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Background and Purpose: Increasing evidence has indicated that the high risk of car-
diovascular disease in chronic kidney disease (CKD) patients cannot be sufficiently
explained by classic risk factors.

Experimental Approach: Based on the least absolute shrinkage and selection opera-
tor method, we identified significantly altered renal tissue metabolites during pro-
gressive CKD in a 5/6 nephrectomized rat model and in CKD patients.

Key Results: Six aryl-containing metabolites (ACMs) were significantly increased
from Week 1 to Week 20. They were associated with the activation of aryl hydrocar-
bon receptor (AhR) and its target genes including CYP1A1, CYP1A2 and CYP1B1,
which were further validated by molecular docking. Our study further demonstrated
that AhR signalling could be activated by ACM in patients with idiopathic membra-
nous nephropathy, diabetic nephropathy and IgA nephropathy. Most importantly,
1-aminopyrene (AP) showed strong positive and negative correlation with serum cre-
atinine and creatinine clearance, respectively. AP significantly up-regulated the
mRNA expressions of AhR and its three target genes in both mice and NRK-52E cells,
while this effect was partially weakened in AhR small hairpin RNA-treated mice and
NRK-52E cells. Furthermore, dietary flavonoid supplementation ameliorated CKD
and renal fibrosis through partially inhibiting the AhR activity via lowering the ACM
levels. The antagonistic effect of flavonoids on AhR was deeply influenced by the
number and location of hydroxyl and glycosyl groups.

Conclusion and Implications: We uncovered that endogenous AP is a novel mediator
of CKD progression via AhR activation; thus, AhR might serve as a promising target
for CKD treatment.

Abbreviations: ACMs, aryl-containing metabolites; AhR, aryl hydrocarbon receptor; AP, 1-aminopyrene; BSA, barleriside A; Ccr, creatinine clearance rate; CKD, chronic kidney disease; DN,
diabetic nephropathy; eGFR, estimated GFR; EMT, epithelial-to-mesenchymal transition; ESRD, end-stage renal disease; FSP1, fibroblast-specific protein 1; IAA, indole-3-acetic acid; IgAN, IgA
nephropathy; IMN, idiopathic membranous nephropathy; IS, indoxyl sulfate; NX, 5/6 nephrectomized; PAHs, polycyclic aromatic hydrocarbons; PAS, Periodic Acid-Schiff; PCA, principal
component analysis; PHF, 5,7,3',4",5'-pentahydroxy flavanone; RHO, rhoifolin; SBP, systolic BP; a-SMA, a-smooth muscle actin.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is a major cause of high morbidity and
mortality. The higher risk of cardiovascular disorders in chronic kidney
disease patients cannot be sufficiently explained by classic factors
such as tobacco use, high BP, obesity, diabetes mellitus and hyper-
cholesterolaemia (Gansevoort et al., 2013). The uraemic environment
itself is harmful and uraemic toxins play a critical role in chronic kidney
disease patients. Uraemic toxins derived from tryptophan metabolism
via the indolic pathway including indoxyl sulfate (IS) and indole-
3-acetic acid (IAA) were recognized as endogenous aryl hydrocarbon
receptor (AhR) ligands. Thus they could trigger aryl hydrocarbon
receptor activation in patients with chronic kidney disease (Dou
et al., 2015; Gondouin et al., 2013; Zhao et al., 2019). The aryl hydro-
carbon receptor was initially discovered by virtue of its pivotal role as
a mediator of toxic responses to environmental pollutants and
chemicals, including halogenated aromatic hydrocarbons and polycy-
clic aromatic hydrocarbons (PAHSs), such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (lu et al, 2017; Shinde &
McGaha, 2018). Recently, studies have shown that aryl hydrocarbon
receptor can be activated not only by a myriad of xenobiotics from
the environment, diet and microbiome but also by several endogenous
ligands involved in the regulation of organ development and tissue
homeostasis under normal and disease states (Dolivo, Larson, &
Dominko, 2018; Gutierrez-Vazquez & Quintana, 2018; Lamas
et al., 2016). Mounting evidence has demonstrated that the activation
of aryl hydrocarbon receptor is associated with an increased risk of
cancer, chronic kidney disease and autoimmune disorders (Cheong &
Sun, 2018; Corre et al., 2018; Song, Ramprasath, Wang, & Zou, 2017).

Extensive studies have suggested that tryptophan-derived indoxyl
sulfate and indole-3-acetic acid are endogenous aryl hydrocarbon
receptor ligands that trigger aryl hydrocarbon receptor activation
(Brito et al., 2017; Sallee et al., 2014). A study reported that indole
metabolites up-regulated tissue factor expression by an aryl hydrocar-
bon receptor-dependent pathway during Stages 3-5D in chronic kid-
ney disease patients. Up-regulated tissue factor expression was
positively correlated with the levels of serum indoxyl sulfate and
indole-3-acetic acid in patients with chronic kidney disease (Gondouin
et al., 2013). Indoxyl sulfate and indole-3-acetic acid further up-
regulated the expression of eight aryl hydrocarbon receptor down-
stream genes including CYP1A1, CYP1A2 and CYP1B1 in human
umbilical vein endothelial cells (Gondouin et al., 2013). Another study
revealed that indole-3-acetic acid activated the aryl hydrocarbon rec-
eptor/NF-xB pathway, which mediated COX-2 expression and indole-
3-acetic acid elevated the production of ROS both in vivo and in vitro
(Dou et al., 2015). In addition, the indoxyl sulfate level significantly
correlated with aryl hydrocarbon receptor activity in patients with

What is already known

e AhR is a cytoplasmic transcription factor receptor acti-
vated in CKD which mediates renal fibrosis.

o Tryptophan-derived metabolites including indoxyl sulfate
and indole-3-acetic acid were recognized as endogenous
AhR ligands.

What this study adds

e 1-Aminopyrene activated AhR and target genes mediates
renal fibrosis in both mice and NRK-52E cells.
e Flavonoid supplementation ameliorated CKD and renal

fibrosis by inhibiting AhR signalling via lowering ACM.
What is the clinical significance

e AhR may be a promising therapeutic target strategy for
treating CKD and renal fibrosis.

end-stage renal disease (ESRD) (Shivanna et al., 2016). The least abso-
lute shrinkage and selection operator is a regularized regression tech-
nique well suited for reduction of high-dimensional data to select
differential metabolites (Chung et al., 2019; Li et al., 2018). Using the
5/6 nephrectomized (NX) chronic kidney disease rat model, we first
developed a logistic least absolute shrinkage and selection operator-
based feature selection model on the m/z data set to select the stron-
gest metabolite determinants of chronic kidney disease progression
by ultra-performance LC (UPLC) coupled with high-definition mass
spectrometry-based metabolomics. Secondly, we investigated
whether aryl hydrocarbon receptor expression could be activated by
identifying endogenous aryl-containing metabolites (ACMs) as ligands
in 5/6 nephrectomized rats and in patients with idiopathic membra-
nous nephropathy (IMN), diabetic nephropathy (DN) and IgA nephrop-
athy (IgAN). Thirdly, we identified three new aryl hydrocarbon
receptor antagonists, 5,7,3,4',5-pentahydroxy flavanone (PHF),
barleriside A (BSA) and rhoifolin (RHO), which were isolated from
Semen Plantaginis. These compounds retarded renal fibrosis by
suppressing aryl hydrocarbon receptor and its target gene expression,
through mediation by aryl-containing metabolite, in chronic kidney
disease rats.
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2 | METHODS

2.1 | Patient selection

Serum and urine were collected from 52 patients with idiopathic
membranous nephropathy, 50 patients with diabetic nephropathy and
51 patients with IgA nephropathy, as well as 50 age-matched healthy
controls who underwent renal biopsy or donors between February
2011 and November 2018 at Shaanxi Traditional Chinese Medicine
Hospital, Xi'an No. 4 Hospital, Xi'an Jiaotong University and Baoji
Central Hospital. All patients provided informed consent to participate
in the study. All participants were ethnic Chinese and the estimated
GFR (eGFR) was calculated by the modified chronic kidney disease
Epidemiology Collaboration equation since it could improve the accu-
racy of GFR determination in Chinese chronic kidney disease patients
(Wang et al., 2016). Patients with cancer, active vasculitis, liver dis-
ease, gastrointestinal pathology or acute kidney injury were excluded
from the study. Healthy controls were excluded if they had any of the
following conditions:- diabetes, hypertension, cardiovascular disease,
kidney dysfunction or use of regular medications. Serum samples
were obtained after an overnight fasting and the blood biochemistry
was determined by the clinical laboratory. The sample collection was
approved by the Shaanxi Traditional Chinese Medicine Hospital
(Permit Number SXSY-235610). The study was approved by the Ethi-
cal Committee of Northwest University and all procedures were con-
ducted in accordance with the Helsinki Declaration.

