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Endoplasmic reticulum (ER) stress has been demonstrated to play important roles
in the pathogenesis of various cardiovascular diseases. The ER stress pathway is
therefore a promising therapeutic target in cardiovascular disease. Although Panax
notoginseng saponins (PNS) are one of the patent medicines that are traditionally
used to treat cardiovascular disorders, their effects on ER stress in cardiac myocytes
remain unexploited so far. This study investigates the effects of PNS on ER stress and
its associated cell apoptosis along with the related mechanism in cardiac myocytes.
PNS compounds were identified via high-performance liquid chromatograph (HPLC)
assay. PNS-pretreated H9c2 cells, HL-1 cells, and primary cultured neonatal rat
cardiomyocytes were stimulated with thapsigargin (TG) to induce ER stress response
and apoptosis. ER stress response was tested by immunofluorescence or immunoblot
of the ER protein chaperones—calnexin, binding immunoglobulin protein (BiP) and
the C/EBP homologous protein (CHOP). Cell viability was tested by methyl thiazolyl
tetrazolium (MTT) assay. Cell apoptosis was detected by immunoblot of Cleaved
caspase-3 and flow cytometry analysis of Annexin V/propidium iodide (Pl) staining.
Cytosolic, mitochondrial, and ER calcium dynamics were investigated by calcium
imaging. Moreover, a ryanodine receptor type-2 (RyR,) overexpression stable cell line
was generated to verify the mechanism of RyR, involved in PNS in the inhibition of ER
stress and cell apoptosis. We demonstrate here that PNS protected cardiac myocytes
from ER stress response and associated cell death in a concentration-dependent
manner. Importantly, PNS reduced the elevation of cytosolic calcium, mitochondria
calcium, as well as ER calcium in response to either TG or histamine treatment.
PNS protection in ER stress was regulated by RyR, expression. In summary, PNS
protection against TG-induced ER stress response and its associated cell apoptosis in
cardiac myocytes is calcium dependent. Through the regulation of ER calcium release
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mediated by RyR,, a novel mechanism for PNS in the prevention of cardiovascular

diseases is thereby identified.

Keywords: Panax notoginseng saponins, endoplasmic reticulum stress, apoptosis, intracellular calcium homeostasis,

ryanodine receptor

INTRODUCTION

The endoplasmic reticulum (ER) is a multifunctional organelle
essential for the synthesis, folding, and processing of secretory
and transmembrane proteins. Pathological stimuli that disrupt
the ER homeostasis resulting in an accumulation of misfolded
and unfolded proteins are known as ER stress. ER stress evokes a
protective and compensatory mechanism referred to as the unfolded
protein response (UPR), which serves multiple functions, including
the assistance of protein folding via the upregulated ER protein
chaperones and the enhanced degradation of misfolded proteins
via the upregulation of molecules involved in the ER-associated
protein degradation (ERAD) pathway (Brewer et al., 1997;
Friedlander et al., 2000; Hampton, 2000). However, if the ER stress is
too excessive to re-establish the ER function, cell dysfunction and
subsequent cellular death may occur. Thapsigargin (TG) isa highly
selective inhibitor of sarco/endoplasmic reticulum (SR/ER) Ca?*-
ATPase (SERCA), which inhibits Ca?* transfer from ER to cytosol,
thereby elevating intracellular calcium concentration (Thastrup
etal., 1990). Furthermore, TG disturbs the calcium homeostasis and
leads to protein misfolding, causing the accumulated misfolded/
unfolded proteins to induce ER stress. In addition, prolonged TG
treatment initiates the intrinsic apoptotic pathway by permeabilizing
the mitochondrial membrane, releasing cytochrome ¢ and apoptosis
inducing factor (AIF) to cytosol, resulting in apoptosome formation,
and thus leading to the activation of caspase-3 (Rao et al., 2002).

ER stress and associated apoptosis have been demonstrated to
play important roles in the pathogenesis of various cardiovascular
diseases, such as cardiac hypertrophy, heart failure (HF), ischemic
heart disease, and atherosclerosis (Kassan et al., 2012; Padilla
and Jenkins, 2013; Shinozaki et al., 2013). ER stress-induced
abnormality of the intracellular Ca?* stores and the SR Ca?* release
in the heart play prominent negative roles in cardiac contractile
activation and relaxation (Eisner et al., 2000; Bers, 2002). Alterations
in the sensitivity of ryanodine receptor (RyR) to Ca** release
activation have been involved in various diseases such as malignant
hyperthermia and HF (Loke and MacLennan, 1998; Marx et al,,
2000; Kushnir et al., 2018). Diastolic SR Ca?" leak decreased SR
Ca?*load and reduced contractility along with cardiac output (Shan
et al., 2010). Thus, chronic SR Ca*" leak via ryanodine receptor
type-2 (RyR,) channels causes mitochondrial Ca?* overload and
metabolic dysfunction in hearts (Santulli et al., 2015).

