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Pregnane X receptor activation alleviates renal fibrosis in mice
via interacting with p53 and inhibiting the Wnt7a/β-catenin
signaling
Wen-hua Ming1,2, Zhi-lin Luan1,3,4, Yao Yao5, Hang-chi Liu2, Shu-yuan Hu5, Chun-xiu Du6, Cong Zhang1, Yi-hang Zhao1,
Ying-zhi Huang1, Xiao-wan Sun2, Rong-fang Qiao1, Hu Xu1,3,4, You-fei Guan1,3,4✉ and Xiao-yan Zhang2,6✉

Renal fibrosis is a common pathological feature of chronic kidney disease (CKD) with various etiologies, which seriously affects the
structure and function of the kidney. Pregnane X receptor (PXR) is a member of the nuclear receptor superfamily and plays a critical
role in regulating the genes related to xenobiotic and endobiotic metabolism in mammals. Previous studies show that PXR is
expressed in the kidney and has protective effect against acute kidney injury (AKI). In this study, we investigated the role of PXR in
CKD. Adenine diet-induced CKD (AD) model was established in wild-type and PXR humanized (hPXR) mice, respectively, which were
treated with pregnenolone-16α-carbonitrile (PCN, 50 mg/kg, twice a week for 4 weeks) or rifampicin (RIF, 10 mg·kg−1·d−1, for
4 weeks). We showed that both PCN and RIF, which activated mouse and human PXR, respectively, improved renal function and
attenuated renal fibrosis in the two types of AD mice. In addition, PCN treatment also alleviated renal fibrosis in unilateral ureter
obstruction (UUO) mice. On the contrary, PXR gene deficiency exacerbated renal dysfunction and fibrosis in both adenine- and
UUO-induced CKD mice. We found that PCN treatment suppressed the expression of the profibrotic Wnt7a and β-catenin in AD
mice and in cultured mouse renal tubular epithelial cells treated with TGFβ1 in vitro. We demonstrated that PXR was colocalized
and interacted with p53 in the nuclei of tubular epithelial cells. Overexpression of p53 increased the expression of Wnt7a, β-catenin
and its downstream gene fibronectin. We further revealed that p53 bound to the promoter of Wnt7a gene to increase its
transcription and β-catenin activation, leading to increased expression of the downstream profibrotic genes, which was inhibited by
PXR. Taken together, PXR activation alleviates renal fibrosis in mice via interacting with p53 and inhibiting the Wnt7a/β-catenin
signaling pathway.
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INTRODUCTION
Chronic kidney disease (CKD) is a clinical syndrome secondary to
renal functional or concomitant structural damages. The main
causes of CKD include diabetes mellitus, hypertension, glomer-
ulonephritis, pyelonephritis, autoimmune diseases, polycystic
kidney disease, Alport syndrome, congenital malformations,
long-term acute kidney disease, and chronic use of anti-
inflammatory drugs [1]. CKD afflicts ~10%–13% population
worldwide [2]. Most patients with CKD are asymptomatic in
the early stage of the disease, but as the disease progresses, a
considerable proportion of patients will eventually develop end-
stage renal disease (ESRD), a disease requiring lifelong dialysis or
kidney transplant. Numerous epidemiological studies have
shown that the prevalence of ESRD is constantly increasing
globally, especially in the developed countries [3–5]. The high
cost of treatment and increasing prevalence have made CKD a
major internationally public health problem, imposing a huge

socioeconomic burden on affected individuals, families, and
societies.
Renal fibrosis, a common pathological feature and final

manifestation of CKD with various etiologies, is characterized by
inflammatory cell infiltration, innate cell mesenchymal transforma-
tion, increased extracellular matrix protein production and
decreased matrix degradation [6]. It is well known that several
pathways are closely related to the occurrence and development of
renal fibrosis including the transforming growth factor (TGF)-β/
Smad, Notch, Hedgehog and yes-associated protein 1 (YAP)/
transcriptional coactivator with PDZ-binding motif (TAZ) signaling
pathways [7–9]. Notably, recent studies have revealed that
Wingless/Int (Wnt) signaling pathway, which was first reported for
its important role in embryonic development, plays a critical role in
the progression of renal fibrosis [10]. In adult kidneys, this signaling
pathway is usually silenced, but is reactivated when the kidney is
damaged. Numerous studies have shown that persistent abnormal
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activation of the Wnt/β-catenin signaling pathway can accelerate
the progression of renal fibrosis, while inhibition of this pathway can
effectively alleviate renal fibrosis via decreasing expressions of
fibronectin, fibroblast-specific protein 1, Snail1, matrix metallopro-
teinase7 (MMP-7), plasminogen activator inhibitor-1 (PAI-1) [11–13].
These findings demonstrate that targeting the Wnt/β-catenin
signaling pathway may represent an attractive strategy to treat
renal fibrosis [7, 14, 15]. However, there is hitherto no effective and
safe treatment for renal fibrosis and CKDs in clinical practice.
As a member of the nuclear receptor superfamily, pregnane X

receptor (PXR, Nr1i2) is a ligand-activated transcription factor which
plays an important role in metabolizing endogenous substances and
exogenous drugs [16]. After activated by a ligand, PXR relocalizes
into the nucleus where it forms a heterodimer with the retinoid X
receptor (RXR), recruiting multiple co-activators to increase the
transcription of its downstream genes encoding the type I and type II
detoxification enzymes. Unlike most of other nuclear receptors, PXR
exhibits species-specific responses to ligand activation. For example,
rifampicin does not significantly activate mouse PXR, but is a very
potent activator of human and rabbit PXR, while pregnenolone-16a-
carbonitrile (PCN) only weakly activates human PXR but is a very
efficacious activator of mouse and rat PXR. In addition to regulating
the metabolism of endogenous and exogenous substances,
increasing evidence has demonstrated that PXR has anti-fibrotic
effect in the liver. Pregnenolone-16α-carbonitrile (PCN), a PXR
agonist, was reported to significantly inhibit the differentiation of
hepatic stellate cells and liver fibrosis induced by carbon
tetrachloride in rats and mice, but the anti-fibrosis effect of PCN
was eliminated after PXR knockout [17, 18]. In addition, treatment of
human stellate cells for 16 h by the PXR agonist rifampicin decreased
the expressions of fibrosis-related genes including TGFβ1, α smooth
muscle actin (αSMA) and Wnt signaling-associated genes (catenin
and desmocollin) [19]. In the kidney, previous studies have
demonstrated that PXR has a protective effect in acute kidney
injury (AKI) [20, 21]. However, the role of PXR in CKD and renal
fibrosis remains unclear. Therefore, the aim of the present study was
to explore the role and mechanism of PXR in CKD.

