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Wnt/β-catenin is a signaling pathway associated with embryonic development, organ formation, cancer, and fibrosis. Its activation can 
repair kidney damage during acute kidney injury (AKI) and accelerate the occurrence of renal fibrosis after chronic kidney disease 
(CKD). Interestingly, p53 has also been found as a key modulator in AKI and CKD in recent years. Meantime, some studies have 
found crosstalk between Wnt/β-catenin signaling pathways and p53, but more evidence is required on whether they have synergistic 
effects in renal disease progression. This article reviews the role and therapeutic targets of Wnt/β-catenin and p53 in AKI and CKD 
and proposes for the first time that Wnt/β-catenin and p53 have a synergistic effect in the treatment of renal injury.
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Introduction

According to clinical statistics in recent years, kidney dis-

ease has significantly increased the burden on national 

health systems. Kidney disease can be divided into acute 

kidney injury (AKI) and chronic kidney disease (CKD) ac-

cording to the course of disease. Among them, AKI refers 

to kidney disease with a rapid decline in renal function 

caused by a variety of reasons such as ischemia and hypox-

ia, nephrotoxicity, and sepsis [1]. AKI is often accompanied 

by severe structural renal damage and renal insufficiency, 

with high mortality and disability rates. It is reported that 

about 13.3 million patients worldwide develop AKI every 

year [2]. Recent studies have shown that there is a causal 

relationship between AKI and CKD, and AKI is an import-

ant risk factor for CKD [3,4]. Incomplete repair after AKI 

can lead to renal fibrosis and eventual progression to CKD. 

A recent meta-analysis (including 2,017,437 participants, 

most of which were conducted in Europe) showed that pa-

tients with hospitalized AKI were almost three times more 

at risk of developing new or progressive CKD than those 

without AKI [5]. A large cross-sectional survey study in 

2023 showed that the prevalence of CKD in Chinese adults 

from 2018 to 2019 was about 8.2% [6]. However, to date, no 

clinical treatment has been shown to be effective in pre-

venting AKI from developing into CKD. The “progression 

from AKI to CKD” series of studies highlights the urgent 

need for new therapeutic strategies in the field of clinical 

kidney disease treatment.

The Wnt/β-catenin signaling pathway is a complex sig-
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naling pathway that plays an important role in embryonic 

development, cancer, and fibrosis, as well as normal physi-

ological processes. The highly conserved secreted proteins 

of the Wnt family are key agents of cell-cell signaling events 

and are regulated by a variety of cytoplasmic and nuclear 

regulators [7,8]. The mammalian genome contains the 

same 19 Wnt genes, encoding proteins consisting of 350 

to 400 amino acid residues [9]. In damaged kidneys, the 

silenced Wnt/β-catenin signaling is reactivated, which is 

subsequently involved in the repair of AKI and fibrosis of 

CKD.

It is well known that p53 is involved in the regulation of 

tumorigenesis, cell cycle, and apoptosis. Notably, p53 has 

a synergistic effect with Wnt/β-catenin signaling. There 

are evidence suggests that p53 may determine cell fate 

by interacting with the Wnt signaling pathway [10–12]. In 

addition, in the field of tumor research, the interaction 

between the Wnt signaling pathway and p53 can drive 

the development of tumors [13]. In U251 glioma cells, p53 

transcription targets ST7 antisense RNA1 (ST7-AS1) pro-

moter, down-regulates polypyrimidine tract-binding pro-

tein 1 (PTBP1) expression and ultimately inhibits glioma 

progression by inhibiting Wnt/β-catenin pathway [14]. Vice 

versa, the loss of p53 in cancer cells can activate tumor-as-

sociated macrophages by promoting the secretion of Wnt 

ligand, ultimately inducing systemic inflammation [15]. 

Besides tumors, the two have synergistic effects in other 

pathophysiological processes. For instance, the Wnt/β-cat-

enin signaling pathway may mediate bone marrow mes-

enchymal stem cell aging in patients with systemic lupus 

erythematosus by regulating p53 expression [16]. In mouse 

embryonic stem cells, p53 can directly induce the expres-

sion of Wnt ligands to achieve anti-differentiation [17]. In 

the stage of organ development, p53 directly induces the 

expression of Wnt3 and frizzled protein 1 (FZD1) to affect 

the activation of key genes in mesoderm differentiation [18]. 

Conversely, there was a study revealed that p53 negatively 

regulates the expression of β-catenin in fibroblast cells. In-

creasing the expression of p53 can significantly reduce the 

expression level and transcriptional activity of β-catenin, 

whereas increasing the expression of β-catenin can induce 

the activation of p53, and then facilitate its inhibitory effect 

on β-catenin [19].

These studies suggest that p53 and Wnt/β-catenin may 

play a synergistic role in different cells and tissues. In re-

cent years, many studies have confirmed that p53 and 

Wnt/β-catenin play important roles in kidney-related dis-

eases. p53 and Wnt/β-catenin cooperate to promote renal 

fibrosis, but their role in AKI remains unclear. This article 

reviews the key roles and potential mechanisms of the 

Wnt/β-catenin signaling pathway and p53 in AKI and CKD, 

and explores the potential of synergistic inhibition of the 

two pathways as a treatment strategy for kidney diseases, 

hoping to provide more inspiration and direction for the 

mechanism research in the field of AKI and CKD.

