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Doenca renal crénica (DRC) é um termo geral para disturbios que afetam a
estrutura e a funcé@o do rim. A perda progressiva da funcado renal conduz a
acumulagdo de toxinas, toxinas urémicas, normalmente excretadas pelos
rins. E nessas circunstancias que o "estado urémico” é estabelecido. Estudos
recentes relacionam o plasma urémico ao dano da fungdo da barreira
intestinal e a deplecdo dos constituintes proteicos das jun¢bes de ocluséo
(JO). No lumen intestinal, a ureia € hidrolisada pela urease microbiana,
formando grandes quantidades de aménia, o principal mediador da disrup¢ao
da barreira intestinal em condi¢cdes urémicas, causando uma deplecdo das
proteinas das JO epiteliais intestinais na DRC. Quando o ecossistema
microbiano é afetado, espécies microbianas prejudiciais podem crescer
excessivamente, assim como os seus produtos do metabolismo, conduzindo
a um desequilibrio do microbioma intestinal. Estudos recentes sugerem que
0 microbioma intestinal exerce influéncia na producgédo de toxinas urémicas e
na progresséo da DRC. Na DRC, o dano da funcédo da barreira intestinal pode
permitir a translocacdo de microrganismos intestinais, endotoxinas,
antigénios e outros produtos microbianos do lumen intestinal para a
circulacdo sistémica, contribuindo para a patogénese de inflamagéo
sistémica, risco cardiovascular e progressdo da DRC. O nosso principal
objetivo foi avaliar a aplicacdo de dois modelos in vitro de barreira epitelial
intestinal para o estudo da translocacdo microbiana e avaliar o impacto de
diferentes condigbes urémicas presentes na DRC nessa translocacao
microbiana. Para isso, analisamos o efeito do plasma de doentes com DRC
e da toxina urémica ureia na translocacao intestinal microbiana, assim como
na integridade, permeabilidade e localizagdo e quantidade das proteinas das
JO nos modelos intestinais in vitro, monocultura Caco-2 e modelo triplo Caco-
2/HT29-MTX/Raji B. Os resultados mostraram que as condi¢ées urémicas
experimentais simuladas neste estudo ndo potenciaram a translocagéo
microbiana, embora tenham interferido em certa medida com a integridade e
a permeabilidade dos modelos de barreira epitelial intestinal. A translocacéo
microbiana foi maior na monocultura Caco-2 do que no modelo triplo,
sugerindo que o modelo triplo cria uma barreira mais eficaz e, portanto,
aparentemente representa um modelo intestinal mais robusto do intestino
humano. Este estudo permitiu concluir que o estado urémico influencia a
integridade da barreira intestinal, mas que essa influéncia pode nédo estar
diretamente relacionada com um aumento da translocacdo microbiana
através do epitélio intestinal nos modelos in vitro estudados.
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Chronic kidney disease (CKD) is a general term for disorders affecting kidney
structure and function. The progressive loss of renal function leads to the
accumulation of toxins, the uremic toxins, normally cleared by the kidneys. It
is under these circumstances that the “uremic state” is established. Recent
studies relate uremic plasma to impaired intestinal barrier function and to
depletion of the tight junctions (TJs) protein constituents. Within the intestinal
lumen urea is hydrolyzed by microbial urease forming large quantities of
ammonia, the major mediator of intestinal barrier disruption in uremic
conditions, causing a depletion of the intestinal epithelial TJs proteins in CKD.
When the microbial ecosystem is affected, harmful microbial species may
overgrowth, as well their metabolism product, leading to an imbalance of the
intestinal microbiome. Recent studies suggest that intestinal microbiome exert
an influence over both the production of uremic toxins and the progression of
CKD. In CKD, the impairment of the intestinal barrier function may allow the
translocation of intestinal microorganisms, endotoxins, antigens and other
microbial products from intestinal lumen to systemic circulation, contributing
to the pathogenesis of systemic inflammation, cardiovascular risk and
progress of CKD. Our main goal was to evaluate the application of two in vitro
models of intestinal epithelial barrier for the study of microbial translocation
and to evaluate the impact of different uremic conditions present in CKD on
this microbial translocation. For that, we analyzed the effect of plasma of CKD
patients and the uremic toxin urea on microbial intestinal translocation, as well
as on integrity, permeability and localization and quantity of TJs proteins in
the in vitro intestinal models, Caco-2 monoculture and Caco-2/HT29-MTX/Raji
B triple model. The results showed that the experimental uremic conditions
simulated in this study did not potentiate the microbial translocation, although
interfered at some extent with the integrity and the permeability of intestinal
epithelial barrier models. Microbial translocation was higher in Caco-2
monoculture than in triple model, suggesting that the triple model creates a
more effective barrier and, therefore, apparently represents a more robust
intestinal model of the human intestine. This study allowed to conclude that
the uremic state influences the integrity of intestinal barrier, but this influence
could not be directly translated in an increase in the microbial translocation
through the intestinal epithelium in the in vitro models studied.






INDEX OF CONTENTS

INAEX OF FIGUIES ... e s e e e re e e e e eata e e e e saaaeeeseneaeeeenns Xix
INAE@X OFf tABIES.........oeeeiee e e xxiii
ABBIreVIQtioNS ...........oiiiii et nre e XXV
LINErOdUCHION ... 3
1.1 Chronic KidN@Y diS@aSE.....cccuuiiiieriiiieeiiiieeeceiiee e esrt e e s rree e e st e e e e saaee e s s beeeessabaeeeennns 3
00 O R U T =T o YoV o To [ o o = SPRS 6
0 0 0 R U =T ol {0 )] LSOO PPPTPUPPOt 7

Ot 0t U =T PP PPPR 8

1.2 Intestinal epithelial Darrier ... ... e 10
1.2.1 MICrofold CelIlS......oiiiiiiieieie e 11
O T {1 [0 Yo d o 13 SRR 12
1.2.3 Intestinal barrier dysfunction in chronic kidney disease ........ccccccceeeeviiveeecnnen. 15
1.2.4 Intestinal dysbiosis in chronic kidney disease.......ccccccceeeeeciiiieeiee e, 16

1.3 Therapeutic approaches in chronic kidney diSease..........cccevvvveeeeeeieicciirveeeeeeeeeeenns 19
1.4 In vitro intestinal MOAEIlS .......coouiiiiiiiii e 19
1.4.1 Caco-2 monoculture Model .........cceoviiiiiiiiieeeeee e 20
1.4.2 Caco-2/HT29-MTX/Raji B triple model.........ccoueeerieeciiieiieeeeeeeeee e 22
1.4.3 Assessment of intestinal models iNtegrity .......cccovvveeeeeeiiicciiiieeee e, 24
1.4.3.1 Transepithelial electrical resistance .......ccooccciieeiee e, 24

1.4.3.2 Permeability assays using FITC-dextran........cccccceeeeeeeiccinreeeeeeeeeeeennreeenn. 26

1.4.3.3 Immunocytochemistry of tight jJUNCtioNS........cceeveieiiiiiciiiieeee e, 27

1.4.4 Microbial translocation STUdIES.........cooiiiiiiiiiiiiieeeee e 28

2 AIMS ..o e e e e b et e e s nare s 31
3 Materials and Methods .............coooiiiiiiiiiiii e 35
3.1 In vitro intestinal MOEIS ..........cooiiiiiiiie e 35
3.1 1 Cell CURUIE e e 35
20 R 0] o) d [oll o 9] [of f 1Yo o 1Y RS 35
3.1.3 Cell VI@bility oot 35
3.1.4 In vitro intestinal MOAElS .........cooiiriiiiiee e 36

XV



3.1.4.1 Caco-2 MONOCUILUIE MOAE]......eieeieeeeeeeeeee et e et e e e 36

3.1.4.2 Caco-2/HT29-MTX/Raji B triple model........ccceovvveecieeecieeeieeeeeeee e 36

3.1.5 Measurement of transepithelial electrical resistance ........ccccccceeeiieciciniiennennnn. 37
3.1.6 Cell count of mature intestinal models...........ccceeiieriienieiieneeeeeeeen 37
3.2 EXposure to Uremic CONAItIONS .....ceiivriiieeiriiiieeeiiieee st e e esciee e e s svae e e s s sbee e e s saeaeeeennes 38
3.2.1 Plasma of chronic kidney disease patients ........ccccceeecvieeiicciiee e 38
S U L =T PSP UPPRTPRPT 38
3.2.3 Dextran sodium SUIFate .......coiiiiiiiiiiic e 39

.......................................................................................................................................... 39
3.4 Assessment of the effect of uremic conditions on permeability..........ccccceevveeennnen. 39
3.5 Assessment of the effect of uremic conditions on tight junctions...........ccccoeeen... 40

3.5.1 IMMUNOCYLOCREMISTIY ...uuiiiiiieeee e e e e e e e e e e nrrareeeeeeeeas 40

3.5.2 High-throughput widefield fluorescence microscopy image acquisition and

Lo F 1LY USSP 41
3.5.3 Quantification of tight JUNCLIONS .......uvvvieiiiiiiiee e 42
3.6 Assessment of the effect of uremic conditions on microbial translocation.............. 42
3.6.1 Identification of bacteria........ccccoviiiiiiiii 42
3.6.2 Bacterial translocation @SSay .......cocccuveeeieeieeiecireeee e 43
3.7 Statistical @NAIYSIS ...uvvieeeeie e e a e 45
3.8 Scheme of MethodOIOZY .......ccuvviiiieee e e e e 45
B RESUIES ...t e e 49
4.1 Morphology of cell lines of intestinal MOdelS...........cooovvvrrreeiieiieiiiiieeee e, 49
4.2 Integrity of intestinal epithelial barrier ..., 50
4.2.1 Transepithelial electrical resSistanCe........ooocvvvveeeiiiiieiccceeee e 50
4.2.2 Paracellular permeability of intestinal epithelial barrier..........cccccvivieveeiinnnnnis 51
4.3 Microbial translocation in intestinal epithelial barrier.......cccccceeeveeviiiveeeeeieieerreee, 52
4.4 Effect of uremic conditions on transepithelial electrical resistance ..........cccccuuu...... 52
4.4.1 Effect of plasma of chronic kidney disease patients........cccccceeeieiciiiieeeeeeieeeenes 53
4.4.2 Effect Of Ur@a....oomeeeeieee e 54

XVi



4.4.3 Effect of dextran sodium SUIFate .......ooveeeeeeeeeeeee e 55

4.5 Effect of uremic conditions on permeability .........ccccovveieiiiiieeiccie e, 56
4.5.1 Effect of plasma of chronic kidney disease patients.........ccccoecvieeiriceeiiniiieeenns 57
4.5.2 Effect Of Ur@a .. .o e 58

4.6 Effect of uremic conditions on quantity of tight junctions .........ccccceeiviiiiiiiiiiieennn, 60

4.6.1 Effect of plasma of chronic kidney disease patients and dextran sodium sulfate

............................................................................................................................................. 64

4.7.2 EFfeCt Of Ur@a..coueeeeeeeeeeeeee ettt 66
5 DHSCUSSION ...ttt et s e e e s st e e e s eab b e e s en bt e e e e aabreeeesanneeeesenrneeeeanns 69
6 FINAl remMarks............ooomiiiiii s 77
T REFEIENCES ...ttt et e st e e et e s bt e e s bt e e e bt e e sbbeesabeeesaneeas 81
8 Supplementary fiSUIeS................eiiiiiiiie e e a e 95
9 ACKNOWIEAZMENTS ......oovveieiiiiiieeeeee ettt e e e e e e ear e e e e e e e e sesnbreaeeeeeeenes 99

Xvii



xviii



INDEX OF FIGURES

Figure 1 - Structure of the KidN@Y ........eee i e 3
FIZUre 2 - Stages OF CKD ..oouviiiiciiie ettt ettt ettt e e st e e e st e e e e s sbae e e ssbeeeeensbeeeeenreeas 4

Figure 3 - Summary of the pathophysiologic consequences in CKD patients. (A) In healthy conditions
the intestinal barrier function is intact; (B) In CKD different alterations occurred: (1) altered
microbiome composition (dysbiosis); (2) impaired barrier function; (3) intestinal immune activation;
(4) bacterial translocation; (5) systemic inflammation and presence of bacterial products; (6)
LT =To e LU T o A [0 1 o Yo T =] SRR 6

Figure 4 - Urea molecule structural chemical formula .........cccooiiiiiiiiiniiiniiec e 9

Figure 5 - Routes and mechanisms of transport of molecules across the intestinal epithelium: 1)
paracellular; 2) transcellular passive diffusion; 3) transcytosis; 4) carrier-mediated uptake at the
apical domain followed by passive diffusion across the basolateral membrane ...........cccoveeeennn. 11

Figure 6 — M cells structure and fUNCLION ........cccvii e e 12

Figure 7 - TJs proteins: CLDN, OCLN and ZO. (A) Model of TJs structure with CLDN linking two cell
membranes and protein ZO1 linking the cytoplasmic tail of CLDN to actin filaments. (B and C)
Structure of CLDN @nd OCLN......ccciiiiiiieiieeeiee et e eieeestte st e e tee s ste e etae e saaeesbeeesnteeensaeesnsaesseeesnseean 14

Figure 8 - Bacterial family or genera associated to CKD. CKD is associated with higher levels of
families described in the upward green arrow and with lower levels of the families described in the
JOWNWAID FEA GITOW ...eeiiiiiiiiee ettt ettt e s sttt e e s sttt e e s sbte e e s sbteeessabteeessnbaaeeesantaeessastaeessnes 17

Figure 9 - Summary of the mechanisms underlying to CKD ........cccoceirriiiniiiiniieenee e 18
Figure 10 - Schematic representation of Caco-2 monoculture on a microporous membrane.. 21, 36

Figure 11 - Schematic representation of Caco-2/HT29-MTX/Raji B triple model on a microporous
001001 1= 1 [T 22,37

Figure 12 - TEER measurement with a voltohmmeter.........cccooociiiiiciei i, 25

Figure 13 - Permeability assay test principle. (A) FITC-dextran is added to the semi-permeable insert
coated with a cell monolayer. (B) FITC-dextran permeates the cell monolayer into the plate well.
The resulting fluorescence in the plate well is measured and used as an indicator of the extent of
MONOIAYEr PEIrMEADIIILY .....uuiiiee e e e e e e e st e e e e e e e s anareeeeeeeeeanas 26

Figure 14 - General protocol steps in an ICC @SSAY ....cuueieeiciieeeiiiriiee et e eeree e eerree e e srree e e eareeeesseeas 27

Xix



Figure 15 - E. coli isolated from feces of a CKD patient, cultured in MacConkey Agar (Sigma-Aldrich,

