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Notoginsenoside R1 protects against myocardial ischemia/
reperfusion injury in mice via suppressing TAK1-JNK/
p38 signaling
Jing-jing Zeng1,2,3, Han-qing Shi1, Fang-fang Ren1, Xiao-shan Zhao1, Qiao-ying Chen1, Dong-juan Wang2, Lian-pin Wu1, Mao-ping Chu1,
Teng-fang Lai4✉ and Lei Li1✉

Previous studies show that notoginsenoside R1 (NG-R1), a novel saponin isolated from Panax notoginseng, protects kidney,
intestine, lung, brain and heart from ischemia-reperfusion injury. In this study we investigated the cardioprotective mechanisms of
NG-R1 in myocardial ischemia/reperfusion (MI/R) injury in vivo and in vitro. MI/R injury was induced in mice by occluding the left
anterior descending coronary artery for 30 min followed by 4 h reperfusion. The mice were treated with NG-R1 (25 mg/kg, i.p.) every
2 h for 3 times starting 30min prior to ischemic surgery. We showed that NG-R1 administration significantly decreased the
myocardial infarction area, alleviated myocardial cell damage and improved cardiac function in MI/R mice. In murine neonatal
cardiomyocytes (CMs) subjected to hypoxia/reoxygenation (H/R) in vitro, pretreatment with NG-R1 (25 μM) significantly inhibited
apoptosis. We revealed that NG-R1 suppressed the phosphorylation of transforming growth factor β-activated protein kinase 1
(TAK1), JNK and p38 in vivo and in vitro. Pretreatment with JNK agonist anisomycin or p38 agonist P79350 partially abolished the
protective effects of NG-R1 in vivo and in vitro. Knockdown of TAK1 greatly ameliorated H/R-induced apoptosis of CMs, and NG-R1
pretreatment did not provide further protection in TAK1-silenced CMs under H/R injury. Overexpression of TAK1 abolished the anti-
apoptotic effect of NG-R1 and diminished the inhibition of NG-R1 on JNK/p38 signaling in MI/R mice as well as in H/R-treated CMs.
Collectively, NG-R1 alleviates MI/R injury by suppressing the activity of TAK1, subsequently inhibiting JNK/p38 signaling and
attenuating cardiomyocyte apoptosis.
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INTRODUCTION
Coronary artery disease (CAD) is one of the leading causes of
morbidity and mortality worldwide [1]. Reperfusion (including
thrombolysis, coronary bypass surgery, and percutaneous cor-
onary intervention) is a standard treatment for CAD and has been
used widely, but the incidence of heart damage remains high
[2, 3]. One of the reasons is myocardial ischemia/reperfusion (MI/R)
injury, which can lead to severe arrhythmia, myocardial dysfunc-
tion, robust inflammatory responses and myocardial necrosis or
apoptosis [4–7]. Therefore, novel medications and therapeutics to
reduce MI/R injury that are complementary to current reperfusion
therapies are urgently needed.
Extensive cell necrosis or apoptosis and an excessive inflam-

matory response are two aspects of MI/R pathology [8–11].
Therefore, interrupting the positive feedback loop can effectively
ameliorate heart damage. Several molecular events are activated
during MI/R injury, such as mitogen-activated protein kinase
(MAPK) signaling, which participates in apoptotic and inflamma-
tory responses through the activation and/or inactivation of the

three critical subfamilies p38 mitogen-activated protein kinase
(p38 MAPK), c-Jun N-terminal kinase (JNK), and extracellular signal-
regulated kinase (ERK) [12–14]. Previous studies have demon-
strated that activation of JNK/p38 signaling exacerbates M/IR
injury [5]. Inhibiting the activation of p38 and JNK (SB239063 and
SP600125, respectively) improved myocardial and mitochondrial
abnormalities in rats with MI/R injury [15]. Transforming growth
factor β-activated kinase 1 (TAK1) belongs to the mitogen-
activated kinase kinase (MAPKKK) family and is involved in a
variety of biological responses, including inflammation, apoptosis,
and survival in different cell types [16–18]. Once activated, TAK1
activates the MAPK kinases MKK4 and MKK3/6, which phosphor-
ylate p38 MAPK and JNK, respectively. Studies have shown that
the activation of TAK1 in mice can further activate NF-κB, p38
MAPK and JNK, thus increasing inflammation and inducing
apoptosis or even death [19–22]. Previous studies have demon-
strated that Dusp14 prevents hepatic I/R injury by inhibiting TAK1
[23]. Our previous study demonstrated that TAK1 was activated in
mice after MI/R, and TAK1 silencing ameliorated MI/R-induced
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myocardial dysfunction and myocardial injury [24]. Therefore,
effective intervention of these critical regulators could aid in the
development of novel clinical treatments for MI/R injury.
Panax notoginseng is a traditional Chinese herb that has been

used to treat cardiovascular and cerebrovascular diseases for a
long time in China [25, 26]. Notoginsenoside R1 (NG-R1), a major
component isolated from Panax notoginseng, is the main bioactive
compound in many traditional Chinese medicines, such as
Xuesaitong, Naodesheng, XueShuanTong, ShenMai, and QSYQ.
Therefore, this compound has significant potency in drug
development [27]. NG-R1 is a novel phytoestrogen that exerts
many cardioprotective effects through the suppression of
oxidative stress, inflammation and apoptosis [25, 28, 29]. For
example, NG-R1 ameliorated brain damage in an oxygen-glucose
deprivation/reoxygenation (OGD/R) rat model by activating the
estrogen receptor to downregulate the JNK signaling pathway
[30]. In addition, it inhibited inflammation and apoptosis,
decreased p38 MAPK and increased the expression of Bcl-2 in
rat renal ischemia-reperfusion injury [31]. NG-R1 deactivated the
TGFβ1/TAK1 signaling pathway and protected the heart against
lung ischemia-reperfusion injury in rabbits [32]. Previous studies
indicated that NG-R1 exerted pharmacological effects on
ischemia-reperfusion injury in the kidney, intestine, lung, brain
and heart [27, 29, 32, 33]. However, the detailed mechanism of
NG-R1 in MI/R injury in mice remains unclear.
In the present study, we used gene overexpression and