Wnt/β-catenin signaling pathway

The Wnt signaling pathway plays a crucial role in various 

biological processes, including early embryonic develop-

ment, organ formation, cancer, and epithelial-mesenchy-

mal transition (EMT), which is a highly conserved genetic 

signaling pathway. The first identified Wnt gene, known as 

Wnt1, was discovered in mouse mammary tumors in 1982 

[20]. Wnt signaling includes both classical and non-classi-

cal signaling pathways. The classical signaling pathway de-

pends on β-catenin (Fig. 1). Wnt ligands indirectly regulate 

the intracellular and nuclear expression of β-catenin by 

affecting the assembly of a destructive complex consisting 

of axin, glycogen synthase kinase 3 (GSK3), dishevelled 

(Dvl) protein, adenomatous polyposis coli (APC), and ca-

sein kinase 1 (CK1), which finally affects the transcriptional 

regulation of target genes and the initiation of downstream 

signaling cascades. Axin is a scaffold protein with multiple 

interaction sites with other proteins, which can bind APC, 

CK1, GSK3β, and β-catenin together. The main role of APC 

is to enhance the affinity of the degradation complex with 

β-catenin [21]. CK1 and GSK3β function as protein kinases, 

CK1 phosphorylates β-catenin N-terminal Ser45, whereas 

GSK3β phosphorylates β-catenin N-terminal Thr41, Ser33, 

and Ser37 [22]. Phosphorylated Ser33 and Ser37 are ubiq-

uitinated after recognition by β-transducin repeat-contain-

ing protein (β-TrCP) and finally degraded by the protea-

some [23].

Non-canonical pathways mainly include Wnt/planner 

cell polarity (PCP) and Wnt/Ca2+ signaling pathways. The 

Wnt/PCP pathway primarily regulates cytoskeletal dynam-

ics and directs the asymmetric distribution and migration 

of cellular components [24,25]. In Wnt/PCP signaling, 

activated Wnt ligands regulate cell polarity by inducing 
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Figure 1.  

 

Figure 1. Wnt signaling pathway. In the absence of Wnt ligands, the classical signaling pathway is off. At that time, β-catenin is phos-
phorylated at Ser45, Ser33, Ser37, and Thr41 by a destruction complex consisting of axin, GSK3β, Dvl, APC, and CK1. And then phos-
phorylated β-catenin is ubiquitylated by β-TrCP and degraded by the proteasome. When Wnt ligands are present and activated, they 
bind to coreceptors consisting of FZD protein and LRP5 or LRP6 on the cell surface, recruiting Dvl which induces dissociation of the 
destruction complex, and in turn results in intracellular accumulation of β-catenin. The accumulated β-catenin enters the nucleus and 
binds to TCF/LEF, thereby promoting target gene transcription. In the Wnt/PCP signaling pathway, Wnt ligands bind to frizzled receptors 
or their coreceptors (such as ROR-frizzled) which then recruit and activate Dvl proteins, which mediate Rho activation through Daam1. 
Activation of Rho in turn activates ROCK. Dvl also mediates Rac activation and then activates JNK. In addition, Daam1 can also medi-
ate actin polymerization through the actin-binding protein Profilin. In the Wnt/Ca2+ pathway, Wnt ligands mediate G protein activation 
upon binding to frizzled receptors, which then recruit to activate Dvl, thereby activating the acid diesterase PDE. PKG can block the re-
lease of Ca2+, while PDE can increase the release of Ca2+ by inhibiting PKG. In addition, Dvl and G proteins can also activate PLC, which 
can activate IP3. The activation of IP3 induces the release of Ca2+ from the cell, thereby leading to an increase in Ca2+ levels. Ca2+ flux 
induced by these two pathways can activate second messengers such as PKC, CamKII, or CaN. Among them, CamKII activates TAK-
NLK signaling and then antagonizes classical Wnt/β-catenin signaling through competing TCF. Activated CaN dephosphorylates NFAT, 
which then enters the nucleus and increases the transcription of its target genes. PKC can also engage in the Wnt/PCP pathway by 
activating the small GTPase Cdc42.
APC, adenomatous polyposis coli; β-TrCP, β-transducin repeat-containing protein; CamKII, calmodulin-dependent kinase II; CBP, cyclic 
adenosine monophosphate response-element binding protein; CK1, casein kinase 1; Daam1, dishevelled-associated activator of mor-
phogenesis 1; Dvl, dishevelled; FZD, frizzled protein; GSK3β, glycogen synthase kinase 3β; IP, inositol triphosphate; JNK, c-Jun N-ter-
minal kinase; LEF, lymphoid enhancer binding factor; LRP, lipoprotein receptor protein; NFAT, nuclear factor of activated T-cells; NLK, 
nemo-like kinase; PCP, planar cell polarity; PDE, phosphodiesterase; PKC, protein kinase C; PKG, cGMP-dependent protein kinase; PLC, 
phospholipase C; Rac, Ras-related C3 botulinum toxin substrate; ROCK, Rho-associated protein kinase; TAK, TGFβ-activated kinase; 
TCF, T-cell factor.
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Rho-associated protein kinase (ROCK), profilin, and c-Jun 

N-terminal kinase (JNK) activation by recruiting Dvl and 

Damm1 proteins after binding to frizzled receptors. Nota-

bly, the Wnt/PCP signaling and the canonical Wnt/β-caten-

in signaling are mutually antagonistic, with the activation 

of one often accompanied by inhibition of the other.

