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Abstract

Previous evidence suggested that puerarin may attenuate cardiac hypertrophy;
however, the potential mechanisms were undetermined. Moreover, the use of puerarin
is limited by severe adverse events, including intravascular hemolysis. This study
used a rat model of abdominal aortic constriction (AAC)-induced cardiac hypertrophy
to evaluate the potential mechanisms underlying the attenuating efficacy of puerarin
on cardiac hypertrophy as well as the metabolic mechanisms of puerarin involved. We
confirmed that puerarin (50 mg/kg/d) significantly attenuated cardiac hypertrophy,
upregulated Nrf2 and decreased Keapl in the myocardium. Moreover, puerarin
significantly promoted Nrf2 nuclear accumulation in parallel with the upregulated
downstream proteins including heme oxygenase 1, glutathione transferase P1 and
NAD(P)H: quinone oxidoreductase 1. Similar results were obtained in neonatal rat
cardiomyocytes (NRCMs) treated with angiotensin 11 (1 uM) and puerarin (100 uM),
while the silencing of Nrf2 abolished the antihypertrophic effects of puerarin. The
mRNA and protein levels of UGT1Al and UGT1A9, enzymes for puerarin
metabolism, were significantly increased in the liver and heart tissues of AAC rats and
angiotensin ll-treated NRCMs. Interestingly, the silencing of Nrf2 attenuated the
puerarin-induced upregulation of UGT1Al1 and UGT1A9. The results of chromatin
immunoprecipitation—-gPCR indicated that the binding of Nrf2 to the promoter region
of Ugtlal or Ugtla9 was significantly enhanced in puerarin-treated cardiomyocytes.

These results suggest that Nrf2 is the key regulator of antihypertrophic effects and the
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upregulation of the metabolic enzymes UGT1Al and UGT1A9 of puerarin. This
autoregulatory circuits between puerarin and Nrf2-induced UGT1A1/1A9 are
beneficial to attenuate adverse effects and maintain the pharmacological effects of

puerarin.

Keywords: puerarin; cardiac hypertrophy; Nrf2; UGT1A1/1A9; metabolic feedback

loop
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1. Introduction

Puerarin (7,4'-dihydroxyisoflavone-8B-glucopyranoside) is a major active ingredient
in Chinese medicine Pueraria radix, which is extracted from the kudzu root (Pueraria
lobota (Wild) Howe). The pharmacological benefits of puerarin include improvement
of microcirculation, scavenging of oxygen free radicals, and amelioration of insulin
resistance (Zhou et al., 2014b), which make it a potential treatment for patients with
hypertension (Song et al., 1988), cerebral ischemia (Gao et al., 2009), myocardial
ischemia (Zhang et al., 2006), diabetes mellitus (Hsu et al., 2003), and arteriosclerosis

(Yan et al., 2006).

Physiologically, cardiac tissue exhibits plasticity that enables the heart to respond to
various physiological or pathological stresses. Under the continuous stress induced by
pathological conditions including hypertension and aortic stenosis, pathological
hypertrophy is characterized by ventricular remodeling, with the impairment of
cardiac systolic and diastolic function, which eventually lead to deleterious outcomes,
such as heart failure, arrhythmia, and sudden cardiac death (Oka et al., 2014; Kamo et
al., 2015). Therefore, preventative strategies against the incidence of pathological
cardiac hypertrophy may be important to improve the outcome in patients at risk of
developing heart failure. Puerarin has been suggested to confer antihypertrophic

efficacy in the heart (Yuan et al., 2014; Liu et al., 2015). Results of our previous
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studies showed that puerarin may prevent cardiac hypertrophy via the restoration of
the AMPK/mTOR-mediated autophagy pathway (Liu et al., 2015). Moreover, other
studies showed that puerarin may exert antihypertrophic efficacy via other
mechanisms, such as the blockade of hypertrophy-related signaling pathways (Chen et
al., 2014; Yuan et al., 2014), the inhibition of oxidative stress (Chen et al., 2015; Hou
et al., 2017), and the enhancement of miR-15b and miR-195 expression (Zhang et al.,
2016). However, the key regulator that is involved in the potential antihypertrophic

efficacy of puerarin remains to be determined.

Understanding the metabolic pathways of puerarin is important to optimize its
pharmacological efficacy and to limit its potential adverse effects. Puerarin has a very
low water solubility with a limited absolute bioavailability of 1.8% after oral
administration (Luo et al., 2011a; Luo et al., 2011b; Li et al., 2014). Generally,
xenobiotics experience absorption, metabolism, disposition, and excretion after
administration. Puerarin-7-O-glucuronide is one of the major metabolites of puerarin
in rats (Luo et al., 2012; Luo et al., 2013). Our previous studies confirmed that seven
UDP-glucuronosyltransferase (UGT) isoforms (UGT1AL, 1A9, 1A10, 1A3, 1A6, 1A7,
and 1A8) can catalyze the formation of its major metabolite,
puerarin-7-O-glucuronide, and UGT1ALl is the primary enzyme responsible for the
metabolism of puerarin (Luo et al., 2012). Moreover, transcription factors such as
constitutive androstane receptor (CAR), pregnane X receptor (PXR), and aryl

hydrocarbon receptor (AhR), can enhance the transcriptions of UGT isoforms,
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including UGT1AL1 (Sugatani et al., 2005; Mackenzie et al., 2010). However, recent
evidence suggests that the transcription factor nuclear factor erythroid 2-related factor
2 (Nrf2) plays a key role in preserving cardiac function, particularly via the regulation
of cardiac hypertrophy, evidenced by the enhanced cardiac hypertrophy and diastolic
dysfunction in Nrf2 knockout mice (Erkens et al., 2015). Therefore, we hypothesized
that puerarin may prevent cardiac hypertrophy by enhancing the activity of Nrf2.
Therefore, the aim of the current study was to investigate whether the potential
antihypertrophic efficacy of puerarin is associated with the regulatory effect of Nrf2 in
a pressure-overload rat model and angiotensin Il-treated neonatal rat cardiomyocytes.
Moreover, we aimed to evaluate whether puerarin may also induce UGT1ALl and 1A9
in liver and heart tissue via the regulation of Nrf2. Our results showed that Nrf2 is a
common transcription factor in effects of puerarin and that it protects against cardiac

hypertrophy and regulates puerarin metabolizing enzymes.