MATERIALS AND METHODS
Animal study
All animal experiments in the current study were approved by the
Ethical Committee of Dalian Medical University and conformed to
international guidelines for animal usage in research. Wild-type
(WT) C57BL/6J mice (male, 8 weeks old) were obtained from
Beijing HFK Bioscience Co., Ltd (Beijing, China). PXR knockout
(PXR−/−) mice on C57BL/6J background and humanized PXR
(hPXR) mice on 129/SvJ backgound were generated by Shanghai
Model Organisms Center, Inc (Shanghai, China) and were routinely
bred at the Advanced Institute for Medical Sciences, Dalian
Medical University (Dalian, China). All mice were housed in a
temperature of 22 ± 1 °C with a 12 h light-dark cycle (8:00–20:00)
and 65% ±5% humidity and fed an ad libitum diet.

Establishment of mouse renal fibrosis models
To establish an adenine diet-induced CKD model, mice were fed
with 0.2% adenine diet for 28 days, while the control mice were
fed with normal diet. To generate an unilateral ureteral obstruc-
tion (UUO) model, the mice were anesthetized with sodium
pentobarbital (40 mg/kg, Sigma-Aldrich, USA) intraperitoneally
and placed on an electronic heating blanket to maintain body
temperature at 36.5–37 °C during surgery. The left ureters of the
mice were ligated with 4-0 silk thread for 8 days. The sham
operation group of mice was used as the control.

Chemicals and reagents
Pregnenolone-16α-carbonitrile (PCN, CAS: C3884) and rifampin (RIF,
B2021) were purchased from APExBIO (Houston, TX, USA). Adenine

was purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombi-
nant human TGFβ1 was purchased from Pepro Tech (P01137, NJ,
USA). The 0.2% adenine diet is produced by Medicience Biophar-
maceutical Co., Ltd (Yangzhou, China). TRIzol was purchased from
Invitrogen (Carlsbad, CA, USA). The bicinchoninic acid (BCA) protein
assay kit was obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Transient transfection reagent (Lipofectamine 3000) was
purchased from Invitrogen (Carlsbad, CA, USA). Dual-Luciferase®

Reporter Assay System 10-Pack was purchased from Promoga
(E1910, WI, USA). DAPI (c0065) and normal goat serum (SL038) were
purchased from Beijing Solarbio Science and Technology Co., Ltd
(Beijing, China). The antibodies include those against PXR (ab192579,
Abcam, Cambridge, UK; orb385455, Biorbyt, Wuhan, China; 67912-1-
lg, Proteintech, Wuhan, China), p53 (#2524, CST, Danvers, MA, USA;
10442-1-AP, Proteintech, Wuhan, China), β-actin (#66009, Protein-
tech, Wuhan, China), β-catenin (610154, BD Transduction Labora-
tories, NJ, USA), Non-phospho (Active) β-Catenin (Ser45) (#19807,
CST, Danvers, MA, USA), Wnt7a (sc-365665, Santa Cruz, Dallas, TX,
USA), fibronectin (15613-1-AP, Proteintech, Wuhan, China), collagen I
(sc-293182, Santa Cruz, Dallas, USA), αSMA (SAB4200689, Sigma-
Aldrich, St. Louis, MO, USA), TGFβ1 (ab215715, abcam, Cambridge,
UK), Samd3 (#9523, CST, Danvers, MA, USA), p-Smad3 (#9520, CST,
Danvers, MA, USA), Histon-H3 (D2B12, 96C10, CST, Danvers, MA,
USA) and IgG (#2729, CST, Danvers, MA, USA; sc-2025, Santa Cruz,
Dallas, TX, USA). All secondary antibodies were from ABclonal
Technology Co., Ltd (Wuhan, China). Alexa Fluor-488 or Alexa Fluor-
594 conjugated secondary antibodies were from Life Technologies
(Grand Island, NY, USA).

Measurements of BUN, sCr and albuminuria
The mice with adenine diet-induced CKD were euthanized after
28 days, while the UUO model mice were euthanized on the
eighth postoperative day. Kidney tissues, blood samples and urine
samples were collected for further analysis. Blood urea nitrogen
(BUN) and serum creatinine (sCr) levels were determined using
commercially available kits (C011-2-1, C013-2) obtained from
Nanjing Jiancheng Bioengineering Research Institute (Nanjing,
China). Urinary microalbumin levels were examined by an
enzyme-linked immunosorbent assay (ELISA) kit (D721120, San-
gon Biotech Co., Ltd, Shanghai, China).

Cell culture and treatment
Mouse tubular epithelial cell line (MTEC, purchased from ScienCell,
San Diego, CA, USA) was cultured with DME/F-12 medium
(HyClone) containing 10% fetal bovine serum (FBS). Human
embryonic kidney cell line 293T (HEK293T, Fuheng Cell Center,
Shanghai, China) was cultured with DMEM basic medium
containing 10% FBS. Cells were placed in a 37 °C, 5% CO2

incubator. To test whether PXR inhibits the effect of TGFβ1, MTEC
cells were treated with PCN or infected with an adenovirus
expressing a full-length mouse PXR (HanBio, Shanghai, China) or
human p53 expression vector (a gift from Prof. Nan-hong Tang at
Fujian Medical University, Fuzhou, China).

Real-time PCR
Total RNA was extracted from the kidneys and cultured MTEC cells.
Quantitative real-time PCR was performed with a routine
procedure using specific primers described in Supplementary
Table S1. β-Actin was used as an internal control.

Western blot analysis and immunoprecipitation
Western blotting assay was performed as described previously
[22, 23]. An amount of 40 µg protein samples was separated by
SDS-PAGE and transferred to PVDF membranes (Millipore, MA,
USA). The membrane was blocked with 5% nonfat milk for 1 h at
room temperature and then incubated with primary antibodies
overnight at 4 °C. Membranes were washed 3 times for 15 min in
Tris-buffered saline 5% Tween 20 (TBST) solution and incubated
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with horseradish peroxidase-conjugated secondary antibody for
1 h at room temperature. After being washed three times for
30min, the membrane was transferred to ECL reagent and images
were collected with a Tanon-5200 (Tanon, Shanghai, China).

Renal pathological assessments
The kidney tissues were formalin-fixed and paraffin-embedded. The
tissue sections were stained with hematoxylin and eosin (H&E) or
Masson trichrome according to the manufacturer’s protocol. Ten
fields under 200× microscopes were randomly selected in the
cortical area for each kidney section. Histopathologic scoring was
performed in a blinded fashion in ten consecutive fields per section
from five different mice in each group. The tubulointerstitial (TI)
damage score is based on the percentage of total cortical area
affected by tubular dilation, tubular atrophy, interstitial fibrosis, and
interstitial inflammation. The semiquantitative scoring of the lesions
was carried out, and the scoring results were as follows: 0, no
change; 1, lesions involved 0–25% area; 2, lesions involved
25%–50% area; 3, lesions involved 50%–75% area; 4, lesions
involved 75%–100% area; 5, lesions involved the entire area [24].
The percentage of interstitial fibrotic area to the selected field was
analyzed with ImageJ software, and an average percentage of
kidney fibrotic area for each section was calculated. All slides were
investigated and reviewed blindly by two pathologists.