silencing to investigate the molecular mechanism underlying the
cardioprotective effects of NG-R1 on MI/R injury and obtained
insights into the cardioprotective mechanisms.

MATERIALS AND METHODS
Materials
NG-R1 was purchased from Sigma (St. Louis, MO, USA). The
molecular structure of NG-R1 is shown in Fig. 1b. Evans blue and
2,3,5-triphenyltetrazolium chloride (TTC) were purchased from
Sigma (St. Louis, MO, USA). ELISA kits for cardiac troponin I (cTnI)
and creatine kinase-MB (CK-MB) were purchased from Shanghai
Westang Bio-tech Co., Ltd. (Shanghai, China). Anisomycin and
P79350 were purchased from Calbiochem (La Jolla, CA, USA). Small
interfering RNAs (siRNAs) against TAK1 were obtained from
Guangzhou RiboBio (Guangzhou, China). Recombinant adeno-
associated virus serotype 9 (AAV9) vectors harboring TAK1 or GFP
with a c-TnT promoter (AAV9-cTnT-GFP, AAV9-cTnT-TAK1) were
obtained from Taitool Bioscience (Shanghai, China).

Animals and MI/R injury in vivo
The animal use and care protocol conformed to the Guide for the
Care and Use of Laboratory Animals from the National Institutes of
Health and was approved by the Animal Care and Use Committee
of Wenzhou Medical University (Number: wydw2017-0081). Male
C57/BL6 mice (age, 7–8 weeks; weight, 20–25 g) were purchased
from the SLAC Laboratory Animal Centre of Shanghai (Shanghai,
China). The animals (4/cage) were acclimated for two weeks
before the experiment and could freely consume standard mouse
chow and water in a temperature-controlled room with a 12 h
light-dark cycle. The MI/R injury model was established by
occluding the left anterior descending coronary artery (LAD) as
described previously [24]. In short, the anesthetized mice were
intubated and ventilated with isoflurane (1.5% v/w) at a
respiratory rate of 140–160 and tidal volume of 250–300 µl/min
(Ventilator-Hugo Sachs Elektronic MiniVent Type 845, Germany).
Then, a transverse incision was made along the upper edge of the
third or fourth rib, and the heart was exposed. When the entire
LAD was exposed, the distal 1/3 of the LAD was ligated with
7–0 silk sutures. After coronary artery occlusion for 30min, the
slipknot was released for 4 h (to examine protein expression and
myocardial infarct size) and 24 h (to analyze cardiac function).

Sham-operated mice were anesthetized, and the suture was
placed under the LAD but without ligation.

Animal groupings and treatments
The phase 1 experimental design is shown in Fig. 1a. Male C57/BL6
mice were randomly allocated to four groups: (1) In the sham group,
mice underwent the sham operation and were injected i.p. with
normal saline (the solvent for NG-R1). (2) In the NG-R1 group, mice
underwent the sham operation and were injected i.p. with
25mg·kg−1 NG-R1 for a total of three injections. (3) In the MI/R
group, mice were subjected to the MI/R operation and were injected
i.p. with normal saline. (4) In the MI/R+NG-R1 group, the mice were
treated with NG-R1 30min prior to ischemic surgery and then
subjected to MI/R, as previously described [29]. In the phase 2 study,
recombinant adeno-associated virus serotype 9 (AAV9) vectors
harboring TAK1 or GFP with a c-TnT promoter (AAV9-cTnT-GFP,
AAV9-cTnT-TAK1) were used to examine the effects of NG-R1 on the
myocardium in TAK1-overexpressing mice challenged by MI/R [24].
The experimental design is shown in Fig. 8a. The mice were randomly
allocated to four groups: (1) In the MI/R+AAV9-cTnT-GFP group, the
mice were injected through the tail vein with AAV9-cTnT-GFP vectors
(3 × 1011 vector genomes/mouse) 5 weeks prior to the operation and
were then subjected to MI/R. (2) In the MI/R+AAV9-cTnT-GFP+NG-
R1 group, the mice were treated with AAV9-cTnT-GFP vectors 5 weeks
prior to operation and then subjected to MI/R with NG-R1
(25mg·kg−1). (3) In the MI/R+AAV9-cTnT-TAK1 group, the mice
were treated with AAV9-cTNT-TAK1 vectors 5 weeks prior to the
operation and were then subjected to MI/R. (4) In the MI/R+AAV9-
cTnT-TAK1+NG-R1 group, the mice were treated with AAV9-cTnT-
TAK1 vectors 5 weeks prior to the operation and were then subjected
to MI/R with NG-R1.

