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Abstract
Acute kidney injury (AKI) is a common clinical complication characterized by a sudden deterioration of the kidney’s excre-
tory function, which normally occurs secondary to another serious illness. AKI is an important risk factor for chronic kidney 
disease (CKD) occurrence and progression to kidney failure. It is, therefore, crucial to block the development of AKI as early 
as possible. To date, existing animal studies have shown that senescence occurs in the early stage of AKI and is extremely 
critical to prognosis. Cellular senescence is an irreversible process of cell cycle arrest that is accompanied by alterations at 
the transcriptional, metabolic, and secretory levels along with modified cellular morphology and chromatin organization. 
Acute cellular senescence tends to play an active role, whereas chronic senescence plays a dominant role in the progression of 
AKI to CKD. The occurrence of chronic senescence is inseparable from senescence-associated secretory phenotype (SASP) 
and senescence-related pathways. SASP acts on normal cells to amplify the senescence signal through senescence-related 
pathways. Senescence can be improved by initiating reprogramming, which plays a crucial role in blocking the progression 
of AKI to CKD. This review integrates the existing studies on senescence in AKI from several aspects to find meaningful 
research directions to improve the prognosis of AKI and prevent the progression of CKD.
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Introduction

Acute kidney injury (AKI) places a great economic burden 
on high-income or low-to-middle income countries, with 
extremely high morbidity and mortality and no specific and 
efficient treatment measures other than dialysis to relieve 
symptoms. Although AKI was previously often deemed as a 
self-limiting disease, it is now considered that acute decline 
in kidney function is associated with long-term consequences, 
including progression to chronic kidney disease (CKD), kid-
ney failure, sustained functional impairment, and death [1]. 
After mild injury, the kidney may return to a structural and 
functional state that is indistinguishable from normal. This is 
due to the strong compensatory ability of mature kidney cells, 
which can quickly re-enter the cell cycle from a resting state 
within 24 h after injury. If the kidney is severely impaired or 
damaged, it will cause a variety of pathological changes and 
interstitial fibrosis. In one study, the survivors of severe AKI 

had a worse health-related quality of life (HRQOL) as com-
pared to the general population, and both physical and men-
tal components of these survivors were affected [2]. Given 
these undesirable outcomes, effective measures are required 
to reduce kidney damage, delay kidney function deterioration, 
and improve kidney function recovery. To resolve this issue, it 
is essential to elucidate the mechanisms of AKI and eliminate 
their components. In recent years, senescence has increasingly 
attracted the attention of researchers because of its role in the 
development and progression of AKI.

To date, current research has demonstrated that senes-
cence is a state of the stable arrest of the cell cycle and/or 
DNA damage, which is accompanied by alterations at the 
transcriptional, metabolic, and secretory levels along with 
modified cellular morphology and chromatin organization 
[3, 4]. Other characteristics of senescent cell cycle arrest 
include defects in ribosomal biosynthesis and de-inhibition 
of retrotransposons [5, 6]. Senescence is a regulated signal 
transduction process, wherein specific senescence-inducing 
signals contribute to diverse senescent consequences [7–10]. 
In a previous study on different kidney injury models, sig-
nificant cellular senescence was observed 3 days after injury 
[11]. Several studies have also reported the relationship 
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between kidney fibrosis and cellular senescence [12]. When 
AKI occurs, both the cortex and medulla of kidney tissue 
can be senescent, including renal tubular epithelial cells 
(TECs), podocytes, vascular smooth muscle cells, endothe-
lial cells, and mesenchymal cells, among which renal TECs 
are the most common cells that undergo senescence [13]. 
Tubular cell senescence is an early central mechanism that 
leads to further accumulation of senescent cells after kidney 
injury and causes the progression of kidney damage [11]. A 
high amount of senescence-associated secretory phenotype 
(SASP) can be detected in both the acute phase of AKI and 
the CKD phase. Does senescence play a positive or negative 
role in AKI and CKD? What are the specific mechanisms 
involved? Are there any targeted measures for treatment to 
reduce the burden of AKI and CKD? This review summa-
rizes the emerging knowledge on senescence underlying 
both AKI and CKD and the therapeutic opportunities they 
present.

Senescence‑associated secretory phenotype

Although the cell cycle of senescent cells is in a state of 
stagnation, the cells still maintain their metabolic activity 
and release a special secretory group that can affect neigh-
boring cells and ultimately affect tissue function. This phe-
notype is defined as SASP that includes pro-fibrosis and pro-
inflammatory factors such as interleukin-1β (IL-1β), IL-6, 
IL-8, transforming growth factor-β1 (TGF-β1), monocyte 
chemoattractant protein 1 (MCP-1), plasminogen activator 
inhibitor 1 (PAI-1), and cellular communication network 
factor 2 (CCN2), which function through a paracrine and 
autocrine manner [14, 15]. Many studies have shown that 
the intense inflammatory process involved in the innate and 
adaptive immune response can cause initial kidney damage 
and mediate long-term structural changes, including intersti-
tial fibrosis or repair. The balance between pro-inflammatory 
factors and anti-inflammatory factors is extremely important 
for tissue repair [14, 16, 17]. In every specific senescent 
cell, SASP involves not a single component but a combina-
tion of multiple components and has great variability. The 
composition of SASP depends on the affected cell type, the 
nature of the stressor, and the stage of senescence; hence, 
its composition changes dynamically [18]. It is speculated 
whether the terminal outcome of senescence depends on the 
dynamic development of SASP. SASP affects neighboring 
cells through the autocrine positive feedback loop and par-
acrine signaling, which amplifies the senescence signal and 
leads to a continuous progression of senescence [19]. An 
increase in SASP has been observed in elderly mice with 
AKI, including TGF-β1, IL-6, and CCN2 [15]. The kidney 
ischemia–reperfusion model shows significant TNF secre-
tion within the first 24 h [20]. SASP secreted by senescent 

cells acts on the surrounding healthy cells, which further 
aggravates cell senescence and fibrosis, leading to CKD 
[21]. Many studies have shown that the intense inflamma-
tory process involved in the innate and adaptive immune 
response can cause initial kidney damage and mediate long-
term structural changes, including interstitial fibrosis or 
repair. SASP also causes activation, attraction, and secretion 
of immune cells in the process of acute senescence to elimi-
nate senescent cells, which is called “immunity supervision” 
[22]. Experiments have shown that SASP can eliminate 
senescent cells accumulated after chemotherapy to prevent 
tumor recurrence [19]. SASP is harmful in the long term, but 
in the short term can also play a beneficial role. For example, 
vascular endothelial growth factor (VEGF) and fibroblast 
growth factor 2 can promote tissue repair following kidney 
damage [23]. However, it seems that its harmful effects out-
weigh the beneficial effects. Studies have shown that SASP 
secreted by senescent fibroblasts promotes the proliferation 
and metastasis of pre-cancerous epithelial cells and increases 
tumor angiogenesis to promote cancer progression [24]. It 
is also thought that IL-6, TNF-α, and MCP-1 can recruit 
some inflammatory cells to promote damage repair, but this 
might also lead to continuous expression of SASP, resulting 
in undesirable outcomes [12]. Therefore, the role of SASP 
in AKI and CKD should be analyzed in a more specific sce-
nario. The dual role of SASP may correspond to the acute 
senescence stage and the chronic senescence stage. Compila-
tion of SASP components, beneficial effects of SASP, and 
senescence-related pathways are shown in Table 1.

