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ARTICLE
Intrarenal I-methoxypyrene, an aryl hydrocarbon receptor

agonist, mediates progressive tubulointerstitial fibrosis in mice

Gang Cao', Hua Miao?, Yan-ni Wang?, Dan-gian Chen?, Xia-ging Wu?, Lin Chen?, Yan Guo®, Liang Zou®, Nosratola D. Vaziri®,
Ping Li® and Ying-yong Zhao'?

Recent studies have shown that endogenous metabolites act via aryl hydrocarbon receptor (AhR) signalling pathway in
tubulointerstitial fibrosis (TIF) pathogenesis. However, the mechanisms underlying endogenous metabolite-mediated AhR
activation are poorly characterised. In this study, we conducted untargeted metabolomics analysis to identify the significantly
altered intrarenal metabolites in a mouse model of unilateral ureteral obstruction (UUO). We found that the levels of the metabolite
1-methoxypyrene (MP) and the mRNA expression of AhR and its target genes CYP1A1, CYP1A2, CYP1B1 and COX-2 were
progressively increased in the obstructed kidney at Weeks 1, 2 and 3. Furthermore, these changes were positively correlated with
progressive TIF in UUO mice. In NRK-52E, RAW 264.7 and NRK-49F cells, MP dose-dependently upregulated the mRNA expression of
AhR and its four target genes and the protein expression of nuclear AhR, accompanied by the upregulated protein expression of
collagen |, a-SMA and fibronectin, as well as downregulated E-cadherin expression. Consistently, oral administration of MP in mice
progressively enhanced AhR activity and upregulated profibrotic protein expression in the kidneys; these effects were partially
inhibited by AhR knockdown in MP-treated mice and cell lines. In addition, we screened and identified erythro-guaiacylglycerol-{3-
ferulic acid ether (GFA), which was isolated from Semen plantaginis, as a new AhR antagonist. GFA significantly attenuated TIF in
MP-treated NRK-52E cells and mice by partially antagonising AhR activity. Our results suggest that MP activates AhR signalling, thus
mediating TIF through epithelial-mesenchymal transition and macrophage-myofibroblast transition. MP is a crucial metabolite that
contributes to TIF via AhR signalling pathway.

Keywords: tubulointerstitial fibrosis; aryl hydrocarbon receptor; epithelial-mesenchymal transition; macrophage-myofibroblast
transition; metabolomics; Semen plantaginis
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INTRODUCTION

The changes in genes, proteins and metabolites in tumour cells
and tissues and the dynamic interactions between the tumour
cells and the surrounding extracellular matrix (ECM), which is
mainly governed and regulated by the tumour microenvironment,
are the major driving factors for tumour development and
progression [1]. The renal interstitium is a complex structure
composed of multiple cells, ECM and various secreted or cell
membrane-presented molecules [2, 3]. Intrarenal cellular and
acellular components, such as different cells (e.g., epithelial cells,
endothelial cells, macrophages, fibroblasts, lymphocytes, pericytes
and neutrophils), signalling molecules (e.g., interleukin-15 and
matrix metalloproteinase-9) and ECM (collagens, laminins and
fibronectin), represent the global tubulointerstitial microenviron-
ment that contributes to renal damage [3-5]. Among these
components, excessive accumulation and deposition of ECM is a
crucial factor in progressive tubulointerstitial fibrosis (TIF) [6-8],

which is a complicated process that is the hallmark of renal
damage in the most common kidney diseases [9]. TIF is
characterised by tubular atrophy, excessive accumulation and
deposition of ECM components and the accumulation of
fibroblasts and myofibroblasts [10]. Early studies demonstrated
that ECM mediated TIF by modulating cell-cell or cell-matrix
crosstalk [11]. Bidirectional communication between intrarenal
cells and ECM components, including collagens, laminins and
fibronectin, as well as growth factors, cytokines, chemokines, and
endogenous metabolites orchestrates cellular responses to both
physiological and pathological conditions [12]. Although various
cell types contribute to progressive TIF, the activation of
fibroblasts is the critical pathogenic mechanism in TIF. Epithelial-
mesenchymal transition (EMT), macrophage-myofibroblast transi-
tion (MMT) and endothelial-mesenchymal transition are three
important processes in organ fibrosis [13]. Extensive studies have
demonstrated that EMT is the most important ECM-associated
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process in TIF [14]. The latest evidence has shown that MMT also
affects ECM in TIF [15, 16].

Endogenous small molecule metabolites are cellular building
blocks that regulate signalling molecules, especially receptors,
and exert their biological effects through interactions with
macromolecules such as proteins [17]. Based on metabolomics,
numerous studies have identified the metabolites that are
implicated in various diseases, such as cancer, immune disorders,
cardiovascular disease (CVD) and chronic kidney disease (CKD)
[17]. Recent studies have confirmed that a number of metabolites
are ligands that mediate various diseases, such as cancer, immune
disorders, CVD and CKD [18-20]. Among them, the cytoplasmic
receptor aryl hydrocarbon receptor (AhR) is a ligand-activated
transcription factor that mediates the activation of downstream
target genes, such as cytochrome P450, family 1, member 1A
(CYP1AT); cytochrome P450, family 1, member 2A (CYP1A2);
cytochrome P450, family 1, subfamily B (CYPIB1) and
cyclooxygenase-2 (COX-2) [21]. AhR was first identified as a
mediator of the anti-toxic responses to ubiquitous environmental
pollutants such as halogenated aromatic hydrocarbons, polycyclic
aromatic hydrocarbons (PAHs) and coplanar polychlorinated
biphenyls, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
[21]. Recent evidence points to the role of ligand-activated AhR
in the pathogenesis of various diseases, such as cancer, immune
disorders, CVD and CKD [20-22]. Recently, increasing interest has
been focused on a large number of AhR ligands whose chemical
structures and physiochemical characteristics are different from
those of classic TCDD ligands [18, 22-24]. A recent study
demonstrated that endogenous 1-aminopyrene in the remnant
kidney was a novel mediator of progressive CKD via AHR
activation in a 5/6 nephrectomized rat model [18]. Upregulated
mRNA expression of AhR and its downstream target genes,
including CYP1AT, CYPTA2 and CYP1BI1, was observed in kidney
tissues of 1-aminopyrene-induced mice, and pathological analysis
showed that 1-aminopyrene mediated renal fibrosis [18]. Despite
strong evidence of AhR activation by endogenous PAHs such as 1-
aminopyrene, the underlying mechanisms by which PAHs mediate
AhR activation are poorly characterised, and it is not clear how to
leverage these findings to develop renal disease-specific ther-
apeutics. A number of compounds isolated from natural products,
including flavonoids such as barleriside A, rhoifolin, 5,6,7,8,3',4'-
hexamethoxyflavone and 5,7,3,4,5'-pentahydroxyflavanone, and
lignins such as matairesinol could ameliorate renal fibrosis by
inhibiting the AhR signalling pathway [18, 25]. Using a mouse
model of unilateral ureteral obstruction (UUO), we first identified
the endogenous metabolite 1-methoxypyrene (MP) by using ultra-
performance liquid chromatography coupled with a high-
definition mass spectrometry (UPLC-HDMS)-based untargeted
metabolomics. We further demonstrated that MP mediated renal
fibrosis through EMT and MMT by activating AhR signalling
pathways and revealed the mechanism of MP-induced TIF. In
addition, we screened and identified the AhR antagonist erythro-
guaiacylglycerol--ferulic acid ether (GFA), which is isolated from
Semen plantaginis and can slow TIF by inhibiting MP-induced AhR
activity.