Increasing evidence suggests a promising therapeutic strategy
by targeting the ER stress pathways with natural products (Choy

Abbreviations: PNS, Panax notoginseng saponin; ER, endoplasmic reticulum; HPLC,
high-performance liquid chromatograph; MTT, methyl thiazolyl tetrazolium; TG,
thapsigargin; UPR, unfolded protein response; PI, propidium iodide; RyR,, ryanodine
receptor type-2; IP3R, 1,4,5-trisphosphate receptors; SERCA, sarco/endoplasmic
reticulum Ca’+-ATPase; AUC, area under the curve; FRET, fluorescence resonance
energy transfer; NTC, non-targeted control.

et al,, 2018; Hu et al., 2018; Xu et al.,, 2018). Panax notoginseng
saponins (PNS), mainly derived from Panax notoginseng,
are patent medicines that are commonly used as treatment for
cardiovascular disorders, such as ischemia reperfusion-induced
cognitive impairments, atherosclerosis, platelet aggregation,
reperfusion arrhythmias, strokes, coronary artery disease (CAD),
and HF (Ma and Xiao, 1998; Zheng et al., 2008; Yuan et al., 2011).
To date, 40 ginsenoside components have been identified and
quantified from different parts of Panax (Kim, 2018). Several
studies have detailed the antioxidant, anti-inflammation, and
anti-apoptosis effects of PNS (Wang et al., 2011; Huang et al.,
2017; Zhou et al., 2018); however, the prohibitive effects of PNS
related to ER stress have not been reported.

Therefore, here in this study, we focused on PNS protection
in TG-induced ER stress response and associated cell apoptosis
in cardiac myocytes, especially in the regulation of intracellular
Ca?* homeostasis. We mainly examined the effects of PNS on
TG-induced alternations of ER network morphology, expression
of UPR-involved proteins chaperone binding immunoglobulin
protein (BiP, also known as the glucose-regulated protein 78/
Grp78) and the C/EBP homologous protein (CHOP, also known as
growth arrest- and DNA damage-inducible gene 153/GADD153),
cell viability, expression of apoptotic gene caspase-3, as well as the
intracellular calcium homeostasis and associated calcium handling
proteins. The results revealed a novel mechanism of PNS in the
protection of cardiac myocyte survival upon cell stress.

MATERIALS AND METHODS

Chemicals

PNS was purchased from Kunming Pharmaceutical Corporation
(Yunnan, China; patent no. ZL96101652.3) with the major effective
constituents including notoginsenoside R1 9.8% (v/v), ginsenoside
Rb1 32.3% (v/v), ginsenoside Rg1 35.3% (v/v), ginsenoside Re 4.0%
(v/v), and ginsenoside Rd 4.9% (v/v) and the total pharmaceutical
concentration of ~90% (v/v). TG (content > 98%) was purchased
from Sigma (T9033, Sigma-Aldrich, USA). Bapta-acetoxymethyl
(AM) (content >95%) was from Sigma (A1076, Sigma-Aldrich,
USA), and ionomycin (content > 98%) was from Sigma (19657,
Sigma-Aldrich, USA).

High-Performance Liquid Chromatograph

High-performance liquid chromatograph (HPLC) was performed
using Agilent 1200 series (Agilent Technologies, USA). The LC
column used was Chromolith Performance RP-18, 100 x 4.6 mm,
2 pm (1.02129, Sigma-Aldrich, USA). The mobile phase consisted
of water (A) and acetonitrile (B) with the following gradient
protocol: 0 min, 16% B, 3 ml/min; 3 min, 16% B, 3 ml/min; 10 min,
19% B, 3 ml/min; 11 min, 19% B, 2.5 ml/min; and 20 min, 38% B,

Frontiers in Pharmacology | www.frontiersin.org

September 2019 | Volume 10 | Article 1013


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org

Chen et al.

PNS Protects Cardiomyocytes ER Stress

2.5 ml/min. The column oven was set at 30°C. The injection volume
was 10 pl. Ultraviolet (UV) absorption was measured at 203 nm.

Cell Lines Culture and Treatments

Rat cardiomyoblast H9c2 cell line was obtained from the
American Type Culture Collection (ATCC# CRL-1446™, ATCC,
USA). H9¢2 cells were grown in dulbecco's modified eagle's
medium (DMEM) containing 10% fetal bovine serum (FBS),
supplemented with 1-glutamine (2 mM), penicillin (100 U/
ml), and streptomycin (100 pg/ml), in a humidified atmosphere
containing 5% CO,. Cardiac muscle HL-1 cell line was from Sigma
(SCCO065, Sigma-Aldrich, USA). HL-1 cells were grown in gelatin/
fibronectin extracellular matrix (ECM)-coated dishes (G9391 and
F1141, Sigma-Aldrich, USA) and cultured in Claycomb medium
(51800C, Sigma-Aldrich, USA) containing 10% FBS (TMS-016B,
Sigma-Aldrich, USA), supplemented with l-glutamine (2 mM),
norepinephrine (0.1 mM, A0937, Sigma-Aldrich, USA), and
penicillin-streptomycin (100 U/ml-100 pg/ml, P4333, Sigma-
Aldrich, USA).

For PNS pretreatment, cells were starved overnight and
incubated with fresh media containing various concentrations
of PNS for 12h. Cells were subsequently treated with 1uM TG
in media containing various concentrations of PNS for 12 h to
induce ER stress or 24 h to induce apoptosis, respectively.

