (TGF) mechanisii#g In normal conditions, by
adjusting preglomerular arteriole tone, GFR balanced théF signalingB) In diabetes,improves
proximal SGLT&ediated reabsorption of sodium and glucoseducesthis feedback mechanism.
Hence,other thanthe upregulation of GFR, the macula densa is exposed to low levels of sodium
concentration.(C)Inhibition of SGLT2estrictsthe proximal tubuleglucose and sodia reabsorption

leads to increased glucosuria, and subsequdnthersthe kidney plasma flow and hyperfiltration.

Recent breakthrough with SGLT2 inhibittirerapy

SGLT2 inhibitors have been developed as antidiabetic drugs andptiteit effects on CV
morbidity, heartfailure, and CKD progression on diabetic popul&fdi®*. The following
three FDAapproved drugs, empagliflozinamagliflozin, dapagliflozinEmpagliflozin was
combined with a slowekidney damage progressidhan inthe placebq even with standard
care®. Canagliflozin treated diabetic patients reduces the risk of kidney and cardiovascular
complications in the placebo group up to 2.62 yéarheDAPAHFrandomized patientsvere

the same ashose whoregisered and new HF trialsvith reduced ejection fraction (HFrEF).
Recommended HFrEF therapyas given to thesediabetic patients and treated with

hypoglycemic drugs

Consequentlythe DAPAHFtrial dapagliflozinvas testedn HFrEF patients with and without
diabetes®. In October 2020, the DAPAKD trial first demonstrated that inhibition of the
SGLT#Rvith dapagliflozin attenuate€KDwith proteinuria in patients with or without diabetes
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at unprecedentedresults These results have faeaching implications for a series of
traditional concepts in nephrology. It becameidentthat CKD with and without diabes
involves predominant SGLO2iven pathophysiology compared to the other pathogenic
pathways currently under consideration in the reseabbmain. Dapagliflozinshowed a
sustained decline in estimated GBfRup to 50% in CKD patients without diabeétfesSeveral
SGLT2 inhibitors have been developed with high selectivity for clinical trials in patients with
T20 such ascanagliflozin (Invokana®ppagliflozin (Farxiga®y8. These drugs consistently
helped T2D patient's glucose levels, along with weight éos$ antihypertensive effectd
However, limiteddata on the use ofSGI2 inhibitors are available in Tlfatients and
although efficacy is predicted to be identical to T8Bfety concerns remain, e,@n diabetic

ketoacidosis

1.5. Recent findings of the pathogenesis in CKD with diabetes

SGLT2 inhibition attenuasadiabetic and nordiabetic CKD progressiamith proteinuria at
such avital effect sizethat it definesa milestone discovery i@KDresearch®. It gives hope to
those that fear the morbidity and mortality related to CKD, those that fear the impact of
kidney replacement therapy on their livesspecially those whdo not have access or cannot
afford kidneytransplantation Thisobservation will create advanced motivatidor the field

of nephrology that has fallen behind in terms of research activity and progaadsthat lost
attractivity for young doctorsThis way,the DAPACKD preliminary outcomes imagine another
period of eagerness, dynamic changes, and unexpected research opportunities for the
upcoming generation of nephrologists and clinical and basic science sci€fistaspirations
donot stop with SGLT2Ivibition. The GFR declined with time in dapaglifleézeated patients

of the DAPACKD clinical tals. Therefore,there is space for other innovative treatment

beyond the dual inhibition of RAAS/SGLT2

1.6. Remaining unmet medical need

Together, these dataidentify the hemodynamic changes induced by hyperglyceasia
central pathomechanism irthe diabetic populatior?>. Genetic factors, comorbidities,
metabolic factors, neurohumoralctivity, inflammation, and tissue remodeling contribute to

the individual risk constellation and overall disease progression. However, hyperglycemia and
the related hemodynamic alterations represent the universal abnormality applying to all

patients andrepresent the prime targets for therapeutic intervention.
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Figure 11The estimated GFR change in ttreatment group. The red arrow indicatethat after 12
months, GFR decline in both groups.

There is acrucial neessity for novel models of therapy in th€KDpopulation. Currently,
pharmacotherapy, dialysis, and transplantation are the only available treatments for CKD and
ESRD, limited by efficacy issues, clinical complications, and organ donor availability. Maximal
congervative CKD treatments can fully stabilize CKD indiapetic subjects bt are of limited
efficacy Current standard medical therapy G@KDis limited to hyperglycemia (metformin,
SGLTR and blood pressure control, preferentially wigAS inhibitors anddjunct treatments

such as statins and smoking cessation-salt diet. Neverthelessthe strategies mentioned
aboveare notsufficientto delayCKDprogression in most cas&sBecauseSGLT2 inhibitors
haveshown their strong effects on CV morbidity, heart failure, and CKD progressithre on
diabetic population but not for longerm results For example, canagliflozin maintained stably

in the Credence triaGFR upgo 12 monthsafter that increased GFR declinedicatingthe

unmet need to stop CKD progressianAlso, mention that the rate of annual GFR decline is

still would bephysiologicat0.7 ml/min/year (Fig.11)

Furthermore,RASand SGLTFariven mechanisms indicate elevated levels of podocyte injury
also showed nephroprotection impacts with RAS/SGLT2 dual inhibition but finally confirmed
the podocyte injury even in humat$. For instance, medicains that improve novel
podocyte production from local podocyte progenitors may also attenuate glomerulosclerosis,
nephron loss, and GFR declifleSq we need to improveur drug targetsand according to
recent studieskidney cell regeearation from local prognitors®?could be gootential add-on

drug optionin the CKD withdiabetespopulation.
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1.7. Podocyte regeneration

Podocytes, once losthave a low capacity for structurakegeneration Recent studies
demonstrated thatmesangial and endothelial cettsuldproliferate and compnsatefor the

loss of adjacent cells upon injury or apoptosis. However, this phenomisncmallenging for
podocytes!® because they aratructurally highly differentiated andnterconnected,post-
mitotic, and hence they cannot proliferaté®. Injured podocytes detach from the GBM
frequently followed by focal sclerosis as a wound hegtiregess®. Recent studies suggest
that adult human glomeruli harbor resident progenitor cell (stem cell) populations along the
urinary pole of the Bowman's capstflé These cells' recognition is based on the expression
of cluster of differentiation 24 (CD24) and promidifCD133}%6-107-198 These cells have
regeneration properties and can differentiate ingither tubule cellsor podocytesn in-vitro

as well asin-vivol®-10, Such progenitors represenrt2% of the kidney cells in mature

kidneys%:11%and behave as precursors of all kidney epithelial cells of the cortical nefdhron

Transcription of
podocyte-specific genes

§

Podocyte committed
progenitor

£
\\ 4

~ Albumin

@ RARE
O Retinol

’ Retinoic acid

RPCs differentiation process
O

Figure 2. Schematic representation of RPCs differentiation into podocyte lineage during mild
proteinuria. A glomerulus with low protein leakage, retinoid promstBPC differentiation into
podocytes. However, glomerulus peeged with high protein leakagBRA issequestration withthe
albumin and abrogate the podocyte regeneration
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Nevertheless, in glomerular injury, parietal epithelial cells with stemness are not enough due
to the difference between the degree of injury and proliferative respdfse€? Also,
collapsing glomerulopathy is represented with a proliferative response by podocyte
progenitor cells'%-113114 Thijs indicates the lack of terminal differentiation after clonal
progenitor expansion to reestablish lost podocy#€%!1>-116, Glomerular progenitors show
diverse regenerative possibilities through certain damage arranges and adjusted by the
encompasimg environment’-118 A recent study has shown the environmental components
that liberated the RP@covery and albumin amount in the urinary proteindtfa This
observation showed that albumin compromised the RPC ability towards podocyte
differentiation. Albuminprotein hasan affinity for retinoic acid sequestratioduring GBM
injury, the retinol goes into the Bowman's space and convert into retinoic acid by the podocyte
retinaldehyde dehydrogenases (Aldhl) compound. This aggregatioetinbic acid in BS
induces RPCs differentiation into podocytéetinoic acid enhances PECs differentiation

towards podocyte lineage by the retinoic acid reaction element has presented in'fi$).12

