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Kidney regeneration
Ariela Benigni, Marina Morigi, Giuseppe Remuzzi

Neonephrogenesis, the capacity to regenerate renal tissue, is a distinctive feature of fi sh but not usually of mammals. 
However, evidence exists for kidney repair in response to insulting agents for animals and human beings. Studies 
have therefore been designed in the past few years to clarify the cellular and molecular basis of renal repair, with the 
aim to investigate the potential regenerative capacity of animal and human kidneys. Three main questions are being 
addressed by this research: whether terminally diff erentiated cells in adult animal kidneys have regenerative capacity; 
whether multipotent progenitor cells exist in kidneys; and whether renal repair can be favoured or accelerated by cells 
of extrarenal origin migrating to the kidney in response to injury. In this Review, we describe evidence of cellular and 
molecular pathways related to renal repair and regeneration, and review data from animal and human studies that 
show that the kidney might have regenerative capacity.

Introduction
Regeneration of part of the body has been reported in 
some plant and animal species,1 and has been a highly 
conserved process throughout evolution. In pioneer 
studies2 in 1744, Abraham Trembley showed that simple 
animals such as the polyp were capable of regeneration. 
A few decades later, Spallanzani3 and Bonnet4 showed 
that regeneration was shared by metazoans, including 
earthworms, snails, and salamanders. Members of both 
the plant and animal kingdoms survive various insults 
because of regeneration strategies, such as preservation 
of stem-cell niches in adult life or induction of stem-cell 
potential in diff erentiated cells. Findings from recent 
studies5 suggested that regenerative reprogramming of 
an entire organ in plants does not need transition to a 
stereotypical stem-cell environment. Data from studies 
of the axolotl, a salamander that is endemic to Mexico, 
suggest that a similar process might occur in animals. 
During limb regeneration, adult tissue of the 
salamander near the plane of amputation is converted 
into a zone of undiff erentiated progenitor cells, called 
the blastema, that reforms the diff erent tissues of the 
limb.6 Cells from the salamander blastema undergo 
reprogramming events that allow the cells to re-enter 
embryonic programmes of tissue formation, without 
complete dediff erentiation to a pluripotent state.6 By 
tracking limb tissue with a green fl uorescent protein, 
tissue of the axolotl has been shown to produce 
progenitor cells that retain a strong memory of their 

tissue origin, which restricts their diff erentiation 
potential accordingly.6

The weak immune systems of amphibians allows 
expression of embryonic antigens, which might have 
been lost in mammals with development of a competent 
immune system.7 In mammals, tissue regeneration after 
injury is a restricted process, apart from in the liver and 
appendage tissue in a specifi c mouse strain.8,9 Cells 
responsible for regeneration are terminally diff erentiated 
resident cells or organ-specifi c progenitor or stem cells 
that are identifi ed in tissues with high proliferative 
capacity, such as the skin, but also in the CNS and 
heart—organs previously thought to have no regenerative 
properties.7,10 For the kidney, which has a restricted 
intrinsic ability to regenerate,11 the search for specifi c 
renal progenitor or stem cells is in progress. The panel 
presents defi nitions of progenitor and stem-cell 
populations and processes of cell diff erentiation.

Kidney regeneration in the evolutionary context
Neonephrogenesis throughout life is a common feature 
of elasmobranchs and teleosts.12 In adult elasmobranchs, 
new glomerular-like structures are formed in an unusual 
site, the neonephrogenic zone, which resembles the 
embryonic kidney. This zone contains mesenchymal 
stem cells that are capable of neonephrogenesis because 
they presumably derive from a pool of embryonic stem-
cell-like cells and essential structures of the embryonic 
mammal metanephros. Renal cells from the 
neonephrogenic zone of tissue respond to part reduction 
of renal mass with formation of new nephrons.13 In 
elasmobranch fi sh that have undergone partial 
nephrectomy, cell proliferation assessed as incorporation 
of the nucleotide label bromodeoxyuridine (BrdU), which 
inserts into cell DNA during DNA synthesis, was greatly 
enhanced in the nephrogenic zone both in the remnant 
tissue and contralateral kidney, although it was virtually 
absent in mature kidney tissue.13 Mesenchymal cell 
aggregates and the frequency of developmental nephron 
stages both increased in the nephrogenic zone. In these 