MATERIALS AND METHODS

Animals and experimental protocol

Male C57BL/6 mice (20-25g) were purchased from the Central
Animal Breeding House of Xi'an Jiaotong University (Xi'an,
Shaanxi, China). Animal protocols were approved by the North-
west University Institutional Animal Care and Use Committee (No.
SYXK2010-004). All procedures followed the ARRIVE Guidelines for
Reporting Animal Research. The mice were randomised into two
groups (n=32/group): the sham and UUO groups. The UUO
procedure was performed as previously described [26]. At Weeks
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0, 1, 2 and 3, eight mice from the sham and UUO groups were
selected randomly and then anaesthetised with 10% urethane.
The obstructed kidneys were immediately removed and pro-
cessed for subsequent analysis.

To study the effect of MP on AhR activity and ECM components,
C57BL/6 mice were randomised into the control group and groups
that were treated with 100, 200, 300 and 400 mg/kg MP at Week 8
(n=6/group). C57BL/6 mice were randomised into two groups
(n = 24/groups): the control and MP-treated groups. MP-treated
group mice were given 300 mg/kg MP by oral gavage every day,
while the control mice received the same volume of normal saline.
Six mice were selected from each groups, randomly anaesthetised
with 10% urethane, and sacrificed at Weeks 0, 4, 8 and 12. Serum
and kidneys were collected for subsequent analysis.

GFA treatment was further used to investigate the effects on
AhR activity and ECM components in MP-induced mice. Mice were
randomised into six groups (n = 6-8/group): the control, MP and
MP + GFA groups. GFA (5, 10, 20 and 40 mg/kg) was given to MP-
induced mice by intragastric administration from the 9th week to
the 12th week. All animals were provided access to water and
food ad libitum. Control, MP and MP + GFA mice were sacrificed at
Week 12. The optimal dose of GFA was chosen based on a smooth
muscle actin (a-SMA) mRNA expression levels. Blood, serum and
kidneys were collected for subsequent analysis.

Knockdown of AhR in mice

Lentivirus carrying shRNA against AhR and lentivirus containing
nonspecific shRNA (scramble) were used. After anaesthesia and
surgery, mice were laparotomized and injected with recombinant
adenovirus vector. Then, 100 pL of saline or lentivirus cocktail (1 x
10° IU/UL) was injected into the kidney.

Cell culture

Three different cell types were used in the present study. The
normal rat kidney proximal tubular epithelial cell line (NRK-52E),
murine macrophage cell line (RAW 264.7) and normal rat kidney
interstitial fibroblast line (NRK-49F) were cultured in DMEM-F12
supplemented with 10% foetal bovine serum (Gibco, Carlsbad, CA,
USA) at 37 °C with 5% CO,. RAW 264.7 cells were cultured in RPMI
(Gibco, Carlsbad, CA, USA) with 10% foetal bovine serum and 1%
penicillin-streptomycin.

Cell viability analysis by CCK-8 assays

NRK-52E cells (1 x 10%) were cultured in 96-well plates and treated
with different concentrations of MP (0, 25, 50, 100, 200, 400 nM)
for 24 h or 10 nM MP for different times (0, 6, 12, 24, 36, 48 h). In
addition, NRK-52E cells were treated with different concentrations
of GFA (0, 5, 10, 20, 40, 80, 160 nM) for 24 h or 10 uM GFA for
different time points (0, 3, 6, 12, 24, 36, 48, 72 h) under the same
conditions. A CCK-8 kit was used to measure cell viability based on
the manufacturer's protocol. The absorbance at 450 nm was
determined by a microplate reader. The cell viability assay was
repeated six times for each concentration.

Cell treatments

NRK-52E, RAW 264.7 and NRK-49F cells were stimulated with 5, 10
and 20 nM MP for 24 h or 10 nM MP for 6, 12 and 24 h. In addition,
NRK-52E cells were stimulated with 10nM MP for 24 h in the
absence or presence of GFA (10 uM) and CH223191 (10 uM). The
treated cells were collected for subsequent analysis.

Knockdown of AhR in NRK-52E, RAW 264.7 and NRK-49F cells
NRK-52E, RAW 264.7 and NRK-49F cells were transfected with 3 uL
of 10 uM shRNA AhR or scramble per well using Lipofectamine
RNAIMAX (Invitrogen, New York, USA). Cell samples were
processed by quantitative reverse transcriptase-polymerase chain
reaction (QRT-PCR) and Western blot analysis.
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Sample preparation and UPLC-HDMS analysis for metabolomics
Intrarenal metabolites were examined using UPLC-HDMS based
on untargeted metabolomics. The metabolomic procedures,
including tissue preparation, sample separation, metabolite
detection, data processing and statistical analysis for metabolite
identification, were performed based on our previous protocols
with minor modifications [27].

Model construction for metabolite selection

Data for positive and negative ion modes were analysed
separately. LASSO-based variable selection was performed using
the R package glmnetcr based on our recent publication [28]. The
lambda values were chosen based on the Bayesian Information
Criterion. All procedures were implemented in the package
glmnetcr. Heatmap and unsupervised cluster analyses were
conducted using the R package “heatmap3”. Support vector
machine analysis was performed using the R package “e1071".

