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PARP1 interacts with HMGB1 and promotes its nuclear
export in pathological myocardial hypertrophy
Qian LI1,2,3, Zhuo-ming LI1,3, Shu-ya SUN1,3, Lu-ping WANG1,3, Pan-xia WANG1,3, Zhen GUO1,3, Han-wei YANG1,3, Jian-tao YE1,3,
Jing LU1,2,3 and Pei-qing LIU1,2,3

High-mobility group box 1 (HMGB1) exhibits various functions according to its subcellular location, which is finely conditioned by
diverse post-translational modifications, such as acetylation. The nuclear HMGB1 may prevent from cardiac hypertrophy, whereas
its exogenous protein is proven to induce hypertrophic response. This present study sought to investigate the regulatory
relationships between poly(ADP-ribose) polymerase 1 (PARP1) and HMGB1 in the process of pathological myocardial hypertrophy.
Primary-cultured neonatal rat cardiomyocytes (NRCMs) were respectively incubated with three cardiac hypertrophic stimulants,
including angiotensin II (Ang II), phenylephrine (PE), and isoproterenol (ISO), and cell surface area and the mRNA expression of
hypertrophic biomarkers were measured. the catalytic activity of PARP1 was remarkably enhanced, meanwhile HMGB1 excluded
from the nucleus. PARP1 overexpression by infecting with adenovirus PARP1 (Ad-PARP1) promoted the nuclear export of HMGB1,
facilitated its secretion outside the cell, aggravated cardiomyocyte hypertrophy, which could be alleviated by HMGB1
overexpression. PE treatment led to the similar results, while that effect was widely depressed by PARP1 silencing or its specific
inhibitor AG14361. Moreover, SD rats were intraperitoneally injected with 3-aminobenzamide (3AB, 20 mg/kg every day, a well-
established PARP1 inhibitor) 7 days after abdominal aortic constriction (AAC) surgery for 6 weeks, echocardiography and
morphometry of the hearts were measured. Pre-treatment of 3AB relieved AAC-caused the translocation of nuclear HMGB1 protein,
cardiac hypertrophy, and heart dysfunction. Our research offers a novel evidence that PARP1 combines with HMGB1 and
accelerates its translocation from nucleus to cytoplasm, and the course finally causes cardiac hypertrophy.
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INTRODUCTION
Myocardial hypertrophy, an adaptive response of the heart to
multiple physiological or pathological stimulating factors, is
featured by amplification of cardiomyocyte size, re-activation of
fetal genes, and the recombination of cytoskeleton [1–3]. It is
originally thought to be salutary but can evolve to heart failure
(HF) if the stress continues [1]. Despite the progresses in the HF
therapy, it is still one of the primary causes of death in most of the
world [4]. Hence, illustration of the mechanisms underlying the
development of myocardial hypertrophy is vital to explore
efficient therapeutic tactics for the prevention and cure of HF.
High-mobility group box 1 (HMGB1) is a nuclear DNA-binding

protein existing in diverse types of cells, including cardiomyocytes,
which plays a part in preserving nucleosome structure, and
regulates gene transcription, replication, and DNA repair [4–7].
Besides its nuclear activity, as an inflammatory cytokine, HMGB1
can be actively secreted by activated immune cells or passively
released by necrotic cells [8–10]. It has been reported in the last
few years that the nucleus expression of HMGB1 is obviously lower
in human failing heart samples than that in normal hearts, due to
the transposition from nucleus to cytoplasm in failing hearts [4].

The thoracic aorta constriction (TAC) induced the expression and
translocation of HMGB1 in myocardium, and mechanical stress
increased the expression and release of HMGB1 in cultured
cardiomyocytes [11]. While exogenous HMGB1 protein is proven
to induce hypertrophic response [12]. Moreover, the survival rate
of HMGB1 transgenic mice were clearly higher than wild-type (WT)
mice after TAC [4]. These findings suggest that nuclear HMGB1 is a
negative regulator of myocardial hypertrophy.
Poly(ADP-ribose) polymerase 1 (PARP1), the foremost isoform of