Regenerated

odocyte
Detached P Y

podocyte

Using external podocyte
regenerative drugs

[
>

Renal progenitors

Ineffective podocyte differentiation Podocyte differentiation
from local progenitors from local progenitors

Figure 13Podocyte regeneration by pharmacologically enhanced from local progenitors

Albumin is with a retinoic acid in the circulatory system, explains low albumin protein levels
in the Bowman's space binds all retinoic acid, and decreases RPC differentzation

activated and multiplying RPC weakness poddéfteTherefore, the excessive accumulation
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of PECs in the Bowman's capsule and Bowman's space formed to crescent formations leads to

the FSGS dised$e!1%12qfig.13A).

Multiple studies have shown that drugs protect podoayie vitro and in vivomodels with
podocyte damage. Previous studies were shawn Q & lyafm@indirubin39-oxime (BIO),

a compoundthat showed a variety of the abowaentioned molecular pathway&, to
increase podocyte regeneratiom vitro and de novodevelopment of podocyte terminal
differentiation in viva?%%?4 |t has shown that adriamycin nephropathy mice protect from
albuminuria, increased podocyte number, and reduced progressive glomerulosclerosis by
inhibiting glycogen synthase kinaf&SK3 signaling pathwaywith BIO %2 Therefore BIO
(GSK3 inhibitor) would be a potential therapeutic targetritucingCKD progression.

1.8. Glycogen synthase kinas&EHK-13 signaling pathway

GSKB, a wellpersevered andsignifying serine/threonineprotein kinase, plays crucial
function in regulating thecytoskeletonarrangement and cellular mokii?>126 There are
numerous substrates mediated pleiotropic effeciBhis adaptability may come with the
various complex systems that control the activities of GSK3, give that it phosphorylates
substrates just at the ideal period, and inconsiderate subcellular components, generally
framed by complexes of protein. Accordingposttranslational modifications, substrate
formation, protein complexes, cellular trafficking, and all provide the perfect regulation of
GSKZ%’. Certainly, inhibition of the GSK3®athway support to reduction of cell motility in
multiple cell types, including glioma cé#% vascular smooth muscle céf% gastric cancer
cells®0, and kidney tubular epithelial celd. In the kidney, the GSK3athway has lately

been implicated in acute kidney injury akidiney repait®2 Even though GSK3 has presented
exceptional developmental flexibility, each novel substrate of GSK3 that develops in any novel
mechanism organized GSK3 function supports novel essential activity that could be affected
by diseases. The GSK3 autonomaatvaing procedure improves its further initiation,

especially in other complications and novel therapeutic interventions.
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Activated Wnt Signaling Pathway Inhibited Wnt Signaling Pathway
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Figure 14 GSR signaling pathway.

Glycogen synthase kinas& is anovel drugtarget in diabetic kidney disease

As per the humaprotein atlas, GSKi SELINBaaiz2y Fid Ywb! FyR LINE

human kidney?*. However, for a more comprehensive study specifically, specific cell type

SELINBaarz2zy |yR (KS RAF6SGSE AYLI OG 2y &LISOAS

appropriate to the current singteell RNA sequencing for kidney cells from both diabetes non
diabetic micé®® D& {1 ol Ywb! f S@Sta ¢ 3 (Figdpbraodek, ot S
there was no significant difference between the diabetic and contnide of the gene
expressionon GSKo i based onthe singlecell resultd®’. Several GSK inhibitors of small
molecules have been developed and evéduihe therapeutic effects in different pathological
models.Recent reports have demonstrated that the Inhibition of the @Skjnaling pathways

the reatlife essential drug target for seve@KD conditionwith diabeted33134 Also, MFGE8
(GSK3 inhibitor) was revealed as a novel therapeutic target and shown protection from CKD

by downregulation of MFGES, along with the GSK signaling pathwal®.
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Figure 15 Gsk3 singlecell RNA expressiom glomerular cells inboth diabetic and nondiabetic
mice. (B) tSNE analysis@sk3 S E LINJglandeiuldryellsiin/iabetic (left) and control (right) mice.
(C) The Violin plot shows the normalized expressionGisk3 & A-sfalef ardss cell types for
diabetic (left) and control (right) mice. (Adopted frdtn J. et al.)

GSK3 inhibitors are the potential targets for diabetes by the increase of insulin sensitivity to
maintain glucose homeostas#& Furthermore, GSK inhibition is potentially reduced the
diabeticassociatedslets inflammation in rafs®. Subsequentlyinhibition of GSKo i YAIAKIG
an essentialnoveltherapeutic target todelay disease progressidreyond MRE treatment in

CKD with diabetes
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Hypothesis

2. Hypothesis

Chronic kidney disease is considerddaingglobal health problerh?’. Treatment with dual

inhibition of RAS/ SGLT2 reduces CKD's progression rate and increases the regression of
glomerulosclerosis®45, For patients with advanced CKD, addressing podocyte dysfunction

and their injury may be an attractive approach to dual inhibition RAS/S&et2nt findings

from Lasagani et akeported 0 K & D{ Y o pathwiay mhybitén® ¥ 3 . Lh o D{ Y
inhibitor) in adriamyciAnduced nephropathy mice with increased podocyte nunsband

decreased glomerulosclerosis and protected from albumirthidiowever, diabetes involves

many other pathological pathway activations; therefore, an identical dpeutic effect is
speculative.There is no systematic research in a model that precisely mimics the clinical

scenario residual progssion of DKD above standard therapy.

Therefore, based on the previous observations and questions, which is still to be addressed,

we have made the following hypothesis:

Glycogen synthase kinase inhibition with BIO induces renoprotective effects beyond
standardof-care therapyincludes metformin, ramipril, and empagliflozin (MRE) in mice

with type-2 diabetes.