The Wnt/Ca2+ pathway plays a key role mainly in cell ad-

hesion, gastrulation, and heart development [24,25]. In the 

Wnt/Ca2+ signaling pathway, activated Wnt ligands bind to 

frizzled receptors by recruiting G proteins, causing intra-

cellular calcium release and eventually triggering a down-

stream signaling cascade.

The role of Wnt/β-catenin signaling in acute kidney inju-
ry and chronic kidney disease

Wnt signaling is involved in a variety of pathological pro-

cesses of kidney injury. It is now generally accepted that 

transient activation of Wnt signaling contributes to AKI 

recovery. Mild ischemic AKI induces a transient increase 

in the expression of most Wnt ligands and β-catenin. For 

example, in the AKI model of rats, ischemia-reperfusion (I/

R) induces Wnt4 expression and activates β-catenin, which 

in turn promotes cell cycle progression by increasing the 

transcription of the target gene CCND1, thus repairing 

the damaged kidney [26]. In addition, some studies have 

found that macrophage-derived Wnt7b also has a protec-

tive effect on renal I/R injury [27]. In vitro, constitutively 

expressed active β-catenin can inhibit the activation and 

translocation of B-cell lymphoma 2-associated X protein 

(Bax) through the phosphatidylinositol-3 kinase/protein 

kinase B (AKT) signaling pathway, thereby inhibiting apop-

tosis and improving cell survival in renal tubular epithelial 

cells under metabolic stress [28]. In AKI induced by I/R or 

folic acid, the loss of tubular β-catenin significantly aggra-

vates renal functional and structural damage, increases 

the expression of p53 and Bax, and induces cell apoptosis. 

Consistent with this, exogenous Wnt1 can protect renal tu-

bular epithelial cells from apoptotic damage by activating 

β-catenin or stabilizing β-catenin to inhibit p53 and Bax 

expression [29]. In conclusion, moderate activation of Wnt/

β-catenin signaling plays a renoprotective role in ischemic 

or nephrotoxin-induced AKI.

However, when severe ischemic AKI progresses to CKD, 

the Wnt/β-catenin signaling pathway is continuously acti-

vated. However, its continuous activation accelerates the 

progression from AKI to CKD. Sustained high expression 

of Wnt1 can significantly promote renal function decline 

and fibrosis after severe AKI, while inhibition of the Wnt/

β-catenin signaling pathway can effectively alleviate the 

progression of AKI to CKD [29].

Severe or recurrent AKI can lead to incomplete renal 

recovery and eventually progress to CKD characterized 

by renal fibrosis. The current mainstream theory suggests 

that excessive and persistent activation of Wnt/β-catenin 

signaling can activate the EMT system, leading to AKI-CKD 

transition. It has been found that mild ischemic reperfu-

sion injury (IRI; 20-minute ischemia) leads to transient ac-

tivation of Wnt/β-catenin and acute renal injury. Severe IRI 

(40-minute ischemia) leads to continuous over-activation 

of Wnt/β-catenin, accompanied by renal fibrosis. In ad-

dition, Wnt1-induced β-catenin activation can accelerate 

the progression of AKI to CKD. In contrast, indirect catenin 

inhibitor-gamma-001 (ICG-001), a Wnt signaling inhibi-

tor, can delay the transition from AKI to CKD by blocking 

Wnt/β-catenin [29]. However, in contrast to the results 

of most studies, Nlandu-Khodo et al. [30] found that the 

continuous and stable expression of active β-catenin in the 

proximal renal tubules has therapeutic potential in the pro-

gression of ischemic AKI to CKD. This study is the first to 

propose that proximal tubular β-catenin may be forkhead 

box protein O3 (FoxO3)-dependent to exert renoprotective 

effects during the transformation from AKI to CKD, sug-

gesting that β-catenin in different cells may play completely 

opposite roles in AKI and CKD.

In the CKD model, the Wnt signaling pathway remains 

activated, and inhibition of Wnt signaling contributes to 

the repair of damaged kidneys. Activation of Wnt/β-caten-

in signaling occurs in almost all forms of CKD, including 

adriamycin nephropathy, polycystic kidney disease, 5/6 

post-nephrectomy CKD, and diabetic nephropathy [31–34]. 

Wnt1 and β-catenin are upregulated in clinical diabetic 

nephropathy and focal segmental glomerulosclerosis spec-

imens [35]. This was also confirmed in another study in 

which Wnt/β-catenin signaling was activated in glomeruli 

and podocytes of patients with diabetic nephropathy [36]. 

