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Abstract

Acute kidney injury is an increasingly common complication of hospital admission and is 

associated with high levels of morbidity and mortality. A hypotensive, septic, or toxic insult can 

initiate a cascade of events, resulting in impaired microcirculation, activation of inflammatory 

pathways and tubular cell injury or death. These processes ultimately result in acutely impaired 

kidney function and initiation of a repair response. This Review explores the various mechanisms 

responsible for the initiation and propagation of acute kidney injury, the prototypic mechanisms 

by which a substantially damaged kidney can regenerate its normal architecture, and how the 

adaptive processes of repair can become maladaptive. These mechanisms, which include G2/M 

cell-cycle arrest, cell senescence, profibrogenic cytokine production, and activation of pericytes 

and interstitial myofibroblasts, contribute to the development of progressive fibrotic kidney 

disease. The end result is a state that mimics accelerated kidney ageing. These mechanisms 

present important opportunities for the design of targeted therapeutic strategies to promote 

adaptive renal recovery and minimize progressive fibrosis and chronic kidney disease after acute 

insults.

Introduction

Despite the advent of dialysis in the second half of the 20th century as a treatment for severe 

acute kidney injury (AKI), the mortality associated with this condition remains unacceptably 

high, especially in the intensive care unit population (>50%),1–3 with a paucity of effective 

therapeutic interventions. The incidence of AKI has been steadily increasing related, in part, 

to the ageing of the population;4 the increasing prevalence of chronic kidney disease (CKD), 

which predisposes to AKI;5 and the increasing number of invasive interventions that can 

result in haemodynamic compromise or septic complications. Furthermore, contrast agents 

required for imaging studies and an increasing number of therapeutic agents in the 
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pharmacological armamentarium have varying degrees of nephrotoxicity, which can 

precipitate or worsen AKI.4

In many cases, progression of kidney failure is not due to worsening of primary renal 

disease, but rather a secondary insult, most commonly associated with transient intrarenal 

regional or generalized hypoperfusion or sepsis. Ischaemia–reperfusion injury (IRI) and 

activation of inflammatory pathways initiate diverse processes resulting in acute tubular 

injury or necrosis, particularly, in the outer stripe of the outer medulla6 where there is 

baseline hypoxia even under normal conditions.7 Current treatment for AKI is supportive in 

nature, and trials of agents showing promise in experimental IRI models (for example 

diuretics and dopamine) have failed to ameliorate clinical AKI in translational studies.8,9

Although the high initial mortality associated with AKI is well recognized,1–3 for many 

years it was accepted that normal kidney structure and function would return in survivors of 

AKI. An increasing number of epidemiological studies with both adequate statistical power 

and length of follow-up10–14 have, however, revealed that survivors of AKI exhibit a 

persistently increased risk of progressive CKD, proteinuria and an excess risk of 

cardiovascular mortality. This finding complements results in laboratory animals 

demonstrating that renal injury produces a senescence-associated profibrotic secretory 

phenotype and a subsequent inflammatory milieu, which promotes the gradual accumulation 

of renal fibrosis, vascular rare faction and CKD.15–17 This Review summarizes our 

emerging knowledge of the factors underlying both adaptive kidney repair and the 

maladaptive repair linking AKI to CKD, and what therapeutic opportunities they present. 

Because of length constraints only a portion of the relevant data are included.

Adaptive repair after AKI

An acute renal insult affects the function of several distinct cell populations within the 

kidney, which contributes to the initiation and amplification of the kidney injury. These 

various cell types will be discussed along with their potential relevance for the reparative 

phase of renal recovery. Although clinical AKI is associated with high morbidity and 

mortality, kidney biopsy is seldom performed. In addition, when a biopsy is available it 

often does not sample the outer medulla where a considerable component of the pathology 

may reside. This paucity of outer medullary tissue, together with the fact that the biopsy is 

often performed during the recovery phase rather than the injury phase, likely explains why 

the injury to the tubules seen on biopsy may be less than one would expect from the 

functional impairment of the kidney. The presence of casts, tubular cells and high levels of 

kidney injury molecule-1 (KIM-1) in the urine confirm the presence of severe proximal 

tubule injury.

Despite the high level of functional loss often seen in patients with AKI, it is known that in 

humans the functional loss can be transient. The kidney has the ability to return to normal 

function following an insult (Figure 1), although there is evidence from experimental models 

and in humans that complete functional recovery is less likely with ageing.11,18 It must be 

recognized that functional recovery is usually assessed by measuring levels of serum 

creatinine, which is an insensitive tool.
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Whether tubular regeneration after injury arises from proliferation of surviving mature cells 

or from renal stem cells has been debated.19,20 Long-lived ‘label-retaining’ tubular cells 

have been reported to be found within the renal papilla21 and bear surface markers 

associated with stem cell properties.22,23 However, a study from our laboratory using 

genetic fate-mapping of renal tubular epithelial cells provided strong evidence against renal 

stem cells being the main source of new cells after renalinjury, even after repeated IRI.24 

This study confirms prior hypotheses19 that mature surviving cells dedifferentiate and 

proliferate to replace those tubular epithelial cells that have been lost,25 with no tubular cell 

subpopulation (for example, a stem cell population), preferentially partaking in the repair 

process in response to insults that injure the proximal tubule.25,26

Endothelial injury and oxygen delivery

An important approach to facilitating recovery and minimizing long-term sequelae of injury 

is to minimize the injury itself. After an initial insult there is an ‘extension phase’ during 

which it might be possible to intervene after recognizing the injury and hence change the 

long-term outcome by targeting the ‘injury phase’ rather than the ‘recovery phase’. 