2.2 | Animal experimental design

All animal care and experimental procedures were approved by the
Ethics Committee for Animal Experiments of Northwest University
(No. SYXK2010-004). Eight-week-old male Sprague-Dawley rats (6--
8 weeks old, weighing 190-210 g, RRID:RGD_728193) and male
C57BL/6 mice (6-8 weeks old, weighing 20-25 g) were purchased
from the Central Animal Breeding House of Xi'an Jiaotong University
(Xi'an, Shaanxi, China). The mice were provided food and water ad
libitum and housed in plastic cages (<5 mice per cage) placed in a spe-
cific pathogen-free air-conditioned vivarium under 40%-70% humid-
ity at 22 £ 2°C and a 12-h light/12-h dark cycle. They were
acclimatized to their housing environment for 7 days prior to experi-
mentation and to the experimental room for 1 h before the experi-
ments. Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and
with the recommendations made by the British Journal of
Pharmacology.

The rats were randomly divided into two groups, sham and 5/6
nephrectomized groups. Briefly, following anaesthesia with sodium
pentobarbital by intraperitoneal injection (3%, 10 ml-kg™%), 2/3 por-
tion of the left kidney was excised. Subsequently, the whole right kid-
ney was removed by scalpel excision after 1 week. Gelfoam coagulant
was further applied on the cut surfaces, while the sham group was

treated under the same surgical procedure without nephrectomy
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operation. Eight 5/6 nephrectomized rats were selected randomly,
anaesthetized with 10% urethane and killed at Weeks O, 1, 2, 3, 4, 5,
6,9, 12 and 20. The remnant kidneys were collected for the following
studies.

To study the effect of 1-aminopyrene (AP) on aryl hydrocarbon
receptor expression, C57BL/6 mice were randomized into two
groups (n = 24), control and 1-aminopyrene-treated groups. The
AP-treated group was given 200 mg-kg™? 1-aminopyrene through
oral gavage every day, whereas the control mice received the same
volume of normal saline. Six mice were selected from each of the
two groups, randomly anaesthetized with 10% urethane and killed
at Weeks 0, 3, 6 and 9. The kidneys were collected for the follow-
ing studies.

In order to examine the potential of barleriside A and 5,7,3',4',5'-
pentahydroxy flavanone as novel aryl hydrocarbon receptor antago-
nists, the rats were randomized into the sham, 5/6 nephrectomized,
barleriside A and 5/6
nephrectomized + 5,7,3',4',5'-pentahydroxy flavanone groups (n = 8).

5/6 nephrectomized +

Once daily, from the ninth to 12th week, 10 mg-kg™! barleriside A and
5,7,3 4,5 -pentahydroxy flavanone were administered to the 5/6
barleriside A and 5/6

nephrectomized + 5,7,3',4’,5'-pentahydroxy flavanone groups, respec-

nephrectomized +

tively, by oral gavage and all rats were killed at the 12th week. For
biochemical analysis, 24-h urine and serum samples were collected,
while the remnant kidney in the 5/6 nephrectomized rats was col-

lected for the following studies.

2.3 | Metabolomic analysis

The kidney tissue samples from rats and humans were analysed using
a 2.1 mm x 100 mm ACQUITY 1.8-um HSS T3 column on a Waters
Acquity™ UPLC system equipped with a Waters Xevo™ G2 QTof MS
(Milford, MA, USA). Metabolomic procedures including sample prepa-
ration, metabolite separation and detection, data pre-processing and
statistical analysis for metabolite identification were performed fol-
lowing our previous protocols with minor modifications (Chen, Cao,
et al.,, 2019; Feng et al., 2019; Zhao, Cheng, et al., 2013; Zhao, Liu,
Cheng, Bai, & Lin, 2012).

2.4 | Knockdown of aryl hydrocarbon receptor in
mice and knockdown and knockin of aryl hydrocarbon
receptor in NRK-52E cells

Adenovirus carrying small hairpin RNA (shRNA) against aryl hydrocar-
bon receptor or non-specific ShRNA (scramble) was designed and con-
structed by Sangon (Shanghai, China). The lentivirus delivery was
performed as previously described with minor modifications (Hao,
Bellner, & Ferreri, 2013; Kim et al., 2009). After anaesthesia, the fur of
the mice was shaved off. The left kidney of the mouse was exposed
surgically. During the injection, the renal vein, artery and ureter were

avoided. The depth of the needle was approximately 0.5 cm and
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100 pl of virus was injected in 2-3 s. The mice were injected with
recombinant lentivirus vector by a 31-G needle at the lower pole of
the kidney parallel to the long axis. Next, 100 pl of lentivirus cocktail
(1 x 105 IU-pI"Y) were injected into the kidney. After the injection, the
needle was removed after waiting for 2-3 s. The kidney was carefully
replaced and the wound was sutured. The kidney tissues were col-
lected at Week 9 after the injection and the effect of the shRNA
against aryl hydrocarbon receptor was determined by aryl hydrocar-
bon receptor mRNA expression.

Normal rat kidney proximal tubular epithelial cells NRK-52E
(JCRB Cat# IFO50480, RRID:CVCL_0468) were transfected with 3 pl
of 10-uM shRNA aryl hydrocarbon receptor or scramble per well, as
per by using Lipofectamine RNAIMAX (Invitrogen, New York, USA).
NRK-52E cells were also transfected with lentivirus expressing full-
length aryl hydrocarbon receptor cDNA (aryl hydrocarbon receptor
over) or vector according to the manufacturer's protocols. Cell sam-
ples were processed by quantitative RT-PCR (qRT-PCR) and Western
blot analysis.

2.5 | Cell viability analysis

NRK-52E cells were cultured in DMEM-F12 supplemented with 10%
FBS at 37°C with 5% CO, and a CCK-8 kit was used to detect cell via-
bility based on the manufacturer's protocol. Next, 1 x 10* cells plated
in 96-well plates were treated with 0, 2.5, 5, 10, 20 and 40 nM of
1-aminopyrene (98% purity, Sigma-Aldrich, St. Louis, MO, USA) for
24 h or 10 nM of 1-aminopyrene for O, 6, 12, 24, 48 and 72 h, while
cells treated with 0.1% DMSO were employed as the vehicle control.
The absorbance of each pore at 450 nm was detected using a micro-
plate reader. Moreover, the cell viability at each concentration was

measured repeatedly for six times.

2.6 | 1-Aminopyrene-mediated effect on aryl
hydrocarbon receptor and antagonistic effect of
flavonoids in NRK-52E cells

In order to analyse the effect of 1-aminopyrene on the expressions of
the aryl hydrocarbon receptor mRNA and protein, the NRK-52E cells
were exposed to 1-aminopyrene (0, 0.1, 1 and 10 nM) for 24 h or
10 nM of 1-aminopyrene for O, 6, 12 and 24 h. Additionally, the NRK-
52E cells were co-cultured with 1-aminopyrene (10 nM) and 10 pM of
5,7,3 4" ,5'-pentahydroxy flavanone, barleriside A or rhoifolin for 24 h
to investigate the antagonistic effect of flavonoids on 1-aminopyrene-
induced aryl hydrocarbon receptor expression. CH223191 (10 uM)
was used as the positive control.

2.7 | Luciferase assay

Aryl hydrocarbon receptor activity was determined in the NRK-52E
cells using a luciferase reporter assay system kit (Promega, Madison,

WI, USA) (Ma et al., 2019; Zhang et al., 2018). NRK-52E cells were
treated with 1-aminopyrene with or without an aryl hydrocarbon
receptor antagonist for 24 h. Cell luciferase activity was detected by
using a luciferase detection system substrate based on the manufac-

turer's directions.

