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Abstract. Cardiovascular disease is the predominant compli-
cation and leading cause of mortality in patients with chronic 
kidney disease (CKD). Previous studies have revealed that 
uremic toxins, including indoxyl sulfate (IS), participate in 
cardiac hypertrophy. As a heme‑thiolate monooxygenase, 
cytochrome P450 family 1 subfamily B member 1 (CYP1B1) 
is able to metabolize arachidonic acid into hydroxyeicosatet-
raenoic acids, which are thought to serve a central function in 
the pathophysiology of the cardiovascular system. However, 
whether CYP1B1 is involved in cardiac hypertrophy induced 
by uremic toxins remains unknown. The present study revealed 
that the expression of the CYP1B1 gene was significantly 
(P<0.05, CKD or IS vs. control) upregulated by CKD serum or 
IS at the transcriptional and translational level. Furthermore, 
IS treatment resulted in the nuclear translocation of aryl hydro-
carbon receptor (AhR), an endogenous ligand of IS. Binding of 
AhR in the promoter region of CYP1B1 was confirmed using 
a chromatin immunoprecipitation assay in the cardiomyoblast 
H9c2 cell line. In addition, knockdown of AhR or CYP1B1 
reversed the production of cardiac hypertrophy markers. The 
in vivo injection of a CYP1B1 inhibitor significantly (P<0.05, 
Inhibitor vs. control) attenuated cardiac hypertrophy in mice. 
The data from the present study clearly demonstrated that 
CYP1B1 was involved in cardiac hypertrophy induced by 
uremic toxins.

Introduction

Cardiovascular disease (CVD) is the predominant complica-
tion in patients with chronic kidney disease (CKD), and is also 
the leading cause of mortality among patients with end stage 
renal failure (1‑3). Left ventricular hypertrophy (LVH) is a 
typical pathological feature of cardiovascular lesions observed 
in these patients, which was previously thought to be caused 
by long‑term hypertension and volume overload. However, 
even when controlling blood pressure and volume load, LVH 
still exists (4), suggesting that other pro‑hypertrophy factors 
must be present.

There is a large body of evidence to suggest that the uremic 
milieu itself serves a critical function in the development 
and progression of CVD (5). Although CVD prevalence and 
mortality rates may vary amongst different studies, the preva-
lence of CVD is estimated to be between 14.4‑34.0% across 
a range of different ethnic groups (6,7). One previous study 
has revealed that indoxyl sulfate (IS), a typical protein‑bound 
uremic toxin that is produced by intestinal bacteria and 
accumulates in the blood with the progression of CKD, 
participates in cardiac hypertrophy  (8). Another previous 
study has suggested that the serum levels of IS were indepen-
dently associated with LVH, and IS‑induced cardiomyocyte 
hypertrophy was observed in vitro, and was further confirmed 
by the intraperitoneal injection of IS in mice (9). In addition, 
it has also been demonstrated that IS may induce reactive 
oxygen species (ROS) production by inhibiting the protein 
kinase AMP‑activated catalytic subunit α2 (AMPK)/uncou-
pling protein 2 (UCP2) signaling pathway (10). However, the 
ROS production induced by IS cannot be completely reversed 
by an AMPK activator. This suggests that another signaling 
pathway may also be involved in its biological functions. On 
the other hand, oral charcoal adsorbents that are able to lower 
serum IS levels were reported to prevent the progression of 
cardiac hypertrophy in CKD (11,12). These studies reveal the 
deleterious vascular effects of IS under uremic conditions.

Previously, IS was demonstrated to be a potent endog-
enous agonist of the aryl hydrocarbon receptor (AhR), which 
is a ligand‑activated helix‑loop‑helix transcription factor 
involved in the regulation of biological responses to planar 
aromatic hydrocarbons (13,14). Prior to ligand binding, AhR is 
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sequestered in the cytoplasm; following activation by ligands, 
AhR is translocated into the nucleus where it complexes with 
the AhR nuclear translocator (ARNT), and binds to a specific 
DNA promoter sequence including the DNA replication‑related 
element (DRE) or the xenobiotic responsive element (XRE), and 
modulates the subsequent transcription of its downstream target 
genes, including xenobiotic‑metabolizing enzymes (15). It is 
generally accepted that induction of cytochrome P450 family 1 
subfamily A member 1, cytochrome P450 family 1 subfamily A 
member 2 and cytochrome P450 family 1 subfamily B member 1 
(CYP1B1) is considered cardiotoxic through generating ROS 
and endogenous arachidonic acid (AA) metabolites (16). Among 
these targets, CYP1B1 has an important function in CVD.

CYP1B1, a heme‑thiolate monooxygenase that catalyzes 
numerous reactions involved in drug metabolism and synthesis 
of cholesterol, steroids and other lipids, is able to metabolize 
AA into hydroxyeicosatetraenoic acids (HETEs), which are 
thought to serve a central function in the pathophysiology 
of the cardiovascular system  (17). CYP1B1 was reported 
to mediate angiotensin (Ang) II‑induced vascular smooth 
muscle cell migration, proliferation and hypertrophy  (18). 
In a rat model of isoprenaline‑induced cardiac hypertrophy, 
expression of the CYP1B1 gene was substantially increased 
during pressure overloads  (19). Furthermore, the selective 
inhibition of CYP1B1 with 2,4,3',5'‑tetramethoxystilbene 
(TMS) protected against Ang II or isoproterenol induced 
cardiac hypertrophy (20,21). Overall, these results suggest that 
CYP1B1 is associated with cardiac hypertrophy.