Acute cellular senescence

With the advancement in research, several lines of evidence 
show that senescence has unique manifestations at specific 
stages of cells, which differentiate acute senescence from 
chronic senescence. Acute cellular senescence is a beneficial 
and specific physiological process, which has the character-
istics of clear senescence trigger, short-term senescence sig-
nal, and rapid senescence cell clearance, and the whole pro-
cess is strictly controlled. Acute senescence causes the cell 
cycle to be temporarily blocked, which helps cells to avoid 
uncontrolled mitosis and provides more time for DNA repair 
[25, 26]. Senescent cells were discovered in the process of 
the development of mouse embryos, and they were shown to 
participate in the reshaping of the mesonephros, the endo-
lymphatic sac, the apical ectodermal ridge, and the neural 
roof plate [10, 27]. Senescence is important for maintaining 
tissue homeostasis after injury. Senescent cells play a posi-
tive role in damage repair, which can promote skin wound 
healing [28, 29] and repair of the damaged liver [30]. Senes-
cent cells also prevent tumorigenesis and transformation by 
inducing cell cycle arrest [31, 32]. In the abovementioned 
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cases, the SASP produced by senescent cells leads to a com-
mon pathway to clear senescent cells, limit fibrosis, and pre-
vent undesirable outcomes, which is called “immune surveil-
lance” [33, 34]. In an earlier study in different kidney injury 
models, significant cellular senescence was observed 3 days 
after injury, which manifested as an increase in the activity 
of the enzyme senescence–associated β-galactosidase (SA-β-
Gal) and a reduction in the protein abundance of Lamin B1 
(LAMNB1) nuclear membrane [11]. In the early stages after 
the onset of AKI, the cell cycle is blocked by specific inhibi-
tors to provide time for DNA repair and avoid excessive 
progression to apoptosis in the damaged renal tubular cells 
[21]. The use of cyclin-dependent kinase (CDK) inhibitors 
to arrest the cell cycle of damaged renal TECs ensures more 
time to repair damaged DNA and reduces cell senescence 
and CKD [35]. The course of acute cellular senescence is 
short and programmed. In general, the strong compensatory 
ability of the kidney enables it to respond to injury through 
adaptive repair. After the acute phase, the senescent cells 
are eliminated and no longer secrete SASP, thereby leav-
ing no effect on long-term kidney function. However, in the 
studies conducted to date, the effects of senescence on AKI 
have been negative. Even if the injury has ceased, kidney 
inflammation and fibrosis continue to progress. Maladap-
tive TECs after AKI are considered as a leading cause of 
renal fibrosis post-AKI [36]. Repeated or extremely severe 
injuries within a short period of time lead to renal maladap-
tive repair, persistent inflammation, and cell cycle arrest of 
renal TECs at the G2/M phase. The cell cycle arrest at the 
G2/M phase promotes the secretion of inflammatory factors 
and pro-fibrotic factors to aggravate the damage and form 
a vicious circle [37]. This phenomenon is called “chronic 
cellular senescence.”

Chronic cellular senescence

Different from acute senescence, chronic senescence does 
not have a specific program, but it is a random process. 
Multiple and persistent stresses act on tissues and organs. 

Senescent cells cannot be effectively eliminated. An increas-
ing number of senescent cells accumulate and induce more 
severe senescence by autocrine and/or paracrine secretion 
of SASP, which eventually lead to organ dysfunction [12]. 
This aspect is a major difference between acute senescence 
and chronic senescence. Studies have also shown that the 
accumulation and continuous secretion of SASP by senes-
cent cells cause epithelial–mesenchymal transition (EMT) 
in fat and heart and kidney tissues and shortened lifespan 
[38–40]. Age-related conditions, tissue degradation, and 
body aging are related to chronic senescence. In addition, 
another difference between acute and chronic senescence 
is the cell cycle arrest time. A short cell cycle arrest may 
not cause an irreversible outcome, while a permanent cell 
cycle arrest may trigger a series of pathological changes 
[26]. If immune clearance is impaired with age, chronic 
senescence will evolve from acute senescence, leading to 
long-term stagnation and possible changes in SASP [41]. 
An epithelial injury is a core event of CKD. A previous 
study showed that after AKI, the injured epithelial cells 
can de-differentiate and re-enter the cell cycle to proliferate 
and return to normal function; this is called adaptive repair 
[42]. It may be more accurately called “reprogramming”. 
Kidney injury molecule 1 (KIM-1) is markedly upregulated 
in the proximal tubule after injury. Persistent expression of 
KIM-1 is maladaptive and adequate to contribute to leu-
kocyte infiltration, tubular atrophy, CKD, and ultimately, 
kidney failure [43]. Slight insult to the kidney can be off-
set by adaptive repair. Repeated and severe insult in a short 
period of time will cause renal TECs to undergo cell cycle 
arrest; produce inflammatory factors and pro-fibrotic factors, 
and cause cell loss, tissue damage, and kidney function loss 
[44]. CKD shows the characteristics of senescence: 28 days 
after kidney injury, the activity of SA-β-Gal in renal TECs 
increased, LAMNB1 decreased, and the expression of pro-
inflammatory cytokines IL-1α, IL-1β, IL-6, TNF-α, and 
MCP-1 increased [11]. Fibrosis is a representative feature 
of CKD. The maladaptive repair that leads to CKD is char-
acterized by persistent inflammation and fibroblasts. To sum 
up, the conversion of AKI to CKD seems to correspond to 

Table 1  Compilation of SASP components, beneficial effects of SASP, and senescence-related pathways

Composition of SASP Inflammatory cytokines, immune modulators, growth factors, proteases, exosomes, ectosomes … (IL-1β, IL-6, IL-8, 
TGF-β1, TGF-β3, IL-12, IL-10, TNF…)

Benefits of SASP SASP can help signal immune cells to achieve senescent cell clearance, and specific SASP factors secreted by senescent 
cells attract and activate different components of the innate and adaptive immune systems; SASP recruit macrophages 
to remove cancer cells; SASP factors can maintain senescent cells in a growth-arrested senescent state, thereby pre-
venting carcinogenesis; SASP can promote wound healing; SASP can promote tissue remodeling…

Senescence pathways DNA damage response → ATR → p53 → p21 → Cyclin → pRB → SAHF → HP1; DNA dam-
age response → ATM → p53 → p21 → Cyclin → pRB → cell cycle arrest; Oncogenic 
RAS → ROS → ERK → ETS → p16 → Cyclin → pRB → cell cycle arrest; Oncogenic RAS → ROS → ERK → P38/
MAPK → p53 → p21 → Cyclin → pRB → cell cycle arrest; mTOR → p53 → p21 → CDK2 → RB1…
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the transformation of acute cellular senescence to chronic 
cellular senescence. With regard to different outcomes of 
AKI, in addition to adaptive repair and CKD, cellular repro-
gramming also plays a key role.