Histological analysis

Masson’s trichrome staining was performed as previously
described [28]. Immunohistochemical analysis of the obstructed
kidney was performed as previously described [28]. After
immunohistochemical analysis, Image-Pro Plus software version
6.0 was used to analyse the optical density of the images.
Immunofluorescence staining for NRK-52E cells was performed as
described previously [29].

RNA extraction and qRT-PCR analysis

Total RNA was extracted from the renal cortex or cells by using
TRIzol reagent according to the manufacturer’s instructions
(Roche, Germany). The gRT-PCR analysis was performed as
previously described [26]. The specific primers are listed in
Supplementary Table S1. The primers were designed based
on their GenBank sequences and were synthesised by Sangon
Biotech (Shanghai, China). The quantitative results were normal-
ised by using the housekeeping gene B-actin as a reference, and
the fold-increase over control values was analysed by the 2742
relative quantification method.

Western blot analysis

Western blot analysis was performed as previously described [26].
Primary antibodies against AhR, CD3, collagen |, a-SMA, fibronec-
tin and E-cadherin were purchased from Abcam or Santa Cruz. The
blots were visualised by using ECL reagent, and protein levels
were normalised to GAPDH or a-tubulin expression. Specific bands
of the target proteins were analysed using ImageJ 1.48 v software.

Stable reporter luciferase assay

AhR activity was examined in NRK-52E, RAW 264.7 and NRK-49F
cells by using a promoter-reporter plasmid as described previously
[29]. NRK-52E, RAW 264.7 and NRK-49F cells stably expressing
Cignal Lenti Reporter XRE tethered to the luciferase reporter were
seeded into 24-well plates and treated with MP with or without
GFA and the AhR antagonist CH223191 for 24 h. The cells were
lysed, and luciferase activity was determined using luciferase
detection system substrate; the results are plotted relative to the
protein concentration of the lysates according to the manufac-
turer’s instructions.

Molecular ligand docking and binding energy calculations

The chemical structures of potent metabolites were created with
the ACD/ChemSketch tool, and energy minimisation of both
target AhR and metabolites was optimised in the Molecular
Operating Environment (MOE 2014.0 09). The PAS domain of AhR
was the ligand-binding domain (LBD). The structures of several
PAS domains are currently available in the Protein Data Bank, and
the PAS domain structure of hypoxia-inducible factor 2R (HIF-2R)
(PDB id: 1p97) was selected to establish a homology model of the
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mouse AhR-LBD according to its structural similarity with AhR in
this region [30]. Docking analyses were performed using the
program AutoDock 4.0 to determine the conformation and
orientation of the ligand on the surface of HIF-2R. Each of the
AhR LBDs was generated by using the homology model protocol
as described previously [31]. Following the establishment of the
model, the mouse AhR-LBD homology model was used to
characterise the ligand-binding pocket. Then, this AhR-LBD
homology model was used to structurally analyse the effects of
potent metabolites on AhR. The lower equilibrium dissociation
constant (Ky) was calculated.

Statistics analysis

The data are expressed as the mean + SEM. Statistical analyses were
performed with SPSS 22.0 software, R 2.15.0 and GraphPad Prism
v6.0. A two-tailed unpaired Student’s t test was used for comparisons
between the two groups. Statistically significant differences among
more than two groups were analysed using one-way analysis of
variance (ANOVA) followed by Dunnett’s post-hoc tests. P < 0.05 was
considered significant. PCA was performed using SIMCA-P software
to cluster the sample plots across different groups.

RESULTS

UUO leads to impaired renal function and TIF

The obstructed kidney exhibited interstitial fibrosis, inflammatory
cell infiltration, and tubular dilatation. As shown in Fig. 1a, b, UUO
resulted in increased interstitial oedema, inflammatory cell
infiltration, tubular dilation, tubular atrophy and epithelial cell
necrosis at different stages. The tubulointerstitial collagen deposi-
tion score was determined by Masson’s trichrome staining, while
the vimentin expression score was examined by immunohisto-
chemical staining and showed similar results. Collagen deposition
and vimentin expression (a myofibroblastic marker) in the
obstructed kidney steadily increased during Weeks 1, 2 and 3.
Compared to that in the sham group, the interstitial infiltration of
CD3-positive lymphocytes steadily increased at Weeks 1, 2 and 3.

Urinary tract obstruction alters the intrarenal metabolic profile

To determine the effect of urinary tract obstruction on intrarenal
metabolites, UPLC-HDMS-based metabolomics was performed in
positive and negative ion modes. A two-predictive component
PCA was performed on the kidney tissue metabolites from UUO
and sham mice at Weeks 1, 2 and 3. Unsupervised PCA score plots
were divided into two clusters, indicating that the tissue metabolic
pattern was significantly altered in obstructed kidneys (Supple-
mentary Fig. S1a, b). The PCA score plots further indicated the
good fitness and high predictability of this model at Weeks 1, 2
and 3 with high statistical R and Q? values in both positive and
negative ion modes (Supplementary SFig. 1a, b). The trajectories
indicated that the UUO group (1st week) moved away from the
sham group position along the t [1] axis from sham mice onwards,
and there was a maximum shift by the 3rd week in both positive
and negative ion modes (Fig. 1c, d). These changes demonstrate
that UUO leads to significantly altered intrarenal metabolites.