However, whether CYP1B1 is involved in cardiac 
hypertrophy induced by uremic toxins remains unknown. 
Gondouin et al  (22) revealed that IS is able to induce the 
upregulation of CYP1B1 in endothelial cells. Therefore, 
the present study hypothesized that IS may also possess 
the same function in cardiomyocytes. In order to investi-
gate this theory, rat embryonic cardiomyoblast H9c2 cells were 
treated with various doses of IS or uremic toxin in the present 
study, and the gene expression of CYP1B1 was detected. The 
data demonstrated that CYP1B1 was involved in cardiac 
hypertrophy induced by uremic toxins, while suppression of 
CYP1B1 ameliorated cardiac hypertrophy.

Materials and methods

Materials. IS was purchased from Sigma‑Aldrich (Merck 
KGaA, Darmstadt, Germany). Primary antibodies against 
CYP1B1 (cat no. ab185954) and AhR (cat no. ab2769) were 
obtained from Abcam (Cambridge, MA, USA). The antibodies 
anti‑Histone H3 (cat no. 4499) and anti‑β‑actin (cat no. 3700) 
were obtained from Cell Signaling Technology, Inc. Small 
interfering RNA (siRNA) of CYP1B1 and AhR were obtained 
from Shanghai GenePharma Co., Ltd. and the sequences 
of these siRNA are presented in Table SI. Transfection 
reagent Lipofectamine® 2000 was obtained from Invitrogen 
(Thermo Fisher Scientific, Inc.). The chromatin immuno-
precipitation (ChIP) kit EZ‑ChIP was obtained from EMD 
Millipore. All primers were synthesized by Shanghai Sangong 
Pharmaceutical Co., Ltd.

Human serum. A total of 15  patients with primary CKD 
at stage V (age range 55‑64 years, mean age 59.4, 8 male 

and 7 female, Chinese and ethnically Han, and 15 sex‑ and 
age‑matched controls were enrolled from the Department of 
Nephrology of Xinqiao Hospital (Chongqing, China) between 
July and October 2018. The protocol of the present study was 
ethically approved by the Ethics Committee of Xinqiao Hospital 
(approval no. 2018‑006‑01), and was performed in accordance 
with the Declaration of Helsinki. All patients and healthy 
controls provided written informed consent as a form provided 
by the Ethical Committee of Xinqiao Hospital (Third Military 
Medical University) prior to the start of the study to confirm the 
collection and use of the samples in the present study.

Animals. Male C57BL/6J mice were obtained from Beijing 
HFK Bioscience Co., Ltd. Mice (n=18) at 8 weeks of age 
were housed under controlled temperature (25˚C), humidity 
(50‑70%) and 12‑h light/dark cycle with free access to food 
and water. Mice were divided into 3 groups. The first group 
(n=6) received dimethyl sulfoxide (DMSO; 50% in saline, v/v) 
intraperitoneally. The second group (n=6) was treated with a 
single daily dose of 100 mg/kg IS for 8 weeks intraperitone-
ally. The third group (n=6) was administered 300 µg/kg TMS 
(MedChemExpress LLC) in DMSO every third day plus 
a daily dose of 100 mg/kg IS for 8 weeks intraperitoneally. 
Subsequently, the mice were euthanized by cervical disloca-
tion under isoflurane (2%)‑inhaled anesthesia 24 h following 
the final injection. Hearts were immediately frozen in liquid 
nitrogen and stored at ‑80˚C. The parameters of heart function 
were monitored by micro‑computed tomography. All animal 
studies were ethically approved by the Institutional Animal 
Care and Use Committee of Third Military Medical University, 
and were performed in accordance with the animal care 
guidelines of Third Military Medical University.

Cell culture and treatment. Rat embryonic cardiomyo-
blast H9c2 cell line was purchased from Shanghai Cell 
Bank (http://www.cellbank.org.cn). Cells were cultured in 
Dulbecco's modified Eagle's medium with 10% fetal bovine 
serum, at 37˚C in a humidified incubator containing 5% CO2. 
For the IS treatment, increasing concentrations of IS (0, 0.1, 
0.25 and 0.5 mM) were added to the medium. Cells were 
treated with IS for the indicated periods (0, 24, 48 and 72 h). 
For treatment with human serum, individual serum samples 
were diluted at room temperature with the complete culture 
media (1:4, v/v), and the cells were treated with diluted serum 
for 48 h.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from the cell culture and heart tissues 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). 
The RNA was reverse transcribed into cDNA and RT‑qPCR 
was performed as previously described (9). Briefly, a reac-
tion volume of 10 µl containing primers (1.0 µM), cDNA 
(100 ng) and 1XPCR mixture with SYBR I Green (Takara 
Biotechnology Co., Ltd.) was amplified on an iCycler iQ 
(Bio‑Rad Laboratories, Inc.), with the thermocycling condi-
tions of one cycle of 95˚C for 5 min, 36 cycles of 95˚C for 
30 sec, 60˚C for 30 sec and 72˚C for 60 sec, then one cycle 
of 72˚C for 5 min. Expression levels of CYP1B1, AhR, atrial 
natriuretic factor (ANF), brain natriuretic peptide (BNP) and 
β‑myosin heavy chain (β‑MHC) were calculated relative to 
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GAPDH expression, using the 2‑ΔΔCq method (23). All primers 
are listed in Table SII.