Primary Culture of Neonatal Rat
Cardiomyocytes and Purification
Identification

Cardiomyocytes were obtained by dissociating hearts of
neonatal Sprague-Dawley rats (1-3 days old). The experimental
protocol for animals was approved by the Ethics Committee for
Scientific Research and Clinical Trails of the Affiliated Hospital
of Zhengzhou University. In detail, cardiomyocytes were isolated
enzymatically using a neonatal cardiomyocyte isolation system
(Worthington Biochemical, USA). Then a “pre-plating” step was
introduced to extract fibroblasts and endothelial cells from the
cardiomyocytes. The cardiomyocyte-enriched supernatant was
then seeded onto cell culture plates pre-coated with 10 ug/ml of
fibronectin and cultured in dulbecco's modified eagle's medium/
ham's nutrient mixture F-12 (DMEM/F12) media containing 10 mM
hydroxyethyl piperazineetha nesulfonic acid (HEPES), 10% FBS,
penicillin-streptomycin (100 U/ml-100 pg/ml), and 0.1 pmol/ml
bromodeoxyuridine (BrdU) to inhibit non-myocyte cell proliferation.
Cardiomyocyte purification was identified by immunofluorescence
assay of the anti-a-actin antibody. The cells were treated with PNS or
TG as indicated above after 72 h of tissue culture.

Cell Viability Assay

The cell viability was tested by the methyl thiazolyl tetrazolium
(MTT) assay (M2128, Sigma-Aldrich, USA). H9c2 cells were seeded
in a 96-well plate with 5,000 cells per well for 48 h. Cells were then
treated by various concentrations of PNS with or without 1M TG
stimulation for 24 h. Twenty microliters of MTT (5 mg/ml) was
added to each well for 4 h and then replaced by 150 ul dimethyl
sulfoxide (DMSO). The optical density of the plate was measured
at 570 nm using a multilabel microplate reader (VICTOR™ X4,

PerkinElmer, Inc., USA). The cell viability of the untreated control
was considered as 100%.

Immunofluorescence Assays

For immunofluorescence assays, cells were fixed with 4%
paraformaldehyde (PFA) and permeabilized with 0.2% Triton.
After blocking with 1% bovine serum albumin (BSA), cells were
then incubated with the primary anti-a-actin antibody (ab5694,
1:500, abcam, USA), anti-calnexin antibody (AF18, 1:500, Thermo
Fisher Scientific, USA), anti-Tom20 antibody (sc-17764, 1:500,
Santa Cruz Biotechnology Inc., USA), anti-derlin (sc-390289, 1:500,
Santa Cruz Biotechnology Inc., USA), or anti-green fluorescent
protein (GFP) (PA5-22688, 1:1,000, Thermo Fisher Scientific, USA)
for 60 min at 37°C, respectively, followed by secondary antibodies,
Alexa 488 immunoglobulin G (IgG) (A32723, 1:1,000) or Alexa
568 IgG (A11011, 1:1,000) (Thermo Fisher Scientific, USA), in a
dark chamber. Cells were examined using a ZEISS LSM510 META
laser-scanning confocal microscope (Carl Zeiss, Germany).
Fluorescence images were acquired by a Plan-Neofluar 20x/0.40
LD or Plan-Apochromat 63x/1.40 Oil objective with either 488
nm laser excitation [520 band pass (BP) emission] or 543 nm laser
excitation [570 long pass (LP) emission].

Flow Cytometry Analysis

Celllabeling for Annexin V/propidium iodide (PI) was performed
according to the kit’s instructions (V13242, Thermo Fisher
Scientific, USA). Cells were analyzed by BD LSRFortessa cell
analyzer (BD Bioscience, USA) using dual-wavelength excitation
at 488 and 568 nm and detection at 515-565nm and 600-670 nm
for fluorescence detection.

Cytosolic and Mitochondria Ca2*
Measurements

Cells were plated in a glass-bottom petri dish, 35 mm, for 24 h
(No. 1.5, MatTeK Corporation, USA). Cells were incubated
in calcium imaging solution (in mM: 145 NaCl, 5.4 KCl, 0.5
MgCl,, 1.2 CaCl,, 5 HEPES, 5.5 glucose, 0.3 NaH,PO,, pH
7.4) containing 5puM Fura-2 AM (F1221, Thermo Fisher
Scientific, USA) or 5uM Rhod-2 AM (R1245MP, Thermo
Fisher Scientific, USA), supplied with 0.02% Pluronic F-127
(P3000MP, Thermo Fisher Scientific, USA) to help disperse AM
ester for 45min at 37°C, respectively. Cells were illuminated
at alternating excitation wavelengths of 340 and 380 nm for
Fura-2 or a monochromatic excitation wavelength of 540 nm
for Rhod-2 in an Epi-fluorescence Eclipse Ti microscope with
a Plan-Fluor 40x/1.3 Oil objective (Nikon, Japan). The emitted
fluorescence was recorded at 510 nm for Fura-2 or 575 nm for
Rhod-2 with an Andor Zyla scientific complementary metal
oxide semiconductor (sCMOS) camera (Oxford Instruments,
UK). Exposure time was typically 100-200 ms, and images
were collected every 10-20 s. Images were analyzed using
MetaFluor software (Universal Imaging Corporation, USA).
Fluorescence images were background-corrected, and cells
with similar Fura-2 or Rhod-2 fluorescence intensity were
analyzed. Nuclear signal was excluded when quantifying the
Rhod-2 fluorescence signals.
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ER Ca?* Measurements

