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The anatomy of the gut and its interactions with
multiple systems

Enteric nervous system —
and immune system

Circulation -

Systemic effects

= JAMs & Occludins & Claudins © Toxins © Drugs  © Enterohormones O Metabolites  © Cytokines
< food particles ¢ @ (@ ¢@ Microbiota

Nat Rev Nephrol. 2018;14(7):442-456



Enterotypes

Diet or Diet Components

Enterotype Name Microbiological Diversity The Main Source of Energy Production of Vitamins
meat and products such as
The most common bacteria sugars and protein biotin, riboflavin, may aise, cream, cheese,
Enterotype | . P! panthenol, ascorbic acid and other products
are Bacleroides spp. fermentation L .
and thiamine. containing large amounts of
saturated fat
_ The most ¢ bacteria high ability _tr.n break 1:_|nwn biotin, nl:mﬂal.-im_. _ mTthﬂ.lgm‘»ard m vegzlan.am,
Enterotype 11 glycoproteins, especially panthenol, ascorbic acid Mediterranean ones, rich in
are Prevolella spp. . L .
mucins and thiamine. fruits and vegetables
The most common bacteria protein fermentation, biotin, riboflavin, excess of alcohol and
Enterotype 111 are Ruminococcus and decomposition of mucin and panthenol, ascorbic acid products rich in
Akkermansia spp. simple sugars and thiamine, folic acid polyunsaturated fatty acids




Formation and health consequences of selected uremic

toxins

Compound by Compound by Liver
Compound Source in the Diet Microorganisms I'E.![ ; buliirml Health Consequences
Transformation cla
Increased gene expression
associated with tubular
Turkey, chicken, beef, interstitial fibrosis, aorta
Tyrosine brown rice, fish, milk, ol resol sulfate and vascular calcification,
nuts, yogurt, eggs, cheese, preres preresons endothelial cell damage. It
fruit and vegetables lowers the production of
erythropoietin and bone
rotation
Renal fibrosis, oxidative
stress, increased
Beef, poultry, pork, fish, inflammation cytokines,
Tryptophan milk, yoghurt, eggs, soy Indole p-indoxyl sulfate mortality. Braking
products endothelial proliferation,
increased endothelial
permeability.
Phosphatidylcholine and ~ fish and seafood, meat and Trimethvlamine Trimethylamine N-oxide Associated with higher
choline dairy products y (TMMNO) mortality
Damage to intestinal
Protein and nitrogen . . epithelial cells due to an
compounds Dairy products, eggs Urea Ammonia ]'.l'l'l::.‘l‘E‘ESE' in the pH of the

intestinal environment
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Microbiome in Chronic Kidney Disease (CKD):
An Omics Perspective
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The impact of gut microbiota on kidney function and pathogenesis
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Gut microbiota-kidney cross-talk in acute kidney injury

Toxins \—’ /

Semin Nephrol. 2019; 39(1):107-116



Gut microbiota — Kidney Stones

Adults with Kidney Stones

Ruminiclostridiurm 5 4
Lachnospiraceas NKAAT36 group 4
Enterobacter 4

Dorea 1

Christensenellaceas R—7 Group 4
Christensenellaceas 4

Altered Taxa

Faecalibacterium 4
Bifidobacterium 4

Bacteroides | I

Strong Moderale Moderate Strong
Level of Evidence

. Greater Abundance . Reduced Abundance

Altered taxa based on strong and moderate
level of evidence for adults with kidney stones
compared to controls BMC Nephrol. 2020;21(1):215



Gut microbiota — Kidney Stones

Microbiota

Oxalobacter
formigenes

Reduction of
oxalate absorption

Oxalate
load

VA A/ A
g/ .