Altered metabolites are associated with progressive TIF

To further identify the UUO-induced changes in intrarenal
metabolites, variables were selected between the UUO (at weeks
1, 2 or 3) and sham groups according to the fold changes and
statistical analysis. The metabolites were identified using our
previously reported methods [32-34]. A total of 231 metabolites
were identified based on MS, MSE fragment information and i-FIT
values compared to the reported literature, database resources or
authentic standards. Compared to those in the sham group, 53 of
the 231 metabolites showed significant differences at all three
time points in the UUO group (Table 1 and Supplementary
Table S2). Except for docosahexaenoic acid, aspartic acid and
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Fig. 1 UUO leads to progressive TIF and lymphocyte infiltration in UUO mice. a Images of Masson’s trichrome staining and
immunohistochemical staining of CD3 and vimentin expression at Weeks 1, 2 and 3. b The histograms refer to the relative expression of
Masson'’s trichrome staining, as well as vimentin and CD3 expression, in each group as indicated. ¢ Visualisation of changes in the metabolic
trajectories in UUO mice. PCA score plots of metabolic profiles for the different UUO groups at Weeks 1, 2 and 3 in positive ion mode.
d Visualisation of changes in the metabolic trajectories in UUO mice. PCA score plots of metabolic profiles for the different UUO groups at
Weeks 1, 2 and 3 in negative ion mode. e Heatmap of 53 metabolites in the sham and UUO groups at Weeks 1, 2 and 3.  P<0.01 compared
with the sham group.
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Fig. 2 UUO caused gradual increases in metabolites that paralleled progressive TIF. a Relative intensities of four significantly altered
metabolites in the obstructed kidney tissues of UUO mice at Weeks 1, 2 and 3. b Chemical structures of the four metabolites. ¢ Relative
mtensmes of the four significantly altered metabolites in the serum of UUO mice at Weeks 1, 2 and 3. “P<0.01 compared with the sham

group; "P < 0.05,

taurine, 50 of the 53 metabolites were significantly increased at all
three time points in UUO mice. As shown in Fig. 1e, heatmap
analysis showed clear separation between the sham and UUO
groups at the three time points. Furthermore, UUO caused the
gradual increase in the levels of these metabolites from the sham
to the 1st week in the UUO and the 3rd week in the UUO group,
paralleling the progression of TIF. This finding indicates that
progressive TIF is accompanied by the accumulation of intrarenal
metabolites, and these metabolites are associated with progres-
sive TIF. In addition, 178 of the 231 metabolites showed significant
differences at least at one time point in the UUO group compared
to the sham group (Supplementary Table S3).

Elevated MP levels in UUO mice and patients with
tubulointerstitial nephropathy

Based on the association of bioactivity with chemical structure, we
further classified the metabolites and found that the metabolites
mainly had aromatic hydrocarbons, indoles, heterocycles and fatty
acids. Therefore, these metabolites were classified as 60 aromatic
hydrocarbons (2 PAHs and 58 one-benzene-ring-containing
metabolites), 12 indoles and 15 heterocycles (Table 1 and
Supplementary Tables S2, S3). The remaining 158 metabolites
could not be classified with specific structures (Supplementary
Tables S2, S3). We hypothesised that aryl hydrocarbon metabolites
have a critical role in progressive TIF. Aryl hydrocarbon
compounds, including aromatic hydrocarbons, indoles and poly-
heterocyclic compounds, are ligands of AhR, which is a ligand-
activated basic helix-loop-helix transcription factor [35]. Interest-
ingly, the relative intensities of 10 metabolites showed an
increasing trend from the sham to UUO group at Week 3
(Supplementary Table S2). Furthermore, four metabolites (MP,
indoxyl sulfate, 6-hydroxymelatonin and 5-methoxytryptamine)
showed high fold change values and significant differences in
obstructed kidney tissues and the serum of mice at the different
time points (Fig. 2a—c). Taken together, these results suggest that
the increased MP levels are associated with TIF.

SPRINGER NATURE

""P<0.01 compared with the UUO group at Week 1;

#P < 0.05, #P < 0.01 compared with the UUO group at Week 2.

AhR activation and battery gene expression show a time-
dependent association with progressive TIF

To investigate whether ureteral obstruction directly activates the
AhR signalling pathway, the changes in AhR and its target gene
mMRNA expression were quantitated in sham and UUO mice at
Weeks 1, 2 and 3. UUO mice showed time-dependent upregula-
tion of AhR mRNA expression (Fig. 3a), which was accompanied by
the upregulated expression of AhR target genes, including
CYP1A1, CYP1A2, CYPIBT and COX-2, in a time-dependent manner
(Fig. 3a). A significant increase in AhR protein expression in the
nucleus was accompanied by a significant decrease in the
cytoplasm in a time-dependent manner (Fig. 3b, c). In addition,
immunohistochemical staining showed nuclear translocation of
AhR in the obstructed kidneys of UUO mice (Fig. 3d, e). These
findings indicate that urinary tract obstruction leads to AhR
signalling activation.

Docking analysis demonstrates AhR activation by aryl
hydrocarbon metabolites in TIF

We next examined whether AhR could be activated by four
endogenous metabolites. Molecular docking was performed to
investigate the interactions between the four identified metabo-
lites and AhR. The Ramachandran plot (88.1% in the favoured
region) verified the viability of the established model (Fig. 3f).
Molecular docking was performed to investigate the interactions
between the four identified metabolites and the AhR model.
According to cluster analysis of 100 docking runs, the minimum
energy (—7.60, —8.60, —6.49, —6.16, and —5.52 kcal/mol) with the
highest cluster (100, 100, 68, 39, and 53 times) of conformations
was chosen as the best binding orientation of these metabolites in
the PAS-B domain of murine AhR (Fig. 3g). The results revealed that
the K; values of TCDD, MP, indoxyl sulfate, 6-hydroxymelatonin and
5-methoxytryptamine were 2.67, 0.49, 17.37, 55.51 and 89.94 uM,
respectively. MP had a lower K; value than the other metabolites,
suggesting that PAHs have stronger affinities with AhR than other
metabolites. The indole derivatives produced by tryptophan
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AhR mRNA level
CYP1A1 mRNA level

CYP1A2 mRNA level
o

0 0.0
Sham 1W_2W 3W Sham 1W_2W 3w

uuo uuo

c d

1.2 LA »
*Ee
= = e,
° [ IS
50.8 E lar
x 4 SraAy
3 ﬁ v,
o4 P e

- ‘I
op
Y

5

0.0 0.0
Sham 1W 2W 3W Sham 1W 2W 3W
uuo uuo

Psi (degrees)
|

45

-135-°

His285 4

a
g
Al
o
N
o
e
o

Phi (degrees)

Indoxyl sulfate

Ser314

Gly315

Phe289

J

1-Methoxypyrene mediates renal fibrosis

0.0
Sham 1W_2W 3w

sl L J_,—'J . — {hg:p?

L| - o -

6-Hydroxymelatonin

Gly313

Thr290

G Cao et al.