Cells were plated in a glass-bottom petri dish, 35 mm, for 24 h
(No. 1.5, MatTeK Corporation, USA) and transiently transfected
with the fluorescence resonance energy transfer (FRET)-based
ER-targeted cameleon (DI1ER) (Palmer et al, 2004). Cells were
incubated in Ca?* imaging solution (in mM: 145 NaCl, 5.4 KCl,
0.5 MgCl,, 1.2 CaCl,, 5 HEPES, 5.5 glucose, 0.3 NaH,PO,, pH
7.4) and imaged by an Epi-fluorescence Eclipse Ti microscope
with a Plan-Fluor 40x/1.3 Oil objective (Nikon, Japan). Emission
ratio imaging of the cameleon was accomplished by excitation
wavelengths of 425 nm with a dichroic mirror at 515 nm and two
emission filters [475 nm for enhanced cyan fluorescent protein
(ECFP) and 535 nm for citrine-yellow fluorescent protein (YFP)]
(Chroma Technology Corporation, USA). Changes in ER calcium
were expressed as the FRET-to-CFP emission ratio. Exposure
times were typically 100-200 ms, and images were collected
every 10-20 s. Images were analyzed using MetaFluor software
(Universal Imaging Corporation, USA). Fluorescence images were
background-corrected, and cells with similar cameleon expression
were analyzed.

Western Blot Analyses

Protein (100-120 pg of total protein per lane) was separated
through sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels of 5% (for RyR,), 10% (for SERCA, or BiP),
and 12% (for CHOP, Cleaved caspase-3, or [-actin) and
transferred to polyvinylidene difluoride (PVDF) membranes.
The PVDF membranes were probed with anti-SERCA, (sc-
376235, 1:500, Santa Cruz Biotechnology Inc., USA), anti-RyR,
(ab2868, 1:500, abcam, USA), anti-BiP (ab21685, 1:1,000, abcam,
USA), anti-CHOP (sc-7351, 1:500, Santa Cruz Biotechnology
Inc., USA), or anti-Cleaved caspase-3 (#9664S, 1:800, Cell
Signaling Technology, USA), followed by appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies. The B-actin
(A5316, 1:10,000, Sigma-Aldrich, USA) gene was used as the
internal standard for normalization of the protein samples.
Chemiluminescence was revealed using Pierce™ enhanced
chemiluminescence (ECL) Western Blotting Substrate (32106,
Thermo Fisher Scientific, USA) and densitometry performed
using Quantity One 1-D software (Bio-Rad Laboratories, USA).

Inducible RyR, Gene Overexpression

Cell Lines

The coding sequence for mouse RyR, (NM_023868.2)
was amplified by polymerase chain reaction (PCR)
using complementary deoxyribonucleic acid (cDNA) from a
mouse ventricle as the template and cloned into the expression
vector of pcDNA3.1. Stable cells carrying GFP-tagged RyR,
were generated by transfection with RyR,-multifunctional
GFP (mfGFP) in pcDNA3.1(+) and selected with 1,600 ug/
ml G-418 (30-234-CI, Corning, USA). HL-1 cells stably
expressing either the empty pcDNA3.1(-) vector [non-
targeted control (NTC)] or pcDNA3.1 vector containing RyR,
(RyR,-mfGFP) were cultured as described previously (Liu
et al., 2002). The expression level of RyR, was identified by
immunofluorescence and immunoblot analyses.

Statistical Analyses

Data are presented as mean * the standard error of the
mean (SEM). Differences between means were determined
using the one-way analysis of variance (ANOVA) for group-
paired observations. Differences were considered statistically
significant when P < 0.05.

RESULTS

PNS Compound Identification

The compounds of freeze-dried PNS powder were identified
by HPLC analysis at an absorbance of 203 nm. Five saponins
were completely separated within 20 min without significant
interference (Figure 1A). The retention times were 6.7, 8.4, 9.2,
17.5, and 18.8 min for P1: notoginsenoside R1, P2: ginsenoside
Rgl, P3: ginsenoside Re, P4: ginsenoside Rb1, and P5: ginsenoside
Rd, respectively. The formula, molecular weight, as well as the
structure for each compound are shown in Figure 1B.

PNS Protects TG-Induced ER Stress

and Associated Cell Death

TG is a SERCA inhibitor, leading to depletion of ER calcium
storage and decrease of the activity of Ca?*-dependent chaperones
and thus resulting in an increase in unfolded proteins and an
induction of UPR signaling (Denmeade and Isaacs, 2005). In this
study, TG was used to induce ER stress.

PNS and TG exposure to H9c2 cells was conducted by MTT
cell viability assay to set the concentration used in the following
trials. PNS was first dissolved in DMSO, and then the serial
dilutions of PNS (20, 40, 80, and 100 ug/ml) were tested with MTT
assays and immunoblot of ER chaperone protein BiP expression.
As shown in Figure 1C, PNS-treated cells exhibited no cytotoxic
effect up to the highest concentration of 100 pg/ml. Furthermore,
the effect of PNS on cell viability was shown in a concentration-
dependent manner towards 1 pM TG-induced cell death, and
cells pretreated with 40 pg/ml exhibited the best protection
effects (Figure 1C), which corresponds to the downregulation of
BiP expression by 40 pg/ml pretreatment (Figure 1D).