~_/"/ Bacterial \\ _

Calcium
load

Lithogenic risk

Other taxa with Taxa stimulated by
oxalate-degrading  oxalate and collaborating
functionalities on oxalate degradation

Overview of the possible gut—kidney axis in

nephrolithiasis, with Oxalobacter formigenes

at the center of a bacterial network involved in

oxalate degradation and protecting against the

onset of hyperoxaluria Kidney International 2019;96:13-30



Gut-Kidney Axis: Inflammation

Symbiotic gut microbioma Dysbiotic gut microbioma

FoxP3*
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JOURNAL OF THE AMERICAN SOCIETY OF NEPHROLOGY

JASN 2014;25(4):657-670



Immunology of idiopathic nephrotic syndrome
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Involvement of Gut Microbiota

In SLE and Lupus Nephritis

LC40
L. reuteri
l AP 4
Clear LPS
I LPS R. gnavus
[Normal Gut Function P
] 4
= = oo jﬂ ii =21 2=
ectene
Normal TJI L6
i
4 rar
SIENE
& DNA sutoanbodies

N /4~

Tubulointerstitial
Injury
v

* Fermeabiity of glomerular

Kidney

Biomedicines 2023;11(3):653

B. Thetoiotoomicron
S. Aureus
R, Torques

incuce
-

“Y Y Tcell, B cell activation

_

Healthy gut Q 0 Q)

Leaky gut in SLE

Chronic inflammation

i
1
)
1
1
Intestinal I
lumen : o % o Q o o O
| |
1
| L
: Leaky gut
I
Lo
3 1
¢ Y oS0 . o L
L:nm?a - o ; A : 2 Q@ :
PROPAAS ' Macrophage :
v
1
/ \ '
1
/ 1hl/1hz i
O1E) |
1
" 1
Beell  Naive \ Treg 1 Beell  Naive \ Treg
33 Teell 1l
BAFF | © t@ﬂwg«n f N © ' B cell
(@ = o
)
) hiz : Auto-Ab producing i1z
Plasma | plasma cells
} i
1
1 -(‘(‘( _(—(-<
! AR~ YARL
slgA : Antibody against Anti-cellular Anti-nuclear
I microbial antibodi ibodi ibodi
H I 1 !
1 1
—— — 1 \ 1 e
. o =7 o ca {He= <Y AF s
! \ | 7 - —
]
‘ R ] /
’
/,/
i
Podocyte
Cell apotosis D\b\ damage fuotpeocess I
Nh ECdamage O
,ROS C-- MMP9 1C
Auto-antibody IS ==
production t (':::5:?;:"'
A e
A -IerIP % "\\ ,R;cmll immune cells 4
2Af Sk © Beell el
IL-17 N0
Renal inflammation ®
e RO
I -~ . Auto-Ab producing
Recruit neutrophils . PN plasma cells
o O and Th17 cells e \—-( = < 0% o ° Pl .
7 & ILA7F o TS e Endothelial cell
= L7A 4 Yl - I °
16 7 ¥
€xCL29: : (G &
CXCL5
GBM Podocyte detachment G
- -
- ® -




Indoxyl sulfate treatment induces podocyte injury

d Indoxyl sulfate

g
- O ’

Vehicle (chronic)

AhR

Indoxyl sulfate
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odocin A ynaptopodin an MR an PLOS ONE 2014:9:e108448
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Indoxyl sulfate altered differentiation marker expression in
mouse podocytes
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Gut microbiome-derived phenyl sulfate contributes to
albuminuria in diabetic kidney disease
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Nat Commun. 2019;10(1):1835



Gut microbiome-derived phenyl sulfate contributes to
albuminuria in diabetic kidney disease
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pP-Cresyl sulfate promotes insulin resistance associated
with CKD
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Uremic Toxins Induce Kidney Fibrosis by Activating Intrarenal RAAS
Associated Epithelial-to-Mesenchymal Transition
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Immunoreactive PAI-1
ng/mg protein
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Uremic Toxins Induce Kidney Fibrosis by Activating
Intrarenal RAAS Associated Epithelial-to-Mesenchymal
Transition
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KIM-1/Tubulin Ratio

