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Baicalein attenuates cardiac hypertrophy in mice via
suppressing oxidative stress and activating autophagy in
cardiomyocytes
Bing-yan Liu1,2, Ling Li1, Gao-li Liu3, Wei Ding4, Wen-guang Chang2, Tao Xu2, Xiao-yu Ji1,2, Xian-xin Zheng1,2, Jing Zhang1,2 and
Jian-xun Wang1,2

Baicalein is a natural flavonoid extracted from the root of Scutellaria baicalensis that exhibits a variety of pharmacological activities.
In this study, we investigated the molecular mechanisms underlying the protective effect of baicalein against cardiac hypertrophy
in vivo and in vitro. Cardiac hypertrophy was induced in mice by injection of isoproterenol (ISO, 30 mg·kg−1·d−1) for 15 days. The
mice received caudal vein injection of baicalein (25 mg/kg) on 3rd, 6th, 9th, 12th, and 15th days. We showed that baicalein
administration significantly attenuated ISO-induced cardiac hypertrophy and restored cardiac function. The protective effect of
baicalein against cardiac hypertrophy was also observed in neonatal rat cardiomyocytes treated with ISO (10 μM). In
cardiomyocytes, ISO treatment markedly increased reactive oxygen species (ROS) and inhibited autophagy, which were greatly
alleviated by pretreatment with baicalein (30 μM). We found that baicalein pretreatment increased the expression of catalase and
the mitophagy receptor FUN14 domain containing 1 (FUNDC1) to clear ROS and promote autophagy, thus attenuated ISO-induced
cardiac hypertrophy. Furthermore, we revealed that baicalein bound to the transcription factor FOXO3a directly, promoting its
transcription activity, and transactivated catalase and FUNDC1. In summary, our data provide new evidence for baicalein and
FOXO3a in the regulation of ISO-induced cardiac hypertrophy. Baicalein has great potential for the treatment of cardiac
hypertrophy.
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INTRODUCTION
Pathological hypertrophy refers to cardiac expansion in response
to various unfavorable stimuli, such as myocardial ischemia,
hypoxia, diabetes, and hypertension [1, 2]. The underlying
mechanisms of pathological hypertrophy include mitochondrial
dysfunction, cardiac cell apoptosis, and reactive oxygen species
(ROS) production [3]. ROS are metabolites of oxygen species in the
body. In the biological state, an appropriate amount of ROS is
essential for cell survival. However, in the pathological state, the
accumulation of ROS results in mitochondrial dysfunction and
energy metabolism, thus promoting a hypertrophic process.
Catalase is the main antioxidant agent in cardiac cells under
physiological conditions. Maintenance of the dynamic balance
between catalase and ROS in cells is crucial for ROS level control
and cardiac hypertrophy prevention [4].
The excessive accumulation of ROS destroys cell homeostasis

and causes mitochondrial dysfunction, which leads to oxidative
stress [5, 6]. In contrast, autophagy can reduce oxidative damage
and ROS levels by removing damaged organelles, such as
aggregated proteins and mitochondria [7]. Autophagy is a cell-

protective process by which damaged cells are degraded in an
autophagosome-mediated degradation system [8]. Autophagy is
involved in the pathophysiological processes of diverse diseases,
such as cancer and muscle diseases [9, 10]. Accumulating
evidence has revealed that autophagy plays an important role in
regulating cardiac hypertrophy. It has been reported that
autophagy attenuates phenylephrine-induced cardiac hypertro-
phy by inhibiting protein kinase B (Akt)/mammalian target of
rapamycin (mTOR) signaling [11, 12]. In contrast, the inhibition of
autophagy by lysophosphatidic acid (LPA) exacerbates cardiac
hypertrophy during myocardial infarction [13]. In addition,
promoting mitochondrial autophagy (also called mitophagy) by
knocking out ATPase inhibitory factor 1 (IF1) activates the
adenosine 5’-monophosphate (AMP)-activated protein kinase
(AMPK) signaling pathway and prevents excessive mitochondrial
membrane depolarization, which can inhibit the pathological
cardiac hypertrophy induced by isoprenaline in vitro [14].
Similarly, activation of the PTEN-induced putative kinase 1
(PINK1)/Parkin system mediates mitophagy, which eliminates
damaged mitochondria and confers compensatory protection to
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the hypertrophic heart [15]. Therefore, the regulation of autop-
hagy might be a target of treatment for cardiac hypertrophy.
Currently, there is no effective strategy for the treatment of

cardiac hypertrophy, and some types of traditional Chinese
medicine (TCM) might have cardioprotective effects [16, 17].
However, it is important to clarify the molecular mechanisms of
TCM components. Baicalein is a flavonoid extracted from the root
of Scutellaria baicalensis. It has a wide range of pharmacological
effects, and its functional group is 1,2-catechol [18]. For TCM,
baicalein is often identified as a drug that protects the liver and
attenuates inflammatory diseases [19]. Moreover, several biological
functions of baicalein have been discovered in recent years. For
example, baicalein significantly restrains 12-lipoxygenase [20] and
exerts antioxidant [21] and anti-inflammatory effects [22], partici-
pates in autophagy activation [23, 24], induces cancer cell
apoptosis [25] and inhibits cancer cell proliferation and invasion
[26, 27]. Since ROS and autophagy play key roles in cardiac
hypertrophy, we speculate that the antioxidant properties of
baicalein and its capacity to induce autophagy might block the
cardiac hypertrophy development by eliminating ROS and
damaged mitochondria, which may have the potential to protect
the heart from damage and prevent the development of heart
failure. Recently, it has been shown that baicalein attenuates
cardiac hypertrophy by blocking the mitogen-activated protein
kinase (MEK)-extracellular regulated protein kinase (ERK)1/2 signal-
ing pathway [28], as well as the AKT/mTOR, nuclear factor kappa-B
(NF-κB) and calcineurin signaling pathways [29]. In addition,
baicalein suppresses high mobility group box 1 (HMGB1) release
and matrix metalloprotein (MMP)−2/−9 expression in heart tissues
with lipopolysaccharide (LPS)-induced hypertrophy [30]. Recent
studies demonstrated that baicalein increased the expression of
FOXO3a in human non-small cell lung cancer cells [31]. It has been
reported that FOXO3a-dependent antioxidant defense mechan-
isms block various types of stimulus-induced cardiac hypertrophy
[32]. While numerous studies have clarified the function of
baicalein, its roles in cardiac hypertrophy as mediated by FOXO3a
remain unclear, and many mechanisms have yet to be identified.
In this study, we demonstrate that baicalein attenuates ISO-