As shown in Figure 2A, the calnexin-labeled ER network in
1 uM TG-treated H9c2 cells for 12 h showed the disruption and
condensation of the ER tubular network into large aggregates.
However, when cells were pretreated with 40 ug/ml PNS for 12 h,
TG no longer disrupted the ER tubular network. PNS treatment
alone has no effect on the ER network morphology. TG increased
the expression levels of BiP and CHOP as well as the apoptotic
gene Cleaved caspase-3, while cells pretreated with PNS for
12h attenuated a TG-induced upregulation of BiP, CHOP, and
Cleaved caspase-3 expression (Figure 2B). Following this, we
then investigated the effect of PNS prevention on TG-induced
cell death. A 24 h TG treatment-induced cell death was further
characterized by an Annexin V/PI double-staining via flow
cytometry assay (Figure 2C). PNS pretreatment significantly
reduced the number of Annexin V/PI double-positive cells
induced by TG. These results demonstrate that PNS pretreatment
promotes cardiac myocyte survival against TG-induced ER stress
response and its associated cell death.
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FIGURE 1 | PNS compound identification and cell viability test. (A) HPLC profiles of PNS compounds. P1: notoginsenoside R1; P2: ginsenoside Rg1; P3: ginsenoside
Re; P4: ginsenoside Rb1, and P5: ginsenoside Rd. (B) PNS compound identification: formula, molecular weight, and structure. (C) Cell viability tests of H9c2 cells
treated with various concentrations of PNS (0, 20, 40, 80, 100 pg/ml) either with or without 1 M TG (dark, —TG group; grey, +TG group). Bar graph shows percentage
of viability compared with the untreated cells. (D) H9c2 cells treated as indicated in C were immunoblotted with antibodies to BiP and -actin. Bands were quantified
relative to B-actin by densitometry. (Mean + SEM; NS, not significant; *P < 0.05, “*P < 0.01 relative to CN group or indicated group.) PNS, Panax notoginseng saponin;
HPLC, high-performance liquid chromatograph; TG, thapsigargin; BiP, binding immunoglobulin protein; SEM, the standard error of the mean; CN, control.
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FIGURE 3 | PNS suppresses cytosolic Ca?* transients evoked by TG and histamine. (A) Representative recordings of TG-evoked cytosolic Ca2* transients recorded
by Fura-2 ratios (Fs,o/Fago) in H9c2 cells with (grey, PNS group) or without (dark, CN group) PNS pretreatment (40 ug/ml; 12h), as indicated. Bar graphs show
cytosolic Ca?* peak amplitude, area under the curve (AUC), as well as time decay of Ca?* transient response to TG stimulation. (B) Representative recordings of
histamine-evoked cytosolic Ca?* transients recorded by Fura-2 ratios (Fa.o/Fago) in HIc2 cells with (grey) or without (dark) PNS pretreatment (40 ug/ml; 12h), as
indicated. Bar graphs show cytosolic Ca?* peak amplitude, AUC, as well as time decay of Ca?* transient response to histamine stimulation. (Mean + SEM; 60-80
responding cells; NS, not significant; *P < 0.05, **P < 0.01 relative to CN group.)

PNS Suppresses Intracellular Ca?+
Homeostasis
Aberrant Ca?* regulation in ER results in protein unfolding, due
to the Ca?*-dependent nature of ER chaperone proteins such as

BiP and calreticulin (Ma and Hendershot, 2004). Ca?* is also a
key regulator of cell death and survival. We therefore investigated
the effects of PNS on ER stress—induced cytosolic, mitochondria,
as well as ER Ca?* homeostasis.
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FIGURE 4 | PNS suppresses mitochondrial Ca?+ uptake and ER Ca?* release induced by TG. (A) Confocal microscope images of Rhod-2 AM loaded H9c2 cells

D1ER Cameleon

Derlin

counterstained with anti-Tom20 mitochondrial antibody. Scale bar, 10um; in box: 3um. (B) Confocal microscope images of H9c2 cells loaded with D1ER cameleon and
anti-derlin antibody. Scale bar, 10um; in box: 3um. (C) Representative recordings of TG-evoked mitochondrial Ca2+ elevation recorded by Rhod-2 fluorescence (F/F,) in
H9c2 cells with (grey, PNS group) or without (dark, CN group) PNS pretreatment (40ug/ml; 12h), as indicated. Bar graphs show mitochondrial Ca?* peak amplitude and

AUC in response to TG stimulation. (Mean + SEM; 60-80 responding cells; *P < 0.05, **P < 0.01 relative to CN group.) (D) Representative recordings of TG-induced
ER Ca?* dynamics were recorded by the FRET-to-CFP emission ratio (FRET/CFP) in H9c2 cells with (grey, PNS group) or without (dark, CN group) PNS pretreatment
(40pg/ml; 12h), as indicated. Bar graphs show ER Ca?* peak amplitude and AUC in response to TG stimulation. (Mean + SEM; 20-30 responding cells; *P < 0.05, **P
< 0.01 relative to CN group.) FRET, fluorescence resonance energy transfer; AM, acetoxymethyl; D1ER, ER-targeted cameleon; CFP, cyan fluorescent protein.

Cytosolic Ca?* was measured by calcium imaging of the
ratiometric Ca?* indicator, Fura-2 intensity ratio (F,,o/Fs,). After
loading with 5uM Fura-2 AM, cardiac myocytes were subjected
to TG stimulation during the acquisition. In response to TG, a
significant Ca?* transient appeared in untreated cells, while PNS
pretreatment attenuated peak amplitude and area under the curve

(AUC) of TG-induced cytosolic Ca?* transients. PNS pretreatment
did not show a significant effect on cytosolic Ca?* fluorescence
decay (Figure 3A). Next, we determined whether PNS pretreatment
affected inositol triphosphate (IP,) receptor (IP;R)-mediated
or RyR-mediated ER Ca?* release using histamine stimulation.
Again, PNS pretreatment attenuated peak amplitude and AUC
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of histamine-induced cytosolic Ca?* transients without affecting
histamine-induced cytosolic Ca?* fluorescence decay (Figure 3B).
However, there were no significant differences in the basal F,,/
F,, ratios detected between untreated and PNS-pretreated cells,
suggesting that PNS pretreatment does not affect the intracellular
Ca’* concentration.