Objectives are as follow:

1. To set up a prelinical animal moel with the following characteristics:
a.Obesemiceto developT2D
b. Induction of nephron loss

2. Acceleratael CKD progressiaandfollowedbywith or without the standarebf-care therapy

i.e., MRE and+/- BIO.
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3. Materials andmethods
3.1. Materials

Table 2 Animal studies

Animal material

Company

Animal anesthesia

Isoflurane CP

Medetomidine

Midazolam

Fentanyl

Atipamezol

Flumazenil

Buprenorphine

Animal surgery

.5 aAONRtIl yOSu
.5 t f I 8ylingasl | x
Sterile gauze balls (Mulltupfer)
Sterile swab

ETHIBOND EXCEL Polyester SutQre 5

+ A O NB &bsorbable suture

{ar

Bepanthen Eye and Nose Ointment

Surgical scissors and forceps

Brinsea Octagon 20 Eco Incubator Auto
Infrared 100W Heat Emitting Bulb

Operation table

Animal sample preservation
Histology embedding cassettes
Formalin 4 %

EDTA

GFRmeasurement

NICGKidney device

Doublesided adhesive patch
FITGsinistrin

Rechargeable miniaturized battery

Sterile compress

Medical adhesive tape

Razor blades

Urine and blood measurement

Mouse Albumin ELISA Quantitation Set

Creatinine FS
Urea FS

CRPharma, Burgdorf, Germany
SanofiAventis GmbH, Paris, France
Ratiopharm GmbH, Ulm, Germany
ZoetisGmbH, Germany

CRPharma, Burgdorf, Germany

Hexal AG, Munich, Germany

Bayer Vital GmbH, Leverkusen, Germany

Becton Dickinson, NJ, USA
Becton Dickinson, NJ, USA
Verbandmittel Danz, Germany
Verbandmittel Danz, Germany
Ethicon, Germany

Ethicon, Germany

Bayer, Germany

Integra LifeSciences, France
Brinsea, UK

Philips, Germany

Medax, Germany

NeolLab, Germany
Merck, Darmstadt, Germany
Carl Roth, Germany

Mannheim Pharma and Diagnostics, Germ
LohmannGmbH and Co. KG, Germany
Mannheim Pharma and Diagnostics, Germ
Mannheim Pharma and Diagnostics, Germ
Verbandmittel Danz, Germany

BSN Medical GmbH, Germany

Gillette, USA

Bethyl Laboratories, USA
Daisys, Germany

Daisys, Germany
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hc oSt ftarONR2 St fn

b dzy @ %« ONER 2 SNel Micraplates
Bovine serum albumin fraction v

Tris

Sodium chloride

Tween 20

Sodiumcarbonate

Sodium bicarbonate

TMB Substrate Reagent Set
Sulfuric acid

pH meter

¢SOy D9bA2an

a Thermo Fisher, MA, USA

Thermo Fisher, MA, USA

Roche Diagnostics, Mannheim, Germany
Carl Roth, Karlsruhe, Germany

Merck, Germany

SigmaAldrich, Germany

Merck, Germany

Merck, Germany

BD Biosciences, NJ, USE

SigmaAldrich, Minchen, Germany

WTW GmbH, Weilheim, Deutschland

a A ON Tecan, Germany

Table3. Standardmicediet

Ingredient Quantity
Crude protein 22.00%
Crude fat 4.50%
Crude fiber 3.90%
Raw ash 6.70%
Calcium 1.00%
Phosphorus 0.70%
Vitamin A 25000 U/kg
Vitamin D3 1500 U/kg
Vitamin E 125 mg/kg
Iron (1) sulfate monohydrate 100mg/kg
Zinc sulfate monohydrate 50mg/kg
Manganese (ll) sulfate monohydrate 30mg/kg
Copper (ll) sulfate pentahydrate 5 mg/kg
Calcium iodate Anhydrate 2.0 mg/kg

Table4. Sodium deficient and MRE diet

Ingredients Quantity Sodium deficient diet  MRE diet
Crude protein 21.00% + +
Crude fat 5.10% + +
Crude fiber 5.00% + +
Raw ash 4.90% + +
Starch 28.90% + +
Sugar 11.50% + +
Nitrogenfree extracts 60.00% + +
Calcium 0.92% + +
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Vitamin A 15,000 U/kg + +
Vitamin D3 1500 U/kg + +
Vitamin E 150mg/kg + +
Vitamin K 20 mg/kg + +
Thiamine (B1) 26 mg/kg + +
Copper 14 mg/kg + +
Sodium <0.03% - -
Metformin 1500 mg/kg - +
Ramipril 6 mg/kg - +
Empagliflozin (12.5%) 480 mg/kg - +
Table5. RNA isolation, cDNA conversion, rdahe gPCR

Reagents company

RNA isolation

2-Mercaptoethanol SigmaAldrich, Minchen, Germany
DNase and RNase free water Thermo Fisher, MA, USA

96% Ethanol Merck, Darmstadt, Germany

RNase AWAY® spray SigmaAldrich, Minchen, Germany

wb! € F G§SNx { G 0 At Thermo Fisher, MA, USA

t dzZNB [ A YRNAKita A Y A Ambion, Germany

RNaseFree DNase Set Qiagen, Germany

Homogenizer Ultrad urrax® T25 IKA GmbHGermany

DNA conversion

bl y25NRL { LSO NBiotechnologie, Erlangen, Germany

5x FirstStrandPuffer Invitrogen, Karlsruhe, Germany

Acrylamia Ambion, Darmstadt, Germany

Dithiothreitol Invitrogen, Karlsruhe, Germany

dNTP Set GE Healthcare, Minchen, Germany
Roche Diagnostics, Mannheim,

HexanucleotieMix Germany

RNAsiIn PromegaMannheim,Germany

SuperScript || Reverse Transcriptas Invitrogen, Karlsruhe, Germany

Thermomixer 5436 Eppendorf, Hamburg, Germany

Realtime gPCR

SYBR green | SigmaAldrich, Minchen, Germany

PCR Optimizer Biomol, Hamburg, German

MgClI2 25Mm Thermo Fisher, MA, USA

Bovine Serum Albumin PCR grade Thermo Fisher, MA, USA

PCRPrimer Metabion, Martinsried, Germany

TagPolymerase New England BioLabs, Ipswich, USA

10X Taq Buffer New England BioLabs, Ipswich, USA
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Lightcycler 480 PCR with @@lls
Optical lid strip for 9évell plates
LightCycler 480 MultiwelPlate 96
LightCycler 480 Instrument

Sarstedt, Germany
Sarstedt, Germany
Roche Diagnostics, Germany
Roche Diagnostics, Germany

Table6. Histology

Antibodies and reagents

Company

Antibodies used in histology
Anti-mouse Wilms Tumor (W)
Anti-mouse Wilms Tumor (W)
HRP linked Amoat secondary Ab
HRP linked AnfRabbit secondary Ab
Reagents used in histology

DAB substrate chromogen system
AvidinBiotin Complex Kits
Antigen unmasking solution
Avidin

Biotin

DAB Peroxidase Substrate Kit
Nuclear Fast Red solution
Ammonium persulfate (APS)
Disodium tetraborate

Antifade Mounting Medium with DAPI
PicroSirius red solution

Eosin

Fixation solution

Formaldehyde

Hydrogen peroxide

Methanol

Paraffin

Periodic acid

Schiff Reagent

Nitric acid

Silver nitrate

Thiosemicarbazide

Xylene

Cell signaling, MA, USA

Santa Cruz Biotechnology, CA, USA
Dianova, Hamburg, Germany

Cell signaling, Danvers, MA

DakoCytomation, Glostrup, Denmark
Vector Laboratories, USA
Vector Laboratories, USA
VectorLaboratories, USA
Vector Laboratories, USA
Vector Laboratories, USA
SigmaAldrich, Munich, Germany
Bio-Rad, CA, USA

Merck, Darmstadt, Germany
Vector Laboratories, CA, USA
SigmaAldrich, Munich, Germany
Merck, Germany

Acquascience, Uckfield, UK
Merck, Germany

Merck, Germany

Merck, Germany
Merck,Germany

Carl Roth, Germany
SigmaAldrich, Munich, Germany
Merck, Darmstadt, Germany
Carl Roth, Germany
SigmaAldrich, Munich, Germany
Merck, Germany

Table7. Miscellaneous

Miscellaneous

Company

Falcon, 15/50 ml
Reaction tubes, 1.5/2.0 ml

Greiner BieOne International GmbH, Germany
Paul Boettger GmbH Co. KG, Germany
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PCR Safe lock tubds5/2.0 mi
ryovial, 2.0 ml