Cellular reprogramming

It is known that cellular reprogramming is the process of 
reverting differentiated cells to the pluripotent state, and 
the pluripotent state can be differentiated into various func-
tional cells [45, 46]. There are diverse modes of reprogram-
ming. Cells can first return to a pluripotent state and then 
differentiate into desired lineages [47]. Alternatively, one 
cell type can directly convert into another cell lineage by 
expressing specific factors [48, 49]. Takahasi and Yamanaka 
showed for the first time that mouse somatic cells can be 
reprogrammed into a pluripotent state by expressing four 
transcription factors (Oct4, Sox2, Klf4, and c-Myc) [46]. 
Reprogramming initially triggers a stress response character-
istic of senescence. Banito et al. infected IMR90 cells with 
four reprogramming factors (Oct4, Sox2, Klf4, and c-Myc). 
Each of the four factors reduced cell growth and showed 
SA-β-Gal activity and senescence-related heterochromatic 
foci. The expression of reprogramming factors in human 
fibroblasts (BJ) or mouse embryonic fibroblasts (MEF) also 
leads to growth arrest with senescence characteristics. The 
authors also observed that reprogramming factors caused 
DNA damage response and expression of tumor suppressor 
factors  p16Ink4a, p53, and  p21Cip1, indicating that there is an 
inherent relationship between senescence and reprogram-
ming. The authors proposed that inhibiting senescence can 
increase the efficiency of reprogramming. Knockdown of 
 p16Ink4a/p19Arf,  p21Cip1, or p53 expression by shRNAs or 
experiments conducted in strains with a knockout of p53 
or p21 has shown that the efficiency of reprogramming 
increases after senescence effectors are exhausted [50]. Early 
studies have demonstrated that cell senescence in the process 
of AKI proliferation and repair is not an irreversible “on/
off” process, and its cell phenotype changes dynamically. 
In the process of tissue damage and repair, cell senescence 
and secreted SASP after injury are important factors leading 
to cell reprogramming [51]. This explains why only a part 
of the cells in the injury site can be reprogrammed, which 
shows a certain degree of restriction on reprogramming. 
The p53/p21Cip1 pathway is involved in the expression of 
response to reprogramming factors at different levels. Data 
obtained from the individual expression of reprogramming 
factors indicate that the activation of  p21Cip1 appears to 
be the key endpoint for the convergence of different sig-
nals [50]. IL-6 secreted by senescent cells stimulates the 
surrounding normal cells to produce four reprogramming 
factors (Oct4, Sox2, Klf4, and c-Myc) through paracrine 

signaling to stimulate reprogramming [52]. Senescence 
inhibitors reduce senescence by inducing mitochondrial 
reprogramming in animal experiments [53]. We speculate 
that the degree of SASP secretion affects the efficiency of 
reprogramming and further affects the outcome of the tis-
sue after injury. After a mild injury, cells secrete a small 
amount of SASP without affecting the normal progression 
of reprogramming to complete repair. This process may 
correspond to adaptive repair during acute senescence. In 
contrast, severe injury hinders reprogramming, the damage 
cannot be fully repaired, and SASP is continuously secreted, 
thereby causing EMT or chronic cell senescence, and the 
final outcome is CKD or kidney failure. The mechanisms 
for the transition from AKI to CKD include endothelial cell 
damage, cell cycle arrest, epigenetic changes, sparse blood 
vessels, interstitial fibrosis, and cellular metabolic repro-
gramming [54, 55]. Fatty acid oxidation (FAO) is the main 
energy supply pathway for the metabolism of proximal renal 
tubular cells (PTCs). During AKI, FAO is abolished, and 
PTCs undergo metabolic reprogramming, which increases 
the risk of AKI to CKD conversion [56]. EMT is a mecha-
nism of reprogramming, and EMT may be involved in the 
pathogenesis of renal fibrosis [57]. EMT transforms epithe-
lial cells into myofibroblasts; these myofibroblasts prolifer-
ate and produce a fibrotic matrix [58]. A prostaglandin E-2 
receptor 4 (EP4) antagonist can inhibit the de-differentiation 
of renal tubular cells, which targets EMT [59]. Conversely, 
cells in acute senescence can undergo cellular reprogram-
ming to de-differentiate, proliferate, and differentiate to 
achieve tissue regeneration and repair in AKI. There are 
currently two controversial claims that the repair of cells 
after AKI is achieved by de-differentiation of differentiated 
cells or by direct differentiation of progenitor cells. Endothe-
lial progenitor cells of rats with renal ischemia–reperfusion 
injury secrete microvesicles through the paracrine pathway, 
which activates an angiogenic program to reverse AKI, glo-
merulosclerosis, and tubular interstitial fibrosis to prevent 
the progression of chronic kidney injury [60, 61]. The pro-
liferation and repair of renal TECs after AKI are achieved by 
the dedifferentiation of differentiated cells and their re-entry 
into the cell cycle [62]. After renal ischemia–reperfusion 
injury, the surviving renal TECs will de-differentiate and 
proliferate, and eventually replace the irreversibly damaged 
renal TECs, thus restoring the integrity of renal tubules [63]. 
Epithelial cell proliferation helps to restore cell necrosis and 
apoptosis. Proliferation capacity is the main feature of PTCs. 
The ability of tubular cells to transform into different cell 
types is called cell plasticity. The plasticity of renal tubular 
cells allows them to resist acute injury and proliferate (this 
process is also called reprogramming) [64]. On the basis of 
the above brief description, reprogramming plays a crucial 
role in the outcome of AKI. On the one hand, it promotes 
the repair of damage caused by AKI (this may correspond to 
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the efficient performance of acute cellular senescence), and 
on the other hand, it develops into CKD or kidney failure 
through EMT in a poor environment. Different outcomes of 
renal tubular cells after injury are shown in Fig. 1.