Figure 17 - Schematic representation of the methodology. In sum, the effect of uremic conditions
was evaluated in the cellular barrier integrity, the permeability, the localization and quantity of TJs
proteins and the microbial translocation in epithelial barrier of Caco-2 monoculture and triple

Figure 18 - Morphology of cell lines used in intestinal models. Images were obtained by optic
microscopy, at 400x magnification, and demonstrate epithelial cells growing in monolayer (Caco-2
and HT29-MTX) and lymphocytes B in suspension (Raji B).......cccccueerieeriieeiiee e eiee e 49

Figure 19 - TEER variation over 24 days on both Caco-2 monoculture and triple model. TEER values
are expressed in ohm.cm? as mean + SD of eight independent Caco-2 monoculture models and
fourteen independent triple culture models. The larger arrow represents the day of maturation
(21t day). The smaller arrow represents the addition of Raji B cells at 14t day of differentiation of
L1 o[ o T o] (=T ' Yo Yo 11 TSR 50

Figure 20 - Paracellular permeability increased from 215t to 25™ days in triple model. FITC-dextran
permeability assay was performed at three different days after maturation (21, 23 and 25" day)
with a concentration of 1000 pg/mL of FITC-dextran used on apical compartment of triple model.
The graph shows the percentage of FITC-dextran that passed to the basolateral compartment in
the three different days in eight time points. The results are expressed as mean * SD of four
replicates at 21t day, three replicates at 23" day and four replicates at 25" day. Statistically
significant differences are signed as (*) p < 0.05 compared with 215 day .......cccceevevvervencreereennen. 51

Figure 21 - E. coli translocation was higher in Caco-2 monoculture than in triple model. Bacterial
translocation assay was performed for 180 min, using MOI=5. The results are represented as
logio(CFU/well) vs time and are the mean = SD of five independent experiments. Statistically
significant differences are signed as (*) p < 0.05 compared with triple model............ccceereunnen.. 52

Figure 22 - Effect of CKD plasma on TEER. (A) CKD plasma decreased the TEER in Caco-2
monoculture. The graph shows the TEER values 24h after exposure to healthy and CKD plasma in
Caco-2 monoculture. Results are expressed as mean + SD of three independent experiments.
Statistically significant differences are signed as (*) p < 0.05 compared with 0 hours (before
exposure). (B) CKD plasma did not induce significant alteration on TEER in triple model. The graph
shows the TEER values 24h after exposure to healthy and CKD plasma in triple model. Results are
expressed as mean 1 SD of six independent experiments.......ccccveeeiecieei e 53

Figure 23 - Effect of urea on TEER. (A) Uremic concentration of urea in the presence of urease
decreased the TEER in Caco-2 monoculture. The graph shows the TEER values 24h after exposure
to urea 20 mg/dL plus urease, urea 150 mg/dL plus urease, urea 150 mg/dL without urease and
urease in Caco-2 intestinal model. Results are expressed as mean + SD of three independent

XX



experiments. Statistically significant differences are signed as (*) p < 0.05 compared with 0 hours
(before exposure). (B) Urea did not induce significant alteration on TEER in triple model. The graph
shows the TEER values 24h after exposure to urea 20 mg/dL plus urease, urea 150 mg/dL plus
urease, urea 150 mg/dL without urease and urease in triple intestinal model. Results are expressed
as mean = SD of three independent eXPEeriMENtS .......ccveeiiciiieiiiiiee e e 55

Figure 24 - Effect of DSS on TEER. (A) DSS decreased the TEER in Caco-2 monoculture. The graph
shows the TEER values 3h after exposure to DSS in Caco-2 intestinal model. Results are expressed
as mean * SD of three replicates. Statistically significant differences are signed as (**) p < 0.01
compared with 0 hours (before exposure). (B) DSS did not induce significant alteration on TEER in
triple model. The graph shows the TEER values 3h after exposure to DSS in triple intestinal model.
Results are expressed as mean + SD of three replicates.......cccccuveeeeciei e, 56

Figure 25 - Effect of CKD plasma on permeability. CKD plasma did not induce significant alteration
on permeability in (A) Caco-2 monoculture and (B) triple model. FITC-dextran permeability assay
was performed 24h after incubation with healthy and CKD plasma, with a concentration of 200
pug/mL of FITC-dextran used on apical compartment of intestinal model. The graph shows the
percentage of FITC-dextran that passed to the basolateral compartment in eight time points. The
results are expressed as mean  SD of three replicates .......cccoccvvveeecieee e, 58

Figure 26 — Uremic concentration of urea in the presence of urease increased the permeability in
triple model. FITC-dextran permeability assay was performed 24h after exposure to urea 20 mg/dL
plus urease, urea 150 mg/dL plus urease, urea 150 mg/dL without urease and urease, with a
concentration of 200 ug/mL of FITC-dextran used on apical compartment of intestinal model. (A)
The graph shows the percentage of FITC-dextran that passed to the basolateral compartment in
eight time points. (B) Percentage of FITC-dextran that passed to the basolateral compartment at
the end of experiment (time 240 min). All results are expressed as mean + SD of three replicates.
Statistically significant differences are signed as (**) p < 0.01 compared with control.................. 59

Figure 27 - Localization of TJs ZO1, OCLN, CLDN1 and CLDN2 in different conditions in Caco-2
monoculture. Images representative of localization of TJs ZO1, OCLN, CLDN1 and CLDN2 24h after
exposure to healthy plasma and CKD plasma, and 3h after exposure to DSS........cccecvvvevviiieeennns 61

Figure 28 - CKD plasma and DSS did not induce significant alteration on quantity of TJs in Caco-2
monoculture. Quantification of TJs represented in figure 27. Mean fluorescence intensity of (A) ZO1
(Alexa Fluor 488), (B) OCLN (Alexa Fluor 488), (C) CLDN1 (Alexa Fluor 594) and (D) CLDN2 (Alexa
Fluor 594) at plasma membrane. All results are expressed as mean fluorescence intensity + SD,
normalized to fluorescence measured at the membrane without antibodies, obtained in three
INAEPENAENT EXPEIIMENTS .. uiiiiiiiiiee it ettt e e este e e e ebre e e e sbre e e esabeeeeesabaeeessabeeeeesnseeeeenasenns 62

Figure 29 - Localization of TJs ZO1, OCLN, CLDN1 and CLDN2 in different conditions in triple model.
Images representative of localization of TJs ZO1, OCLN, CLDN1 and CLDN2 24h after exposure to
healthy plasma and CKD plasma, and 3h after exposure to DSS.......cccccoeeciereeciiee e, 63

XXi



Figure 30 - CKD plasma and DSS did not induce significant alteration on quantity of TJs in triple
model. Quantification of TJs represented in figure 29. Mean fluorescence intensity of (A) ZO1 (Alexa
Fluor 488), (B) OCLN (Alexa Fluor 488), (C) CLDN1 (Alexa Fluor 594) and (D) CLDN2 (Alexa Fluor 594)
at plasma membrane. All results are expressed as mean fluorescence intensity + SD, normalized to
fluorescence measured at the membrane without antibodies, obtained in three independent
L) o1 T =T ) KN 64

Figure 31 - Effect of CKD plasma and DSS on microbial translocation. CKD plasma and DSS did not
induce significant alteration in E. coli translocation in (A) Caco-2 monoculture and (B) triple model.
Bacterial translocation assay was performed 24h after exposure to healthy and CKD plasma and 3h
after exposure to DSS, for 180 min with a MOI=5. The results were represented as logio(CFU/well)
vs time and are the mean + SD of five independent experiments........ccccccceeeeecieeeiecieeeeecviee e e, 65

Figure 32 - Effect of urea on microbial translocation. Urea did not induce significant alteration in E.
coli translocation in (A) Caco-2 monoculture and (B) triple model. Bacterial translocation assay was
performed 24h after exposure to urea 20 mg/dL plus urease, urea 150 mg/dL plus urease, urea 150
mg/dL without urease and urease, for 180 min with a MOI=5. The results were represented as
logio(CFU/well) vs time and are the mean * SD of one independent experiment with 3 replicates

xxii



INDEX OF TABLES

Table 1 - Main kKnOWn uremic rete@ntion SOIULES ....iviiveeeieeiiiieeeeiiiieeeeeiieeeeetiseeeeeetneeeeetineeseesanneees 8
Table 2 - Characteristics OFf CAC0-2 CIIS ..ouvunniiiiie ittt e e et e e e ete e e e eeens 20

Table 3 - Number of epithelial cells at 22" day of maturation in both Caco-2 monoculture and

triple model. Values are expressed in cells/cm? as mean * SD of three replicates..............ccuu..... 44

xxiii



XXiv



ABBREVIATIONS

BHI Brain heart infusion

BSA Bovine serum albumin

cAMP Cyclic adenosine monophosphate
CFU Colony forming units

CKD Chronic kidney disease

CLDN Claudin

CVD Cardiovascular disease

Da Dalton

DAPI 4’,6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle Medium
DSS Dextran sodium sulfate

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid
ESKD End-stage kidney disease

EUTox European Uremic Toxin

FBS Fetal bovine serum

FITC-dextran Fluorescein isothiocyanate-dextran
GFR Glomerular filtration rate

GIT Gastrointestinal tract

HA Hippuric acid

HBSS Hank’s balanced salt solution

HD Hemodialysis

HIV Human immunodeficiency virus
IAA Indole-3-acetic acid

ICC Immunocytochemistry

IECs Intestinal epithelial cells

IL-6 Interleukin 6

IS Indoxyl sulfate

JAMs Junctional adhesion molecules

XXV



LPS Lipopolysaccharides

M cells Microfold cells

MCP-1 Monocyte chemoattractant protein 1
MOI Multiplicity of infection
mRNA Messenger ribonucleic acid
MW Molecular weight

NEAA Non-essential amino acids
OCLN Occludin

0.D600 nm Optical density at 600 nm
PBS Phosphate-buffered saline
PBS-T PBS-Tween

PCS p-cresol sulfate

PD Peritoneal dialysis

PET Polyethylene terephthalate
PFA Paraformaldehyde

P/S Penicillin/streptomycin

RT Room temperature

SD Standard deviation

TEER Transepithelial/transendothelial electrical resistance
TJs Tight junctions

TNF- a Tumor necrosis factor-a
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1 INTRODUCTION

1.1 Chronic kidney disease

The kidneys are central to body homeostasis, by controlling excretion of excessive
fluid, electrolytes and toxic waste products [1]. Blood, waste and water enter through the
renal artery; filtered blood or water leave through the renal vein; excess water and toxic
waste leave via the ureter, in form of urine (figure 1). The core function of the kidneys is,

therefore, the excretion of the toxic products of metabolism in urine [2].
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Figure 1. Structure of the kidney. Adapted from [3].

The dysfunction of the kidneys leads to disturbed renal metabolism and to impaired
glomerular filtration [4].

Chronic kidney disease (CKD) is a general term for disorders affecting the structure
and function of the kidney [5]. CKD is characterized by abnormalities of kidney structure or
function for three or more months, irrespective of the cause. CKD may be detected by
decreased glomerular filtration rate (GFR, <60 mL/min/1.73 m?), by increased rates of
urinary albumin excretion or by abnormal kidney structure detected by imaging. GFR refers

to the flow rate of filtered blood through renal glomerulus [6].
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According to the US National Kidney Foundation Clinical Practice Guidelines for
Chronic Kidney Disease [7], CKD is classified into five stages on the basis of GFR, from
normal kidney function (stage 1, >90 mL/min/1.73 m?) to end-stage kidney disease (ESKD)
(stage 5, <15 mL/min/1.73 m?) (figure 2).

1 [} 1 1\
NORMAL INCREASED KIDNEY e |
RISK DAMAGE

FUNCTION

Figure 2. Stages of CKD. Adapted from [8].

ESKD require renal replacement therapy in the form of hemodialysis (HD),
peritoneal dialysis (PD), or kidney transplant [7]. According to the National Institute of
Diabetes and Digestive and Kidney Diseases [9], HD is defined as a treatment to filter waste
and water from blood, as kidneys do when they are healthy, helping to control blood
pressure and balance of minerals, such as potassium, sodium and calcium in blood. HD uses
an artificial extra-body filtering membrane. According to the American Kidney Fund [10],
PD is defined as treatment that uses the lining of the abdomen (belly area), called
peritoneum, and a cleaning solution called dialysate to clean the blood. Dialysate absorbs
waste and fluid from the blood, using the peritoneum as a filter, thus, implying an
endogenous filtering membrane. According to The Official Foundation of the American
Urological Association [11], kidney transplant is one of the most common organ transplant
surgeries performed today and, in this surgery, kidney that is not working well is replaced
by a healthy kidney from a donor.

Currently, CKD is an increasing public health issue, with high rates of morbidity and
mortality. Its prevalence is estimated to be 8-16% worldwide [12]. In 2010, over 497 million
adults in the world had CKD of which 236 million had moderate or severe decreases in
kidney function presenting CKD stages 3-5 [13].

Diabetes and hypertension are the most common causes of CKD worldwide. Other

causes can include glomerulonephritis, pyelonephritis and polycystic kidney disease [14].
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On the other hand, cardiovascular disease (CVD) remains the major cause of
morbidity and mortality in patients with CKD [15]. People with CKD have a 2- to 3-fold
greater risk of cardiovascular mortality than people without CKD and are 20—30 times more
likely to die from CVD than experience ESKD. CVD is frequently underdiagnosed and
undertreated in patients with CKD [16]. CKD patients develop atheromatous vascular
disease more frequently and earlier than the general population [17, 18]. Therefore, these
patients should be acknowledged as having high cardiovascular risk that needs particular
medical attention [16].

As CKD progresses, risk factors for CVD come into play. The altered quality of the
blood in patients with CKD affects the peripheral vasculature, particularly the capillaries, in
a way that requires increased force to propel the blood around the body [19], relating to
cardiovascular damage. Studies have suggested that uremic toxins present in the blood of
CKD patients are associated with vascular damage by inducing vasoactive substances
related to atherogenesis such as chemokines, cytokines, or cell adhesion molecules [20-
23]. Also, uremic toxins may contribute to inflammation and consequently CVD, in CKD
patients [24].

CKD-related systemic inflammation is also a consequence of the alteration of
microbiome composition, translocation of bacteria or their metabolism products across the
intestinal barrier and increased serum levels of bacterial toxins. Therefore, uremia,
established by the accumulation of uremic toxins in the blood [6], associates with alteration
of intestinal microbiome, intestinal barrier dysfunction and bacterial translocation, leading
to the state of persistent systemic inflammation in CKD [25] (figure 3). Plasma uremic toxins
were associated with higher interleukin 6 (IL-6), monocyte chemoattractant protein 1
(MCP-1) and tumor necrosis factor-a (TNF-a) levels in CKD patients [24].