Refill pipette tips

Serological Pipette

PBS

Tissue culture dish, 100 mm
Analytic Balance

Mettler PJ 3000 MettlefToledo
Heraeus, Minifuge T
Heraeus, Biofuge primo
Heraeus, Sepatech Biofuge A
Leica DC 300F

Olympus BX50

Microtome HM 340E
Thermomixer 5436
VortexDSY A S Hx
Water bath HI 1210
Easypet® pipette controller

Eppendorf, Germany C

Alpha Laboratories, UK

Greiner BieOne International GmbH, Germany
Greiner BieOne International GmbH, Germany
PANBIotech

TPPTrasadingen, Switzerland

BP 110 S Sartorius, Gottingen, Germany
Greifensee, Switzerland

VWR International, Darmstadt, Germany
KendroLaboratory Products GmbH, Germany
Heraeus Sepatech, Germany

Leica Microsystems, UK

Olympus Microscopyermany

Microm, Heidelberg, Germany

Eppendorf, Hamburgzermany

Bender Holbein AG, Zirich, Switzerland

Leica Microsystems, Bensheim, Germany
Eppendorf, Germany

Pipetman® pipette
Research Pro electronic pipettor
Multi-channel pipettor, 3eB00" |

Gilson, Middleton, WI, USA
Eppendorf, Germany
Eppendorf, Germany

3.2. Methods
3.2.1. Animals

At the age of fiveveek maleBKS.Gg'*Lepf/BomTacmice were purchasedrom the
Taconic (Ry, Denmark). All mice were homozygous for the Leptin receptor gene spontaneous
mutation; therefore, it induces obesityand becomesr2D (Lepk/-). We were usedas the
experimental (T2Pgroup, and specificagematched nonrdiabetic mice l(epr+/+)were used

asthe control group (WT.)The universal marking identified animails the tail. Each cagdad
individual cage cards tdisplay details such as the animal number, the study number, the
initiation dates, and the experimentefrhe regionajovernment authorities based on the EU
directive for the Protection of Animals only used for Scientific Purposes (2010/63/EU)

approved this experimental protocol

Animal surgery model} uninephrectomy

Uninephrectomy performed under general anesthesiduring the surgery, the day

temperature was maintainedonstantat 36¢37 °C bykeeping the mousen a heating pad.
Firstly, shaved the fur with a razor blade then sterilizedth alcohol. After thatusing curved
scissors opened the skin layer ateder, the muscle layer without interfacirigese two layers.
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A knot was madeusing a norabsorbable suturenear the hilus region to stop blood flow
towards the kidneyBy using curved scissgeeparatedhe kidney by cuttinghe kidneyartery

above theknot. After separation of thenouse's kidneyy usingan absorbable Suture closed
both muswlar and skin layers. Then inject&D0 >L of buprenorphine and antagonist
subcutaneouslyn different sites of mouse skin. Aftsurgery,0.5 ml of saline (NaCl 0.9%)
supplemented all mice to maintainternal fluid balance. Thievo consecutive days from the

surgery mice under posturgery care.

3.2.2 Experimental design

The experimental animal study designis illustrated in detail in figure 15 All mice undergo
uninephrectomy asixweeks4%14°(T2BDuNX, n = 43; WOnx, n=23)a reducethe number of
nephrons associated with agiagd injuryrelated nephromumbersin clinical patientsAfter

two weeks of surgery (TGl micefed witha lowd 2 RA dzY RA S )pdarddgrie dzy
study as aneffort to increase hyperfiltration in the glomerulus further accelerates the
progression ofcKDasstated inFig16'°C. At 20weeks of age(T12 of thestudy), someT2D
Unx mice have sacrificed weeksixas abaseling(T-2 of thestudy) for histological analysis (n

= 6).

db/db 1K Gﬁ Na* deficient diet

Age (weeks) ? 1|2 1|6 2|0
| |
0 2

| |
4 8 1

Figure 16 Standardization of progressive glomerulosclerosis in male T2ix mice.

|
Time point (week) -2

MRE therapy containmetformin (1500 mg/kg, ramipril 6 mg/kg,and empagliflozin (480
mg/kg) of 12.5% (=60 ppm). BIOXfol/kg) wasinjected subcutaneously to the mice five
days/week. Additionally, another group of mibasrandomlytreated with MRE as well as
BlOadd-on therapy (Figl7). At this point, T2BJnx and W3Unx mice were randomized to
either notreatment, treatment with MRE, and treatment with BIO (calculation of the number

of animals per group were detailed in Table 8).

36



Materials and methods

+- MRE therapy
[ Na* deficient diet . +-BIO ,

Age (weeks) 6 12 16 20 24
|
|

4 8 12" Delta (A) 16

o —++ o T

Time point (week) -2

Figure 17 The experiment design to study thampactof combined MRE+ BIO therapy.

The rest of the T2[Vnx group animals were continued for further experiments (n = 37). Group
size calculation was based on the GFR as a primary endpoint and quantitative assumptions

from our previous studig48-151-152,

Table 8 Animalsare included for the analysis athe end of the experiment

T2D T2DUnx+ 120 T2DUMX o W yr i +
Unx  MRE O™+ FMRE=+ o U VIRE +BIC
BIO BIO MRE
Body weight (g) 6 11 10 10 10 11 10
Blood glucosémg/dl) 6 11 10 10 10 11 10
DCw O0>fkYAYy:!I 6 11 10 10 10 11 10
b1/ w 6>3JkY3Il 6 9 10 9 10 11 10
Glomer_ul_ar area (AU) 5 7 10 7 i i i
[Superficial nephrons]
Glomerular area (AU)
[Juxtamedullary 5 7 10 7 - - -
nephrons]
Podocxtg number(AU) 5 7 10 7 i i i
[Superficial nephrons]
Podocyte number (AU)
[Juxtamedullary 5 7 10 7 - - -
nephrons]
Podocy_tg density (%) 5 7 10 7 i i i
[Superficial nephrons]
Podocyte density (%)
[Juxtamedullary 5 7 10 7 - - -
nephrons]
Sirius red positive area
(AU) 4 6 8 7 - - -
[Superficial nephrons]
Sirius red positive area
(AU)
[Juxtamedullary 4 6 8 ! i i i
nephrons]
Tubular area (AU) 4 7 7 11 - - -
Open capillaries 4 7 10 8 - - -

Abbreviations: GFRgJomerular filtration rate; UACR, urinary albumin creatératio; AU, arbitrary units.
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Before mice sacrifice by cervical dislocation, urine and plasma samples were collected at week
24. Thenmicekidneyswere isolated for the nexanalysis Theisolatedkidneyswere separated
into three parts one partthat was instantlyfrozenin liquid nitrogen later preservedat -80°C
to estimateprotein and cryosectiondzor RNA isolationhe second portion wasansferred
to 500 >l of RNA later solution angreservedat -20 °C, and the lasportion of the mouse
kidney wagransferred toin 4% formalirminimum 24 hoursfor tissue fixatiorbefore paraffin

embeddingfor assessment of histology.