induced cardiac hypertrophy in both cardiomyocytes and mouse
heart models. Baicalein inhibited the ROS burst and activated
autophagy in the ISO-induced cardiomyocytes. In addition,
FOXO3a was found to be a direct target for baicalein through
transactivating catalase and FUNDC1, which are antioxidant and
autophagy-related genes, respectively. Catalase facilitated the
attenuation of excess ROS, and FUNDC1 activated impaired
autophagy, which attenuated the development of cardiac
hypertrophy. Our results identified a novel cardiac hypertrophy
pathway involving baicalein-FOXO3a, which might provide valu-
able insight into the prevention and treatment of cardiac
hypertrophy.

MATERIALS AND METHODS
Materials
Baicalein (purity > 98%, #465119) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). BAI was dissolved in dimethyl sulfoxide
(DMSO) to generate a 0.1 M stock solution, which was stored at
−20 °C. Fetal bovine serum (FBS) was obtained from ExCellBio
(Shanghai, China). Anti-catalase (#12980), anti-FOXO3a (#12829)
and anti-LC3 (#4108) primary antibodies were purchased from Cell
Signaling Technology (Billerica, CA, USA). The anti-FUNDC1 anti-
body (A16318) and anti-p62 (A11483) were purchased from
ABclonal Technology (Wuhan, China). The anti-β-actin antibody
(sc-47778) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Ad-mRFP-GFP-LC3 was obtained from Hanbio
(Shanghai, China). 3-Methyladenine (3-MA) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Pronase (10196521001) was
purchased from Roche (Basel, Switzerland).

Cell culture and treatment
Neonatal rat cardiomyocytes were isolated from 1- to 2-day-old
Sprague Dawley rats which were purchased from Daren Fucheng
Animal Technology (Qingdao, China), as we described in our
previous study [33]. Briefly, the rat hearts were washed and
shredded in HEPES-buffered saline solution (pH 7.35) after
dissection. The disintegrated tissue was then dispersed in a series
of HEPES-buffered saline solution containing 1.2 mg/mL pancrea-
tin and 0.14mg/mL collagenase type II and incubated at 37 °C
(Sigma, St. Louis, MO, USA). After centrifugation, the cells were
resuspended in Dulbecco’s modified Eagle’s medium/F-12 (GIBCO,
Grand Island, NY, USA) containing 5% heat-inactivated horse
serum, 0.1 mM ascorbate, insulin transfer-sodium selenite medium
supplement, 100 units/mL penicillin, 100 μg/mL streptomycin and
0.1 mM bromodeoxyuridine. The dissociated cells were preplated
for 1 h at 37 °C to obtain cardiomyocytes. The cells were then
diluted to 1 × 106 cells/mL and seeded in different culture dishes
according to different experimental requirements. For the
administration of baicalein, the cells were pretreated for 4 h with
baicalein prior to ISO treatment for 24 h.

F-actin staining and cell surface area measurement
After treatment, the cells were fixed with 4% paraformaldehyde in
PBS for 15min followed by permeabilization with 0.05% Triton-X
in PBS for 5 min. FITC phalloidin (Yeasen, Shanghai, China) was
used to stain F-actin. The cells were observed by confocal
microscopy (Leica, Hesse, Germany). The surface area of the F-
actin-stained cells was measured using ImageJ software. Thirty
cardiomyocytes per field were examined in each experiment.

Adenovirus infection
Adenovirus carrying FOXO3a and adenovirus carrying β-
galactosidase (β-gal) were obtained as we described previously
[34]. Adenoviral infection of cells was performed as we described
previously [35].

Cell transfection with plasmids or siRNAs
The FUNDC1-overexpressing pcDNA3.1 plasmid was purchased
from The Beijing Genomics Institute. The FOXO3a-siRNA sequence
was 5’-GAGCTCTTGGTGGATCATC-3’. The FOXO3a scramble
(FOXO3a-sc) sequence was 5’-CAGUACUUUUGUGUAGUACAA-3’.
The FUNDC1-siRNA sequence was 5’-GCAGCACCUGAAAUCAA
CATT-3’. The FUNDC1 scramble (FUNDC1-sc) sequence was 5’-UU
CUCCGAACGUGUCACGUTT-3’. The specificity of the oligonucleo-
tides was confirmed by comparing them with all other sequences
in the NCBI database using nucleotide BLAST. The neonatal
cardiomyocytes were transfected with Lipofectamine 3000 (Invi-
trogen, Carlsbad, CA, USA) using Opti-MEM reduced serum
medium (Gibco, Carlsbad, CA, USA).

Quantitative real-time PCR (qRT-PCR)
qRT-PCR was carried out to evaluate the mRNA expression levels
of the ANP, BNP, catalase, and FUNDC1 mRNA. Total RNA was
isolated using TRIzol (Sigma, Louis, MO, USA). RNA was reverse
transcribed using a PrimeScript RT reagent kit (TaKaRa, Otsu,
Japan). The primers used are presented in Table 1.

Immunoblotting
Immunoblotting was performed to determine the expression
levels of catalase, LC3, FOXO3a, and FUNDC1. Briefly, cells were
lysed for 1 h at 4 °C in RIPA buffer (Epizyme, Shanghai, China)
containing a protease inhibitor cocktail and PMSF. The total
protein quality of the supernatant was quantified using a BCA
protein assay kit, and the total protein was resolved by SDS-
polyacrylamide gel electrophoresis followed by transfer to PVDF
membranes (Millipore, Boston, MA, USA). Membranes were
incubated with the indicated primary antibodies at 4 °C overnight.
Horseradish peroxidase secondary antibody was incubated with
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the PVDF membranes for ~1 h at room temperature. The antigen-
antibody complexes were visualized using enhanced
chemiluminescence.