_60 b Sham  UUO_1W UUO_2W  UUO_3W
s T T T ]
<40 96‘-‘---— W | C.AhR
- 1
[4
R0 32 P..----# GAPDH
N2
o
o 96‘* - — D @ @ -AhR

0.0

Sham 1W_2W 3w
7 D S = D G G @ isione s

UUO

0.214
9
= *%
o
5 0.14
3
ﬁ
8 0.07-
©
&
i, ¥ “\ <
e e i o) by 4y Date 0.00-
Tty .".‘g. > Sham  UUO
1-Methoxypyrene
S < J
) Ser359 GIn377 \ Cys310

= K'Tbrzsa

5-Methoxytryptamine

3
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d Immunohistochemical analysis with anti-AhR in the obstructed kidneys of UUO mice. e Quantitative results of AhR expression in the
obstructed kidneys of UUO mice. f Ramachandran plot of the modelled mouse AhR-LBD. g The predicted binding mode of the four
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0.01 vs the sham group.

metabolism, including 6-hydroxymelatonin, indoxyl sulfate and 5-
methoxytryptamine, showed significant interactions with AhR.

Data on the docking interactions of the four metabolites with
AhR are shown in Fig. 3g. MP docked in the active site of AhR was
surrounded by hydrophobic residues (Pro291, Leu309, Phe318,
Phe345, Leu347 and Val357) and charged residues (Lys312). Both
indoxyl sulfate and 6-hydroxymelatonin interacted with hydro-
phobic residues (Phe289 and Pro291) and charged residues
(Lys312), while 5-methoxytryptamine bound with the residues
His285, Phe289, 11e292, Lys312 and His320. Collectively, these data
revealed that all four metabolites could bind to the ligand-binding
site of AhR, suggesting that AhR signalling could be activated by
these metabolites.

Toxicity of MP on NRK-52E cells

Based on the P values and molecular docking results, the effect
of MP was investigated in subsequent experiments. We first

Acta Pharmacologica Sinica (2022) 43:2929 - 2945

investigated the effect of MP on NRK-52E cell viability. Cell viability
was reduced with increasing MP concentrations, and cell viability
was significantly inhibited at 36 h (Fig. 4a).

MP activated the AhR signalling pathway in TIF

We next examined whether MP activates AhR signalling in MP-
induced NRK-52E, RAW 264.7 and NRK-49F cells. AhR mRNA
expression was significantly increased in NRK-52E cells treated with
different concentrations of MP for 24 h or with MP (10 nM) for
different times (Fig. 4b). Nuclear AhR protein expression was
significantly upregulated in NRK-52E cells treated with different
concentrations of MP for 24 h, while cytoplasmic AhR protein
expression was significantly downregulated, indicating the activa-
tion of AhR signalling (Fig. 4c, d). Similarly, AhR signalling was
activated by stimulation with 10 nM MP for 6, 12 and 24 h (Fig. 4e, f).
Consistent with those in MP-induced NRK-52E cells, significantly
upregulated AhR mRNA expression, significantly upregulated

SPRINGER NATURE
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of AhR expression in NRK-52E cells induced by different concentrations of MP. e Protein expression of AhR in the nucleus and cytoplasm of
NRK-52E cells induced by MP for different times. f Quantitative analysis of AhR expression in NRK-52E cells induced by MP for different times.
g AhR mRNA expression in RAW 264.7 cells after treatment with increasing concentrations of MP for 24 h and 10 nM MP for different times.
h Protein expression of AhR in the nucleus and cytoplasm of RAW 264.7 cells induced by different concentrations of MP. i Quantitative analysis
of AhR expression in RAW 264.7 cells induced by different concentrations of MP. j Protein expression of AhR in the nucleus and cytoplasm of
RAW 264.7 cells induced by MP for different times. k Quantitative analysis of AhR expression in RAW 264.7 cells induced by MP for different
times. | AhR mRNA expression in NRK-49F cells after treatment with increasing concentrations of MP for 24 h and 10 nM MP for different times.
m Protein expression of AhR in the nucleus and cytoplasm of NRK-49F cells induced by different concentrations of MP. n Quantitative analysis
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NRK-49F cells induced by MP for different times. p Quantitative analysis of AhR expression in NRK-49F cells induced by MP for different times.
q Luciferase assay of AhR activation in MP-induced NRK-52E cells. r Luciferase assay of AhR activation in MP-induced RAW 264.7 cells.
s Luciferase assay of AhR activation in HP-induced NRK-49F cells. t The mRNA expression levels of AhR target genes, including CYP1A1, CYP1A2,
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nuclear AhR protein expression and downregulated cytoplasmic
AhR protein expression were observed in MP-induced RAW 264.7
cells (Fig. 4g-k) and NRK-49F cells (Fig. 4l-p). The luciferase assay
showed that MP significantly enhanced AhR-driven reporter activity
in NRK-52E, RAW 264.7 and NRK-49F cells (Fig. 4g-s). Our findings
further demonstrate that AhR target genes, including CYPIAT,
CYP1A2, CYPIB1 and COX-2, are significantly upregulated in MP-
induced NRK-52E, RAW 264.7 and NRK-49F cells (Fig. 4t). To further
investigate whether MP specifically activates the AhR signalling
pathway, we then depleted AhR mRNA in NRK-52E cells with small
hairpin  RNA (shRNA), which significantly downregulated AhR
mMRNA expression at 24h (Fig. 5a). The mRNA expression of
CYP1A1, CYP1A2, CYPIB1 and COX-2 was significantly reduced in
AhR shRNA-treated NRK-52E cells stimulated with MP (Fig. 5b).
Similar results were also observed in MP-induced RAW 264.7 and
NRK-49F cells (Fig. 5¢c—f). These results indicated that MP activates
the AhR signalling pathway. We hypothesised that MP might be a
crucial component of cell-cell and cell-microenvironment
interactions.