the PARP enzyme family, catalyzes the NAD+-dependent synth-
esis of the polymers of ADP-ribose (PAR) that consequently attach
to target proteins, which is called poly(ADP-ribosyl)ation (PARyla-
tion) [13–16]. Throughout the years, much attention has been
focused on the PARP1 hypotype, as it is responsible for producing
most of PAR in the nucleus [17–22]. Previous study manifests that
PARP−/− mice are protected against angiotensin II (Ang II)-stressed
cardiac hypertrophy [23]. We reported that PARP1 is strongly
activated by Ang II or isoproterenol (ISO), the PARylation of FoxO3
induced by PARP1 facilitates its phosphorylation at critical sites,
leading to its translocation from the nucleus and finally resulting
in cardiac hypertrophy [24, 25]. In addition, it was reported that
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PARP modified HMGB1 in vitro and influenced its subcellular
relocalization during necrosis process [26].
In this study, HMGB1 was excluded from the nucleus after

treatment with three hypertrophic stimulants (Ang II, phenylephr-
ine (PE), or ISO) for 12 h; PARP1 interacts with HMGB1 and
promotes its nuclear export in cardiomyocytes; PARP1 silencing
and its specific inhibitor AG14361 both retarded PE-induced
HMGB1 nuclear export; the nuclear HMGB1 is partially responsible
for the prevention of PARP1-mediated cardiac hypertrophy. We
provide novel evidence that PARP1 combines with HMGB1 and
accelerates its transposition from nucleus to cytoplasm, and finally
causes cardiac hypertrophy.

MATERIALS AND METHODS
Reagents
Tyrisin for primary culture was purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). Ang II was purchased from EMD Millipore
Corp (Billerica, MA USA). PE was bought from Tocris Bioscience
(Bristol, UK). ISO was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). AG14361 was obtained from Selleck Chemicals
(Texas, USA). A total of 3-aminobenzamide (3AB) was achieved
from MedChem Express (New Jersey, USA). Fetal Bovine Serum
(FBS) was purchased from Cellmax (Beijing, China) and Thermo
Fisher SCIENTIFIC (Massachusetts, USA). Dulbecco’s modified
Eagle’s medium (DMEM) was obtained from Gibco (BRL Co. Ltd.,
USA). RIPA lysis buffer was obtained from Beyotime (Nantong,
Jiangsu, China). The Nucleus Extract Kit was purchased from
ACTIVE MOTIF (USA). Protease inhibitor cocktail was bought from
Sigma-Aldrich (St. Louis, Missouri, USA). The enzyme linked
immunosorbent assay (ELISA) kit was purchased from R&D
Systems (Minnesota, USA).

Primary culture of neonatal rat cardiomyocytes
Cardiomyocytes were isolated from the hearts of Sprague-Dawley
(SD) rats (1-day-old to 3-day-old) as we previously described [27].
The myocardial cells were seeded at a density of 1 × 106 cells/well
into 6-well plates in DMEM with 10% FBS and 100 μM 5-
bromodeoxyuridine (5-BrdU). Ang II, PE, and ISO was respectively
replenished to the final concentration of 1 μM, 100 μM, 10 μM, and
the cells were sequentially incubated for referential time [27–29].
The same volume of DMEM was added as control group.

Abdominal aortic constriction surgery, echocardiography, and
morphometric measurement
The animal experiments were conducted following the Guide for
the Care and Use of Laboratory Animals (NIH Publication No. 85-
23, revised 1996) and were approved by the Research Ethics
Committee of Sun Yat-Sen University. Male SD rats weighing 180-
220 g (Certification No. 44005800005586, SPF grade) were from
the Experimental Animal Center of Guangzhou University of
Chinese Medicine (Guangzhou, China). A total of 36 rats were
randomly assigned to Sham, AAC, or AAC+ 3AB group. As
previously described [30], rats were injected with 10% chloral
hydrate (0.35 mg/kg, ip) for anesthesia before surgery, under
aseptic conditions, the abdominal aorta above the kidneys was
exposed through a midline abdominal incision and constricted at
the suprarenal level with a 6-0 silk suture tied twice around both
the aorta and a blunted 22-gauge needle, the needle was then
removed yielding a 70%–80% contraction. Sham-operated group
underwent an analogical step without banding the aorta. 3AB was
injected to rats (20 mg/kg every day, ip) beginning from the next
week of AAC surgery and lasting for 6 weeks.
Two-dimensional-guided M-mode echocardiography was

accomplished by a Technos MPX ultrasound system (ESAOTE,
SpAESAOTESpA, Italy) as formerly described [25]. After that,
rats were immolated and then their hearts were quickly removed
for trimming the left ventricles. Five-micrometer-thick histological

cross sections of the heart tissues were stained with
hematoxylin–eosin (HE) and Masson for morphometric
measurement.