Evans blue/TTC double-staining
Evans blue/TTC double-staining was performed to evaluate the infarct
size as previously described [24]. Briefly, the LAD was reoccluded 4 h
after reperfusion, and 2% Evans blue dye was perfused via the inferior
vena cava. Then, the heart was removed, sliced and incubated with
1% TTC (Sigma‒Aldrich, St Louis, Mo) for 20min at 37 °C. The
myocardial infarct size (INF), area at risk (AAR), and left ventricular (LV)
size of each slice were analyzed by Image-Pro Plus software.

TUNEL staining
Heart tissues were embedded in OCT for sectioning (5 µm).
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL, Roche Diagnostics) was used to examine myocardial
apoptosis according to the manufacturer’s instructions. Images
were collected with a Nikon ECLIPSE Ti microscope (Olympus
BX51, Tokyo, Japan).

Biochemical analyses
The cTnI and CK-MB concentrations in mouse plasma were
quantified using commercial ELISA kits (Shanghai Westang Bio-
tech Co., Ltd., China) according to the manufacturer’s instructions.

Echocardiographic and hemodynamic analysis
Transthoracic echocardiography was preformed as previously
described [19, 24]. Briefly, the mice were ventilated with
isoflurane (1.5% v/w), and then an echocardiography system
(15-MHz linear transducer, Vevo1100, Visual Sonics, Canada) was
used to assess cardiac function 14 days after reperfusion.
M-mode images were recorded from the long axis of the left
ventricle at the papillary muscle level, and then the left
ventricular ejection fraction (LVEF) and left ventricular short-
ening (LVFS) were measured.

Masson’s trichrome staining
To assess fibrosis 14 days after MI/R, the heart tissues were washed
with PBS, fixed with 4% paraformaldehyde solution overnight,
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paraffin-embedded and sectioned into 5 μm sections. The sections
were then stained with Masson’s trichrome and observed under a
microscope (Leica Microsystems GmbH).

Hypoxia/reoxygenation (H/R) model
Murine neonatal cardiomyocytes (CMs) were isolated from 1- to
3-day-old neonatal C57/BL6 mouse hearts as described previously
[24]. Subsequently, the cardiomyocytes were seeded into 6-well
plates at a density of 2 × 106 cells per well. After 24 h, the CMs
were treated with glucose-free DMEM (Gibco, 11966-25, USA) in a
tri-gas incubator with 95% N2 and 5% CO2 for 6 h, followed by 6 h
of normal culture conditions to induce reoxygenation injury as
described previously [24].

Cell treatments
Cells were pretreated with the JNK agonist anisomycin (25 ng/
mL) or the p38 agonist P79350 (50 mmol/L) for 1 h prior to NG-
R1 administration. TAK1 siRNA (Guangzhou RiboBio, China) and
the negative control siRNA were mixed with Lipofectamine 2000
(Cat# 11668027, Thermo Fisher Scientific, USA) for transfection
according to the manufacturer’s instructions. The CMs were
harvested 48 h after transfection and used for further analysis.
The CMs were plated in 6-well plates and transfected with TAK1
overexpression adenoviral vectors and control GFP vectors
(GeneChem Co., Ltd., Shanghai, China) at an MOI of 20 as
previously described [24]. Briefly, adenoviral vectors were added
to the cells and incubated for 24 h. After the medium was
replaced, the cells were cultured for another 24 h. The CMs were
treated with or without NG-R1 (25 μM) for 24 h prior to H/R
treatment.

MTS cell viability assay and lactate dehydrogenase activity assay
The number of viable CMs was evaluated by the CellTiter 96 ®
Aqueous One Solution Cell Proliferation Assay MTS kit (Cat#
G3582, Promega, Madison, WI, USA). Briefly, 20% MTS dye solution
was added to each well and incubated for 2.5 h, and the
absorbance at 480 nm was recorded. Lactate dehydrogenase
(LDH) activity was measured using a standard assay (Cat# G7891,
Promega, Madison, WI, USA) according to the manufacturer’s
directions. The MTS assay and LDH assay were repeated three
times to maintain consistency.

Determination of the apoptosis ratio by flow cytometry
The CMs were examined with a FITC Annexin V apoptosis
detection kit (cat# 556547, BD Biosciences, Franklin Lakes, NJ,
USA) or a PE Annexin V apoptosis detection kit (cat# 559763, BD
Biosciences, USA) according to the manufacturer’s protocols.
Apoptosis was detected by flow cytometry (Cytomic FC 500MCL,
Beckman), and the apoptosis ratio was quantified by BD FACS
software. The experiments were repeated three times.

Real-time PCR analysis
Total RNA was isolated from CMs using TRIzol reagent (Invitrogen,
USA) and reverse transcribed into cDNA using TransScript One-
Step gDNA Removal and cDNA Synthesis SuperMix (Transgen
Biotech, China). The expression levels of α-SMA, Collagen I, and
Fibronectin were detected by real-time PCR using IQ SYBR Green
Supermix (Bio-Rad, USA). β-actin was used as the internal
reference. The following primers were used for analysis:
β-actin forward primer: 5′-TGAGCTGCGTTTTACACCCT-3′
β-actin reverse primer: 5′-TTTGGGGGATGTTTGCTCCA-3′
α-SMA forward primer: 5′-CCTTCGTGACTACTGCCGAG-3′
α-SMA reverse primer: 5′-ATAGGTGGTTTCGTGGATGC-3′
Collagen I forward primer: 5′-TTCTCCTGGCAAAGACGGAC-3′
Collagen I reverse primer: 5′-CTCAAGGTCACGGTCACGAA-3′
Fibronectin forward primer: 5′-CCCCAACTGGTTACCCTTCC-3′
Fibronectin reverse primer: 5′-TGTCCGCCTAAAGCCATGTT-3′