2. Materials and Methods

2.1. Chemicals

Injectable puerarin was purchased from Zhejiang Zhenyuan Pharmaceutical Co., Ltd.
(Shaoxing, China). Puerarin and Ang Il were purchased from Sigma Chemical (St.
Louis, MO, USA). SuperSignal™ West Pico Chemiluminescent Substrate was
obtained from Thermo (Rockford, IL, USA). TRIzol® Reagent was purchased from

Ambion Inc. (Life Technologies Inc.). A First-Strand cDNA Synthesis Kit was
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purchased from Takara. The Coomassie Protein Assay kit was purchased from

Bio-Rad Laboratories (Hercules, CA).

2.2. Animal model

Half of the male and female pathogen-free Sprague-Dawley rats (150-180 g) were
purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China).
All animal experiments were performed according to the EC Directive 86/609/EEC.
The protocol of the animal study was reviewed and approved by the Ethics Committee
of Guangzhou Medical University before performance. The rats were housed in an
environmentally controlled room (temperature, 25 £2 <C; humidity, 60 £5 %; 12/12
h dark/light cycle) with access to regular chow diet ad libitum for 1 week prior to the
experiments. Cardiac hypertrophy was induced by abdominal aortic constriction
(AAC), which was modified based on a previously reported procedure (Reddy et al.,
1996; Huang et al., 2015; Ku et al., 2016). In brief, the rats were anesthetized using
pentobarbital (45mg/kg, intraperitoneal injection). The abdominal aorta was then
exposed above the kidneys and constricted at the suprarenal level by a 7-0 silk suture
tied around both the aorta and a blunted 18-gauge needle, which was subsequently
removed. A similar procedure without abdominal arterial ligation was performed as a
sham surgery. Upon completion of the surgery, the rats were injected with
Buprenorphine and placed down on a warming pad until they woke. Baseline
echocardiography assessment was performed one week after the surgeries, and the

rats were randomly divided into 4 groups. The Sham group included sham rats that
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received daily intraperitoneal injection (i.p.) of vehicle, the AAC group included AAC
rats with vehicle injection daily, the AAC-Pue group included AAC rats with an
injection of puerarin (50 mg/kg body weight) daily, the Sham-Pue group included
sham rats with an injection of puerarin (50 mg/kg body weight) daily. Each group
contained 4 male and 4 female rats. Echocardiography assessments were performed
for the rats in each group every 2 weeks. Following the 6 weeks of puerarin
administration, the rats were subjected to catheter-based hemodynamic assessment
and were sacrificed after hemodynamic assessment. Their heart and liver tissues were
extracted and divided for mRNA, protein, histology and immunofluorescence

analysis.

2.3. Echocardiography

Cardiac function was evaluated by transthoracic echocardiography with a 250 MHz
ultrasound transducer (Vevo 2100, VisualSonics). The rats were sedated using 2%
isoflurane and maintained with 1-1.5% isoflurane. The parasternal short axis view
(B-mode, M-mode) was obtained, and measurements of cardiac structure and function
were performed. Left ventricular posterior wall diameter (LVPW(d), left ventricular
interior diameter (LVId), and interventricular septum (1\VSd) were measured from the
LV M-mode tracing at the mid-papillary muscle level, and parameters of the left
ventricular ejection fraction (LVEF) and fractional shortening (LVFS) were

calculated.

10
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2.4. Non-invasive measurement of blood pressure and catheter-based analysis of
hemodynamic parameters

Rat tails were fixed gently and then subjected to a CODA monitor (Kent Scientific).
Non-invasive blood pressure was taken at least 5 times for each animal. The mean
systolic pressure and diastolic pressure were recorded. For catheter-based
hemodynamic measurements, after the rats were anesthetized with 30% urethane, a
catheter transducer was inserted via the right carotid artery into the left ventricle. The
parameters left ventricular end-systolic pressure (LVESP), left ventricular
end-diastolic pressure (LVEDP), maximal rate of pressure development (Max +dP/dt),
and maximal rate of pressure decay (Max -dp/dt) were analyzed using the PowerLab

system (ADInstruments, Australia) and recorded.

2.5. Histology and Immunohistochemical staining

The rats were weighed and euthanized using cervical dislocation. The hearts were
removed and perfused briefly with 10% KCI to arrest the heart in diastole. The hearts
were then fixed with 10% formalin and integrated into paraffin. For histological
evaluations with hematoxylin and eosin (H&E), Masson’s trichrome, picrosirius red
(PSR) staining, tissues from four rats of each group were embedded with paraffin and
cut into 4 pm sections as previously described (Yuan et al., 2014). For
immunohistochemical staining, antigen retrieval was performed in EDTA buffer (pH:
9.0) by heating to 99<C for 20 minutes. After quenching endogenous peroxidase with
3% H20», the sections were blocked with 10% non-immune goat serum (Life

11
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Technologies, Grand Island, NY) and then incubated with primary antibodies
including NRF2, KEAP1, UGT1Al or UGT1A9, as shown in Tab. S1 at 4<C
overnight. Signals were amplified with the Histostain-SP Kit (Life Technologies,
Grand Island, NY) and detected with DAB substrate (Dako North America, Inc.,
Carpinteria, CA). Hematoxylin was used as a counterstain. The images were

visualized and captured under a microscope (Nikon Eclipse TS 100; Japan).