Quantitative real-time polymerase chain reaction
Total RNA was extracted from cultured neonatal rat cardiomyo-
cytes (NRCMs) with Trizol reagent (Invitrogen, USA) and then was
reversely transcripted to cDNA using Two-step RT Kit (Takara
Biotechnology, Japan). The procedure included RT-A and RT-B
steps. The mRNA levels of target genes were confirmed using
SYBR-Green Quantitative PCR kit (Takara Biotechnology, Japan) by
iCycler iQ system (Bio-Rad, USA). Amplification conditions were
95 °C lasting 15min, followed by 40 cycles of 30 s at 95 °C, 55 °C
for 1 min, and 72 °C for 30 s. All polymerase chain reactions were
conducted for five times. Rat-specific primers were synthesized by
Sangon Biotech (Supplemental Table S1). β-actin served for an
internal reference [31].

Western blotting and co-immunoprecipitation analysis
Total protein of cultured cells was extracted with RIPA lysis buffer
containing a protease inhibitor cocktail on ice. Nucleus and
cytoplasm proteins were extracted using Nucleus Extract Kit
according to manufacturer’s instruction.
For co-IP, anti-HMGB1 (diluted 1:50) was from Abcam (Cam-

bridge, England), and anti-PARP1 (mouse, diluted 1:100) was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The IP lysates (400 μg) were incubated with the corresponding
primary antibodies overnight (rabbit or goat normal IgG served as
an control), and were incubated with protein G-agarose beads
(Pierce, Rockford, IL, USA) at 4 °C for 4 h. The immunoprecipitated
proteins were observed by Western blot analysis.
For Western blotting, primary antibody against PARP1

(mouse, diluted 1:500), was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Primary antibody against
HMGB1 (rabbit, diluted 1:10,000) was purchased from Abcam
(Cambridge, England). Primary antibodies against α-Tubulin
(rabbit, diluted 1:1000) and Lamin B1 (mouse, diluted 1:5000)
were purchased from Proteintech Group, Inc (Chicago, USA).
Antibody against PAR (mouse, diluted 1:500) was purchased from
Trevigen (Gaithersburg, MD, USA). Western blot analysis was
operated as previously described [32]. The Image J software
(National Institutes of Health, USA) was used to analyse the
intensity of protein bands.

Plasmids transfection and RNA interference
The plasmid pcDNA3.1-6Flag-HMGB1 was purchased from Gene-
chem (Shanghai, China). Transient transfection of NRCMs was
conducted using Lipofectamine LTX® & PLUSTM reagent (Invitro-
gen, USA) on the basis of manufacturer’s instruction. The
successful overexpression of HMGB1 gene was determined by
Western blot analysis (Supplemental Fig. S3). Small RNAs (siRNAs)
for PARP1 and negative control were purchased from RiboBio
(Guangzhou, China). The sequence was listed in Supplement
Table S2. RNA interference was operated using Lipofectamine®
RNAiMAX Reagent. The experiment protocol was on the basis of
manufacturer’s instrument. Western blot was carried out to verify
silencing efficiency [33].

Measurement of cell surface area
NRCMs plated on 96-well plate were fixed with 4% paraformalde-
hyde for 10 min. Remove 4% paraformaldehyde and wash cells
with phosphate buffer solution (PBS), then cells were permeabi-
lized with 0.3% Triton X-100 for 10min at room temperature.
Remove Triton and wash cells with PBS and use rhodamine-
phalloidin to dye for 30 min (50 μL/well). Wash cells with PBS and
stain the nucleus with DAPI (50 μL/well) for 5 min away from light.
Finally, wash cells and acquire images using High Content
Screening system (Thermo Fisher Scientific, USA). Cell surface

PARP1 and HMGB1 in cardiac hypertrophy
Q Li et al.

590

Acta Pharmacologica Sinica (2019) 40:589 – 598

1
2
3
4
5
6
7
8
9
0
()
;,:



area from randomly selective view (30 for each group) was
measured with the build-in Image Analysis Software [28].