In sum, in CKD patients, the CVD is associated with reduced myocardial contractility,
cardiac fibrosis and atherosclerosis, consequence of persistent systemic inflammation,
endothelial dysfunction and oxidative stress, which in turn are consequence of uremia [15,

26].
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Figure 3. Summary of the pathophysiologic consequences in CKD patients. (A) In healthy
conditions the intestinal barrier function is intact; (B) In CKD different alterations occurred: (1)
altered microbiome composition (dysbiosis); (2) impaired barrier function; (3) intestinal immune
activation; (4) bacterial translocation; (5) systemic inflammation and presence of bacterial

products; (6) altered drug transporters. Adapted from [1].

1.1.1 Uremic syndrome

The progressive loss of renal function leads to the accumulation of organic waste
products, normally cleared by the kidneys. It is under these circumstances that the “uremic
state” is established [6]. Many of these products have been found to exert toxicity on
virtually all systems of the human body, leading to the clinical syndrome of uremia [15].

The uremic syndrome can be defined as a deterioration of biochemical and
physiological functions, in parallel with the progression of renal failure, resulting in complex
and variable symptomatology [27-29]. The syndrome of uremia is related to irreversible
loss of kidney function. Loss of kidney function results in structural and functional

alterations of the intestinal barrier [1], that will be covered later.
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1.1.1.1 Uremic toxins

Organic waste products that accumulate in the uremic blood and tissues during the

development of ESKD, due to a deficient renal clearance, are called uremic retention

solutes or uremic toxins. These retention solutes may modify biochemical and physiological

functions, contributing to the uremic syndrome [30]. In 2003, the European Uremic Toxin

(EUTox) Work Group classified 90 retention solutes into three major categories based on

the molecular weight (MW) and kinetic behavior of the uremic retention solutes during

dialysis (table 1) [31]:

a)

b)

Small water-soluble molecules (MW < 500 dalton [Da]), such as urea. Most toxins
in this category are dialyzable with conventional HD. Some of them have been used
in the evaluation of renal excretory function and monitoring removal efficiency of
dialysis treatment, such as urea and creatinine.

Middle molecules (MW > 500 Da), whereas [,-microglobulin is a prototype.
Removal of middle molecules is more effective with PD than with conventional HD.
This is probably because of the larger pore sizes and the longer dialysis duration of
PD. HD techniques that increased the permeability of membranes (high-flux HD) or
convection (hemofiltration/hemodiafiltration) provide superior clearance of these
molecules.

Protein-bound compounds, for example, indoxyl sulfate (IS) and p-cresol sulfate
(PCS). Twenty-five of the 90 listed toxins (27.8%) are protein-bound compounds,
and twenty-three of them have an MW < 500 Da. Among these uremic toxins,
organic anions, such as IS, PCS, indole-3-acetic acid (IAA) and hippuric acid (HA), are
low MW compounds. Nevertheless, they should be classified as high MW
compounds in circulation because they are firmly bound to plasma proteins,
primarily aloumin (MW = 66 kDa). Therefore, this group of toxins is difficult to be
dialyzed with conventional HD despite having molecular sizes small enough to pass

through the dialysis membrane.

Alternatively, uremic toxins can be classified according to their origin: endogenous

metabolism, microbial metabolism, or exogenous intake [32].
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Most of the uremic toxins are secreted into the gut altering intestinal milieu,
inducing changes in the structure, composition and function of the intestinal microbiome.
Also, in the intestine of ESKD patients, secreted uremic toxins serve as alternative

substrates for intestinal microbiome, which normally utilize indigestible complex

carbohydrates [6].

Table 1. Main known uremic retention solutes. Adapted from [31].

Small water soluble solutes

Protein-bound solutes

Middle molecules

Asymmetric dimethylarginine
Benzylalcohol
p-Guanidinopropionic acid
B-Lipotropin

Creatinine

Cytidine

Guanidine
Guanidinoacetic acid
Guanidinosuccinic acid
Hypoxanthine
Malondialdehyde
Methylguanidine
Myoinositol

Orotic acid

Orotidine

Oxalate

Pseudouridine

Symmetric dimethylarginine
Urea

Uric acid

Xanthine

3-Deoxyglucosone
CMPF
Fructoselysine
Glyoxal

Hippuric acid
Homocysteine
Hydroguinone
Indole-3-acetic acid
Indoxyl sulfate
Kinurenine
Kynurenic acid
Methylglyoxal
N-carboxymethyllysine
P-cresol
Pentosidine

Phenol
P-OHhippuric acid
Quinolinic acid
Spermidine
Spermine

Adrenomedullin

Atrial natriuretic peptide
pa-Microglobulin
B-Endorphin
Cholecystokinin

Clara cell protein
Complement factor D
Cystatin C

Degranulation inhibiting protein I
Delta-sleep-inducing peptide
Endothelin

Hyaluronic acid

Interleukin 1B

Interleukin 6

Kappa-Ig light chain
Lambda-Ig light chain
Leptin
Methionine-enkepahlin
Neuropeptide Y
Parathyroid hormone
Retinol binding protein
Tumor necrosis factor alpha

CMPF s carboxy-methyl-propyl-furanpropionic acid.

1.1.1.1.1 Urea

The reduction in urinary excretion of nitrogenous waste products in advanced CKD
leads to their accumulation in the blood. The most abundant among these metabolites is
urea [33].

Urea, with chemical formula CO(NH;). (figure 4), is a 60 Da small water-soluble
compound, which has, among the presently known uremic retention solutes, the highest
concentration in uremic serum [31]. It is a well-established surrogate marker of kidney
function, uremic retention [34] and dialysis adequacy [35, 36], and its removal is directly

related to patient survival [34].
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Several studies point to an important pathophysiologic impact of urea:

++ Urea inhibits NaKCl, cotransport in human erythrocytes [37], as well as several
cell transport pathways. The NaKCl, cotransport is a ubiquitous process that
serves numerous vital functions, among which cell volume and extrarenal
potassium regulation are the most important [30].

++ Urea also decreases cyclic adenosine monophosphate (cAMP) production [38],
second messenger that plays fundamental roles in cellular responses to many
hormones and neurotransmitters [39].

++ Ureais a precursor of some of the guanidines, especially guanidinosuccinic acid,
which by itself induces direct biochemical alterations [30].

++» The presence of urea in the blood has been held responsible for a decreased
affinity of oxygen for hemoglobin [40].

* Urea inhibits macrophage inducible nitric oxide synthesis at the
posttranscriptional level [41].

++ Urea induces apoptosis of vascular smooth muscle cells as well as endothelial
dysfunction, thus directly promoting cardiovascular illness [42].

+ Urea stimulates oxidative stress and dysfunction in adipocytes, leading to

insulin resistance [42].

M

H,N NH,

Figure 4. Urea molecule structural chemical formula. Available from [43].
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1.2 Intestinal epithelial barrier

The gastrointestinal tract (GIT) plays an important role in the absorption and
production of nutrients while protecting from invading pathogens and toxins [44]. The GIT
functions as a barrier between the external environment and the internal milieu of the
body. The epithelial layer of the GIT forms a selectively permeable barrier that permits the
entry of nutrients, ions and water, and simultaneously restricts the entry of pathogens [45,
46] and other noxious compounds [47] into the underlying tissue compartments.

Intestine are divided into four layers: the mucosa (epithelium, lamina propria and
muscularis mucosa), the submucosa, the muscularis propria (inner circular muscle layer,
intermuscular space and outer longitudinal muscle layer) and the serosa [48]. An intact
intestinal mucosa, with a normal intestinal permeability and barrier function, is essential
for absorption, secretion and transport of compounds [49]. Some studies have shown that
permeability of different molecules varies along the intestinal tract. In general,
permeability decreases in the following order: jejunum > ileum > colon [50]. The intestinal
mucosa is characterized by the presence of villi that constitute the anatomical and
functional unit for absorption [51]. The presence of villi and microvilli provides a massive
surface area for absorption (approximately 250 m?in a human). The mucosa consists of the
epithelium, the lamina propria (fibroblasts, myofibroblasts, immune cells and collagen
matrix containing blood and lymphatic vessels) and the muscularis mucosa. Therefore, any
compound entering the bloodstream has to pass through the epithelial layer, part of the
lamina propria and the wall of the respective vessel [52].

Intestinal epithelial cells (IECs) or enterocytes that line the intestinal mucosa can be
regarded as the most outer defense barrier preventing microorganisms from reaching
organs and tissues [53-56]. IECs play an important role in the interaction between luminal
content and the immune system [54, 55, 57]. The intestinal barrier apparatus consists of
the IECs and the apical junctional complex. The latter prevents paracellular passage of the

luminal contents by sealing the gap between the adjacent epithelial cells [58] (figure 5).

10
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Figure 5. Routes and mechanisms of transport of molecules across the intestinal epithelium: 1)
paracellular; 2) transcellular passive diffusion; 3) transcytosis; 4) carrier-mediated uptake at the
apical domain followed by passive diffusion across the basolateral membrane. Adapted from

[52].

1.2.1 Microfold cells

Microfold cells (M cells) are present in the intestinal epithelium and possess
particular characteristics. Typical features of M cells include disorganization of apical
microvilli, rearrangement of the cytoskeleton (expression of the actin associated to villin
protein), decreased enzymatic activity (brush border hydrolase and sucrase isomaltase)
and presence of a basolateral invagination which is associated to numerous B- and T-
lymphocytes and dendritic cells [59-61] (figure 6). The specialized M cells serve as antigen-
presenting cells of the intestinal innate immune system [62].

It is suggested that M cells result from the differentiation of enterocytes [63].
Moreover, as these changes only occur in a fraction of the cells, it is hypothesized that just
a subpopulation of enterocytes is affected by the mediators released by lymphocytes [64],
that allow the differentiation of enterocytes into M cells.

Unlike ‘classical’ enterocytes, M cells are able to translocate diverse particulates
without digesting them. They act as pathways for microorganisms invasion and mediate
the transcellular transport of intestinal microbiome and antigens [62] (figure 6). An ability
to translocate the epithelial mucosa through M cells provides invasive pathogens with a
rapid means of accessing the lymphoid tissues [65]. Several microorganisms have shown to

be specifically transported by M cells, such as Vibrio cholerae, some strains of Escherichia

11
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coli (E. coli), Salmonella typhimurium, Yersinia enterocolitica, Shigella flexneri, reovirus,
poliovirus and human immunodeficiency virus (HIV) [66-73]. An ability to migrate through
M cells has implications for the development of local immune responses and may act as a

source of localized infection [65].

Bacteria, Viruses, Parasites, Proteins in Intestinal Lumen

f !

| ‘ Mcell | |

)
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VS @  Blymphocyte
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Figure 6. M cells structure and function. Adapted from [74].

1.2.2 Tight junctions

The permeability of the intestinal barrier is regulated by the integrity of cellular
plasma membranes and tight junctions (TJs), as well as by epithelial cell processes
mediating secretion and absorption [75].

TJs are multi-protein complexes consisting of transmembrane proteins, linked to
the actin cytoskeleton via cytoplasmic proteins [76]. Approximately 50 TJs proteins have
been identified. Transmembrane proteins, principally claudin (CLDN), occludin (OCLN) and
junctional adhesion molecules (JAMs), contribute to the semi-permeable barrier, whereas
cytosolic proteins link membrane components to the actin cytoskeleton and participate in
signaling between TJs and the cell nucleus [77].

The intestinal epithelial Tls are the most apical intercellular junctions that connect
individual cells in an epithelial layer, and form a seal that restricts paracellular passage [78].
The TJs forms an effective barrier against influx of microbes, microbial toxins, antigens,
digestive enzymes, degraded food products and other noxious substances from the

intestinal lumen to the internal milieu [47].

12
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TJs are involved in the maintenance of epithelial cell polarity. Epithelial cells possess
an apical cell surface, facing the organ lumen, and a basolateral domain that are
biochemically and functionally distinct [78], that characterize the epithelial cell polarity.

The TJs apparatus consists of the three main components [45]:

1. Adhesive transmembrane proteins including OCLN and CLDN protein family, which
link the plasma membranes of the adjacent cells to form a barrier to the diffusion
of fluids and solutes.

2. The cytosolic proteins, including the zonula occludens (ZO) protein family, which
serve as the anchor by, simultaneously, binding the intracellular domains of OCLN
and CLDN and the perijunctional actin-myosin ring.

3. The perijunctional ring of actin and myosin, which modulate the structure and

function of the TJs, regulating paracellular permeability.

Occludin

The amino acid sequence of OCLN codes for four transmembrane domains and two
hydrophobic extracellular loops that are rich in tyrosine and glycine residues (figure 7).
Movement of OCLN from the cell membrane into cytoplasmic vesicles occurs frequently

during barrier function loss [79].

Claudin

CLDN has four transmembrane domains, but it is not related in sequence to OCLN.
The extracellular domains of CLDN form pores along the TJs contacts. The cytoplasmic tails
of CLDN interact with numerous proteins with roles as scaffolds and in actin binding,
signaling and cell polarity (figure 7). Proteins of the CLDN family are the main component
of TJs and form a seal that modulates paracellular transport in the intestinal epithelium
[80]. It is known that CLDN-1, -3, -4, -5, -7 and -19 are pore-sealing CLDNs and, therefore,
an increased expression of these proteins leads to a very tight epithelium and decreased
permeability across the epithelial monolayer [81-83]. Conversely, CLDN2 and CLDN15 are
considered as the pore-forming CLDNs, because of their ability to form paracellular

anion/cation pores as well as water channels, leading to decrease epithelial tightness and

13
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to increase solute permeability, allowing the passage of ions [84-86]. Together, CLDNs

enable strict control over the paracellular flux of cations and anions [87].

Zonula-occludens

Z0O are adapter proteins linking the transmembrane proteins to cytoplasmic
proteins such as actin filaments [88, 89]. There are three ZO types: Z0O1, Z02 and Z03. ZO1
plays a major role in the formation of TJs in epithelial cells compared with ZO2 and ZO3
[85]. Furthermore, ZO1 serves as an important linker between the TJs and the actin
cytoskeleton and is thought to be a functionally critical TJs component (figure 7). It was

also described that ZO1 is directly associated with OCLN [90].

B Claudin \ / \

Figure 7. TJs proteins: CLDN, OCLN and ZO. (A) Model of TJs structure with CLDN linking two cell

membranes and protein ZO1 linking the cytoplasmic tail of CLDN to actin filaments. (B and C)

Structure of CLDN and OCLN. Adapted from [91].