2.6. Isolation, culture, and treatment of neonatal rat cardiomyocytes

The neonatal rat cardiomyocytes (NRCMs) were isolated from neonatal Sprague
Dawley rats (one to two days old) with the assistance of the Neonatal Cardiomyocyte
Isolation System purchased from Worthington (Lakewood, NJ, USA) based on the
Simpson method (Simpson and Savion, 1982) as previously reported (Hou et al.,
2017). The isolated NRCMs were seeded with a density of 5 %< 10° cells/ml in DMEM
medium containing 10% FBS and 0.1 mM bromodeoxyuridine. The NRCMs were
then treated with vehicle alone, Ang IT (1 uM) alone, Ang II (1 pM)/puerarin (100 uM)

or puerarin alone (100 uM) for 24 hours before the cells were harvested for analysis.

2.7. Nrf2 siRNA transfection

For Nrf2-siRNA transfection, the cardiomyocytes were transfected with Nrf2-siRNA
or Nrf2-negative control sSiRNA (Tab. S2, Viewsolid Biotech, Beijing, China) for 48 h
upon plating the cells in a 6-well plate or 60 mm dish. The transfected cells were
treated with Ang II (1 uM) alone, Ang II (1 pM)/puerarin (100 uM) or puerarin alone

12
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(100 uM) for 24 h followed by further analysis.

2.8. Cell surface area measurement

The images of treated cardiomyocytes were obtained using a high-power microscope
(Nikon Eclipse TS 100; Japan). The surface area was determined with NIH Image J
software. Results were calculated based on 100 cells randomly selected from five

wells for each group.

2.9. RNA isolation, quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Life Technologies, Grand Island, NY)
from the left ventricular tissue or treated cardiomyocytes. Complementary DNA
(cDNA) was synthesized using the First-Strand cDNA Synthesis Kit (Life
Technologies, Grand Island, NY) following the manufacturer’s instructions. Real-time
PCR was performed using a QuantiTect SYBR Green PCR Kit (Takara Bio Inc.,
Japan) on an ABI StepOneTM Real-Time PCR system (Thermo Fisher Scientific Inc.,
California, USA). The sequences of the primer pairs for each gene are shown in Tab.

S2. The GAPDH was used as normalization for qPCR

2.10. Western blot analysis

Whole protein extraction was prepared from left ventricular tissue or treated
cardiomyocytes using RIPA buffer with protease and phosphatase inhibitors (BestBio
Co., Shanghai, China). The proteins from the nucleus and cytoplasm were prepared

13
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using the NE-PER® nuclear and cytoplasmic extraction kit (Thermo Fisher Scientific,
Rockford, IL) following the manufacturer’s protocol. Protein concentrations were
quantified using the BCA kit (Thermo Fisher Scientific, USA). Equal protein amounts
were resolved on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes. The membrane was blocked with
5% no-fat milk in Tris-buffered saline 0.1% Tween-20 for 1 hour and then incubated
with interested primary antibodies (all antibodies are shown in Tab. S1) at 4<C
overnight. The blot was then incubated with peroxidase-conjugated secondary
antibody (ImmunoWay Biotechnology Co, USA) for 1 hour at room temperature.
Bands of the proteins were observed using SuperSignal™ West Pico
Chemiluminescent Substrate (Thermo, Rockford, IL, USA), and quantified analyses

were performed with densitometry using NIH Image J software.

2.11. Immunofluorescence of cardiomyocytes

The treated cardiomyocytes were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.05% Triton X-100 for 15 min. The non-specific binding sites
were blocked for 1 hour with 5% BSA in PBS. The cells were then incubated with
NRF2 antibody (1:200) overnight followed by immunostaining with Dylight 488
anti-rabbit antibody (Thermo Fisher Scientific, USA) for 1 hour at room temperature.
Nuclear counterstaining was performed with 4', 6-Diamidino-2-Phenylindole (DAPI,
Sigma-Aldrich, St. Louis, MO). Coverslips were mounted on slides, and images were
captured with a fluorescence microscope (Nikon Eclipse Ni-u; Japan) using

14
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NIS-Elements software.

2.12. Chromatin Immunoprecipitation assay

A ChIP assay was performed with a ChIP assay kit (EZ-ChIP™, Catalog * 17-371,
Thermo Fisher Scientific, USA) according to the manufacturer’s instruction. Briefly,
cardiomyocytes were incubated with 1% formaldehyde to crosslink the proteins to the
DNA. Sonication is performed to shear the chromatin to a 200-1000 bp of DNA. The
size of the DNA was verified by agarose gel electrophoresis. For the
immunoprecipitation step, the primary antibody of NRF2 (1:100, CST) was used
followed by protein G conjugated agarose beads to mutually enrich the protein and
DNA complexes. Immunoprecipitated chromatins were incubated at 65<C in 5M NaCl
overnight to reverse cross-links. After digestion with proteinase K, DNA was
recovered by phenol/chloroform extraction and ethanol precipitation. Precipitated

DNA was analyzed by real-time PCR with the primers listed in Tab. S2.

2.13. Statistical analysis

Data were presented as the means =xstandard error. Statistical analysis was performed
with SPSS 18.0 software (IBM Corporation, Armonk, NY). The statistical differences
between the groups were analyzed by one-way ANOVA followed by a post hoc Tukey

test. P<0.05 was considered to be statistically significant.