MP leads to ECM accumulation through EMT and MMT in TIF

To further understand whether MP leads to ECM component
accumulation through EMT and MMT, we measured the protein
expression of collagen |, a-SMA, fibronectin and E-cadherin in MP-
induced NRK-52E, RAW 264.7 and NRK-49F cells. MP upregulated
the protein expression of collagen |, a-SMA, and fibronectin and
reduced E-cadherin protein expression in NRK-52E cells (Fig. 6a, b).
Similar results were observed in MP-induced RAW 264.7 (Fig. 6c, d)
and NRK-49F cells (Fig. 6e, f). To further investigate whether MP
leads to ECM component accumulation through EMT and MMT by
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selectively activating the AhR signalling pathway, cells were
transfected with AhR shRNA. Compared to those in MP-induced
NRK-52E cells, the upregulated protein expression of collagen |, a-
SMA, fibronectin and downregulated E-cadherin protein expres-
sion were significantly attenuated in MP-induced NRK-52E cells
treated with AhR shRNA (Fig. 6g, h). In addition, similar results
were observed in MP-induced NRK-52E cells treated with
CH223191, a potent and specific AHR antagonist (Fig. 6g, h).
Furthermore, the upregulation of ECM component expression was
significantly attenuated in MP-induced RAW 264.7 and NRK-49F
cells treated with AhR shRNA or CH223191 compared to that in
MP-induced RAW 264.7 or NRK-49F cells (Fig. 6i-I). Taken together,
these results indicate that MP mediates renal fibrosis through EMT
and MMT via activation of the AhR signalling pathway.

MP mediated renal fibrosis through EMT and MMT by activating
the AhR signalling pathway in mice

To further understand whether MP mediates TIF by activating AhR
signalling, we examined AhR signalling and ECM components in
MP-induced mice. Increased intrarenal a-SMA mRNA expression
levels were observed in kidney tissues of mice treated with
different doses of MP at Week 8 (Fig. 7a). Therefore, 300 mg/kg was
used for further experiments. Increased intrarenal AhR mRNA
expression levels were accompanied by the upregulated expres-
sion of AhR target genes, including CYP1A1, CYP1A2, CYP1B1 and
COX-2, in MP-induced mice at Weeks 4, 8 and 12 (Fig. 7b).
Furthermore, MP significantly upregulated nuclear AhR protein
levels and downregulated cytoplasmic AhR protein levels at
Weeks 4, 8 and 12 (Fig. 7¢c, d). Immunohistochemical staining
further demonstrated significantly increased nuclear AhR protein

SPRINGER NATURE
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expression in intrarenal cells, such as renal tubular epithelial cells,
macrophages, myofibroblasts and fibroblasts, confirming increased
nuclear translocation of AhR in MP-induced mice at Week 12
(Fig. 7e, f). Collectively, these results indicated that MP activated
the AhR signalling pathway in vivo.
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To investigate whether MP induces TIF in vivo, renal function
and ECM components were examined in MP-induced mice at
Week 12. MP significantly increased the levels of serum creatinine
and urea in mice (Fig. 7g). Pathological analysis showed that MP
mediated renal fibrosis (Fig. 7h, i). Further analysis showed that MP
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Fig.6 MP mediated TIF by activating AhR in TIF. a Protein expression of collagen I, a-SMA, fibronectin and E-cadherin in MP-induced NRK-52E
cells. b Quantitative analysis of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced NRK-52E cells. ¢ Protein expression of collagen |, a-
SMA, fibronectin and E-cadherin in MP-induced RAW 264.7 cells. d Quantitative analysis of collagen |, a-SMA, fibronectin and E-cadherin in MP-
induced RAW 264.7 cells. e Protein expression of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced NRK-49F cells. f Quantitative analysis
of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced NRK-49F cells. g Protein expression of collagen |, a-SMA, fibronectin and E-cadherin
in MP-induced NRK-52E cells treated with AhR shRNA or CH223191. h Quantitative analysis of collagen |, a-SMA, fibronectin and E-cadherin in MP-
induced NRK-52E cells treated with AhR shRNA or CH223191. i Protein expression of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced
RAW 264.7 cells treated with AhR shRNA or CH223191. j Quantitative analysis of collagen I, a-SMA, fibronectin and E-cadherin in MP-induced RAW
264.7 cells treated with AhR shRNA or CH223191. k Protein expression of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced NRK-49F
cells treated with AhR shRNA or CH223191. | Quantitative analysis of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced NRK-49F cells
treated with AhR shRNA or CH223191. "P <0.05, “P < 0.01 vs the CTL group; *P < 0.05, *P < 0.01 vs the MP-induced group.

significantly upregulated the protein expression of collagen |, a-
SMA and fibronectin and preserved E-cadherin protein expression
in mice (Fig. 7j, k). These results suggest that ECM deposition and
fibrosis determine the MP-mediated decline in renal function. To
further investigate whether MP mediates TIF via the AhR signalling
pathway, mice were transfected with AhR shRNA. Compared to
control shRNA, AhR shRNA significantly decreased AhR mRNA
expression in mice (Fig. 7). The mRNA expression levels of CYP1AT,
CYP1A2, CYP1B1 and COX-2 were significantly decreased in AhR
shRNA-treated mice induced by MP compared to mice induced
with MP alone (Fig. 7m). This effect was accompanied by
significant downregulation of the protein expression of collagen
I, a-SMA and fibronectin and the maintenance of protein
expression in mice (Fig. 7n, o). These results indicate that MP
induces ECM component accumulation that leads to TIF. Overall,
we conclude that MP mediates ECM component accumulation by
activating the AhR signalling pathway in vivo. An in vivo study
indicated that MP might be a crucial component of the cell-cell
and cell-microenvironment interactions in TIF. We successfully
established a mouse model of CKD by using MP, which provides
new insights into the pathogenesis and molecular mechanisms of
renal fibrosis.

The screening and identification of the natural AhR antagonist
from Plantaginis semen
Natural products have been extensively used to treat CKD
and have been demonstrated to protect against renal fibrosis
[36-38]. Increasing evidence has demonstrated the antagonistic
or agonistic effects of many natural products on AhR signalling
[23]. To verify and evaluate whether the MP-induced CKD model
could be used to screen new antifibrotic drugs, 33 isolated
compounds from Plantaginis semen, which is used to treat
patients with oedema, oliguria and urinary dysfunction, were
examined in vitro and in vivo. Recent studies have shown that
Plantaginis semen can attenuate hyperuricaemia, gouty nephro-
pathy and diabetic retinal injury and enhance immune responses
[39-42]. GFA (Fig. 8a) was identified as an AhR antagonist and
could exhibit antioxidant and antibacterial activities [43]. To
assess the effect of GFA on cell viability, NRK-52E cells were
exposed to different concentrations of GFA for different times.
The results showed that exposure to GFA did not alter
proliferation or have cytotoxic effects on NRK-52E cells (Fig. 8b).
Therefore, we used 10uM for further in vitro experiments.
Different doses of GFA were orally administered to MP-induced
mice. GFA significantly inhibited the upregulation of a-SMA
MRNA expression in the kidney tissues of MP-induced mice
at Week 12 (Fig. 8c). The 20 mg/kg dose showed a strong
inhibitory effect on a-SMA mRNA expression compared to
10 mg/kg. However, the effect of 20 mg/kg was similar to that
of 40 mg/kg. Therefore, 20 mg/kg was used for further in vivo
experiments.