KiM-1

i

Gut Microbiota-Dependent Trimethylamine N-oxide
(TMAQO) Pathway Contributes Fibrosis
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Cytosine methylation changes in enhancer regions of core
pro-fibrotic genes characterize kidney fibrosis development
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p-Cresyl sulfate causes renal tubular cell damage by inducing
oxidative stress by activation of NADPH oxidase
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Cell viability (% of control) @

p-Cresyl sulfate causes renal tubular cell damage by inducing
oxidative stress by activation of NADPH oxidase
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Uremic toxins of organic anions up-regulate PAI-1 expression
by induction of NF-B and free radical in proximal tubular cells
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Fluorescence intensity

The uremic solute indoxyl sulfate induces oxidative stress in

endothelial cells
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Gut microbiota orchestrates PTH action in bone: role of butyrate and T cells
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Association of Indoxyl Sulfate With Fibroblast Growth
Factor 23 in Patients With Advanced Chronic Kidney Disease
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IS but not PCS correlated independently with FGF23 in worsening CKD. IS may
be an independent factor involved in regulation of bone-mineral metabolism
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EPO mRNA expression levels, gy
Normalized by control group
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Indoxyl sulfate, a representative uremic toxin, suppresses
erythropoietin production in a HIF-dependent manner
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Triggering of suicidal erythrocyte death by
uremic toxin indoxyl sulfate

400 B
1 Z 30,
] - =
320" — | 251
] o
) =
2 240 < 1 —~
g =
160- g
] e 101
! z
80 ﬁ 5 -
)
—
= 0
0 - Co SpM SOpM lSﬂpM 300pM 600pM
3 4
10 10 IS
400 - = ok
- 7 304
5i
= 5 25-
=)
@ =
ol
3 20 - T
L &
= =
o— L -
g g 15
55 o
=
= =
5_
10° 10! 102 103 104 5
Ceramide-dependent fluorescence Co

BMG NOphrol. 2013 14:14:244



Indoxyl Sulfate Induces Leukocyte-Endothelial
Interactions through Up-reqgulation of E-selectin
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Protein-Bound Uremic Toxins Stimulate Crosstalk
between Leukocytes and Vessel Wall
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The uremic solutes p-cresol and indoxyl sulfate inhibit
endothelial proliferation and wound repair
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The uremic solutes p-cresol and indoxyl sulfate inhibit
endothelial proliferation and wound repair
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The role of protein-bound uremic toxins on peripheral artery
disease and vascular access failure in patients on hemodialysis
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Processed foods drive intestinal barrier permeability
and microvascular diseases

n
|.

e

2

C5aR1 (% cortical area)

Con HT HT
+ALA

Sci Adv. 2021;7(14).eabe4841



Serum p-cresyl sulfate predicts cardiovascular disease
and mortality in elderly hemodialysis patients
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Olfactory receptor responding to gut microbiota-derived signals
plays a role in renin secretion and blood pressure regulation

C

Proc Natl Acad Sci USA 2013;12;110(11):4410-5



Olfactory receptor responding to gut microbiota-derived signals
plays a role in renin secretion and blood pressure regulation
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Metabolic alterations by indoxyl sulfate in skeletal muscle induce
uremic sarcopenia in chronic kidney disease

Anabolism signal $
ATP production

> o >

Metabolic

* Mitochondrial
modulation damage

£ -
G vl :
2 NADP" 2 NADPH Hyperfission
\ 4 Sarcopenia
Glumom GSPO | PGO H R5P| ----- * p
Oxidative PPP

i * Mitochondrial network
2 m disintegration
(% Non-oxidative PPP

ADP AP

-
=
\ | Etectron transport chain | /

Sci Rep. 2016;6:36618



Metabolic alterations by indoxyl sulfate in skeletal muscle induce
uremic sarcopenia in chronic kidney disease
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Metabolic alterations by indoxyl sulfate in skeletal muscle
Induce uremic sarcopenia in chronic kidney disease
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Gut Microbial Community Structure Following Kidney
Transplantation
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Gut Microbiota and Tacrolimus Dosing in
Kidney Transplantation
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ESRD-gut microbiome
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The role of epigenetics in renal ageing
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