Immunostaining
Immunohistochemical staining was performed on 5 μm tissue
sections. 3% H2O2 was used to remove endogenous peroxidase
activity. 5% BSA was used to block the non-specific binding site.
Diaminobenzidine (DAB) was used to display peroxidase and
hematoxylin was used to label the nucleus. For immunofluores-
cence assay, staining was performed on kidney sections and
cultured MTEC. The non-specific binding sites were blocked by 5%
BSA containing 10% goat serum.

Immunoprecipitation assay (IP)
The IP experiments were performed according to the instructions of
the Thermo Fisher Scientific Chromatin Immunoprecipitation Kit
(88805, Thermo Fisher Scientific, Waltham, MA, USA). Briefly, Pierce
Protein A/G magnetic beads were washed twice with 1× modified
cross-linking buffer, and then incubated with 5 μg of antibody
(specific antibody against p53 or corresponding non-specific IgG
antibody) at 4 °C for 4 h. After incubation, the beads were washed 3
times with 1× modified cross-linking buffer and cross-linked with
antibody using DSS for 30min. The beads were washed 3 times with
the elution buffer, followed by 2 washes with the lysis/wash buffer
and then stored at 4 °C. HEK293T cells (1 × 107) were co-transfected
with a p53 expression vector with or without a PXR expression
vector, and then treated with 40 μM PCN for 12 h. The cells were
lysed with 800 μL of ice-cold lysis/wash buffer on ice for 20min and
then centrifuged at 15,000 r/min for 15min at 4 °C. Protein
concentration was determined with a BCA kit. Protein lysate (3 μg)
in a final volume of 500 μL was incubated with pre-crosslinked
magnetic beads overnight at 4 °C, and the remainder was used as
input for immunoblot analysis. After washing twice with the lysis/
wash buffer and once with ultrapure water, the antigen was eluted
with the elution buffer for immunoblotting assay.

Identification of putative transcription factor binding sites
A computer-based search for potential transcription factor binding
motifs was carried out on the TRANSFAC 8.3 professional database by
the of TFSEARCH (https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3) [25, 26]. The sequences of classical p53
response elements were obtained from the JSAPAR database.

Chromatin immunoprecipitation assay (ChIP)
According to the manufacturer’s protocol, ChIP assay was
performed with the ChIP-IT EXPress Enzymatic Kit (53009, Active

Motif, Shanghai, China). Specific binding to target DNA fragment
was analyzed by PCR. The sequences of the primers used are
shown in Supplementary Table S1. PCR products were electro-
phoresed on 2% agarose gels and stained with Gold View II
Nuclear Staining Dyes (G8142, Solarbio, Beijing, China).

Construction of a mouse Wnt7a gene promoter-driven luciferase
reporter
The mouse genomic DNA extracted by Genomic DNA Purification
Kit (Promega, Madison, WI, USA) was used as a template for
polymerase chain reaction amplification (PCR). The PCR reaction
was carried out with a pair of specific primers carrying two
restriction enzyme sequences of Kpn I and Mlu I. The PCR product
of a Wnt7a gene promoter fragment (−454 bp ~+53 bp) was
validated and inserted into the pGL3.0-Basic vector with T4 ligase
(Trans Gen Biotech, Beijing, China) to obtain the Wnt7a gene
promoter-driven luciferase reporter. The primers used for PCR
amplification are shown in Supplementary Table S1 and the
construct was confirmed by DNA sequencing.

Luciferase activity assay
The HEK293T cells were seeded on 96-well culture plates to reach
70%–80% confluency in DMEM basic medium containing 10%
FBS. After replacing with a serum-free medium, the cells were co-
transfected with the indicated Wnt7a gene promoter-driven
luciferase reporter vector and a pRL-TK vector (Promega) encoding
Renilla luciferase, with or without a mPXR expression vector in the
presence or absence of a pcDNA3.0-p53 expression vector (a
generous gift of Prof. Nan-hong Tang, Research Center for
Molecular Medicine, Fujian Medical University, Fuzhou, China)
using Lipofectamine 3000 (L3000015, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instruction.
After transfection for 7 h, the medium was changed to 5% FBS and
the cells were treated with PCN (40 μM) or an equivalent volume
of DMSO for 24 h. The luciferase assay was performed using the
dual luciferase assay system kit according to the manufacturer’s
protocol (E1910, Promoga, WI, USA).

Statistical analysis
All statistical analyses were performed using Student’s t test or
one-way ANOVA with the GraphPad Prism 8.0 (GraphPad Software
Inc., La Jolla, CA, USA). Results were presented as means ±
standard deviation error (SEM). Results were considered signifi-
cant at two tailed P < 0.05.

RESULTS
PXR activation by PCN alleviates mouse renal damage induced by
adenine
In the present study, we used the adenine-induced CKD mouse
model which can mimic most of renal structural and functional
changes in human CKD and require no surgery or genetic
manipulation [27, 28]. To explore whether PXR plays a protective
role in CKD, we constructed the adenine-induced CKD model in
C57BL/6J mice and treated CKD mice with or without PCN, a
specific exogenous agonist of mouse PXR, for 4 weeks [29]. The
mice were divided into 4 groups: (i) Ctrl (mice were fed with
normal diet), (ii) PCN (mice were fed with normal diet and treated
with PCN at 50mg/kg, twice a week), (iii) AD (mice were fed with
0.2% adenine diet), and (iv) AD+ PCN (mice were fed with 0.2%
adenine diet and treated with PCN at 50 mg/kg, twice a week)
(Fig. 1a) [30]. Compared with the Ctrl mice, adenine treatment
resulted in a significant reduce in body size, granular changes on
the surface of the kidneys, and a marked increase in the levels of
serum creatinine (sCr), blood urea nitrogen (BUN) and 24-h urinary
albumin excretion, all of which was improved by PCN treatment
(Fig. 1b–e). In addition, consistent with previous studies, the
adenine diet led to a sharp decrease in body weight, kidney
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weight and urine osmolality (Supplementary Fig. S1a, b and f), a
significant increase in relative kidney weight (the ratio of kidney
weight to body weight), 24-h water intake and urine output in
mice (Supplementary Fig. S1c–e) [24, 31]. To assess the effect of
PCN on renal structural damage induced by adenine diet, we
visualized paraffin sections with H&E staining and scored the renal
tubulointerstitial (TI) damage (Fig. 1f, g). Mice in the Ctrl and PCN
groups showed normal renal morphology, while mice in the AD
group exhibited various renal structural damages, including renal
tubular atrophy, tubule dilatation with lumenal necrotic material,
tubular epithelium thinning, interstitial inflammatory cell infiltra-
tion. Consistently, PCN treatment significantly improved those
renal tissue morphological changes induced by adenine (Fig. 1f,
g). These findings demonstrate that the PXR activator PCN can
exert renoprotective effect on adenine-induced renal functional
and structural damages.