GFA treatment significantly inhibited the upregulated mRNA
expression of AhR and its four target genes in the kidney tissues of
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MP-induced mice at Week 12 (Fig. 8d). Furthermore, GFA treatment
significantly inhibited the upregulated nuclear expression of AhR
protein and downregulated cytoplasmic protein expression of AhR
in the kidney tissues of MP-induced mice (Fig. 8e, f). GFA
significantly lowered the levels of serum creatinine and urea and
significantly increased blood haematocrit levels in MP-induced
mice at Week 12 (Fig. 8g), indicating that GFA treatment improved
renal function. Further analysis showed that GFA inhibited ECM
component accumulation, ameliorating TIF (Fig. 8h, i). Mechan-
istically, MP significantly enhanced AhR-driven reporter activity,
and this effect was suppressed by GFA, indicating that GFA directly
targets AhR activity (Fig. 8j). Immunofluorescence staining further
showed that GFA significantly inhibited the increased nuclear
translocation of AhR in MP-induced NRK-52E cells (Fig. 8k). In vitro
experiments confirmed that GFA inhibited the accumulation of
ECM components, including collagen |, a-SMA and fibronectin, in
MP-induced NRK-52E cells and improved TIF damage (Fig. 8I, m).
Taken together, these findings demonstrate that GFA attenuates
TIF by antagonising MP-induced activation of the AhR signalling
pathway.

DISCUSSION

TIF is the final manifestation of the progression of CKD to end-
stage renal disease and requires renal replacement treatments
such as dialysis and transplantation [44-47]. In the current study,
MP was successfully identified as a crucial component in the
contribution of TIF to renal fibrosis via the regulation of cell-cell
and cell-microenvironment interactions (Fig. 9). We established a
new and simple mouse model of CKD by using MP, which
provided new insights into the pathogenesis of CKD and the
molecular mechanisms of renal fibrosis in the clinical setting. To
validate this model, we examined the natural AhR antagonist GFA,
which attenuates renal fibrosis by regulating the AhR signalling
pathway. This model could provide a promising therapeutic
strategy for the screening and development of new antifibrotic
drugs in animal research.

ECM components are secreted into the tubulointerstitial matrix
that supports and surrounds the different types of cells [48]. ECM
components are the major providers of structural scaffolding for
certain tissues and are composed of collagen | and fibronectin,
providing mechanical strength to tissues [49-51]. Increasing
evidence indicates that intrarenal ECM components possess many
biological functions in addition to providing structural support
[52, 53]. An early study suggested that the ECM microenvironment
regulated the migratory behaviour of activated renal tubular
epithelial cells [11]. The biophysical features of the matrix regulate
various profibrotic responses. In addition, ECM components also
sequester and act as a reservoir for a wide variety of cytokines,
chemokines and growth factors [50, 54, 55] that participate in TIF.
Although a number of experiments have been performed on the
intrarenal ECM microenvironment, these studies are still in their
infancy compared with studies of the tumour microenvironment
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[56]. Several proteins or enzymes have been shown to be crucial
molecules in the microenvironment that contribute to renal injury
and TIF [57-59]. For example, a recent study demonstrated that
glomerular testican-2 was expressed in human kidneys and that
testican-2 increased glomerular endothelial tube formation and
motility, raising the possibility that its secretion has a functional
role in the glomerulus [58]. In addition, intrarenal interleukin-15
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acts through interleukin-15 receptor subunit a (CD132) as an
epithelial survival factor. A previous study showed that interleukin-
15 was a main regulator of cell-microenvironment interactions in
human renal homeostasis [4]. Interleukin-15 preserved E-cadherin
expression and suppressed EMT in renal epithelial tubular cells
with interleukin-15 receptor subunit Y™+ [4]. A recent study
suggested that matrix metalloproteinase-9-positive neutrophils
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Fig. 7 AhR signalling was activated in MP-induced mice. a a-SMA mRNA expression levels in the kidney tissues of control mice and mice
treated with different doses of MP at Week 8. b The mRNA expression levels of AhR and its target genes, including CYP1AT1, CYP1A2, CYP1B1 and
COX-2, in the kidney tissues of control and MP-induced mice at Weeks 4, 8, and 12. ¢ AhR protein expression in the nucleus and cytoplasm of
kidney tissues from control and MP-induced mice at Weeks 4, 8, and 12. d Quantitative analysis of AhR expression in the nucleus and cytoplasm
of kidney tissues from control and MP-induced mice at Weeks 4, 8, and 12. e Immunohistochemical analysis with anti-AhR of kidney tissues
from control and MP-induced mice at Week 12. f Quantitative immunohistochemical analysis with anti-AhR of kidney tissues from control and
MP-induced mice at Week 12. g The levels of serum creatinine and urea in control and MP-induced mice at Week 12. h Images of Masson'’s
trichrome staining of kidney tissues from control and MP-induced mice at Week 12. i Quantitative analysis of renal fibrosis as shown by
Masson’s trichrome staining of kidney tissues in control and MP-induced mice at Week 12. j Protein expression of collagen I, a-SMA, fibronectin
and E-cadherin in kidney tissues from control and MP-induced mice at Week 12. k Quantitative analysis of collagen |, a-SMA, fibronectin and
E-cadherin in kidney tissues from control and MP-induced mice at Week 12. 1 AhR mRNA expression levels in AhR shRNA-treated mice. m The
mMRNA expression levels of AhR target genes, including CYP1A1, CYPIA2, CYPIB1 and COX-2, in AhR shRNA-treated mice induced with MP.
n Protein expression of collagen |, a-SMA, fibronectin and E-cadherin in MP-induced mice treated with AhR shRNA. o Quantitative analysis of
collagen |, a-SMA, fibronectin and E-cadherin in MP-induced mice treated with AhR shRNA. "P<0.05, “P<0.01 vs the CTL or CTL Scramble

group; P < 0.01 vs the MP or MP Scramble group.

were essential for the profibrotic microenvironment in the
obstructed kidney in UUO mice [5]. In contrast, perivascular
CD73" cells ameliorated inflammation and TIF by modulating the
renal microenvironment [60]. Taken together, these findings
suggest that the renal microenvironment contributes to renal
injury in both acute and CKDs.