Strategies to improve long-term outcomes after AKI should therefore be based on a 

thorough understanding of the injury phase as well as the recovery phase. Endothelial cell 

injury and dysfunction may have an important role in the extension phase.

In the clinical setting, initiating insults include, among a large list, shock, sepsis, surgery and 

administration of contrast and other nephrotoxic agents. Many of these insults converge on a 

common ischaemia–reperfusion pathway with localized or generalized renal hypoxia.6,27 

The resultant inflammation and ischaemic changes affect tissue oxygenation, the local 

generation of nitric oxide and a number of profibrotic and proinflammatory cytokines and 

growth factors, and the subsequent production of deleterious reactive oxygen species. Each 

of these factors, as well as others, further potentiate tissue damage and dysfunction and 

initiate a repair process that can be adaptive (Figure 2) or maladaptive (Figure 3).

Both arterial pressure and segmental vascular resistance will influence kidney oxygen 

delivery and it is increasingly recognized that alterations in tissue hypoxia can vary 

substantially in different regions of the injured kidney28 Factors such as sodium 

reabsorption, nitric oxide release, angiotensin II generation, tissue haemoglobin 

concentration and oxygen saturation have been shown in humans or experimental models to 

influence the balance between oxygen delivery and consumption in the injured organ27 with 

the potential to modulate hypoxic injury. In addition to these factors, altered production of 

prostaglandins and reactive oxygen species due to injury of neighbouring tubules27, 29 

further impair tissue oxygen delivery, leading to a local ‘no-reflow’ phenomenon where the 

occluded microvasculature further amplifies initial injury. Administration or generation of 

agents that act on the vasculature, such as adenosine, in experimental animals have shown 

promise in promoting early vascular patency and hence minimizing resultant hypoxia in 

experimental IRI.30,31

Studies in rats demonstrate that following acute IRI, vascular function remains impaired for 

several days.32 During this period there is impaired autoregulation of blood flow, potentially 
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reflecting in part the failure of endothelial nitric oxide synthase to generate nitric oxide.33 

Injured endothelial cells and changes to the integrity of the glycocalyx of the peritubular 

capillaries can result in exposure of a range of surface markers that promote the recruitment 

and adhesion of leucocytes34, 35 and platelets, which can interfere with perfusion and 

contribute to additional endothelial cell injury and inflammation. Vascular permeability is 

increased, leading to interstitial tissue swelling, further compromising microvascular 

perfusion.29 The availability of intravital microscopy has enabled the visualization of the 

post-ischaemic tissue, revealing that blood flow in cortical peritubular capillaries becomes 

sluggish and may even reverse in the first 30 min after injury36, 37

Following apparently recovered IRI in the rat, there is a long-term reduction in peritubular 

capillary density,17 which precedes the development of visible fibrosis. Renal hypoxia is a 

common feature of diverse chronic renal injuries, and is likely to contribute to the 

progression of renal failure.37 Early tubular regeneration after IRI is associated with high 

levels of transforming growth factor β (TGF-β), but reduced vascular endothelial growth 

factor (VEGF), suggesting that factors involved in proliferation of the tubular compartment 

impede repair or contribute to ongoing loss in the microvascular compartment, in which the 

endothelial cells show little early proliferation after injury38 Studies examining the response 

to kidney injury have implicated the pericyte, which is an important mediator of vascular 

stability in embryogenesis, as a key contributor to vascular homeostasis.38, 39 Animals with 

defective pericytes that lack the matrix metalloproteinase inhibitor TIMP-3 spontan eously 

develop a microvascular phenotype in the kidney40 with both vascular rarefaction and 

increased fibrosis.

The cellular immune response

IRI results in a rapid immune response and the recruitment of leucocytes to the injured 

kidney. These cells may have dual roles: potentiating early injury, but also being necessary 

for the subsequent successful resolution of damage.41 Kidneys contain an extensive network 

of resident mononuclear phagocytes that mount an early response to injury by releasing a 

systemic burst of tumour necrosis factor.42 The combination of chemotac-tic signals from 

resident immune cells, injured tubular cells and the altered characteristics of injured 

endothelial cells promotes vascular adhesion and transmigration of neutrophils within the 

first 24 h after injury.43

Neutrophils

The presence and accumulation of interstitial and marginating neutrophils in very early 

experimental IRI is well established,44,45 with one study demonstrating that cytokines, such 

as IL-17, that are released from neutrophils contribute to downstream immune activation.46 

Whether their presence within the acutely injured kidney actively promotes injury remains 

controversial, with various approaches to inhibit or deplete neutrophil function 

demonstrating either protection44,47,48 or lack of protection49–51 depending on the technique 

employed and the species studied.
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Monocytes and macrophages

The early influx of neutrophils is followed by monocyte recruitment, predominantly of the 

Ly6Chi subset.43 Macrophages exhibit phagocytic properties for both dying tubular cells and 

neutrophils.52 Studies where macro-phages were depleted before AKI have demonstrated 

protection from injury or a net neutral effect depending on the approach used.53–55 It is 

generally agreed that recruited macrophages amplify initial injury. While initially of the 

Ly6Chi M1 inflammatory subset, macrophages persist in the kidney but the population 

progressively loses Ly6C and adopts M2 polarization over the course of the first 5 days,41 

after which their numbers decline.43 Macrophages of the Ly6Clo M2 subtype are believed to 

be beneficial in the repair of the kidney after injury.