PXR activation by PCN attenuates mouse renal fibrosis induced by
adenine
Fibrosis is the final manifestation of CKD [6]. Masson trichrome
staining and semiquantitative measurement results showed that
PCN reduced adenine-induced deposition of extracellular matrix
proteins (Fig. 2a, b). Similarly, the immunostaining analysis
demonstrated that PCN treatment markedly improved adenine-
induced renal fibrosis as reflected by reduced expression of
fibronectin, αSMA and collagen I (Fig. 2a, c–e). Transforming growth
factor β1 (TGFβ1), as a key factor in the progression of renal fibrosis,
induces the epithelial to mesenchymal transformation (EMT),
fibroblast to myofibroblast transdifferentiation and extracellular
matrix production by activating the downstream Smad proteins, and
ultimately promotes renal fibrosis by increasing expression of its
target genes including fibronectin and αSMA. Western blot analysis
showed that PCN treatment significantly reduced adenine-induced

Fig. 1 PXR activation by PCN alleviates mouse renal damage induced by adenine. a Schematic diagram of adenine-induced CKD with PCN
treatment. b The gross view of the mice and the macroscopic appearance of the kidneys were photographed at the end of 4-week treatment.
PCN treatment significantly improved adenine-induced body size reduction and granular appearance of the kidneys. c–e PCN treatment
significantly attenuated adenine-induced increase in serum creatinine and BUN levels and urinary albumin excretion (n= 5–9).
f Representative images of H&E staining. PCN significantly alleviated adenine-induced renal tubular atrophy, dilatation with crystal
deposition and cellular casts, and tubulointerstitial fibrosis. Scale bar: 100 μm. g Tubulointerstitial (TI) damage score of histopathologic
features in H&E staining (n= 5–6). Results are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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protein expression of p-Smad3, fibronectin and αSMA (Fig. 2f, g).
Consistently, immunofluorescence staining showed that PCN
markedly inhibited nuclear translocation of p-Smad3 induced by
adenine (Fig. 2h, i). As expected, PCN treatment also markedly
decreased mRNA expression of TGFβ1 and fibronectin as assessed
by real-time PCR (Supplementary Fig. S2a, b). These results suggest
that PXR activation can alleviate renal fibrosis by inhibiting the
activation of Smad3 and extracellular matrix protein production.
It is well documented that inflammation plays an important role in

the progression and prognosis of CKD [32, 33]. We utilized real-time
PCR assay to determine the effect of PCN on the expression of adenine-
induced profibrotic and proinflammatory cytokines. The results
showed that the mRNA levels of TGFβ1, fibronectin, CXCL2, CCL2

and ICAM1 in the AD group were significantly upregulated compared
with the Ctrl group, with insignificant changes in gene expressions of
αSMA, IL-2 and IL-6. However, PCN treatment did not affect the
expression of adenine-induced inflammatory gene expression (Sup-
plementary Fig. S2d–h). Together, these findings demonstrate that
treatment of the PXR activator PCN can downregulate profibrotic gene
expression with little effect on adenine-induced inflammation.

PXR activation by PCN ameliorates renal fibrosis in a mouse UUO
model
To further determine the protective effect of PXR on renal fibrosis,
we also generated a mouse model of unilateral ureteral
obstruction (UUO), a commonly used animal model to study

Fig. 2 PXR activation by PCN attenuates renal fibrosis induced by adenine. a Masson trichrome staining and immunostaining showing that
PCN treatment significantly attenuated renal extracellular matrix protein deposition and the protein expression of fibronectin, αSMA and collagen I.
Scale bar: 100 μm. b–e Semiquantitative analysis of a (n= 4–6). f Western blot analysis demonstrating that PCN treatment markedly reduced
adenine-induced expression of fibrosis-related proteins including p-Smad3, fibronectin and αSMA (n= 3). g Semiquantitative measurement for the
protein levels in f. h Immunofluorescence assay showing that PCN treatment significantly inhibited adenine-induced activation of p-Smad3. Scale
bar: 50 μm. i Semiquantitative measurement for the protein levels in h (n= 3). Data represents the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

PXR activation alleviates renal fibrosis
WH Ming et al.

2079

Acta Pharmacologica Sinica (2023) 44:2075 – 2090



renal fibrosis [34]. The experiment was composed of following 4
groups: (i) Sham, (ii) Sham+PCN, (iii) UUO, and (iv) UUO+PCN
(Supplementary Fig. S3a). In the PCN-treated groups, mice
received daily intraperitoneal injection of PCN at 40mg/kg 3 days
before and 6 days after the establishment of UUO. The PCN
concentration and treatment times were selected according to the
literature and our previous experience [20, 35]. Results of the H&E
staining and tubulointerstitial (TI) damage score analysis demon-
strated that the kidneys in the Sham group and Sham+PCN group
showed normal tissue morphology. However, the obstructed
kidneys in the UUO group exhibited many pathological changes
such as lumen enlargement, epithelial thinning and tubular
atrophy, all of which was significantly attenuated by the PCN
treatment (Supplementary Fig. S3b, c). Semi-quantitative measure-
ment of Masson trichrome staining and immunostaining (fibro-
nectin, αSMA and collagen I) indicated that PCN treatment
markedly alleviated renal fibrosis caused by UUO (Supplementary
Fig. S4a–e). Western blot analysis further showed that PCN
treatment significantly inhibited the protein expression levels of
fibrosis-related genes including TGFβ1, p-Smad3, fibronectin and
αSMA in the obstructed kidneys (Supplementary Fig. S4f, g).
Immunofluorescence assay further indicated that renal p-Smad3
expression in the nuclei was significantly increased in the UUO
group, which was markedly attenuated after PCN treatment

(Supplementary Fig. S4h, i). In addition, PCN treatment also
significantly reduced the mRNA expression of TGFβ1 and
fibronectin (Supplementary Fig. S3d, e). In addition, PCN treatment
significantly reduced UUO-induced CXCL2 and CCL2 expression
(Supplementary Fig. S3g, h), with little effect on other genes
(Supplementary Fig. S3f, i–k). Collectively, these findings demon-
strate that treatment with the PXR activator PCN can ameliorate
UUO-associated renal fibrosis in mice.