ER stress-induced mitochondrial and ER Ca* dynamics
were investigated using the mitochondrial Ca** reporter Rhod-2
AM and the ER Ca?" reporter D1ER cameleon, respectively.

Confocal fluorescence images of Rhod-2 AM and anti-Tom20
labeling, as well as anti-derlin and D1ER cameleon labeling in
HO9¢2 cells, showed essentially high colocalization of Rhod-2 and
mitochondria as well as D1ER cameleon and ER, respectively
(Figures 4A, B). Mitochondrial Ca?* dynamics showed that PNS
pretreatment reduced the elevation of mitochondrial Ca** uptake
induced by TG stimulation (Figure 4C, peak amplitude and AUC).
However, no significant differences in the basal F/F, ratios were
detected between untreated and PNS-pretreated cells, suggesting

A B
PNS - + - + o+ PNS - + - + o+
G - - + + o+ G - - + + o+
lonomycin - - - -+ Bapta - - - -+
Cleaved > Cleaved
-17KD
caps-3 P S caps-3 |
NS X%
% X% % X
2.0 . s 2.0 % %
1.6  — 1.6 I I
= £
g 12 s 12
Rl @«
> 08 o 0.8
@ @
i BN i BN B
0 Y o 0 c
S P e O O R A ™
¢ & (e ¢ &
& &
N
NS X%
%% %%
% % % % %x % *
£ 20, T £20)
8 16 ®
& Y 1.6
w12 o
a s 12
w w
g 08 8 o8
° 3
Ml i F e |l [
o <
O 0 O 0 e
O O O R A &
¢ & o &
N g
< Q\\
FIGURE 5 | PNS prevention of TG-induced ER stress and apoptosis is Ca2+ dependent. H9c2 cells were either untreated (CN group) or pretreated with 40 ug/ml PNS
for 12h (PNS group) before addition of 1M TG for 12h in the presence of 1 mM Ca®* plus 1 pM ionomycin (lono; A) or 40 uM Bapta-AM (Bapta; B), as indicated.
Treated cells were immunoblotted with antibodies to BiP, Cleaved caspase-3, as well as p-actin, and bands were quantified relative to p-actin by densitometry.
(Mean + SEM; NS, not significant; **P < 0.01 relative to CN group or indicated group.)
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that PNS pretreatment does not affect the relative mitochondrial
Ca?* concentration. In addition, acute TG stimulation induced a
time-resolved reduction of ER calcium concentration. TG-induced
ER Ca?* release was significantly reduced in PNS-pretreated cells
compared with those in untreated cells (Figure 4D, peak amplitude
and AUC). However, no significant differences in the basal cameleon
FRET ratios were detected between untreated and PNS-pretreated
cells, suggesting that PNS does not affect ER Ca?* content. The
results of mitochondrial Ca?* and ER Ca** dynamics indicate that
PNS pretreatment reduces mitochondrial Ca?* uptake and ER Ca?*
release upon TG stimulation, consistent with the effect of PNS on
the reduction of TG or histamine-evoked cytosolic Ca?* transients.

PNS Prevention of TG-Induced ER
Stress and Associated Cell Apoptosis Is
Ca?* Dependent
Previous data have shown that PNS suppressed the intracellular Ca?
homeostasis, suggesting that intracellular calcium may be involved
in the PNS prevention of the ER stress response and its associated
apoptotic events. We then applied Bapta-AM and ionomycin plus Ca*
to adjust the intracellular Ca?* concentration. Bapta, an intracellular
Ca?* chelator, induces cytosolic Ca?* decay, while ionomycin plus
Ca?* induces cytosolic Ca** accumulation. We therefore investigated
the effect of intracellular Ca?* reduction and induction on PNS
protection in TG-induced ER stress and the associated apoptosis.
Cells were treated with 1 uM ionomycin plus 1 mM extracellular
Ca?" which resulted in an increase of cytosolic Ca?*. TG-induced
upregulation of BiP and Cleaved caspase-3 was no longer attenuated
by PNS pretreatment (Figure 5A). However, treatment of cells with
Bapta enhanced the downregulation effect of PNS on TG-induced
BiP and Cleaved caspase-3 expression (Figure 5B). These results
confirmed that Ca?* plays a critical role in the ER stress response
and the associated cell apoptosis, and PNS prevention of ER stress
and promotion of cell survival are Ca** dependent.