Western blot analysis. Protein samples were prepared from 
the cell culture (H9c2, 1x106) and heart tissues using RIPA 
buffer containing protease inhibitors (Beyotime Institute of 
Biotechnology, Haimen, China). Protein expression levels 
were measured by assessing band thickness in the gel‑phase 
of the western blot analysis as previously described (9). The 
following antibodies were used for the western blot analysis: 
Anti‑CYP1B1 (1:1,000), anti‑AhR (1:1,000), anti‑Histone H3 
(1:1,000) and anti‑β‑Actin (1:1,000). The blots were then incu-
bated with the corresponding secondary antibodies (1:2,000) 
conjugated with horseradish peroxidase (cat nos. ZDR‑5306 or 
ZDR‑5307, OriGene Technologies, Inc.). The immunoreactive 
proteins were detected using a ECL Detection System (Thermo 
Fisher Scientific, Inc.). Finally, the membranes were scanned 
and the densitometry analysis was performed using an image 
analysis system (Image Lab, v.3.0; Bio‑Rad Laboratories Inc.). 
To validate the data, the western blot analysis was repeated at 
least 3 times.

Immunofluorescence assay. The immunofluorescence assay 
was performed on H9c2 cells (2x105) fixed in 4% paraformalde-
hyde for 15 min at room temperature as previously described (9). 
The following antibodies were used: Anti‑AhR (1:100) 
and anti‑α‑actinin (1:200, ab137346; Abcam). The nucleus 
was labeled with 1 mg/ml 4',6‑Diamidino‑2‑phenylindole, 
dihydrochloride in phosphate buffered saline (PBS; Roche 
Diagnostics) for 5 min at room temperature. Images were 
captured using a Leica TCS‑SP5 laser‑scanning confocal 
microscope (magnification, x400; Leica Microsystems, Inc.).

Heart histology. The hearts were fixed in buffered formalin 
for 24 h at room temperature and dehydrated with increasing 
concentrations of ethanol (70, 80, 95 and 100% for 2 h, respec-
tively) and subsequently with xylene (30 min, 3 times). Finally, 
the hearts were embedded in paraffin. The embedded tissues 
were cut into 3 µm sections and were processed with xylene 
(10 min, twice) and rehydrated with decreasing concentrations 
of ethanol (100, 95, 90, 80 and 70% for 5 min, respectively). 
Then the sections were stained with hematoxylin‑eosin 
(HE) with a commercial kit (C0105, Beyotime Institute of 
Biotechnology) in accordance with the manufacturer's protocol 
and were observed under a light microscope (magnification, 
x200, Olympus CX22; Olympus Corporation).

Immunohistochemistry assay. The paraffin sections (3 µm) 
of the hearts were analyzed via immunohistochemistry using 
antibodies against CYP1B1 or AhR using standard methods. 
Following rehydration, nonenzymatic antigen retrieval was 
performed by heating the sections to 95‑100˚C in citrate buffer 
(10 mM, pH 6.0) for 15 min and washed three times with 
phosphate buffered saline (PBS) for 5 min. The sections were 
immersed in 3% (v/v) H2O2 for 5 min and washed three times 
with PBS for 5 min prior to using QuickBlock Blocking Buffer 
(P0231, Beyotime Institute of Biotechnology) for 10 min. 
Following incubation with primary antibodies (CYP1B1 or 
AhR, 1:100) at 4˚C overnight, the slides were then incubated 
with enzyme‑conjugated secondary antibodies (PV9001 or 

PV9002, 1:200, OriGene Technologies, Inc.) and visualized 
using 3,3'‑diaminobenzidine. Slides were then observed using 
an inverted microscope (magnification, x400, Olympus BX63; 
Olympus Corporation). The negative controls used PBS in 
place of the primary antibody. Images were randomly captured 
using the microscope.

ChIP analysis. ChIP was performed using a commercial 
EZ‑ChIP kit as previously described (24). Briefly, IS‑treated 
H9c2 cells or normal controls (1x107) were harvested and 
washed in cold PBS. Cells were then immediately fixed in 1% 
formaldehyde for 10 min at room temperature and halted using 
0.125 M glycine. Cell lysates were sonicated, and the sheared 
cross‑linked chromatin was immunoprecipitated with anti-
bodies against CYP1B1 (target), histone H3 (positive control) or 
normal immunoglobulin G (IgG; negative control) overnight. 
Chromatin was then collected, washed and decross‑linked at 
65˚C. DNA was purified using spin columns and detected with 
regular and quantitative PCR. Primers are listed in Table SIII.