Macrophages play key roles in supporting kidney growth during nephrogenesis,56 and 

undertake the vital removal of cellular debris and dying neutrophils after renal injury.57 

After adopting an M2 phenotype in the recovery phase of AKI,41 macrophages secrete 

compounds, including growth factors, fibronectin, Wnt-7b and IL-1 receptor antagonist, all 

of which support epithelial proliferation and repair.57,58 While pre-injury depletion of 

macrophages is often protective, depletion of macrophages from mice with established AKI 

results in the absence of M2-secreted products and prolongation of renal injury.59 

Furthermore, polarization towards a proinflammatory M1 phenotype resulted in failure to 

resolve the injury. This finding provides further evidence for the importance of macrophages 

in facilitating eventual renal repair.41,58,60

Lymphocytes

Neither B lymphocytes nor T lymphocytes are present in large numbers in the kidney before 

or after AKI;43 however, studies of mouse models do support their influence on the 

evolution of renal injury.61 B-cell-deficient (µMT) and CD4/CD8-deficient mice are both 

protected from AKI, whereas Rag1-knockout mice demonstrate no alteration in 

susceptibility to injury.62–64 In another study using Rag1-deficient mice, protection from 

injury was restored by adoptive transfer of either B cells or T cells alone, but not by both,49 

suggesting that complex and poorly understood interactions between lymphocyte 

populations contribute to the injury phenotype. Regulatory T cells positive for FoxP3 and 

CD25 have been reported to limit tissue injury.65 Mice with a depleted regulatory T cell 

population and those lacking regulatory T cells exhibit heightened levels of immune 

activation and tissue damage after IRI.65

The role of lymphocytes in mediating tissue repair remains incompletely understood. Work 

using µMT mice demonstrated that chimeric animals had a more rapid recovery than did 

control mice after experimental IRI, suggesting that B cells themselves inhibit tissue 

repair.66 Other work reveals that lymphocytes of animals previously exposed to severe IRI 

can induce albuminuria after transfer to naive recipients, indicating that immuno logical 

memory may contribute to the development of proteinuria after AKI67 and this proteinuria 

may have secondary effects to facilitate the onset of CKD.
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Circulating and endogenous compounds

A number of circulating and endogenous compounds have been implicated in both tissue 

protection and exacerbation of AKI. Many immune cells express the A2A receptor for 

circulating adenosine, which down-regulates inflammatory activation and tissue injury in 

multiple organs, including the kidney.68 In addition to beneficial effects of local adenosine 

production on the survival and function of the endothelium,69 macrophages and dendritic 

cells have been shown to be sensitive to local adenosine production,55,70 with regulatory T 

cells implicated as a local producer of adenosine, exerting anti-inflammatory effects.71

The endogenous anti-inflammatory compound haem oxygenase 1 (HO-1) is induced in 

response to hypoxia and implicated as a cellular protector against AKI. Several groups have 

demonstrated the protective effects of HO-1 induction before experimental AKI,54,55,72 

which seemed to be mediated via expression in macrophages rather than tubular epithelial 

cells,72 where it promotes an anti-inflammatory M2 phenotype.73

Resolvins and protectin D1 are natural anti-inflammatory compounds capable of reducing 

experimental AKI and subsequent fibrosis,74 and exhibit protective effects with both pre-

injury and early post-injury dosing. Administration of these agents resulted in reduced 

leucocyte accumulation and blocked Toll-like-receptor-mediated macrophage activation. 

Administration of a lipoxin A4 analogue in vivo downregulated inflammatory cytokine 

expression while upregulating anti-inflammatory cytokine expression, potentially via an 

effect on interactions between resident cells and recruited leucocytes.75 Hepatocyte growth 

factor (HGF) has also been evaluated for potential beneficial effects to protect against 

injury. Overexpression of HGF in kidneys was associated with reduced injury, leucocyte 

recruitment and TGF-β1 expression after ischaemic injury, and treatment of epithelial cells 

in vitro with HGF was associated with reduced production of C-C motif chemokine 2, 

supporting a key role for the epithelium in the recruitment of myeloid inflammatory 

cells.75–77

Serum complement is an evolutionarily conserved activator of the innate immune response. 

Widespread tubular deposition of complement has been documented in the first few hours 

following IRI,78 and, in the rodent, is associated with a loss of the complement inhibitor 

Crry from the tubular basolateral surface.79 In situ activation of the complement system may 

also be important, where production of C3 by renal dendritic cells promotes their subsequent 

inflammatory activation and ability to activate T lymphocytes.80 Unlike other solid organs, 

complement deposition in the kidney is documented to occur via the alternative pathway,78 

activating in response to hydrolysis of C3 rather than the presence of antigen– antibody 

complexes. Selective inhibition of this alternative pathway protects against experimental 

ischaemic injury.81 Evidence also exists for the importance of the terminal phase of 

complement deposition (formation of the C5b–9 complex) in mediating the severity of 

ischaemic AKI.82

Tubular cell injury and death

Tubular cells in the S3 segment of the proximal tubule are characterized by high metabolic 

activity with low baseline ambient oxygen delivery from the capillary network.7 In the 
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context of AKI they can experience profound hypoxia and subsequent rebound 

reoxygenation, followed by further fluctuations owing to capillary dysfunction and the 

recruitment of activated and cytotoxic leucocytes. These multiple insults result in a loss of 

physical cell–cell interactions, and tubular cell death with apoptosis and prominent 

programmed and unprogrammed necrosis.83,84 Cell death, combined with the detachment 

and loss of viable epithelial cells into the tubular lumen, leads to the denudation of areas of 

the S3 segment. Cell death can extend to earlier segments of the proximal tubule also, and 

results in a failure of tubular function, structural obstruction of flow, and the distal delivery 

of a solute-rich fluid activating tubuloglomerular feedback, which further inhibits 

glomerular filtration.