Immunofluorescence assay
NRCMs cultured on NEST 96-well plate were fixed with 4%
paraformaldehyde. Then dry the cells in air for 10 min. After
washing three times with PBS, the cells were permeabilized with
0.5% Triton X-100 for 10 min and subsequently incubated at room
temperature for 30min in 10% goat serum. Afterwards, the cells
were treated with primary antibody of HMGB1 or PARP1
overnight. Then the secondary antibody (diluted 1:200) was
incubated with cells. Finally, the cells were tested using EVOS FL
Auto (Life Technologies). The Image J software was used to
quantify fluorescence intensity [34].

Enzyme linked immunosorbent assay
The concentration of HMGB1 in the cardiomyocytes supernatants
was measured on the basis of the manufacturer’s instruction. The
absorbance at λ/nm= 450 was confirmed by Multiscan Spectrum
(Molecular Devices, USA) microplate reader immediately in each
sample well.

Statistical analysis
Data were presented as mean ± standard error of the mean.
Difference between two groups was analyzed by Student’s t test.
Statistical analysis among multiple groups was performed by one-

way ANOVA analysis. In all cases, a value of P < 0.05 was
considered statistically significant.

RESULTS
Changes of PARP1 and HMGB1 in the hypertrophic
cardiomyocytes
In our study, three hypertrophic stimulants were respectively
applied, including angiotensin II (Ang II, an active form of
angiotensin), phenylephrine (PE, a selective α1-adrenergic recep-
tor agonist) and isoproterenol (ISO, a nonselective β-adrenergic
receptor agonist) [25, 27]. NRCMs were incubated with 1 μM
Ang II, 100 μM PE and 10 μM ISO for the times indicated [27–29].
All three of hypertrophic models displayed apparent cardiomyo-
cyte hypertrophy according to the increased cell surface area and
the mRNA levels of well-established hypertrophic biomarkers ANF
(atrial natriuretic factor), BNP (brain natriuretic polypeptide), and
β-MHC (β-myosin heavy chain) (Fig. 1a, b).
To detect the changes of subcellular localization of HMGB1 in

the process of cardiac hypertrophy, the nuclear and cytoplasmic
protein were respectively extracted from NRCMs, and were
observed by Western blot analysis. Besides, immunofluorescence
(IF) assay was performed to determine the subcellular distribution
of HMGB1. As shown in Fig. 1c, d–f, HMGB1 was mainly distributed
in the nucleus rather than the cytoplasm of normal NRCMs, but
excluded from the nucleus after treatment with three stimulants

Fig. 1 Changes of PARP1 and HMGB1 in the hypertrophic cardiomyocytes. NRCMs were incubated with 1 μM Ang II, 100 μM PE, and
10 μM ISO for the times indicated. a After 48 h, the cell surface area was measured by dying with rhodamine-phalloidin in NRCMs. b After 12 h,
the mRNA levels of ANF, BNP, and β-MHC were confirmed using real-time PCR analysis. c After 12 h, the nuclear and cytoplasmic protein were
extracted respectively from NRCMs, and were observed by Western blot analysis. d–f After 12 h, immunofluorescence (IF) assay was
conducted to determine the subcellular distribution of HMGB1. Representative images of five independent experiments are shown. g After
24 h, Western blot analysis was operated to confirm the intracellular protein of PAR, HMGB1, and PARP1. The results were normalized to those
of α-Tubulin/Lamin B1 and were presented as the means ± SEM. h ELISA experiment was conducted to measure the level of HMGB1 in cell
supernatant. *P < 0.05, **P < 0.01 vs control group, n= 5. Con means control
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for 12 h, hinting the reduction of nucleus HMGB1 in cardiomyo-
cyte hypertrophy. For PARP1, its total protein levels or subcellular
localization was unaltered, but its catalytic activity, as determined
by the PAR level, was remarkably enhanced after three stimulants
treatment (Fig. 1g), which was consistent with our previous
reports [24, 25]. Upon Ang II, PE, or ISO exposure, total intracellular
HMGB1 protein expression remained unchanged (Fig. 1g). Owing
to HMGB1 is an exocrine protein, we tested its protein content in
cell supernatant using ELISA kit, and found that its extracellular
protein was obviously increased during cardiac hypertrophy
(Fig. 1h).