Active components of the Wnt/β-catenin signaling path-

way have also been detected in patients with lupus nephri-

tis [37]. Inhibition of β-catenin activation after unilateral 

ureteral obstruction (UUO) has been reported to attenuate 
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renal fibrosis [38]. In vitro, stable expression of β-catenin in 

renal tubular cells suppressed cadherin expression and in-

duced the expression of fibrosis-related genes. In vivo, ICG-

001, a Wnt signaling inhibitor, ameliorated renal interstitial 

fibrosis by suppressing β-catenin driven gene transcription 

and fibrosis-related gene expression in a dose-dependent 

manner [39].

In conclusion, activation of Wnt signaling after AKI and 

CKD may be essential for kidney repair and regeneration 

but may also contribute to the progression of human kid-

ney disease and fibrosis.

Therapeutic strategies targeting Wnt/β-catenin signaling

In AKI induced by I/R or folic acid, specific ablation of 

β-catenin in renal tubular epithelial cells aggravated renal 

lesions and increased mortality in mice [40]. In addition, 

macrophage-derived Wnt7b may stimulate injured kidney 

regeneration by regulating epithelial cell cycle progression 

and basement membrane repair in the early stage of renal 

injury induced by I/R [27]. In contrast, inhibition of Wnt/

β-catenin signaling had renoprotective effects in chronic 

kidney injury models. Specific deletion of β-catenin in 

renal macrophages reduced M2 macrophage infiltration 

and alleviated fibrosis in UUO injury model mice [41]. The 

above studies suggest that the use of activators or inhibi-

tors of Wnt signaling may play a renoprotective role during 

AKI or CKD.

Several antagonists of the Wnt/β-catenin signaling path-

way have been identified, among which Dickkopf-related 

protein 1 (DKK1), sclerostin and Wnt inhibitor 1 (WIF1) are 

recognized upstream antagonists of Wnt/β-catenin signal-

ing (Fig. 2). DKK1 and sclerostin could competitively bind 

lipoprotein receptor protein (LRP) 5 and LRP6, blocking 

their interaction with FZD and ultimately inhibiting the 

downstream signal transmission [42]. In contrast, DKK2 

binds to LRP5/LRP6 on the cell surface and enhances Wnt 

signaling. Another DKK family protein, DKK3, is released 

in response to stimulation by renal tubular epithelial cells. 

Recent studies have found that DKK3 drives renal fibrosis 

and is associated with the short-term risk of CKD pro-

gression and AKI, suggesting that DKK3 may be another 

potential target for the treatment of kidney-related diseas-

es [43]. WIF1 binds directly to Wnt ligands, hindering its 

interaction with its receptors LRP5/LRP6, and ultimately 

keeps the entire signaling pathway in an inactive state [44]. 

Consistent with previous studies, transient activation of 

Wnt/β-catenin signaling plays a protective role in the AKI 

model. DKK2 recombinant protein as an agonist can pro-

mote renal cortical regeneration in the early stage of I/R 

and play a renoprotective role [27]. A study using Wnt ago-

nists of synthetic pyrimidines showed that administration 

of Wnt agonists 1 hour before ischemia in rats alleviated 

ischemia-induced renal structural damage and decreased 

renal function [45].

In a 2009 study using intravenous delivery of the Wnt an-

tagonist DKK1 to mice, exogenous DKK1 expression in vivo 

significantly reduced UUO induced β-catenin overexpres-

sion, and ultimately inhibited renal interstitial extracellular 

matrix deposition and renal fibrosis [46]. Another study in 

2013 also confirmed this conclusion. In the angiotensin 

(Ang) II-induced podocyte injury experiment in mice, ex-

ogenous DKK1 could alleviate Ang II-induced kidney injury 

by inhibiting β-catenin activation [47]. In addition to DKK1, 

many non-Wnt signaling molecules have been found to 

play antagonistic roles, such as Klotho, peroxisome prolif-

erator-activated receptor-α (PPAR-α), ICG-001, and secret-

ed frizzled-related protein 4 (sFRP4). Among them, Klotho 

inhibits myofibroblast activation and reduces renal tubu-

lointerstitial fibrosis by inhibiting the Wnt/β-catenin sig-

naling pathway [48,49]. PPAR-α interacts with LRP6 to in-

hibit Wnt/β-catenin signaling, leading to reduced oxidative 

stress [50]. ICG-001, a peptide-mimetic small molecule, can 

prevent the complex formation consisting of the β-catenin 

and cyclic adenosine monophosphate response-element 

binding protein (CBP) through competitively binding to 

CBP, and then inhibit β-catenin mediated gene expression. 

Studies have found that ICG-001 inhibits EMT of tubular 

cells induced by stable expression of β-catenin in vitro, and 

also inhibits the expression of fibrosis-related molecules 

and alleviates the degree of renal interstitial fibrosis in an in 

vivo model of obstructive renal fibrosis [39]. The sFRP can 

bind to Wnt proteins and frizzled and may inhibit the func-

tion of Wnt proteins by interfering with their interaction. 