15
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3. Results

3.1. Puerarin attenuated AAC-induced cardiac hypertrophy

Using a rat model of AAC-induced cardiac hypertrophy, we evaluated whether
puerarin may attenuate cardiac hypertrophy and ventricular remodeling at a dose of 50
mg/kg/d administered from 1 week after the surgery. Approximately 10% of the rats
died within 24 hours after surgery; however, no more deaths were detected during the
subsequent 7 weeks of the experiment, which indicates at least 8 rats for each group at
the end of the study. Increased cardiac mass (Fig. 1A), myocyte cross sectional area
(Fig. 1B), heart weight/body weight (HW/BW) ratio, and heart weight/tibial length
(HW/TL) ratio (Fig. 1E) were observed in the rats subjected to AAC surgery after 7
weeks compared with the sham group, suggesting the exhibition of cardiac
hypertrophy in the AAC group. Interestingly, injection with puerarin for six weeks
significantly attenuated the above hypertrophic manifestations (Fig.1A, 1B and 1E).
We further examined the expression of hypertrophic genes. As shown in Fig. 1F, the
MRNA expression of atrial natriuretic peptide (ANP) and beta myosin heavy chain
(Myh7), which were upregulated after ACC surgery, were significantly blunted in the
puerarin injection rats. A key feature of cardiac hypertrophy and remodeling is
myocardial fibrosis. Therefore, Masson trichrome and PSR staining on cardiac tissue
sections were performed to evaluate the severity of myocardial interstitial and
perivascular fibrosis in each group. As shown in Fig. 1C and 1D, interstitial and

16

¥202 ‘02 Yo A uo seunor 1 34SY e Blo'sfeulnofipdse-iedl woly pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 26, 2018 as DOI: 10.1124/jpet.118.248369
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #248369

perivascular fibrosis were remarkable after 7 weeks of AAC, which were ameliorated
by puerarin administration. The protective effect of puerarin on cardiac hypertrophy
induced by AAC was evaluated by echocardiograph. As shown in Fig. 2, 7 weeks after
ACC surgery, hypertrophic indicators such as left ventricular posterior wall diameter
(LVPWA) and intraventricular septum diameter (1VSd) increased significantly in the
AAC group compared to the sham group (Fig. 2A to 2C). Conversely, left ventricular
internal diameter (LVId) decreased (Fig. 2D) in rats with AAC surgery. Puerarin
administration resulted in a significant reversal of these hypertrophic indicators (Fig.
2A-2D). The left ventricular ejection fraction (LVEF) and left ventricular fractional
shortening (LVFS) did not show significant changes in each group at the end of this

study (Fig. 2E).

3.2. Puerarin improved AAC-induced hemodynamic parameters

Catheter-based hemodynamic measurements were performed at the end of the study to
further detect the changes of left ventricular systolic and diastolic function. As shown
in Table 1, 7 weeks of AAC resulted in significantly increased systolic blood pressure,
diastolic blood pressure and left ventricular end-systolic pressure (LVESP). Puerarin
administration normalized these hemodynamic parameters. However, the parameters
including left ventricular end-diastolic pressure (LVEDP), Max +dP/dt and Max

-dp/dt were not significantly different between the groups.

3.3. Puerarin protected against cardiac hypertrophy and oxidative stress via the

17
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activation of Nrf2 in vivo

Nrf2 is the master regulator of the antioxidant response. Kelch-Like ECH-Associated
Protein 1 (Keapl) is an E3 ubiquitin ligase substrate adaptor, and regulates the level
of Nrf2 protein in a redox-dependent fashion. Stress-related modification of Keapl
results in Nrf2 stabilization, accumulation of the transcription factor in the nucleus,
where Nrf2 binds to the antioxidant/electrophile-response element (ARE) and protects
against oxidative stress damage (Rada et al., 2011). To assess whether puerarin can
activate the Nrf2-Keapl pathway in rats with AAC surgery, we evaluated the
transcription of Nrf2 mRNA by RT-PCR and the protein expression of NRF2 by
Western blotting in liver and heart tissues from each group (Fig 3). Although NRF2
protein expression did not show a significant difference between the sham group and
AAC group in rat livers, its mMRNA and protein levels were significantly decreased in
AAC hearts compared with the control. Moreover, puerarin treatment significantly
increased the Nrf2 mRNA and protein levels in the hearts and livers from the AAC
and sham rats, accompanied by decreased KEAP1 protein (Fig. 3A-3D). Because
NRF2 accumulation in nucleus may indicate its activation, we further detected its
protein expression in the nuclear and cytoplasmic fractions of heart lysates. As shown
in Fig. 3E, compared with the sham group, rats from the AAC surgery groups
exhibited significantly decreased translocation of NRF2 from the cytosol to the
nuclear fraction. In contrast, puerarin significantly enhanced its nucleus accumulation.
The cytosolic NRF2 level was not significant different between the groups.
Immunohistochemical staining also showed an increment in nuclear NRF2 but a

18
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reduction in nuclear KEAP1 in AAC-Pue rats compared with AAC rats (Fig. 3G, 3H).
We further measured the protein levels of heme oxygenase 1 (HO1), glutathione
transferase pl (GSTP1) and NAD(P)H:quinone oxidoreductase 1 (NQO1), which are
well-known downstream antioxidant proteins of Nrf2. The expression of HOL,
GSTP1 and NQO1 was decreased in rats with AAC surgery compared with those in
the sham group. The difference in GSTP1 and NQO1 were statistically significant.
However, puerarin remarkably increased their protein levels in both AAC-Pue and

sham-Pue rats (Fig. 3F).