3.3. Collection ofurine and blood from mice

Mice urine samplesvere obtainedevery twoweeks throughout the study witthe certified
procedure and urine was immediatelyreservedat -20°C untiladditionalanalysisBlood was
collectedevery two weeks throughout the study by facial vein bleeding technique covered by
isoflurane anesthesiaBlood samples were collectethto tubes withten > EDTA (0.5M),
centrifugedat 7168 ¢for 5 minutes andthen isolatedplasmapreservedat -20°C untl further
assessmenBlood glucose was measured every two weeks throughout the study by using the

ACCWCHEK device

3.4. Urinary albumin to creatinine ratio

Urinary albumin

Mice albumin concentration in the urinewas estimated with an albumin Elisa kit
recommended by the manufacturer's protocol (Bethyl laboratorigge urine samples were
briefly diluted (1:1000), and the primary antibodyasadded into the respective wells of a
NUNC 96vell maxisorb plate and/hole nightincubationat 4 °C. The next nmoing,with wash
buffer, the plate was washed thrice and incubated with blocking buffer (NRISI 1times +

BSA 1%) foone hour to reduce the nonspecific bindingNext, the ELISA plate was washed
thrice with wash buffer, and a secondary antibody with HRP conjugated (1:100000) was
added, and the plate was incubated in the datkroom temperature (RTjor Z1hr. After
secondary antibody incubatiothe platewas washed thrice with wash buffer and incubated

for 5-10 minutes in the drk at RT. TMB reagent (by mixing two identical parts ftom
substrate reagents) was added and incubated in the dark until the appearance color, followed
by a 50>| stop solution. Thel@sorbance was measured at 450 nm within 10 minutes after

stopping the reactionThe albumin concentration in each sample was determined using the
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regression line equatioproduce by plotting observedabsorbance oindividual standards

versustheir known camcentrations.

Urinary creatinine

The plasma and urine creatinine concentration levels were estimated as described
YIFIydzFl OGdzZNBND& LINRPG202f O05A1{&&a 5Al3yz2aitAro
diluted 1:10 ratio in distilled water, and also standqreparations were done. According to

the protocol, the working reagent contains four parts of R1 reagent, one p&2ofThen 10

>| of diluted samples and standards were placed into thevedl plate. Later added 260 of

working reagent into the plate and waited for 1 minute, and then absorbance was measured

at 492nm with an ELISA plate reader. Furthermore, absorbance was measured after 60
seconds and 120 seconds of different incubations at time intervals. Urine irdresat
concentration was measured as creatinine (mg/dipA sample pA standard* standard

concentration (mg/dl).

3.5. Glomerular filtration rate (GFR)

All mice were anesthetized with isoflurane to mouniN&Gdevice onto the shaved neck using

a doublesided adhesive patch. ThélCdevice has lighemitting diodes and a photodiode
that connects to a batter§P. The background signal of the skin was recorded for 5 min before
the i.v. Injection of 150 mg/kg FIHEDistrin. The animal was conscious and unrestrained in a
single cage, and the recording of signal duration is approxiStainutes After detachment

of the NICdevice, the data were analyzed with MPD Lab softwdiee GFR (ul/min) was
measured from the dcrease of fluorescence intensity in the blood circulation over time using

a threecompartment model and body weighand an empirical conversion factét.

For the CKD progression assessment, delta GFR was measuhedoercentage of difference
from week 20 to week 24 of the treatment period. Moreover, the difference in GFR between
week 20 to week 24 was showed as an increase (> 10%), stablE0%), or decreased (<

10%). The number of mice in each group wereswed and shown as a percentage.
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Figure 18.fixation of the transdermal GFR monitor tthe mouse Photos of fur removal and NiC
device andbattery placedthe NIGdevice on the mouse's skiAfter that securing theNIGdevice by
wrappingaround with the adhesive tape.

3.6. Immunohistochemistry

3.6.1. General procedure for staining

For immunohistological studies, | immediately fixed each kidney's middle part in 4 % formalin
for 24 h. Kidneys werkxed with Leica tissue processamsdembedded in paraffin block¥he

kidney paraffinblocksg SNBE Odzii (2 H -pariffiniEa#idn, fsectioSsRverd Kept iR S
xylene for 5 min andepeated the same stefhree times. The rdiydration was performed by

3 min x 3 in 100 % ethanol, 3 min t&im 95 % ethanol, and 70 % ethafml three minutes

In the end, washing the sections with PBS for 5 min and repeat two times. Then, endogenous
peroxidase was blocked in®, and methanol mixture contain®0 ml of 30 % D, in 180 ml

of methanolfor 20 min in the dark and then washed in PBS for 5 min and two times.
Endogenous biotin was blocked with one drop of Avidin for 15 min, then Biotin for another 15
min. All sections were washed with PBS for 5 min and two times after the incubation. The
sections vere prepared for further immunostainingDifferent primary antibodies were
incubated overnight at 4°C in a wet chamber. After washing with PBS (2x 5 min), sections were
incubated with biotinylated secondary antibodies for 30 min at RT, followed by a RES (2
min) wash Sections were incubated with substrate solution for 30 min at RT honaid

chamber followed by PB®ashfor 5 min. Rinsing sections in Tris buffer for 5 min before
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staining with DAB, the following is co@nstaining with methyl green. To meovingexcess
stain and xylene, sections were washed with 96 % ethanol, then dried and mounted with
VectaMount.

The primary antibodies used in studiegere mentioned above in table.9For each
immunostaining, a negative control was performagincubation with the respective isotype

antibody instead of the primary antibody.

3.6.2. PAS staining3lomerular size

Two-micrometer sections were stained withe periodic acidSchiff (PAS) reagettt measure
glomerular size Briefly, each kidneyrandomly was chosend40x imageswere captured
containing superficial or juxtamedullaryogheruli. Table 11 defines The total number of
images taken per section for each tim point Two observers conducted a blinded
guantification ofthe glomerular tuft aregperformed for each glomeruli using Image J (1.51u)

software.

Table9. Stainingprocedures

Staining Primary solution l;]r;:gbatlon Secondary solution Incubation time
Periodic acid 5 min i

PAS staining . _ _ Hemgtoxylln 2 min
Schiff solution 20min solution

WT1 staining WT-1 60 min Goat arabbit. biot 30 min

Sirius red staining Plcrqulus red 60 min
solution

3.6.3. PicreSirius Red staining

Glomerulosclerosis

PicroSirius Red (Collagen; Sig#lalrich, US, 0.1%) stain was used in 40x imggesiantify
diffused glomerulosclerosis, boguperficial andyxtamedullary glomeruli (TablEl). All the
images weresubsequentlyposterized withGIMP (2.8.22jools to isolate PicroSirius Red
stains' positive colofor collagen depositionThe percentage of glomerulosclerosis in each

glomerulus wasneasuredby two blind observers in the modified images using Image J.

Tubular size

The number of tubules per section in 20x images, wsed the Picr&irius Red stain. All
histological structuresvere removed from the imagegther than proximal tubulesUsing
GIMP (2.8.22) software to separate the yellow color, represented the tubular #reamage
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was posterizedandthe PicreSirius Red color staining foollagenpositivewas eliminated
Thenumber of tubules per section waseasuredand divided by the tubular area tmuntthe
average tubular sizeQuantification was performed in a doubdinded fashion using Image J

software.