Studies using surface markers have lent weight to the importance of modification of the 

epithelial cell pheno-type to assume more mesenchymal characteristics during both acute 

and chronic kidney injury and repair.85 A number of groups have demonstrated that 

surviving tubular cells may transiently upregulate markers such as vimentin, α-smooth 

muscle actin and S100A4, which are often associated with the fibroblast lineage but not 

indicative of transformation to fibroblasts.86,87 The coexpression of these markers with 

proliferating cell nuclear antigen suggests that the ‘dedifferentiated’ cells are undergoing 

active replication.87,88

One pathway of documented importance in the repair process after injury is Wnt/β-catenin 

signalling. Transient IRI has been shown to induce a rapid induction of Wnt4 that returns to 

baseline by 24 h.89 Factors present in AKI, including disruption of cell–cell junctions, lead 

to nuclear translocation of β-catenin.89 This finding echoes embryogenesis, where 

expression of Wnt contributes to maintenance of the undifferentiated embryonic state.90 The 

dedifferentiated cells respond to various proliferative cues, including HGF, epidermal 

growth factor, TGF-β and VEGF,85 with a restricted burst of TGF-β expression, potentially 

maximizing a therapeutic rather than profibrotic outcome. With subsequent increases in cell 

number and resultant increased cell–cell contacts, the Wnt signalling pathway is suppressed. 

Studies of tubulogenesis in vitro suggest that sequential Wnt downregulation and expression 

of matrix metalloproteinase is necessary for the recovery of a differentiated phenotype,91,92 

hinting at the importance of cell–matrix interactions in achieving and maintaining the 

mature state.

Mechanisms of CKD development post AKI

As stated previously, it is now widely accepted that episodes of AKI predispose to the 

development of CKD even in those patients judged to have normal pre-injury renal function 

based on measurement of serum creatin-ine levels.10 Several emerging theories to explain 

the difference between adaptive (without scarring) and maladaptive repair leading to CKD 

are discussed below.

Recurrent tubular injury promotes scarring

Advances in molecular biology have enabled the generation of transgenic animals 

susceptible to the selective injury of particular cell types such as the renal tubular epithelial 

cell.16 The generation of transgenic mice expressing the simian diphtheria toxin receptor on 
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the tubular epithelia has enabled interrogation of the role of specific injury to this cell type 

without associated concurrent injury to surrounding capillaries, pericytes and other nearby 

cells. Interestingly, a single dose of diphtheria toxin was followed by a vigorous 

inflammatory response and subsequent complete repair. By contrast, three doses of 

diphtheria toxin over 3 weeks resulted in persistent inflammation, microvascular rarefaction, 

increased expression of TGF-β1, collagen α-1(I) and fibronectin, progressive fibrogenesis, 

and secondary glomerulosclerosis.16

Multiple sublethal injuries could lead to premature cell senescence and a failure to respond 

to subsequent injury with adaptive proliferation. In addition, repeated insults may lead to 

tubular cells remaining arrested in a dedifferentiated state with ongoing production of 

profibrotic factors,93,94 which contribute to microvasular loss after solated tubular epithelial 

injury.16 It has been shown that c-Jun N-terminal kinase (JNK) remains active for weeks 

after injury to tubular epithelial cells.95 Our laboratory demonstrated that, in multiple 

models of AKI, arrest of tubular cells in G2/M resulted in JNK activation, with subsequent 

fibrosis which was reduced by JNK inhib-ition.15 These findings are compatible with the 

hypothesis that progressive nephron loss and failed redifferentiation with ageing may 

facilitate maladaptive repair after AKI.96

Epigenetic changes after AKI

The role of epigenetic changes in the kidney following AKI is a new and rapidly developing 

field. There are diverse mechanisms by which modifications to the epigenome can alter the 

subsequent expression of pro-inflammatory and anti-inflammatory genes.97,98 Studies of 

patients with CKD have already implicated DNA methylation and histone modifications as 

contributors to the progression of the fibrotic process.98 AKI has been associated with 

alterations in DNA methylation and histone modification,99,100 leading to altered 

transcription of genes implicated in renal injury, including TNF and C-C motif chemokine 2. 

Advances in epigenetic assessment technology in the kidney are aiding the search for 

changes after AKI.101 These approaches have the potential to reveal mechanisms by which 

‘adaptively repaired’ kidneys may undergo long-lasting transcriptional changes that 

predispose to CKD.