PXR activation by rifampicin alleviates adenine-induced renal
damage in PXR-humanized mice
The DNA binding domain of mouse and human PXR shares 96%
amino acid identity, but the ligand-binding domains are only 76%
identical [36]. Therefore, mouse exogenous agonist PCN is unable
to activate human PXR. To test whether human PXR has similar
renal protective effect, we constructed a PXR-humanized mouse
and genotyped by PCR (Supplementary Fig. S5a–c). Eight-week-
old male PXR-humanized (hPXR) mice were divided into two
groups: (i) AD (mice were fed with 0.2% adenine diet for 4 weeks),
and (ii) AD+ RIF (mice were fed with 0.2% adenine diet and
treated with 10 mg·kg−1·d−1 rifampicin for 4 weeks) (Fig. 3a). Renal
gross images showed that RIF treatment alleviated adenine-
induced the granular changes on the surface of the kidneys
(Fig. 3b). Serum biochemistry analysis demonstrated that RIF

Fig. 3 PXR activation by rifampicin alleviates adenine-induced renal damage in PXR-humanized mice. a Schematic diagram of adenine-
induced CKD with or without rifampicin (RIF) treatment. Adenine diet-fed PXR-humanized (hPXR) mice were treated with or without daily
intragastric administration of RIF (10mg/kg) for 28 days. b The gross view of the mice and the macroscopic appearance of the kidneys were
photographed on day 29. RIF treatment reduced adenine-induced renal atrophy. RIF treatment significantly reduced the levels of sCr (c), BUN
(d) and urinary albumin excretion (e) (n= 5). f H&E staining showed that RIF treatment mitigated renal tubular atrophy, dilatation with crystal
deposition and cellular casts, and tubulointerstitial fibrosis. Scale bar: 100 μm. g The TI damage score of histopathologic features in f (n= 5).
Results are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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treatment decreased sCr and BUN levels compared to the vehicle
controls (Fig. 3c, d). RIF also significantly reduced 24-h urinary
albumin excretion in hPXR mice (Fig. 3e). H&E staining further
showed that RIF markedly attenuated adenine-induced renal
histological damages (Fig. 3f, g). However, RIF did not affect body
weight, kidney weight, relative kidney weight, water intake, urine
output and urine osmolality in adenine-treated hPXR mice
(Supplementary Fig. S5d–i). These results indicate that activation
of PXR can exert renoprotective effect on adenine-induced renal
functional and histological changes not only in wild-type but also
in PXR-humanized mice.

PXR activation by rifampicin attenuates adenine-induced renal
fibrosis in PXR-humanized mice
Masson staining was used to detect extracellular matrix (ECM)
protein accumulation in the kidneys of mice and immunostaining
was used to assess renal expression levels of fibrosis markers. The
results showed that RIF treatment significantly abolished ECM

deposition and accumulation of fibronectin, αSMA and collagen I
in renal interstitium compared with the AD group (Fig. 4a–e).
Similarly, immunoblot assay found that RIF treatment significantly
inhibited adenine-induced protein expression of multiple fibrosis-
related genes including p-Smad3, fibronectin and αSMA (Fig. 4f,
g). In addition, RIF markedly attenuated adenine-induced p-Smad3
protein nuclear translocation in the kidney (Fig. 4h, i) and mRNA
expression of TGFβ1 (Supplementary Fig. S6a), with little effect on
the mRNA levels of other profibrotic and proinflammatory factors
(Supplementary Fig. S6b–h). These findings suggest that PXR
activation likely also attenuates renal fibrosis in humans.

PXR gene ablation exacerbates mouse renal damages caused by
adenine
To further ascertain the protective role of PXR in renal fibrosis, we
generated a PXR knockout mouse induced by a frame-shift
mutation (Supplementary Fig. S7a). We verified the successful
construction of knockout mice by genotyping mouse tail DNA

Fig. 4 PXR activation by rifampicin alleviates renal fibrosis induced by adenine in PXR-humanized mice. a Masson trichrome staining and
immunostaining showing that rifampicin (RIF) treatment significantly alleviated renal extracellular matrix protein deposition and reduced the
protein expression of fibronectin, αSMA and collagen I. Scale bar: 100 μm. Semiquantitative analysis of fibrotic area (b), fibronectin (c), αSMA
(d) and collagen I (e) positive staining area (n= 4–5). f Western blot assay demonstrating that RIF treatment inhibited protein expression of p-
Smad3, fibronectin and αSMA. g Semiquantitative measurement for the protein levels in f (n= 4). h Immunofluorescence analysis showed that
RIF treatment markedly reduced p-Smad3 expression. Scale bar: 50 μm. i Semiquantitative measurement of p-Smad3 levels in h (n= 3). Data
represents the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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sequence and showing the absence of PXR mRNA and protein
expression (Supplementary Fig. S7b–d). Eight-week-old male wild-
type (PXR+/+) and PXR knockout (PXR−/−) mice were fed with
either adenine diet or normal diet for 4 weeks. PXR gene
deficiency markedly aggravated the granular changes on the
surface of the kidneys of mice fed with adenine (Fig. 5a).
Furthermore, PXR gene ablation significantly increased the levels
of sCr, BUN and urinary albumin excretion induced by adenine
diet (Fig. 5b–d). Furthermore, the TI damage score and H&E
staining showed that PXR gene knockout aggravated adenine-
induced tubular epithelial thinning, lumen enlargement and
tubulointerstitial sclerosis (Fig. 5e, f). Consistent with previous
results, the adenine diet led to a sharp decrease in body weight
and urinary osmolality, an increase in water intake and urine
output in both genotypes (Supplementary Fig. S7e–h). However,

PXR gene knockout only increased urine output in adenine diet
groups (Supplementary Fig. S7h). In addition, there were no
changes in absolute and relative weights of kidneys among four
groups (Supplementary Fig. S7i, j). Together, these findings
demonstrate that PXR gene deficiency exacerbates adenine-
induced functional and structural damages in mouse kidneys.

PXR gene ablation aggravates adenine-induced renal fibrosis in
mice
Masson trichrome staining showed that PXR gene knockout
increased adenine-induced ECM deposition (Fig. 6a). Similarly,
immunostaining assays demonstrated that PXR gene deficiency
aggravated adenine-induced the accumulation of fibronectin, αSMA
and collagen I proteins (Fig. 6a–e). Although PXR gene deficiency had
little effect on mRNA expression of profibrotic and proinflammatory

Fig. 5 PXR gene ablation exacerbates adenine-induced renal damages. a Gross view of the mice and the macroscopic appearance of the
kidneys of mice treated with adenine or vehicle for 4 weeks. PXR gene knockout exacerbated adenine-induced body size reduction and
granular appearance of the kidneys. PXR gene deficiency aggravated adenine-induced increase in sCr (b), BUN (c) and urinary albumin
excretion (d) (n= 5–6). e The TI damage score of histopathologic features (n= 4–6). f H&E staining showing that PXR gene knockout
aggravated renal tubular atrophy, dilatation with crystal deposition and cellular casts, and tubulointerstitial fibrosis. Scale bar: 100 μm. Results
are expressed as mean ± SEM. **P < 0.01, ***P < 0.001.
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genes in mouse kidney (Supplementary Fig. S8a–h), adenine-induced
protein expression of p-Smad3, fibronectin and αSMA was further
increased in mice deficient for PXR (Fig. 6f, g). Consistently, by using
immunofluorescence assay we found that adenine-elicited activation
of p-Smad3 was significantly enhanced in mice with PXR gene
deficiency (Fig. 6h, i). Collectively, these findings demonstrate that
PXR gene deficiency aggravates adenine-induced renal fibrosis in
mice, suggesting an antifibrotic action of PXR agonist.