3.6.4. WT1 stainingPodocyte number and densjty

Twao-micrometer sections were stained with Wilms tumor 1 Ad)T(Santa Cruz, Santa Cruz,
CA; 1:200jo count the podocytes.Imagesof superficial and juxtamedullary glomerwere
taken at 40x magnification(Table 1). Moreover, WT-1 positive cells wereseparately
guantified inthe glomeruli Podocyte densitis expressed as a percentabg the number of
podocytes per respective glomerular tuft arébwo observers conducted theugntification

using Image J softwaie a blinded manner

3.7. In~vitro studies

Cell culture and experimentation

Glomeruli are isolated from high purity mouse kidneyde isolatedglomeruli were
resuspended in 2 ml of RPMI 1640 medium (Sigwaich, Darmstadt, Germany) with 15mM
HEPES, 1.2M Insulin (SigmaAldrich, Darmstdt, Germany), 1% PS.he experiment
processesvere performed on ice excepor the collagenase digestion at 37 °C. Fowitro
study,about 5000 glomerulisolated from healthy contramnice and were incubated in 2 mL
RPMI 1640 medium (Sigafddrich, Darmtadt, Germany) with 15mM HEPES, 2M Insulin
(SigmaAldrich, Darmstadt, Germany) and 1% PS and stimulated for 24 hours with or without
30 mM glucose, 1M BIO and/orl00ng/ml LPS. Theseated glomeruli were used for

subsequenturther analysis

RNA isolatiomrand RTPCR

Total RNA was isolated with the help of an RNA isolation kit from Ambion. Briefly, after
treatment, cells were washed with igmld PBS and collected in 1.5 ml of RNAase free tube by
centrifugation at103541 rpmfor 6min. HoweverRNA isolation from kidney samples was
performed inlysis buffer (60&1) and homogenized at 4 °C for 30 secaridisxt,samples were
placed onto the RNeasy mioolumns with 2 ml collection tubes and spin for 15 seconds at
103541 rpm at RT. Next column wasipwas done by wash buffer 1 and 2 by spinning for 15
sec at 103541 rpm, and this step was repeated one more time. Finally, the final filtrate was
collected in a 1.5 ml sterile recovery tube and resuspended il 40 RNasdree water.The

42



Materials and methods

isolated RNA yrity measured with Nanodrop at the optical densigitio at 260 nm and 280

nm and thesample quality of 1.8 or higher was advisal3gnthesioof cDNA was performed
according to the standard protocol. A total of 1 pg of RNA was used for cDNA synthefis. Br
RNA was incubated in reverse transcriptase buffer supplemented with dNTPs,
Hexanucleotide, linear acrylamide, Superscript, or ddH20 as a coNesat, the reaction
mixture was placed in a thermal cycler at®@2for 1 h.For realtime polymerasechain
reaction, cDNA was diluted by 1:10 dilution. SYBR green master mix and the recommended

standard protocol was used for performing the RTPCR.

Oligonucleotide primers used for RFCR

The following primers were used in this syud

Tablel0. Primers sequences

Gene target Sequences

Ccndl 5-TCATCAAGTGTGACCCGGAidsward)
5-TGTCCACATCTCGCAGG(reverse)

Nephrin 5-CTGGGGGACAGTGGATIZ fAGrward)
5-GGTCTGTGTCTTCAGGAG(CE&verse)

h9na 5-TCCTTCGTGACTACTGCQGH/@Bward)
5-ATAGGTGGTTTCGTGGATGGEverse)

-6 -TAGTCCTTCCTACCCCAATBTI(icavard)

5-TTGTCCTTAGCCACTCGT(i€verse)
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4. Statistical analysis

All data are shownby mears with standard deviatior{fSD) or as boxplot statistidSata were

quantified for normal distributionbefore statistical analysis by testitige data distribution

against thepredictednormal distribution with a quantilguantile (QQ) plot andverifyingthe

ShapireWilk test. For multiple comparisonschecks ofnormally distributed data for

statistically significant differencesere used byANOVA and po 2 O ¢ dz] Séma 02 NN
Non-normally distributed results are consistent with multiplé/ilcoxon signedank testing
comparisonr elseKruskal Wallis testing with pot2 O 5 dzyy Qa ({Tadel2).02 NNI C
Survival was plotte@dsKaplanMeier curve and using logrank tests,comparisons between

groups were evaluated. The value of p < 0.05 was considered to indicate statistical

significanceThe R versiofB8.5.3 was used to runlastatisticaltests and analysis.
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5. Results

5.1.Establishinga model of progressive CKD in obesttglated type 2

diabetes

5.1.1.T2Dmiceshowglomerular hyperfiltratioreven uponuninephrectomy

To establiska progressive CKD modelT2DUnxmice,andfed with a low sodium diet from 8

to 20 weeksT2DUnx mice were average weight at the baseline later developed the obesity
contrasted with uninephrectomized nediabetic control mice (WIUnx) (Figl9A). T2BUnx
mice $iown hyperglycemia and increased hyperfiltration throughout the experiment

compared b WTFUnx mice (Fig9B-C).
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Figure 19 Establishment of a model dfiyperfiltration with T2D-Unx in male mice(A) Bodyweight
progression(B) The evolution of blood glucas¢C) GFR evolution, all daapressed as meah SD
(T2DBUnx (n=34) and WOnx (n=23)) (D) Progression dIACR, expresseas mean + SDI2DUnxa

(n=26) and WUnx (n=18))*p-B | t @z85 veksus week;6ipD | f @285 veksus week;pD | £ dzS XK
0.05 versus WFUNx. Statisticavere summarizedh Table 12
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Urinary albumin to creatimie ratio (UACR) continuously incredseght after surgery (Fig.
19D). Consequently, hyperfiltration increases in the remaining nephrons and consistently
maintained higher than in WOnx controls at week 20.

Mortality in T2DUnxmicewas not observedight after surgery, smo infectionwas detected

after the surgery. Howevesbout 30% ofT2DUnx mice died before week 2@hichcould be

due to internal infections oother unknowncausesand severity comparedo 10% in WT 1K

mice (Fig20A).
A +T2D-Unx + WT-Unx

1.00

0.75

Survival probability
i=]
3]
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6 8 10 12 14 16 18 20
Age (weeks)

Figure 20 Survival analysisSurvival analysis far2Dand WT mice upon uninephrectomgurgery (6
weeks of age) and until 20 weeks of ate@ I f dzS . Stifisticabanalysewere summarizeth Table
12.

5.1.2. db/db micealisplaytypicalpathophysiological features of progressive CKD

To study the secondary outcome in FRIBx mice, analyzed histological parameters
separately in superficial and juxtamedullary nephronsvaek 6and week20. Compared to
baseline, Sirius red positive area increased inglmmerulusmesangial matribat week 20
which indicatedprogressiveglomerulosclerosis in both types of nephrofisg21A). In PAS
stained sections, increased glomerular structural changelcated a single nephron's

hyperfiltration at week 20(Fig21B).
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Figure 21 Seting up a progressive glomerulosclerosisodel in T2DUnx mice (A) In T2BJnx mice,
estimated as Siriued positive area (AU) as a Glomerulosclerosis. (B) IAJR&Dnice calcuated as
the glomerular tuft area (AU) in PAS sections as a Glomerular area asse®ottetypes ofnephrons
were analyzed separatelyand the average number of glomergjuantification wassummarized in
Table12. Statisticavere summarizedh Table 12

In WTlstained sectionspodocyte number ad podocyte density reduced significantly in

superficial and juxtamedullary nephroas week 20(Fig22A-A2). Thus, T2Dnxmice show

commonstructural and functionatharacteristicof progressive CKD in obesrglated T2D
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Figure22. Set up a progressive glomerulosclerogi®del inT2DUnxmice. (A) The podocyte density
wascalculatedas the number of podocytes bige glomerular tuft arean WT-1 staining sections from
T2DUnx miceas a Podocyte number assessmedsith types ofnephrons wereanalyzed separately
and datisticswere summarizedh Table 12

5.2. Effects of metformin, ramipril, and empagliflozin on kidn&ynction

To test thenephroprotective effect of metformin, ramipril, and empagliflozin (MRE) treatment
on T2DBUnx, and W3Unx mice were randomly treated with MRE (T2D /WT + MRE) or no
treatment (T2D/WT) fsm age 20 to 24 weeks.