The effect of PARP1 and HMGB1 on PE-induced cardiac
hypertrophy
To explore the impact of PARP1 and HMGB1 on cardiac
hypertrophy, we conducted a series of experiments. NRCMs were
treated with adenovirus encoding PARP1 (Ad-PARP1) for 48 h. The
control group was incubated equal green fluorescent protein
(Ad-GFP). The successful overexpression of PARP1 gene was

determined by Western blot analysis (Supplemental Fig. S1). In
Ad-PARP1 group, the cell surface area and the mRNA expression of
ANF and BNP were prominently elevated (Fig. 2a, b), which
revealed that PARP1 overexpression induced cardiac hypertrophy.
The successful silencing or inhibition of PARP1 were respectively
determined by Western blot analysis (Supplemental Fig. S2 and 4).
By contrast, endogenic PARP1 knockdown or its specific inhibitor
AG14361 both remitted PE-induced the rise of cell surface area and
the upregulation of ANF and BNP mRNA (Fig. 2c, d), suggesting that
reduction of PARP1 reversed PE-induced cardiac hypertrophy.
To probe the part of HMGB1 in PE-stressed myocardial

hypertrophy, NRCMs were transfected with the HMGB1 plasmid
with or without PE incubation. As shown in Fig. 2e, f, HMGB1
overexpression clearly alleviated hypertrophic responses by PE, as
observed by the changes of the cell surface area and mRNA levels
of ANF and BNP. Moreover, PE treatment and Ad-PARP1 infection
distinctly aggravated cardiac hypertrophy according to the
incremental cell surface area and the mRNA levels of ANF and
BNP, while that effect was widely depressed upon HMGB1

Fig. 2 The effect of PARP1 and HMGB1 on PE-induced cardiac hypertrophy. NRCMs were infected with Ad-PARP1 or Ad-GFP (empty vector),
and the hypertrophic responses of NRCMs were determined by measuring a the cell surface area and b the mRNA expression of ANF and BNP.
NRCMs were transfected with si-PARP1 or incubated with AG14361 (1 μM) followed by incubation with PE (100 μM). c The cell surface area was
measured by dying with rhodamine-phalloidin. d The mRNA levels of PARP1, ANF and BNP were confirmed using real-time PCR analysis.
NRCMs were transfected with HMGB1, followed by infecting with Ad-PARP1 or incubation with PE. e The cell surface was observed using
rhodamine-phalloidin dying. f The mRNA levels of ANF and BNP were determined by real-time PCR analysis. *P < 0.05, **P < 0.01 vs control
group, #P < 0.05 vs PE treatment group, &P < 0.05 vs Ad-PARP1 group, n= 5. Con means control
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overexpression (Fig. 2e, f). Our results implied that HMGB1 was
involved in PARP1-caused cardiac hypertrophy.

The interaction between PARP1 and HMGB1 in the nucleus of
NRCMs
To identify whether the interaction between PARP1 and HMGB1,
we first performed co-immunoprecipitation (co-IP) experiments
using NRCMs. As for Fig. 3a, b, the PARP1 protein was precipitated
with anti-PARP1 antibody, then Western blot analysis was
performed. Under the condition of Ad-PARP1 adenovirus infec-
tion, the combination between PARP1 and HMGB1 was strength-
ened evidently (Fig. 3a). However, PE treatment weakened the
combination between PARP1 and HMGB1 (Fig. 3b). Consistently,
PARP1 was observed in precipitations gathered by the antibody
against HMGB1 (Fig. 3c, d). After Ad-PARP1 infection, the
interaction between PARP1 and HMGB1 was remarkably enhanced
(Fig. 3c). But this interaction was reduced by PE incubation
(Fig. 3d). Besides, the intracellular colocalization of PARP1 and
HMGB1 in NRCMs was observed by IF assay (Fig. 3e). Moreover,
Ad-PARP1 increased PARylation of HMGB1, while the PARylated
level was suppressed upon PE exposure (Fig. 3f). These results

hinted that PARP1 interacted and PARylated HMGB1 in the
nucleus of NRCMs.