The assessment of TJs integrity is complex, which is reflected by the finding that not
only the quantity of messenger ribonucleic acid (mRNA) but also phosphorylation and
folding together with localization of TJs proteins are of importance [92, 93].

In general, pathogens can disrupt the TJs by different mechanisms, including direct
reorganization or degradation of specific TJs proteins, reorganization of the cell

cytoskeleton and activation of host cell signaling events [94]. Additionally, it was reported
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that some enteric pathogens appear to influence TJs functions by utilizing TJs proteins as
receptors for internalization and breakdown of the epithelial barrier [95].

There are several molecules that can affect the intestinal epithelial barrier, such as
dextran sodium sulfate (DSS). DSS is a compound that leads to disruption of TJs, adherens
junctions and actin cytoskeleton leading to intestinal epithelium dysfunction [96]. Recent
studies showed that DSS caused, in vitro and in vivo, intestinal barrier dysfunction and

inflammatory response [97].

1.2.3 Intestinal barrier dysfunction in chronic kidney disease

Maintenance of the physical barrier in the intestine is dependent on the physical
integrity of barrier components. Increased paracellular and transcellular permeability and
epithelial cell damage will result in an increased intestinal barrier permeability [75].

Recent studies relate uremic plasma to impaired intestinal barrier function and to
depleted the TJs protein constituents [47]. These findings point to the presence of as-yet
unidentified products in the uremic plasma capable of depleting epithelial TJs and
impairing barrier function.

The intestinal barrier dysfunction observed in CKD may allow the influx of
endotoxins, that are bacterial toxins such as lipid component (lipid A) of the
lipopolysaccharides (LPS) present in the outer wall of most Gram-negative bacteria that
may be released in the blood when the bacterial cell wall is disrupted [6], and other noxious
products contributing to the systemic inflammation and uremic toxicity [47]. There is
mounting evidence pointing to the intestinal barrier dysfunction and its role in the
pathogenesis of uremic toxicity and inflammation. These include presence of endotoxemia,
that is, presence of endotoxins in the blood of uremic patients [6], increased intestinal
permeability to large MW polyethylene glycols in the uremic patients and animals [98, 99],
translocation of bacteria across the intestinal barrier and their detection in the mesenteric
lymph nodes in uremic rats [100] and histological evidence of chronic inflammation
throughout the GIT in patients in HD [101]. However, the mechanism by which uremic

conditions result in degradation of the intestinal epithelial TJs proteins is unknown [47].
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Disruption of TJs and barrier function induced by uremia is, in part, mediated by
urea, which is generally considered to be a nontoxic retained metabolite [102]. Blood levels
of urea rise with progressive decline in kidney function. Elevated urea at concentrations
typically encountered in uremic patients induces disintegration of the intestinal epithelial
barrier, leading to translocation of bacterial toxins into the bloodstream and systemic
inflammation [42]. Intestinal barrier dysfunction in uremia may be due to diffusion of urea
into the intestinal lumen and its conversion to ammonia by microbial urease [102]. Within
the intestinal lumen urea is hydrolyzed by microbial urease forming large quantities of
ammonia [CO(NH3)2 + H20 - CO2+ 2NHs] which is converted to ammonium hydroxide [NH3
+ H,0 - NH4OH] [103, 104]. Ammonium hydroxide, in turn, leads to a rise in the luminal
fluid pH, causes mucosal irritation and promotes enterocolitis [101, 105]. Based on these
observations, it was hypothesized that ammonium hydroxide may contribute to the
epithelial barrier dysfunction and depletion of TJs protein constituents [102]. Ammonia, a
product of urea metabolism by intestinal microbiome, was considered as a major mediator
of intestinal barrier disruption in uremic conditions, causing a depletion of the intestinal

epithelial TJs proteins in CKD [102, 106, 107].

1.2.4 Intestinal dysbiosis in chronic kidney disease

The human microbiome, defined by the NIH Human Microbiome Project as the
collection of all genomes of microorganisms living in association with the human body,
influences the well-being of the host by contributing to its nutrition, metabolism,
physiology and immune function [108]. Also known as the “second human genome,” the
intestinal microbiome plays important roles in both the maintenance of health and the
pathogenesis of disease [109]. Microbiome metabolism is emerging as a modifiable non-
traditional risk factor in nephrology [110].

Even amongst the beneficial bacteria of the microbiome, negative effects can arise.
When the microbial ecosystem is affected, harmful microbial species may overgrowth as
well their metabolism product [32, 111]. Intestinal dysbiosis can be defined as an imbalance

of the intestinal microbiome that results in alterations of GIT activity producing deleterious
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effects [6]. Dysbiosis have been shown to contribute to the pathogenesis of a range of
diseases including obesity [112], liver disease [113], as well CKD [114].

Recent studies suggest that intestinal microbiome exert an influence over both the
production of uremic toxins and the progression of CKD [44]. In addition to damaging the
intestinal epithelial TJs and barrier function, uremia has been shown to result in profound
alteration of the intestinal microbiome [114]. This ecosystem alteration is in part due to
the bioavailability of uremic toxins that may promote the growth of microorganisms that
are able to metabolize these uremic retention solutes. The microbial metabolization of the
uremic retention solutes produces other uremic toxins, such as IS and PCS [6]. Dysbiosis is
characterized by high levels of pathogenic bacteria that may lead to increase in uremic
toxins and intestinal permeability. This allows the produced uremic toxins to cross the
intestinal barrier into the bloodstream where the toxins can exacerbate declining kidney
function and progression of CKD [44, 115].

CKD is associated with higher intestinal levels of Enterobacteriaceae, specially the
genera Escherichia, Enterobacter and Klebsiella (figure 8) [6]. Enterobacteriaceae includes
several species of bacteria, such as E. coli, Klebsiella pneumoniae, Proteus mirabilis,
Salmonella enterica and Yersinia pestis. In intestinal lumen of CKD patients, some members
of Enterobacteriaceae are considered pathobionts due to their capacity to
opportunistically adhere and invade host tissues [116]. These microorganisms can

translocate to the blood, increasing risk of endotoxemia [6].

Enterobacteriaceae
Escherichia spp.
Enterobacter spp.
Klebsiella spp.
Proteus spp. CKD

Lachnospiraceae
Ruminococcaceae

Figure 8. Bacterial family or genera associated to CKD. CKD is associated with higher levels of
families described in the upward green arrow and with lower levels of the families described in

the downward red arrow. Adapted from [6].
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E. coli is a very common bacteria in the GIT and part of the normal microbiome.
However, some E. coli strains are able to produce toxins that could produce serious
consequences. E. coli has been shown to metabolize tryptophan resulting in the production
of indole. Indole is subsequently absorbed and metabolized to IS, a uremic toxin, in the
liver [117]. E. coli has a small size, approximately 1 um in diameter and 3 uminlength [118],
and shown to adhere to M cells and some strains shown to be specifically transported by
these cells [66-68].

Thus, the disruption of the normal intestinal microbiome leads to intestinal
dysbiosis, intestinal barrier dysfunction and bacterial translocation [119]. Uremia can
increase the paracellular pathway and adversely affect barrier permeability, which leads to
an ineffective nutrient absorption and a failure to prevent the translocation of luminal
bacteria and their products [120-123]. In CKD, the impairment of the intestinal barrier
function, caused by gut dysbiosis, may allow the translocation of intestinal microorganisms,
endotoxin, antigens and other microbial products from intestinal lumen to systemic
circulation, contributing to the pathogenesis of systemic inflammation, cardiovascular risk

and progress of CKD (figure 9) [6].
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Figure 9. Summary of the mechanisms underlying to CKD. Adapted from [6].
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1.3 Therapeutic approaches in chronic kidney disease

Uremic toxins may contribute to inflammation and cardiovascular risk in CKD
patients. Thus, these toxins as well as the intestinal epithelial barrier could be considered
important targets for treatment of these patients [24]. Restoring the integrity of the IECs
and TJs proteins can reduce epithelial permeability preventing uremic toxins from entering
the circulatory system [44]. The intestinal microbiome can be used as a biomarker for
screening individuals with susceptibility to develop CKD [109]. Modifying the intestinal
microbiome, to revert intestinal dysbiosis, may have also the potential to treatment CKD
[44]. Previous studies have shown that probiotics have a therapeutic effect in maintaining
the intestinal microbiome population [124]. This in turn can preventing pathogens and
endotoxins from passing through the mucosa [125, 126].

Thus, therapeutic strategies in CKD can include administration of oral adsorbents to
limit absorption of the toxins of microbial origin, prebiotics, probiotics, synbiotics [6],
intestinal microbiome transplantation [127], phage therapy or even antibiotics [128]. The
reduction of the generation of uremic toxins is crucial for the improvement of dialysis
efficacy and the reversal of intestinal disfunction and dysbiosis can be target strategies to

reduce complications of CKD, mainly inflammation and CVD, in CKD patients.

1.4 Invitro intestinal models

The study of absorption and translocation mechanisms can be performed using in
vitro intestinal models. Inserts are used to facilitate the access to apical and basolateral
sides creating this way two compartments, apical and basolateral, mimicking the intestinal
lumen and connective tissue underlying, respectively [52]. Monocultures of Caco-2 cells
and co-cultures of Caco-2/HT29-MTX/Raji B cells are examples of in vitro intestinal models.
The use of Caco-2 and HT29-MTX cells reproducibly display several properties characteristic
of differentiated intestinal cells [129].

These cell lines are out of the in vivo physiological environment and, therefore, the
extrapolation of the data to the in vivo situation may be difficult and, so, the limitations of
cell models must not be overlooked. Despite that, they offer the advantage of relative

simplicity [52], allowing performing translocation studies [129].
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1.4.1 Caco-2 monoculture model

Caco-2 monoculture is the most common cellular model used to perform studies of
passage and transport of compounds. Caco-2 cells are derived from human colorectal
adenocarcinoma and, despite their colonic origin, they are able to express in culture most
of the morphological and functional characteristics of small intestinal absorptive cells, the
enterocytes. They differentiate spontaneously into polarized intestinal cells possessing an
apical brush border and TJs between adjacent cells, and they express hydrolases and typical
microvillar transporters. Main features of Caco-2 cells are described on table 2. When
grown on a semi-permeable membrane, Caco-2 cells form a differentiated and polarized

monolayer after 21 days in culture [52] (figure 10).

Table 2. Characteristics of Caco-2 cells. Adapted from [52].

Origin Human eolorectal adenocarcinoma

Growth in culture Monolaver epithelial cells

Differentiation 14-21 days after confluence in standard culture medium

Morphology Polarised cells, with tight junctions, apical brush border

Electrical parameters High electrical resistance

Digestive enzymes Typical membranous peptidases and disaccharidases of the
small intestine

Agctive transport Amino acids, sugars, vitamins, hormones . . .

Membrane ionic transport Na®/K* ATPase, HY/K* ATPase, Na*/H* exchange,

Nat/K*/Cl™ co-transport, apical ClI- channels

Membrane non-ionie transporters Permeability-glyeoprotein, multidrug resistant associated
protein, lung cancer associated resistance protein

Receptors Vitamin B;, vitamin Dj, epidermal growth factor, sugar
transporters (GLUT1, GLUT3, GLUTS5, GLUT2, SGLT1)
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Figure 10. Schematic representation of Caco-2 monoculture on a microporous membrane.

Image constructed on Microsoft Word.

The Caco-2 monoculture model offers several advantages to perform transport and

translocation studies in intestinal epithelial barrier:

- Itis comprised of human cells [52];

- It does not require the isolation of primary cells or the use of animals [62];

- Caco-2 cells behave in a similar way to the enterocytes, both functionally and
structurally, resembling normal intestinal epithelium [130];

- Can be used for transport studies [52];

- Caco-2 cell line has been the most used and accepted in vitro cell model to study
the intestinal permeability [63];

- Itis a good and flexible model that mimic the physiological situation [52];

- Relatively fast and simple method [52].

However, despite of several advantages, Caco-2 monoculture has its own limitations:

Is a static model [52];

- Cells have a tumoral origin [52];

- The model is comprised of only one cell type [52], not mimicking the complex
interactions with other cells existing in human intestinal epithelium [131, 132];

- Caco-2 cells form TJs that resemble the tightness of the colon, in contrast to the
looser junctions present in the small intestine [133, 134];

- Carrier-mediated compounds have lower permeability in the Caco-2 monolayers as
compared to the human small intestine [133];

- Physiological factors that influence the passage are not present (mucus, bile salts,

cholesterol) [52].
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1.4.2 Caco-2/HT29-MTX/Raji B triple model

Some alternative cell cultures to mimic the human intestinal epithelium, as closely
as possible, have been developed to achieve more physiological resemblance, such as the
Caco-2/HT29-MTX/Raji B triple model. The triple co-culture of Caco-2/HT29-MTX/Raji B
cells is an useful model to predict intestinal permeability [135].

A triple co-culture comprising Caco-2, HT29-MTX and Raji B cells mimics in a closer
way the human intestinal epithelium, presenting the main cellular components in the
process of absorption, namely the absorptive cells that resemble enterocytes (Caco-2),
mucus-producing cells (HT29-MTX) and cells able to induce M cells phenotype in Caco-2
cells (Raji B). All the three cell lines maintain their function when cultured together [63].

The in vitro triple model is performed in three main steps. First, Caco-2 and HT29-
MTX cells are seeded at the apical side of the inserts. The seeding ratio Caco-2:HT29-MTX
of 90:10 showed to be the best to achieve physiological proportions after cells maturation
and differentiation in culture [63]. Second, Raji B cells are seeded at the basolateral side of
the inserts. Third, the conversion of Caco-2 cells into M cells is performed by mediators
produced by Raji B cells (figure 11). The model is obtained after 21 days to fully
differentiation [63] and transport experiments across the differentiated model can be
carried out [62]. Thus, the triple co-culture model is a good and reliable alternative to the

in vitro methods already existents for the study of intestinal permeability [63].
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Figure 11. Schematic representation of Caco-2/HT29-MTX/Raji B triple model on a microporous

membrane. Image constructed on Microsoft Word.
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HT29-MTX

HT29-MTX cells, originated from human colorectal adenocarcinoma, are mucus-
producing cells resemble the intestinal goblet cells [136]. HT29-MTX cell line grows in a
polarized monolayer with a discrete apical brush border and microvilli, smaller than those
observed in Caco-2 cells, but with similar cellular complexity [137]. HT29-MTX cells do not
form TJs as tight as Caco-2 cells, so when these cells are cultured together with Caco-2 cells,
they mimic the small intestine in a closer way [138, 139]. Moreover, the most important
feature of these cells is the production of mucus all over the monolayer similarly what
happens in the human intestinal mucosa [132, 137, 140].