PXR gene ablation exacerbates UUO-related renal fibrosis in mice
To confirm the renoprotective role of PXR in renal fibrosis, 8-week-
old male PXR+/+ and PXR−/− mice were divided into the Sham and

UUO group, respectively. H&E staining and the TI damage score
showed that PXR gene deficiency markedly increased the number
of dilated renal tubules and the sclerotic area of the tubulointer-
stitium caused by UUO (Supplementary Fig. S9a, b). Masson
trichrome staining and immunohistochemical analysis revealed
that PXR gene deficiency aggravated UUO-induced renal ECM
deposition and protein accumulation of fibronectin, αSMA and
collagen I (Supplementary Fig. S10a–e). Although no significant
effect on renal mRNA expression of fibrotic (Supplementary
Fig. S9c–e) and inflammatory factors (Supplementary Fig. S9f–j),
PXR gene deficiency increased UUO-induced protein expression of
p-Smad3, fibronectin and αSMA (Supplementary Fig. S10f, g).

Fig. 6 PXR gene ablation exacerbates adenine-induced renal fibrosis. aMasson trichrome staining and immunostaining demonstrating that
PXR gene knockout increased adenine-induced extracellular matrix protein deposition and renal protein expression of fibronectin, αSMA and
collagen I. Scale bar: 100 μm. b–e Semiquantitative analysis of fibrotic area and protein expression levels in a (n= 4). f Western blot analysis
demonstrating that PXR gene knockout aggravated adenine-induced p-Smad3, fibronectin and αSMA expression. g Semiquantitative
measurement for the protein levels in f (n= 3). h Immunofluorescence analysis showing that PXR gene knockout increased adenine-induced
p-Smad3 activation. Scale bar: 50 μm. i Semiquantitative measurement of p-Smad3 in h (n= 3). Data represents the mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Consistently, PXR gene deficiency further increased UUO-induced
nuclear expression of p-Smad3 (Supplementary Fig. S10h, i).
Together, these results indicate that PXR dysfunction accelerates
the progression of renal fibrosis.

PXR activation inhibits the Wnt7a/β-catenin signaling in vivo
To elucidate the underlying mechanism by which PXR attenuates
renal fibrosis, we focused on the Wnt/β-catenin signaling pathway
given its important role in the pathogenesis of fibrosis [37–39]. We
measured the mRNA levels of all 19 Wnt molecules in the kidneys
of mice receiving adenine diet with or without PCN treatment for
4 weeks (Fig. 1a). The results revealed that adenine treatment
increased the mRNA expression of Wnt7a about ~13-fold in the
kidney, where adenine-induced Wnt7a expression can be
significantly inhibited by PCN (Fig. 7a). Consistently, adenine
markedly increased protein expression of Wnt7a and its down-
stream effector β-catenin, both of which were markedly sup-
pressed by PCN treatment (Fig. 7b, c), suggesting that PXR might
exert its anti-fibrotic effect by inhibiting the Wnt7a/β-catenin

pathway. In support, immunofluorescence study showed that PCN
treatment markedly inhibited adenine-induced expression and
nuclear translocation of active β-catenin protein (Fig. 7d). In line
with these findings, in another renal fibrosis model, PCN treatment
also markedly suppressed UUO-induced activation of the Wnt7a/
β-catenin pathway (Supplementary Fig. S11a–d). These results
demonstrate that the protective role of PXR in renal fibrosis is
likely mediated by inhibiting the Wnt7a/β-catenin pathway.

PXR activation and overexpression inhibit TGFβ1-induced fibrotic
gene expression in cultured renal tubular cells
To further confirm the protective effect of PXR on renal fibrosis,
mouse renal tubular epithelial cell lines (MTEC) were cultured and
treated with TGFβ1 to induce fibrotic gene expression in vitro.
PCN treatment blocked TGFβ1-induced fibronectin, αSMA and
collagen I mRNA expression (Supplementary Fig. S12a–c) and
reversed TGFβ1-elicted activation of p-Smad3 and protein
expression of fibronectin and αSMA protein (Fig. 8a–c). Similarly,
PXR overexpression by infecting the cells with an adenovirus

Fig. 7 PXR activation inhibits the Wnt7a/β-catenin signaling in the kidneys of adenine-treated mice. a Real-time PCR analysis
demonstrating the effect of PCN treatment on the expression of all 19 Wnt members in mice treated with adenine for 4 weeks. Adenine
induced ~13-fold increase in Wnt7a expression, which was significantly attenuated by PCN treatment (n= 4–8). b, c Western blot assay and
semiquantitative analysis indicate that PCN treatment significantly decreased adenine-induced protein levels of Wnt7a and its downstream
effector β-catenin (n= 3). d Immunofluorescence assay showed that PCN treatment inhibited adenine-induced activation of β-catenin. Scale
bar: 50 μm. Results are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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carrying a full-length mouse PXR cDNA (Ad-PXR) (Supplementary
Fig. S12d, e) also markedly inhibited the activation of the TGFβ1/
Smad3 signaling pathway and the expression of its downstream
fibrotic genes (Fig. 8d–f, Supplementary Fig. S12f–h). Collectively,
PXR activation and overexpression inhibit TGFβ1-induced expres-
sion of fibrosis-related genes in cultured renal tubular cells.

PXR activation and overexpression inhibit the Wnt7a/β-catenin
signaling in cultured renal tubular cells
To characterize the underlying mechanism by which PXR
suppresses renal fibrosis, we determined the effect of PXR on
the expression of the Wnt7a/β-catenin signaling in mouse renal
tubular epithelial cell. As expected, Wnt7a mRNA (Supplementary
Fig. S13a, b) and protein expression (Fig. 9a, b) was induced by
TGFβ1, which was accompanied by upregulation and activation of
its downstream target β-catenin (Fig. 9a–c). PXR activation by PCN
(Fig. 9a–c) or PXR overexpression (Fig. 9d–f) significantly abolished
TGFβ1-induced upregulation and activation of the Wnt7a/β-
catenin pathway. Given the critical role of the Wnt/β-catenin
pathway in organ fibrosis, these findings demonstrate that PXR
attenuates renal fibrosis by suppressing the activation of this
pathway.