CKD is associated with an increased risk of death, especially in
CKD patients with CVD. Classic risk factors, such as high blood
pressure, diabetes mellitus, obesity, hypercholesterolemia and
tobacco use, cannot explain the increased rate of cardiovascular
events in CKD [61, 62]. Recent studies suggest that chronic and
persistent fibrosis in the renal interstitium is more complicated
and dynamic than previously thought [5]. Although the specific
pathophysiological mechanisms of TIF are not yet well known,
the tubulointerstitial microenvironment has become a focus for
understanding progressive TIF, similar to the understanding
of the effects of the tumour microenvironment on tumour
development and progression. Bidirectional communication
between a variety of genes, proteins and endogenous metabo-
lites in the kidney orchestrates cellular responses to both normal
physiological and pathological conditions [63]. In the last several
decades, considerable research has focused on understanding
the aberrant expression of many genes and proteins in TIF [64]. In
contrast, few studies have demonstrated that the dysregulation
of endogenous metabolites plays a critical role in progressive TIF.
Purinergic signalling by 5’-ectonucleotidase (CD73), which can
convert adenosine monophosphate to adenosine on the extra-
cellular surface, inhibits inflammation. Recently, a study demon-
strated that CD73 in renal perivascular cells inhibited
myofibroblast transformation and influenced macrophages to
promote wound healing [60]. The purinergic signalling pathway
in the renal microenvironment orchestrates perivascular cells and
macrophages to inhibit inflammation and prevent progressive
TIF [60].

In recent decades, metabolomic techniques have been exten-
sively used to identify the dysregulation of metabolites and
uncover the biochemical mechanism in various diseases, including
renal disease [65]. Based on biological samples such as serum,
uring, tissues and faeces, as well as cells, an increasing number of
studies have identified many metabolites that are implicated in
CKD [66]. However, the normal biological functions and patho-
genesis of these metabolites remain poorly understood, and there
is no effective therapy. In the current study, we identified that the
metabolite MP is associated with progressive TIF (weeks 1, 2 and
3) in mice with UUO, a typical model of renal interstitial fibrosis,
based on UPLC-HDMS-based untargeted metabolomics. Our study
demonstrates that MP mediates ECM component accumulation
through EMT and MMT via activation of the AhR signalling
pathway in MP-induced NRK-52E, RAW 264.7 and NRK-49F cells.
Consistent with this conclusion, MP leads to ECM component
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accumulation and TIF via activation of the AhR signalling pathway
in mice. These findings of disease-associated metabolite patterns
suggest that MP may be a critical component in the microenvir-
onment that contributes to TIF. The dysregulation of MP holds the
promise for uncovering novel targets to prevent renal fibrosis in
the clinical setting.

Pyrene-derived compounds such as MP, 1-aminopyrene,
1-nitropyrene and 1-hydroxypyrene, which are PAHs, are some
of the most important metabolites. A previous study demon-
strated that MP induced CYPT1BT mRNA expression in the kidney
tissues of rats [67], which was also verified in vitro [68]. In addition,
it has been reported that 1-aminopyrene leads to extensive
oxidative damage and enhances the expression of proinflamma-
tory cytokines [69], which is consistent with the increased COX-2
mMRNA expression observed in our study. Our previous study
identified that the increased 1-aminopyrene levels and activated
AhR signalling pathway were involved in progressive CKD by using
a 5/6 nephrectomized rat model and CKD patients [18].
Furthermore, we demonstrated that 1-aminopyrene upregulated
the mRNA expression of AhR and its target genes, including
CYP1A1, CYPIAT and CYPIBI1, which were accompanied by the
upregulated nuclear expression of AhR protein and downregu-
lated cytoplasmic expression of AhR protein in both NRK-52E cells
and mice [18]. Recent studies revealed that 1-hydroxypyrene
levels were positively associated with urinary 8-hydroxy-20-
deoxyguanosine (a biomarker of oxidative damage) levels and
blood AhR expression [70, 71]. In addition, it has been reported
that urinary 1-hydroxypyrene levels are related to the levels of
catalase, malondialdehyde and B-carotene in postinfarct patients
[72]. Thus, the current work and that of others suggests that
pyrene-derived metabolites are important mediators of AhR
signalling that lead to inflammation and renal injury in kidney
disease. These data expand the commonly known and prominent
role of pyrene-derived metabolites in the renal microenvironment
and homeostasis.

Many known ligands of AhR are man-made, and natural ligands
of AhR have remained elusive. Earlier studies have identified the
plant-derived dietary compounds curcumin and indolo [2, 3]
carbazole as AhR ligands [19, 21, 73]. Furthermore, a number of
studies have demonstrated that natural products, such as
resveratrol, epigallocatechin gallate, luteolin and myricetin, are
AhR antagonists [23]. We demonstrated that GFA treatment
attenuated renal fibrosis by regulating the AhR signalling pathway
after MP stimulation in vitro and in vivo. This result further
confirms that an established MP-induced mouse model may be
used to screen new antifibrotic drugs. Overall, this proof-of-
principle study provides novel insights into the pathogenesis of
CKD and metabolic mechanisms underlying TIF by correlating
phenotype and direct metabolite-protein (small molecule-macro-
molecule) interaction data.
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Fig. 8 GFA treatment mitigates TIF by antagonising the MP-induced AhR signalling pathway. a Structure of GFA. b The viability of NRK-52E
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doses of GFA on the mRNA expression of a-SMA in MP-induced mice at Week 12. d The mRNA expression levels of AhR target genes, including
CYP1A1, CYP1A2, CYPIB1 and COX-2, in the kidney tissues in the different groups as indicated at Week 12. e AhR protein expression in the
nucleus and cytoplasm of kidney tissues from the different groups at Week 12. f Quantitative analysis of AhR expression in the nucleus and
cytoplasm of kidney tissues from the different groups at Week 12. g The levels of serum creatinine and urea in the different groups at Week 12.
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