Mucins are the major glycoprotein components of the mucous that coats the
surfaces of cells lining the respiratory, digestive and urogenital tracts. They function to
protect epithelial cells from infection, dehydration, physical or chemical injury and act as a
barrier to compound absorption [141]. Mucin secretion by HT29-MTX cells is of
importance because the mucus layer has been suggested to play a role in adhesion of live
organisms to the epithelial surface as well as bacterial components such as LPS [142]. The
intestinal mucus offers numerous ecological advantages for both resident microbiome
and some pathogenic bacteria present within the lumen and intestinal epithelium. It can
provide nutrients for bacterial growth, thus promoting intestinal colonization by the
bacteria which have the ability to survive and multiply in the outer regions of the mucus

layer [143].

Raji B

Raji B cells are lymphoblastoid cells, derived from human Burkitt’s lymphoma, that
induce M cells phenotype in Caco-2 cells [136]. The induction of M cells phenotype in Caco-
2 cells is possible due to the action of mediators produced by Raji B lymphocytes [63]. These
mediators are still not identified [67]. For the M cells phenotype acquisition, reorganization
of cytoskeleton in Caco-2 cells occurs, losing the apical brush border and the microvilli and
lacking the expression of enzymes like alkaline phosphatase [144]. The conversion of Caco-

2 cells into M cells is related to the increase of bacterial adherence and translocation [62].
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It was demonstrated that some pathogens are capable of efficient translocation through M

cells, in vitro [65].

The triple model offers several advantages when performing transport and
translocation studies in intestinal epithelial barrier:

- Comprises human cells [52];

- Itis based on co-culture with well-established differentiated human cell lines [62];

- It does not require the isolation of primary cells or the use of animals [62];

- ltis areproducible model [62];

- Triple co-culture is a more complex model than Caco-2 monocultures and more

suitable because is more physiological relevant [135].

However, despite of several advantages, triple model has some limitations, namely:

- Cells have a tumoral origin [52];

- As for other in vitro culturing systems the data should be interpreted with care as

they do not represent the complexity found in the in vivo situation [145].

1.4.3 Assessment of intestinal models integrity

To evaluate the integrity of intestinal models in uremic conditions present in CKD,
several methodologies can be performed. In the present work were used the
transepithelial electrical resistance (TEER) evaluation, permeability assays using fluorescein

isothiocyanate-dextran (FITC-dextran) and localization and quantification of TJs proteins.

1.4.3.1 Transepithelial electrical resistance

Transepithelial/transendothelial electrical resistance (TEER) is a measurement of
electrical resistance across a cellular monolayer and is a very sensitive and reliable method
to confirm the integrity and permeability of the monolayer [146]. TEER is a quantitative
technique, based on ohmic resistance, measured with a voltohmmeter (figure 12), to

evaluate the integrity of TJs dynamics in cell culture models of endothelial and epithelial
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monolayers. TEER reflects the ionic conductance of the paracellular pathway in the
epithelial monolayer [147]. Thus, TEER is an instantaneous measurement for the degree of
tightness, paracellular flux and capacity of transport in intestinal epithelial barrier [78].

The most acceptable TEER values for permeability experiments have a large range,
between 150 and 1600 Q.cm?[138, 148, 149]. As it is expected, TEER values increase along
time in culture, being higher in Caco-2 monocultures and lower in triple co-cultures [63].
This can be explained by the fact that TJs are very tight between enterocytes in Caco-2
monocultures [133]. In the triple model, the presence of HT29-MTX cells, which do not
possess such TJs, make the TEER of the monolayer decrease [133, 140, 150, 151].

The advantages and wide use of the TEER method is because it is non-invasive and
can be applied to monitor live cells during their various stages of growth and
differentiation, and the measurements can be performed in real-time without cell damage
[146]. Factors that can affect TEER measurements are temperature, cell passage number,

cell culture medium composition and cell culture period [146].

Electrode
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Figure 12. TEER measurement with a voltohmmeter. Adapted from [152]. The total resistance
includes the ohmic resistance of the cell layer Rreer, the cell culture medium Ry, the semipermeable

membrane insert R, and the electrode medium interface Rem [146].
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1.4.3.2 Permeability assays using FITC-dextran

Permeability assays are performed to assess the integrity and permeability of in
vitro intestinal models. FITC-dextran is one of the most used markers in paracellular
permeability assays and transport studies in cells and tissues. FITC-dextran permeability
assay is just relative to compounds that pass paracellularly. FITC-dextran is a polysaccharide
available in MWs ranging from 4 — 70 kDa and can be used to determine solute, ion and
protein permeability. The measurement with FITC-dextran 4 kDa is a useful method for
studying intestinal permeability [153]. A benefit of FITC-dextran is that low concentrations
of fluorescein can be measured due to the high sensitivity of fluorescence detection [154].
The excitation maximum of FITC-dextran is 490 nm. The emission maximum is 520 nm
[155]. Measurements of the fluorescence provide quantitative data of the permeability of
tissues and cells [156]. Passage of marker FITC-dextran is an indicator of the integrity of the

TJs and of the intestinal epithelial barrier [147] (figure 13).

(A)

FITC-
dextran

cell monolayer

— FITC-
o dextran

cell monolayer

Figure 13. Permeability assay test principle. (A) FITC-dextran is added to the semi-permeable insert
coated with a cell monolayer. (B) FITC-dextran permeates the cell monolayer into the plate well.
The resulting fluorescence in the plate well is measured and used as an indicator of the extent of

monolayer permeability. Adapted from [157].
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1.4.3.3 Immunocytochemistry of tight junctions

Immunocytochemistry (ICC) is a highly reproductive method in biomedical research
used to identify proteins and other macromolecules in tissues and cells [158], such as TJs.
Identification and quantification of TJs is important to understand the level of tightness
between adjacent cells and, therefore, the localization and quantification of TJs were
performed in this work through of ICC.

ICC refers to immunostaining of cultured cell lines or primary cells. ICC offers a semi-
guantitative means of analyzing the relative abundance, conformation and localization of
target antigens. In ICC assays, the cellular antigens are visualized using either
fluorochrome-conjugated primary antibodies (direct detection) or a two-step method
(indirect detection) involving an unlabeled primary antibody followed by a fluorochrome-
conjugated secondary antibody. By combining different fluorochrome-labeled antibodies,
ICC can detect several antigens in the same sample. The general protocol of ICC includes

sample preparation, immunostaining and image analysis (figure 14) [159].

1. Sample preparation 2. Immunostaining
Calls
{cultured or smears) Antibody incubation
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3. Analysis

Figure 14. General protocol steps in an ICC assay. Adapted from [159].
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1.4.4 Microbial translocation studies

Once this study pretends evaluate the microbial translocation in intestinal epithelial

barrier in uremic conditions present in CKD, after assessment the integrity of intestinal

models through the methodologies mentioned above, microbial translocation assays were

performed. Microbial translocation studies can be performed through the in vitro intestinal

models [62] and they are based on three main steps:

1)

2)

3)

Bacteria are added to the apical compartment at an adequate multiplicity of
infection (MOI). MOI represents the number of bacteria per epithelial cell. For
example, a MOI of 100 represent 100 bacteria per epithelial cell. Therefore, taking
in account the number of epithelial cells that comprising the intestinal model and
the MOI, is possible calculate the number of bacteria to place in the apical
compartment.

Bacteria translocate through the intestinal model into the basolateral
compartment.

Bacteria that translocate to the basolateral compartment are quantified. Different
methods may be applied, but one of the most used to quantify viable bacteria is the

pour plate method [160].

In this study, the assessment of the integrity of intestinal epithelial barrier through the

TEER measurement, FITC-dextran assays and ICC of Tls proteins, and the assessment of

microbial translocation through microbial translocation assays were methodologies

performed in the in vitro intestinal models. The intestinal models and methodologies

described were implement in this study to evaluate the effect of uremic conditions present

in CKD on integrity, permeability, localization and quantification of TJs proteins and on

microbial translocation in intestinal epithelial barrier.
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2 AIMS

Our main goal was to evaluate the application of two in vitro models of intestinal
epithelial barrier for the study of microbial translocation and to evaluate the impact of
different uremic conditions present in CKD on this microbial translocation. For that we
analyzed the effect of plasma of CKD patients and the uremic toxin urea on microbial
translocation through intestinal epithelium as well as on integrity, permeability and
localization and quantity of TJs in the in vitro intestinal models, Caco-2 monoculture and

Caco-2/HT29-MTX/Raiji B triple model.
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3 MATERIALS AND METHODS

3.1 In vitro intestinal models

3.1.1 Cell culture

Human colorectal adenocarcinoma Caco-2 clone C2BBel (passage 59-74) and
human Burkitt’s lymphoma Raji B (passage 18-30) cell lines were obtained from the
American Type Culture Collection™ (ATCC, USA). Human colorectal adenocarcinoma HT29-
MTX (passage 41-58) cell line was kindly provided by Dr. T. Lesuffleur (INSERM U 178,
Villejuif, France). Cells have grown separately in tissue culture flasks (SPL Life Sciences,
Korea) in a complete medium, consisting of Dulbecco’s Modified Eagle Medium (DMEM)
with 4.5 g/L glucose and ultraglutamine (BioWhittaker™, Lonza, Swiss), supplemented with
10% (v/v) of inactivated fetal bovine serum (FBS) (Biochrom, UK), 1% (v/v) of non-essential
amino acids (NEAA) (Gibco™, Thermo Fisher Scientific, USA) and 1% (v/v) of
penicillin/streptomycin (P/S) (Biowest, France) mixture. Cells were maintained in an
incubator (Esco CelCulture™ CO; Incubators, UK) at 37°C temperature and 5% CO2 in a

water saturated atmosphere.

3.1.2 Optic microscopy
Growth and morphology of Caco-2, HT29-MTX and Raji B cells were monitored by

optic microscopy (Olympus, America), over time of culture.

3.1.3 Cell viability

Cell viability was assessed through trypan blue exclusion test. Trypan blue (Sigma-
Aldrich, USA) staining is a widely used method to identify dead cells. Only cells with intact
membranes can effectively exclude the dye, so dead cells with compromised membranes

become stained [161]. More than 95% of cells were viable to all cell lines used.
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3.1.4 In vitro intestinal models

3.1.4.1 Caco-2 monoculture model
Monocultures of Caco-2 cells were grown in polyethylene terephthalate (PET)
inserts with pore size of 1 um, pore density of 2x10° pores/cm? and area of 1.1 cm?
(Millicell™ Hanging Cell Culture Inserts, USA) in 12-well plates (VWR™, USA). Caco-2 cells
were seeded on the apical chamber of inserts (figure 10), to a final density of 1x10°
cells/cm?. Cells were allowed to grow in an incubator at 37°C temperature and 5% CO;in a
water saturated atmosphere, for 21 days until maturation, with medium renewal every

two-three days, based on previous experiments [63, 162].
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Figure 10. Schematic representation of Caco-2 cells on a microporous membrane. Image

constructed on Microsoft Word.

3.1.4.2 Caco-2/HT29-MTX/Raji B triple model

Co-cultures of Caco-2/HT29MTX/Raji B were grown in PET inserts with pore size of
1 um, pore density of 2x10° pores/cm? and area of 1.1 cm?in 12-well plates. Caco-2 and
HT29-MTX cells were seeded on the apical chamber of inserts (figure 11), to a final density
of 1x10° cells/cm?, in a ratio of 90:10 (Caco-2:HT29-MTX), according to previous studies
[63]. Cells were allowed to grow in an incubator at 37°C temperature and 5% CO;in a water
saturated atmosphere, for 21 days until maturation with medium renewal every two-three
days, based on previous experiments [63, 162]. Raji B cells were seeded on basolateral
chamber of inserts (figure 11) on the 14t day of differentiation of model, to a final density

equal to Caco-2 cells in each insert, to allow Caco-2 cells differentiation to M cells. After
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Raji B cells seeding on basolateral chamber, the medium was changed daily only on the

apical side to avoid the removal of Raji B cells from the basolateral side since these are non-

adherent cells.
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Figure 11. Schematic representation of Caco-2/HT29-MTX/Raji B triple model on a microporous

membrane. Image constructed on Microsoft Word.

3.1.5 Measurement of transepithelial electrical resistance

The integrity of the intestinal barrier was assessed through TEER measurements
over the 21 days of differentiation. TEER of intestinal models were measured before each
medium exchange to monitor the evolution of confluence and integrity of models, using an
Epithelial Voltohmmeter (EVOM, World Precision Instruments, USA) equipped with
chopstick electrodes (see figure 12 section 1.4.3.1). TEER was measured on two different

sites of insert and values were converted to Ohms.cm?.

3.1.6 Cell count of mature intestinal models

Both cell models were detached from PET membrane of the inserts with trypsin-
EDTA (ethylenediaminetetraacetic acid) (Sigma-Aldrich/VWR, USA) on the 22" day (one
day after maturation) and counted using a hemocytometer (Neubauer chamber)

(Marienfeld, Germany) according to the following equation:

Number of cells counted
Number of cells per mL = x diluition factor x 10*
Number of quadrants counted

37



Influence of uremic toxins on microbial intestinal epithelial barrier translocation
in chronic kidney disease | Andreia Garcia

3.2 Exposure to uremic conditions

The effect of uremic conditions on integrity, permeability, localization and quantity
of TJs proteins and microbial translocation in epithelial barrier of intestinal models was
evaluated. The uremic conditions tested were plasma of CKD patients and uremic toxin
urea. DSS was tested in intestinal models as a positive control, once it was described as a

compound that leads to disruption of TJs leading to intestinal epithelium dysfunction [96].

3.2.1 Plasma of chronic kidney disease patients

Four adult CKD patients undergoing PD (thus, ESKD) and without diabetes mellitus
followed up in the Nephrology Department of “Centro Hospitalar Universitario S. Joao”,
were asked to collect blood under fasting conditions in the heparinized tubes by trained
nurses. Afterwards, the blood was centrifuged at 5000 rpm for 15 min and the supernatant
was collected (plasma). The study protocol was approved by the local Ethics Committee
and is in accordance with the 1964 Helsinki declaration and its later amendments; all
recruited patients were asked to give their free written informed consent. Also, the blood
of two healthy controls was collected for the same purpose. Samples were stored at -80°C
until used. The healthy controls and CKD plasma samples were used on in vitro intestinal
models, in order to understand the effect of both plasmas on the integrity of intestinal
barrier and on microbial translocation.