ChIP analysis
A ChIP assay was performed according to the procedure described
with minor modifications [36]. Briefly, cells were fixed for 12min at
room temperature at a final concentration of 1% formaldehyde.
The cross-linking reaction was quenched by treatment with 0.125
M glycine for 5 min. The cells were washed twice with PBS and
lysed in lysis buffer for 1 h at 4 °C. The lysate was then subjected to
ultrasonic disrupted to generate chromatin fragments with an
average length from 400 to 800 bp. Then, the sample was
prewashed with protein-A/G agarose (Santa Cruz, Santa Cruz, CA,
USA) at 4 °C for 1 h with rocking, and then, 5 μg of specific
antibody was added, and the cells were rocked overnight at 4 °C.
The DNA fragments were purified using a QIAquick Spin Kit
(QIAGEN, Hilden, Germany) and were then used as templates for
PCR amplification. To analyze the region of FOXO3a-binding sites
in the FUNDC1 promoter, PCR was carried out using primers that
encompassed the FOXO3a BS1 or BS2 in the FUNDC1 promoter.
The primers for BS1 were forward: 5’-AAAATCAAACACAGCAACA
GAGTGA-3’; reverse: 5’-TTTTCCTTAGTGCCCTGTTAGTTGA-3’. The
primers for BS2 were forward: 5’-GAAGAGCATCCTGAATAAA
GACTTG-3’; reverse: 5’-CGTGTTTACTTATGGGAAATGTAGT-3’.

Luciferase activity assay
Luciferase activity assays were performed using a dual-luciferase
reporter assay system (Promega, Madison, WI, USA) according to
the manufacturer’s instructions. The pGL4.17-FUNDC1 or pGL4.17-
FUNDC1-mut construct was transfected into cells using Lipofecta-
mine 3000 (Invitrogen, Carlsbad, CA, USA). Then, the cells were
infected with adenovirus or transfected with siRNA targeting
FOXO3a. Luciferase activity was measured 24 h after infection.

Autophagosome assay
Neonatal cardiomyocytes were transfected with an adenovirus
containing mRFP-GFP tandem fluorescently tagged LC3 for 24 h at
an MOI of 100. Then, the neonatal cardiomyocytes were exposed
to hypertrophic stimuli or drug treatment. The autophagosomes
were observed by confocal microscopy.

Drug affinity responsive target stability (DARTS)
After washing once with ice-cold PBS, the cells were treated with
ice-cold RIPA lysis buffer containing 0.1 mM PMSF and a protease
inhibitor. After they were collected with a spatula, the cells were
incubated at 4 °C for 10 min. The cell lysate was centrifuged at
13,000 rpm for 10min, and the supernatant was diluted with lysis
buffer to a final protein concentration of 2 mg/mL. The protein
lysate was mixed with 10× TNC buffer (500 mM Tris-HCl, pH 8.0;
500mM NaCl; and 100 mM CaCl2) (Sigma, St. Louis, MO, USA). The
lysate in 1× TNC buffer was divided into 1.5-mL tubes and
incubated with baicalein (100 μM) for 1 h at room temperature.
After incubation, each sample was divided into 50-μL aliquots (50
μg of protein each) and proteolytically hydrolyzed in different
concentrations of pronase (25, 50, 125, 250, and 500 ng) and
maintained at room temperature for 10min. After 10 min, 2 μL of
ice-cold 20× protease inhibitor cocktail was added to stop
proteolysis, and the sample was immediately placed on ice. The
digestion was then terminated by adding a 4× sample loading dye
and boiling the sample at 95 °C for 10min. An aliquot of each
sample was then loaded onto an SDS-PAGE gel and finally
subjected to Western blotting.

Animal experiments
Mice (C57BL/6, male, 8 weeks old) were purchased from Daren
Fucheng Animal Technology (Qingdao, China). We allocated the
mice into four groups randomly: the control group (saline), the
baicalein control group (saline+BAI), the ISO group (ISO) and the
baicalein treatment group (ISO+ BAI). Briefly, the ISO and
baicalein treatment groups received a peritoneal injection of ISO
(30mg·kg−1·d−1) for 15 days; the baicalein treatment group
received caudal vein injections of baicalein (25 mg/kg) on the 3rd,
6th, 9th, 12th, and 15th days of the experiments. The respective
control and baicalein control groups were injected with the same
amount of saline or baicalein for the corresponding times. Before
the mice were sacrificed, echocardiography was performed to
assess the degree of cardiac hypertrophy and the therapeutic
effects of the baicalein treatment. All procedures involving
animals were reviewed and approved by the Institutional Animal
Care and Use Committee of Qingdao University Medical College.

Statistical analysis
The results are shown as the means ± SD. Significant differences
between the control and experimental groups were determined
using paired Student’s t tests. We used one-way ANOVA for
multiple comparisons. A P value <0.05 was considered statistically
significant.

RESULTS
Baicalein attenuates ISO-induced cardiac hypertrophy in vivo and
in vitro
ISO induces cardiac hypertrophy and has been used to produce
stable cardiac hypertrophy models [37, 38]. First, we tested the
effect of baicalein on cardiac hypertrophy in a mouse model. We
assessed the heart function of the mice using echocardiography
(Fig. 1a). Our results showed a significant decrease in the ejection
fraction (EF%) and fractional shortening (FS%) of the mice in the
ISO group compared with those in the saline group, but this
reduction was completely restored in the baicalein group (Fig. 1b).
Furthermore, the ISO-induced increase in the cardiac function
index was restored by baicalein treatment (Fig. 1c, d). In addition,
we observed a significantly increased heart size in the ISO group
compared to that in the saline group, and the histopathological
examination of cardiac tissue showed that the tissue sections from
the ISO group mice had significant damage, myofibrillar
degeneration, and fibrosis. However, baicalein significantly
prevented ISO-induced pathological changes, with the mice in
the baicalein group exhibiting nearly normal heart size and

Table 1. The primers used in qRT-PCR.