3.4. Puerarin induced Nrf2 nuclear translocation in Angll-induced cardiomyocytes
hypertrophy

To further determine whether puerarin could activate Nrf2 in the pathophysiological
process of cardiac hypertrophy, we examined its effects on hypertrophic changes in
NRCMs due to Ang II. Treatment with Ang I (1 uM) resulted in a significantly
increased cell surface area (Fig. 4A and 4B, P<0.05) and upregulated the mRNA
levels of ANP and Myh7 (Fig. 4C). More importantly, these hypertrophic changes
were attenuated by co-incubation with puerarin (100 uM, Fig. 4A-4C). We further
evaluated the NRF2 and KEAPL1 protein levels using Western blotting. As shown in
Fig. 4D, the NRF2 protein levels were significantly higher in the overall and nuclear
lysates from cardiomyocytes treated with puerarin alone than control cells. Reduced
NRF2 and increased KEAP1 were observed in Ang ll-treated cardiomyocytes, which
were reversed by puerarin treatment. Moreover, Ang Il significantly decreased the
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translocation of NRF2 from the cytosol to the nucleus. Co-incubation with puerarin
restored the NRF2 activity induced by Ang Il (Fig. 4E). Immunofluorescence staining
also revealed that NRF2 accumulated in the nuclei of cardiomyocytes treated with

Ang Il and puerarin or puerarin alone (Fig. 4F).

3.5. Puerarin protected against Ang ll-induced cardiomyocyte hypertrophy and
oxidative stress through the activation of Nrf2

The role of Nrf2 in puerarin’s anti-hypertrophy property was further confirmed via
SiRNA. After transfection with Nrf2 siRNA or negative control siRNA for 48 hours,
cardiomyocytes were subsequently treated with Ang II (1 uM) alone, in combination
with Ang IT (1 uM) and puerarin (100 uM), or puerarin alone (100 uM) for another 24
hours. Fig. 5C and 5D demonstrated that using Nrf2 siRNA dramatically inhibited
Nrf2 mRNA and protein expression compared with the negative control. Moreover,
Nrf2 siRNA attenuated the anti-hypertrophic effects of puerarin. The puerarin-induced
upregulation of hypertrophic indicators, such as cell surface area and hypertrophic
genes, were also partially abolished with the silencing of Nrf2 expression with
specific siRNA (Fig. 5A-5C). In addition, we also evaluated the expression of HO1,
GSTP1 and NQO1. Similar to the rats in the AAC group, Ang Il treatment decreased
the expression of the antioxidant proteins, which was blocked by puerarin treatment
(Fig. 5D and 5E). The puerarin-induced anti oxidative effect was abolished by
silencing Nrf2 expression with specific SiRNA (Fig. 5D and 5E). These data further
supported that the puerarin-induced cardiac protection was partially mediated through
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transcription activator Nrf2.

3.6. Puerarin upregulated the expression of the drug-metabolizing enzymes UGT1A1
and UGT1A9

Glucuronidation  represents a major conjugative reaction catalyzed by
UDP-glucuronosyltransferases (UGTs). According to our previous results, UGT1A1,
1A9 significantly catalyzed the formation of puerarin metabolites, and the activity of
UGT1A1 was significantly higher than that of other enzymes (Luo et al., 2012). We
detected UGT1AL1 and 1A9 expression using RT-PCR and Western blotting in the
liver and heart tissues from the rats in each group. Fig 6. shows that the mRNA and
protein levels of UGT1A1 and UGT1A9 were significantly increased in the livers and
hearts from rats of AAC-puerarin and Sham-puerarin groups compared with their
controls. The expression of these two metabolic enzymes was not significantly
different in the AAC rats compared with the Sham group (Fig. 6A-6F).
Immunohistochemical staining also indicated that UGT1Al and UGT1A9 increased

in the puerarin administration groups (Fig. 6G, 6H).

3.7. Puerarin upregulated UGT1A1 and UGT1A9 levels through the activation of Nrf2
in cardiomyocytes

A majority of reports have indicated that Nrf2 may be an important regulator of the
Ugtlas gene (Kundu et al., 2011); thus, we further identified the role of Nrf2 in
puerarin-stimulated UGT1Al1 and UGT1A9 upregulation with Nrf2 siRNA in
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Angll-treated cardiomyocytes. Although the mRNA and protein levels of UGT1Al
and UGT1A9 in Angll-treated cardiomyocytes were not significantly different, they
were significantly induced after incubation with puerarin for 24 hours compared with
the control cells. Moreover, after the specific down-regulation of Nrf2 with siRNA,
the puerarin-induced upregulation of UGT1A1 and UGT1A9 was partially abolished
(Fig. 7A, 7B). These data suggested that Nrf2 activation played a pivotal role in the

puerarin-induced expressions of UGT1AL and UGT1A9.

3.8. Puerarin-induced Nrf2 upregulation is relative to elevated UGT1Al and UGT1A9
promoter activation

To demonstrate that Nrf2 may induce the transcription of UGT1ALl or UGT1A9 by
binding to the promoters of the genes, we performed ChIP-gPCR in control and
puerarin-treated cardiomyocytes. Each IP was immunoprecipitated with anti-Nrf2
antibody. We found that puerarin significantly enhanced the binding of Nrf2 to the
Ugtlal or Ugtla9 promoter region observed in puerarin-treated cardiomyocytes

compared with control cells and negative controls (Fig. 8D, 8E).

4. Discussion

We and others reported that puerarin can prevent the cardiac hypertrophy induced by
pressure overload (Chen et al., 2014; Yuan et al., 2014; Chen et al., 2015; Liu et al.,
2015; Zhang et al., 2016). Similarly, the present study indicated that puerarin could
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inhibit AAC-induced cardiac hypertrophy in rats and Ang Il-induced cardiomyocytes.
These results suggest that the benefits of puerarin for the cardiovascular system may
at least partially depend on its attenuation of cardiac hypertrophy and ventricular

remodeling.