Western blot analysis
Treated cells or the border zones of the infarcted hearts were
homogenized in RIPA lysis buffer (cat# 89900, Thermo Fisher, USA)
containing protease inhibitors (Beyotime, Jiangsu, China, ST506-2)
and a protease inhibitor cocktail (cat# 4906837001, Roche,
Switzerland). The protein concentration was determined by a
BCA Protein Assay Kit (Beyotime, Shanghai, China). Equal amounts
of protein (50 μg) were separated on SDS polyacrylamide gels
(10%–15%) and transferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher, Waltham, MA, USA). The membranes
were then blocked for 2 h at room temperature in 5% milk.
Subsequently, the membranes were incubated with relevant
primary antibodies overnight at 4 °C, followed by incubation with
the appropriate HRP-conjugated secondary antibodies (mouse or
rabbit antibody, 1:10000, Cell Signaling Technology). The proteins
were quantified by Image-Pro Plus (Bio-Rad) and normalized
against β-actin. The antibodies used were anti-JNK (cat# 9252, CST,
Danvers, MA, USA), anti-p-JNK (Thr183/Tyr185) (81E11) (cat# 4668,
CST, Danvers, MA, USA), anti-ERK (137F5) (cat# 4695, CST, Danvers,
MA, USA), anti-p-ERK (Thr202/Tyr204) (D13.14.4E) (cat# 4370, CST,
Danvers, MA, USA), anti-p-p38 (Thr180/Tyr182) (D3F9) (cat# 4511,
CST, Danvers, MA, USA), anti-p38 (D13E1) (cat# 8690, CST, Danvers,
MA, USA), anti-TAK1 (cat# ab109526, Abcam, Cambridge, MA,
USA), anti-p-TAK1 (CST, Danvers, MA, USA), anti-Bcl-2 (cat#
ab59348, Abcam, Cambridge, MA, USA), anti-Bax (cat# 2772, CST,
Danvers, MA, USA), and anti-β-actin (13E5) (cat# 4970, CST,
Danvers, MA, USA).

Statistical analysis
Data were analyzed using SPSS 20.0 (IBM Analytics, Chicago, IL,
USA) and are expressed as the mean ± SEM. Statistical analyses
were performed using a two-tailed unpaired Student’s t test for
two-group comparisons. Multiple comparisons were evaluated by
one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison test where appropriate. P < 0.05 was
considered significant.

RESULTS
NG-R1 attenuates MI/R injury-induced myocardial damage and
apoptosis
To further clarify the effect of NG-R1 on MI/R injury, NG-R1 was
intraperitoneally injected total of three times into the mice 30 min
before ischemia (Fig. 1a) [29]. Plasms levels of cTn-I and CK-MB
were increased after MI/R injury (Fig. 1c, d). However, these
increases were inhibited by NG-R1 treatment, with reductions in
cTn-I levels to 4.733 ± 0.09 ng/ml and CK-MB levels to
184.0 ± 3.15 U/L (both P < 0.01 compared to the MI/R group) in
plasma. The myocardial infarct size was measured by Evans blue
dye-TTC double staining 4 h after reperfusion (Fig. 1e). The white
area represents the infarcted area, the red area represents the
ischemic myocardium, and the blue area represents the non-
ischemic myocardium. No infarct area was observed in the sham
group or NG-R1 group. The AAR/LV ratio was not different
between the MI/R group and MI/R+ NG-R1 group (Fig. 1f),
indicating consistency in the MI/R model. However, compared
with that in the MI/R group, the INF/AAR ratio was lower in the MI/
R+ NG-R1 group (67.67% ± 1.83% vs. 36.50% ± 2.06%, P < 0.01,
Fig. 1f). Myocardial apoptosis is an important characteristic of MI/
R-induced injury. As shown in Fig. 1h, a large number of TUNEL-
positive cells as observed in the peri-infarct zone after MI/R injury,
whereas treatment with NG-R1 markedly reduced the number of
TUNEL-positive cells (Fig. 1g, h). In addition, Western blotting was
performed to analyze cardiac Bcl-2 and Bax protein expression in
the border zone (Fig. 1i). The expression of Bax was increased after
MI/R injury and was decreased by NG-R1 (Fig. 1j). Similarly, NG-R1
treatment blocked the downregulation of Bcl-2 expression after
MI/R injury (Fig. 1j).
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NG-R1 ameliorates MI/R-induced cardiac dysfunction and fibrosis
To evaluate the protective effect of NG-R1, noninvasive echocar-
diography was used to assess cardiac function 14 days after
reperfusion (Fig. 2a, b). MI/R injury induced left ventricular
dysfunction, as shown by decreases in the LVEF and LVFS
compared to those in the Sham group, while treatment with
NG-R1 improved the LVEF (36.50% ± 1.25% vs. 50.67% ± 2.60%,

P < 0.01) and LVFS (17.83% ± 1.01% vs. 24.33% ± 1.49%, P < 0.05).
Masson’s trichrome staining showed that the collagen deposition
area of myocardial fibrosis was increased in response to MI/R
injury. NG-R1 decreased cardiac fibrosis during MI/R (Fig. 2c, d). In
addition, an attenuated fibrotic effect was observed in the MI/
R+ NG-R1 group, as indicated by the reduced mRNA expression
of α-SMA, Collagen I, and fibronectin (Fig. 2e).