Senescence‑related signaling pathways

At present, known senescence-inducing factors include 
oxidative stress, cytotoxicity, mitochondrial dysfunction, 
repeated cell division, and telomere shortening, and the latter 
two are called “replicative senescence” [3, 65]. Most of the 
inducing factors initiate cell cycle arrest through the cyclin-
dependent kinase (CDK) inhibitors  p16Ink4a and/or  p21Cip1. 
The two most core signaling pathways are the  p16Ink4a/Rb 
pathway and the  p19Arf/p53/p21Cip1 pathway, which interact 
but independently adjust the process of the cell cycle [41, 66, 
67].  p16Ink4a and  p21Cip1 belong to CDK inhibitors, where 
 p16Ink4a is referred to as cyclin-dependent kinase inhibitor 
2A (CDKN2A) and  p21Cip1 is known as cyclin-dependent 
kinase inhibitor 1A (CDKN1A); cyclins, CDKs, and CDK 
inhibitors are proteins that regulate the cell cycle.  p16Ink4a 
plays a key role in downregulating CDK4 and CDK6 during 
cell senescence. p21 induces G1 phase block to escape DNA 
damage during AKI, while p21 knockout mouse with AKI 
showed high mortality [68].  p16Ink4a and  p21Cip1 are the core 
hubs of senescence. There are many confirmed pathways and 
still others waiting to be developed. For example, rapamycin 
alleviates senescence induced by Dox or  H2O2 through the 
mTORC1/p70S6K pathway in mesenchymal stromal cells, 
which is accompanied by a decrease in p21, p53, and p16 
[69]. Reactive oxygen species (ROS) activate the c-Jun NH-2 

terminal kinase (JNK) pathway, which induces FOXO tran-
scription factors that cause DNA damage and cell cycle arrest 
[70]. SASP components can be controlled by Rel/NF-κB 
transcription factors. Ras activation triggers many down-
stream signaling pathways, including the Raf/MEK/MAPK 
pathway, the phosphoinositide 3-kinase (PI3K) pathway, and 
normal cell proliferation induced by increased formation of 
ROS, leading to cell cycle arrest and senescence [71]. There 
are specific descriptions regarding the senescence pathways 
in different senescence models. Next, we briefly describe 
the senescence pathways in AKI and CKD. AKI is usually 
accompanied by the presence of DNA damage response 
(DDR), which leads to ataxia telangiectasia mutation (ATM) 
and/or ataxia telangiectasia and activation of Rad3-related 
(ATR) proteins; both these proteins are members of the phos-
phatidylinositol 3-kinase family that phosphorylates several 
downstream targets, including p53 and checkpoint kinase 2 
(CHK2), and subsequently, produce  p21Waf1/Cip1.  p21Waf1/

Cip1 is a cell cycle inhibitor that can be used to stop the cell 
cycle of renal TECs in the G1 or G2/M phase [72]. In vari-
ous AKI models (cisplatin, ischemia–reperfusion injury, and 
unilateral ureter obstruction), Rad3-related ATR activation 
after AKI protects against maladaptive tubular repair, result-
ing in less fibrosis. ATR arrests the cell cycle of proximal 
tubules at the G2/M phase by activation of DDR signal-
ing [73]. Mitochondrial dysfunction occurs in renal TECs 
in ischemic AKI, which produces a large amount of ROS 
to activate the p53/p21Cip1 pathway [74]. A high amount of 
ROS molecules can cause significant modification of lipids, 
DNA, and proteins [75]. In addition, ROS cause DNA dam-
age and cell cycle arrest. Telomere shortening of renal TECs 
after AKI has been confirmed to aggravate the senescence 

Fig. 1  Different outcomes of 
renal tubular cells after injuries: 
A after a mild injury, the cells 
can be completely repaired 
through reprogramming (adap-
tive repair); B after a repeated 
or severe injury: a, cell necrosis 
or apoptosis; b, EMT contrib-
utes to fibrosis and collagen 
deposition after reprogramming; 
c, SASP secretion evolves into 
chronic cellular senescence
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process. The senescence-related protein Klotho mainly exists 
in renal proximal tubule epithelial cells (PTEs). Mice lacking 
Klotho show various senescence-related features. Klotho has 
been used as an important target for anti-senescence treat-
ment. Experiments have shown that AKI caused by epige-
netic stress activates the  p16Ink4a pathway [76]. In the AKI 
model,  p16Ink4a,  p21Cip1, and TGF-β were overexpressed 
within 2 days of injury, and high levels of β-gal and  p16Ink4a 
were maintained after ischemic injury [76]. The G2/M block 
of renal TECs is an important driving force for maladaptive 
repair and progressive CKD after AKI [77]. Overexpression 
of TAZ in HK-2 cells can cause G2/M cell cycle arrest and 
de-differentiation and promote the production of pro-fibrotic 
cytokines, which indicates that the Hippo/YAP/TAZ signal-
ing axis is involved in the senescence of renal TECs [78]. It 
is generally believed that the cells that stagnate after a minor 
injury will enter the cell proliferation stage after 1–5 days in 
the G2/M phase and will not produce fibrosis and leave scars, 
which shows the characteristic of “self-limiting.” Another 
research study suggested that senescence occurs in the early 
2–3 days after acute injury, which is mediated by epithelial 
toll-like and interleukin 1 receptors (TLR, IL-1R) in a cell-
independent process [11, 79]. A major injury causes the cell 
cycle to stagnate in the G2/M phase for a long time, thereby 
activating the c-Jun NH-2 terminal kinase (JNK) signal to 
produce fibrosis. During the period of cell cycle arrest, cells 
appear to be in a state of senescence. At this time, senescent 
cells may secrete SASP to trigger the senescence signal-
ing pathway and then act on other senescent cells and sur-
rounding cells to aggravate pathological changes and form a 
“vicious circle”. Among the SASP components, connective 
tissue growth factor and TGF-β can cause chronic inflam-
mation, collagen deposition, and angiogenesis. In addition, a 
previous study demonstrated that eliminating cell senescence 
is beneficial to maintain kidney function, and the reduction 
of fibrosis by blocking tubular innate immunity through epi-
thelial cell-specific deletion of Myd88 reduces the expression 
and secretion of SASP. Deletion of Myd88, a downstream 
effector of the TLR/IL-1R pathway upstream of NF-kB, 
reduced kidney damage and fibrosis [11, 79]. Pericytes are 
one of the main sources of myofibroblasts that form scars in 
CKD. Interestingly, genetic and pharmacological elimina-
tion of senescent cells partially prevents fibrosis but does not 
protect kidney function.