PXR inhibits transcription of Wnt7a by interacting with p53
Previous studies have reported that p53 promotes the progres-
sion of renal fibrosis [40]. The Wnt/β-catenin signaling pathway is

the main target of p53 in regulating anti-differentiation of
embryonic stem cells and induction of Wnt signaling by p53 is
critical for driving mesendodermal differentiation of pluripotent
cells [41, 42]. In addition, PXR protein can physically interact with
p53 protein [43]. Based on these findings, we speculated that
PXR may inhibit the Wnt7a transcription through interacting with
p53 protein. In line with previous report, co-immunoprecipitation
(Co-IP) assay confirmed the physical interaction between PXR
and p53 in HEK293T cells (Fig. 10a). Furthermore, immunofluor-
escence staining revealed that the PCN treatment increased the
nuclear translocation of PXR and co-localization with p53 protein
in the nuclei of MTEC (Fig. 10b). To test whether p53 directly
regulates the transcription of Wnt7a gene, we searched the
JASPAR website and the PROMO database and found a classic
binding element of p53 between −257 bp and −243 bp in the
promoter region of mouse Wnt7a (Fig. 10c). By using the ChIP
assay, we found p53 can directly bind to the sequence between
−504 bp and −227 bp within the Wnt7a promoter, which was
significantly inhibited by overexpression of a PXR expression
vector (Fig. 10d, e), suggesting PXR can block p53-induced Wnt7a
gene transcription. Subsequently, we constructed a luciferase
reporter containing a 507 bp DNA fragment spanning the region
of −454 bp and +53 bp and co-transfected with the p53
expression vector in renal 293T cells. The results showed that p53
can significantly enhance the promoter activity of the Wnt7a
gene, which was markedly attenuated by PXR (Fig. 10f).

Fig. 8 PXR activation and overexpression inhibit TGFβ1-induced fibrotic gene expression in cultured MTEC. a Western blot analysis
demonstrating that PXR activation decreased TGFβ1-induced upregulation of p-Smad3, fibronectin and αSMA protein expression in MTEC.
b Semiquantitative analysis of the protein levels in a (n= 4). c Immunofluorescence assay showed that PXR activation attenuated TGFβ1-
induced activation of p-Smad3. Scale bar: 25 μm. d Western blot analysis demonstrated that adenovirus-mediated PXR overexpression
decreased TGFβ1-induced p-Smad3, fibronectin and αSMA expression in MTEC. e Semiquantitative analysis of the protein levels in d (n= 4).
f Immunofluorescence assay showed that PXR overexpression abolished the activation of p-Smad3 induced by TGFβ1. Scale bar: 25 μm.
Results are expressed as mean ± SEM. **P < 0.01, ***P < 0.001.
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Consistently, an adenovirus-mediated p53 overexpression (Sup-
plementary Fig. S14a, b) induced Wnt7a and β-catenin and their
downstream fibronectin expression (Fig. 10g–i). Furthermore,
p53-induced activation of the Wnt7a/β-catenin pathway was
significantly inhibited by siRNA-mediated Wnt7a gene knock-
down (Fig. 10g–i, Supplementary Fig. S14c, d). Together, these
findings demonstrate that PXR physically interacts with p53 to
inhibit Wnt7a expression, thereby attenuating fibrosis via
blocking the Wnt7a/β-catenin signaling pathway.

DISCUSSION
Given the high morbidity and mortality of CKD, identification and
validation of novel therapeutic targets are critical in the
development of effective drugs for the treatment of CKD. Renal
fibrosis is the ultimate manifestation of CKD with various
etiologies. Therefore, alleviating renal fibrosis is an attractive

strategy for the treatment of progressive renal disease [44]. In the
present study, we demonstrate a potential therapeutic effect of
PXR on renal fibrosis in two murine models of CKD. We found that
the mouse PXR activator PCN significantly improved renal function
and histological damages in both adenine diet-induced and
unilateral ureter obstruction (UUO)-associated renal fibrosis
models. The antifibrotic effect of the human PXR activator
rifampicin was further validated in a PXR-humanized mouse line.
In contrast, PXR gene deficiency markedly accelerated renal
fibrosis in both CKD models. Mechanistically, PXR physically
interacts with p53 to suppress p53-mediated gene transcription of
the profibrotic Wnt7a, thereby inhibiting the Wnt7a/β-catenin
pathway (Fig. 11). Collectively, our findings demonstrate that PXR
can alleviate renal fibrosis by inhibiting the Wnt7a/β-catenin
signaling via interacting with p53.
PXR is a member of the ligand-activated nuclear receptor

transcription factor superfamily, with high expression in the

Fig. 9 PXR activation and overexpression inhibit the Wnt7a/β-catenin signaling in cultured MTEC. a Western blot analysis demonstrating
that PXR activation inhibited Wnt7a and β-catenin expression after TGFβ1 treatment in MTEC. b Semiquantitative analysis of the protein levels
in a (n= 4). c Immunofluorescence assay showed that PXR activation inhibited the activation of β-catenin induced by TGFβ1 (5 ng/mL) for
24 h. Scale bar: 25 μm. d Western blot analysis demonstrated that PXR overexpression inhibited Wnt7a and β-catenin expression after TGFβ1
treatment in MTEC. e Semiquantitative analysis of the protein levels in d (n= 4). f Immunofluorescence assay showed that PXR activation
inhibited the activation of β-catenin induced by TGFβ1 (5 ng/mL) for 24 h. Scale bar: 25 μm. Results are expressed as mean ± SEM. **P < 0.01,
***P < 0.001.
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liver, small intestine and kidney [29]. In 2018, it was reported
that the expression of PXR was significantly increased in the
kidneys of CKD patients and mice with diabetic nephropathy
[45]. Similarly, PXR expression level was reported to be inversely
associated with the severity of liver fibrosis in patients with
chronic HCV infection and its activation exerts an anti-fibrosis
effect in a model of CCl4-induced liver injury [46–48]. These
findings suggest a possible association between PXR and the
pathogenesis of CKD. By using wild-type and PXR humanized or

gene deficient mice, the present study provides direct evidence
that PXR can alleviate renal function decline, improve structural
damages and suppress the activity of the TGFβ1/Smad3
signaling and gene expression of profibrotic genes in two
well-documented mouse CKD models, suggesting PXR may
represent an attractive novel therapeutic target for the treat-
ment of renal fibrosis in mice and humans. Whether the human
PXR activator especially rifampicin is effective in treating CKD
patients warrants further investigation.