ANP-rat Forward: 5’-CTCCGATAGATCTGCCCTCTTGAA-3’
Reverse: 5’-GGTACCGGAAGCTGTTGCAGCCTA-3’

BNP-rat Forward: 5’-GCTCTTGAAGGACCAAGGCCTCAC-3’
Reverse: 5’-GATCCGATCCGGTCTATCTTGTGC-3’

Catalase-rat Forward: 5’-CCTCCTCGTTCAAGATGTGGTTTTC-3’
Reverse: 5’-CGTGGGTGACCTCAAAGTATCCAAA-3’

FUNDC1-rat Forward: 5’-AGGTGGTGGTTTTCTTCTTCTACAG-3’
Reverse: 5’-ATGTTCTGCTTGATAAAGTCTGTTG-3’

GAPDH-rat Forward: 5’-TCTACATGTTCCAGTATGACTC-3’
Reverse: 5’-ACTCCACGACATACTCAGCACC-3’

ANP-mouse Forward: 5’-CTCCGATAGATCTGCCCTCTTGAA-3’
Reverse: 5’-GGTACCGGAAGCTGTTGCAGCCTA-3’

BNP-mouse Forward: 5’-GCTCTTGAAGGACCAAGGCCTCAC-3’
Reverse: 5’-GATCCGATCCGGTCTATCTTGTGC-3’

Catalase-mouse Forward: 5’-AGCGACCAGATGAAGCAGTG-3’
Reverse: 5’-TCCGCTCTCTGTCAAAGTGTG-3’

FUNDC1-mouse Forward: 5’-AGCGATGACGAATCATACGAAG-3’
Reverse: 5’-CCACCCATTACAATCTGAGTAGC-3’

GAPDH-mouse Forward: 5’-TGTGTCCGTCGTGGATCTGA-3’
Reverse: 5’-CCTGCTTCACCACCTTCTTGA-3’
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integral cardiac morphology (Fig. 1e). Moreover, the left ven-
tricular/body weight and heart weight/body weight ratios, which
are hypertrophy indicators, were significantly reduced in the
baicalein group (Fig. 1f). Compared with the ISO group, the atrial
natriuretic peptide (ANP) and brain natriuretic peptide (BNP) levels
in the baicalein group were significantly downregulated (Fig. 1g,

h), which also indicated the therapeutic effect of baicalein on
cardiac hypertrophy mice.
Next, the role of baicalein in ISO-induced cardiac hypertrophy

was studied in an in vitro model. The dose of baicalein for
cardioprotection is ~20–30 μM [39–41]. We verified the dose-
dependent effects of baicalein (5–30 μM) on cardiac

Fig. 1 Baicalein attenuated ISO-induced cardiac hypertrophy in vivo. Mice were intraperitoneally injected with ISO (30mg·kg−1·d−1) or
baicalein (25mg/kg) for 15 days. a Echocardiography was performed to test heart function. b–d EF ejection fraction, FS fractional shortening
of the left ventricular diameter, LVPWd diastole left ventricular posterior wall thickness, LVPWs systolic left ventricular posterior wall thickness,
LVIDd diastolic left ventricular internal diameter, LVIDs systolic left ventricular internal diameter. e Whole hearts with H&E staining; scale bar,
20 µm. f Left ventricular/body weight and heart/body weight ratios. g and h ANP and BNP mRNA levels. Error bars represent SD. Data are
expressed as the means ± SD, n= 5 mice per group. *P < 0.05.
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hypertrophy. We found that 30 μM baicalein significantly
inhibited cardiac hypertrophy induction (Supplementary
Fig. S3a–c). The cardiomyocytes were treated with 10 μM ISO
to induce hypertrophy based on our previous study [38]. After
treating the cells with baicalein, we assessed the cell surface
area and hypertrophic markers, including ANP and BNP levels.
Our results showed that the increases in cell surface area
(Fig. 2a, b) and ANP and BNP levels (Fig. 2c, d) induced by ISO
were significantly decreased with baicalein treatment. Taken
together, these results indicated that baicalein attenuated ISO-
induced cardiac hypertrophy.

Baicalein inhibited the ROS burst by promoting catalase in
hypertrophic cardiomyocytes induced by ISO
We next attempted to elucidate the mechanism by which
baicalein inhibits cardiac hypertrophy. ROS production is
increased during cardiac hypertrophy. Thus, we examined the
level of ROS in the cardiomyocytes treated with ISO. Our results
showed that the levels of ROS increased in a time-dependent
manner, indicating ROS production in cardiomyocytes (Fig. 3a).
Simultaneously, the protein and mRNA expression levels of
catalase were significantly decreased (Fig. 3b, c). Next, we
explored whether baicalein was involved in the ISO-induced
regulation of catalase in cardiomyocytes. Baicalein significantly
attenuated ROS production during hypertrophy induction (Fig. 3d).
Interestingly, baicalein also significantly restored the expression
levels of catalase (Fig. 3e, f). Therefore, the inhibitory effect of
baicalein on the ROS burst during the hypertrophy induced by ISO
was achieved by increasing catalase levels.

Baicalein activated autophagy by promoting FUNDC1 in the ISO-
induced hypertrophic cardiomyocytes
Autophagy plays a crucial role in regulating cardiac hypertrophy [42–
44]. Therefore, we tested the autophagy-associated protein levels of
LC3 and p62. The LC3II/I levels were significantly decreased in a time-
dependent manner (Fig. 4a), and the p62 levels were increased
(Supplementary Fig. S5a). The results showed that the formation of
autophagosomes and the degradation of autophagosomes were
inhibited during the process of cardiac hypertrophy induction.
Moreover, we examined the protein expression levels of LC3 after
the cardiomyocytes were treated with baicalein. Baicalein signifi-
cantly promoted the conversion of LC3 I to LC3 II (Fig. 4b) and
downregulated the p62 levels accordingly (Supplementary Fig. S4b).
We also tested the expression of LC3 and p62 in tissue samples, and
the results were consistent with those obtained at the cellular level
(Supplementary Fig. S1a, b). To confirm the effect of baicalein on
autophagy during cardiac hypertrophy induction, we used an
adenovirus expressing mRFP-GFP tandem fluorescently tagged LC3
to detect autophagosome levels. Our results showed that the
number of autophagosomes in ISO-induced hypertrophic cardio-
myocytes was reduced compared to that of the negative controls.
Moreover, the number of autophagosomes was increased after
treatment with baicalein during the ISO induction (Fig. 4c, d). To
confirm whether baicalein attenuates cardiac hypertrophy by
promoting autophagy, we used 3-MA, an inhibitor of autophagy.
Our findings indicated that baicalein inhibited the ISO-induced
increase in cell surface area and the upregulation of ANP and BNP,
whereas this inhibition was abolished by treatment with 3-MA
(Supplementary Fig. S4a–c). Our results showed that baicalein