2.8 | Renal function evaluation and BP

Serum creatinine, urine creatinine and proteinuria were measured
using an Olympus AU6402 automatic analyser. The urine
protein/creatinine ratio and creatinine clearance rate (Ccr) were cal-
culated. Systolic BP (SBP) was measured weekly through the rat
tail-cuff BP instrument (Techman Soft, Chengdu, Sichuan, China)
and all rats were acclimatized to this procedure for 1 week before
measurement. The measurement of SBP was carried out between
8:00 and 11:00 am to avoid the influence of the circadian rhythm
on BP and heart rate. Six measurements were obtained in each rat
at 2- to 3-min intervals and the mean values of SBP were

calculated.

2.9 | Light microscopic study

A light microscopic study was performed on 10% formalin-fixed,
paraffin-embedded biopsies that were stained with haematoxylin-
eosin (HE), Periodic Acid-Schiff (PAS) and Masson's trichrome
staining, as previously described (Zhang et al, 2016; Zhang
et al., 2015). The sections (5 um) were stained using the Periodic
Acid-Schiff method and used for histological analyses. The total num-
ber of glomeruli on each slide was counted and assessed for each rat
(range 30 to 120). The incidence of glomerular sclerosis, tubular
dilation/hyaline deposition and interstitial fibrosis was quantitatively
assessed, as previously described (Lin et al., 2002). The extent of glo-
merular damage was assessed by examining 50 glomeruli in each rat
and calculated as the percentage of glomeruli presenting focal or
global sclerotic lesions (lyoda, Shibata, Hirai, Kuno, & Akizawa, 2011).
Glomerulosclerosis was evaluated using a semiquantitative score
from O to 4 (0, no sclerosis; 1, sclerosis up to 25% of glomeruli;
2, sclerosis from 25% to 50% of glomeruli; 3, zsclerosis from 50% to
75% of glomeruli and 4, sclerosis >75% of glomeruli) and the
glomerulosclerosis score was obtained as follows:- [(1 x number of
glomeruli with +1) + (2 x number of glomeruli with +2) + (3 x number
of glomeruli with +3) + (4 x number of glomeruli with +4)] x 100/
2011).

Tubulointerstitial damage was defined as inflammatory cell infiltrates,

total number of glomeruli examined (lyoda et al.,

tubular  dilation and/or atrophy or interstitial fibrosis.
Tubulointerstitial damage was examined in successive fields in entire
cortical and juxtamedullary areas that were suitable for specimen
evaluation by computer-assisted image analysis; the damage was
scored on a 0 to 5 scale (Grade 0, no changes; Grade 1, <10%; Grade
2, 10% to 25%; Grade 3, 25% to 50%; Grade 4, 50% to 75% and

Grade 5, 75% to 100%), as described in our previous study
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(Rodriguez-Iturbe et al., 2005), depending on the extent of interstitial

infiltration, tubular dilatation and fibrosis (Rodriguez-lturbe
et al., 2005). All histological analyses were performed by two investi-

gators in a blinded manner.

2.10 | Immunohistochemistry

The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
et al., 2018). aryl hydrocarbon receptor, collagen | and a-smooth mus-
cle actin (a-SMA) expression was evaluated using paraffin sections of
kidney tissues. After antigen retrieval in citrate buffer or fixation in
acetone for 10 min, the sections were treated with H,O, to eliminate
endogenous peroxidase activity and blocked with avidin-biotin and
biotin-streptavidin. The sections were then incubated overnight at
4°C with primary antibodies against anti-aryl hydrocarbon receptor
(ab84833), anti-collagen | (ab34710) and anti-a-SMA (ab7817). Next,
the sections were washed with PBS and treated with a goat anti-
rabbit (PV-6001, ZSGB-BIO, Beijing, China) or goat anti-mouse (PV-
6002, ZSGB-BIO) secondary antibody for 1 h. Diaminobenzidine was
used as a chromogen. Results are expressed as the percentage of pos-
itively stained area. Evaluations were performed by two investigators
in a blinded fashion. Image analysis was performed by using the
(Media Bethesda, MD, RRID:

Image-Pro  Plus Cybernetics,

SCR_007369).

2.11 | Immunofluorescence

HK-2 cells were cultured on coverslips and fixed with 4% paraformal-
dehyde for 10 min at 4°C. After being blocked with normal goat
serum for 30 min, the cells were incubated with primary antibody
directly against anti-aryl hydrocarbon receptor (ab84833) at 4°C over-
night. The secondary antibodies Alexa Fluor® 488 conjugated goat
anti-rabbit 1gG H&L were incubated for 2 h at room temperature.
DAPI was used to detect nuclear localization. The stained cells were
mounted with 80% glycerol/PBS for subsequent examination using a
laser-scanning confocal microscope (FV1000, Olympus, Japan) with
FV10-ASW 4.0 VIEW.

2.12 | Quantitative real-time PCR

Total RNA was extracted and isolated from the renal cortex or cells by
Trizol reagent (RNAiso Plus, Takara Bio, Japan) according to the manu-
facturer's instructions. The gRT-PCR analysis was performed as we
previously described (Wang et al., 2018). The primers were synthe-
sized by Sangon Biotech (Shanghai, China); the specific primers are
listed in Table S1. The gene expressions were normalized by the
housekeeping gene f-actin and the fold increase over the control
values was calculated by relative quantification using the 27PAACt

method.
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2.13 | Western blot analysis

All solutions, tubes and centrifuges were maintained at 0°C to 4°C.
Cytoplasmic and nuclear extracts were prepared according to our pre-
vious study (Choi, Lim, & Hong, 2010). Briefly, after harvesting cells
with trypsin-EDTA and washing them with PBS, the cells were moved
to a 1.5-ml microcentrifuge tube and centrifugated at 500xg for 3 min
and the supernatant was discarded. The kidney tissue was cut into
small pieces in a microcentrifuge tube and centrifugated at 500xg for
5 min and the supernatant was discarded. Next, ice-cold cytoplasmic
extraction reagent | was added to the cell pellet or homogenized tis-
sue. After vortexing the tube vigorously for 15 s, it was incubated on
ice for 10 min. Ice-cold cytoplasmic extraction reagent Il was added to
the tube. After vortexing the tube for 5 s, it was incubated for 1 min
on ice. The tube was centrifuged for 5 min at maximum speed in a
microcentrifuge. The supernatant was the cytoplasmic extract and it
was transferred to a clean pre-chilled tube. The insoluble fraction was
suspended in ice-cold nuclear extraction reagent and after vortexing
for 15 s, the tube was vortexed every 10 min at maximum speed for a
total of 40 min. The tube was centrifuged at maximum speed for
10 min. The supernatant was the nuclear extract and it was trans-
ferred to a clean pre-chilled tube. The supernatant containing nuclear
proteins was stored at —80°C. The protein concentrations in the tis-
sue homogenates and nuclear extracts were determined by the Bio-
Rad protein assay. Western blot analysis was carried out as previously
described (Wang et al., 2018; Zhang et al., 2016). The primary anti-
bodies including anti-aryl hydrocarbon receptor, anti-collagen |, anti-
a-smooth muscle actin, anti-fibronectin, anti-vimentin, anti-fibroblast-
specific protein 1 (FSP1) and anti-E-cadherin were purchased from
Abcam Company (Cambridge, MA, USA) or Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Secondary antibodies including goat anti-rabbit
or goat anti-mouse were purchased from Abbkine Scientific Co., Ltd
(CA, USA\). Briefly, the lysates were separated by 10% SDS-PAGE and
electrophoretically transferred onto PVDF membranes (Millipore
Corp., Bedford, MA, USA). The membranes were incubated in 1x Tris-
buffered solution, 0.1% Tween-20 and 5% non-fat milk blocking
buffer for 1 h at room temperature, probed with the indicated primary
antibodies overnight at 4°C and then incubated with a goat anti-rabbit
(A21020) or goat anti-mouse (Abbkine Cat# A21010, RRID:
AB_2728771) secondary antibody. The blots were developed using
enhanced chemiluminescence reagent and the protein levels were
normalized to GAPDH or a-tubulin expression. Specific bands indicat-
ing target proteins were analysed using the Image) 1.48v software
(RRID:SCR_003070).