Search strategy and selection criteria

We searched PubMed for reports published in English in the 
past 10 years with the terms “stem cells”, “progenitors”, 
“repair”, “regeneration”, and “regression of lesions”. These 
searches were cross-referenced with the keyword “kidney”,  
“chronic kidney disease”, or “acute kidney disease”. Additional 
references were identifi ed from reviews, original research 
articles, and scientifi c meetings.
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animals, neonephrogenesis seems to act as a key 
mechanism to sustain physiological renal growth and 
possibly to repair the kidney after damage. Neo-
nephrogenesis does not happen in mammals. In rodents, 
the kidney continues to develop for a few days after 
birth,14 whereas in human beings, development of 
functional units stops at the end of gestation.15 Resection 
of kidney tissue does not elicit regenerative responses in 
mammals, possibly because, unlike fi sh, mammals do 
not have nephrogenic zones.

Kidney repair from a cell biology perspective
Do terminally diff erentiated cells have regenerative 
potential?
In a physiological setting, the mammalian kidney has a 
low cell turnover, whereas after injury increased cell 
proliferation is the driving event behind tissue repair. 
Studies16–18 have been undertaken to establish which cell 
type promotes renal repair in animals and whether 
reparative programmes depend on proliferation and 
dediff erentiation of resident cells, specialised renal 
progenitor cells, or both. Terminally diff erentiated 
resident tubular epithelial cells that survive a given 
damage might proliferate and generate identical cells or 
dediff erentiate and subsequently re-enter the cell cycle. 
Tubular cell dediff erentiation, which recapitulates 
certain aspects of renal development, was shown by the 
fi nding that tubular cells acquire an immature 
mesenchymal phenotype with re-expression of 
vimentin16 and Pax217 in post-ischaemic recovery. By 
genetic fate-mapping techniques, nephron repair after 
ischaemic reperfusion injury is predominantly 
accomplished by intrinsic, surviving tubular epithelial 
cells18 without a contribution from any extratubular 
renal progenitor or stem cells. However, this study did 
not clarify whether intratubular stem cells or adult 
epithelial cells with diff erent regenerative potential 
participate in the process of kidney repair.18

Very recent evidence has been provided that activated 
renal macrophages contribute to kidney tissue 
regeneration through induction of Wnt-7b, a protein 
associated with kidney tubule development, which 
initiates tubule repair and regeneration after injury.19 A 
great support to nephron regeneration through re-
epithelialisation of the proximal tubules derives from 
the contribution of distal tubular epithelium.20 Data 
show that distal tubular cells release reparative and 
prosurvival factors.20 These factors are key for repair of 
proximal tubular cells (which are most sensitive to 
ischaemia) that express receptors to many reparative 
and prosurvival factors, but do not synthesise them.20

Findings from a recent in-vitro study21 suggested that 
murine glomerular parietal epithelial cells undergo 
spontaneous epithelial-mesenchymal transition to 
generate cells expressing both epithelial and mesenchymal 
markers. When these cells were implanted under the 
renal capsule of uninephrectomised mice, they 

diff erentiated into immature glomeruli, suggesting that 
epithelial-mesenchymal transition could confer plasticity 
to terminally diff erentiated glomerular parietal epithelial 
cells, giving rise to functionally active progenitors.21 

Is there a candidate renal stem cell?
Answering this question needs an understanding of the 
molecular basis of the fi nal stage of kidney development 
in mammals—development of the metanephros. This 
structure derives from the inductive interaction between 
the metanephric mesenchyme and adjacent ureteric 
bud, and gives rise to the adult kidney.22 Metanephric 
mesenchymal cells can generate all the diff erent types of 
nephron epithelia, such as Bowman’s capsule, podocytes, 
and the proximal and distal tubules (apart from collecting 
ducts), suggesting that these cells are renal epithelial 
stem cells.23,24 The transcriptional regulator Six2 has been 
indicated as a key factor for maintenance of a progenitor 
cell population in the metanephric mesenchyme 
through out kidney development.25 Experiments with 
transgenic-reporter cell lines provided evidence that 
Six2-expressing cap mesenchymal cells represent the 
multi potent, self-renewing nephron progenitor 
population that gives rise to all epithelial cells of the 
main nephron body.26 Moreover, at the 2009 American 
Society of Nephrology meeting in San Diego, Kobayashi 
and colleagues27 reported identifi cation of another subset 
of self-renewing progenitor cells expressing the 
transcriptional regulator forkhead box domain 1 (Foxd+1) 