KIM-1 expression and kidney fibrosis

KIM-1 is an important biomarker for renal injury, with multiple log-order increases in 

expression and shedding from injured tubular cells after renal insults in rodents and 

humans.102,103 KIM-1 promotes the clearance of apoptotic cells by tubular epithelia,104 a 

finding of importance for endogenous kidney repair after injury. With prolonged epithelial 

cell expression of KIM-1, however, our recent work has demonstrated a profibrotic 

phenotype associated with increased leucocyte recruitment to the injured kidney. Thus 

KIM-1 may provide a mechanistic link between injury and fibrosis.105 While acute 

expression of KIM-1 is adaptive and facilitates repair,106 chronic expression is maladaptive 

and promotes fibrosis.104,105 Ta k e n together, these data support the hypothesis that a 

focused and repeated tubular injury can be sufficient to initiate progressive scarring.16
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Origins of myofibroblasts in renal fibrosis

A key feature of maladaptive repair after AKI is the appearance of increased numbers of 

myofibroblasts which contribute to the deposition of collagen and other components of the 

fibrotic matrix in the kidney.107 An understanding of the origin of these cells is therefore an 

important step towards the development of antifibrotic therapies. Although it is accepted that 

stellate cells in the liver act as pericytes and mediate collagen deposition after injury,108 in 

the kidney the source of the interstitial fibroblasts responsible for the deposition of scar 

tissue is a topic of ongoing debate. Candidates include circulating progenitors (fibrocytes), 

epithelial–mesenchymal transdifferentiation (EMT) and, more recently, renal pericytes or 

perivascular fibroblasts as the cells giving rise to pathogenic myofibroblasts in injury.

Fibrocytes—Fibrocytes are circulating cells of myeloid lineage that are proposed to be 

precursors for the fibroblasts responsible for tissue scarring in fibrotic disease of various 

organs including the kidney.109–111 The contribution of these cells to the direct deposition of 

matrix within scarred tissues has been challenged, however, both historically by the lack of 

bone-marrow-derived cells in a parabiotic rat model of skin scarring,112 and more recently 

by fate-mapping techniques.113,114 Although bone- marrow-derived cells do not seem to be 

major contributors to the direct transdifferentiation to myofibroblasts within the kidney, 

similar to macrophages, these cells may function in a paracrine fashion to support or 

promote renal scarring by interacting with other kidney cells or by producing factors that 

other cells respond to, thereby contributing to the fibrotic response.

EMT—The role of EMT as the source of myofibroblasts and subsequent fibrosis after renal 

injury has generated much interest.115 While there is abundant documentation of expression 

of mesenchymal markers when epithelial cells are injured or exposed to certain cytokines in 

vitro, genetic lineage tracing studies supporting the existence of EMT in vivo in the kidney 

have been much more limited.116 Most studies have challenged the conclusion that epithelial 

cells transdifferentiate to myofibroblasts. Fluorescence labelling of cells expressing collagen 

α-1(I)117 or use of genetic crosses in renal epithelia involving Six2-cre (to mark cells that 

are descendents of the metanephric mesenchyme), HoxB7-cre (to mark cells that descend 

from the ureteric bud), or FoxD1-cre-positive mesenchymal cells (which are destined to 

primarily form the kidney interstitial fibroblasts, vascular smooth muscle cells, pericytes of 

peritubular capillaries and mesangial cells) has enabled fate tracing of cells after renal 

injury24, 39 These studies demonstrated no evidence for transdifferentiation of epithelial 

cells to fibroblasts and pointed to the pericyte as an important precursor of myofibroblasts.39 

Importantly, while renal epithelia can be readily induced to express mesenchymal markers in 

vitro, expression of these markers by epithelial cells in vivo should be interpreted as a 

reflection of dedif-ferentiation rather than conversion to fibroblasts.19, 87 Conversion of 

epithelial cells to fibroblasts may therefore be primarily an in vitro phenomenon.

Renal pericytes—Pericytes are specialized cells present in close proximity to the 

endothelial cells of multiple organs.118 Although they were first noted in electron 

microscopic studies of the kidney in the early 1980s, over the past decade there has been a 

rapid increase in research interest in the role of the pericyte in embryogenesis and tissue 

homeostasis, and its potential role in tissue fibrosis and vascular rarefaction after renal 
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injury38 Pericytes maintain vascular stability via cell-cell communication and released 

factors including PDGF,119 angiopoietin,120 TGF-β,121 VEGF122 and sphingosine-1-

phosphate.123

It has been proposed that the renal pericyte has a central role in the development of fibrosis 

after AKI39, 117,124 by migrating from its perivascular location and acquiring the markers 

and phenotype of the myofibroblast. The propensity of the injury-associated activated 

pericyte to break contact with endothelial cells and migrate may deliver a ‘double hit’ of 

vascular instability and collagen deposition, which are both hallmarks of progressive CKD 

(Figure 3). Studies demonstrate reduced vascular stability with loss of TIMP-3 and ADAM-

TS 1, which is associated with worsened injury40 As such, the pericyte is now the subject of 

active research aimed at targeting these cells to inhibit fibrosis and preserving the vascular 

network. Blockade of the PDGF receptor and VEGF receptor 2 protects against fibrosis and 

vascular rarefaction.117 Recently Kramann et al. identified a perivascular Gli-1(+) 

population of cells as a major cellular origin of fibrosis.125

Ageing and kidney repair after injury

The incidence of AKI increases with each decade of life.4, 126 Patients with in-hospital AKI 

are often elderly; in one study of Medicare recipients the mean age was approximately 75 

years.4 The increased comorbidities and associated polypharmacy might account for some of 

the increased risk of AKI associated with increasing age; however, there are likely to be 

underlying poorly understood biological changes that contribute to susceptibility. Recent 

work has sought to define the underlying processes and cellular responses that represent the 

‘hallmarks of ageing’,127 implicating factors such as genomic instability, loss of proteostasis 

and increasing cellular senescence as key contributors to the aged phenotype. Disease-

induced cellular senescence has been shown within the kidney and other organs.128–130 

Increased levels of cellular senescence have been reported in patients with hypertension,131 

in tubular cells of patients with IgA nephropathy132 and in type 2 diabetes,133 where they 

correlate with severity of renal disease. Our own data demonstrate growth-arrested tubular 

cells to be predictive of the development of CKD subsequent to AKI.15 Registry data 

demonstrating the susceptibility of the CKD population and healthy elderly individuals to 

AKI and progressive kidney disease10,13,14 further point to shared mechanisms between 

ageing and susceptibility to progressive kidney disease that is associated with maladaptive 

repair post AKI (Figure 4).