Knockdown of CYP1B1 and AhR in H9c2 cells. H9c2 cells 
(2x104) in 6‑well plate were transfected with 50 µM of 
siRNA against CYP1B1 or AhR or negative control siRNA 
using Lipofectamine® 2,000 according to the manufacturer's 
protocol. After incubating with siRNA for 4 h, the media were 
refreshed. Following 2 days, the efficiency of the knockdown 
of the target was evaluated by analyzing the protein level of 
CYP1B1 or AhR. In order to analyze the biological functions 
of the knockdown, H9c2 cells were further treated with IS as 
aforementioned.

Statistical analysis. All data are expressed as the 
mean ±  standard error of the mean. Unpaired, two‑tailed 
t‑tests and one‑way analysis of variance followed by Tukey's 
multiple comparison test were used. The statistical analysis 
was performed using SPSS software (version 13.0; SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant result.

Results

Induction of CYP1B1 by CKD serum and IS in H9c2 cells. 
H9c2 cells were treated with serum from patients with CKD 
in the present study. The effect of the serum on cardiac 
hypertrophy markers, including ANF, BNP and β‑MHC, was 
detected using RT‑qPCR. As presented in Fig. 1A, all these 
markers were significantly induced by CKD serum when 
compared with that of the healthy controls (P<0.01). The 
protein levels of CYP1B1 were then detected via western blot 
analysis, and the results revealed that the CYP1B1 protein was 
substantially upregulated by CKD serum compared with the 
control (Fig. 1B). In order to further determine whether the 
induction of CYP1B1 was at the translational or transcriptional 
level, the mRNA level of CYP1B1 was detected via RT‑PCR. 
As presented in Fig. 1C, the CYP1B1 mRNA levels in H9c2 
cells treated with CKD serum were significantly increased 
compared with the controls (P<0.01).

IS is the most abundant uremic toxin in CKD serum. The 
present study further investigated its effect on gene expression 
of CYP1B1. As the IS concentration in patients with CKD 
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was reported to vary from 7.6‑656.0 µM (25), 500 µM IS was 
selected as the maximal dose in the present study. Consistent 
with previous results, all markers of myocardial hypertrophy 
were significantly increased at an IS concentration of 0.25 
or 0.50 mM compared with the control (P<0.05), as deter-
mined by RT‑PCR (Fig. S1A‑B). In order to assess whether 
IS may induce the gene expression of CYP1B1, H9c2 cells 
were also treated with an increasing dose of IS. The results 
from the present study revealed that the protein levels of 
CYP1B1 were significantly upregulated by IS in a dose‑ and 
time‑dependent manner (P<0.05; Fig. 1D and E). In addition, 
the mRNA levels of CYP1B1 were detected using RT‑PCR. 
As presented in Fig. 1F and G, the CYP1B1 mRNA levels in 
IS‑treated H9c2 cells were significantly increased compared 
with the control (P<0.05), while also revealing a similar dose‑ 
and time‑dependent manner. These data indicated that the 
gene expression of CYP1B1 in H9c2 cells was induced by the 
uremic toxin.

Gene expression of CYP1B1 in CKD or IS‑treated mice. In order 
to further investigate the effect of the uremic toxin on the gene 
expression of CYP1B1 in vivo, two mouse models were applied. 
As the IS concentration in CKD mice has previously been 
reported to be increased (26), a CKD model was established by 
5/6 electrocoagulation and was applied in the present study. The 
other model was established by direct intraperitoneal injections 
of IS. The pathological changes of myocardial hypertrophy of 
mouse models were confirmed by HE staining (Fig. 2A). In 
order to investigate the CYP1B1 mRNA level, total RNA was 
isolated from the heart tissues and detected using RT‑PCR. As 
presented in Fig. 2B, the CYP1B1 mRNA levels were signifi-
cantly increased in the CKD and IS groups compared with the 
control (P<0.05). The heart tissues from these groups were then 
assessed via western blot analysis and the results revealed that 
the CYP1B1 protein levels were significantly increased in the 
CKD and IS groups when compared with those in the normal 
control group (P<0.05; Fig. 2C). Similarly, the mRNA levels 

Figure 1. CYP1B1 expression was induced by CKD serum or IS in H9c2 cells. Rat embryonic cardiomyoblast H9c2 cells were treated with serum from 
patients with CKD or healthy controls. (A) Total RNAs were isolated for RT‑PCR in order to analyze the gene expression of cardiac hypertrophy markers. 
(B) Protein samples were detected using western blot analysis with antibodies against CYP1B1. H9c2 cells were treated with increasing concentrations of IS 
for 2 days or with 500 µM IS for the indicated periods of time. (C) Total RNAs were isolated for RT‑PCR in order to analyze the gene expression of CYP1B1. 
Total protein levels of CYP1B1 were detected via western blot analysis for (D) increasing concentrations of IS and (F) increasing durations of treatment, 
and total RNA levels of CYP1B1 were determined using RT‑PCR for (E) increasing concentrations of IS and (G) increasing durations of treatment. *P<0.05, 
**P<0.01 and ***P<0.001 vs. the control group. CKD, chronic kidney disease; IS, indoxyl sulfate; RT‑PCR, reverse transcription‑polymerase chain reaction; 
CYP1B1, cytochrome P450 family 1 subfamily B member 1; ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy chain.