Panel: Defi nitions 

Adult stem cells or progenitor cells
Present in adult tissues; have clonogenic, self-renewing 
ability and give rise to terminally diff erentiated cells of the 
tissue of origin and to other diff erent lineages

Pluripotent stem cells
Capable of giving rise to all cells of the three germ layers of 
the embryo

Multipotent stem cells
Have the capacity to diff erentiate into cells of the tissue of 
origin and can generate cells of diff erent lineages

Transdiff erentiation
A process whereby stem cells jump the lineage barrier and 
diff erentiate into cells other than their own tissue

Dediff erentiation
A process whereby the phenotype of cells becomes less 
mature than previously

Niche
A specifi c microenvironment where stem cells can reside and 
produce progenitor cells while self-renewing

Fate mapping
Technique to trace a cell population fate



Series

1312 www.thelancet.com   Vol 375   April 10, 2010

in the cortical stroma, contributing to the medullary 
interstitium, mesangium, and pericytes. The 
transcription factor Pax2 seems to be essential for 
diff erent developmental fates of Six2-positive cap 
mesenchyme and the Foxd+1 cortical stroma, because in 
its absence cap mesenchymal cells transdiff erentiate 
into medullary interstitial cells. 

Results of studies28,29 in which rat or human 
metanephroi were transplanted into the renal 
subcapsular space or abdominal cavity of normal rats 
and mice showed that metanephroi were able to engraft 
and diff erentiate into functional mature nephrons, 
reinforcing the notion that metanephroi are committed 
to form renal cells. Furthermore, metanephroi trans-
ferred alone or with syngeneic mesenchymal stem cells 
in rats that are genetically programmed to develop 
proteinuria and glomerulosclerosis mature into new 
nephrons and create a proregenerative environment.30 
Metanephric mesenchymal cells are pluripotent 
because in vitro they are able to generate not only 
epithelia but also other cell types such as myofi broblasts, 
smooth muscle cells, and cells expressing endothelial 
markers.31 Therefore, a cell population expressing 
the phenotype for metanephric mesenchymal epithe-
lial precursor cells would be a good renal 
stem-cell candidate.

Evidence that multipotent progenitor cells exist in 
adult kidney
The search for renal stem cells in the adult kidney has 
followed two pathways so far. One is based on 
identifi cation of cells expressing stem-cell markers, and 

the other on identifi cation of cells in the kidney that share 
functional properties of stem cells. Figure 1 shows 
potential niches for progenitor or stem cells described in 
postnatal kidneys.

Stem-cell markers include CD133 and CD24; CD24 is 
also regarded as a surface molecule that is characteristic of 
uninduced metanephric mesenchyme during kidney 
development. Cells expressing CD133 have been isolated 
from the tubular fraction of the healthy human renal cortex. 
These cells were able to diff erentiate in vitro towards renal 
epithelium and endothelium.32 When injected into mice 
with glycerol-induced acute kidney injury, they enhanced 
recovery from tubular damage, possibly by integrating into 
the proximal and distal tubules.32

Multipotent progenitor cells expressing CD133 and 
CD24 were also isolated from Bowman’s capsules in 
adult human glomeruli.33 Three parietal epithelial cell 
populations with a precise location in the Bowman’s 
capsule have been described:33 renal progenitor cells at 
the urinary pole expressing CD133 and CD24 in the 
absence of podocyte markers, including nestin, 
complement receptor 1, and podocalyxin (PDX); 
transitional cells positive for CD133, CD24, and PDX 
localised between the urinary and vascular pole; and 
diff erentiated podocytes (negative for CD133 and CD24, 
and positive for PDX) at the vascular pole.33 Clonally 
expanded progenitor cells positive for CD133 and CD24 
were multipotent, generated podocytes and tubular 
cells in vitro,33 and contributed to tubular-cell 
regeneration after injection into mice with acute renal 
failure.34 Lineage tracing of parietal epithelial cells in 
transgenic mice35 showed that parietal epithelial cells 
migrated into the glomerular tuft and became podocytes, 
suggesting that these cells are responsible for 
podocyte renewal.