Fig. 1 NG-R1 ameliorates MI/R injury in vivo. a Schematic illustration of the NG-R1 treatment protocol. NG-R1 (25mg·kg−1 dissolved in
normal saline) was intraperitoneally injected into C57/BL6 mice a total of three times. The mice were divided into the sham group (Sham), NG-
R1 group (NG-R1), MI/R group (MI/R), and MI/R+NG-R1 group (MI/R+NG-R1). Normal saline was administered in the sham group.
b Molecular structure of NG-R1. c Cardiac troponin-I (cTnI) levels in plasma 4 h after perfusion. d Cardiac creatine kinase-MB (CK-MB) levels in
plasma 4 h after perfusion. e Representative infarct images obtained by Evans blue/TTC staining in each group. The infarct size (INF: white
area), the area at risk (AAR: red and white area), and the nonischemic area (blue). Scale bar= 1 cm. f The ratio of the area at risk to the left
ventricle and the ratio of the infarct size to the area at risk based on. g, h Representative immunofluorescence images showing TUNEL (red)
staining in the infarct border zone. Scale bar= 200 µm. i, j Protein expression levels of Bax and Bcl-2 were analyzed by Western blotting. β-
actin served as a loading control. The data are shown as the mean ± SEM (n= 6 for each group). **P < 0.01 vs. the Sham group. ##P < 0.01 vs. the
MI/R group.
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NG-R1 protects murine neonatal cardiomyocytes from H/R-
induced cell death
To further examine the antiapoptotic effect of NG-R1 on MI/R
injury, murine neonatal cardiomyocytes (CMs) were subjected to
6 h of hypoxia and then reoxygenated for 6 h (Fig. 3a). Dose‒
response experiments showed that the optimal concentration of
NG-R1 in CMs was 25 µM (Fig. 3b, c). NG-R1 treatment restored the
viability of CMs after H/R injury, as demonstrated by MTS assays,
LDH release assays and visual inspection (Fig. 3b-d). In parallel, the
proportion of TUNEL-positive cells in the H/R group was much
higher than that in the Control group, while the proportion in the
H/R+ NG-R1 group was markedly lower than that in the H/R
group (Fig. 3e, f). In addition, flow cytometry indicated that H/R

injury increased the proportion of apoptotic cells, and this effect
was reduced by NG-R1 pretreatment (Fig. 3g, h). Moreover, NG-R1
pretreatment decreased the expression of Bax and increased the
expression of Bcl-2 in CMs after H/R injury (Fig. 3i, j).

Protective effects of NG-R1 involve JNK/p38 signaling
The results suggested that NG-R1 ameliorated the cardiac injury
induced by MI/R in vivo and in vitro. Next, we conducted
experiments to examine which signaling pathway was responsible
for cardiomyocyte apoptosis during MI/R. The MAPK signaling
pathway plays an important role in cardiomyocyte apoptosis
during MI/R [34]. To clarify whether the MAPK pathway
participated in apoptosis during MI/R, the phosphorylation of

Fig. 2 NG-R1 prevents MI/R injury-induced cardiac remodeling and dysfunction. a Representative images of M-mode echocardiography in
each group. b Quantitative echocardiographic analysis of left ventricular ejection fraction (LVEF) and left ventricular fractional shortening
(LVFS). c, d Representative images of Masson trichrome-stained MI/R hearts and quantification of the fibrosis area (%). Scale bar= 100 µm.
e Quantitative reverse transcription polymerase chain reaction analysis of α-SMA, collagen I and fibronectin. The data are represented as the
mean ± SEM (n= 6 for each group). **P < 0.01 vs. the Sham group. #P < 0.05 and ##P < 0.01 vs. the MI/R group.
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p38 (p-p38), JNK (p-JNK) and ERK (p-ERK) was measured by
Western blotting. MI/R surgery activated MAPK signaling (Fig. 4a,
b), which was indicated by the increased levels of p-p38, p-JNK
and p-ERK after MI/R injury. However, NG-R1 treatment abolished
the activation of p38 and JNK but not ERK. Consistent with this
finding, H/R injury activated p38, JNK and ERK, as determined by
Western blot analysis, and the administration of NG-R1 attenuated
the activation of p38 and JNK but not ERK (Fig. 4c, d).
To further identify the effect of NG-R1 on the deactivation of

JNK/p38 signaling, anisomycin (a JNK agonist) and P79350 (a p38
agonist) were used. After pretreatment with anisomycin or P79350,

the reduction in the proportion of TUNEL-positive H/R+NG-R1-
treated CMs (Fig. 7f, g) was abrogated, and the decrease in the
proportion of total apoptotic cells was partially nullified (Fig. 4g, h),
blocking the protective effects of NG-R1 against apoptosis.
Furthermore, the mice were intraperitoneally injected with
anisomycin or tail vein-injected with P79350 to confirm the effects
of JNK/p38 signaling. The results showed that the reduction in the
proportion of TUNEL-positive cells (Fig. 5a, b), the improvements in
the echocardiography parameters (Fig. 5c, d), the decrease in
cardiac fibrosis (Fig. 5e, f), and the downregulation of fibrosis
marker mRNA expression (Fig. 5g) in the MI/R+NG-R1 group were

Fig. 3 NG-R1 treatment attenuates neonatal cardiomyocytes (CMs) death in mice subjected to H/R. a Schematic illustration of H/R injury in
CMs. b The viability of CMs after NG-R1 pretreatment (0, 3.12, 6.25, 12.5, 25, 50, 100 μM) for 24 h was analyzed by MTS assays. c Cell damage
was determined by an LDH release assay. d Representative morphology of CMs in the control group (control), NG-R1 group (NG-R1), H/R
group (H/R) and H/R+NG-R1 group (H/R+NG-R1). Scale bar= 250 μm. e Immunofluorescence staining of TUNEL-positive cells. Scale
bar= 200 µm. f Quantitative analysis of (e). g, h Representative images showing apoptosis were determined by FITC-PI/Annexin V staining.
The apoptosis rate of each group was determined. i, j The expression levels of Bcl-2 and Bax were measured by Western blotting. β-actin
served as a loading control. The data are shown as the mean ± SEM (n= 6 for each group). **P < 0.01 vs. the Control group. #P < 0.05 and
##P < 0.01 vs. the H/R group.
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abolished by anisomycin or P79350. These results demonstrated
that the protective effects of NG-R1 involve JNK/p38 signaling.