2.14 | Molecular ligand docking and binding energy
calculations

The chemical structures of six aryl-containing metabolites and three
flavonoids were sketched on the ACD/ChemSketch tool and energy
minimization of both the target aryl hydrocarbon receptor and the

compounds was optimized on Molecular Operating Environment
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(MOE 2014.0901). The Periodic Acid-Schiff domain of the aryl
hydrocarbon receptor is the ligand-binding domain. The structures
of several [Per]-aryl hydrocarbon receptor nuclear
minded [Sim] (Periodic Acid-Schiff)
domains are currently available in the protein data bank (Protein
Data Bank id: 4ZPR, identities: 32%), which are selected for esta-

blishing a homology model of the mouse aryl hydrocarbon

period

translocator [Arnt]-single

receptor-ligand-binding domain according to their structure similar-

ity with aryl hydrocarbon receptor in this region (Bisson
et al., 2009). Docking analyses were carried out using the program
AutoDock 4.0 (RRID:SCR_012746) to predict the conformation and
orientation of the ligand on the surface of the Periodic Acid-Schiff-
B domain of aryl hydrocarbon receptor. Each of the aryl hydrocar-
bon receptor ligand-binding domains was generated by using the
homology model protocol as previously described (Ginalski, 2006).
The mouse aryl hydrocarbon receptor- ligand-binding domain
homology model was used to characterize the ligand-binding pocket
when the model was established. Additionally, this aryl hydrocarbon
receptor- ligand-binding domain homology model was used to
structurally analyse metabolites with high binding affinity towards
aryl hydrocarbon receptor. The lower equilibrium dissociation con-

stant (Kp) was calculated.

2.15 | Desorption electrospray ionization mass
spectrometry imaging

Flash-frozen kidney tissue slides were thawed at room temperature
before being analysed by desorption electrospray ionization mass
spectrometry. Desorption electrospray ionization mass spectrometry
imaging for the distribution of 1-aminopyrene in the kidney tissues of
the mice was carried out on a Xevo G2-XS Q-TOF mass spectrometer
(Waters Corporation, Milford, MA) equipped with a two-dimensional
DESI source (Waters Corporation) and a custom-built inlet capillary
heated to 490°C. DESI parameters were optimized for the best spatial
resolution and signal intensity on the kidney tissues and were as fol-

1. nebuliz-

lows: solvent, methanol/water, 95:5; flow rate, 0.5 pl-min~
ing gas, nitrogen; gas pressure, 4.5 bar; sprayer incidence angle, 75°;
spray voltage, 4.5 kV; cone voltage, 80 V; collection angle, 10°;
sprayer-to-inlet distance, 10 mm; sprayer-to-sample distance, 1.5 mm;
0.1-mM NH4Cl and 0.1-mM leucine enkephalin delivered at

1.5 plmin~?

; mass range, m/z, 100-1,200; and X and Y pixel size,
50 pm. Mass spectrometric parameters were as follows: source offset,
—80 V; source temperature, 120°C; and scan time, 4 s. The spectra
were recalibrated for high mass accuracy by using the accurate mass
of leucine enkephalin as the lock mass (m/z 554.2615) present in the
solvent spray. The desorption electrospray ionization-mass spectrom-
etry imaging was performed for 1-aminopyrene (m/z 218.09, +H
adduct) in the positive ion mode. The mass spectrometry imaging data
for the kidney tissues were obtained from raw mass spectrometry files
by using the High Definition Imaging package (Waters Corporation)
and MassLynx version 4.1 (Waters, Milford, MA, USA, RRID:
SCR_014271).

2.16 | Statistics analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018). The number of replicates was
six to eight per group for each data set and the results were presented
as the mean + SEM unless stated otherwise. Statistical analyses were
performed with R 2.15.0 and the GraphPad Prism software v 6.0 (San
Diego, CA, USA, RRID:SCR_002798). A two-tailed unpaired Student's
t test was used for the comparison between two groups and statisti-
cally significant differences among more than two groups were
analysed using one-way ANOVA followed by Dunnett's post hoc tests
when F achieved P < 0.05 and there was no significant variance in
homogeneity. Some results were normalized to the control to avoid
unwanted sources of variation. P < 0.05 was considered to indicate
significant differences. Principal component analysis (PCA) was per-
formed using the MarkerLynx XS software (Waters Corporation) to
cluster the sample plots across different groups.

2.17 | Materials

All materials were purchased from Sigma-Aldrich unless otherwise
stated. Details of the primer sequences used in the study are shown
in Supporting Information.

2.18 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018) and are permanently archived in the
Concise Guide to PHARMACOLOGY 2019/20 (Alexander, Fabbro,
et al.,, 2019; Alexander, Kelly, et al., 2019).

3 | RESULTS

3.1 | Renal function and histology

As shown in Figure 1a, following 5/6 nephrectomized, the rats
exhibited significantly elevated SBP and serum creatinine levels. 5/6
nephrectomized led to significant proteinuria accompanied by a signif-
icant decrease in creatinine clearance rate and gradual loss of renal
function that caused progressive renal damage, leading to end-stage
renal disease. Morphologically, slight kidney damage was observed at
the early stages of 5/6 nephrectomized. 5/6 nephrectomized resulted
in typical tubulointerstitial fibrosis (TIF) at week 9; 5/6 neph-
exhibited focal

glomerulosclerosis at Weeks 12 and 20, respectively (Figure 1b). Ini-

rectomized segmental glomerulosclerosis and
tially, progressive renal injury only existed in localized areas of the

renal cortex, while hypertrophy, TIF and glomerulosclerosis spread


info:x-wiley/rrid/RRID:SCR_012746
info:x-wiley/rrid/RRID:SCR_002798
http://www.guidetopharmacology.org
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FIGURE 1 Analysis of BP, kidney function and renal damage after 5/6 nephrectomized (NX) in rats. (a) Biochemical indexes including systolic
BP, serum creatinine, 24-h urinary protein excretion and GFR measured by creatinine clearance rate (Ccr). (b) Light microscopic results in the
study groups. Representative pictures stained with Periodic Acid-Schiff (PAS). (c) Morphologic evaluation of the scores of tubulointerstitial
fibrosis and glomerulosclerosis in the study groups. Blue arrows indicate tubulointerstitial fibrosis at Week 9; red arrows indicate focal segmental
glomerulosclerosis at 12 weeks and glomerulosclerosis at 20 weeks. 'P < 0.05 versus sham-operated group
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widely throughout the cortex area as the disease progressed from
Weeks 9 to 20 (Figure 1c).

3.2 | Significantly altered metabolic profile in the
course of chronic kidney disease progression

To evaluate the systemic changes in the metabolome of the rat rem-
nant kidney tissue, untargeted metabolomics was performed in both
positive and negative ion modes. A two-predictive component princi-
pal component analysis was performed by using all the metabolite
jons from the sham and 5/6 nephrectomized rats at Weeks O, 1,
2,3,4,5, 6,9, 12 and 20. As shown in Figure 2a, unsupervised prin-
cipal component analysis score plots showed the significantly altered
metabolic profile between the healthy rats and the rats at different
stages of chronic kidney disease. Furthermore, principal component
analysis can be used to distinguish the different stages of progres-
sive chronic kidney disease, indicating that the tissue metabolic pat-
tern was significantly altered in the remnant kidney (Figure 2a). The
metabolic trajectories in the 5/6 nephrectomized rats (first week)
shifted away from that in the sham rats along the t[1] axis, with a
maximum shift reached by the 20th week (Figure 2a). Intriguingly,
the principal component analysis showed that the 5/6 neph-
rectomized rats at Week 3 were completely separated from the 5/6
nephrectomized rats at Weeks 1 and 2, as well as from the 5/6
nephrectomized rats at Weeks 4, 5 and 6. The 5/6 nephrectomized
rats at Week 1 were not completely separated from those at Week
2. Similarly, there was partial separation among 5/6 nephrectomized
rats at Weeks 4, 5 and 6. Furthermore, 5/6 nephrectomized might
lead to the development of early renal injury before the third week,
which further shifts to progressive chronic kidney disease and finally
progresses to end-stage renal disease, suggesting that 5/6 neph-
rectomized rats at Week 3 may be at a critical phase in the progres-
sion of chronic kidney disease. Therefore, the 5/6 nephrectomized
rats at Week 2 were recognized as being in the early stages of
chronic kidney disease, while the 5/6 nephrectomized rats at Week
2 shifted to progressive chronic kidney disease, which led to end-
stage renal disease. In addition, the 5/6 nephrectomized rats at
Week 9 represented typical chronic kidney disease. In summary,
these findings indicated that 5/6 nephrectomized led to a significant
alteration in metabolites in progressive chronic kidney disease, which
was highly consistent with a previous study (Dolkart, Khoury,
Amar, & Weinbroum, 2014).