The perivascular site has also been proposed as a potential 
stem-cell niche, common to many organs including the 
kidney36,37 and harbouring a reserve of progenitor cells 
expressing markers of both pericytes and mesenchymal 
stem cells that are able to migrate in response to focal injury 
and promote tissue repair.38 Organ-specifi c stem cells can 
be recognised on the basis of their characteristically slow 
cycling time in vivo. Slow-cycling cells can be identifi ed 
experimentally by their retention of the proliferation 
marker BrdU. After a pulse of BrdU, only slow-cycling cells 
retain a concentration of label high enough to detect them 
over a long period.39,40 With this technique, the existence of 
label-retaining cells in proximal, distal, and collecting 
tubules of normal rat kidneys has been reported.41 Further 
studies42 showed the presence of these cells in the 
interstitium that were capable of re-expressing the 
mesenchymal cell markers vimentin and e-cadherin after 
ureteral obstruction. 

Renal papillae have also been proposed as a niche for 
kidney stem cells43 because of the presence of large 
numbers of BrdU-retaining cells in the papillary 
interstitium in rats and mice. BrdU-retaining cells 
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Figure 1: Potential niches for renal progenitor or stem cells in postnatal kidney
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were identifi ed43 to be quiescent throughout life of the 
animal. During recovery from transient renal 
ischaemia, they entered the cell cycle and disappeared 
from papillae, an event that could not be ascribed to 
cell apoptosis. In-vitro papillary cells displayed a plastic 
phenotype, forming sphere-like structures in a similar 
way to other stem cells. Single-cell clones of papillary 
cells coexpressed mesenchymal and epithelial proteins 
and gave rise to myofi broblasts and cells expressing 
neuronal markers.43 Subsequent experiments have 
confi rmed that kidney papillae contain a population of 
cells with characteristics of adult stem cells, such as 
retention of BrdU. Papillary BrdU-retaining cells 
generated new cells in adult kidneys after migration to 
the upper papilla, where they associated with chains of 
proliferating cells, similar to those identifi ed with adult 
stem cells of the skin, brain, and gonads.44 

Evidence that bone-marrow-derived stem cells 
contribute to kidney repair
Adult stem cells derived from bone marrow might 
contribute to turnover and regeneration of several 
compartments of the kidney. These stem cells can give 
rise to all types of blood cells but they also diff erentiate 
into many other cell lines.45 The bone marrow contains 
at least two populations of stem cells, haemopoietic 
and mesenchymal stem cells, with mesenchymal stem 
cells providing stromal support for haemopoietic 
stem cells. 

Bone marrow cells are known to migrate to the kidney 
and participate in normal tubular epithelial cell turnover 
and repair after acute kidney injury.46 Evidence of the 

kidney engraftment capacity of cells derived from male 
bone marrow is based on the presence of cells positive 
for the Y chromosome with epithelial cell markers in 
the tubules from kidneys of female recipient mice.47,48 
Of special interest is the fi nding47 that in male patients 
receiving a female donor kidney the presence of 
Y-chromosome-positive cells was reported after acute 
renal injury, and accounted only for 1% of the tubu-
lar cells. Although a rare event, presence of male tubular 
cells in female grafts possibly shows that extrarenal 
cells participate in regeneration of tubules after in-
jury.47,49 Others researchers, however, have been unable 
to reproduce these fi ndings.50 In diff erent animal 
models, bone-marrow-derived cells diff erentiated into 
mesangial cells,51 podocytes,47 and endothelial cells of 
glomerular capillaries.52

Kidney repair from an animal and human 
perspective
Evidence of kidney repair in animals
An ischaemic or toxic acute renal injury results in cell 
necrosis, apoptosis, and detachment of cells, leading to 
denudation of tubular basement membrane.53 The repair 
process is accomplished by migration of new cells 
into the region, reconstituting a functional tubular 
epithelium.54 Improved understanding of the mechanisms 
of kidney repair has stimulated researchers to clarify 
whether sup plementary cells injected into an acutely 
damaged kidney might aid repair and regeneration of 
injured tissue, thus accelerating and augmenting the 
ongoing natural healing process.55–58 Adult stem cells, 
either derived from bone marrow56–58 or of renal origin,32,34 