To date, it is believed that the main determinant of the 
development of chronic cell senescence after AKI is the 
degree of damage. Chronic senescent cells produce maladap-
tive repair, which is characterized by interstitial fibrosis, renal 
tubular atrophy, and thinning of capillaries. Maladaptive 
repair hinders the complete recovery of kidney morphology 
and function, and it is probably the main reason for the pro-
gression of AKI into CKD [13]. A key feature of maladaptive 
repair after AKI is the increase in the number of fibroblasts, 

which leads to the deposition of collagen and other com-
ponents of the fibrotic matrix in the kidney. The sources of 
fibroblasts include circulating fibroblasts, EMT, pericytes, 
and perivascular fibroblasts [22]. Risk factors for maladaptive 
repair include the type and duration of injury, the glomerular 
filtration rate before an injury, and age. Existing studies have 
shown that the Wnt signaling pathway plays a role in the 
senescence of renal TECs and fibrosis. Wnt9a significantly 
upregulates the levels of  p16Ink4a, p53, and p21 related to 
senescence; induces senescent tubule cells to produce TGF-
β1; and promotes the growth, proliferation, and activation of 
fibroblasts in normal rat kidneys. This includes the Wnt9a-
TGF-β signaling pathway, which is an evolutionarily con-
served pathway involved in organ development and tissue 
repair [22]. Klotho deficiency activates the Wnt/β-catenin 
signaling pathway, which further arrests cells in the G2/M 
stage and induces cell senescence in mice with ischemia–rep-
erfusion-AKI [80]. On the other hand, recent literature shows 
that premature immune senescence accounts for CKD pro-
gression. Premature replicative senescence in young patients 
with CKD was found to be associated with poor naive T cell 
frequency and decreased thymic output [81]. Figure 2 shows 
some of the pathways through which stress induces cell cycle 
arrest after acute injury in the kidney.

Biomarkers of senescence

The markers currently used to detect senescence include 
SA-β-gal,  p16Ink,  p21Cip1, TGF-β1, IL-6, and double-strand 
breaks (DSBs). Among them, β-gal is the most widely used 
marker, which reflects an improvement in the activity of the 
lysosome; however, the senescence function of cells lacking 
GLB1 (the gene encoding lysosome β-gal) is not impaired, 
which limits its applicability as an independent marker for 
detecting senescence [18]. Presently, there is a lack of unique 
and specific markers of senescence in vivo and in vitro, 
and the presence or absence of one or more of the factors 
described above is not sufficient to confirm senescence [31]. 
The current methods to quantify tissue senescence include 
staining of cell cycle arrest markers, quantifying the release 
of aging-related proteins, and elimination of coexisting cell 
proliferation [82]. Previous studies have shown that lipo-
fuscin coexists with SA-β-gal in senescent cells; however, 
a confirmation of this observation is lacking [18]. In addi-
tion, senescence can be detected by finding pathways that 
lead to cell cycle arrest. For example, the phosphorylation 
level of histone H2AX in senescence-related heterochroma-
tin lesions, the increase of CDK inhibitors (p53, p21, and 
p16), and the elimination of p16-expressing cells can have 
a beneficial effect on the age-related decline. Lamin B1, a 
nuclear membrane component of senescent cells, is lost. 
Lamin B1 is downregulated by caspases in apoptotic cells, 
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and the decrease in Lamin B1 in senescent cells is due to the 
decreased stability of Lamin B1 mRNA [83].

Senolytic therapy

In a previous study, bone marrow mesenchymal stem cells 
transfected with Klotho were transplanted into mice with 
AKI, and kidney injury after renal ischemia–reperfusion 
was found to be significantly alleviated. Klotho inhibits 
the Wnt/β-catenin pathway in renal TECs [84]. Indoleam-
ine 2,3-dioxygenase 1 (IDO) activates the general control 
nonderepressible-2 kinase (GCN2K) to facilitate DDR in 
ischemia–reperfusion-induced renal TECs. The IDO inhibi-
tor 1-DL-methyl-tryptophane (1-MT) has been experimen-
tally shown to inhibit senescence [85]. The B cell lymphoma 
(Bcl) 2/w/xL inhibitor ABT-263 reduced the number of 
senescent cells and restored the regenerative phenotype of 

the kidney after subsequent ischemic perfusion injury. How-
ever, the physiological network in the human body is com-
plex. Eliminating a certain pathway could be positive for the 
treatment of senescence but may cause other adverse effects. 
Long-term use of Bcl-2 inhibitors causes thrombocytopenia 
[86]. LXA4 pretreatment significantly restores kidney func-
tion and improves the survival rate of rats after cecal liga-
tion and puncture (CLP). LXA4 inhibits NF-kappa B (NF/
kB)–mediated inflammation and the p53/p21 senescence 
pathway in a PPAR-γ-dependent manner to alleviate kidney 
inflammation and renal TEC senescence [87]. Nicotinamide 
mononucleotide (NMN), when administered in advance or 
during the recovery phase, can reduce senescence and fibro-
sis in  H2O2 and hypoxia kidney injury, and ischemia–rep-
erfusion-AKI mice [88]. Cell cycle inhibitors such as ros-
covitine, olomoucine, and purvalanol that inhibit cell cycle 
kinase CDK2 and PD 0,332,991 (a cell cycle inhibitor of cell 
cycle kinase CDK4/6) that target p21 can block the cell cycle 
at the G0/G1 phase [89, 90]. Fasudil has a protective effect 

Fig. 2  This figure shows some of the pathways through which stress 
induces cell cycle arrest after acute injury in the kidney. Telomere 
shortening and mitochondrial dysfunction cause DNA damage, and 
the activation of the p53/p21 pathway inhibits CDK2 and CDK1, 
leading to cell cycle arrest in the G0/G1 or G2/M phase. Other epi-
genetic stress activates the p16 pathway and inhibits CDK4/6, thereby 

blocking the cell cycle at the G0/G1 phase. After mild and moder-
ate injuries, the cell cycle is temporarily arrested, and prolifera-
tion resumes without fibrosis. Severe and continuous injuries cause 
long-term cell cycle arrest through the induction of CKD by the JNK, 
Hippo/YAP/TAZ, and other pathways
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on DOX-induced nephrotoxicity in mice and NRK-52E cells. 
It can prevent oxidative stress and DNA damage by inhibit-
ing the RhoA/Rho kinase (ROCK) signaling pathway, inhibit 
cell apoptosis, and delay cell senescence [91]. In various ani-
mal models of AKI, metformin protects renal tubular cells 
from inflammation, apoptosis, ROS, internal endoplasmic 
reticulum (ER) stress, and EMT. In diabetic nephropathy 
(DKD), metformin also relieves podocyte loss, mesangial 
cell apoptosis, and renal tubular cell senescence through the 
AMPK-mediated signaling pathways. As a common route 
from CKD to kidney failure, metformin can improve renal 
fibrosis, which depends largely on AMPK activation [92]. In 
addition, a large number of drugs have been used to allevi-
ate senescence in various animal experiments and clinical 
trials; however, more accurate evidence is required for safe 
application of these drugs to patients in the long term, and 
this could be an area for future study.

Conclusion

After acute injury, the kidney can overcome the injury and 
restore its functionality in the right state. However, on many 
occasions, the injury may be severe. Hence, AKI has a high 
mortality rate and poor prognosis, and it therefore must be 
taken seriously. Cellular senescence and reprogramming 
intertwine and interact in the progression from AKI to CKD. 
It is essential to use senescence as a key entry point for the 
prevention and treatment of AKI. Therefore, more studies on 
senescence, reprogramming, and AKI should be conducted 
to explore more senolytic therapies.