TAK1 is the target of the protective effect of NG-R1 against MI/R
injury
TAK1 plays a critical role in the regulation of cardiomyocyte
death and MI/R injury [35–38]. Our previous study showed that

inhibiting TAK1 ameliorated MI/R injury [24]. To elucidate the
detailed mechanism of NG-R1 in MI/R injury, the phosphoryla-
tion of TAK1 (p-TAK1) was measured. The level of p-TAK1 was
upregulated after MI/R injury, and NG-R1 treatment inhibited the
activation of TAK1 (Fig. 6a, b). Consistent with this finding, H/R-
induced activation of TAK1 was also inhibited in the H/R+ NG-
R1 group (Fig. 6c, d). In addition, CMs were infected with an

Fig. 4 NG-R1 inhibits activation of the JNK/p38 signaling pathway after MI/R. aWestern blot analysis of phosphorylated and total p38, JNK
and ERK protein levels in ischemic myocardial tissue 4 h after perfusion. β-actin served as a loading control. b Quantitative analysis of a.
c Western blot analysis of phosphorylated and total p38, JNK and ERK protein levels in vitro. d Quantitative analysis of c. e, f Representative
images and quantitative analysis of TUNEL-positive cells. Scale bar= 200 µm. g Representative images of apoptosis were determined by FITC-
PI/Annexin V staining. h Statistical analysis of apoptosis in the five groups. The data are shown as the mean ± SEM (n= 6 for each group).
*P < 0.05 and **P < 0.01 vs. the Sham group or the Control group. #P < 0.05 and ##P < 0.01 vs. the MI/R group or the H/R group. $$P < 0.01 vs. the
H/R+NG-R1 group.
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adenoviral vector expressing TAK1 to verify whether TAK1
mediates the effects of NG-R1 on H/R injury (Fig. 6e). Compared
with that in the H/R+ Ad-GFP group, administration of NG-R1
decreased the proportion of TUNEL-positive cells (Fig. 6f, g),
reduced the proportion of total apoptotic cells (Fig. 6h, i),
decreased the expression of Bax and increased the expression of
Bcl-2 in CMs (Fig. 6j, k). These effects were abrogated in the H/
R+ NG-R1 group that was pretreated with Ad-TAK1. Taken
together, these results suggested that TAK1 overexpression
abolished the protective effect of NG-R1 on H/R-induced
cardiomyocyte apoptosis. After pretreatment with Ad-TAK1,
the protein levels of p-TAK1, p-p38 and p-JNK in the H/R+ Ad-

TAK1+ NG-R1 group were higher than those in the H/R+ NG-R1
group (Fig. 6j, k). This finding suggests that NG-R1 plays an
antiapoptotic role via TAK1-JNK/p38 signaling in vitro.
To further determine whether TAK1 was indispensable for the

protective effect of NG-R1 against H/R injury, si-TAK1 was used
(Fig. 7a). Compared with that in the H/R+ si-NC group, TAK1 silen-
cing reduced the proportion of TUNEL-positive cells (Fig. 7b, c),
decreased the proportion of apoptotic cells (Fig. 7d, e), suppressed
the activity of TAK1, p38 and JNK, decreased the expression of Bax
and increased the expression of Bcl-2 in CMs (Fig. 7f, g).
Intriguingly, NG-R1 plus si-TAK1 did not provide further protection
against H/R-induced cardiomyocyte apoptosis (Fig. 7b-g).