Cells of intestinal models (Caco-2 monoculture and Caco-2/HT9-MTX/Raji B triple co-
culture) were incubated with healthy and CKD plasma. Plasma of healthy individuals and
CKD patients were added on the basolateral compartment (mimicking the bloodstream) of
the inserts at 10% (v/v) in DMEM for 24 h, according to [47]. TEER was monitored from
time 0 to 24h, to evaluate the effect of healthy and CKD plasma on the integrity of intestinal

barrier.

3.2.2 Urea

Urea (Sigma-Aldrich, USA) at concentrations 20 mg/dL and 150 mg/dL with and without
urease (Sigma-Aldrich, USA) at concentration 0.63 mg/mL were added to the intestinal

models (Caco-2 monoculture and Caco-2/HT9-MTX/Raji B triple co-culture). The urea
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solutions were prepared in DMEM. Samples were added to the apical compartment of the
insert (mimicking the intestinal lumen, where uremic toxins like urea are converted to
ammonia by microbial urease) for 24 h. Afterwards, the effect of normal (20 mg/dL) and
uremic (150 mg/dL) concentrations of urea in the presence or not of urease was evaluated.
The effect of urease in intestinal barrier was also tested, serving as a toxicity control. TEER
was monitored from time 0 to 24h, to evaluate the effect of different conditions on the

integrity of intestinal barrier.

3.2.3 Dextran sodium sulfate

Cells of intestinal models (Caco-2 monoculture and Caco-2/HT9-MTX/Raji B) were
incubated with 2% DSS (pK Chemicals, Denmark) in DMEM on the apical compartment of
the insert for 3h, according to [96]. The addition of DSS served as positive control since,
according to previous studies [97], DSS is associated with disruption of TJs. TEER was

measured after incubation, to evaluate the effect of DSS on integrity of intestinal barrier.

3.3 Assessment of the effect of uremic conditions on

transepithelial electrical resistance

The integrity of intestinal barrier was assessed through TEER measurements after
exposure to uremic conditions. TEER was monitored from time 0 to 24h, to evaluate the
effect of plasma of CKD patients, urea and DSS on the integrity of intestinal barrier. TEER

was measured on two different sites of insert and values were converted to Ohms.cm?.

3.4 Assessment of the effect of uremic conditions on

permeability

Permeability studies were performed using 4 kDa FITC-dextran (Sigma-Aldrich,
Portugal) as a marker of paracellular pathway [163].
To perform the assay, a solution of FITC-dextran was prepared in Hank’s Balanced

Salt Solution (HBSS) (Gibco™, Thermo Fisher Scientific, USA) at a concentration of 200 or
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1000 pg/mL. Then, TEER of mature intestinal models was measured, the culture medium
was removed from the compartments of the inserts and cells were washed twice with pre-
warmed phosphate-buffered saline 1x (PBS 1x). PBS 1x was then replaced by HBSS. HBSS
was allowed to equilibrate for 30 min at 37°C with agitation at 100 rpm in an orbital shaker
oven (Ilka™, Germany). After 30 min, HBSS was removed from the apical side and the
sample of FITC-dextran diluted in HBSS (200 or 1000 uL/mL) was added. TEER was
measured in the instant after adding the sample (t = 0 min). The plate was placed at 37°C
with agitation at 100 rpm. At pre-determined time-points (15, 30, 45, 60, 90, 120, 180 and
240 min), TEER was measured and a sample of 200 pL was taken from the basolateral side
and placed on black 96-well plate (Greiner Bio-One, Austria) and respective fluorescence
was readen by fluorescence spectrophotometry through of Synergy™ MX microplate
reader (Biotek Instruments™, USA), at an excitation wavelength of 490 nm and an emission
wavelength of 520 nm. 200 pL of new HBSS was replaced to the basolateral side and the
plate was placed again on the stove at 37°C with agitation at 100 rpm. At the end of the
experiment, 200 pL were removed from the apical compartment to analyze the quantity of
FITC-dextran that remained on the apical side. The values of concentration of FITC-dextran
were calculated from a standard curve obtained with known concentrations. The
permeability results were expressed in percentage of permeability (% of FITC-dextran that

passed to the basolateral side).

3.5 Assessment of the effect of uremic conditions on tight

junctions

3.5.1 Immunocytochemistry
ICC was performed to evaluate membrane integrity and detection of TJs. ICC
encompassed fixing, permeabilization, blocking, staining and mounting, described in detail
hereafter.
The medium was removed from inserts and cells were washed with PBS 1x. Cells were

fixed using paraformaldehyde (PFA) (Electron Microscopy Sciences, UK) at 2% during 30
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min at room temperature (RT) and after, cells were washed three times for 5 min with
0.05% (v/v) Tween™ 20 (Sigma-Aldrich, USA) in PBS (PBS-T). The membranes of inserts
were detached and placed on 24-well plate wells (Falcon™, USA). Cells were permeabilized
with 0.05% (v/v) Triton™ X-100 (Sigma-Aldrich, USA) in PBS for 10 min. Then, cells were
washed three times for 5 min with PBS-T. In order to prevent non-specific binding, cells
were incubated with blocking solution, PBS-T with 1.5% bovine serum albumin (BSA)
(VWR™, USA) and 5% FBS, for 1h. Primary antibodies to TJs were diluted on blocking
solution at the following dilutions: rabbit anti-OCLN (Thermo Fisher Scientific, USA) 1:250,
rabbit anti-CLDN1 (Thermo Fisher Scientific, USA) 1:200, mouse anti-CLDN2 (Thermo Fisher
Scientific, USA) 1:50 and rat anti-ZO1 coupled to Alexa Fluor 488 (Santa Cruz
Biotechnology™, USA) 1:50. Primary antibodies were incubated overnight on a humidified
chamber at 4°C. Then, cells were washed three times for 5 min with PBS-T. Secondary
antibodies, goat anti-rabbit Alexa Fluor 488 (Invitrogen™, USA) to anti-OCLN primary
antibody, donkey anti-rabbit Alexa Fluor 594 (Abcam™, UK) to anti-CLDN1 and goat anti-
mouse Alexa Fluor 594 (Invitrogen™, USA) to anti-CLDN2 were diluted on blocking solution
at a dilution 1:500. Secondary antibodies were incubated during 1h. Then, cells were
washed three times for 5 min with PBS-T. The solutions 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, USA) at concentration of 0.5 puL/mL, to stain nuclei, and CellMask™
deep red plasma membrane Cy5 647 (Molecular Probes™, USA), at concentration of 0.5
uL/mL, to stain plasma membrane, were incubated together during 15 min. After 15 min,
cells were washed twice for 5 min with PBS-T and, then, once with PBS 1x. The membranes
were mounted using fluorescence mounting medium (Dako, USA). Slides were stored at

4°C in a dark box until further use.

3.5.2 High-throughput widefield fluorescence microscopy image acquisition

and analysis

The localization of TJs proteins was assessed in the different conditions by
immunofluorescence using the equipment IN Cell Analyzer 2000 (GE Healthcare, USA). IN
Cell Analyzer 2000 high-content analysis provides multiplexed, quantitative data based on

automated cell imaging, allowing to answer complex questions rapidly, in a true biological
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context [164]. Fluorescence images were obtained using a Nikon 20X/0.45 NA Plan Fluor
objective, 2 x 2 binning and the 2.5D acquisition mode with a Z section of 5 um to allow
focusing in all planes. 25 fields were obtained per sample, enabling the acquisition of
thousands of cells. Exposure times were maintained for all samples within experiments and
for all experiments.

All images were further treated and processed using llastik software version 1.3.2 [165],

CellProfiler software version 3.1.5 [166] and Image J/Fiji software [167].

3.5.3 Quantification of tight junctions

Nuclei and plasma membrane were identified using llastik [165], machine learning
algorithms to easily segment, classify, track and count cells or other experimental data. The
resulting segmented images were used to quantify fluorescence intensity on the TJs using
the image analysis software CellProfiler [166]. Briefly, upon uneven illumination correction
and plasma membrane segmentation, the mean fluorescence intensity of each TJ antibody
(anti-OCLN, anti-ZO1, anti-CLDN1 and anti-CLDN2) was quantified (see supplementary
figure 1). The results of quantification of TJs were represented as mean intensity of Alex
Fluor 488, corresponding to OCLN and ZO1 TJs, and mean intensity of Alex Fluor 594,
corresponding to CLDN1 and CLDN2 TlJs.

3.6 Assessment of the effect of uremic conditions on microbial

translocation

3.6.1 Identification of bacteria

Bacterial isolates from CKD patients were identified by matrix assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) (Bruker MALDI
Biotyper™, USA). MALDI-TOF MS has emerged as a potential tool for microbial
identification and diagnosis. During the MALDI-TOF MS process, microbes are identified
using either intact cells or cell extracts [168]. A fecal isolate from a CKD patient stool was
well identified by MALDI-TOF MS as E. coli (figure 15), with an identification score value

higher than 2.0.
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Figure 15. E. coli isolated from feces of a CKD patient, cultured in MacConkey Agar (Sigma-

Aldrich, USA).

3.6.2 Bacterial translocation assay

E. coliisolated from feces of a CKD patient, identified by MALDI-TOF MS, was used
in the present study (figure 15). Calibration curve for different optical density at 600 nm
(O.Dsoo nm) of E. coli diluted in HBSS was obtained by quantifying the bacteria by the pour
plate method counting the colony forming units (CFU) formed in Brain Heart Infusion (BHI)

Agar (Biolab Zrt., Hungary) (figure 16).

Calibration curve of E. coli from CKD patient
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Figure 16. Calibration curve of E. coli from CKD patient.

Bacterial translocation assay was performed in both Caco-2 monoculture and Caco-

2/HT29-MTX/Raji B triple model after exposure to uremic conditions. In sum, after
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overnight incubation of E. coli in BHI Broth (Liofilchem™, Italy) at 37°C and 160 rpm, the E.
coli suspension was centrifuged at 12 300 g during 3 min. Then, the supernatant was
removed, the pellet was resuspended in HBSS (this last step was performed twice). For
each translocation experiment, the MOI was adjusted to 5. The number of epithelial cells
in each insert of Caco-2 monocultures and Caco-2/HT29-MTX/Raji B triple models was

counted (table 3), as described in the section 3.1.6.

Table 3. Number of epithelial cells at 22" day of maturation in both Caco-2 monoculture and triple

model. Values are expressed in cells/cm? as mean + SD of three replicates.

Intestinal models Mean (cells/cm?) £ SD
Caco-2 monoculture 3.8x10°+89x10*
Caco-2/HT29-MTX/Raji B 3.7x10°+1.8x 10°

The number of CFU of E. coli to use was calculate as follows: number of CFU = MOI
x number of epithelial cells in insert. This number of CFU was converted to a concentration
value (CFU/mL) and, through of calibration curve of E. coli from CKD patient, the value of
0.D6oonm corresponding to the concentration value is calculated. Thus, it is possible to know
the number of bacteria (CFU) to use on the apical compartment (mimicking the intestinal
lumen) on bacterial translocation assay.

At each microbial translocation experiment the cell medium was replaced by HBSS,
after washing twice the cells with pre-warmed PBS 1 x. After 30 min of stabilization, at 37°C
at 100 rpm, the HBSS of the apical chamber was replaced by HBSS with E. coli at MOI=5. At
pre-determined time-points, a sample of 50 uL was taken out of the basolateral side and
seeded on BHI Agar plates (in duplicated). All basolateral medium was removed at each
time point and replaced by new HBSS. At the end, 20 uL were removed from the apical
compartment and seeded on BHI Agar plates (in duplicated), to know the quantity of
bacteria that remain on the apical side. Plates were incubated 24h at 37°C with 5% CO>. The
next day, CFU of all time-points and conditions were counted. The results of bacterial

translocation were represented as logio(CFU) vs time.
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3.7 Statistical analysis

All the results were represented as mean * standard deviation (SD) or in percentage
(%). Results were analyzed using ANOVA test for multiple comparisons followed by t-
student test using GraphPad Prism™ software (version 8.0.2.263). Statistical significance
was assumed when p values were less than 0.05. p < 0.05 was denoted as (*) and p < 0.01

as (**).

3.8 Scheme of methodology
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Figure 17. Schematic representation of the methodology. In sum, the effect of uremic conditions
was evaluated in the intestinal barrier integrity, permeability (FITC-Dextran paracellular
transport), localization and quantity of Tls proteins, and in the microbial translocation in

intestinal epithelium of Caco-2 monoculture and triple model.
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4 RESULTS

4.1 Morphology of cell lines of intestinal models

Since this study aimed to evaluate the effect of uremic conditions on the integrity
of intestinal epithelial barrier and microbial translocation, two intestinal models were
implemented, Caco-2 monoculture and Caco-2/HT29-MTX/Raji B triple model. The optic
microscopy shows the aspect of cell lines used to establish the two intestinal models (figure
18). In culture, Caco-2 and HT29-MTX epithelial cells grow in a cell monolayer. In Caco-
2/HT29-MTX/Raji B triple model, Caco-2 and HT29-MTX cells establish intercellular
contacts between them forming an intact cell barrier, growing attached to the insert
membrane, in the apical side. Raji B cells have a lymphoblastoid morphology and grow like
clumps in suspension in the basolateral side, and their function is to induce M cells

phenotype in Caco-2 cells [136].

Figure 18. Morphology of cell lines used in intestinal models. Images were obtained by optic
microscopy, at 400x magnification, and demonstrate epithelial cells growing in monolayer

(Caco-2 and HT29-MTX) and lymphocytes B in suspension (Raji B).
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4.2 Integrity of intestinal epithelial barrier

4.2.1 Transepithelial electrical resistance

To evaluate the integrity of the epithelial barrier of intestinal models, the TEER was
monitored. Monocultures of Caco-2 and triple co-cultures of Caco-2/HT29MTX/Raji B have
grown for 21 days until maturation, as described in section 3.1.4. The integrity of intestinal
barrier was assessed through TEER throughout the differentiation process (figure 19). The
results show that the TEER values of Caco-2 monoculture range from 1500 Q.cm?to 3600
Q.cm? and that TEER values of triple model range from 115 Q.cm?to 390 Q.cm? over 24
days. It is possible observe that TEER values of Caco-2 monoculture are higher than values
in triple model, which is in accordance with the literature [63]. In triple model, the addition

of Raji B cells to the model at 14" day leads to a decrease of TEER, as show the graph.
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Figure 19. TEER variation over 24 days on both Caco-2 monoculture and triple model. TEER
values are expressed in ohm.cm? as mean + SD of eight independent Caco-2 monoculture
models and fourteen independent triple culture models. The larger arrow represents the day of
maturation (215 day). The smaller arrow represents the addition of Raji B cells at 14" day of

differentiation of the triple model.
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4.2.2 Paracellular permeability of intestinal epithelial barrier

Since transepithelial resistance is directly related with paracellular permeability and
low TEER values may be related with higher paracellular permeability, this permeability
was assessed on the triple model after maturation, to evaluate the integrity of the intestinal
epithelial barrier.