Funding 1. The National Natural Science Foundation of China (Grant 
Number: 82072222);

2. The Fundamental Research Funds for the Central Universities, 
China (Grant Number: 3332019127);

3. The Science and Technology Fund of Tianjin Municipal Health 
Bureau (Grant Number: ZC20180)

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. James MT, Bhatt M, Pannu N, Tonelli M et al (2020) Long-term 
outcomes of acute kidney injury and strategies for improved care. 
Nat Rev Nephrol 16:193–205

 2. Wang AY, Bellomo R, Cass A, Finfer S, Gattas D, Myburgh J et al 
(2015) Health-related quality of life in survivors of acute kidney 
injury: the prolonged outcomes study of the randomized evalua-
tion of normal versus augmented level replacement therapy study 
outcomes. Nephrology (Carlton) 20:492–498

 3. Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, 
Bishop C et al (2019) Cellular senescence: defining a path for-
ward. Cell 179:813–827

 4. He S, Sharpless NE (2017) Senescence in health and disease. Cell 
169:1000–1011

 5. De Cecco M, Ito T, Petrashen AP, Elias AE, Skvir NJ, Criscione 
SW et al (2019) L1 drives IFN in senescent cells and promotes 
age-associated inflammation. Nature 566:73–78

 6. Lessard F, Igelmann S, Trahan C, Huot G, Saint-Germain E, Mig-
nacca L et al (2018) Senescence-associated ribosome biogenesis 
defects contributes to cell cycle arrest through the Rb pathway. 
Nat Cell Biol 20:789–799

 7. Rule AD, Sasiwimonphan K, Lieske JC, Keddis MT, Torres VE, 
Vrtiska TJ (2012) Characteristics of renal cystic and solid lesions 
based on contrast-enhanced computed tomography of potential 
kidney donors. Am J Kidney Dis 59:611–618

 8. Kim KH, Chen CC, Monzon RI, Lau LF (2013) Matricellular pro-
tein CCN1 promotes regression of liver fibrosis through induction 
of cellular senescence in hepatic myofibroblasts. Mol Cell Biol 
33:2078–2090

 9. Burd CE, Sorrentino JA, Clark KS, Darr DB, Krishnamurthy J, 
Deal AM et al (2013) Monitoring tumorigenesis and senescence 
in vivo with a p16(INK4a)-luciferase model. Cell 152:340–351

 10. Munoz-Espin D, Canamero M, Maraver A, Gomez-Lopez G, 
Contreras J, Murillo-Cuesta S et  al (2013) Programmed cell 
senescence during mammalian embryonic development. Cell 
155:1104–1118

 11. Jin H, Zhang Y, Ding Q, Wang SS, Rastogi P, Dai DF et al (2019) 
Epithelial innate immunity mediates tubular cell senescence after 
kidney injury. JCI Insight 4:e125490

 12. Wang Y, Wang Y, Yang M, Ma X (2021) Implication of cellular 
senescence in the progression of chronic kidney disease and the 
treatment potencies. Biomed Pharmacother 135:111191

 13. Zhao L, Hu C, Han F, Chen D, Ma Y, Wang J et al (2020) Cellular 
senescence, a novel therapeutic target for mesenchymal stem cells 
in acute kidney injury. J Cell Mol Med 25:629–638

 14. Lim H, Park BK, Shin SY, Kwon YS, Kim HP (2017) Methyl 
caffeate and some plant constituents inhibit age-related inflam-
mation: effects on senescence-associated secretory phenotype 
(SASP) formation. Arch Pharm Res 40:524–535

 15. En A, Takauji Y, Ayusawa D, Fujii M (2020) The role of lamin 
B receptor in the regulation of senescence-associated secretory 
phenotype (SASP). Exp Cell Res 390:111927

 16. Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks KWJ, 
Bourgeois BRM et al (2017) Targeted apoptosis of senescent 
cells restores tissue homeostasis in response to chemotoxicity 
and aging. Cell 169:132-147.e16

 17. Tecklenborg J, Clayton D, Siebert S, Coley SM (2018) The role 
of the immune system in kidney disease. Clin Exp Immunol 
192:142–150

 18. Herranz N, Gil J (2018) Mechanisms and functions of cellular 
senescence. J Clin Invest 128:1238–1246

 19. Kumari R, Jat P (2021) Mechanisms of cellular senescence: cell 
cycle arrest and senescence associated secretory phenotype. Front 
Cell Dev Biol 9:645593

3016 Pediatric Nephrology (2022) 37:3009–3018

http://creativecommons.org/licenses/by/4.0/


1 3

 20. Dong X, Swaminathan S, Bachman LA, Croatt AJ, Nath KA, Grif-
fin MD (2007) Resident dendritic cells are the predominant TNF-
secreting cell in early renal ischemia-reperfusion injury. Kidney 
Int 71:619–628

 21. Franzin R, Stasi A, Fiorentino M, Stallone G, Cantaluppi V, Gesu-
aldo L et al (2021) Inflammaging and complement system: a link 
between acute kidney injury and chronic graft damage. Front 
Immunol 11:734

 22. Ferenbach DA, Bonventre JV (2015) Mechanisms of maladaptive 
repair after AKI leading to accelerated kidney ageing and CKD. 
Nat Rev Nephrol 11:264–276

 23. Knoppert SN, Valentijn FA, Nguyen TQ, Goldschmeding R, 
Falke LL (2019) Cellular senescence and the kidney: potential 
therapeutic targets and tools. Front Pharmacol 10:770

 24. Coppe JP, Desprez PY, Krtolica A, Campisi J (2010) The senes-
cence-associated secretory phenotype: the dark side of tumor 
suppression. Annu Rev Pathol 5:99–118

 25. Xu X, Fan M, He X, Liu J et al (2014) Aging aggravates long-
term renal ischemia-reperfusion injury in a rat model. J Surg 
Res 187:289–296

 26. van Deursen JM (2014) The role of senescent cells in ageing. 
Nature 509:439–446

 27. Storer M, Mas A, Robert-Moreno A, Pecoraro M, Ortells MC, 
Di Giacomo V et  al (2013) Senescence is a developmental 
mechanism that contributes to embryonic growth and pattern-
ing. Cell 155:1119–1130

 28. Demaria M, Ohtani N, Youssef SA, Rodier F, Toussaint W, 
Mitchell JR et al (2014) An essential role for senescent cells 
in optimal wound healing through secretion of PDGF-AA. Dev 
Cell 31:722–733

 29. Wilkinson HN, Hardman MJ (2020) Senescence in wound 
repair: emerging strategies to target chronic healing wounds. 
Front Cell Dev Biol 8:773

 30. Krizhanovsky V, Yon M, Dickins RA, Hearn S et al (2008) 
Senescence of activated stellate cells limits liver fibrosis. Cell 
134:657–667