The ageing immune system

Immunosenescence refers to alterations in the function of the ageing immune system. With 

ageing there is low-grade immune system activation, and a skewing towards increased 

myeloid cell responses together with reduced function of T lymphocytes.134 An aged human 

kidney attracts an increased quantity of inflammatory infiltrates when transplanted into a 

young or old recipient.135 While it has been suggested that this finding represents the effects 

of increased expression of PECAM-1 in the donor kidney,136 it remains plausible that this 

result is related to age-related increased cellular senescence. Epithelial cell senescence in the 

aged kidney allograft may limit the ability of the kidney to mount an adequate adaptive 

repair response to the long-term immunological attack. As discussed previously, 
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macrophage phenotypic switching facilitates renal repair after AKI.41 This phenotypic 

change is impaired in macrophages in other organs of the ageing rodent,137 but remains less 

well explored in the kidney.

Senescence of epithelial cells with ageing

With increasing age evidence exists for a reduced proliferative capacity within the kidney in 

the aftermath of injury in vivo and in vitro.138 Microarray studies of ageing rat kidneys 

identified age-related alterations in multiple gene networks at baseline.139 Multiple-fold 

induction of injury biomarkers, such as KIM-1, occurs in ageing animals, which is reflective 

of ongoing age-related kidney injury at baseline. As discussed above, persistent KIM-1 

expression may be maladaptive and facilitate chronic scarring, which can be exacerbated 

after de novo renal insults.

Increased rates of cellular senescence with ageing are associated with a state of growth 

arrest that can be triggered by a critical shortening in telomere length or by stressors such as 

hypoxia or genotoxic insults.139 Senescent cells are resistant to apoptosis and, rather than 

being inert, they can secrete numerous cytokines and chemokines, including (C-X-C motif) 

ligand 1 (CXCL1), IL-6 and IL-8, which all promote maintenance of a chronic inflammatory 

state (Figure 5).140 Senescence-associated β-galactosidase has been used as a marker for 

senescence.141 Senescence is associated with increased expression of p16INK4a and 

p21WAF1, which contribute to growth arrest. Aged animals have increased levels of 

p21WAF1 at baseline and levels are further increased in stress-induced premature senescence, 

leading to proliferative arrest and apoptosis.142 Surprisingly, studies of p21-deficient mice 

exposed to IRI showed a worsened injury phenotype.143 Increased levels of p16INK4a inhibit 

CDK4 and CDK6, leading to stabilization of retinoblastoma-associated protein in its 

phosphorylated form, causing growth arrest. Pharmacological blockade of both CDK4 and 

CDK6 in young animals protected against AKI, despite a transient reduction in cellular 

proliferation.144 Thus, particularly in young animals, there may potentially be deleterious 

effects of excessive proliferation in the immediate aftermath of IRI; however, a persistent 

decrease in proliferative capacity may lead to a chronic profibrotic phenotype.

In contrast to what is seen in younger mice, reduced proliferation was noted in the recovery 

phase after IRI in older mice, together with upregulation of zinc-α-2-glycoprotein (Azgp1); 

however, attempts to increase cell-cycle turnover by knocking down Azgp1 resulted in 

markedly worse fibrosis in recovery.138 Hence, while increasing levels of senescent 

epithelial cells with either ageing or injury promotes sensitivity to further injury and 

progressive fibro-sis, it is important to select therapeutic targets to increase proliferation 

without a similar increase in fibrosis. It is possible, for example, that interventions that 

increase movement through the G0/G1 phase of the cell cycle without increasing movement 

through G2/M may then increase the number of cells trapped in G2/M and enhance the 

generation of profibrotic cytokines.

Whether the above factors are fixed and intrinsic to the aged kidney itself or are influenced 

and hence modifiable by circulating factors remains unknown. Elegant studies in other 

organs, such as the aged brain, skeletal muscle and heart, using heterochronic parabiosis to 

create a shared circulation, have demonstrated the modification of aged injury phenotypes 
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when mice are exposed to a young circulation,145–147 or by systemic depletion of senescent 

cells.148 A study examining the effect of transplanting young and old bone marrow into aged 

mice showed reduced levels of fibrosis and markers of senescence in the resident renal cells 

of the recipients of young bone marrow. 149 This observation raises the possibility of 

modulating the levels of epithelial cell senescence by altering the systemic milieu to delay or 

prevent age-facilitated renal disease.