Fig. 2 Baicalein attenuated ISO-induced cardiac hypertrophy in vitro. The neonatal rat cardiomyocytes were treated with 10 μM ISO or 30
μM baicalein for 24 h. Cells were pretreated for 4 h with baicalein prior to ISO treatment. a The cell surface area of neonatal rat cardiomyocytes
was assessed by TRITC-conjugated phalloidin staining. Representative photos taken by confocal microscopy; blue, DAPI-stained nuclei; red,
phalloidin-stained F-actin; scale bar, 25 µm. b Photos taken with a fluorescence microscope for the statistical analysis of cell surface area. c and
d ANP and BNP mRNA levels were detected by real-time PCR. Error bars represent SD. Data are expressed as the means ± SD, n= 3. *P < 0.05.
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activated autophagy during ISO-induced cardiac hypertrophy. Next,
we explored the mechanisms by which baicalein promoted
autophagy. FUNDC1 is a novel mitophagy receptor that can promote
mitophagy and plays a protective role in cardiomyocytes [45, 46]. We
observed that FUNDC1 expression decreased in a time-dependent
manner during the induction of cardiac hypertrophy (Fig. 4e). We
detected an increase in the protein and mRNA expression levels of
FUNDC1 after treatment with baicalein in vitro (Fig. 4f, g) and in vivo
(Supplementary Fig. S2a, b). To confirm the role of FUNDC1 in
cardiac hypertrophy, which was attenuated by baicalein, we knocked
down endogenous FUNDC1 using siRNA (Supplementary Fig. S5d).
The effect of baicalein on the attenuation of cardiac hypertrophy was
abolished by knocking down FUNDC1 (Fig. 4h–j). Taken together,
these results indicated that baicalein attenuates cardiac hypertrophy
by activating autophagy via FUNDC1.

FUNDC1 was involved in the regulation of ISO-induced cardiac
hypertrophy
We confirmed that baicalein promotes the expression of FUNDC1
in ISO-induced cardiac hypertrophy and that FUNDC1 is a key
regulator of baicalein to attenuate cardiac hypertrophy. To
confirm the role of FUNDC1 in cardiac hypertrophy, we over-
expressed FUNDC1 in cardiomyocytes to confirm its role in the
induction of cardiac hypertrophy (Fig. 5a). FUNDC1 overexpression
promoted the conversion of LC3 I to LC3 II (Fig. 5b) and
downregulated the p62 levels accordingly (Fig. 5c). Moreover, it
inhibited ISO-induced cardiac hypertrophy by decreasing the cell
surface area (Fig. 5d) and by downregulating the levels of ANP and
BNP (Fig. 5e, f). These results confirmed that FUNDC1-mediated
autophagy was involved in the protection of ISO-induced cardiac
hypertrophy.

Fig. 3 Baicalein prevented ISO-induced ROS burst via catalase. a–c Neonatal rat cardiomyocytes treated with 10 µM ISO at the indicated
times. a ROS levels were detected by DCF-DA staining. The intensity of the DCF-DA fluorescence was measured by a fluorescent enzyme-
labeled detection instrument. b Catalase protein levels were determined by Western blotting. c Catalase mRNA levels were determined by
real-time PCR. d–f Neonatal rat cardiomyocytes were treated with 10 µM ISO or 30 µM baicalein for 24 h. d Baicalein prevents ISO-induced ROS
production. e Baicalein increased the catalase protein levels and f mRNA levels, which were inhibited by ISO. Error bars represent SD. Data are
expressed as the means ± SD, n= 3. *P < 0.05.
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Fig. 4 Baicalein activated autophagy via FUNDC1. a LC3 protein levels in neonatal rat cardiomyocytes treated with 10 μM ISO at the indicated
times were detected by Western blotting. b LC3 protein levels treated with baicalein. c After treatment with ISO or baicalein for 24 h, neonatal rat
cardiomyocytes were transfected with mRFP-GFP-LC3 adenovirus. Representative photos of fluorescent LC3 were taken by confocal microscopy;
scale bar, 25 µm. d The numbers of GFP and RFP puncta in neonatal rat cardiomyocytes; green puncta, autophagosomes; red puncta, autolysosomes.
Autophagosomes fuse with autolysosomes to complete the autophagy process. The remaining red puncta represent the degree of autophagy,
which was detected by the difference in area, excluding the overlapping areas of red and green puncta (yellow puncta). e FUNDC1 protein levels in
the neonatal rat cardiomyocytes treated with 10 µM ISO at the indicated times. f Baicalein increased the FUNDC1 protein levels and g mRNA levels,
which were inhibited by ISO. h Baicalein inhibited the increases in cell surface area and (i and j) ANP and BNP mRNA expression levels, which were
abolished by the simultaneous knockdown of FUNDC1. Error bars represent SD. Data are expressed as the means ± SD, n= 3. *P< 0.05.
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Baicalein exerted its cardioprotective effects by binding directly to
FOXO3a
In ISO-induced cardiac hypertrophy contexts, we observed that
the protein and mRNA expression levels of catalase and FUNDC1
were upregulated by baicalein. Thus, we hypothesized that
baicalein activated the transcription of genes involved in
hypertrophy through transcription factors. According to recent
reports and our previous studies, we found that the transcrip-
tional activity of the transcription factor FOXO3a plays an
important role in cardiac hypertrophy [47, 48]. First, we
examined the expression of FOXO3a in ISO-induced cardiac
hypertrophy and found that FOXO3a expression was signifi-
cantly decreased in a time-dependent manner (Fig. 6a). Then,

we analyzed the protein expression levels of FOXO3a after
treatment with baicalein in vitro (Fig. 6b) and in vivo (Supple-
mentary Fig. S2c). The results showed that baicalein significantly
promoted FOXO3a expression. To determine whether baicalein
regulates FOXO3a, we simulated the binding of baicalein to
FOXO3a using molecular docking. Our analysis showed that
baicalein and FOXO3a established hydrogen bonds at the
GLU171, ILE236 and LYS176 sites and pi bonds at the GLU171
and ILE236 sites (Fig. 6c). To verify the interaction of baicalein
and FOXO3a, we used a drug affinity responsive target stability
(DARTS) assay to obtain more evidence. Pronase is a nonspecific
proteolytic enzyme that can hydrolyze all the proteins in the
sample, including FOXO3a. It was used to test whether baicalein