 31. Hernandez-Segura A, de Jong TV, Melov S, Guryev V, Campisi 
J, Demaria M (2017) Unmasking transcriptional heterogeneity 
in senescent cells. Curr Biol 27:2652-2660.e4

 32. Alessio N, Aprile D, Squillaro T, Di Bernardo G (2019) The 
senescence-associated secretory phenotype (SASP) from mes-
enchymal stromal cells impairs growth of immortalized pros-
tate cells but has no effect on metastatic prostatic cancer cells. 
Aging (Albany NY) 11:5817–5828

 33. Childs BG, Gluscevic M, Baker DJ, Laberge RM, Marquess D, 
Dananberg J et al (2017) Senescent cells: an emerging target for 
diseases of ageing. Nat Rev Drug Discov 16:718–735

 34. Taddei ML, Cavallini L, Comito G, Giannoniet E et al (2014) 
Senescent stroma promotes prostate cancer progression: the role 
of miR-210. Mol Oncol 8:1729–1746

 35. Humphreys BD (2018) Mechanisms of renal fibrosis. Annu Rev 
Physiol 80:309–326

 36. Li C, Shen Y, Huang L, Liu C, Wang J (2021) Senolytic therapy 
ameliorates renal fibrosis postacute kidney injury by alleviating 
renal senescence. FASEB J 35:e21229

 37. Bonventre JV (2014) Maladaptive proximal tubule repair: cell 
cycle arrest. Nephron Clin Pract 127:61–64

 38. Bernet JD, Doles JD, Hall JK, Tanaka KK, Carter TA, Olwin 
BB (2014) p38 MAPK signaling underlies a cell-autonomous 
loss of stem cell self-renewal in skeletal muscle of aged mice. 
Nat Med 20:265–271

 39. Cosgrove BD, Gilbert PM, Porpiglia E, Mourkioti F, Lee SP, 
Corbel SY et al (2014) Rejuvenation of the muscle stem cell 
population restores strength to injured aged muscles. Nat Med 
20:255–264

 40. Garcia-Prat L, Martinez-Vicente M, Perdiguero E, Ortet L, Rod-
riguez-Ubreva J, Rebollo E et al (2016) Autophagy maintains 
stemness by preventing senescence. Nature 529:37–42

 41. Childs BG, Durik M, Baker DJ, van Deursen JM (2015) Cellular 
senescence in aging and age-related disease: from mechanisms 
to therapy. Nat Med 21:1424–1435

 42. Humphreys BD, Czerniak S, DiRocco DP, Hasnain W, Cheema 
R, Bonventre JV (2011) Repair of injured proximal tubule does 
not involve specialized progenitors. Proc Natl Acad Sci U S A 
108:9226–9231

 43. Yang L, Brooks CR, Xiao S, Sabbisetti V, Yeung MY, Hsiao LL 
et al (2015) KIM-1-mediated phagocytosis reduces acute injury 
to the kidney. J Clin Invest 125:1620–1636

 44. Wilflingseder J, Willi M, Lee HK, Olauson H, Jankowski J, 
Ichimura T et al (2020) Enhancer and super-enhancer dynam-
ics in repair after ischemic acute kidney injury. Nat Commun 
11:3383

 45. Robinton DA, Daley GQ (2012) The promise of induced pluripo-
tent stem cells in research and therapy. Nature 481:295–305

 46. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem 
cells from mouse embryonic and adult fibroblast cultures by 
defined factors. Cell 126:663–676

 47. Plath K, Lowry WE (2011) Progress in understanding reprogram-
ming to the induced pluripotent state. Nat Rev Genet 12:253–265

 48. Jopling C, Boue S, Izpisua Belmonte JC (2011) Dedifferentiation, 
transdifferentiation and reprogramming: three routes to regenera-
tion. Nat Rev Mol Cell Biol 12:79–89

 49. Aydin B, Mazzoni EO (2019) Cell reprogramming: the many 
roads to success. Annu Rev Cell Dev Biol 35:433–452

 50. Banito A, Rashid ST, Acosta JC, Li S, Pereira CF, Geti I et al 
(2009) Senescence impairs successful reprogramming to pluri-
potent stem cells. Genes Dev 23:2134–2139

 51. Mosteiro L, Pantoja C, Alcazar N, Marion RM, Chondronasiou 
D, Rovira M et al (2016) Tissue damage and senescence pro-
vide critical signals for cellular reprogramming in vivo. Science 
354:aaf4445

 52. Mosteiro L, Pantoja C, de Martino A, Serrano M (2018) Senes-
cence promotes in vivo reprogramming through p16(INK)(4a) and 
IL-6. Aging Cell 17:e12711

 53. Kim JW, Kuk MU, Choy HE, Park SC, Park JT (2019) Mitochon-
drial metabolic reprograming via BRAF inhibition ameliorates 
senescence. Exp Gerontol 126:110691

 54. Sato Y, Takahashi M, Yanagita M (2020) Pathophysiology of AKI 
to CKD progression. Semin Nephrol 40:206–215

 55. Harzandi A, Lee S, Bidkhori G, Saha S et al (2021) Acute kidney 
injury leading to CKD is associated with a persistence of meta-
bolic dysfunction and hypertriglyceridemia. iScience 24:102046

 56. Simon N, Hertig A (2015) Alteration of fatty acid oxidation in 
tubular epithelial cells: from acute kidney injury to renal fibro-
genesis. Front Med (Lausanne) 2:52

 57. Hertig A, Verine J, Mougenot B, Jouanneau C, Ouali N, Sebe 
P et al (2006) Risk factors for early epithelial to mesenchymal 
transition in renal grafts. Am J Transplant 6(12):2937–2946

 58. Bonventre JV (2014) Primary proximal tubule injury leads to 
epithelial cell cycle arrest, fibrosis, vascular rarefaction, and glo-
merulosclerosis. Kidney Int Suppl 4:39–44

 59. Abouelkheir M, Shabaan DA, Shahien MA (2021) Delayed block-
age of prostaglandin EP4 receptors can reduce dedifferentiation, 
epithelial-to-mesenchymal transition and fibrosis following acute 
kidney injury. Clin Exp Pharmacol Physiol 48:791–800

 60. Cantaluppi V, Gatti S, Medica D, Figliolini F, Bruno S, Deregibus 
MC et al (2012) Microvesicles derived from endothelial progeni-
tor cells protect the kidney from ischemia-reperfusion injury by 
microRNA-dependent reprogramming of resident renal cells. Kid-
ney Int 82:412–427

3017Pediatric Nephrology (2022) 37:3009–3018



1 3

 61. Stahl AL, Johansson K, Mossberg M, Kahn R, Karpman D (2019) 
Exosomes and microvesicles in normal physiology, pathophysiol-
ogy, and renal diseases. Pediatr Nephrol 34:11–30

 62. Vogetseder A, Karadeniz A, Kaissling B, Le Hir M (2005) Tubular 
cell proliferation in the healthy rat kidney. Histochem Cell Biol 
124:97–104