Fig. 10 PXR physically interacts with p53 protein and inhibits p53-induced Wnt7a gene transcription and β-catenin activation. a Co-IP
assay showing protein-protein interaction between PXR and p53 in HEK293T cells co-transfected with both mouse PXR and human p53
expression vector. b Immunofluorescence assay demonstrating that PCN treatment increased nuclear co-localization of p53 and PXR protein.
Scale bar: 5 μm. c Identification of a putative p53 binding element using the JASPAR website. The predicted p53 binding site in mouse Wnt7a
promoter is located between −257 bp and −243 bp. ChIP assay (d) and quantitative analysis (e) revealed that PXR markedly blocked the
binding of p53 to mouse Wnt7a gene promoter. Mouse IgG served as a negative control (n= 3). f PXR overexpression significantly inhibited
p53-induced Wnt7a promoter-driven luciferase reporter activity in HEK293T cells (n= 4–7). g Western blot analysis demonstrated that
adenovirus-mediated p53 overexpression increased expression of Wnt7a, β-catenin and fibronectin. Wnt7a siRNA treatment eliminated p53-
induced β-catenin activation and fibronectin expression in MTEC. h Quantitative analysis of the protein levels in g (n= 4).
i Immunofluorescence assay showed that p53 overexpression increased the expression and activation of β-catenin, which was abolished
by Wnt7a siRNA. Scale bar: 25 μm Results are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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The Wnt/β-catenin signaling pathway plays a crucial role in
driving kidney fibrosis after injury. It is silenced in normal adult
kidneys and reactivated in various forms of CKD [49, 50]. A recent
study has shown that severe ischemia-reperfusion injury (IRI)
resulted in sustained and exaggerated Wnt/β-catenin activation in
the kidney, which was accompanied by development of renal
fibrotic lesions characterized by interstitial myofibroblast activa-
tion and excessive extracellular matrix deposition [51]. By screen-
ing all 19 members of the Wnt family, we identified Wnt7a as a
dominant isoform induced in the adenine diet-induced renal
fibrosis model. We further found that the expression of Wnt7a and
activity of its downstream signaling molecule β-catenin were
significantly upregulated in both adenine diet-induced and UUO-
associated fibrotic kidney disease models, which was markedly
suppressed by the treatment with PXR activator PCN. These
findings suggest that PXR can suppress the Wnt7a/β-catenin
pathway to attenuate renal fibrosis.
Although Wnt protein is the main activator of the β-catenin

signaling pathway, β-catenin can also be activated by other
factors, such as transforming growth factor β1 (TGFβ1), a central
profibrotic cytokine which binds and phosphorylates LRP6 to
induce Wnt7a expression and activate classic Wnt signaling
[52, 53]. In the present study, we found that PXR activation by
PCN or overexpression via an adenovirus-mediated approach
inhibits TGFβ1-induced activation of the Wnt/β-catenin signal
pathway accompanied by a marked reduction in Smad3
phosphorylation and fibrotic gene expression in cultured renal
tubular epithelial cells. Consistent with the in vitro results, PXR
activation also significantly ameliorated renal fibrosis and reduced

the expression and activity of the Wnt7a/β-catenin pathway, as
well as phosphorylated Smad3 and the production of extracellular
matrix proteins. Together, these findings demonstrate that PXR
activation-mediated attenuation of renal fibrosis is associated with
a marked inhibition of the TGFβ-Smad and Wnt/β-catenin
signaling pathways.
TGFβ1 is the principal driver of tissue scarring mainly through

the canonical TGFβ1/Smad3 pathway leading to renal interstitial
fibrosis and eventual renal failure [54]. Increasing evidence
suggests that TGFβ1 also promotes renal fibrosis via the non-
canonical signaling involving p53 and Wnt/β-catenin networks
[40]. p53 is a prominent tumor suppressor and plays a central role
in DNA damage repair, growth arrest, senescence, and apoptosis.
However, in recent years, p53 has been found to co-operate with
other signaling pathways to promote renal fibrosis [55–57]. Its
expression and activity are significantly upregulated in many renal
diseases and contribute to the pathogenesis of acute renal injury
and CKD [54, 58]. It has been previously reported that
TGFβ1 stimulates the assembly of a p53-Smad3 protein complex,
which is required for transcription of the renal fibrotic genes
[40, 59]. In addition, the Wnt/β-catenin signaling pathway is the
main target of p53 and molecular interaction and reciprocal
transactivation between the p53 and Wnt pathway have been
revealed [41, 60–62]. These findings raise a possibility that p53
may promote the development of renal fibrosis by activating the
TGFβ-Smad3 and Wnt/β-catenin signaling pathways. In the
present study, we found that PXR is colocalized with p53 in
the nucleus where it physically interacts with p53 proteins. The
molecular interaction between PXR and p53 reduces the binding
of p53 to the promoter region of the Wnt7a gene, thereby
suppressing p53-induced Wnt7a expression and the activity of the
downstream effector β-catenin. In addition, the crosstalk between
PXR and p53 also diminishes the assembly of p53-Smad3 complex,
leading to the inhibition of Smad3-induced profibrotic gene
transcription. Collectively, these results demonstrate that PXR
alleviates renal fibrosis through suppressing both TGFβ/Smad3
and Wnt7a/β-catenin pathways via physically interacting with p53
in the kidney (Fig. 11).
In summary, the present study reports evidence that PXR

activation improves kidney function and attenuates renal fibrosis
in two murine fibrotic kidney models generated in wild-type, PXR
gene knockout and PXR-humanized mice. Global deletion of PXR
markedly worsens renal fibrosis following adenine diet feeding or
ureter obstruction. The renoprotective effect of PXR is associated
with a marked reduction of Smad3 and β-catenin expression and
activity. The underlying mechanism appears to be related to the
protein interaction between PXR and p53, which suppresses p53-
induced Wnt7a gene transcription and Smad3-elicited profibrotic
gene expression. Therefore, PXR plays a critical role in the
pathogenesis of renal fibrosis and pharmacological targeting the
PXR-p53 interaction represents an attractive therapeutic strategy
for the treatment of CKD.
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Fig. 11 Proposed mechanisms by which PXR alleviates kidney
fibrosis through interacting with p53. Fibrotic kidney exhibits
increased expression of p53, which promotes the assembly of the
p53/p-Smad3 complex to induce profibrotic gene expression. In
addition, p53 can bind to the promoter region of Wnt7a to increase
Wnt7a transcription and β-catenin activation, leading to increased
expression of the downstream profibrotic genes. By physically
interacting with p53, PXR reduces the binding of p53 to p-Smad3
protein and Wnt7a gene promoter to suppress both the p-Smad3
and β-catenin signaling, thereby attenuating renal fibrosis. Fzd
Frizzled, LRP5/6 low density lipoprotein receptor related protein-5 or
−6, PRR prorenin receptor, CBP cAMP response element binding
protein (CREB)-binding protein, TCF T-cell factor, LEF lymphoid
enhancer-binding factor.
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