5.2.1.Treatmentwith MRE did not have a substantimlpacton GFR

To study the primary outcome, GFR was measured orUrgDand WAUnx micestating with
the condition of dialetesrelated hyperfiltration atweek24 (Fig23A). There was a decrease
in GFR from week 20 week 24 fGFR)more than half of the untreated T2Dnx mice In
comparisonthe GFR was retained by abdl4% and the GFR increased B9%(Fg.23B1).
Four weeksof MRE therapy has little effect on bofftGFR and alsGFR in absolute numbers
in T2DUnx or WTUnxmice (FigR3).
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Figure23. Impact of MRE therapy on primary outcom@) GFR at the endpoirtdl) nGFR. (AThe
mice from each grouppercentagewere shown in the stacked bar graph*p-@I f dzS X
Abbreviations: GR, glomerular filtration rateéstatisticsvere summarizedh Table 12

5.2.2. MRE treatment showed renoprotective effects on-T&DX mice
Four weeks of MRE treatmehad no impact orthe profound obesity of T2[Inx or WTUnx
mice (Fg.24A-A2). In contrast, T2Dnx mice showedlood glucosdevels dout 4-times

higher compared with WFUnx mice in untreated groups. T2Ihx mice showeblood glucose

levelsat levels &out 2-times higher compared with Wlnx mice in MRE treatment groups.

In 2D-Unx mice, MRE combination treatment (especially two -drgbetic drugsi.e.,
metformin and empagliflozin) was significantigduced blood glucose (F4B-B2). In WiUnx
mice, there was no such effect. MRE treatment reduced albuminuria in around 832&0
Unx mice, whereas untreated TZIhx mice elevatedalbuminuria levelswithin the

experimentperiod (Figr4C2. Thus, MRE therapy potentiatigcreasedlbuminuria (Fig4C).
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Figure 24 Effect of MRE therapy on secondary outcomés) Bdyweightat the endpoint(Al)
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WT-Unxgroup.Abbreviations UACR, unary albumincreatinine ratio Statisticswere summarizedn

Table 14

MRE therapyn T2DUnx micepotentially decreasedliffuse glomerulosclerosis in superficial

and juxtamedullary nephronsespectively(Fig25A1). MREwith four weeks of treatmendid

not substantially affect the glomeruli and tubulesze while a nonsignificant shiftowards

smallersizedtubuleswas noted (Fig25B1).
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Figure25. Impactof MREtreatment on histological outcomes(A) Glomerulosclerosigissessed as
Sirius ed positive area (AU) under x40 magnificati®) Tubular sizes evaluatedin the Siriusred-
stainedsectionswith x20 magnification*p-@ |  dzS,#¥d h ©dzf XX sugderfipial r@ghidiis dzi
Additionally, both types of nephrons were assessesgparately and statisticswere summarizedn
Table 4.

PASstained sections measured the glomerular area separatelyboth superficial and
Juxtamedullary nephrons in T2Ihx mice, and the structural changes wesahanced
compared with the MRE treatment groyfig26A-A2). With regards toglomerulosclerosis,
there was subtantial protection inthe MRE treatment groupespeciallyin juxtamedullary
nephrons (Fi@6A1) without alteringthe sizesof glomeruli or tubules (Fig6A1-A2)as well
as ahighernumber of open capillarieieading to improvedGFR (Fig6A2).

Therefore,podocyte numbers and podocyte density in both superficial and juxtamedullary
nephrons in T2BJnx mice are potentially improved BYRE treatmen{Figure 26-B2).0On
the other hand, juxtamedullary nephrons remained with fewer podesyipon MREherapy

(Fig26B1). Still, podocyte densities remained well below those young T2D mice before
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uninephrectomy(a week 6)jn both superficial and juxtamedullary nephrofiig22A). When
guantifying podocyte loss/recovery, and occasionally recorded in uréteda2DBDUnx mice
WT-1+ podocytes detachment from the glomerular tuft lmdth cortical and juxtamedullary

nephrons (red arrows), a phenomenon was reduced in-UBR +MRErgup (fig26B2).
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Figure 26 Impact of MREtreatment on histologicalparameters (A) In T2BJnx mice, PAS staining

sections (A1) Quantified the glomerular tuft area (AU) expressedlasi@rular area assessment (A2)

Open capillaris (cenoted by yellowmarks) wereanalyzed in superficial and juxtamedullary nephrons.

(B2) Podocyte nundy, estimated in WTL sections. (B3)he detaciment of podocytes was analyzed

for all groups in botltypes ofnephrons Redarrows indicate detached podocyteBoth nephrons were

measured separate)yand statistics were summarizedn Table 12*p-@ | £ dx85 #D | f dzS XX n dn
versussuperficial nephrons.
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Table 11. Thenumber of glomeruliassesseder sectionof histological analysidor both

types ofnephrons.

T-2 T12 T16

Superficial m;;:jﬁzry Superficial m;clijL)J(ltIZry Superficial méJ'c]IL)J(;[IZry

nephrons nephrons nephrons nephrons nephrons nephrons

+

T2DUnx 20.29+0.88 1?_23 -

Glomerular Tzl\DﬂllsllrllEx ' 2119+ 1400+ 20.33% 6.83 = 20.57£0.73 13%2 :

area (AU) T2[;l|,l(|)1x + 4.02 5.93 2.98 3.80 20.00 + 0.00 1214; *

o o000 135

¥

T2DUnx 19.17 £ 1.46 128(()) -

. T2DUnx + + 12.29 +

e M e ase e sge T e

area (AU) BIO ' ' ' ' 19.90 + 0.30 2'.71 B
,\TAZRDEUE’;’C 21.50 + 1.50 9.00 +1.58

+

T2DUnx 20.14 £ 0.35 1222 -

Ejri%zt? TZI\D/IE!EX ' 21.29 14.32 19.33 ¢ 6.67 20.00£0.00 117321 *

dl:?](i?;y(toz) T2[él|_1(;1x + 3.39 4.71 6.82 4.82 20.00 + 0.00 13;:1)’2 *

o oosos e

Data expressed as mean + SD.

Regardingiltrastructural podocyte injurynephrin protein stained afiitration slit density was

determined using STED supeesolution microscopy upon tissue clearinhlREtherapy

potentiallyincreasediltration slit densitycorrelated with untreated T2BUnx micealong the

glomerular filtration barrierbut not up to thestandardof WT-Unxmice (Fi7D). Theimpact

of MREherapyon CKD with diabetegelated podocyteinjury and foot process effacement in

podocytes adjacent to the gapsas also evidenfrom all three groups of mice from 3D

reconstructiondata fromconfocal microscop{Fig27B).
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Figure27. Impactof MRE therapy on histological outcomes at the endpai(D) Filtration slit density.

The analysis was carried ffive randomlypicked glomeruli per mouse. Scale bars = 2um with x100
magnification*p-@+ t dzS XX nonp GSNAE 20 & deSHVBKEUA \OWnix Statidtits? Y S Nzt
were summarized in Table 12ZI'he collaborators from the University of Florence producisditta.

Until the study completion, laWT-Unxanimals survivegwhile two micedropped out ahead
of time in theT2DUnx and T2BJnx + MRE groups. Tipeoportionate survival ofboth T2D
groups does not raise MRElated safety concerng;ompatible with these drugs' human
experience Therefore four weeks ofMREtherapydid not (yet) improved GFBven though
developedvariousother nephroprotective effects on CKD with diabeticce compatiblewith

respective clinical trials.

