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Thadhani R et al, N Engl J Med 1996

« The severely damaged kidney can completely restore its structure and function »



Humphreys BD, Cell Stem Cell 2008

C’est l’épithélium tubulaire survivant qui répare l’épithélium nécrosé



Giral M et al, Kidney Int 1998

Severe (> 6 days) DGF 
shortens graft survival by 

4.5 years

- No DGF
- DGF < 6 days

- DGF > 6 days

USRDS DATA (2013): Odds Ratio for graft loss at 5 years: 1.7 (after exclusion of ECD)

Butala et al, Transplantation 2013

IMPACT OF DELAYED GRAFT FUNCTION



Kidney International, 2014



Medicare (US), année 2000

233 803 patients > 67 ans

3,1% AKI

HR for ESRD: 13 if CKD-free

41 if CKD

(8 if CKD no AKI)

5,3‰ ESRD: 25% ATCD d’AKI

Ishani A, J Am Soc Nephrol 2009 (January)



AKI

Lo LJ, Kidney Int 2009 (June)

Caifornie, 1996-2003

562 799 H 
(GFR pre H > 45 mL/min)

703 AKI HD

295 morts

65 HDC

343 vivants et sortis 

de HD

HR CKD: x 28.1*

(*) variables d’ajustement:

Âge, sex, black, diabetes, 

HTA, protéinurie, eGFR < 45 ml/min 

avant l’admission

41 ESRD

(0 dans le groupe contrôle)



Wald R, JAMA, September 2009

1996-2006
All Ontario

3769 AKI HD
X4: 13598 contrôles*

Suivi médian 3 ans

Incidence ESRD

2.63%/an vs 0.91

HR ESRD: x 3.23

(*) appariés sur âge, sexe, 

VM, score de propensité à 

AKI – 25% CKD



30 207 patients 

Suivis 3 ans en moyenne

1610 reversible AKI

Hazard Ratio of de novo CKD 1,9

Bucaloiu ID, Kidney Int 2012



Etude en chirurgie cardiaque

Caen et Bichat, 2005-2013

David Legouis

Legouis D et al, Anesthesiology 2017



Appariement sur le score de propensité à développer une AKI

Legouis D et al, Anesthesiology 2017



L’AKI est un facteur de risque de CKD rapide

Legouis D et al, Anesthesiology 2017



Le pronostic

de la nécrose tubulaire aiguë

n’est pas

systématiquement favorable

même chez ceux qui récupèrent



Schématisation de la réparation, ad integrum…ou pas

Chawla LS, N Engl J Med 2014



Tout les patients ne développent pas une CKD post-AKI

Faut-il un deuxième hit ?
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Impact of a resolved AKI on fibrogenesis

in the presence of a 2nd hit ?

  

Accelera on of renal  brogenesis following acute kidney injury: 
insights from the transcriptome

 of proximal tubules isolated ex vivo

BACKGROUND

ischemia reperfusion injury
progression of chronic kidney diseases

“Maladap ve repair”

reversible AKI increases the risk of CKD

DISCUSSION

METHODS

ex vivo

OBJECTIVES
Explore the e1ects of an ischemic insult on the rhythm of renal 

 brogenesis.

Interrogate the cellular program of tubular epithelial cells with a history 
of reversible AKI.
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Mr Pascal S. né en 1955 (67 ans)

Employé des pompes funèbres, tabagisme modéré, éthylisme

2011: état de choc cardiogénique sur cardiopathie dilatée à coronaires saines

IRA / AKI (NTA), récupération complète

Avril 2012: transplantation cardiaque

Traitement au long cours: Cyclosporine, Mycophénolate Mofétil, Corticoïdes
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Quelle physiopathologie..?



Restructuration 

de la 

chromatine



Ki67: proliferation BrdU: phase S p-H3+ G2/M



La production de facteurs 

pro-fibrogéniques par des 

HK2 bloquées en G2/M est 

augmentée.

Les fibroblastes exposés au 

surnageant d’HK2 G2/M 

prolifèrent plus, fabriquent 

plus de matrice.



Simon N, Frontiers Med Res 2015

La perte des fonctions épithéliales est peut-être la conséquence directe 

des répercussions énergétiques de l’ischémie





Effondrement de la FAO
dans un modèle animal

de fibrose rénale





Ce n’est pas un problème de toxicité des lipides



Tran MT et al., Nature 2016



Tran MT et al., Nature 2016



Tran MT et al., Nature 2016



Tran MT et al., Nature 2016



Tran MT et al., Nature 2016



Tran MT et al., Nature 2016



Tran MT et al., Nature 2016



Methylation

of Cytosine

Highly stable 

« The Triple Helix »

Histone

Modifications

Highly Dynamic



examined monozygotic (that is, identical) twins, whom, perhaps oddly, 
epigeneticists often use to exemplify their system at work. To many, twins 
epitomize the awesome power of genetics to determine human form and 
function regardless of environment. Indeed, ‘concordance’ of a particular 
characteristic in monozygotic and dizygotic twins is one of the most rel-
iable ways of assessing its genetic basis. What has attracted the attention 
of epigeneticists, however, is that monozygotic twins do not always show 
the same disease susceptibility, raising the possibility that epigenetic dif-
ferences that arise during ageing are at work6. Accordingly, it has been 
reported that young twins have similar amounts of DNA methylation, 
whereas older twins differ considerably in the amounts and patterns of 
this modification7. Might these non-genetic age-dependent differences 
in gene marking give rise to the divergent disease predispositions seen 
in some twins? At present, this is unclear, and a recent study emphasizes 
the need for further basic work on twins. The largest high-resolution 
analysis of human DNA methylation patterns so far found that 873 genes 
on 3 chromosomes showed no significant variation in DNA methylation 
between individuals in their mid-20s and those in their mid-60s8. The 
remarkable uniformity of DNA methylation among unrelated individu-
als of disparate ages does not square easily with the large divergence 
reported in twins of the same age.