Paracellular permeability of the intestinal epithelium was assessed through FITC-
dextran permeability assay. Permeability assays were performed in three different days
after maturation (21, 23" and 25 day) (figure 20), as described before in section 3.4. The
results show that permeability increase from 21t to 25t day. In the end of the permeability
assay (time 240 min), the percentage of permeability (% FITC-dextran that passed to the
basolateral compartment) at 21t day was in mean 20%, at 23 day was in mean 34% and
at 25" day was in mean 50%. Thereby, the results show that the paracellular permeability

of the intestinal triple model increased after the 21t day of maturation.
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Figure 20. Paracellular permeability increased from 21 to 25" days in triple model. FITC-dextran
permeability assay was performed at three different days after maturation (21%, 23" and 25 day)
with a concentration of 1000 pug/mL of FITC-dextran used on apical compartment of triple model.
The graph shows the percentage of FITC-dextran that passed to the basolateral compartment in
the three different days in eight time points. The results are expressed as mean = SD of four
replicates at 21° day, three replicates at 23 day and four replicates at 25" day. Statistically

significant differences are signed as (*) p < 0.05 compared with 21 day.
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4.3 Microbial translocation in intestinal epithelial barrier

To understand the translocation of bacteria in both Caco-2 monoculture and triple
model, E. coli translocation assays were performed to evaluate the ability of bacteria to
cross the intestinal barrier. The MOl used in apical side was 5 and the quantification of CFU
that passed to the basolateral side of models was performed 24h after incubation of plates.
The results of bacterial translocation show that E. coli translocation in Caco-2 monoculture

was higher than in triple model (figure 21).
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Figure 21. E. coli translocation was higher in Caco-2 monoculture than in triple model. Bacterial
translocation assay was performed for 180 min, using MOI=5. The results are represented as
logio(CFU/well) vs time and are the mean * SD of five independent experiments. Statistically

significant differences are signed as (*) p < 0.05 compared with triple model.

4.4 Effect of uremic conditions on transepithelial electrical

resistance

To evaluate the integrity of models after exposure to uremic conditions, the
resistance of intestinal epithelial barrier was assessed. The TEER was assessed after
exposure to plasma of CKD patients, urea (with or without urease) and DSS. The results are
expressed in ohm.cm?and show the implication of uremic conditions on TEER in both Caco-

2 monocultures and Caco-2/HT29-MTX/Raji B triple models.
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4.4.1 Effect of plasma of chronic kidney disease patients

Healthy and CKD plasma were added at the basolateral compartment (mimicking
the bloodstream) of Caco-2 monoculture and triple model during 24h, and the TEER was
monitored during this period, to evaluate the effect of healthy and CKD plasma on intestinal
barrier integrity. The results in Caco-2 monoculture show that healthy plasma did not
induce significant alterations on TEER and that CKD plasma decreased the TEER, 24h after
exposure (figure 22A). The results in triple model show that healthy and CKD plasma did

not induce significant alterations on TEER, 24h after exposure (figure 22B).

A 2000 = Caco-2 monoculture

)
[
=)
=]
=]
1
I

T I Before exposure

2000 = 24 hours after exposure

TEER Iohm.cmz

1000 =

0= T T T
Control Healthy plasma CKD plasma

B 250 = Triple model

200=-

B Before exposure

[

wn

=]
1

24 hours after exposure
100

TEER (ohm. cm” )

"
=]
1

0= T T T
Control Healthy plasma CKD plasma

Figure 22. Effect of CKD plasma on TEER. (A) CKD plasma decreased the TEER in Caco-2
monoculture. The graph shows the TEER values 24h after exposure to healthy and CKD plasma in
Caco-2 monoculture. Results are expressed as mean * SD of three independent experiments.
Statistically significant differences are signed as (*) p < 0.05 compared with 0 hours (before
exposure). (B) CKD plasma did not induce significant alteration on TEER in triple model. The graph
shows the TEER values 24h after exposure to healthy and CKD plasma in triple model. Results are

expressed as mean * SD of six independent experiments.
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4.4.2 Effect of urea

Urea at a concentration of 20 mg/dL (“healthy” concentration) with urease, urea at
a concentration of 150 mg/dL (uremic concentration) with urease, urea at a concentration
of 150 mg/dL (uremic concentration) without urease and urease were added at the apical
compartment (mimicking the intestinal lumen where uremic toxins like urea are converted
to ammonia by microbial urease) of Caco-2 monoculture and triple model during 24h, and
the TEER was monitored in this period, to evaluate the effect of the different conditions on
intestinal barrier integrity. The results in Caco-2 monoculture show that urea at a
concentration of 20 mg/dL (normal concentration) with urease, urea at a concentration of
150 mg/dL (uremic concentration) without urease and urease did not induce significant
alterations of the TEER, and that urea at a concentration of 150 mg/dL (uremic
concentration) with urease decreased the TEER, 24h after exposure (figure 23A). The
results in triple model show that there were no differences on TEER in the different

conditions tested, 24h after exposure (figure 23B).
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Figure 23. Effect of urea on TEER. (A) Uremic concentration of urea in the presence of urease
decreased the TEER in Caco-2 monoculture. The graph shows the TEER values 24h after exposure
to urea 20 mg/dL plus urease, urea 150 mg/dL plus urease, urea 150 mg/dL without urease and
urease in Caco-2 intestinal model. Results are expressed as mean = SD of three independent
experiments. Statistically significant differences are signed as (*) p < 0.05 compared with 0 hours
(before exposure). (B) Urea did not induce significant alteration on TEER in triple model. The graph
shows the TEER values 24h after exposure to urea 20 mg/dL plus urease, urea 150 mg/dL plus
urease, urea 150 mg/dL without urease and urease in triple intestinal model. Results are expressed

as mean = SD of three independent experiments.

4.4.3 Effect of dextran sodium sulfate

According to previous studies [97], DSS is associated with disruption of TJs and,
since the presence of TJs at the intestinal epithelial barrier is important to maintain the
integrity of the barrier, the effect of DSS on the transepithelial resistance of Caco-2
monoculture and triple model was assessed. DSS at 2% concentration was added at the
apical compartment (mimicking the intestinal lumen) of intestinal models during 3h, and
the TEER was measured at the end of 3h to evaluate the effect of the DSS on integrity of
intestinal barrier. The results in Caco-2 monoculture show that DSS decreased the TEER, 3h
after exposure (figure 24A). The results in triple model show that DSS did not induce

significant alteration on TEER, 3h after exposure (figure 24B).
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Figure 24. Effect of DSS on TEER. (A) DSS decreased the TEER in Caco-2 monoculture. The graph
shows the TEER values 3h after exposure to DSS in Caco-2 intestinal model. Results are expressed
as mean * SD of three replicates. Statistically significant differences are signed as (**) p < 0.01
compared with 0 hours (before exposure). (B) DSS did not induce significant alteration on TEER in
triple model. The graph shows the TEER values 3h after exposure to DSS in triple intestinal model.

Results are expressed as mean + SD of three replicates.

4.5 Effect of uremic conditions on permeability

To evaluate the integrity of models after exposure to uremic conditions, the
permeability was assessed with FITC-dextran, a marker of paracellular pathway [163]. The
FITC-dextran permeability assay was assessed after exposure to plasma of CKD patients
and urea (with or without urease). The results were expressed in percentage of FITC-
dextran that passed from apical side (mimicking the intestinal lumen) to basolateral side
(mimicking the bloodstream) and show the implication of uremic conditions on

permeability in both Caco-2 monoculture and Caco-2/HT29-MTX/Raji B triple model.
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4.5.1 Effect of plasma of chronic kidney disease patients

The permeability of Caco-2 monoculture and triple model was performed by FITC-
dextran assay 24h after exposure to healthy and CKD plasma. FITC-dextran was added to
the apical side (mimicking the intestinal lumen) at 200 pg/mL and the content that passed
to the basolateral side (mimicking the bloodstream) was quantified by fluorescence
spectrophotometry. The values of concentration of FITC-dextran were calculated from a
standard curve obtained with known concentrations. The permeability results were
expressed in percentage of FITC-dextran that passed to basolateral compartment and show
that healthy and CKD plasma did not induce significant alterations on permeability in Caco-

2 monoculture and triple model (figure 25).
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Figure 25. Effect of CKD plasma on permeability. CKD plasma did not induce significant alteration
on permeability in (A) Caco-2 monoculture and (B) triple model. FITC-dextran permeability assay
was performed 24h after incubation with healthy and CKD plasma, with a concentration of 200
pg/mL of FITC-dextran used on apical compartment of intestinal model. The graphs show the
percentage of FITC-dextran that passed to the basolateral compartment in eight time points. The

results are expressed as mean % SD of three replicates.

4.5.2 Effect of urea

The permeability of the triple model 24h after exposure to normal concentration of
urea (20 mg/dL) with urease, uremic concentration of urea (150 mg/dL) with urease,
uremic concentration of urea (150 mg/dL) without urease and urease was performed using
FITC-dextran. FITC-dextran was added to apical side (mimicking the intestinal lumen) at 200
pug/mL and the content that passed to basolateral side (mimicking the bloodstream) was
quantified by fluorescence spectrophotometry. The values of concentration of FITC-
dextran were calculated from a standard curve obtained with known concentrations. The
permeability results were expressed in percentage of FITC-dextran that passed to
basolateral compartment and show that normal concentration of urea (20 mg/dL) in the
presence of urease, uremic concentration of urea (150 mg/mL) without urease and urease
did not induce significant alterations on permeability and that uremic concentration of urea
(150 mg/mL) in the presence of urease increased the permeability in triple model (figure

26).
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Figure 26. Uremic concentration of urea in the presence of urease increased the permeability in
triple model. FITC-dextran permeability assay was performed 24h after exposure to urea 20 mg/dL
plus urease, urea 150 mg/dL plus urease, urea 150 mg/dL without urease and urease, with a
concentration of 200 pg/mL of FITC-dextran used on apical compartment of intestinal model. (A)
The graph shows the percentage of FITC-dextran that passed to the basolateral compartment in
eight time points. (B) Percentage of FITC-dextran that passed to the basolateral compartment at
the end of experiment (time 240 min). All results are expressed as mean + SD of three replicates.

Statistically significant differences are signed as (**) p < 0.01 compared with control.
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4.6 Effect of uremic conditions on quantity of tight junctions

The permeability of intestinal barrier is regulated by the integrity of cellular plasma
membranes and TJs [75] and, therefore, the presence of Tls in intestinal epithelium is
crucial to the maintenance of an integrated barrier. Thus, it isimportant to assess the effect
of uremic conditions on integrity, quantity and localization of TJs in intestinal barrier. For
this, four TJs proteins that constitute the intestinal epithelium, ZO1, OCLN, CLDN1 and
CLDNZ2, already described in section 1.2.2, were evaluated. The localization and quantity of
Z01, OCLN, CLDN1 and CLDN2 was performed after exposure to healthy and CKD plasma
and DSS in both Caco-2 monoculture and triple model. The localization of TJs was assessed
by immunofluorescence and the mean fluorescence intensity of each TJ antibody was
qguantified. The results of quantification of TJs were represented as mean intensity of Alexa
Fluor 488, corresponding to OCLN and ZO1 TJs, and mean intensity of Alexa Fluor 594,
corresponding to CLDN1 and CLDN2 TlJs.

4.6.1 Effect of plasma of chronic kidney disease patients and dextran

sodium sulfate

The location of ZO1, OCLN, CLDN1 and CLDN2 was assessed after exposure to
uremic conditions in Caco-2 monoculture and triple model. Relatively to ZO1, an adapter
protein linking the transmembrane proteins to cytoplasmic proteins such as actin filaments
[88, 89], the results show that its localization was not specific to the membrane cell in both
intestinal models, once these proteins are presented intracellularly close to the cell
membrane and not at transmembrane site. Relatively to OCLN, CLDN1 and CLDN2, all
transmembrane proteins [45], the results show that the location was specific to the cell
membrane in both intestinal models (figures 27 and 29).

The results of quantification show that there were no differences between the
different groups tested to each TJ. However, the mean fluorescence intensity of Alexa Fluor
488 (ZO1 and OCLN) was lower than the mean fluorescence intensity of Alexa Fluor 594
(CLDN1 and CLDN2) to all conditions tested for both Caco-2 monoculture and triple model

(figures 28 and 30).
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OCLN
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Figure 27. Localization of TJs ZO1, OCLN, CLDN1 and CLDN2 in different conditions in Caco-2
monoculture. Images representative of localization of TJs ZO1, OCLN, CLDN1 and CLDN2 24h after

exposure to healthy plasma and CKD plasma, and 3h after exposure to DSS.
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Figure 28. CKD plasma and DSS did not induce significant alterations on quantity of TJs in Caco-2
monoculture. Quantification of TJs represented in figure 27. Mean fluorescence intensity of (A)
Z01 (Alexa Fluor 488), (B) OCLN (Alexa Fluor 488), (C) CLDN1 (Alexa Fluor 594) and (D) CLDN2 (Alexa
Fluor 594) at plasma membrane. All results are expressed as mean fluorescence intensity + SD,
normalized to fluorescence measured at the membrane without antibodies, obtained in three

independent experiments.
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Figure 29. Localization of TJs ZO1, OCLN, CLDN1 and CLDN2 in different conditions in triple model.
Images representative of localization of TJs ZO1, OCLN, CLDN1 and CLDN2 24h after exposure to

healthy plasma and CKD plasma, and 3h after exposure to DSS.
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Figure 30. CKD plasma and DSS did not induce significant alterations on quantity of TJs in triple
model. Quantification of TJs represented in figure 29. Mean fluorescence intensity of (A) ZO1 (Alexa
Fluor 488), (B) OCLN (Alexa Fluor 488), (C) CLDN1 (Alexa Fluor 594) and (D) CLDN2 (Alexa Fluor 594)
at plasma membrane. All results are expressed as mean fluorescence intensity + SD, normalized to
fluorescence measured at the membrane without antibodies, obtained in three independent

experiments.