Five sFRPs have been identified, among which sFRP4 can 

alleviate renal fibrosis in UUO model mice by inhibiting 

Wnt/β-catenin downstream signaling [38].

Collectively, targeting Wnt/β-catenin signaling agonists 

or upstream antagonists is a potential therapeutic strategy 

for AKI and CKD.
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p53 signal

The p53 gene family in human encompasses tumor protein 

53 (TP53), TP63, and TP73, which share similar DNA-bind-

ing domains and are able to bind similar DNA-specific se-

quences to regulate gene transcription. p53 is the encoded 

product of TP53 gene, which has many biological activities 

such as DNA damage repair, inducing apoptosis and in-

hibiting tumorigenesis [51,52]. In addition, p53 is involved 

in physiological and pathophysiological processes such as 

anti-infection, immune response, aging, and tissue I/R.

The protein level and activity of p53 gene are strict-

ly regulated, and there is less p53 protein in cells under 

non-stress conditions. p53 is activated when intracellular 

triphosphate ribonucleotides levels or ribosomes are too 

small to maintain external stimuli such as cell cycle, shock, 

hypoxia, nutrient depletion, apoptosis, aging, and onco-

gene expression [51,53,54]. Tissue inflammation and its 

associated nitric oxide signals can also activate p53, which 

binds to its response elements to transcriptionally regulate 

the expression of target genes and initiate many cellular 

responses [55]. Different types of stress signals also lead to 

different modes of p53 protein modification, such as phos-

phorylation, acetylation, methylation, and ubiquitination 

[55,56].

p53 tightly controls cell survival in mammals by regulat-

 

 

Figure 2.  

  

Figure 2. Therapeutic strategies targeting Wnt/β-catenin signaling. In the AKI model, β-catenin can be activated and accumulated 
in cells by Wnt agonist and then transferred to the nucleus. With the involvement of CBP and LEF/TCF, β-catenin increases the transcrip-
tion of target genes and finally alleviates the early renal function decline and renal structural damage caused by AKI. In the CKD-induced 
fibrosis model, sclerostin, DKK1 or PPAR-α can competitively bind to LRP5/6, thereby inhibiting β-catenin and its downstream signaling 
pathways which finally alleviate renal fibrosis. In addition, WIF, Klotho, or sFRP4 can competitively bind to Wnt ligands and frizzled recep-
tors, thereby blocking the binding of Wnt ligands and frizzled receptors and ultimately inhibiting β-catenin and its downstream signaling 
pathways. Furthermore, ICG-001 competitively binds to CBP, which then inhibits β-catenin mediated gene expression.
AKI, acute kidney injury; CBP, cyclic adenosine monophosphate response-element binding protein; CKD, chronic kidney disease; DKK-
1, Dickkopf-1; ICG-001, indirect catenin inhibitor-gamma-001; LEF, lymphoid enhancer binding factor; LRP, lipoprotein receptor protein; 
PPAR-α, peroxisome proliferator-activated receptor-α; sFRP4, secreted frizzled-related protein 4; TCF, T-cell factor; WIF, Wnt inhibitory 
factor.
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ing DNA damage processes (Fig. 3). Excessive expression 

or inappropriate activation of p53 can lead to cell apop-

tosis, while too little expression or continuous inhibition 

of p53 will lead to tumorigenesis. The E3 ubiquitin ligases 

mouse double minute 2 (MDM2) and MDM4 are negative 

regulators of p53 signaling. Among them, MDM2 can sta-

bilize p53 content in cells by directly binding to p53 to in-

hibit its transcription factor activity and increase the deg-

radation of p53 by promoting its ubiquitination. However, 

MDM4 indirectly maintains the stability of p53 content in 

cells by forming a complex with MDM2 and then inhibit-

ing the degradation of MDM2 protein. Moreover, MDM2 is 

also a target gene of p53, which can form a negative feed-

back loop of MDM2-p53 [57].

Role of p53 in acute kidney injury and chronic kidney dis-
ease

Proximal tubule cell p53 is activated by DNA damage, reac-

tive oxygen species, and hypoxia during AKI development 

and renal repair. In 2003, Kelly et al. [58] first proposed that 

p53 was involved in renal I/R injury. Their study showed 

that after renal I/R, the expression of p53 in the renal me-

dulla increased sharply 24 hours later, and inhibition of 

p53 could alleviate the apoptosis of renal tubule cells and 

the decline of renal function caused by I/R [58]. Ying and 

Kim [59] confirmed that specific deletion of p53 in the 

proximal renal tubules had a protective effect on renal IRI. 