Growth factor production with ageing

In response to tubular injury, epithelial cells produce a number of growth factors, including 

epidermal growth factor, HGF, and insulin-like growth factor 1.150 There is evidence that 

levels of renal epidermal growth factor decrease with increasing age,151 with similar 

reductions seen in VEGF expression, coupled with increased levels of thrombospondin-1.152 

An age-associated increase in levels of TGF-β has also been shown.153 TGF-β is potently 

profibrotic with sustained release. These changes in growth-factor expression could 

contribute to the increased susceptibility to tissue injury, fibrosis and vascular rarefaction 

seen in the elderly.154

Circulating progenitor cells in ageing

The role of circulating stem cells, progenitor cells or marrow stromal cells (MSCs) in 

mediating repair after AKI is controversial. An initial report suggesting that MSCs were 

incorporated into the tubules of the repairing kidney155 was followed by a study from our 

laboratory that demonstrated no evidence of incorporation of non-renal cells into the tubules 

of the repaired kidney.156 Several studies have, however, reported partial protection against 

kidney injury with the administration of MSCs.157–159 These effects have been attributed to 

paracrine actions of bone-marrow-derived cells, either acting systemically or locally, as 

some of these cells enter the kidney interstitium after injury.160 Importantly, although the 

number of MSCs in the blood of aged animals remain constant, it is reported that their 

secretion of TGF-β, bone morphogenetic protein 2 and bone morphogenetic protein 4 are 

reduced, while secretion of proinflammatory IL-6 is increased. Numbers of circulating 

endothelial progenitor cells are reduced with advancing age, as is their mobilization and 

incorporation into the injured endothelium.161 Ageing is also associated with the progressive 

accumulation of genomic damage, which impacts negatively on stem cell function and likely 

dedifferentiated epithelial cell function.162 These changes contribute to a less reparative 

phenotype,163 indeed one that may actually impair wound healing.164

Maladaptive repair and G2/M arrest

Maladaptive repair leading to CKD is characterized by persistent parenchymal 

inflammation, with increased numbers of myofibroblasts and accumulation of extracellular 

matrix.16 Risk factors for the maladaptive repair response include the type and duration of 

injury, the pre-injury glomerular filtration rate and the age of the patient.14 With recent 

studies failing to demonstrate convincing evidence for epithelial-to-fibroblast 

transdifferentiation to account for progressive fibrosis,24,39,117 increasing interest has 

focused on alterations in the injured tubular epithelium as the potential cause of ongoing 

activation and proliferation of pericytes, which may represent the important precursor 
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population for myofibroblasts.15 As discussed above, contrary to their name, senescent cells 

can remain metabolically active and adopt a senescence-associated secretory phenotype, 

which is associated with the release of connective tissue growth factor and TGF-β, both 

contributors to chronic inflammation, collagen deposition and vascular rarefaction.165,166 

Senescent cells are also documented to produce IL-8, which may potentiate cells entering 

G2/M arrest.167

Checkpoints in the cell cycle involving cyclins, cyclin-dependent kinases and cyclin-

dependent kinase inhibitors ensure the arrest of cell division in the presence of inadequate 

cell size, DNA damage or cell stress (Figure 6).142 Recent work in our laboratory supports 

G2/M arrest in tubular cells as an important driver of maladaptive repair and progressive 

CKD after AKI (Figure 6).15,168,169 We examined multiple experimental models of murine 

kidney injury, including severe bilateral IRI, unilateral IRI, aristo-lochic acid nephropathy 

and unilateral ureteral obstruction, and identified the accumulation of cells in G2/M growth 

arrest as the common feature predicting progressive fibrotic kidney disease.15 G2/M arrest 

in tubular epithelial cells in response to injury results in the acquisition of a pathogenic 

phenotype characterized by the sustained expression of profibrotic growth factors. This 

hypothesis is supported by reports from other laboratories168–170 and by pharmacological 

inhibition of G2/M-arrested cells, which reduced fibrosis, whereas increases in the 

proportion of G2/M-arrested cells in the cell cycle exacerbated fibrosis.2,168–170 Notably, 

humans with the FAN1 mutation and defects in DNA repair develop karyomegalic 

interstitial nephritis, with evidence of increased levels of DNA damage and cell-cycle arrest 

in the late G2 phase.171 As ageing is associated with increased levels of DNA damage and 

cell senescence,172 predisposition to G2/M arrest provides another plausible mechanism to 

explain the heightened risk of fibrotic kidney disease complicating AKI in the elderly, which 

is likely to be related to a combination of factors as described in this Review.

Conclusions

Work published over the past few years has revealed new targets for antifibrotic therapies 

such as G2/M arrested cells, immunosenescence, and modulation of growth factors and 

inflammatory mediators. The role of EMT versus pericytes (or other interstitial cell 

populations) in driving renal fibrosis has been re-evaluated. Targeting perivascular cells may 

address both the deposition of fibrosis and microvascular rarefaction characteristic of 

progressive CKD after AKI.173 Various compounds that modulate pericyte function are 

being investigated to assess their ability to promote kidney recovery.174

With recognition of the importance of abnormalities in the epithelial cell cycle in 

determining the renal outcome after injury comes the potential to target this process using 

novel therapeutic strategies. Experiments in rodents suggest the therapeutic potential of 

blocking the initiation of the G2/M checkpoint, or encouraging cells to transit through G2/M 

to complete mitosis, using agents such as histone deacetylase inhibitors170 or p53 

inhibition.15,175 Clinical application in humans will, however, need careful assessment of 

the safety of the drugs and pathways under investigation given the function of G2/M in 

preventing the perpetuation of dangerous DNA mutations. Recent work in 

rhabdomyosarcoma indicates that bypassing cell-cycle checkpoints promotes 
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tumourigenesis.176 Other strategies could focus on either blocking the profibrotic signalling 

of G2/M-arrested cells (as has been performed successfully in rodents using JNK-pathway 

inhibition15), or promoting their apoptosis or pharmacological depletion. Notably, in mice 

with a progeroid background of accelerated ageing, sustained depletion of senescent cells 

expressing p16INK4a significantly delayed the onset of age-related disorders in multiple 

tissues.148 This finding suggests that senescent cells actively promote the disease phenotype 

rather than simply representing a marker of an ongoing process. Another approach would be 

to target perivascular gli1(+) progenitors.125 Translation of these strategies to humans will 

require the identification of novel markers permitting the specific targeting of these cells.