Molecular Medicine REPORTS  21:  393-404,  2020 397

of ANF, BNF and β‑MHC were also significantly increased 
in these two groups, compared with that in controls (P<0.05; 
Fig. 2D). To further confirm the gene expression of CYP1B1 
in vivo, sections from the heart tissues were detected using 
immunochemistry. As presented in Fig.  2E, CYP1B1 was 
substantially increased in the CKD and IS groups compared 
with the control, which was consistent with the results of the 
western blot analysis. These data clearly demonstrated that the 
expression of CYP1B1 was induced by IS in vivo.

Nuclear translocation of AhR induced by IS. The present 
study then investigated whether the induction of CYP1B1 by 
IS is dependent on AhR. Thus, the effect of IS on the protein 
expression of AhR in H9c2 cells was examined. However, the 
total protein of AhR was not significantly altered by IS treat-
ment, even at the maximal dose of IS (Fig. 3A). Similarly, the 
total protein and mRNA levels of AhR remained unchanged 
when the cells were treated with CKD serum (Fig. S2). The 
protein samples were further assessed to isolate the nuclear 

and cytosol proportions. Notably, the cytosol AhR level was 
significantly decreased compared with the control (P<0.05) 
while the nuclear AhR level was significantly increased 
compared with the control (P<0.05), indicating that nuclear 
translocation of AhR occurs in a dose‑dependent manner 
(Fig. 3B and C). In order to further confirm this result, the 
cellular distribution of AhR was detected using immuno-
fluorescence. As presented in Fig. 3D, AhR was detected as 
smeared in the cytosol in control cells. However, following 
the treatment of IS, AhR was visible as dotted foci in the 
nucleus of the H9c2 cells, which indicated the marked nuclear 
translocation of AhR induced by IS.

ChIP analysis of the binding of AhR in the promoter region 
of CYP1B1. AhR is able to bind with the ARNT to form a 
heterodimeric transcription factor, which is responsible for the 
induction of a number of different targets (15). It was further 
investigated whether AhR may directly bind to the promoter 
region of CYP1B1. Therefore, ChIP‑PCR was performed in 

Figure 2. Gene expression of CYP1B1 in CKD or IS‑treated mice. (A) Heart tissues from control, CKD and IS‑treated mouse were stained using HE. Scale 
bar, 200 µm. RNA and protein samples were obtained from the heart tissues of control, CKD and IS‑treated mice, and CYP1B1 expression was detected 
using (B) RT‑PCR and (C) western blot analysis. (D) RNA samples were detected using RT‑PCR for ANF, BNP and β‑MHC. (E) Paraffin sections from the 
heart tissues were detected using immunohistochemistry with antibodies against CYP1B1. *P<0.05, **P<0.01 and ***P<0.001 vs. the control. Scale bar, 100 µm. 
CKD, chronic kidney disease; IS, indoxyl sulfate; CYP1B1, cytochrome P450 family 1 subfamily B member 1; HE, hematoxylin and eosin; RT‑PCR, reverse 
transcription‑polymerase chain reaction; ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy chain.
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order to analyze the location of AhR in the promoter region 
(P1) and the intron 2 (I2) of CYP1B1 (Fig. 4A). Following IS 
treatment, H9c2 cells were immunoprecipitated with antibodies 
against AhR, IgG (negative control) and histone H3 (positive 
control). The immunoprecipitated DNA was detected via PCR 
and positive bands of primer pair P1 were detected in the 
immunoprecipitated samples of AhR and histone H3, but not 
in IgG (Fig. 4B, lower panel). Of note, the band of primer pair 
I2 was only visible in immunoprecipitated samples of histone 
H3, indicating the specific binding of AhR in the promoter 
region (Fig. 4B, upper panel). RT‑qPCR was further applied to 
detect the enrichment of AhR. As presented in Fig. 4C and D, 
significantly increased amounts of AhR‑binding DNA were 
detected in IS‑treated cells compared with the negative control 
(P<0.001). Overall, the data in the present study clearly demon-
strated that AhR was able to bind with the promoter region of 
CYP1B1 and this binding was enhanced by IS treatment.

Effect of AhR knockdown on induction of CYP1B1 by IS. To 
further prove that AhR is crucial for the induction of CYP1B1 
by IS, siRNAs of AhR were used to treat H9c2 cells. Compared 
with NC‑siRNA, si‑AhR‑2 had the greatest significant effi-
ciency when inhibiting the expression of AhR and was used 
in the subsequent experiments (P<0.001; Fig.  5A). H9c2 
cells were pre‑treated with si‑AhR or its control prior to IS 
treatment, and the gene expression of CYP1B1 was detected. 
It was revealed that the pretreatment of si‑AhR significantly 
reversed the induction of CYP1B1 protein and mRNA induced 
by IS (P<0.01; Fig. 5B and C). Accordingly, the transcription 
of cardiac hypertrophy markers including ANF, BNF and 

β‑MHC was also reversed by si‑AhR (P<0.05; Fig. 5D). Thus, 
AhR knockdown attenuated the induction of CYP1B1 by IS, 
and prevented cardiac hypertrophy.