I/R-induced AKI facilitates the opening and subsequent 

cell death of mitochondrial permeability transition pores 

(mPTP), in which cyclophilin D (CypD) is an important 

component. Recent studies have shown that the p53-CypD 

complex mediates I/R-AKI tubular cell apoptosis through 

mPTP opening [60]. Nephrotoxicity is another major cause 

of AKI. Cisplatin can inhibit the proliferation of tumor cells 

and is widely used in the clinical treatment of cancer. How-

ever, the toxic side effects of cisplatin, such as inducing 

AKI, have gradually attracted attention. N-acetylcysteine, 

Figure 3. p53 signaling. p53 is activated when cells are subjected to stimuli such as deficiency of triphosphate ribonucleotides and 
ribosomes, shock, hypoxia, nutrient deprivation, apoptosis, aging, and oncogene expression. Accumulated p53 recognizes and binds 
to p53 response elements in the nucleus and participates in apoptosis, cell cycle, DNA damage, tumorigenesis, and tissue I/R by regu-
lating the expression of its target genes. MDM2 and MDM4 are negative regulatory proteins of p53. Intracellular p53 content is tightly 
regulated by MDM2 and MDM4. MDM2 maintains the content of p53 in cells by ubiquitination and degradation of p53, while MDM4 
inhibits p53 by stabilizing the content of MDM2 in cells. In addition, MDM2 is also a target gene of p53.
I/R, ischemia-reperfusion; MDM, mouse double minute.
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an antioxidant, can delay the progression of cisplatin-in-

duced AKI to CKD by inducing p53 deacetylation, suggest-

ing that p53 deacetylation plays an important role in AKI 

damage repair and subsequent CKD [61]. Furthermore, 

it has been shown that cisplatin induced p53 expression 

and phosphorylation in proximal tubular epithelial cells, 

while p53 inhibitor pifithrin-α or p53 mutation significantly 

attenuated cisplatin-induced apoptosis [62,63]. Consistent 

with this, another study found that inhibition of p53 could 

also attenuate cisplatin-induced AKI by upregulating miR-

142-5p [64]. Zhang et al. [65] constructed renal I/R injury 

models and cisplatin-induced AKI models in p53-specific 

knockout mice in the proximal renal tubule, distal renal 

tubule, Henle ring, and medullary collecting duct, respec-

tively. Their results showed that only p53-specific knockout 

in the proximal renal tubule could effectively resist renal 

injury induced by I/R and cisplatin, which revealed the 

important function of p53 in proximal tubular cells in renal 

AKI [65]. It is worth noting that p53 is also associated with 

folic acid, endotoxin, aristolochic acids, glycerol injection, 

and polymyxin B-induced AKI [66–70].

p53 is associated with poor repair of damaged kidneys, 

which is the main cause of AKI progression to CKD. There 

are studies suggesting that pharmacological or genetic 

blocking of p53 can effectively inhibit the inflammatory 

response, apoptosis, and renal fibrosis caused by UUO [71]. 

Moreover, specific deletion of p53 in proximal tubule cells 

alleviates renal interstitial fibrosis induced by I/R [59]. In-

terestingly, conflicting views have emerged in recent years. 

In a long-term observational study in rats after ischemic 

AKI, Dagher et al. [72] found that although p53 inhibitor pi-

fithrin-α had an acute protective effect in the ischemic AKI 

model, it accelerated the progression of renal fibrosis after 

8 weeks of I/R. Of note, a 2013 study pointed out that p53 

inhibition and deletion play a role in aggravating damage 

in both ischemic AKI and CKD stages in mice [73]. The au-

thors noted that in the rat model, inhibition of p53 exerted 

a renoprotective effect by reducing renal tubular cell apop-

tosis, but in mice, leukocyte p53 exerted a renoprotective 

effect by reducing the degree and duration of inflammation 

and by promoting an anti-inflammatory M2 macrophage 

phenotype. The above studies suggest that p53 may play 

opposite functions in different species and different cells. 

The role of p53 in ischemic AKI and subsequent CKD is ex-

tremely complex, and more in-depth studies are needed to 

clarify the mechanism of p53.

Therapeutic strategies targeting p53 signals

Targeting p53-regulated pathways related to apoptosis, 

cell cycle arrest, autophagy, and cell senescence may be 

a potential strategy for the treatment of AKI and AKI-pro-

gressive CKD. Molitoris et al. [74] found that p53 short 

interfering RNA intravenous injection at 4 hours after renal 

ischemia could attenuate apoptosis and renal function 

damage caused by I/R. The E3 ubiquitin ligase MDM2 is 

a p53-specific cellular antagonist, which has been shown 

that reducing p53 levels by targeting MDM2 can inhibit the 

transcription of apoptotic cells, thereby partially protecting 

hypoxic AKI cells from apoptosis [75]. In addition, direct 

inhibition of p53 activation can also alleviate renal function 

decline, renal structural damage, and renal tubular cell 

apoptosis during renal I/R in mice [76]. It has been report-

ed that p53 inhibitor pifithrin-α can reduce renal tubular 

cell apoptosis and renal function decline induced by I/R 

[58]. Moreover, mesenchymal stem cell-derived exosomes 

may reduce the apoptosis of renal tubular epithelial cells 

after AKI by inhibiting p53, thereby reducing DNA dam-

age and apoptosis pathway activity [77]. In line with this, 

in vitro studies have shown that inhibition of p53 can re-

duce hypoxia-reoxygenation induced apoptosis in human 

proximal tubule cells [78]. The main mechanism is that 

p53 forms a complex with CypD to mediate the opening of 

mPTP and promote the apoptosis of renal tubular cells af-

ter AKI [60]. Taken together, direct inhibition of p53 activa-

tion or increased p53 degradation are potential therapeutic 

strategy to mitigate apoptotic injury in renal tubular cells 

during AKI.