Nrf2 is a member of the cap-n-collar family of transcription factors. Keapl is a
specific regulator of Nrf2(Kensler et al., 2007). Accumulation of Nrf2 in the nucleus
leads to its binding to ARE in the upstream promoter region, and promotes the
transcription of a battery of antioxidative genes, including Hol, Ngol, Gstpl, and
others (Kensler et al., 2007; Zhou et al., 2014a; Taguchi et al., 2016). It has recently
been reported that pharmacological activation of Nrf2 can reverse liver fibrosis in a
mouse model of non-alcoholic steatohepatitis (Sharma et al., 2018). The
Nrf2-mediated pathway has been reported to play an important role in cardiac
hypertrophy and remodeling (Zhou et al., 2014a). Nrf2 knockout mice undergo
cardiac hypertrophy and progress to heart failure (Erkens et al., 2015; Strom and Chen,
2017). The activation of Nrf2 regulates redox homeostasis (Jung and Kwak, 2010)
and suppresses inflammation (Qu et al., 2015) and endoplasmic reticulum stress
(Cominacini et al., 2015). These are involved in the pathogenesis of cardiac
hypertrophy (Cominacini et al., 2015; Tham et al., 2015). Accumulating data
suggested that oxidative stress is an important mechanism involved in the
development of cardiac hypertrophy (Tham et al., 2015). We showed that puerarin
could protect against cardiomyocyte hypertrophy induced by Ang Il via inhibiting
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oxidative stress in neonatal rat cardiomyocytes (Hou et al., 2017).These results were
further confirmed by current findings that puerarin significantly increased the
expression of Nrf2 in the hearts of pressure-overload rats and NRCMs treated by Ang
Il. Puerarin treatment also decreased the protein level of Keapl in the hearts of
pressure-overload rats and NRCMs treated by Ang Il. Additionally, the level of Nrf2
protein in the nucleus was significantly increased in both hearts and NRCMs,
although the level of Nrf2 protein in cytosol remained similar. The upregulation of
nuclear Nrf2 enhanced the expression of HO1, NQO1, and GSTP1 in the myocardium
of pressure-overload rats and NRCMs treated by Ang II. The down-regulation of Nrf2
by siNrf2 could inhibit the increase of these antioxidative genes induced by puerarin
in NRCMs treated with Ang 1, and the antihypertrophic efficacy of puerarin was also
simultaneously suppressed. These results indicated that puerarin could prevent cardiac

hypertrophy via Nrf2-mediated antioxidative mechanisms.

Besides Keapl, Nrf2 is negatively regulated by another ubiquitin ligase substrate
adaptor, p-transducin repeat-containing protein (B-TrCP). Keapl and B-TrCP
respectively allow cullin-3 and cullin-1 to ubiquitylate Nrf2. In the case of Keapl,
thiol-reactive electrophiles cause inactivation of its adaptor function by modifying
Cys residues and this blunts ubiquitylation of Nrf2. In the case of B-TrCP, it
recognizes a DSGIS-containing phosphodegron in Nrf2 that is formed by glycogen
synthase kinase-3 (GSK-3). Thus, when Nrf2 is phosphorylated by GSK-3, the
binding of B-TrCP to Nrf2 then enables cullin-1 to ubiquitylate Nrf2 that leads to
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proteasomal degradation of the transcription factor (Rada et al., 2011; Chowdhry et al.,
2013). Using Keapl-null MEFs, it has been shown that a variety of phytochemical
inducers can activate Nrf2 in a Keapl-independent manner, presumably by
inactivating GSK-3 directly, increasing the inhibitory phosphorylation of Ser-9/21 in
GSK-3, or by preventing it from phosphorylating Nrf2 (Hayes et al., 2016). It has
been reported previously that puerarin exerts hepatoprotective effects via
down-regulating GSK-3B(Katsiki et al., 2013). It therefore seems likely that puerarin

may inactivate GSK-3 or inhibit a priming kinase.

Transcription factors, including AhR, CAR, and PXR, are important regulators for the
expression of drug-metabolizing enzymes. Intriguingly, feedback loops are generated
when activators of the transcription factor are substrates of drug-metabolizing
enzymes, which are regulated by the transcription factors, and this has been proposed
as an important mechanism for maintaining homeostasis in drug-metabolizing
enzymes (Bock, 2012; Bock, 2014). Previous evidence suggests that Nrf2 may be a
key transcription factor regulating the expression of genes for xenobiotic
metabolism(Kensler et al., 2007). Nrf2 has been reported to up-regulate the
expression of UGT1AL and UGT1A6 (Thimmulappa et al., 2002; Kundu et al., 2011,
Bai et al., 2016). In our study, UGT1Al and UGT1A9 mRNA and protein were
detected in the livers and hearts of rats, as well as in NRCMs. In liver and heart
tissues of rats after 7 weeks of AAC, puerarin significantly increased the mRNA and
protein levels of UGT1ALl and UGT1A9. In NRCMs treated by Ang Il, the mRNA
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and protein levels of UGT1Al and UGT1A9 were also upregulated by puerarin. The
down-regulation of Nrf2 by siNrf2 inhibited the upregulation of UGT1Al and 1A9
protein levels induced by puerarin in Ang Il-treated NRCMs. Taken together, these
results suggest that puerarin may induce its metabolic enzymes UGT1A1 and 1A9
expression via Nrf2. ChlP assay results further confirmed that puerarin enhanced the

binding of Nrf2 to the UGT1AL and 1A9 promoter in NRCMs.