Effect of CYP1B1 knockdown on cardiac hypertrophy induced 
by IS. In order to elucidate the association between CYP1B1 
expression and cardiac hypertrophy, siRNAs of CYP1B1 were 
synthesized and used to knockdown the expression of CYP1B1 
in H9c2 cells. It was revealed that si‑CYP1B1‑2 was the optimum 
siRNA for inhibiting the expression of CYP1B1, and was there-
fore used in subsequent experiments (Fig. 6A). Furthermore, 
the pretreatment of si‑CYP1B1 significantly reversed the 
induction of CYP1B1 protein induced by IS (P<0.01; Fig. 6B). 
In order to gain an improved understanding of this association, 
H9c2 cells were pretreated with si‑CYP1B1 prior to IS treat-
ment, and the gene expression of ANF, BNF and β‑MHC was 
detected via RT‑PCR. As presented in Fig. 6C, the induction 
of all these cardiac hypertrophy markers was significantly 
reversed by pretreatment with si‑CYP1B1 (P<0.01; Fig. 6C). In 
addition, the cell size was determined by immunofluorescence 
staining using α‑actinin antibodies. The results revealed that 
the cell size induced by IS treatment was significantly inhibited 
by si‑CYP1B1 (P<0.01; Fig. 6D). This suggested that CYP1B1 
knockdown inhibited cardiac hypertrophy.

Effect of CYP1B1 inhibition in vivo. Finally, in order to inves-
tigate the function of CYP1B1 inhibition in vivo, a specific 
inhibitor of CYP1B1 was combined with IS for use in the 
mouse model. Previous studies (21,27) have reported TMS as 
a selective inhibitor of CYP1B1, and the dosage in vivo was 

Figure 3. Nuclear translocation of AhR induced by IS. Once H9c2 cells were treated with increasing concentrations of IS, (A) total and fractional protein 
samples for (B) the cytosol and (C) the nucleus were isolated and detected via western blot analysis for AhR expression. (D) H9c2 cells on slides were treated 
with IS (0.5 mM) and cellular distribution of AhR was analyzed by immunofluorescence. *P<0.01 and ***P<0.001 vs. the control. Scale bar, 50 µm. AhR, aryl 
hydrocarbon receptor; IS, indoxyl sulfate; ns, not significant.
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selected according to these studies. Following 2 months of 
treatment, the thickness of the ventricular wall and the rela-
tive heart weight in the IS group were significantly increased, 
compared with that in the controls (P<0.01). However, these 
parameters were significantly ameliorated by TMS treat-
ment (P<0.05; Fig. 7A and B). Furthermore, the results of 
the HE staining revealed that the decreased length of the left 
ventricular midchamber and the increased cell size induced 
by IS were also substantially ameliorated by TMS treatment 
(Fig. 7C). In addition, the increased mRNA levels of cardiac 
hypertrophy markers induced by IS were significantly reversed 
by TMS treatment (P<0.001; Fig. 7D). These results clearly 
indicate that the inhibition of CYP1B1 ameliorated cardiac 
hypertrophy induced by IS.

Discussion

CYP1B1 is a member of the CYP1 subfamily, and also the 
most abundantly expressed CYP gene in human hearts (28). 
It has been reported that CYP1B1 contributes to the devel-
opment of hypertension and renal dysfunction in male 
mice  (29). Furthermore, mutations in this gene have been 
associated with primary congenital glaucoma  (30). As a 
monooxygenase, it catalyzes a number of reactions involved 
in drug metabolism and the synthesis of cholesterol, steroids 
and other lipids  (31). This enzyme has been reported to 
metabolize procarcinogens, including polycyclic aromatic 
hydrocarbons and 17β‑estradiol (21). The functions of CYP1B1 
have been extensively studied in cancer, due to its bioactivity 

Figure 5. Effect of AhR knockdown on the induction of CYP1B1 by IS. (A) H9c2 cells were transfected with siRNA against AhR (siAHR1‑3) or control 
(NC‑siRNA) for 2 days, and protein samples were prepared for western blot analysis. H9c2 cells were pretreated with siRNA and further incubated with IS 
media for 3 days, then total proteins and RNA were isolated for (B) western blot analysis and (C) RT‑PCR analysis of AhR expression. (D) RNA samples 
were detected using RT‑PCR analysis of ANF, BNP and β‑MHC expression. *P<0.05, **P<0.01 and ***P<0.001 with comparisons shown by lines. AhR, aryl 
hydrocarbon receptor; CYP1B1, cytochrome P450 family 1 subfamily B member 1; IS, indoxyl sulfate; siRNA, small interfering RNA; NC, negative control; 
RT‑PCR, reverse transcription‑polymerase chain reaction; ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy chain.