Fig. 5 FUNDC1 inhibited ISO-induced cardiac hypertrophy. a A FUNDC1 overexpression vector efficiently forced the expression of FUNDC1
in neonatal rat cardiomyocytes. b FUNDC1 overexpression promoted the conversion of LC3 I to LC3 II and c downregulated p62 levels in
neonatal rat cardiomyocytes exposed to 10 μM ISO. d FUNDC1 overexpression inhibited the increase in cell surface area in the neonatal rat
cardiomyocytes exposed to 10 μM ISO for 24 h. e and f FUNDC1 overexpression inhibited the increase in ANP and BNP mRNA expression
levels. Error bars represent SD. Data are expressed as the means ± SD, n= 3. *P < 0.05.
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Fig. 6 Baicalein targeted FOXO3a to attenuate ISO-induced cardiac hypertrophy. a The FOXO3a protein levels in neonatal rat
cardiomyocytes treated with 10 μM ISO at the indicated times were detected by Western blotting. b FOXO3a protein levels in neonatal rat
cardiomyocytes treated with 10 μM ISO or 30 μM baicalein were detected by Western blotting. c Molecular docking predicted baicalein
targeting of FOXO3a. d Level of FOXO3a protein in neonatal rat cardiomyocytes treated with different concentrations of pronase as indicated.
e Level of FOXO3a protein in the neonatal rat cardiomyocytes cotreated with pronase and baicalein. f siRNA transfection efficiently knocked
down endogenous FOXO3a expression. Baicalein inhibited the increases in (g) cell surface area and (h and i) ANP and BNP mRNA expression
levels, which were abolished by the simultaneous knockdown of FOXO3a. Error bars represent SD. Data are expressed as the means ± SD, n=
3. *P < 0.05.
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enables FOXO3a resistance to hydrolysis. Our results showed
that FOXO3a protein levels were downregulated upon treatment
with pronase (Fig. 6d). However, the baicalein treatment
obviously attenuated the decrease in FOXO3a protein levels
(Fig. 6e). These findings indicated that baicalein has the capacity

to bind to FOXO3a. To further confirm the regulation of FOXO3a
by baicalein, we used siRNA to knock down FOXO3a in the
cardiomyocytes (Fig. 6f). Our results showed that baicalein
inhibited the ISO-induced increase in myocardial cell surface
area (Fig. 6g) and the upregulation of ANP and BNP levels

Fig. 7 FOXO3a prevented ISO-induced ROS production via catalase. a Adenovirus (MOI= 50 or 100) efficiently forced the expression of
FOXO3a in neonatal rat cardiomyocytes. b Forcing the expression of FOXO3a prevented an ISO-induced ROS burst. c Forcing the expression of
FOXO3a restored the protein and d mRNA expression levels of catalase. e Forcing the expression of FOXO3a promoted the conversion of LC3 I
to LC3 II. Error bars represent SD. Data are expressed as the means ± SD, n= 3. *P < 0.05.
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(Fig. 6h, i); this inhibition was abolished by the simultaneous
knockdown of FOXO3a. Taken together, these results demon-
strated that baicalein can attenuate ISO-induced cardiac
hypertrophy by targeting FOXO3a.

FOXO3a transcriptionally regulated catalase to inhibit ROS in the
ISO-induced hypertrophic cardiomyocytes
Since FOXO3a is a downstream regulator of baicalein, we explored
the role of FOXO3a in oxidative stress and autophagy. We

overexpressed FOXO3a in the cardiomyocytes (Fig. 7a). Our results
showed that FOXO3a overexpression in the cardiomyocytes sig-
nificantly inhibited ISO-induced ROS production (Fig. 7b). Moreover,
the protein and mRNA expression levels of catalase were upregulated
accordingly (Fig. 7c, d). Taken together, these results demonstrated
that FOXO3a can inhibit ROS bursts by promoting catalase expression
at the transcriptional level during the induction of cardiac
hypertrophy. In addition, FOXO3a overexpression activated autop-
hagy (Fig. 7e, Supplementary Fig. S5c). Taken together, our results

Fig. 8 FOXO3a transactivated FUNDC1 to activate autophagy, which inhibited ISO-induced cardiac hypertrophy. a The promoter region of
FUNDC1 contains two potential FOXO3a-binding sites (BS1 and BS2). The FUNDC1 promoter fragments Wt1 (containing BS1 and BS2) and Wt2
(BS2 only) were linked to a luciferase reporter gene. Mutations were introduced into BS2 in Wt1 (m-BS2). b ChIP analysis of FOXO3a binding to
the promoter of FUNDC1. Neonatal rat cardiomyocytes were treated with 10 µM ISO for 24 h. c Luciferase activity detected in the HEK-293 cells
infected with FOXO3a adenovirus or β-gal with the luciferase reporter constructs as indicated. d Knockdown of endogenous FOXO3a reduced
FUNDC1 promoter luciferase activity upon siRNA transfection. e ISO treatment resulted in reduced luciferase activity of the FUNDC1 promoter.
Forcing the expression of FOXO3a increased the (f) protein and (g) mRNA expression levels of FUNDC1, which had been inhibited by ISO.
h Overexpression of FOXO3a promoted the conversion of LC3 I to LC3 II, which was abolished by the simultaneous knockdown of FUNDC1 in
the neonatal rat cardiomyocytes treated with 10 µM ISO for 24 h. Overexpression of FOXO3a inhibited the (i) increases in cell surface area and
(j and k) ANP and BNP mRNA expression levels, which were abolished by simultaneous knockdown of FUNDC1. Error bars represent SD. Data
are expressed as the means ± SD, n= 3. *P < 0.05.
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show that FOXO3a, which is a downstream target of baicalein, can
promote catalase activity to inhibit ROS bursts and can activate
autophagy when ISO is used to induce cardiac hypertrophy.