Fig. 5 The protective effects of NG-R1 involve JNK/p38 signaling. a Representative immunofluorescence images showing TUNEL (red)
staining in the infarct border zone in the various groups. Scale bar= 200 µm. b Quantitative analysis of a. c Representative images of M-mode
echocardiography in each group. d Quantitative echocardiographic analysis of LVEF and LVFS. e, f Representative images of Masson trichrome-
stained MI/R hearts and quantification of the fibrosis area (%). Scale bar= 100 µm. g Quantitative reverse transcription polymerase chain reaction
analysis of α-SMA, collagen I and fibronectin. The data are represented as the mean ± SEM (n= 6 for each group). **P < 0.01 vs. the Sham group.
#P < 0.05 and ##P < 0.01 vs. the MI/R group. $P < 0.05 and $$P < 0.01 vs. the MI/R+NG-R1 group.
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Fig. 6 TAK1 overexpression reversed the antiapoptotic effect of NG-R1 on CMs. a Western blot analysis of phosphorylated and total TAK1
protein levels in ischemic myocardial tissue 4 h after perfusion. β-actin served as a loading control. b Quantitative analysis of a. c Western blot
analysis of phosphorylated and total TAK1 protein levels in vitro. d Quantitative analysis of c. e Schematic illustration of TAK1 adenoviral
infection. The TAK1 overexpression adenoviral vector or control GFP adenovirus (20 MOI) was used to infect CMs 48 h before H/R injury.
f Immunofluorescence staining of TUNEL-positive cells. Scale bar= 200 µm. g Quantitative analysis of f. h Representative images of apoptosis,
as determined by PE-7-AAD/Annexin V staining. I Statistical analysis of apoptosis in the four groups. j The expression levels of p-TAK1, TAK1,
p-p38, p38, p-JNK, JNK, Bcl-2 and Bax were determined by Western blotting. k Quantitative analysis of j. The data are shown as the
mean ± SEM (n= 6 for each group). **P < 0.01 vs. the Sham group or the Control group. #P < 0.05 and ##P < 0.01 vs. the MI/R group, the H/R
group or the H/R+ Ad-GFP group. $P < 0.05 and $$P < 0.01 vs. The H/R+ Ad-GFP+NG-R1 group.
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Fig. 7 NG-R1 inhibits H/R-induced apoptosis in CMs by suppressing TAK1. a Schematic illustration of si-TAK1 transfection. CMs were
transfected with si-TAK1 48 h before H/R injury. b, c Representative images and quantitative analysis of TUNEL-positive cells. Scale
bar= 200 µm. d Representative images of apoptosis, as determined by FITC-PI/Annexin V staining. e Statistical analysis of apoptosis in the four
groups. f The protein levels of p-TAK1, TAK1, p-p38, p38, p-JNK, JNK, Bcl-2 and Bax were determined by Western blotting. g Quantitative
analysis of f. The data are shown as the mean ± SEM (n= 6 for each group). #P < 0.05 and ##P < 0.01 vs. the H/R+ si-NC group.
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To further confirm the role of TAK1 in mediating the effects of
NG-R1 on MI/R injury, we used an AAV9 vector with a cTnT
promoter to selectively overexpress TAK1 in vivo [24]. TAK1-
overexpressing mice were then subjected to MI/R and

administered NG-R1 (Fig. 8a). The improvements in the INF/AAR
ratio and the plasma levels of cTnI and CK-MB in the MI/R+ AAV9-
cTnT-GFP+ NG-R1 group were abolished by TAK1 overexpression
(Fig. 8b-e). In addition, compared with those in the MI/R+ AAV9-

Fig. 8 TAK1 overexpression reversed the protective effect of NG-R1 on MI/R injury. a The time course of AAV9-mediated TAK1
overexpression. Recombinant AAV9 vectors harboring TAK1 or GFP with a c-TnT promoter [3 × 1011 vector genomes/mouse] were injected into
the tail veins of the mice 5 weeks before MI/R. b, c Representative infarct images obtained by Evans blue/TTC staining in each group. d Cardiac
troponin-I (cTnI) levels in plasma 4 h after perfusion. e Cardiac creatine kinase-MB (CK-MB) levels in plasma 4 h after perfusion. f, g Western blot
images and quantitative analysis of p-TAK1, TAK1, p-p38, p38, p-JNK, JNK, Bcl-2 and Bax protein expression in ischemic myocardial tissue. The data
are shown as the mean ± SEM (n= 6 for each group). #P < 0.05 and ##P < 0.01 vs. the MI/R+ AAV9-cTnT-GFP group. $P < 0.05 and $$P < 0.01 vs. the
MI/R+ AAV9-cTnT-GFP+NG-R1 group.
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cTnT-GFP+ NG-R1 group, the protein level of Bax was increased
and the protein level of Bcl-2 was decreased in the MI/R+ AAV9-
cTnT-TAK1+ NG-R1 group (Fig. 8f, g). TAK1 overexpression
markedly increased the activity of TAK1, p38 and JNK in the MI/
R+ AAV9-cTnT-TAK1+ NG-R1 group (Fig. 8f, g). Furthermore, the
decrease in TAK1-JNK/p38 signaling was restored in the MI/
R+ AAV9-cTnT-TAK1+ NG-R1 group (Fig. 8f, g). These results
demonstrated that TAK1-JNK/p38 signaling may be the underlying
mechanism by which NG-R1 protects against MI/R injury.

DISCUSSION
NG-R1 is a novel phytoestrogen isolated from P. notoginseng that
is considered to have antioxidative, anti-inflammatory and
antiapoptotic properties [39–41]. However, its potential cardio-
protective mechanism remains largely unknown. Our current
study provides novel insights into the role of NG-R1 in MI/R injury.
The new findings include the following: (1) NG-R1 alleviated MI/R-
induced infarct size expansion and restored compromised cardiac
function; (2) NG-R1 inhibited the activation of TAK1-JNK/
p38 signaling and reduced apoptosis; (3) the cardioprotective
effects of NG-R1 were nullified by the JNK agonist anisomycin and
p38 agonist P79350 in vivo and in vitro; and (4) TAK1 over-
expression partially reversed the cardioprotective effect of NG-R1
in vivo and in vitro, but NG-R1 did not provide further protection
in TAK1-silenced cardiomyocytes in response to H/R injury. In
summary, we provided evidence that NG-R1 protects against MI/R
injury by inhibiting JNK/p38 signaling via a TAK1-dependent
mechanism.
NG-R1 is an effective monomer of Panax notoginseng that exerts