RyR, Mediates PNS Protection Against the
ER Stress Response and Apoptosis
The SR/ER calcium ATPase (SERCA) is responsible for transporting
Ca?* from the cytosol into the lumen of the SR following muscular
contraction. The Ca?" sequestering activity of SERCA facilitates
muscular relaxation in both cardiac and skeletal muscle (Lytton et al.,
1991). Release of Ca?* from the ER is critical in the cellular signaling
mediated by second messengers, such as IP;, cytosolic adenosine
diphosphate ribose (ADP-ribose), and other regulators, via effects
on IP;Rs or RyRs (Berridge et al., 2000; Benkusky et al., 2004). Next,
we investigated the effects of PNS treatment on ER Ca?* handling
proteins, such as SERCA, and RyR,, in H9¢2 cells. Figure 6A showed
that PNS pretreatment significantly decreased the RyR, expression,
which is consistent with the results that PNS pretreatment significantly
attenuates peak amplitude and AUC of histamine-induced cytosolic
Ca** transients (Figure 3B) as well as dramatically attenuates ER Ca?*
release (Figure 4D). However, PNS did not show significant effects on
SERCA, expression (Figure 6A).

To determine the role of RyR, in PNS prevention of ER stress
response and the associated apoptosis, we generated a RyR,-mfGFP
stably transfected HL-1 cell line, which showed a 180-200% increase

in RyR, expression compared with NTC transfected HL-1 cells by
immunofluorescence (a) and immunoblot (b) analyses, respectively
(Figure 6B). The same as observed in H9¢2 cells, PNS pretreatment
decreased TG-induced upregulation of BiP, CHOP, and Cleaved
caspase-3 expression in NTC HL-1 cells. However, in RyR,-mfGFP
stably transfected cells, PNS pretreatment revealed no significant
effect on the TG-induced upregulation of BiP, CHOP, and Cleaved
caspase-3 expression (Figure 6C). Again, Annexin V/PI double-
staining analyses by flow cytometry showed that PNS pretreatment
significantly reduced the number of Annexin V/PI double-positive
cells induced by TG stimulation in NTC HL-1 cells, while having
no protection effects on RyR,-mfGFP stably transfected HL-1 cells
(Figure 6D). These results suggest that PNS protection against ER
stress and its associated apoptosis is through RyR,-mediated ER
Ca?* release.

The protective effect of PNS in TG-induced ER stress response
and the associated cell death as well as the RyR, expression was then
verified in primary cultured neonatal rat cardiomyocytes. As shown
in Figure 7A, the confocal images showed that more than 90% of
cells were identified as a-actin fluorescence positive and therefore
confirmed that the purification of cardiomyocytes was over 90%. PNS
pretreatment revealed a significant effect of reversing TG-induced
upregulation of BiP and Cleaved caspase-3 expression (Figure 7B).
The Annexin V/PI double-staining analysis by flow cytometry showed
that PNS pretreatment significantly reduced the number of Annexin
V/PI double-positive cells induced by TG stimulation (Figure 7C).
Interestingly, PNS pretreatment significantly decreased the RyR,
expression in primary cultured cardiomyocytes as well (Figure 7D),
which is consistent with the results of H9c2 cells (Figure 6A). These
results suggest that PNS is effective in protecting both established and
primary cultured cardiomyocytes from TG-induced ER stress and its
associated cell death mediated by RyR,.

Taken together, these results indicate that PNS has significant
protective effects in TG-induced ER stress and its associated cell
death in cardiac myocytes, while its prevention effect is Ca?*
dependent. PNS has a significant suppression effect on intracellular
Ca?* hemostasis such as cytosolic Ca?*, mitochondria Ca?*, as well as
ER Ca?* release upon TG stimulation, and this activity is dependent
on the expression of RyR,, suggesting that PNS prevention of cardiac
myocytes towards ER stress and its associated cell death is regulated
by RyR,-mediated ER Ca?* release.

DISCUSSION

Numerous studies have shown that cardiac myocytes are vulnerable
to cellular ER stress and contribute to the pathogenesis of several
cardiovascular derangements through exposure to hyperoxidation,
inflammation, apoptosis, etc. These findings have sparked interest,
demonstrating a link between ER stress and cardiovascular
pathogenesis, while the elevation of ER stress—associated apoptosis
has been proposed to contribute to various cardiovascular
diseases (Camargo et al., 2018; Chang et al., 2018; Huang et al,,
2018). Hence, modulation of ER stress, especially downstream of
calcium-mediated apoptotic execution pathways, becomes critical
in understanding the mechanism and the development of a novel
target of pathogenesis of cardiovascular diseases.
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FIGURE 6 | PNS prevention of TG-induced ER stress and apoptosis is regulated by RyR,. (A) H9c2 cells, either untreated (CN group) or pretreated with 40 ug/ml
PNS for 12h (PNS group) before addition of 1uM TG (TG group or PNS plus TG group) for 12h, were immunoblotted to antibodies to RyR, and SERCA, as well as
B-actin. Bands were quantified relative to p-actin by densitometry. (B) Non-target control (NTC group) or RyR,-mfGFP (RyR,-mfGFP group) inducible stable HL-1 cell
lines were identified by immunofluorescence and immunoblot to anti-GFP antibody. Scale bar, 50um. (C) Non-target control (NTC group) or RyR,-mfGFP transfected
(RyR,-mfGFP group) HL-1 cells either untreated (CN group) or pretreated with 40 ug/ml PNS for 12 h before addition of 1uM TG for 12h (TG group or PNS plus