4.7 Effect of uremic conditions on microbial translocation

4.7.1 Effect of plasma of chronic kidney disease patients and dextran

sodium sulfate

Bacterial translocation assay of E. coli isolate from CKD patient was performed in
Caco-2 monoculture and triple model after exposure to healthy and CKD plasma as well to
DSS. The results of bacterial translocation show that healthy and CKD plasma and DSS did
not induce significant alterations in E. coli translocation in both Caco-2 monoculture and

triple model (figure 31).
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Figure 31. Effect of CKD plasma and DSS on microbial translocation. CKD plasma and DSS did not
induce significant alterations in E. coli translocation in (A) Caco-2 monoculture and (B) triple
model. Bacterial translocation assay was performed 24h after exposure to healthy and CKD plasma
and 3h after exposure to DSS, for 180 min with a MOI=5. The results were represented as

logio(CFU/well) vs time and are the mean * SD of five independent experiments.
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4.7.2 Effect of urea

Bacterial translocation assay of E. coli isolate from CKD patient was performed in
Caco-2 monoculture and triple model after exposure to urea 20 mg/dL and urea 150 mg/dL
in the presence of urease, urea 150 mg/dL without urease and urease. The MOI used in
apical side was 5. The results of bacterial translocation are represented as logio(CFU/well)
vs time and show that there were no differences between the different conditions tested

in E. coli translocation in Caco-2 monoculture and triple model (figure 32).
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Figure 32. Effect of urea on microbial translocation. Urea did not induce significant alteration in
E. coli translocation in (A) Caco-2 monoculture and (B) triple model. Bacterial translocation assay
was performed 24h after exposure to urea 20 mg/dL plus urease, urea 150 mg/dL plus urease, urea
150 mg/dL without urease and urease, for 180 min with a MOI=5. The results were represented as

logi0(CFU/well) vs time and are the mean * SD of one independent experiment with 3 replicates.
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5 DISCUSSION

The main goal of this investigation was to evaluate the application of two stablished
in vitro models of intestinal epithelial barrier for the study of microbial translocation and
to evaluate the impact of different uremic conditions present in CKD on this microbial
translocation. It was indeed possible to study the microbial translocation through
intestinal epithelial barrier, although with some methodological limitations that should
be improved in the future. Microbial translocation was higher in Caco-2 monoculture
than in triple model, suggesting that the triple model creates a more effective barrier
and, therefore, apparently is a more robust intestinal model for what happens in the
human intestine. The experimental uremic conditions simulated in this study did not
potentiate the microbial translocation through the in vitro intestinal epithelial barrier
models, Caco-2 monoculture and Caco-2/HT29-MTX/Raji B triple model, although
interfered at some extent with the integrity and the permeability of intestinal epithelial
barrier models.

The results of intestinal barrier transepithelial resistance in both Caco-2 monoculture
and Caco-2/HT9-MTX/Raji B triple model throughout the maturation process, that is,
during the 21 days, showed that the TEER was significantly higher in Caco-2 monoculture
than in triple model, which is in accordance with the literature [63]. This difference can be
explained by the fact that the TJs are very tight between Caco-2 cells in Caco-2
monocultures [133]. On the other hand, in triple model, the presence of HT29-MTX cells
influences the tightness level of the epithelium due to the fact that the HT29-MTX
attachment to Caco-2 cells is done by TJs that are not as tight as in Caco-2 monoculture
[133, 140, 150, 151] and, therefore, more intercellular space exist.

Considering what was mentioned above, a higher microbial translocation would be
expected in triple model. Also, the presence of Raji B cells in triple model allows the
differentiation of Caco-2 cells into M cells [63], and M cells are able to translocate
microorganisms through transcellular pathway [62]. However, the results comparing the
microbial translocation between models demonstrated that this microbial translocation is

higher in Caco-2 monoculture than in triple model. The HT29-MTX cells that integrate the
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triple model are mucus-producing cells [136], that coats the surface of intestinal epithelial
barrier and play an important role in adhesion of live organisms as well as bacterial
components, such as LPS [142]. Given these facts, the lower microbial translocation verified
in triple model may be explained by the presence of this mucus layer that restricts the
microbial translocation, once the bacteria adhere to the mucus and, therefore, do not
translocate easily through the intestinal epithelial barrier. Moreover, only a small
percentage of Caco-2 cells may differentiate into M cells [64] and only a few strains of E.
coli have the capacity to translocate M cells [66-68]. Therefore, in our experimental setting,
the E. coli strain used may have not translocate through M cells.

The assessment of the effect of uremic conditions in transepithelial resistance
demonstrates that the plasma of CKD patients, uremic concentrations of urea in the
presence of urease and DSS decreased the TEER of the intestinal epithelial barrier of Caco-
2 monocultures but not of triple model. This absence of changes on TEER values in response
to CKD plasma, uremic concentrations of urea in the presence of urease and DSS in the
triple model may be due to the fact that, in this model, the TEER values are quite low and,
therefore, the effect of these uremic conditions in intestinal epithelial barrier cannot be
noticeable. As so, TEER evaluation may not be the best methodology to assess the integrity
of the epithelial barrier in triple model.

Recent studies associated the uremic plasma of CKD patients to damage of intestinal
epithelial barrier function and to depletion of TJs proteins [47]. The results of the effect of
CKD plasma on TEER showed that CKD plasma decreased the TEER values in Caco-2
monocultures. These effects may be explained by the fact that uremic plasma of CKD
patients has uremic toxins and metabolites capable of exerting damage on epithelial barrier
function [47]. The same authors, in other studies, suggested that the disruption of TJs and
of intestinal epithelial barrier function in uremic conditions is mediated by ammonia, a
product of urea metabolization by urease of microbial origin [102, 106, 107]. In agreement,
the results of this study showed that the effect of urea in decreased TEER values in Caco-2
monoculture is only significant in the presence of elevated concentrations of urea (uremic
concentrations) when incubated with urease. Thus, urea by itself does not influence the

intestinal epithelium integrity, but when in high concentrations and in the concomitant
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presence of microbial urease in intestinal lumen, urea is transformed to another uremic
toxin, ammonia, that will exert negative effects on the epithelial barrier. It was described
that DSS leads to disruption of TJs and consequent intestinal epithelial barrier disfunction
[96]. In agreement with this view are the results of our study demonstrating that DSS
decrease the TEER in Caco-2 monocultures, that will be associated with barrier function
damage. In sum, it was demonstrated that the exposure to plasma of CKD patients, uremic
concentrations of urea in the presence of urease and DSS leads to decrease the
transepithelial resistance and consequently integrity of Caco-2 monocultures.

Although the plasma of CKD patients altered the TEER in Caco-2 monocultures, there
was no effect on the paracellular transport of FITC-dextran as well on the TJs proteins
expression in Caco-2 monocultures and triple models. These results could be explained by
the fact that, despite the plasma of CKD patients decrease the resistance and integrity of
intestinal barrier, this effect cannot be enough to potentiate the passage of FITC-dextran
used in the permeability assay, once the decrease of integrity cannot be associated with
depletion of TJs. Other reason could be that the time of exposure of the intestinal epithelial
models to uremic plasma may have not been enough to allow the disruption of TJs and,
therefore, the permeability may not be affected.

On the other hand, uremic concentrations of urea in the presence of urease
demonstrated to interfere in FITC-dextran permeability in triple model. These results were
interesting once one would expect the same effect on permeability that occurred in the
presence of plasma of CKD patients. This increase of permeability in uremic concentrations
of ureain the presence of urease can be explained by the fact that the exposure to elevated
concentrations of urea allows the action of microbial urease and production of large
amounts of ammonia, this last one with negative effects in intestinal barrier, effects already
reported and associated with CKD, such as depletion of TJs proteins [102, 106, 107], which
is associated with an increase of permeability in intestinal epithelial barrier. The plasma of
CKD patients, although contains several uremic toxins, as urea, in high concentration, may
lack the local factors “given” by the intestinal microbiome that have effect on the epithelial
intestinal barrier, such as microbial urease and other microbial uremic toxins and,

therefore, the exposure to CKD plasma did not influence the permeability in both Caco-2
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monoculture and triple model, unlike exposure to uremic concentrations of urea in the
presence of urease in triple model. However, the absence of altered permeability due to
uremic concentrations of urea in the presence of urease in Caco-2 monoculture model is
hard to explain. More replicates of this experience should be made but, this may be
explained by the presence of only one type of cells that are very tight between them, that
is, Caco-2 cells [133]. Given these facts, it was expectable that, in Caco-2 monoculture, the
presence of very tight TJs would limit the paracellular transport, more than in triple model
and, therefore, the permeability in Caco-2 monoculture will be lower, even under uremic
conditions.

Our study also assessed the TJs proteins of intestinal epithelial barrier models. The
assessment of TJs proteins is complex. Several factors may influence the function of TJs
and, therefore, researchers should evaluate not only the in situ protein expression or the
produced quantity of mRNA but also proteins phosphorylation, folding, localization or
interprotein binding [92, 93]. Our study only evaluated the in situ protein expression by ICC
of the following TJs proteins: ZO1, OCLN, CLDN1 and CLDN2. The evaluation of the effect
of uremic conditions on quantity of TJs showed that neither plasma of CKD patients nor
DSS interfere on quantity of TJs in intestinal epithelium in both Caco-2 monoculture and
triple model. Therefore, we could hypothesize that the absence of differences on the
expression of TJs proteins could be because uremic toxins present in CKD plasma and DSS
do not interfere on quantity of TJs proteins, but may influence the phosphorylation and
folding of TJs proteins and also the localization of TJs, factors that the quantification of TJs
do not consider. However, other studies found changes in TJs protein expression induced
by plasma of CKD patients and in CKD rats [47, 106]. Several reasons may account for the
contradictory results like the use of different cells, the quantifications of TJs proteins by
Western Blot and the use of animal models, that should be considered when comparing
studies. The effect of urea with and without urease on TJs expression will be done in the
future.

The main goal of this study was to comprehend if uremic conditions present in CKD
influence the microbial translocation through the intestinal epithelial barrier. The results

of this study demonstrate that the exposure to uremic plasma, uremic concentrations of
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urea and DSS in the tested experimental setting do not influence the E. coli translocation
through the intestinal epithelial barrier in both Caco-2 monoculture and triple model.
These results can be explained using the same arguments applied when discussing the
results of permeability. That is, CKD plasma, uremic concentrations of urea and DSS have
an impact on the transepithelial resistance and integrity of intestinal epithelium but this
impact is not enough to allow an increase of bacterial translocation. Also, the results of
localization of TJs proteins performed by ICC agree with these results, since the localization
of TJs proteins in the presence of CKD plasma and DSS is specific to the cell plasma
membrane and show that these TJs proteins are binding adjacent cell membranes and
closing the gaps, like it is possible visualize in CLDN1 protein in both Caco-2 monoculture
and triple model. CLDN1 protein is associated with sealing pores between adjacent cell
membranes and decreased the permeability in epithelial barrier [81-83]. Hence, if the
translocation of the E. coli used in this study through epithelial barrier is limited to
paracellular pathway, it was expected that E. coli translocation in the presence of CKD
plasma and DSS did not increase. Together with what has already been mentioned, the
presence of mucus in triple model and the presence of Caco-2 cells that are very tight
between them in Caco-2 monoculture could limit the microbial translocation through
intestinal epithelial barrier, even under uremic conditions.

In sum, the mechanisms by which bacteria translocate through the intestinal
epithelium are quite complex and, therefore, the study of the bacterial translocation may
require different or more complex methodological settings. Despite that, these intestinal
models allowed the study of the influence of uremic conditions in intestinal epithelial
barrier integrity and microbial translocation, increasing knowledge about the

pathophysiological processes related with CKD.
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6 FINAL REMARKS

Applying the present experimental settings, it was possible to study the microbial
translocation through intestinal epithelial barrier, although with some methodological
limitations that should be improved in the future. Microbial translocation is higher in Caco-
2 monoculture than in triple model, suggesting that the triple model creates a more
effective barrier and, therefore, apparently is a more robust intestinal model for what
happens in the human intestine. This study allowed to conclude that the uremic state
influences the integrity of intestinal barrier, but this influence could not be translated in an
increase in the microbial translocation through the intestinal epithelium. This study further
contributes to the understanding of the impact of CKD in intestinal epithelial barrier,
relating the uremic conditions to the intestinal epithelium dysfunction.

Future studies may explore mechanisms used by bacteria to translocate through
the epithelial barrier in human intestine and further understand uremia factors that may
impact this microbial translocation. Also, the use of other intestinal models may allow a
better understanding of the host-microbiome interactions in CKD. A possible future target
may be the use of gastrointestinal organoids. Culture of organotypic intestinal tissue
derived from human have shown the potential to understanding effectively of host-
microbe interactions [169, 170] and, for that, these in vitro culture systems may be an
alternative to the in vitro intestinal epithelial barrier models already existing. Also, the use
of animal models may be a possible future methodological approach, allowing the study of
the in vivo situation. The use of these alternative in vitro or in vivo models that resemble
the structural and functional complexity of the human intestine will provide knowledge in
intestinal physiology and pathophysiology and how host responds to gut microbial
population, allowing, in the future, the assessment of the effect of uremic conditions
present in CKD on microbial translocation through intestinal epithelial barrier more

effectively.
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Supplementary figure 1. Steps followed until quantification of TJs. (A) CellMask Cy5 (plasma
membrane). Result of IN Cell Analyzer 2000 (GE Healthcare). (B) Identification of plasma
membranes. Result of Ilastik [165]. (C) Segmentation of plasma membranes. Result of CellProfiler
[166]. (D) Overlay (B) + (C). Result of CellProfiler [166]. (E) Overlay (B) + (C) + antibodies of TJs to

quantify fluorescence intensity on the TJs. Result of CellProfiler [166].

95



96



ACKNOWLEDGMENTS




98



Influence of uremic toxins on microbial intestinal epithelial barrier translocation
in chronic kidney disease | Andreia Garcia

9 ACKNOWLEDGMENTS

This work was financed by FEDER - Fundo Europeu de Desenvolvimento Regional
funds through the COMPETE 2020 - Operational Programme for Competitiveness and
Internationalisation (POCI), PORTUGAL 2020 and by portuguese funds through FCT -
Fundacdo para a Ciéncia e a Tecnologia/Ministério da Ciéncia, Tecnologia e Ensino Superior
in the framework of the project “MicroMOB: The microbiome mobility pathway in chronic
kidney disease and its role in infection and systemic inflammation” (PTDC/MEC-
MCI/29777/2017) and the project "Institute for Research and Innovation in Health
Sciences" (POCI-01-0145-FEDER-007274) as well as by the project NORTE-01-0145-FEDER-
000012 , supported by Norte Portugal Regional Operational Programme (NORTE 2020),
under the PORTUGAL 2020 Partnership Agreement, through the FEDER. Also, we would like
to acknowledge the support of the i3S Scientific Platform BioSciences Screening, member
of the national infrastructure PPBI - Portuguese Platform of Bioimaging (PPBI-POCI-01-
0145-FEDER-022122).

99



100