3.3 | Significantly increasing aryl-containing
metabolite during progressive chronic kidney disease

A list of exact m/z values with the highest statistical significance was
selected via least absolute shrinkage and selection operator, rep-
resenting the important metabolite features based on the complete
data. We analysed and compared the renal injury process from sham

to chronic kidney disease at Week 20 by calculating the changes in

the trend of P value using the least absolute shrinkage and selection
operator method. Based on the change in trend, P < 0.05, a total of
3,048 m/z variables were selected and identified from positive and
negative ion modes (Zhao, Cheng, Cui, et al., 2012; Zhao, Cheng, Wei,
et al.,, 2012; Zhao, Zhang, et al., 2013). After excluding xenobiotics
and different fragment ions from the same metabolites, 216 metabo-
lites were identified (Tables 1, S2, S3, S4 and S5), which were mainly
classified into two categories: 57 aryl-containing metabolites, namely,
four polycyclic aromatic hydrocarbons, seven indoles and 46 com-
pounds with one benzene ring and 159 other compounds with differ-
ent numbers of benzene rings.

Intriguingly, two polycyclic aromatic hydrocarbon metabolites
(1-aminopyrene and 1-hydroxypyrene), two indole metabolites (IS;
indole-3-acetic-acid-O-glucuronide and 14 metabolites with one
benzene ring were significantly increased throughout the entire
study period in the 5/6 nephrectomized rats compared to that in
the sham rats (Table 1), indicating that these aromatic hydrocar-
bons might have an important effect on chronic kidney disease
progression. Seventeen other type metabolites were significantly
increased throughout the study period in the 5/6 nephrectomized
rats compared to that in the sham group as well, while two other
type metabolites were significantly decreased (Table S2). After
3 weeks, 108 metabolites were significantly increased in the 5/6
nephrectomized rats (Table S4), which may be biomarkers of pro-
gressive chronic kidney disease or end-stage renal disease. More-
over, two other polycyclic aromatic hydrocarbons including
1-methoxypyrene and atherosperminine were significantly increased
after 5 weeks in the 5/6 nephrectomized rats (Table 1), which may
be potential biomarkers for progressive chronic kidney disease or
end-stage renal disease. Furthermore, 27 metabolites were signifi-
cantly increased at certain time points in the 5/6 nephrectomized
rats compared to that in the sham group (Table S3). In addition,
trend P values of 42 metabolites were only less than 0.05
(Table S5). Therefore, we speculated that significantly increased
aryl-containing metabolite might activate aryl hydrocarbon receptor
in 5/6 nephrectomized rats. Heatmap analysis was performed by
using 20 aryl-containing metabolites that were significantly
increased (Figure 2b) and it demonstrated that the aryl-containing
metabolite gradually increased from the sham rats to 20-week 5/6
nephrectomized rats, which indicated progressive chronic kidney
disease (Figure 2b). Interestingly, six aryl-containing metabolites dis-
played a significantly increasing trend from the sham rats to
20-week 5/6 nephrectomized rats (Figure 2c), three of which were
typical polycyclic aromatic hydrocarbon (Figure 2d). Among these
three  metabolites, 1-aminopyrene,  1-hydroxypyrene  and
1-methoxypyrene were positively correlated with the serum creati-
nine level and negatively correlated with creatinine clearance rate,
while 1-aminopyrene exhibited the highest significance (Figure 2e).
To further verify whether aryl hydrocarbon receptor signalling was
activated by aryl-containing metabolite in patients, 203 patients
and healthy controls were used for studying the relationship
among the expressions of six aryl-containing metabolites and aryl
hydrocarbon receptor. Baseline characteristics of the healthy
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controls and patients are shown in Table S6. Compared to healthy 3.4 | Aryl hydrocarbon receptor activation and its
controls, six aryl-containing metabolites were significantly increased downstream gene expression during chronic kidney

in patients with idiopathic membranous nephropathy, diabetic disease progression

nephropathy and IgA nephropathy (Figure 2f). In summary, chronic

kidney disease progression paralleled significantly with increased To investigate whether 5/6 nephrectomized directly activates aryl
aryl-containing metabolite. hydrocarbon receptor signalling in the remnant kidney, the mRNA
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FIGURE 2 Progressive chronic kidney disease (CKD) was accompanied by significantly increased aryl-containing metabolite (ACM) levels.

(a) Visualization of changes in the metabolic trajectories in 5/6 nephrectomized (NX) rats. Principal component analysis (PCA) score plot of
metabolic profiles throughout the entire study period in positive ion mode. (b) Heatmap of 20 aryl-containing metabolites throughout the entire
study period. The colour of each section is proportional to the significance of change in metabolites (red, increased; blue, decreased). Rows:
samples; columns: metabolites. (c) The relative levels of the six significantly increased aryl-containing metabolites throughout the entire study
period. The dot represents a single-data point in the bar graph. *P < 0.05 versus sham group (n = 8). (d) The chemical structure of the six ACMs, as
indicated. (e) The associations between three polycyclic aromatic hydrocarbons (PAHs) and serum creatinine or creatinine clearance rate (Ccr)
throughout the entire study period. (f) The relative levels of the six significantly increased ACMs in patients with idiopathic membranous
nephropathy (IMN), diabetic nephropathy (DN) and IgA nephropathy (IgAN). *P < 0.05 versus normal group
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expressions of aryl hydrocarbon receptor and its target genes were
determined throughout the study period. As shown in Figure 3a,
the mRNA expression of aryl hydrocarbon receptor was signifi-
cantly up-regulated, which was accompanied by up-regulation of
aryl hydrocarbon receptor target genes including CYP1A1, CYP1A2
and CYP1B1 (Figure 3a). Similarly, the significantly up-regulated aryl
hydrocarbon receptor protein level in the nuclei was accompanied
by significant down-regulation of the aryl hydrocarbon receptor
protein level in the cytoplasm, suggesting the activation of aryl
hydrocarbon receptor signalling (Figure 3b,c). Additionally, immuno-
histochemical staining showed that nuclear translocation of aryl
hydrocarbon receptor in tubular epithelial cells was observed at
Weeks 2, 9 and 12 (Figure 3d). In addition, aryl hydrocarbon
receptor expression in the nuclei was significantly up-regulated in
diabetic
nephropathy and IgA nephropathy (Figure 3e). These findings dem-

patients with idiopathic membranous nephropathy,
onstrated that aryl hydrocarbon receptor signalling could be acti-
vated by aryl-containing metabolite in chronic kidney disease
patients. Collectively, these findings indicated that chronic kidney

disease is associated with aryl hydrocarbon receptor activation.