The contribution of ageing to immuosenescence and to the pool of senescent tubular cells 

within the kidney may explain the increased susceptibility to AKI displayed by the elderly 

as well as the age-influenced increased rates of CKD progression. Progressive CKD may be 

mechanistically synonymous with accelerated ageing of the kidney. Given the ageing 

population and increasing burden of age-related progressive CKD in both developed and 

developing nations, novel therapies for this pervasive disease deserve the highest priority.
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Key points

▪ Acute injury to the kidney is often associated with maladaptive repair and 

incomplete resolution, leading to residual abnormalities in kidney structure 

and function

▪ Increasing age, and chronic low-grade insults to the tubular epithelium 

increase epithelial cell sensitivity to episodes of acute kidney injury, leading 

to maladaptive repair and progression of chronic kidney disease

▪ Maladaptive repair is characterized by fibrosis, vascular rarefaction, tubular 

loss, glomerulosclerosis and the presence of a chronic inflammatory infiltrate 

within the kidney

▪ Injured renal tubular epithelial cells become arrested at G2/M and adopt a 

profibrotic phenotype, which affects other epithelial cells, pericytes and the 

immune system

▪ Myofibroblasts that likely arise from renal pericytes proliferate and 

contribute to the deposition of extracellular matrix and resulting fibrosis 

within the injured kidney

▪ Maladaptive repair after acute kidney insults shares many common features 

with kidney ageing and can be thought of as a state of accelerated kidney 

ageing
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Figure 1. 
A summary of some of the mechanisms involved in initial tissue injury and subsequent 

repair of the kidney after acute kidney injury. Maladaptive and incomplete repair leads to the 

development of fibrosis and, ultimately, chronic kidney disease.
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Figure 2. 
The evolution of tissue injury, death and subsequent adaptive repair after AKI. Following an 

episode of AKI, the kidney is capable of repair back to normal or near-normal structure and 

function despite apparently severe damage. Initial injury is characterized by endothelial 

activation, recruitment of myeloid leucocytes and widespread tubular cell injury and death. 

In ‘adaptive’ repair, over a period of days, debris is cleared by tubular cells and recruited 

macrophages, and epithelial dedifferentiation occurs followed by proliferation to restore the 

integrity of the tubular epithelial cell layer. Macrophages support renal growth and recovery 
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by adopting an M2 phenotype before leaving the kidney. Pericytes remain in contact with 

the capillary network and do not give rise to new myofibroblasts or if they do, this 

myofibroblast proliferation is reversible. Abbreviations: AKI, acute kidney injury; NO, 

nitric oxide.
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Figure 3. 
Maladaptive repair of AKI leads to CKD. Studies have highlighted the importance of G2/M 

cell-cycle arrest in response to severe, repeated and genotoxic renal insults. In the initial 

repair phase after injury, cells may become arrested in G2/M phase and release cytokines 

and growth factors that promote inflammatory cell retention within the kidney and ongoing 

inflammation. Injury and pro-inflammatory stimuli lead to pericyte dissociation from the 

endothelium, resulting in microvascular rarefaction and the progressive deposition of 

collagen I by myofibroblasts arising from activated pericytes. Ageing sensitizes tubular cells 

to G2/M arrest in response to cell stress and DNA damage, providing a potential explanation 

for the increased risk of CKD progression after AKI in the elderly. Abbreviations: AKI, 

acute kidney injury; CKD, chronic kidney disease.
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Figure 4. 
Common mechanisms in kidney ageing and progressive kidney injury. Features of kidney 

ageing include tubular loss, glomerulosclerosis, microvascular rarefaction and deposition of 

interstitial collagen. The number of senescent and G2/M arrested cells present in the ageing 

kidney also progressively increases. All the above cellular changes are also seen in 

progressive renal disease in younger patients following acute renal insults. These shared 

features suggest that progressive chronic kidney disease is functionally equivalent to 

accelerated ageing of the kidney. Abbreviation: AKI, acute kidney injury.
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Figure 5. 
Replicative and stress-induced premature senescence in kidney injury. Renal cells become 

senescent either through ageing and telomere shortening, or via genotoxic insults resulting in 

stress-induced premature senescence. While in terminal growth arrest, these senescent cells 

remain metabolically active and secrete a range of factors that contribute to the chronic 

inflammatory state, the progression of renal fibrosis and increased susceptibility of other 

cells to subsequent insults and senescence. Modified with permission of American Society 

of Nephrology, from Yang, H. & Fogo, A. B. J. Am. Soc. Nephrol. 21, 1436–2439 (2010); 

permission conveyed through Copyright Clearance Center, Inc.
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Figure 6. 
Eukaryotic cell-cycle checkpoints. Four phases of cell-cycle progression are seen in 

eukaryotic cells. Cellular DNA is replicated in the S phase, and cell mitosis occurs in M 

phase, separated by two gap phases, G1 and G2. Critical checkpoints exist at G1/S and 

G2/M, where the actions of cyclins, CDKs and their inhibitors determine whether 

appropriate cell size, DNA replication and integrity exist to allow the initiation of DNA 

synthesis or the completion of cell division, respectively. Increased numbers of G2/M-

arrested cells have been identified as a common feature in models of progressive chronic 

kidney disease. Abbreviations: CDK, cyclin-dependent kinase; CTGF, connective tissue 

growth factor; TGF-β, transforming growth factor β.
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