a variety of pharmacological effects on the cardiovascular system
by protecting endothelial cells, reducing vascular pressure,
inhibiting vascular inflammatory reactions and promoting angio-
genesis [26, 42–44]. Moreover, NG-R1 can protect cardiomyocytes
by inhibiting oxidation and inflammatory and myocardial hyper-
trophy [28, 30–32]. However, the exact mechanism by which NG-
R1 protects against MI/R injury in mice remains largely unknown
[45]. It has been reported that NG-R1 protects against H/R injury
by upregulating miR-132 levels in H9C2 cells [46]. Consistently, we
demonstrated that NG-R1 increased the viability of CMs and
ameliorated LDH release in CMs in response to H/R injury.
Consistent with previous studies, NG-R1 treatment reduced
plasma levels of cTn-I and CK-MB and alleviated the infarct size
after MI/R injury in mice [47]. Notably, NG-R1 restored the
compromised cardiac function, and improved LVEF and LVFS.
Apoptosis is considered to be an important mechanism of cell
death in MI/R injury. Due to limited cardiac regeneration, the loss
of cardiomyocytes due to apoptosis directly leads to an increase in
infarct size, cardiac dysfunction, or even heart failure [48]. The
present study confirmed that NG-R1 prevents apoptosis after MI/R
injury, as confirmed by the change in TUNEL-positive cells and the
protein levels of Bax and Bcl-2 in vivo. Our study also confirmed
that NG-R1 directly protects against apoptosis in cardiomyocytes
in vitro.
During the pathogenesis of MI/R injury, MAPK signaling plays

important roles in apoptosis and inflammation by activating and/
or inactivating three critical subfamilies: ERK, JNK, and p38
[12, 34, 48]. ERK signaling mainly mediates cell growth, division
and differentiation signals [49]. In cultured neonatal cardiomyo-
cytes, sustained activation of the ERK pathway mediates adaptive
cytoprotection [50]. The JNK and p38 cascades, which are
specialized transducers of stress and injury responses, mainly
transduce inflammatory cytokines, apoptosis and various types of
cellular stress signals during MI/R injury [51–53]. Inhibiting the
activation of p38 with SB203580 protected against apoptosis in
the myocardium [54]. A previous study reported that NG-R1
exerted neuroprotective effects by regulating the PI3K Akt mTOR/
JNK pathway in neonatal hypoxic-ischemic injury [30]. NG-R1

inhibited oxidative stress-induced osteoblast dysfunction by
modulating the JNK signaling pathway [55]. Consistently, our
study demonstrated that p38, JNK and ERK were activated by MI/R
and H/R stimulation, but only the activation of JNK and p38 was
inhibited by NG-R1. To further determine whether JNK/p38 was
indispensable for the protective effect of NG-R1 against MI/R
injury, anisomycin (a JNK agonist) and P79350 (a p38 agonist)
were used in vivo and in vitro. The results showed that
pretreatment with the JNK agonist anisomycin or the p38 agonist
P79350 partially abolished the protective effects of NG-R1 in vivo
and in vitro. Thus, NG-R1 can protect against MI/R injury by
inhibiting the activation of JNK and p38.
TAK1 is an important signaling protein that activates a variety of

signaling pathways in response to growth factors, cytokines and
microbial products [56, 57]. The activation of TAK1 is strictly
regulated by its binding partners and protein modifications. The
activation of TAK1 requires an association with TAK1 binding
protein 1, which triggers the phosphorylation of TAK1 in vivo
[58, 59]. TAK1 polyubiquitination induces autophosphorylation at
Thr187 [60], its activation loop and other sites, including Thr184
and Ser192 [61]. TAK1 plays a critical role in regulating
cardiomyocyte death and I/R injury [19, 22, 24]. As a member of
the MAPKKK family, activated TAK1 activates the MAPK kinases
MKK4 and MKK3/6, which phosphorylate p38 MAPK and JNK,
respectively. Therefore, TAK1 activation was examined to deter-
mine the exact mechanism by which NG-R1 affects MI/R injury.
Previous studies have shown that NG-R1 deactivates the TGFβ1/
TAK1 signaling pathway and protects the heart against lung
ischemia-reperfusion injury in rabbits [32]. NG-R1 protected WI-38
cells against lipopolysaccharide-induced injury by inhibiting TAK1/
JNK signaling pathways [62]. In this study, TAK1 phosphorylation
was increased after MI/R injury, and NG-R1 pretreatment inhibited
TAK1 phosphorylation in vivo and in vitro. In addition, NG-R1 did
not further protect TAK1-silenced cardiomyocytes from H/R injury.
Furthermore, our study revealed that H/R-induced TAK1-JNK/
p38 signaling activity in CMs was suppressed by NG-R1 treatment,
and this effect was almost completely reversed by TAK1
overexpression. Cardiac-specific overexpression of TAK1 abolished
the protective effect of NG-R1 on MI/R hearts, which revealed the
potential molecular target of NG-R1. NG-R1 exerted cardioprotec-
tive effects against I/R injury by inhibiting ER stress in H9C2 and
Langendorf-perfused rat hearts [28]. Further analysis showed that
NG-R1 inhibited the release of endoplasmic reticulum calcium
through PLC and reduced apoptosis in OGD/R rat models [63]. Our
previous studies indicated that TAK1 regulated endoplasmic
reticulum (ER) stress and apoptosis during MI/R injury [24].
Although we focused on the TAK1 and JNK/p38 pathways in this
study, it would be interesting to further confirm the role of ER
stress.
This study showed that NG-R1 protects against MI/R injury by

inhibiting cardiomyocyte apoptosis and modulating JNK/
p38 signaling by deactivating TAK1. The present study revealed
the molecular mechanisms of the beneficial effects of NG-R1 and
provided a promising therapeutic approach for the treatment of
MI/R injury.
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