3.5 | Activation of aryl hydrocarbon receptor
signalling by aryl-containing metabolite during chronic
kidney disease progression

Dock can automatically simulate the action of the ligand at the
active site of the receptor and exhibit the mode of interaction.
We next investigated whether aryl hydrocarbon receptor could be
activated by aryl-containing metabolite based on molecular dock-
ing. The interactions between the ligand-binding domain of rat aryl
hydrocarbon receptor and the six metabolites were studied. The
result showed that all the six metabolites could bind to the
ligand-binding site of aryl hydrocarbon receptor to different
degrees (Figures 3f). In addition, indole-3-acetic-acid-O-glucuronide
showed a lower Ki value than 2,3,7,8-tetrachlorodibenzo-p-dioxin
and the other metabolites showed a similar Ki value to
(Table S7),

these metabolites had strong affinities with aryl hydrocarbon

2,3,7,8-tetrachlorodibenzo-p-dioxin suggesting that
receptor. The interactions among the amino acids of rat aryl
hydrocarbon receptor and the six metabolites are shown in
Figure 3g. The hydroxyl group of 1-hydroxypyrene formed a
hydrogen bond with Tyr308 and showed a pi-pi interaction with
Phe322. 1-Methoxypyrene showed two pi-pi interactions with
Phe285

Figure 3h.

and Phe322. Other interactions are presented in

3.6 | Toxicity of 1-aminopyrene on NRK-52E cells

Based on the results of P value, the correlation coefficients
between aryl-containing metabolite and serum creatinine or creat-

inine clearance rate and molecular docking, 1-aminopyrene was
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selected for the subsequent experiments. We further explored
the toxicity of 1-aminopyrene on NRK-52E cell viability. As
shown in Figure 4a, the cell viability was gradually reduced with
increasing concentrations of 1-aminopyrene. Moreover, there was
significant cell death when the 1-aminopyrene treatment lasted
up to 48 h.

3.7 | 1-Aminopyrene activated the expression of
aryl hydrocarbon receptor and its target genes

We next examined whether 1-aminopyrene could activate aryl
hydrocarbon receptor in NRK-52E cells. The protein expression of
nuclear aryl hydrocarbon receptor was significantly up-regulated
upon treatment with 0.1, 1 and 10 nM of 1-aminopyrene for
24 h, while the cytoplasmic aryl hydrocarbon receptor expression
was significantly down-regulated, highlighting the activation of aryl
hydrocarbon receptor (Figure 4b,c). Similarly, aryl hydrocarbon
nM  of
1-aminopyrene for 6, 12 and 24 h (Figure 4d,e). Luciferase assays

receptor was activated upon treatment with 10
showed that 1-aminopyrene significantly enhanced the aryl hydro-
carbon receptor-driven reporter activity (Figure 4f). In addition, the
mRNA expression of aryl hydrocarbon receptor was up-regulated
by 1-aminopyrene stimulation for 24 h in a dose-independent
the effect of

1-aminopyrene on aryl hydrocarbon receptor expression in mice

manner (Figure 4g). We also investigated
and discovered that the mRNA expressions of aryl hydrocarbon
receptor and its target genes including CYP1A1, CYP1A2 and
CYP1B1 were significantly up-regulated at Weeks 3, 6 and 9 (Fig-
ure 4h). Additionally, the nuclear aryl hydrocarbon receptor expres-
sion was significantly up-regulated and there was obvious nuclear
translocation in mice treated with 21-aminopyrene in the third
week, suggesting the activation of aryl hydrocarbon receptor
(Figure 4i-1). We then depleted the aryl hydrocarbon receptor
levels in NRK-52E cells by transfection of shRNA targeting aryl
hydrocarbon receptor mRNA, which significantly down-regulated
the aryl hydrocarbon receptor levels after 24 h (Figure 4m). Mass
spectrometry imagining showed that the 1-aminopyrene levels
were significantly increased in the kidney cortex and medulla of
the mice (Figure 4n), indicating that 1-aminopyrene could reach
the kidneys by oral administration. CYP1A1, CYP1A2 and CYP1B1
were significantly reduced in aryl hydrocarbon receptor shRNA-
induced NRK-52E cells induced by 1-aminopyrene (Figure 4o). aryl
hydrocarbon receptor shRNA led to a significant reduction in aryl
hydrocarbon receptor mRNA expression (Figure 4p). Three target
genes of aryl hydrocarbon receptor were significantly reduced in
aryl hydrocarbon receptor shRNA-treated mice induced by
1-aminopyrene (Figure 4q). We further found that the levels of
serum  creatinine and urea  significantly increased in
1-aminopyrene-induced mice compared to that in control mice
(Figure 4r). 1-Aminopyrene treatment also led to renal injury and
fibrosis in mice (Figure 4s,t). Collectively, these findings demon-

strated that renal fibrosis was mediated partially through aryl
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FIGURE 3 Aryl hydrocarbon receptor (AhR) signalling was activated by aryl-containing metabolite (ACM) in progressive chronic kidney
disease (CKD). (a) The mRNA expression levels of AhR and its target genes including CYP1A1, CYP1A2 and CYP1B1 throughout the entire study
period. (b) Protein expression of AhR in the nuclei and cytoplasm of the remnant kidney of the rats throughout the entire study period.

(c) Quantitative analysis of AhR expression in the nuclei and cytoplasm of the remnant kidney of the rats. (d) Immunohistochemical findings with
anti-AhR in the remnant kidney of the rats at Weeks 2, 9 and 12. (e) Immunohistochemical findings with anti-AhR in the kidney tissue of patients
with idiopathic membranous nephropathy (IMN), diabetic nephropathy (DN) and IgA nephropathy (IgAN). (f) The binding sites of ACM in the
Periodic Acid-Schiff (PAS)-B domain of rat AhR. (g, h) The interaction of ACM with the amino acids of rat AhR. Hydrogen bonds are shown in
green and pi-sulfur interaction is shown in orange (g). The dot represents a single-data point in the bar graph. *P < 0.05 versus sham group (n = 8)
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FIGURE 4 Aryl hydrocarbon receptor (AhR) signalling was activated by 1-aminopyrene (AP). (a) Cell viability after treatment with increasing
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expression of AhR in the nuclei and cytoplasm of NRK-52E cells induced by AP at the different concentrations. (c) Quantitative analysis of the
AhR expression of NRK-52E cells induced by AP at different concentrations. (d) Protein expression of AhR in the nuclei and cytoplasm of NRK-
52E cells induced by AP at different time points. (e) Quantitative analysis of the AhR expression of NRK-52E cells induced by AP at different time
points. (f) The mRNA expression levels of AhR in NRK-52E cells induced by AP at different concentrations. (g) Luciferase assays of AhR activation
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hydrocarbon receptor activation induced by 1-aminopyrene, indi-
cating that aryl hydrocarbon receptor could have been activated

by endogenous metabolites.

3.8 | The identification of natural flavonoids from
Semen Plantaginis as aryl hydrocarbon receptor
antagonists

We screened and identified a flavonoid aglycone 5,7,3,4',5'-
pentahydroxy flavanone and two flavonoid glycosides including
barleriside A and rhoifolin from Semen Plantaginis, in the basis of
molecular docking and aryl hydrocarbon receptor mRNA expres-
sion in 1-aminopyrene-induced NRK-52E cells (Figure 5a). The
results showed that all three flavonoids could bind to the active
site of the Periodic Acid-Schiff-B domain of rat aryl hydrocarbon
receptor and that they showed a strong interaction with rat aryl
hydrocarbon receptor (Figures 5b and S1). The AG values of
5,7,3' 4’ 5'-pentahydroxy flavanone, barleriside A, rhoifolin and
CH223191 were -8.64, —-8.32, —10.14 and -9.85, respectively.
The Ki values of 5,7,3',4',5'-pentahydroxy flavanone, barleriside A,
rhoifolin and CH223191 were 461.85, 798.99, 36.86 and
60.47 nM, respectively. Notably, BAS and rhoifolin showed stron-
ger antagonistic effects on aryl hydrocarbon receptor activity
compared to CH233191. Collectively, these findings indicated that
the three flavonoids are potent aryl hydrocarbon receptor

antagonists.