Figure 4. ChIP analysis of the binding of AhR in the promoter region of CYP1B1. (A) Diagram of the CYP1B1 promoter and the intron region. Black and white 
arrows indicate the locations of the ChIP‑PCR primers. The transcriptional start site in the promoter region was considered to be +1. (B) IS‑treated H9c2 cells 
and controls were harvested for ChIP analysis with antibodies against AhR, histone H3 (positive control) or normal rabbit IgG (negative control). The immu-
noprecipitated DNA and input DNA were detected by routine PCR. The immunoprecipitated DNA and input DNA were detected by (C) semi‑quantitative 
PCR or reverse transcription‑PCR. (D) Data were displayed as the percentage of input DNA. ***P<0.001 vs. the negative control. N, control; ChIP, chro-
matin immunoprecipitation; AhR, aryl hydrocarbon receptor; CYP1B1, cytochrome P450 family 1 subfamily B member 1; PCR, polymerase chain reaction; 
IgG, immunoglobulin G; IS, indoxyl sulfate; P1, promoter region; I2, intron 2.
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and overexpression in a variety of different types of human 
tumor (32). Furthermore, the association between CYP1B1 
polymorphisms and cancer has been extensively studied. 
For example, an association between the CYP1B1‑rs1056836 
genetic polymorphism and clinical features of esophageal 
squamous cell carcinoma was identified in an Iranian Mashhad 
cohort study (33). In addition, a single nucleotide polymor-
phism in CYP1B1 resulted in differential prostate cancer risk 
and telomere length (34). As it metabolizes AA to mid‑chain 
HETEs with vascular deleterious effects, studies have also 
demonstrated that there is an association between CYP1B1 
and cardiac diseases. Previous studies have demonstrated that 
CYP1B1 was significantly induced in the left ventricular tissue 
of spontaneously hypertensive rats and in drug‑induced hyper-
trophied hearts (35‑37). In the present study, it was revealed 
that CYP1B1 expression may be efficiently induced by IS and 
CKD serum via the AhR pathway. In addition, it was demon-
strated that CYP1B1 knockdown or inhibition with TMS may 
reverse cardiac hypertrophy induced by IS in in vitro and 

in vivo studies. These results further confirmed the association 
between CYP1B1 and cardiac diseases.

Lower estimated glomerular filtration rate (eGFR) has been 
accepted as an independent risk factor for CVD (38). It is well 
known that various metabolites, or so‑called uremic toxins, 
are detained in the body as the GFR declines. A number of 
these have been confirmed as having cardiovascular toxicity, 
including IS. As a typical protein‑bound uremic toxin, IS is 
a tryptophan‑derived uremic toxin  (8,39,40). Tryptophan, 
an essential amino acid in the diet, may be metabolized by 
tryptophanase to indole in the gut where IS is absorbed, and 
further converted into IS in the liver (41). A gradual rise in 
serum IS was observed in CKD development from the earliest 
stages of the disease, and higher serum IS levels predicted 
higher overall and cardiovascular mortality risk, which was 
independent of age, sex, diabetes mellitus, phosphate, albumin 
and hemoglobin levels, vascular stiffness and aortic calcifica-
tion (42). In the present study, the concentration of serum IS 
from patients with CDK varied from 125.8‑356.1 µM (data 

Figure 6. Effect of CYP1B1 knockdown on cardiac hypertrophy induced by IS. (A) H9c2 cells were transfected with siRNA against CYP1B1 (siCYP1B1‑1~3) 
or control (NC‑siRNA) for 2 days, and protein samples were then prepared for the western blot analysis. H9c2 cells were pretreated with siRNA and further 
incubated with IS media for 3 days, then total proteins and RNA were subjected to (B) the western blot analysis and (C) reverse transcription‑polymerase chain 
reaction analysis of ANF, BNP and β‑MHC expression. (D) Similar treated H9c2 cells on slides were detected by immunofluorescence with antibodies against 
of α‑actinin. **P<0.01 and ***P<0.001 with comparisons shown by lines. Scale bar, 50 µm. ns, not significant; CYP1B1, cytochrome P450 family 1 subfamily 
B member 1; IS, indoxyl sulfate; siRNA, small interfering RNA; NC, negative control; ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; β‑MHC, 
β‑myosin heavy chain.
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not shown), which was markedly higher compared with the 
normal value. Previous studies indicated that the serum 
levels of IS were independently associated with LVH, and 
IS‑induced cardiomyocyte hypertrophy was identified in vitro 
and was further confirmed by the intraperitoneal injection 
of IS in mice  (9), which is consistent with other research 
results (43,44). Furthermore, IS was demonstrated to induce 
increased ROS production, which inhibited the p38, extracel-
lular signal‑regulated kinase 1/2 and AMPK/UCP2 signaling 
pathway and then promote LVH development (10). But the 
signaling pathways associated with IS exposure have not yet 
been fully understood.