Intervention Eff ect of treatment

Puromycin aminonucleoside nephropathy60 ACE inhibitor Reduction of proteinuria and early FSGS or H lesions

Subtotal nephrectomy61 ACE inhibitor Preservation of structure and function of glomeruli with early sclerosis; high-dose imparts additional benefi t to glomerular structure

Genetic model of progressive renal injury62 ACE inhibitor Progressive reduction of protein excretion, correlated with baseline proteinuria; stabilisation of glomerulosclerosis

Experimental model of ageing63 ARB Regression of glomerulosclerosis and aorta wall thickness ratio; reduction of proteinuria, collagen content, apoptosis, and PAI1

Genetic model of progressive renal injury64 ACE 
inhibitor+ARB

Normalisation of proteinuria and infl ammatory cell infi ltration; improvement of glomerular ultrafi ltration coeffi  cient, 
glomerular and tubular structural changes

Subtotal nephrectomy65 ACE inhibitor Regression of glomerulosclerosis, tubulointerstitial, and vascular damage; reduction of glomerular volume, mesangial and 
endothelial cell number

NO-defi ciency induced hypertension66 ARB Normalisation of renal functional and histological parameters; decrease in collagen I, IV, and TGFβ gene and protein expression. 

5 of 6 nephrectomy67 ARB Dose-dependent renal protection; a very high dose is needed for maximum protection: arrest of renal infl ammation, glomerular 
or interstitial injury, and albuminuria 

5 of 6 nephrectomy68 High-dose ACE 
inhibitor or ARB, 
or both

Regression of glomerulosclerosis in 62% of ARB-treated and 57% of ACE-inhibitor-treated rats; reduction of TIMP-1 and PAI1; 
no changes in TGFβ1 and MMP2/9 expression 

Genetic model of progressive renal injury69 High-dose 
ACE inhibitor

Reduction of 35% of total sclerotic volume, increase of 40% of normal capillary tissue; normalisation of TGFβ and α-SMA 
overexpression; stabilisation of interstitial changes

Accelerated type 1 diabetes70 ARB Regression of mesangial expansion and severity of synechiae (adhesions of glomerular tufts to Bowman’s capsule)

Genetic model of progressive renal injury High-dose 
ACE inhibitor

Regression of functional and structural changes; restoration of glomerular capillary by increasing tuft podocyte, parietal 
podocyte, and proliferating Wilms’-tumour-1-positive cell numbers 

ACE=angiotensin-converting-enzyme. ARB=angiotensin-II type 1 receptor blocker. FSGS or H=focal and segmental glomerular sclerosis or hyalinosis. TGFβ=transforming growth factor β. TIMP-1=tissue inhibitor 
of metalloproteinase-1. MMP=metalloproteinase. PAI1=plasminogen activator inhibitor 1. NO=nitric oxide. αSMA=α-smooth-muscle actin.

Table: Kidney repair by angiotensin-II blockers in animal models
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might participate in cellular repair and tissue remodelling 
after acute renal injury.

However, the question is whether chronic kidney 
damage, which has many diff erent causes, has a complex 
pathophysiology, and is associated with diff erent 
segments of the nephron can be repaired. Trying to 
unravel the process of repair of chronic lesions needs 
some understanding of functional adaptations of 
remaining nephrons to loss of units that happens in 
many diseases independent of the initial insult. 
Intraglomerular hypertension, hyperfi ltration, and the 
consequent loss of size-selective properties of the 
glomerular barrier are determinants of the initial process 
of adaptation. These factors, however, lead to further 
renal damage, largely mediated by excessive 
concentrations of ultrafi ltered proteins accumulating in 
the Bowman’s space and lumen of tubules where they 
activate infl ammatory and apoptotic pathways, fuelling 
progressive renal damage.59 