5.4. Additivenephroprotective effects of metformin, ramipril, empagliflozin,
and BIO therapy

Later, in T2DUnx and WUnx mice] verified BIO's therapeutic impacedded to MRE

combination therapy
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5.4.1. MRE+BIl@reatment hada significant effect ojnGFR

To assess the primary outcomechecked theGFRon these T2BJnx and WiUnx mice

(Fig28A). The combination therapy treated mice showadB0% decrease BFR, compared
to more than 50% in the MRE alotreated micegroup (Fi28A2). The 4weeks therapy

period with BlIGadd-ontherapy significantly reduceiGFRFig28A1). Itindicatesa protective

impad on progressive GFR decline compatedreatment with metformin, ramipril, and

empagliflozin alone.
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Figure 28 Impad of combined MREBIOtreatment on primary outcome.(A) GFR ahe endpoint
(AL nGFR (A2)The mice from each group percentage were indicated in the stacked bar.gfpph
@t dzS X n ¢onxgrad®s WEbezaatioAst GFR, glomerular filtration rafatistic were
summarized in Table 12

5.4.2.MRE+BIO treatmemteduced glomerulosclerosis T2DUnx mice

BIO added no impatd MREcombination therapyn hyperglycemiand bodyweight (Figure
29A-B) andno further reduction ofalbuminuria (Fi290). Nevertheless,the combination of
MRE-BIOtreatment improved the proportionof mice reducedalbuminuria relativeo MRE
therapy alone (Fig@90Q. The combination of MREBIO treatment did not affect the

parameters mentioned above in \WOnxmice (Fg.29A-C).
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Figure29. Impactof combined MRE + Bl®eatment on secondary outcomeqA) Bodyweight athe

endpoint (Al)nbodyweight. (A2)The mice from each group percentage were indicated in the stacked

bar graph.(B) Blood glucasat the endpoint (B1)nblood glucose. (B2The mice from each group

percentage were indicated in the stacked bar grg@)UACR levels at the endpoifC1NUACR. (C2)

The mice from each group percentage were indicated in the stacked bar gpett. £ dzS X ndnp @
the WT-Unxgroup. Abbreviations: GFR, glomerular filtration rdtACR, urinary albumicreatinine

ratio. Statisticsvere summarized in Table 12

MRE-BIO therapy combination showssignificant reduction in glomerulosclerosisoveMRE
treatment in juxtamedullary nephrong Sirius red stainingFig30A1) without altering the
glomeruli or tubuledimensions(Fig30A-B). The area of tubular crossectionsis enhanced

the structural changes compared with MRE theréipig30B1).
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Figure30. Impact enton histological outcomesat week 24 (A)

Glomerulosclerosis accesse@s Siriused positivearea (AU) with x40 magnificatio(B) Tubular size

is quantifiedin the Srius red-stained sections witlx20 magnification(D) The mdocyte humbe was
guantifiedin WT-1 sections. In (&B1), dotted green lines indicathe baseline from each histological
quantification Dotted greenlines indicatethe levelsbefore the treatment (week20). Besides, both

types ofnephrons werejuantified separatelyand statistics weresummarized in Tablg2. *p-@ I f dzS X
0.05#pd £ dzS X nonp @DSNEdzA &AdzZLISNFAOALf YSLKNRyao®

In PAS staining sectignravemeasured the glomerular tuft area separately in superficial and
Juxtamedullary nephronsThe glomerulus' structural changesnproved relative toMRE
therapy (Fig31A-A2)and increased theglomerulus' number of openapillaries leadingto a
better GFR (Fi§1A2). The MREBIO therapy combinatiorlso increased podocyte numbers
to youngT2D micebefore uninephrectomy (a week)6Despite MREgombination therapy
capacityimproved podocyte densitywhile densitiescontinued to loweryoung T2D mice
(Fig31B-B2).
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Figure31. Impactof combined MRE + Bl®eatment on histological outcomes atveek 24 (A)The

glomerular area was calculated as the glomerular tuft area (AU) in PAS sectioRPad&dyte number,

estimaied in WT1 sections. (BRPodocyte density Botlypes ofnephrons wereneasured separately

and statistics wersummarizedn Table 12Magpnification, x40'p-@ I t dzS X InfbdeP ZXKI no®hp O
superficial nephrons.

Regarding ultrastructural podocyte injury, nephrin protein stained as filtration slit density was
determined using STED supesolution microscopy upon tissue clearifigpe combnation

therapy MREBIQ consistent with these findingsncreasedfiltration slit density at the

glomerular filtration barrier and almost completely restored the tuft structuree glomerular

filtration barrier was noted from the 3D reconstructions ofpigin protein stained glomeruli

(Fig32B).
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Figure 32Filtration slitdensity. (A)filtration slit density Theassessment was carried for five randomly
picked glomeruli per mouse. Bars = 2um. Magnification, x190@ | f dzS  SKatisticsb weped
summarized in Table 12

5.5. Nephragprotective effects withBlOalonetreatment
Finally,l verified the therapeutic effects of B3 a combination oMRE-BICtherapy in T2D

Unx mice.

5.5.1.BlOalonetreatment had significant protection frontFRdecline

To assess the primary outcomeshecked theGFRon these T2BJnx mice.The Biotreated

miceshowedGFRlecling crrelatedwith the MREBIOtreated group (Fig3A). The 4weeks

therapyperiod with BIGsignificantly reducethGFR (Fi§3A1). Itindicatesa protective effect

on progressivésFR declinen BIO alone treatment.
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Results

5.5.2. In T2BUnx mice BlOalonetherapyminimizedglomerulosclerosis

BlOalone therapyhadno effecton hyperglycemia due to lack of MRE therdpy decreased
body weight (Fig84A-B) and did notmpactalbuminuria (Fig4C).
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Figure 34 Impact of BlOtreatment on secondary outcomegA) Bodyweight at the endpoint (A1)
nbody weight. (B) Bbd glucose levels at the endpoiB1)nblood glucose. (C) UACR levelshat
endpoint. (CIpUACR. Abbreviations: UACR, urinary albrecnéatinine ratio Statistical analyses were

summarized in Tabl&4.

Sirius red staining sections measured the glomerular tuft area separately in superficial and

Juxtamedullary nephronsRegarding glomerulosclerosis, tH&O alone therapyshowed

substantialprotection aboveMREtreatment in both types of nephrons (Fig5A) and without

altering the tubule dimensionqFig35B1).
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Results

Figure 35Impactof BlOtreatment on histological outcomes at the endpoinfA) Glomerulosclerosis
ismeasured asirius Red positive area (AU) with x40 magnificaiiBh Tubular sizessessed in Sirius

Red stained sections with x20 magnificatiolm (A-B), dotted yellowinesindicatethe baselingweek

6) from each histological assessment. Dotfgdklines indicatehe levelsbeforethe treatment (week

20). Besides, botlypes of nephrons were analyzed separatelpd statistics were summarized in

Table 12*p-@ | f dzS XOh©dz ZXKI n@np GSNEdzA & dzZLISNFAOALFf  y S LIk

PAS staining sections measured the glomerular tuft area separately in superficial and
Juxtamedullary nghrons, and theéBIO alone therapgid not dfect the glomerular tuft area
(Fig36A1-A2) and open glomerular capillarie3he BIO alone therapgid not affectthe
podocyte numbe(Fig36B1-B2).
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