This autoregulatory circuit between puerarin and its metabolic enzymes may be
similar to the mechanisms underlying the metabolism of other biological compounds.
In the early 1980, Boutin and colleagues (Boutin et al., 1983) reported that
xenobiotics, such as eugenol and 4-methylumbelliferone, induce UGT activity and
enhance their own conjugation. Flavone compounds have been reported to increase
the expression and activity of UGT1AL in some cell lines (Galijatovic et al., 2000;
Walle et al., 2000; Kundu et al., 2011). Similarly, bilirubin is an activator of AhR
(Togawa et al., 2008) and CAR (Huang et al., 2003). Bilirubin subsequently induces
the expression of UGT1AL1 and enhances the clearance of bilirubin, which indicates
that the feedback loops between bilirubin and AhR/CAR-induced UGT1AL are useful
to maintain the homeostasis of bilirubin. Similar autoregulatory circuits were also
demonstrated between quercetin and AhR/Nrf2-regulated UGT1A1 (Bock, 2012). Our
results suggested that there may be an autoregulatory circuit between puerarin and

Nrf2-regulated UGT1A1/1A9.
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It is very important to maintain the homeostasis of metabolizing enzymes of puerarin
because the intravenous administration of puerarin has been associated with severe
side effects, such as intravascular hemolysis. The mechanism for the development of
intravascular hemolysis remains uncertain, which may be associated with changes in
membrane lipids and the composition of erythrocyte membrane proteins after
incubation with puerarin in vitro, perhaps in a concentration-dependent manner (Hou
et al., 2011). After puerarin administration, the upregulation of UGT1Al and
UGTZ1A9 will enhance puerarin metabolism. From our point of view, this will have at
least two effects. Firstly, the concentration of puerarin in the plasma will decrease,
which may be an initial protective effect for the incidence of severe side effects, such
as intravascular hemolysis. Secondly, the metabolites of puerarin will increase,
including  puerarin-7-O-glucuronide.  Our  previous study suggested that
puerarin-7-O-glucuronide can exert antioxidative and antihypertrophic efficacy in
cardiomyocytes (Hou et al., 2017), which indicates that the upregulation of UGT1A1
and UGT1A9 induced by puerarin may decrease the risk of severe side effects without
significantly  changing antihypertrophic effects as compensated by the
antihypertrophic efficacy of its metabolites. Interestingly, Nrf2 appears to be an
important transcription factor not only underlying the preventative efficacy of
puerarin against cardiac hypertrophy but also in upregulating the metabolizing

enzymes of puerarin.

In conclusion, puerarin can enhance the expression of transcription factor Nrf2 and its
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translocation into the nucleus. On the one hand, the upregulation and translocation of
Nrf2 can promote the expression of antioxidative genes and prevent cardiac
hypertrophy. On the other hand, the upregulation and translocation of Nrf2 can
increase the expression of metabolizing enzymes of puerarin, including UGT1AL and
UGT1A9. These dual effects of transcription factor Nrf2 and potential autoregulatory
circuits between puerarin and Nrf2-regulated UGT1A1/1A9 may be important to
maintain antihypertrophic efficacy and to limit the risk of the potential side effects of

puerarin.
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Legends for Figures

Fig. 1 Puerarin protected against abdominal aortic constriction (AAC)-induced
cardiac hypertrophy. A: Gross hearts (upper); hematoxylin and eosin (H&E) staining
for longitudinal section of rat heart (lower). B: H&E staining of sham and AAC hearts
after 6 weeks puerarin treatment. The cross section of myocardium (upper).
Perivascular cardiomyocytes (lower). C: Representative images of Masson trichrome
staining for interstitial fibrosis of myocardium (upper) and perivascular fibrosis
(lower). D: Picrosirius red staining indicated myocardial fibrosis representatively by
upright microscopy (upper) and polarization microscope (lower). E: Heart
weight/body weight (HW/BW) ratio and heart weight/tibial length (HW/TL) ratio. F:
Reverse transcription-polymerase chain reaction analysis for atrial natriuretic peptide
(Anp) and beta myosin heavy chain (Myh7) mRNA expression. AAC, abdominal
aortic constriction group; AAC+Pue, puerarin injected-AAC group; Pue, puerarin
injected-sham group. Representative images from 3 sets of staining are shown. * P <
0.05 vs. sham group; # P < 0.05 vs. AAC group, n=8 for each group. Each group

contained equal numbers of male and female rats.

Fig.2 Puerarin improved AAC-induced cardiac hypertrophy as indicated by
echocardiographic examinations. A: Representative M-mode images of the indicated
groups. B, C and D: Parameters of cardiac structure. LVPW(d, left ventricular posterior
wall diameter; 1VSd, interventricular septum diameter; LVId, left ventricular interior
diameter. E: Left ventricular function changes in ejection fraction (LVEF) and
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fractional shortening (LVFS). * P < 0.05 vs. sham group; # P < 0.05 vs. AAC group,

n=8 for each group (4 male and 4 female rats).

Fig. 3 Puerarin protected against cardiac hypertrophy and oxidative stress through
Nrf2 activation in pressure-overload hearts. A: Quantitative reverse transcription PCR
analysis of Nrf2 expression in the heart and liver. B and C: Representative Western
blots of whole lysate and fold increases in relative densitometric values of NRF2 in

hearts (B) and livers (C) from indicated groups. D: Representative Western blots of

whole lysate and fold increases in relative densitometric values of KEAP1 in hearts. E:

Representative Western blots and fold increases in relative densitometric values of
NRF2 in the cytoplasmic, nuclear lysates from the indicated hearts. F: Representative
Western blots and fold increases in the relative densitometric values of HO1, GSTP1,
and NQO1 levels in hearts from each group. G: Representative images of
immunohistochemical staining for NRF2 (upper) and KEAP1 (lower) expression in
hearts from each group. Scale bar = 50 pm. H: Analysis of immunohistochemistry
integrated optical density (I0D) values. * P < 0.05 vs. sham group; # P < 0.05 vs. AAC

group, n=8 for each group. Each group included 4 male and 4 female rats.