Cell cycle arrest plays a critical role in the repair of dam-

aged kidneys after AKI, while p53 is a major mediator reg-

ulating the cell cycle. It has been shown that G1 arrest in 

renal tubular cells is associated with p53 induction in a rat 

model of septic AKI induced by cecal ligation and punc-

ture [79]. Targeted knockdown of p53 in proximal tubular 

cells can alleviate G2/M phase arrest and attenuate the 

decline in renal function, renal inflammation, apoptosis, 

and the occurrence of regeneration-phase renal fibrosis 

after AKI [59]. Bypassing G2/M phase arrest with the p53 

inhibitor pifithrin-α also alleviated fibrosis in the unilateral 

ischemia-injured kidney [80]. In ischemic AKI, exosomes 
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derived from mesenchymal stem cells highly enriched 

miR-125b-5p in proximal renal tubular cells, inhibited the 

expression of p53 protein, resulting in the upregulation of 

cyclin-dependent kinase 1 and cyclin B1, thereby rescuing 

G2/M arrest, improving ischemic AKI, and promoting renal 

tubular repair [81]. In conclusion, p53 induces renal fibro-

sis by participating in cell cycle arrest after AKI, and target-

ed inhibition of p53 may alleviate renal fibrosis in CKD by 

rescuing cell cycle arrest after AKI.

A large amount of evidence has confirmed that autopha-

gy plays a renoprotective role in AKI. Jiang et al. [82] further 

demonstrated that blocking autophagy aggravated AKI by 

using autophagy inhibitors and autophagy-deficient mice. 

It is well known that p53 has a dual role in regulating au-

tophagy, mainly depending on its subcellular localization. 

In 2008, Periyasamy-Thandavan et al. [83] first found that 

cisplatin-induced autophagy of renal tubular cells was 

inhibited by pifithrin-α which is a chemical inhibitor of 

p53, suggesting that p53 was involved in the occurrence 

of autophagy in AKI. In sepsis-induced AKI, inducing p53 

deacetylation can alleviate sepsis-induced AKI by promot-

ing autophagy in renal tubular epithelial cells [84]. This 

suggests that we can induce renal repair after AKI by pro-

moting p53 deacetylation and thus increasing autophagy. 

Contrary to AKI, the activation of autophagy in proximal 

tubular cells in CKD leads to tubular atrophy, inflamma-

tion, and renal fibrosis [85,86]. However, some studies have 

confirmed that autophagy plays an anti-fibrotic role in 

CKD [87,88]. Therefore, the roles of autophagy and p53 in 

CKD need to be further investigated.

Renal tubular cell senescence is one of the main reasons 

for the progression from AKI to CKD, and p53 is one of the 

senescence marker proteins in the damaged kidney and 

renal tubules of AKI mice [89]. Alpha 2 adrenergic agonists 

dexmedetomidine pretreatment reduce age-related bio-

markers of p53, p21, and p16 protein expression, reduce 

aging tubule cells, improve renal fibrosis, and slow AKI to 

CKD [34]. Xenon released into the injured kidney can re-

duce renal fibrosis and renal function decline induced by 

I/R, and the mechanism is related to the decreased protein 

expression of cell senescence markers p53 and p16 [90]. 

The above studies confirm that p53 is involved in the cellu-

lar senescence of damaged renal tubules. Premature aging 

plays an important role in sepsis AKI, inhibit the premature 

aging of the p53/p21 pathway may contribute to the recov-

ery of renal function after sepsis AKI [91]. In addition, p53 

Figure 4. Therapeutic strategies targeting p53 signals. Targeted inhibition or knockdown of p53 or induction of p53 deacetylation 
may alleviate renal injury or fibrosis caused by AKI by inhibiting apoptosis, rescuing cell cycle arrest, inducing autophagy, or inhibiting 
cell senescence.
AKI, acute kidney injury; MDM2, mouse double minute 2; siRNA, short interfering RNA.
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deacetylation may be a potential target for delaying pre-

mature tubular cell senescence and CKD progression after 

AKI [61]. These results suggest that targeted inhibition of 

p53 expression or promotion of p53 deacetylation may be 

an effective strategy for the treatment of renal tubular cell 

senescence after AKI and CKD (Fig. 4).