FOXO3a targeted FUNDC1 to regulate autophagy in the ISO-
induced hypertrophic cells
We examine whether FOXO3a can directly transactivate FUNDC1 to
inhibit cardiac hypertrophy. To this end, we found that the promoter
region of FUNDC1 has two potential binding sites for FOXO3a
(Fig. 8a). A chromatin immunoprecipitation (ChIP) analysis showed
that FOXO3a binds to the binding site 2 (BS2) region, which is
inhibited by ISO, but does not interact with the binding site 1 (BS1)
region (Fig. 8b). To further test whether FOXO3a can regulate
FUNDC1 promoter activity, we constructed a luciferase vector
containing two potential binding sites, Wt1, and a vector containing
the BS2-only fragment, Wt2. Our results showed that the over-
expression of FOXO3a induced luciferase activity in the cells
transfected with the Wt1 and Wt2 promoters. Compared with the
change to BS1, BS2 showed no change in luciferase activity,
indicating that BS1 is not a binding site. Luciferase activity was
significantly lost after the introduction of a BS2 mutation (m-BS2)
(Fig. 8c). Therefore, the binding site of FOXO3a is in the BS2 region
of the FUNDC1 promoter. Then, we used siRNA to knock down the
expression of endogenous FOXO3a. Our results showed that
knocking down FOXO3a led to a decrease in luciferase activity
(Fig. 8d). Simultaneously, we examined the effect of ISO on the
activity of the FUNDC1 promoter. The results showed that the ISO
treatment significantly inhibited luciferase activity (Fig. 8e). Taken
together, these results indicated that FOXO3a can transactivate
FUNDC1.
Since FUNDC1 is a transcription target of FOXO3a, it can activate

autophagy during ISO-induced cardiac hypertrophy. The overexpres-
sion of FOXO3a significantly upregulated the mRNA and protein
expression levels of FUNDC1 in ISO-induced cardiac hypertrophy
(Fig. 8f, g). Therefore, we hypothesized that the role of FOXO3a in
inhibiting cardiac hypertrophy by activating autophagy was
achieved by the regulation of FUNDC1. To validate our hypothesis,
we used siRNA to knock down FUNDC1 in the cardiomyocytes
(Supplementary Fig. S5d). Our results showed that the overexpres-
sion of FOXO3a promoted ISO-induced autophagy inhibition and
that this promotion was abolished by the simultaneous knockdown
of FUNDC1 (Fig. 8h, Supplementary Fig. S5e). Furthermore, the
overexpression of FOXO3a inhibited the ISO-induced increase in
myocardial cell surface area (Fig. 8i) and the upregulation of ANP and
BNP levels (Fig. 8j, k), but these effects were simultaneously offset by
the knockdown of FUNDC1. Taken together, these results demon-
strated that FUNDC1 is a key downstream regulator of FOXO3a in
the inhibition of ISO-induced cardiac hypertrophy.

DISCUSSION
Cardiac hypertrophy is a risk factor for many heart diseases, and
sustained cardiac hypertrophy causes systolic dysfunction, even-
tually leading to heart failure, arrhythmia and sudden death [49].
Understanding the potential molecular mechanisms of cardiac
hypertrophy will benefit the development of new drugs to prevent
and treat heart failure. In the present study, using cardiomyocytes
and an isoproterenol-induced cardiac hypertrophy mouse model,
we revealed that baicalein treatment in vitro and in vivo attenuates
isoproterenol-induced cardiac hypertrophy. We found that baicalein
regulates FOXO3a to inhibit ROS and activate autophagy in cardiac
hypertrophy. Furthermore, we also confirmed that FOXO3a is the
upstream regulator of catalase and FUNDC1 in isoproterenol-
induced cardiac hypertrophy and inhibited cardiac hypertrophy by
the transactivation of catalase and FUNDC1.
Multiple studies have confirmed that baicalein fulfills an essential

function in protecting cardiac cells [40, 50]. It has been reported that
baicalein inhibits cardiomyocyte apoptosis induced by doxorubicin

and myocardial hypoxia [39, 41]. In addition, baicalein protects
cardiomyocytes from mitochondrial oxidative damage associated
with Akt activation [51]. Recent studies have shown that baicalein
attenuates cardiac hypertrophy. Baicalein was first discovered to
attenuate aortic banding (AB)-induced cardiac hypertrophy by
blocking MEK-ERK1/2 signaling [28]. Subsequently, it was reported
that baicalein attenuated LPS-induced cardiac hypertrophy by
inhibiting the HMGB1 and MMP-2/-9 signaling pathways [30].
However, the specific molecular mechanism by which baicalein
attenuates cardiac hypertrophy remains largely unknown. Further-
more, baicalein regulates FOXO3a in non-small cell lung cancer cells
[31]. Our study confirms that baicalein attenuates cardiac hyper-
trophy via the FOXO3a-catalase/FUNDC1 signaling pathway. No
current evidence previously indicated that baicalein directly targets
FOXO3a. We verified that baicalein targets FOXO3a by using
molecular docking and a DARTS assay. We propose to conduct
more specific research in the future to explore other direct targets of
baicalein based on its superior myocardial protection. Baicalein has
many targets in the body. For example, baicalein counteracts
oxidative stress in cardiomyocytes by disrupting the interaction of
nuclear factor erythroid-2-related factor 2 (Nrf2)/Kelch-like ECH-
associated protein l (Keap1) [39]. Moreover, baicalein prevents tumor
progression by upregulating the expression of DNA damage-
inducible transcript 4 (DDIT4) and by targeting arachidonic acid
and GTPase [23, 26, 52]. Therefore, the discovery of other targets of
baicalein is worthy of pursuit.
FOXO3a is a member of the subfamily forkhead box class O