Another high-profile study has raised the possibility that a mother’s 
behaviour can affect the chemistry of DNA in her offspring. Quality 
of early maternal care has long been acknowledged to have long-term 
repercussions during the lifetime of an individual. A potential mecha-
nism for this effect was deduced from a study reporting that mater-
nal nurturing in rats alters DNA methylation at the gene encoding the 
glucocorticoid receptor9. The authors suggest that in the absence of 
appropriate nurturing, there is less methylation of this gene in the hippo-
campus, resulting in overexpression of the receptor in later life. The 
implication is that the glucocorticoid-mediated stress-response pathway 
is epigenetically fixed at the level of gene transcription. In addition, 
transgenerational effects of environmental insults have been reported 
in mammals: for example, the exposure of embryonic rats to the anti-
androgenic compound vinclozolin led to a decrease in spermatogenesis 
not only in the treated animals but also in males of several subsequent 
generations10. Altered DNA methylation was again suggested as a poten-
tial mediator of this effect, although, during development, mammalian 
embryos pass through a profoundly hypomethylated state, which might 
be expected to jeopardize the heritability of such marks. Despite uncer-
tainties about the mechanism(s) at work, these studies have raised the 
profile of epigenetics as a potential mechanistic explanation for the long-
term impact of the environment on physiology and behaviour (see page 
433). Time will tell whether that potential is realized.

Epigenetics and inheritance
Should heritability be mandatory in a contemporary view of epigenetics? 
The requirement that epigenetic characters should be transmissible 

through mitosis or meiosis has the virtue of clarity but can be a lia-
bility. To explain why, it is necessary to introduce a third, somewhat 
informal, ‘definition’ of epigenetics that has crept into widespread use. 
This incarnation of epigenetics encompasses the biology of chromatin, 
including the complex language of chromatin marks (see page 407), 
the transcriptional effects of RNA interference (see page 399) and, for 
good measure, the effects of the higher-order structure of chromo-
somes and the nucleus (see page 413). The attraction of this usage is 
that it brackets together some of the most exciting contemporary work 
in biology. Its drawback is that it does not sit easily with the prevail-
ing textbook definitions. One reason for this is that many chromatin 
marks are short-lived. For example, phosphorylation of the variant 
histone H2AX (also known as H2AFX) after a double-strand break11 
would qualify as an epigenetic mark under the emerging definition, 
but it is too transient to qualify as a heritable epigenetic mark (Fig. 2). 
Histone modifications associated with transcription are also ambiguous 
with respect to heritability. On the one hand, DNA methylation affects 
histone acetylation and histone methylation, so these modifications can 
be viewed as heritably epigenetic, albeit indirectly12. On the other hand, 
these histone marks can also result from events that seem to involve 
neither DNA methylation nor Polycomb group proteins, and the marks 
are not necessarily transmissible between generations. Therefore, a sin-
gle histone modification could, in principle, be rated as either epigenetic 
or not epigenetic according to the heritability credentials of its origin. 
Such a complicated classification system would have limited utility.

The issue of replicative accuracy is also relevant when considering 
heritability. DNA synthesis is spectacularly accurate, making only 

a b

Wild type Peloric

Figure 1 | Frontal view of a wild-type toadflax flower and a peloric 

epimutant. a, The wild-type flower is dorsoventrally asymmetrical. 
b, By contrast, the peloric flower is radially symmetrical with all petals 
resembling the ventral petal of the wild-type flower. (Image reprinted, 
with permission, from ref. 4.)

a b c

*

*

*

*

*

*

*

**

**

** *

*

Figure 2 | Persistence of epigenetic marks. Alterations that last less than one 
cell cycle (green asterisk, a) do not qualify as epigenetic under the definition 
that strictly requires heritability, whereas non-mutational changes that 
are transmitted from one cell to its daughters (red asterisk, b) or between 
generations of an organism (blue asterisk, c) do qualify. 
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NATURE|Vol 447|24 May 2007 INSIGHT INTRODUCTION

Wild-type Peloric Epimutant

The Toadflax flower: one genome, two phenotypes

1742, Ziöborg, student

Peloria : greek for « Monster »

1744, Linnaeus, fixist 

Linnaeus: "This is certainly no less remarkable than if a cow were to give birth to a calf with a wolf's head,"

Lcyc silencing



Genome wide analysis of methylation profile in fibroblasts isolated
from normal vs fibrotic human kidneys

Bechtel W et al, Nat Med 2010

12 genes were found to be systematically methylated in fibrotic kidneys

out of which 3 have orthologs in mice

e.g. RASAL1

Méthylation of RASAL1

In fibroblasts extracted

from fibrotic kidneys

RASAL1 is a GAP protein



RASAL1 promoter is methylated in myofibroblasts from injured kidneys

Bechtel W et al, Nat Med 2010

MeDIP

Control for equal 

loading in 

immunoprecipitation

Captured (Me) DNA



RAS inhibitors are potentially anti-fibrotic drugs

Bechtel W et al, Nat Med 2010



CONCLUSIONS

Après un épisode d’AKI,

l’épithélium tubulaire

et les fibroblastes interstitiels

ont un comportement fibrogénique

(G2/M, FAO, RASAL1)

10 ans après: 15% des patients sont en dialyse

L’AKI est un facteur de risque 

MAJEUR d’ESRD RAPIDE