Interaction of Wnt/β-catenin signaling pathway 
with p53

There may be a tight interaction between the Wnt/β-cat-

enin signaling pathway and p53. Observations in a vari-

ety of tumor models have shown that the Wnt signaling 

Figure 5. Interaction of Wnt/β-catenin signaling pathway with p53 in AKI and CKD. In the AKI model, the Wnt/β-catenin signal-
ing pathway is transiently activated, and activated β-catenin can protect the kidney from apoptosis by inhibiting p53 expression or 
inhibiting p53 activity. In the CKD model, p53 can increase the expression of Wnt ligands through transcriptional regulation, thereby 
inducing the continuous activation of the Wnt/β-catenin signaling pathway, which leads to the dissociation of the destruction complex 
composed of axin, CK1, Dvl, APC, and GSK3β, and finally leads to the accumulation of β-catenin in the cytoplasm. The accumulated 
β-catenin enters the nucleus and promotes renal fibrosis by regulating the transcription of target genes. In addition, the accumulation 
of β-catenin may also increase the expression of p53, thereby inducing apoptosis and aggravating kidney damage in the process of 
CKD.
AKI, acute kidney injury; APC, adenomatous polyposis coli; CBP, cyclic adenosine monophosphate response-element binding protein; 
CKD, chronic kidney disease; CK1, casein kinase 1; Dvl, dishevelled; FZD, frizzled protein; GSK3β, glycogen synthase kinase 3β; LEF, 
lymphoid enhancer binding factor; PRR, pattern recognition receptor; TCF, T-cell factor.

Apoptosis ApoptosisTargeted genes: 
Fibronectin, etc.

β-Catenin
accumulation

CKD AKI

FZD
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pathway and p53 cooperate to drive the occurrence and 

development of tumors. In 1999, Damalas et al. [92] found 

that overexpression of β-catenin inhibited MDM2-mediat-

ed degradation of p53 protein, resulting in accumulation 

of transcriptionally active p53. Webster et al. [93] found 

that high levels of Wnt5a in melanoma can stabilize wild-

type p53 and increase its half-life. Vice versa, p53 activates 

β-catenin by increasing the expression of Wnt7b through 

transcription, thereby affecting tumor proliferation and 

metastasis of hepatocellular carcinoma [94]. Additional-

ly, in colorectal cancer patient-derived tumor organoids 

and tumor cells, wild-type p53 can induce Wnt/β-catenin 

pathway activation by promoting Wnt3 transcription [13]. 

In addition to tumors, recent studies have found a close re-

lationship between them in the kidney. In I/R or folate-in-

duced AKI, the loss of renal tubule β-catenin aggravates 

renal injury, while the expression of p53 and Bax increases. 

On the contrary, activating or stabilizing β-catenin can pro-

tect tubule epithelial cells from apoptosis and inhibit the 

expression of p53 and Bax [40]. In the lipopolysaccharide 

and sterile AKI model of bilateral I/R, β-catenin alleviates 

renal function decline, renal structural damage, apoptosis, 

and necrosis after AKI by activating AKT and inhibiting p53 

signaling [95]. These results suggest that Wnt/β-catenin 

may act as an upstream signal of p53 and play a renopro-

tective role by inhibiting p53 expression in AKI.

In the kidneys of diabetic rats, GSK3β is activated and 

p-LRP6 is down-regulated, resulting in increased inter-

action between GSK3β and p53 and promoting podocyte 

apoptosis [96]. In high-glucose treated podocytes, Wnt/

β-catenin signals and p53 were increased simultaneously 

after β-arrestin 1/2 treatment, promoting podocyte apop-

tosis [97]. In addition, our study showed that in UUO and 

adenine-induced renal fibrosis models, p53 may regulate 

Wnt7a expression through transcription, activate Wnt/

β-catenin signal, and participate in the process of renal 

fibrosis [98]. In human proximal tubule epithelial cell lines 

and primary renal tubule cells, Wnt9a significantly upreg-

ulated the levels of aging-related p16, p19, p53, and p21, 

promoting renal fibrosis [99]. These results revealed that 

the crosstalk between the Wnt/β-catenin signaling pathway 

and p53 may play diametrically opposite roles in AKI and 

CKD. In AKI, the Wnt/β-catenin signaling pathway may 

play a renoprotective role by inhibiting the expression of 

p53. In CKD, p53 targets to upregulate the transcription 

level of the Wnt/β-catenin signaling pathway, and the in-

creased Wnt/β-catenin signaling in turn promotes the ex-

pression of p53. Finally, the two synergistically promote the 

occurrence of renal fibrosis (Fig. 5).

Conclusions

Increasing evidence shows that the Wnt/β-catenin signal-

ing pathway and p53 play an important role in AKI and 

subsequent renal fibrosis. A deeper understanding of their 

mechanisms will provide new targets for the treatment of 

kidney diseases. Although Wnt/β-catenin signaling and 

p53 play synergistic roles in tumor and embryonic devel-

opment, whether they play a synergistic role in kidney 

disease needs to be further elucidated. In this review, we 

found that the β-catenin signaling pathway may play a 

renoprotective role in AKI by inhibiting the expression of 

p53, while in CKD, the β-catenin signaling pathway and 

p53 may synergistically promote renal fibrosis. Based on 

the characteristics of the biological effects of β-catenin and 

p53, finding ways to regulate the activity of β-catenin and 

p53 is expected to be transformed into an effective strategy 

for the prevention and treatment of kidney diseases, and 

will also bring unprecedented opportunities for the pre-

vention and treatment of kidney diseases.
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