3.9 | Flavonoids attenuated renal injury via
inhibiting aryl hydrocarbon receptor activation-
mediated aryl-containing metabolite

We next determined whether the three flavonoids antagonized aryl
hydrocarbon receptor activity in 1-aminopyrene-induced NRK-52E
cells. Treatment with 1-aminopyrene led to a significant increase in
aryl hydrocarbon receptor expression in the nuclei and treatment
with the three flavonoids significantly decreased 1-aminopyrene-
induced nuclear aryl hydrocarbon receptor expression in NRK-52E
cells (Figure 5c), suggesting that the three flavonoids could inhibit
aryl-containing metabolite-induced aryl hydrocarbon receptor acti-
vation (Figure 5d,e). The mRNA expression of aryl hydrocarbon
receptor target genes was also inhibited by flavonoid treatment
(Figure 5f). Furthermore, 1-aminopyrene significantly enhanced the
aryl hydrocarbon receptor-driven reporter activity, which was
inhibited by flavonoid treatment, indicating that the three flavo-
noids could directly target aryl hydrocarbon receptor activity
(Figure 5g). We further showed that treatment with the three fla-
vonoids abrogated the 1-aminopyrene-induced up-regulation of
profibrotic protein expression in NRK-52E cells, indicating that
renal fibrosis was attenuated by flavonoids (Figure 5h,i). Collec-

tively, the results indicated that the flavonoids alleviated renal

fibrosis via inhibiting aryl-containing metabolite-induced aryl hydro-
carbon receptor activation.

3.10 | Dietary flavonoids retarded chronic kidney
disease via antagonizing aryl hydrocarbon receptor
activation by mediation through aryl-containing
metabolite

Both 5,7,3',4',5'-pentahydroxy flavanone and barleriside A treatments
significantly alleviated the up-regulation of nuclear aryl hydrocarbon
receptor and the down-regulation of cytoplasmic aryl hydrocarbon
receptor expression (Figure 6a,b). Additionally, these treatments sig-
nificantly down-regulated the mRNA expression of aryl hydrocarbon
receptor target genes (Figure 6c). Meanwhile, their treatment signifi-
cantly reduced the levels of six aryl-containing metabolites
(Figure 6d). We further found that treatment with 5,7,3',4,5'-
pentahydroxy flavanone and BSF significantly lowered the serum cre-
atinine, urea and proteinuria levels in 5/6 nephrectomized rats, while
the renal function was significantly improved (Figure 6e). As shown in
Figure 6f, there were interstitial inflammation and renal fibrosis in the
5/6 nephrectomized rats, while treatment with 5,7,3',45'-
pentahydroxy flavanone and BSF significantly down-regulated colla-
gen | and a-smooth muscle actin expressions and further alleviated
TIF. However, treatment with 5,7,3',4',5'-pentahydroxy flavanone and
BSF produced a slightly inhibitory effect on glomerular injury (data
not shown). Additionally, treatment with 5,7,3',4’,5'-pentahydroxy fla-
vanone and BSF inhibited the up-regulation of fibronectin, vimentin
and fibroblast-specific protein 1 expressions and preserved E-cadherin
expression (Figure 6gh). Collectively, aryl-containing metabolite-
induced aryl hydrocarbon receptor activation is involved in renal fibro-
sis and dietary flavonoids show a potential antifibrotic effect in 5/6

nephrectomized rats.

3.11 | Barleriside A mitigates epithelial-to-
mesenchymal transition partly via targeting the
antagonism of aryl hydrocarbon receptor activation

Finally, we determined whether flavonoids could directly antagonize
aryl hydrocarbon receptor activation and mitigate renal fibrosis. Our
results showed that barleriside A was the strongest aryl hydrocarbon
receptor antagonist. Compared to scramble shRNA transfection, aryl
hydrocarbon receptor shRNA transfection resulted in a significant
decline in aryl hydrocarbon receptor protein expression in NRK-52E
cells (Figure 7a). Barleriside A treatment did not produce a significant
effect on aryl hydrocarbon receptor expression in aryl hydrocarbon
receptor shRNA-treated HK-2 cells (Figure 7b). Barleriside A treat-
ment showed a strong inhibitory effect on the mRNA expression of
aryl hydrocarbon receptor target genes in 1-aminopyrene-induced
NRK-52E cells after aryl hydrocarbon receptor overexpression
(Figure 7c). Similarly, barleriside A treatment was observed for the

antifibrotic effect of barleriside A (Figure 7d,e). Collectively, these
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FIGURE 5 Flavonoids mitigate epithelial-to-mesenchymal transition (EMT) through blocking aryl hydrocarbon receptor (AhR) in

1-aminopyrene (AP)-induced NRK-52E cells. (a) Chemical structure of three flavonoids including 5,7,3',4’,5'-pentahydroxy flavanone (PHF),
barleriside A (BSA) and rhoifolin (RHO). (b) The interaction of PHF, BSA and RHO with the amino acids of rat AhR. (c) Representative
immunofluorescent staining indicating AP-induced AhR expression in AP-induced NRK-52E cells upon treatment with flavonoids or CH223191.
(d) Protein expression of AhR in nuclei and cytoplasm in the different groups. (e) Quantitative analysis of AhR in nuclei and cytoplasm from the
different groups, as indicated. (f) The mRNA expression levels of AhR target genes including CYP1A1, CYP1A2 and CYP1B1 from the different
groups, as indicated. (g) Luciferase assays of AhR activation from the different groups, as indicated. (h) Protein expression of collagen |, a-smooth
muscle actin(a-SMA), fibronectin and E-cadherin in the different groups, as indicated. (i) Quantitative analysis of collagen |, a-SMA, fibronectin
and E-cadherin in the different groups, as indicated. The dot represents a single-data point in the bar graph. P < 0.05 versus CTL group (n = 6).
#p < 0.05 versus AP-induced group (n = 6)
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FIGURE 6 Dietary flavonoids retarded chronic kidney disease (CKD) and renal fibrosis via antagonizing aryl hydrocarbon receptor (AhR)
activation mediated by aryl-containing metabolite ACM) in 5/6 nephrectomized (NX) rats. (a) Protein expression of AhR in nuclei and cytoplasm
from the different rats, as indicated, at Week 12. (b) Quantitative analysis of AhR expression in nuclei and cytoplasm from the different rats, as
indicated, at Week 12. (c) The mRNA expression levels of AhR target genes including CYP1A1, CYP1A2 and CYP1B1 from the different rats, as
indicated, at Week 12. (d) The intensity of six ACMs from the different rats, as indicated, at Week 12. (e) Clinical biochemistry from the different
rats, as indicated, at Week 12. (f) Images of HE staining, Masson's trichrome staining and immunohistochemical staining of collagen | and a-SMA
expressions from different rats, as indicated, at Week 12. (g) Protein expressions of fibronectin, vimentin, fibroblast-specific protein 1 (FSP1) and
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FIGURE 7 Barleriside A (BSA) mitigated epithelial-to-mesenchymal transition (EMT) via partly targeting the antagonism of aryl hydrocarbon
receptor (AhR) activation. (a) The protein expression of AhR in NRK-52E cells induced by AhR shRNA. (b) Quantitative analysis of AhR expression
in NRK-52E cells induced by AhR shRNA. (c) mRNA expression levels of AhR target genes including CYP1A1, CYP1A2 and CYP1B1 in
1-aminopyrene (AP)-induced NRK-52E cells treated with BSA after AhR overexpression. (d) Protein expression of collagen |, a-SMA, fibronectin
and E-cadherin in AP-induced NRK-52E cells treated with BSA after transfection with AhR-specific ShRNA or scrambled shRNA. (e) Quantitative
analyses of protein expression of collagen |, x-SMA, fibronectin and E-cadherin in AP-induced NRK-52E cells treated with BSA. *P < 0.05 versus

CTL group (n = 6); *P < 0.05 versus AP group (n = 6)

findings indicated that the antifibrotic effect of barleriside A might be
associated with activation of aryl hydrocarbon receptor signalling
pathway.