 63. Bonventre JV (2003) Dedifferentiation and proliferation of sur-
viving epithelial cells in acute renal failure. J Am Soc Nephrol 
14(Suppl 1):S55-61

 64. Chang-Panesso M, Humphreys BD (2017) Cellular plasticity in 
kidney injury and repair. Nat Rev Nephrol 13:39–46

 65. Valentijn FA, Falke LL, Nguyen TQ, Goldschmeding R (2018) 
Cellular senescence in the aging and diseased kidney. J Cell Com-
mun Signal 12:69–82

 66. Campisi J (2013) Aging, cellular senescence, and cancer. Annu 
Rev Physiol 75:685–705

 67. Zhang H, Zhang X, Li X, Meng WB, Bai ZT, Rui SZ et al (2018) 
Effect of CCNB1 silencing on cell cycle, senescence, and apopto-
sis through the p53 signaling pathway in pancreatic cancer. J Cell 
Physiol 234:619–631

 68. De Chiara L, Conte C, Antonelli G, Lazzeri E (2021) Tubular 
cell cycle response upon AKI: revising old and new paradigms to 
identify novel targets for CKD prevention. Int J Mol Sci 22:11093

 69. Liu H, Huang B, Xue S, U KP, Tsang LL, Zhang X et al (2020) 
Functional crosstalk between mTORC1/p70S6K pathway and het-
erochromatin organization in stress-induced senescence of MSCs. 
Stem Cell Res Ther 11: 279

 70. Vurusaner B, Poli G, Basaga H (2012) Tumor suppressor genes 
and ROS: complex networks of interactions. Free Radic Biol Med 
52:7–18

 71. Saab R (2010) Cellular senescence: many roads, one final destina-
tion. ScientificWorldJournal 10:727–741

 72. Kellum JA, Chawla LS (2016) Cell-cycle arrest and acute kid-
ney injury: the light and the dark sides. Nephrol Dial Transplant 
31:16–22

 73. Kishi S, Brooks CR, Taguchi K, Ichimura T et al (2019) Proximal 
tubule ATR regulates DNA repair to prevent maladaptive renal 
injury responses. J Clin Invest 129:4797–4816

 74. Bhargava P, Schnellmann RG (2017) Mitochondrial energetics in 
the kidney. Nat Rev Nephrol 13:629–646

 75. Takemura K, Nishi H, Inagi R (2020) Mitochondrial dysfunction 
in kidney disease and uremic sarcopenia. Front Physiol 11:565023

 76. Andrade L, Rodrigues CE, Gomes SA, Noronha IL (2018) Acute 
kidney injury as a condition of renal senescence. Cell Transplant 
27:739–753

 77. Canaud G, Brooks CR, Kishi S, Taguchi K, Nishimura K, Magassa 
S et al (2019) Cyclin G1 and TASCC regulate kidney epithelial 
cell G2-M arrest and fibrotic maladaptive repair. Sci Transl Med 
11:eaav4754

 78. Kim DH, Choi HI, Park JS, Kim CS, Bae EH, Ma SK et al (2019) 
Src-mediated crosstalk between FXR and YAP protects against 
renal fibrosis. FASEB J 33:11109–11122

 79. Jin H, Zhang Y, Liu D, Wang SS et al (2020) Innate immune sign-
aling contributes to tubular cell senescence in the Glis2 knockout 
mouse model of nephronophthisis. Am J Pathol 190:176–189

 80. Satoh M, Nagasu H, Morita Y, Yamaguchi TP, Kanwar YS, 
Kashihara N (2012) Klotho protects against mouse renal fibro-
sis by inhibiting Wnt signaling. Am J Physiol Renal Physiol 
303:F1641-1651

 81. Crepin T, Legendre M, Carron C, Vachey C, Courivaud C, Rebi-
bou JM et al (2020) Uraemia-induced immune senescence and 
clinical outcomes in chronic kidney disease patients. Nephrol Dial 
Transplant 35:624–632

 82. Docherty MH, O’Sullivan ED, Bonventre JV, Ferenbach DA 
(2019) Cellular senescence in the kidney. J Am Soc Nephrol 
30:726–736

 83. Freund A, Laberge RM, Demaria M, Campisi J (2012) Lamin 
B1 loss is a senescence-associated biomarker. Mol Biol Cell 
23:2066–2075

 84. Zhang F, Wan X, Cao YZ, Sun D, Cao CC (2018) Klotho gene-
modified BMSCs showed elevated antifibrotic effects by inhibiting 
the Wnt/beta-catenin pathway in kidneys after acute injury. Cell 
Biol Int 42:1670–1679

 85. Eleftheriadis T, Pissas G, Filippidis G, Liakopoulos V, Stefanidis 
I (2021) The role of indoleamine 2,3-dioxygenase in renal tubular 
epithelial cells senescence under anoxia or reoxygenation. Bio-
molecules 11:1522

 86. Kile BT (2014) The role of apoptosis in megakaryocytes and 
platelets. Br J Haematol 165:217–226

 87. Chen CJ, Qiu RZ, Yang J, Zhang Q, Sun GL, Gao XF et al (2021) 
Lipoxin A4 Restores septic renal function via blocking crosstalk 
between inflammation and premature senescence. Front Immunol 
12:637753

 88. Jia Y, Kang X, Tan L, Ren Y, Qu L, Tang J, Liu G, Wang S, Xiong 
Z, Yang L (2021) Nicotinamide mononucleotide attenuates renal 
interstitial fibrosis after AKI by suppressing tubular DNA damage 
and senescence. Front Physiol 12:649547

 89. Price PM, Yu F, Kaldis P, Aleem E, Nowak G, Safirstein RL 
et al (2006) Dependence of cisplatin-induced cell death in vitro 
and in vivo on cyclin-dependent kinase 2. J Am Soc Nephrol 
17:2434–2442

 90. DiRocco DP, Bisi J, Roberts P, Strum J, Wong KK, Sharpless N 
et al (2014) CDK4/6 inhibition induces epithelial cell cycle arrest 
and ameliorates acute kidney injury. Am J Physiol Renal Physiol 
306:F379-388

 91. Xiang CY, Yan Y, Zhang DG (2021) Alleviation of the doxoru-
bicin-induced nephrotoxicity by fasudil in vivo and in vitro. J 
Pharmacol Sci 145:6–15

 92. Song AN, Zhang C, Meng XF (2021) Mechanism and application 
of metformin in kidney diseases: an update. Biomed Pharmacother 
138:111454

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

3018 Pediatric Nephrology (2022) 37:3009–3018


	Cellular senescence and acute kidney injury
	Abstract
	Introduction
	Senescence-associated secretory phenotype
	Acute cellular senescence
	Chronic cellular senescence
	Cellular reprogramming
	Senescence-related signaling pathways
	Biomarkers of senescence
	Senolytic therapy
	Conclusion
	References