Fig.4 Puerarin stimulated Nrf2 nucleus translocation in Ang Il-induced neonatal rat
cardiomyocytes (NRCMs) hypertrophy. A and B: Representative micrographs (A) and
measurement of surface area (B) for cardiomyocytes subjected to different treatments
as indicated. C: Reverse transcription-polymerase chain reaction analysis for atrial
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natriuretic peptide (Anp) and beta myosin heavy chain (Myh7) in NRCMs subjected to
indicate treatments. D: Representative Western blots of whole lysate and fold
increases in relative densitometric values of NRF2 and KEAPL in each group. E:
Representative Western blots and fold increases in relative densitometric values of
NRF2 in the cytoplasmic, nuclear lysates from the indicated groups. F: Representative
immunofluorescence images demonstrating nuclear localization of NRF2 in

cardiomyocytes. “ P < 0.05 vs. control group; * P < 0.05 vs. Ang Il group, n=6 for each

group.

Fig.5 Puerarin protected against Ang Il-induced cardiomyocyte hypertrophy and
oxidative stress through activation of Nrf2. A and B: Representative micrographs (A)
and measurement of surface area (B) for cardiomyocytes subjected to different
treatments as indicated. C and D: Reverse transcription-polymerase chain reaction
analysis for Anp, Myh7(C) and Nrf2(D) in NRCMs subjected to indicated treatments.
E and F: Representative Western blots of whole lysate (E) and fold changes (F) in
relative densitometric values of NRF2, HO1, GSTP1, and NQO1 in cultured rat
ventricular cardiomyocytes under different treatments. © P < 0.05 vs. Control +
negative control (NC) siRNA group; * P < 0.05 vs. Angll + negative control (NC)
SiIRNA group, 8P <0.05 vs. Angll +Puerarin + negative control (NC) siRNA group, 2

P<0.05 vs. Puerarin + negative control (NC) siRNA group, n=6 for each group.

Fig. 6 Puerarin upregulated the expression of drug-metabolizing enzymes UGT1A1l

37

¥202 ‘02 Yo A uo seunor 1 34SY e Blo'sfeulnofipdse-iedl woly pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 26, 2018 as DOI: 10.1124/jpet.118.248369
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #248369

and UGT1A9. A and B: Representative Western blots of UGT1A1 and UGT1A9 in
whole lysates and fold changes in relative densitometric values in rat hearts from each
group. C: Fold changes in Ugtlal and 1a9 mRNA levels by real-time RT-PCR in rat
hearts from each group. D and E: Representative Western blots of UGT1Al and
UGT1A9 in whole lysates and fold changes in relative densitometric values in rat
livers from each group. F: Fold changes in Ugtlal and 1a9 mRNA levels by real-time
RT-PCR in rat livers from each group. n=8 for each group (4 male and 4 female rats) .
G: Representative images of immunohistochemical staining from 3 rat hearts in each
group for UGT1A1 (upper) and 1A9 (lower). H: Quantitative integrated optical
density (I0D) values of UGT1A1 and 1A9. * P < 0.05 vs. sham group; * P < 0.05 vs.

AAC group.

Fig. 7 Puerarin upregulated UGT1A1 and UGT1AO9 levels through the activation of
Nrf2 in NRCMs. A: Fold changes in Nrf2, Ugtlal and 1a9 mRNA levels by real-time
RT-PCR in Nrf2 siRNA transfected NRCMs combined with indicated treatments. B:
Representative Western blots of NRF2, UGT1AL and UGT1A9 in whole lysates and
fold changes in relative densitometric values in NRCMs subjected to the indicated
treatments. P < 0.05 vs. Control + negative control (NC) siRNA group; # P < 0.05 vs.
Angll + negative control (NC) siRNA group, 8 P < 0.05 vs. Angll +Puerarin +
negative control (NC) siRNA group, 4 P <0.05 vs. Puerarin + negative control (NC)

SiRNA group, n=6 for each group.
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Fig. 8 Puerarin enhanced Nrf2 binding to UGT1A1 and UGT1A9 promoter regions. A:

Nucleotides marked red show a high information content, which in capital letters
denotes the core sequence used by Matlnspector software. Genomic binding sites
were identified by ChlP-Seq. B and C: Sequences of Ugtlal and Ugtla9 promoters.
D and E: Chromatin was immunoprecipitated with anti-NRF2 antibody, positive
control anti-RNA Polymerase 11 and negative control normal mouse IgG. Nrf2 binding
to Ugtlal or 1a9 promoter was determined by qPCR with Ugtlal or 1a9 specific
primers. The same primers were also used to amplify Ugtlal or 1a9 promoter regions
to show 1% input DNA. Graphic representation of the results obtained in ChIP-qPCR
with the “percent input” method. *: P<0.05 vs. NC group, #: P<0.05 vs.

Cont+anti-NRF2 group, n=6 for each group.
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Table

Sham AAC AAC+Pue Pue
SBP (mmHg) 122.845.8 1495439~ 132.9#+11.1# 124.1439#
DBP(mmHg) 95.647.9 120.1#429" 98.7+0.5 7 96.445.3 7
LVESP (mmHg) 114.8+13.5 1442404 ™ 121.2+14.8 % 116.6+18.9 #
LVEDP (mmHg) 5.18.6 5.543.2 5.38.9 5.3%.9
Max +dp/dt (mmHg/s) 40784587 4289+1141 38354884 38814497
Max -dp/dt (mmHg/s) -36674629 -3471+1492 -3576+1109 -34814389

Table 1 Hemodynamic parameters in rats without or with puerarin administered 6

weeks post-surgery. LVESP, left ventricular end-systolic pressure; LVEDP, left

ventricular end-diastolic pressure; Max +dp/dt , maximal rate of pressure development;

Max -dp/dt, maximal rate of pressure decay. Systolic blood pressure(SBP) and diastolic

blood pressure(DBP) detected by rat tail artery blood pressure mesurement. *P < 0.05

vs. sham group; P < 0.05 vs. AAC group, n=8.
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