4 | DISCUSSION

Using the least absolute shrinkage and selection operator procedure,
we demonstrated that six aryl-containing metabolites were signifi-
cantly increased in a rodent model of chronic kidney disease. In line
with this result, our study also demonstrated that six aryl-containing
metabolites were significantly increased in patients with idiopathic
membranous nephropathy, diabetic nephropathy and IgA nephropa-
thy (Figure 8). Our current study demonstrated significant up-
regulation of aryl hydrocarbon receptor protein level in nuclei and
mRNA accompanied by up-regulation of aryl hydrocarbon receptor
target genes in 5/6 nephrectomized rats, indicating that 5/6 nephrec-
tomy leads to aryl hydrocarbon receptor activation (Figure 8). Because
polycyclic aromatic hydrocarbons are the classical ligands of aryl
hydrocarbon receptor, we speculated that aryl hydrocarbon receptor
activation might be associated with the dysregulation of endogenous
metabolites. Molecular docking showed that six aryl-containing
metabolites including 1-aminopyrene had strong affinities. Our study
further demonstrated that 1-aminopyrene could mediate aryl hydro-
carbon receptor expression in both mice and NRK-52E cells (Figure 8).
Furthermore, 1-aminopyrene treatment significantly up-regulated the

mRNA expressions of aryl hydrocarbon receptor and its three target

genes, which were partially attenuated in aryl hydrocarbon receptor
shRNA-treated NRK-52E cells and mice (Figure 8). Collectively, these
findings demonstrated that aryl hydrocarbon receptor could be acti-
vated by aryl-containing metabolite. In addition, two flavonoids
including 5,7,3',4',5'-pentahydroxy flavanone and barleriside A could
antagonize aryl hydrocarbon receptor activity in both 1-aminopyrene-
induced NRK-52E cells and 5/6 nephrectomized rats (Figure 8).
Barleriside A mitigates epithelial-to-mesenchymal transition (EMT)
partly via targeting and antagonizing aryl hydrocarbon receptor activa-
tion (Figure 8). Collectively, our results demonstrated that flavonoids
could mitigate epithelial-to-mesenchymal transition by selectively
inhibiting aryl hydrocarbon receptor activation.

We identified six aryl-containing metabolites that had the most
prominent effects on renal injury. 1-Aminopyrene is a metabolite of
1-nitropyrene. Our MSI showed that the 1-aminopyrene levels were
significantly increased in the kidney cortex and medulla of
1-aminopyrene-induced mice. It was reported that 1-aminopyrene
induced CYP1B1 expression in the kidney tissue of rats (Hatanaka
et al, 2001). 1-Aminopyrene also induced CYP1B1 expression in
in vitro experiments (lwanari, Nakajima, Kizu, Hayakawa, &
Yokoi, 2002). In addition, 1-aminopyrene could lead to extensive oxi-
dative damage and promote the expression of proinflammatory cyto-
kines (Wu, Jiang, Liu, Shang, & An, 2018). We first identified that high
AP levels in kidney tissues contributed to renal injury through activa-
tion of aryl hydrocarbon receptor and its target genes. These data
support the activation of aryl hydrocarbon receptor by aryl-containing

metabolite during the progression of chronic kidney disease.
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FIGURE 8 Summary of molecular mechanism of aryl hydrocarbon receptor (AhR) activation by ACM in progressive chronic kidney disease
(CKD). AhR signalling and its target genes were activated in both 5/6 nephrectomized (NX) rats and patients with idiopathic membranous
nephropathy (IMN), diabetic nephropathy (DN) and IgA nephropathy (IgAN). Flavonoids ameliorated CKD and renal fibrosis through inhibiting

AhR activity via lowering the increased levels of six ACMs

Our current study identified several uraemic toxins including
tryptophan-derived metabolites such as indoxyl sulfate, hippuric acid,
kynurenine and hydroxykynurenine in 5/6 nephrectomized rats.
Tryptophan-derived uraemic toxins could activate aryl hydrocarbon
receptor signalling through direct binding with aryl hydrocarbon
receptor, inducing its nuclear translocation and activation of transcrip-
tion of its target genes in the cultured cells (Gondouin et al., 2013;
Schroeder et al., 2010). Extensive evidence has demonstrated that
both animals and patients with chronic kidney disease have high
indoxyl sulfate level in both serum and kidney tissues (Dou
et al,, 2018). Increased aryl hydrocarbon receptor-activating potential
of the serum from chronic kidney disease patients strongly correlated
with eGFR and indoxyl sulfate levels and the CYP1A1 expression was
up-regulated in the whole blood from chronic kidney disease patients
(Dou et al., 2018). Further study showed that increased aryl hydrocar-
bon receptor-activating potential of serum and CYP1A1 mRNA were
demonstrated in the aorta and heart of 5/6 nephrectomized mice.
Serial indoxyl sulfate injections led to increased aryl hydrocarbon
receptor-activating potential of serum and CYP1A1 mRNA expression
in the aorta and heart in wild-type mice but not in aryl hydrocarbon
receptor”~ mice (Dou et al., 2018). Our previous findings revealed
that indoxyl sulfate induced a fivefold and sevenfold increase in serum
of unilateral ureteral obstruction rats and kidney tissues of rats with
chronic renal failure (Chen, Chen, et al., 2019; Zhao et al., 2014; Zhao,

Cheng, et al., 2013; Zhao, Lei, Chen, Feng, & Bai, 2013). In addition,
another study has shown a significantly increased CYP1A2 protein
expression in the renal tissue of chronic kidney disease rats (Sindhu &
Vaziri, 2003). Conversely, it has been demonstrated that indole-
induced aryl hydrocarbon receptor activation contributed to mucosal
homeostasis. Lactobacillus spp. could regulate IL-22 mucosal homeo-
stasis through indolealdehyde-mediated aryl hydrocarbon receptor
activation and protect mice against mucosal candidiasis (Zelante
et al., 2013). Another study showed that the treatment of mice with
three Lactobacillus strains could metabolize tryptophan and alleviate
intestinal inflammation through aryl hydrocarbon receptor activation,
as the effects were abolished by an aryl hydrocarbon receptor antago-
nist (Lamas et al., 2016). In addition, aryl hydrocarbon receptor™'~ mice
showed earlier spatial memory impairment and enhanced astrogliosis
in the hippocampus when compared to age-matched aryl hydrocarbon
receptor”’* controls, suggesting a link between aryl hydrocarbon
receptor and aging (Bravo-Ferrer et al., 2019). Collectively, the current
work and that of others suggested that aryl hydrocarbon receptor
could be activated by aryl-containing metabolite during chronic kidney
disease progression.

In our recent reviews, we summarized that a myriad of natural
products have been reported to exhibit beneficial effects against renal
fibrosis (Chen, Hu, et al., 2018; Chen, Yang, et al., 2018; Chen, Yu,
et al.,, 2019; Chen, Feng, Cao, & Zhao, 2018; Feng, Chen, Vaziri,
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Guo, & Zhao, 2019). Flavonoids are the most abundant polyphenols
contained in the diet and over 15,000 flavonoids have been separated
and identified from various plants (Xiao, 2017). Emerging evidence
has demonstrated that flavonoids are the largest category of aryl
hydrocarbon receptor ligands (Yang, Feng, Chen, Vaziri, &
Zhao, 2019). Treatment of three flavonoids including 5,7,3',4',5'-
pentahydroxy flavanone, barleriside A and rhoifolin abrogated the up-
regulation of fibrotic protein expression in 1-aminopyrene-exposed
NRK-52E cells. with both 5,7,3,4')5'-

pentahydroxy flavanone and barleriside A ameliorated chronic kidney

Similarly, treatment
disease and renal fibrosis through inhibiting the aryl hydrocarbon
receptor activity via lowering the increased level of six aryl-containing
metabolites in 5/6 nephrectomized rats.

In summary, six aryl-containing metabolites were significantly
increased in both 5/6 nephrectomized rats and patients with chronic
kidney disease and they were associated with the activation of aryl
hydrocarbon receptor and its target genes throughout the study
period. aryl hydrocarbon receptor could be activated by aryl-
containing metabolite during chronic kidney disease progression and
dietary flavonoids retard renal fibrosis by inhibiting aryl hydrocarbon
receptor activity via lowering the aryl-containing metabolite levels.
1-Aminopyrene could significantly up-regulate the mRNA expression
of aryl hydrocarbon receptor and its target genes including CYP1A1,
CYP1A2 and CYP1B1 in both mice and NRK-52E cells. Mass spec-
trometry imagining showed that 1-aminopyrene levels were signifi-
cantly increased in the kidney cortex and medulla of mice. Therefore,
aryl hydrocarbon receptor might be an antifibrotic target, the inhibi-
tion of which may be a promising strategy to confer antifibrotic bene-

fit in patients with chronic kidney disease.
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