Drugs that restrict glomerular hypertension and protein 
traffi  cking restrict falls in renal function and promote 
kidney repair. Among them, angiotensin-converting- 
enzyme inhibitors and angiotensin-II type 1 receptor 
blockers, are most eff ective. Importantly, animal models of 
non-diabetic and diabetic nephropathy have shown that 
treatment with angiotensin-converting-enzyme inhibitors, 
angiotensin-II type 1 receptor blockers, or their combina-
tion prevents progressive renal damage and promotes 
regression of glomerulosclerosis and development of 
vascular lesions.60–70 Three-dimensional reconstruction of 
the glomerular capillary tuft69 has been important in 
showing the extent to which sclerosis volume was 
eff ectively reduced by treatment, a feature that was 
underestimated by the widely used two-dimensional 

imaging methods. In rats with advanced nephro-
pathy, giving a high-dose angiotensin-converting-enzyme 
inhibitor reduced the volume of sclerosis in most glomeruli 
while substantially increasing the volume occupied by 
capillaries,69 suggesting remodelling of the glomerular 
architecture and regeneration of the capillary network.65,71,72 
The table shows the evidence obtained from animal 
studies, drawing attention to the importance of 
angiotensin-II antagonism in induction of regression of 
renal disease. 

Mechanisms that have been proposed to explain the 
eff ects of angiotensin-II antagonism on regression of 
glomerulosclerosis mainly relate to the control of 
extracellular matrix deposition. They include reduction 
of the expression of plasminogen activator inhibitor 1, 
an inhibitor of matrix degradation,63 decreased 
expression of collagen I and IV and transforming growth 
factor β,69 and increased metalloproteinase activity.66 
Researchers65 have also suggested that angiotensin-II 
antagonism can modulate survival and repair of the 
glomerular cells themselves. Angiotensin-converting-
enzyme inhibition can halt mesangial cell hyperplasia, 
induce glomerular endothelial cell remodelling, and 
increase glomerular podocyte numbers in rats with 
advanced nephropathy.73 

The issue of whether stem cells can participate in 
reparative processes of chronic kidney damage has also 
been addressed. In mice with Alport syndrome, bone-
marrow-cell transplantation exerts renoprotective eff ects by 
improving renal function and keeping glomerular scarring 
to a minimum through replacement of defective podocytes.74 
By contrast, in doxorubicin-induced nephrosis, bone-
marrow-derived cells act as a source of α-smooth-muscle 
actin-positive myofi broblasts, thus contributing to excess 
extracellular matrix protein production in kidney fi brosis.75 
Regeneration of the kidney from autologous stem cells has 
so far been unsuccessful.76–78

Evidence of kidney repair in human beings
Acute kidney injury in human beings is a protean 
syndrome of varying severity mainly due to ischaemic or 
chemical injury, occurring in up to 5% of patients in 
hospital,79 and is a major cause of morbidity and mortality.80 
The capacity of the kidney to regenerate functional tissue 
after an episode of acute injury is a major determinant of 
outcome for patients with acute kidney injury. No specifi c 
therapy improves the rate or eff ectiveness of the repair 
process after acute renal injury.81,82 

By contrast with acute injury, renal outcomes are 
mostly unfavourable in patients with progressive kidney 
disease, showing the limited capacity of the kidney to 
repair chronic damage. However, pharmacological 
interventions are available that seem to interfere with 
the inexorable tendency of patients with chronic renal 
disease to progress to end-organ damage and need renal 
replacement therapy. Wilmer and coworkers83 reported 
that 8-year angiotensin-converting-enzyme inhibitor 
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Figure 2: Time-dependent changes in glomerular fi ltration rate (A) and proteinuria (B) in patients with 
proteinuric kidney disease on continued ramipril therapy
 Time-dependent changes in glomerular fi ltration rate (GFR) in ten patients with proteinuric kidney disease during 
5-year continued ramipril therapy.84 Breakpoint (dashed line) signals shift from an initial phase of progressive renal 
function loss to a second phase of renal function improvement. No changes in blood pressure control, ramipril doses, 
concomitant drugs, and diet and sodium intake were introduced during the observation period.
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therapy stabilised kidney function in six patients with 
type 1 diabetes, and that nephrotic syndrome otherwise 
predicted progression to end-stage kidney disease in 
months. Findings from the Ramipril Effi  cacy in 
Nephropathy (REIN) study84 showed that ramipril 
compared with non-angiotensin-converting-enzyme 
inhibitor therapy halved the rate of renal function loss, 
as assessed by a series of measurements of glomerular 
fi ltration rate with gold-standard techniques, in patients 
with non-diabetic chronic nephropathies.85–87 Reno-
protection was a function of time, and in patients on 
continued ramipril therapy for at least 5 years, the rate 
of decreases in glomerular fi ltration rate progressively 
improved to about 1 mL per min per 1·73 m² per year.87 
This rate was ten-fold less than in controls with similar 
renal dysfunction, and approximated the physiological, 
age-related loss of glomerular fi ltration rate with time 
that is reported in patients with no evidence of renal 
disease.88 In ten of these patients, a two-phase model 
describing changes in glomerular fi ltration rate over 
time identifi ed a breakpoint signalling the shift from an 
initial phase of progressive function loss (fi gure 2). 
Findings69 that the increase in glomerular fi ltration rate 
was sustained over time suggested the possibility of a 
concomitant improvement in the underlying pathology, 
with regression of glomerulosclerosis combined to 
some degree of kidney repair and regeneration. 
Improvement of glomerular fi ltration rate that was 
associated with further proteinuria reduction across the 
breakpoint can be taken to suggest that antiproteinuric 
eff ects of therapy with angiotensin-converting-enzyme 
inhibitors might be permissive for kidney repair and 
regeneration (fi gure 2).