The role of PARP1 in the subcellular localization and secretion of
HMGB1
Since PARP1 interacted with HMGB1 in NRCMs, we further
investigated the possible participation of PARP1 in regulating
the subcellular localization and secretion of HMGB1. The nuclear
protein of HMGB1 was investigated by determining its expression
in the nucleus fractions of NRCMs and by detecting its subcellular
distribution using IF assay. Our results revealed that PARP1
overexpression by infecting Ad-PARP1 promoted the nuclear
export of HMGB1, facilitated the secretion of HMGB1 outside the
cell (Fig. 4a, e). PARP1 silencing by transfecting with siRNA
interference or its specific inhibitor AG14361 showed the opposite
results (Figs. 4b, f and 5b, d, e). However, the overexpression,
knockdown, or inhibition of PARP1 did not affect the total protein
of HMGB1 (Figs. 4c, d and 5a). Besides, PE promoted the nuclear
distribution of HMGB1, which could be antagonized by
PARP1 silencing and AG14361 (Fig. 5d, e). Moreover, Ad-PARP1
facilitated the secretion of HMGB1 outside the cell (Fig. 5f). But the

Fig. 3 The interaction between PARP1 and HMGB1 in the nucleus of NRCMs. a, b NRCMs were infected with adenovirus Ad-PARP1 for 48 h or
were incubated with PE (100 μM) for 24 h, and were precipitated by anti-PARP1, followed by subjection to co-immunoprecipitation (co-IP)
assays for HMGB1 detection. c, d NRCMs were infected with Ad-PARP1 for 48 h or were incubated with PE (100 μM) for 24 h, and were
precipitated by anti-HMGB1 for PARP1 detection in reciprocal co-IP assays. NRCMs were infected with Ad-PARP1, or were incubated with PE,
followed by pre-treatment with AG14361 (1 μM). e The intracellular colocalization of PARP1 and HMGB1 was confirmed in NRCMs, by
immunofluorescence (IF) assay using EVOS FL Auto. Representative images of five independent experiments are shown. f NRCMs were
infected with Ad-PARP1, or were incubated with PE, immunoprecipitated with anti-HMGB1 and subsequently subjected to immunoblotting
analysis. n= 5. Con means control
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intracellular protein of HMGB1 was obviously increased in the
knockdown or inhibition of PARP1 group (Fig. 5c, g).

The inhibition of PARP1 relieved AAC-induced cardiac hypertrophy
According to published reports, AAC surgery had widely been
used to imitate pressure-overload-stressed cardiac hypertrophy
[24, 30]. In this study, AAC pressure overload for 6 weeks, and a
series of experiments were conducted to confirm the successful
establishment of cardiac hypertrophy model. The hearts of AAC
group were obviously larger than those from control animals
receiving sham-operation (Sham) and revealed typical hyper-
trophic changes, as showed by HE and Masson staining (Fig. 6a,
i–iii). Additionally, the heart weight-to-tibia length (HW/TL) ratio
was enhanced upon AAC treatment (Fig. 6b). Echocardiography
showed that ejection fraction (EF), fractional shortening (FS),
cardiac output (CO), heart rate (HR), and left ventricular internal
diameter (LVID) were reduced while the interventricular septum
(IVS) and left ventricular posterior wall thickness (LVPW) were both
increased in AAC-treated rats (Fig. 6a, iv, c–i). These results hint the
successful induction of myocardial hypertrophy by AAC. To
investigate the role of PARP1 inhibition in AAC-induced cardiac
hypertrophy, 3AB (3-aminobenzamide, MCE, New Jersey, USA), a
well-established PARP inhibitor [24, 25, 30], was given (20 mg/kg
every day, ip) after AAC surgery for 7 d and continued for 6 weeks.
The results of morphological and echocardiographic analysis
displayed a tendency of mitigation in AAC+ 3AB group, as
compared to that with AAC surgery (Fig. 6a–i). In the hearts of SD
rats, AAC prominently promoted the translocation of HMGB1 from
nucleus to cytoplasm, which could be antagonized by 3AB,
according to the results of IF assay (Fig. 6j).

DISCUSSION
In this report, we identified that: (1) HMGB1 was excluded from
the nucleus after treatment with three cardiac hypertrophic
stimulants (Ang II, PE, or ISO) for 12 h [35, 36]; (2) PARP1 interacts
and PARylates HMGB1, and induces nuclear export of HMGB1 in
cardiomyocytes; (3) PARP1 silencing or inhibition retarded PE-
caused HMGB1 nuclear export; (4) The nuclear HMGB1 content is
partially responsible for the prevention of PARP1-mediated cardiac
hypertrophy. We provide novel evidence that PARP1 combines
with HMGB1 and accelerates its transposition from nucleus to
cytoplasm, and finally causes cardiac hypertrophy.
HMGB1 had three paralogs (proteins that have substantial