Previous studies have demonstrated that IS is a human AhR 
ligand and a potent activator of its transcriptional activity, and 
that there is an association between the deleterious effects of 
IS and AhR activation (45‑47). Expression of AhR is rela-
tively high in the lungs, placenta, spleen, pancreas and liver, 
and relatively low in the heart, brain and skeletal muscles in 
adults (48). Despite the low expression level of AhR in the heart, 
AhR does have noticeable effects on the physiological func-
tioning of the heart. It exists as an AhR molecular chaperone 

complex comprising an AhR, two heat shock protein 90 and 
X‑associated protein 2 and 23 in the cytosol (49,50). Following 
binding with ligands, AhR translocates from the cytosol to 
the nucleus where it disassociates from the complex. In the 
present study, the nuclear translocation of AhR induced by IS 
was demonstrated via western blot analysis and an immuno-
fluorescence assay (Fig. 3), which was consistent with previous 
studies. Subsequently, the ligand‑AhR complex combines 
with ARNT and binds to DRE or XRE, promoting the tran-
scription of a large number of target genes activating and 
triggering a number of biological or toxicological effects. In 
fact, other uremic toxins, including indole‑3‑acetic acid (IAA) 
and p‑cresyl sulfate, are also thought to be potent activators 
of AhR transcriptional activity under uremic conditions (51). 
Likewise, IAA was reported to induce endothelial inflam-
mation and oxidative stress, and activate the inflammatory 
AhR/p38 mitogen‑activated protein kinase/nuclear factor‑κB 
pathway (52). In using the ChIP analysis in the present study, it 
was revealed that AhR may bind with the promoter region of 
CYP1B1, but not with the intron (Fig. 4). This suggested that 
AhR activation may occur in patients with CKD.

Figure 7. Effect of CYP1B1 inhibitor on cardiac hypertrophy in vivo. (A) Mice were treated with IS or/and CYP1B1 inhibitor (TMS) for 8 weeks and (B) the 
LV hypertrophy was determined by echocardiography. (C) Gross pathology of the midchamber sections of the heart was stained using hematoxylin and 
eosin. Scale bar, 200 mm in the upper panel and 50 µm in the lower panel. (D) Gene expression of the cardiac hypertrophy markers in mouse heart tissues 
were detected using a reverse transcription‑polymerase chain reaction. *P<0.05, **P<0.01 and ***P<0.001 with comparisons shown by lines. ns, not significant; 
CYP1B1, cytochrome P450 family 1 subfamily B member 1; IS, indoxyl sulfate; ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; β‑MHC, 
β‑myosin heavy chain; LV, left ventricular; TMS, 2,4,3',5'‑tetramethoxystilbene.
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In addition to the classical signaling pathway, AhR may 
also interact with other pathways by competing for tran-
scriptional co‑activators or co‑repressors. The present study 
focused on the AhR‑CYP1B1 pathway. Other non‑classical 
AhR signaling pathways may also be associated with cardiac 
hypertrophy induced by IS. Notably, the function of AhR in 
cardiac hypertrophy is controversial, as marked cardiac hyper-
trophy was observed in AhR‑deficient mice and the underlying 
molecular mechanism may be associated with an elevated 
level of vascular endothelial growth factor in AhR‑deficient 
mice (53,54). These studies suggest that the effects of AhR 
on the cardiovascular system are greater than expected. One 
explanation may be that the AhR deficiency model is not suit-
able for analyzing its pathophysiological function, as AhR is 
vital for the development of the heart (55). Although there are 
contradictions among currently available studies, the functions 
of AhR signaling in cardiac hypertrophy are important.

A previous study has indicated that CYP1B1 polymorphisms 
are closely associated with cardiac disease; the association 
between two common CYP1B1 polymorphisms, CYP1B1*3 
and CYP1B1*4, and the risk of CVD was reported in a large 
population of 50,000 individuals (56). However, to the best of 
our knowledge, there are currently no reports regarding the 
effects of these polymorphisms on AA metabolism. One of the 
reasons that the induction of CYP1B1 results in cardiac hyper-
trophy is that it may give rise to a higher level of deleterious 
metabolites. Previous studies have demonstrated that CYP1B1 
is able to metabolize AA to mid‑chain HETEs, of which the 
vascular deleterious effects have been extensively investi-
gated (17,57,58). For example, the increased levels of mid‑chain 
HETE metabolism were associated with increased CYP1B1 
expression in a rat model of pressure overload cardiac hyper-
trophy (59). Although the present study did not assess HETE 
metabolism, it is rational to speculate that these deleterious 
metabolisms are involved in cardiac hypertrophy induced by 
IS, which will be investigated in future studies. Another reason 
may be that CYP1B1 may generate a higher level of superoxide 
radicals. It has previously been reported that CYP1B1 served 
an important function in the activation of NADPH oxidase, 
which was thought to generate ROS. This was evident by the 
result that CYP1B1 siRNA inhibited AA‑induced increases in 
NADPH oxidase activity (60). A previous study also demon-
strated that IS may induce ROS production. Thus it is believable 
that CYP1B1 contributes to the generation of ROS.

One limitation of present study is that cardiac hypertrophy 
was not measured in these patients. The main purpose of the 
present study was to assess the biological effects of CKD serum 
on cell culture, including cell proliferation, apoptosis and its 
associated gene expression. However, CKD is recognized as a 
strong and independent risk factor for developing CVD, which 
has been confirmed in numerous studies (3,5,61). Therefore, 
the present study did not measure cardiac hypertrophy.

In summary, the present study revealed that the expression 
of the CYP1B1 gene was induced by CKD serum and IS, which 
was associated with the AhR pathway. CYP1B1 was involved 
in cardiac hypertrophy under uremic conditions, which may 
be a potential therapy target for cardiovascular disease among 
patients with CKD. Thus, the present study provided evidence 
to support another molecular mechanism underlying cardiac 
hypertrophy induced by the uremic toxin.
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