The potential for human kidneys to repair has been 
shown in eight patients with long-lasting type 1 diabetes, 
whose typical lesions of diabetic glomerulopathy 
ameliorated during 10 years of normoglycaemia, which 
was achieved by pancreas transplantation.89 The observed 
changes—reduced thickness of the glomerular and 
tubular basement membranes and mesangial matrix, 
and the disappearance of Kimmelstiel-Wilson nodular 
lesions—represented substantial remodelling of the 
glomerular architecture. This fi nding lends support to 
evidence from animal models90 that histological changes 
in diabetic nephropathy can regress.

Independent of interventions, years of renoprotective 
therapy are needed before clinically appreciable 
improve ments of renal disease can be achieved—
identifi ed only in a few patients. Diff erent strategies have 
been suggested to improve these outcomes, including 
use of angiotensin-converting-enzyme inhibitors at doses 
higher than those recommended for blood pressure 
control and in combination with an angiotensin-II 
receptor blocker and a diuretic.91 This integrated 
intervention stabilised the glomerular fi ltration rate in a 
woman aged 22 years with rapidly worsening renal 
function who was given standard therapy with 

antihypertensive doses of an angiotensin-converting-
enzyme inhibitor.92 This approach was eventually 
formalised in an intervention protocol,91 comparing it 
with conventional angiotensin-converting enzyme-
inhibitor therapy in a matched-cohort study of 112 patients 
with severe chronic kidney disease.91 During the 7-year 
follow-up, only two of 56 patients given the integrated 
protocol progressed to end-stage kidney disease compared 
with 17 of 56 reference patients. Moreover, the glomerular 
fi ltration rate stabilised in 26 patients91—a fi nding 
thought to be indicative of remission.93 This study was 
the fi rst formal evidence that progressive loss of kidney 
function can be prevented in patients with severe chronic 
kidney disease, and underlines the possibility of kidney 
repair in this population. 

Future challenges and directions
Findings that renal regeneration is common in fi sh but 
not in mammals provide opportunities for comparative 
studies to identify cells with renoregenerative potential 
that will off er fresh insights into the diffi  culty of renal 
regeneration and repair in animals and human beings. 
Characterisation of gene expression profi les of such 
cells and elucidation of corresponding signalling 
molecules will be important to clarify whether 
neonephrogenesis can theoretically be re-established in 
mammal adult life. Newly created transgenic mice with 
cell lineage tracing can be then used to assess the extent 
to which theoretical knowledge gained from cell biology 
and gene expression studies can be implemented 
in vivo.

Studies in man will improve the understanding of the 
genetics governing progression and regression of 
chronic kidney disease and genes associated with 
favourable outcomes. Enhanced understanding of 
mechanisms of action of already available drugs with 
renoprotective capacity will pave the way to unravel novel 
pathways that are possibly relevant to renal repair. 
Together, insights from human genetics and mechanistic 
studies on renoprotection will contribute to the design 
of molecules targeted to genes relevant to the 
pathophysiology of regeneration, with the goal of kidney 
regeneration instead of dialysis or renal transplantation.
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