sequence similarity in common) in mammals, HMGB2, 3, and 4. Yet
HMGB1−/− mice died during late gestation or within 24 h of birth,
which clued the importance of HMGB1 [37]. HMGB1 exhibited
diverse functions according to its subcellular location [6]. In the
nucleus, HMGB1 acted as DNA chaperone and participated in
various nuclear processes, such as transcription, replication, DNA
repair and nucleosome assembly [4–7]. Besides its nuclear
function, HMGB1 serves as an inflammatory cytokine when
secreted from stressed cells [8–10]. When it comes to inflamma-
tion, the production of HMGB1 and its receptor TLR4 increases in
LPS-induced model of inflammation [38]. Furthermore, the model
of TLR4 knockout rescues against paraquat exposure-induced
myocardial and sarcomere contractile dysfunction [39]. HMGB1 is
abundantly expressed in most kinds of mammalian cells, including
cardiomyocytes, macrophages, and immune cells [6, 10]. In this
paper, HMGB1 was predominately located in the nucleus of
normal cardiomyocytes, but excluded from the nucleus upon
Ang II, PE, or ISO exposure for 12 h [35, 36]. We also found the

Fig. 4 The role of PARP1 in the subcellular localization of HMGB1. NRCMs were infected with Ad-PARP1 or Ad-GFP (empty vector) for 48 h. In
addition, another group of NRCMs were transfected with si-PARP1 or negative control (NC) for 72 h. a, b The nuclear and cytoplasmic protein
were extracted respectively from NRCMs, and were observed by Western blot analysis. c, d Western blot analysis was conducted to determine
the intracellular proteins of HMGB1 and PARP1. The results were normalized to those of α-Tubulin/Lamin B1 and were presented as the means
± SEM. *P < 0.05 vs Ad-GFP group or NC group, n= 5. e, f Immunofluorescence (IF) assay was performed to detect the subcellular distribution
of HMGB1. Representative images of five independent experiments are shown. Con means control, NC means negative control
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increased secretion of HMGB1 in all three of hypertrophic models,
despite the total intracellular HMGB1 protein expression remained
unchanged.
In physiological conditions, mild PARP activation regulated

many cellular courses, including gene transcription, DNA repair,
and cell-cycle progression [23]. However, excessive activation of
PARP was involved in multiple pathological conditions, such as
circulatory shock, inflammation, stroke, and reperfusion injury of
many organs [16, 40, 41]. PARP inhibition has proved effective in
preventing heart remodeling and delaying the transition of
hypertensive cardiopathy to HF in spontaneously hypertensive
rats (SHRs) [42]. PARP1−/− mice are protected against Ang II-

stressed cardiac hypertrophy [24]. We have covered that PARP1 is
strongly activated by Ang II or ISO, while two novel inhibitors of
PARP1 (salvianolic acid B and AG-690/11026014) prevent myo-
cardium from Ang II-stressed hypertrophy in vitro and in vivo [24].
Besides, our previous research have demonstrated that NOR1
promoted cardiac hypertrophy partly owing to its regulation on
PARP1 enzymic activity [33]; the PARylation of FoxO3 induced by
PARP1 facilitates its phosphorylation at critical sites, leading to its
translocation from the nucleus and finally resulting in cardiac
hypertrophy [25]. Consistent with our previous reports, the total
protein level or subcellular localization of PARP1 was unaltered,
but its catalytic activity, as determined by the PAR level, was

Fig. 5 The effect of PARP1 on the subcellular localization and secretion of HMGB1. NRCMs were treated with AG14361 (1 μM, 24 h) with or
without PE exposure. Besides, the other two groups of NRCMs were transfected with Ad-PARP1 or si-PARP1. a Western blot analysis was
conducted to determine the intracellular proteins of HMGB1 and PARP1. b The nuclear and cytoplasmic proteins were extracted respectively
from NRCMs, and were observed by Western blot analysis. c, f, g ELISA experiment was operated to detect the level of HMGB1 in cell
supernatant. The results were normalized to those of α-Tubulin/Lamin B1 and were presented as the means ± SEM. *P < 0.05 vs control group,
n= 5. d, e Immunofluorescence (IF) assay was performed to detect the subcellular distribution of HMGB1. Representative images of five
independent experiments are shown. Con means control, NC means negative control
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remarkably enhanced after three stimulants treatment. PARP1
overexpression induced cardiac hypertrophy, as shown by the
enhanced cell surface area and the mRNA expression of ANF and
BNP. By contrast, endogenic PARP1 knockdown or its specific
inhibitor AG14361 both reversed PE-induced cardiac hypertrophy.
Similarly, the inhibition of PARP1 by its inhibitor 3AB observably
attenuated AAC-induced myocardial hypertrophic responses
in vivo.
It had been reported in the last few years that the expression of