(FOXO), also known as FOXO3 or forehead in rhabdomyosarcoma-
like 1 (FKHRL1), and is highly conserved in mammals. FOXO3a is
involved in the transcriptional regulation of proteins critical for many
different functions in cells [53]. The nuclear localization of FOXO3a
can transactivate the transcription of target genes important for
cellular biological functions, such as cell cycle-related genes [54],
apoptosis genes [55], and antioxidative-related genes [56]. There is
increasing evidence suggesting that FOXO3a is critically important
to cardiac hypertrophy [32, 57]. It has been demonstrated that
FOXO3a transactivates catalase in response to oxidative stress,
which inhibits cardiac hypertrophy [48]. In addition, the deacetyla-
tion of FOXO3a increases the level of SOD2, which can inhibit ROS
expression, blocking ANG II-induced cardiac hypertrophy [57]. Thus,
FOXO3a inhibited the hypertrophy stimulation-induced ROS burst,
which was achieved by targeting multiple antioxidant genes.
However, whether baicalein plays a role in cardiac hypertrophy
through FOXO3a to activate antioxidant genes remains unclear. Our
work confirmed that isoproterenol can stimulate ROS elevation
during hypertrophy induction and that overexpression of FOXO3a
attenuates cardiac hypertrophy by upregulating catalase levels
through its transcriptional activity. These findings suggest that
baicalein activates catalase to eliminate ROS by promoting FOXO3a
expression in ISO-induced cardiac hypertrophy.
Interestingly, FOXO3a can also activate autophagy in cardio-

myocytes. It has been reported that the poly(ADP-ribosyl)ation of
FOXO3a mediates the dissociation of histone H1 from the FOXO3a
target gene and promotes the nuclear localization of FOXO3a to
activate autophagy-related gene expression, which inhibits
cardiomyocyte apoptosis and fibrosis [58]. Moreover, it was
reported that FOXO3a-dependent autophagy protected against
cardiac hypertrophy induced by pressure overload [59]. Activated
autophagy plays an essential role in attenuating the effect of
baicalein on cardiac hypertrophy. Our data showed that baicalein
targeted FOXO3a. As expected, the combination of baicalein and
FOXO3a increased FOXO3a stability and prevented its degrada-
tion, which contributed to FOXO3a transactivation of autophagy-
related genes. Furthermore, it was reported that the transcrip-
tional activity of FOXO3a activated the transcription of its
downstream target protein SOD2, which attenuated ANG II-
induced cardiac hypertrophy by inhibiting ROS levels and
enhancing mitochondrial function [60, 61]. These findings suggest
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a potential relationship between ROS and mitochondrial autop-
hagy. The burst of ROS causes mitochondrial damage, leading to
abnormal energy metabolism, and the initiation of mitochondrial
autophagy clears damaged mitochondria, thereby attenuating
cardiac hypertrophy. FOXO3a may also upregulate the expression
of its downstream ubiquitin ligase muscle atrophy F-box (MAFbx),
which hydrolyzes excess protein in cardiomyocytes to attenuate
cardiac hypertrophy [62]. Similarly, FOXO3a mediates cardiomyo-
cyte resistance to hypertrophy by initiating the transcription of its
downstream target p21 [63]. In summary, FOXO3a-dependent
autophagy might be an important target for the treatment of
cardiac hypertrophy. Our study confirmed that baicalein can
target FOXO3a, which is a critical transcription factor involved in
the activation of antioxidant and autophagy genes modulating
cardiac hypertrophy; therefore, baicalein is of great significance in
the treatment of cardiac hypertrophy.
FUNDC1 is a newly identified mitochondrial autophagy receptor

that recruits LC3 to mitochondria to initiate mitochondrial
autophagy [64, 65]. Mitochondria are the critical organelles of
cellular energy metabolism, and mitochondrial dysfunction has
been shown to be associated with pathological hypertrophy [66].
As a mitochondrial autophagy regulatory protein, FUNDC1 was
recently reported to be closely associated with cardiac disease. In
a mouse model of ischemia/reperfusion, FUNDC1-mediated
mitochondrial autophagy regulated the number and quality of
mitochondria by degrading damaged mitochondria, protecting
cardiomyocytes from I/R injury [45]. Various types of hypertrophy
stimulation-induced oxidative stress are major factors of mito-
chondrial damage, which disrupts mitochondrial function and
affects energy metabolism, further exacerbating cardiac hyper-
trophy [67]. Recent reports have shown that mammalian STE20-
like kinase 1 (Mst1) upregulates ROS in cardiomyocytes, thereby
downregulating FUNDC1 expression and inhibiting mitochondrial
autophagy. In contrast, Mst1 knockdown reverses FUNDC1-
mediated mitochondrial autophagy, thus reducing cardiomyocyte
apoptosis upon I/R injury [68]. Surprisingly, we found that FOXO3a
activates FUNDC1 through its transcriptional activity to promote
autophagy in ISO-induced cardiac hypertrophy. However, the role
of mitochondrial division and fusion in cardiac hypertrophy, and
the determination of whether FOXO3a-mediated FUNDC1-depen-
dent autophagy is truly mitochondrial autophagy requires further
exploration. Excessive autophagy can aggravate cardiac hyper-
trophy. It has been reported that excessive autophagy induced by
external stimuli, such as transverse aortic constriction (TAC),
phenylephrine and ANG II, promotes the progression of cardiac
hypertrophy [69–71]. Our studies indicated that autophagy was
inhibited upon ISO-induced cardiac hypertrophy. Therefore, we
believe that FOXO3a restores impaired autophagy by activating
FUNDC1, leading to a beneficial effect that attenuates ISO-induced
cardiac hypertrophy. This finding suggests that FUNDC1 might
become a new therapeutic target for heart disease, especially
cardiac hypertrophy. In the future, further investigations need to
be implemented to explore the molecular mechanisms.
In conclusion, our data revealed the therapeutic role of

baicalein in ISO-induced cardiac hypertrophy. Baicalein attenu-
ates ISO-induced cardiac hypertrophy by promoting the
transcriptional activity of FOXO3a. FOXO3a transactivates the
antioxidation gene catalase to inhibit ROS bursts, while the
autophagy-associated gene FUNDC1 is also transactivated to
activate impaired autophagy, which might provide a potential
therapeutic strategy for cardiac hypertrophy.
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