HMGB1 was obviously less in human failing heart samples than in

normal hearts because of the migration from nucleus to
cytoplasm in failing hearts [4]. Exogenous HMGB1 was proven to
induce cardiac hypertrophy [12]. In this work, we identified that
HMGB1 overexpression clearly alleviated hypertrophic responses
by PE. More intriguingly, PE treatment or Ad-PARP1 infection both
distinctly aggravated cardiac hypertrophy, while that effect was
widely depressed upon HMGB1 overexpression.
PARP1 was necessary for TNFSF10-induced ADP-ribosylation of

HMGB1 in cancer cells. Furthermore, PARP1-mediated PARylation
of HMGB1 was required for passive HMGB1 release during injury

Fig. 6 The inhibition of PARP1 relieved abdominal aortic constriction (AAC)-induced cardiac hypertrophy. a Gross heart, HE, or Masson-stained
cross sections of the left ventricle (magnification, ×200), and representative echocardiographic graphs were shown. b Post-mortem
measurements of heart weight/tibia length (HW/TL, mg/mm). c–i Echocardiography measurements of ejection fraction (EF, %), fraction
shortening (FS, %), cardiac output (CO, mL/min), heart rate (HR, BPM), LV internal diameter (LVID, mm), interventricular septum (IVS, mm), and
left ventricular posterior wall thickness (LVPW, mm). j Immunofluorescence assay was carried out to detect the subcellular localization of
HMGB1 using EVOS FL Auto and the fluorescence intensity of HMGB1 in rat myocardium was measured. *P < 0.05 vs Sham group. #P < 0.05 vs
AAC group, n= 8. ns means no statistical difference
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[43]. It had been reported that DNA damage by alkylating agents
activated PARP1, accompanied by translocation of HMGB1 into
the cytoplasm and subsequent released into the extracellular
space due to increased permeability of the cell membrane [36].
The migration of HMGB1 from nucleus to cytoplasm was PARP1-
dependent, which served to establish the capacity of cells to
release this valid inflammatory mediator onto subsequent necrotic
death [26]. We found that PARP1 interacted with HMGB1 in the
nucleus of cardiomyocytes, whereas this combination was
weakened by PE-caused cardiac hypertrophy. The interaction
between PARP1 and HMGB1 may promoted the nuclear distribu-
tion of HMGB1, facilitated the secretion of HMGB1 outside the cell,
although did not affect the total protein of HMGB1. Similarly, PE
led to the transfer from the nucleus of HMGB1, promoted
intracellular HMGB1, which could be antagonized by
PARP1 silencing and its inhibitor AG14361.
HMGB1 contained two HMG DNA-binding domains, called A

and B boxes, two nucleus localization sites (NLSs), located in the A
box (aa 28–44) and in the B box (aa 179–185), respectively,
directed the migration of the protein into the nucleus [37].
Previous research revealed that post-translational modifications
determined the fate of HMGB1 [10]. Acetylation of its NLS lysines
was critical for the translocation from nucleus to cytoplasm and
the release of the protein by immune cells [36]. Moreover, the
nucleus-to-cytoplasm shuttling of HMGB1 was also regulated by
serine/threonine phosphorylation in the two NLS [37]. Interest-
ingly, mono-methylation of lysine42 was another modulatory
mechanism of HMGB1 nucleus-to-cytoplasm shuttling [37]. In our
research, we found that PARP1 interacted and PARylated HMGB1,
suggesting that PARP1 played the part by the means of post-
translational modification.
Further studies are required to confirm the PARylated

modification of HMGB1 by PARP1, and to explore its exact
PARylation sites. Besides, HMGB1 exits from the cell via two
different patterns: passive or active release [12]. We are interested
in which way HMGB1 was secreted by PARP1.

CONCLUSION
In conclusion, our present study reveals that PARP1 interacts with
HMGB1 and induces nuclear export of HMGB1 in cardiomyocytes,
and results in cardiac hypertrophy. The nuclear HMGB1 content is
partially responsible for the prevention of PARP1-mediated cardiac
hypertrophy.
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