TG group) were immunoblotted with antibodies to BiP, CHOP, and Cleaved caspase-3 as well as p-actin. Bands were quantified relative to p-actin by densitometry.
(D) NTC or RyR,-mfGFP HL-1 cells treated as indicated in (C) were double-stained with Annexin V and PI, and analyzed by flow cytometry. Bar graph shows
percentage of Annexin V/PI double-positive cells. (Mean + SEM; NS, not significant; **P < 0.01 relative to CN group or indicated group.) RyR,, ryanodine receptor
type-2. SERCA,, sarco/endoplasmic reticulum Ca?*-ATPase; mfGFP; multifunctional GFP.
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FIGURE 8 | Mechanism of PNS protects ER stress-induced cell death. TG inhibits Ca?* re-uptake from ER to cytosol through SERCA, and thereby elevates intracellular
concentration and mitochondrial calcium uptake. TG disturbs the calcium homeostasis and causes protein-folding dysfunction, and thus, the accumulated misfolded/
unfolded proteins (e.g. BiP and CHOP) induce ER stress. Prolonged TG treatment initiates the intrinsic apoptotic pathway by permeabilizing the mitochondrial membrane
and thus releasing cytochrome ¢ and AlF to cytosol, resulting in apoptosome formation and leading to activation of caspase-3. PNS pretreatment significantly reduced

upregulation of BiP, CHOR, and Cleaved caspase-3 induced by TG. PNS reduced the elevation of cytosolic calcium transients, mitochondrial calcium uptake, as well as ER
calcium release in response to either TG or histamine. PNS decreases the RyR, expression, and PNS prevention of ER stress and associated apoptosis is mediated by RyR,
expression. These results suggest that by the intermediary through regulation of intracellular calcium homeostasis, especially suppression of ER calcium release mediated by
RyR, and thus inhibition of the cytosolic and mitochondrial calcium overload, PNS therefore protected against ER stress—induced cell death. AlF, apoptosis inducing factor.

Panax notoginseng saponins are the main active ingredients
of Panax notoginseng, which are derived from the rhizomes
of Araliaceae plant Panax notoginseng. Over the past 40 years,
numerous researchers have devoted their efforts to confirming
the effectiveness of PNS in cardiovascular diseases and strokes

(Liu et al.,, 2014; Duan et al., 2017). Presently, PNS is available
as an over-the-counter drug both in China and worldwide.
Furthermore, many in vitro experiments have shown that PNS
could regulate lipid metabolism and inflammation, reduce
myocardial damage, attenuate cardiomyocyte apoptosis, and
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inhibit platelet adhesion to injured endothelial cells (Fan et al.,
2012; Wang et al., 2016; Zhou et al., 2018). However, the effect of
PNS on ER stress and the associated cell death in cardiac myocytes
has not been reported.

The data presented in the current study provide insights into
the exploration of the critical mechanism of PNS prevention of
ER stress and the associated cell death in cardiac myocytes. Firstly,
we have demonstrated here that PNS significantly protects against
TG-induced ER stress and its associated apoptosis. Secondly, PNS
reduced the elevation of cytosolic calcium transients, mitochondrial
calcium uptake, as well as ER calcium release in response to either
TG or histamine. Lastly, PNS protection in TG-induced ER stress
and cell apoptosis is Ca?* dependent. In addition, PNS prevention
of ER stress and cell apoptosis is mediated by decreasing the RyR,
expression. Therefore, PNS is identified as a novel potential treatment
against cardiac myocyte death towards cell ER stress (Figure 8).

Calcium plays crucial roles in ER stress and cell death. Sustained
elevation of cytosolic Ca®* released from the ER results in cytosolic
Ca?* overload. Moreover, the interactions between the ER and
mitochondria facilitate the transfer of Ca?* between these two
organelles, which represents important mechanisms of apoptosis
regulation (Krebs et al., 2015). The downstream effectors of Ca?*-
induced cell death are also due to the induction of mitochondrial
permeability transition, which is induced upon entry of excessive
amounts of Ca?* into the matrix of mitochondria (Bernardi, 1999;
Kroemer and Reed, 2000).

We then investigated the cytosolic, mitochondrial, as well as
ER Ca?* dynamics in response to ER stressor TG stimulation. As
result, PNS pretreatment significantly reduced the peak amplitude
and total AUC elevation of cytosolic Ca?* without affecting the
basal cytosolic Ca** concentration. More importantly, PNS
pretreatment also attenuated the Ca?* uptake by mitochondria
without affecting the relative mitochondrial Ca?* concentration,
suggesting that PNS regulates cytosolic and mitochondrial
Ca?* overload upon TG and histamine stimulation, which may
be through reducing the ER Ca?* release. We then tested the
histamine-induced cytosolic Ca?* transients as well as TG-induced
ER calcium release dynamics. Again, these results show that PNS
pretreatment attenuated the peak amplitude of Ca?* release and
total AUC of the cytosolic Ca?* transients evoked by histamine
and TG-induced ER Ca?" release, suggesting that PNS-regulated
intracellular Ca?* homeostasis is mediated by ER Ca?* release.

To test whether the induction and reduction of cytosolic
Ca?* affects the prevention effect of PNS in ER stress response
and cell apoptosis, we first treated cells with cell-permeable
Ca?* chelator, Bapta-AM (Fu et al., 2011), and showed that PNS
significantly reduced the expression of BiP, CHOP, and apoptotic
gene Cleaved caspase-3 in response to TG. However, cells were
incubated with extracellular Ca?* containing Ca?* ionophore
ionomycin to induce elevation of cytosolic Ca?*, which prevents
PNS effects on protection against TG-induced ER stress and cell
death. This demonstrates that the reduction or elevation of the
intracellular Ca** plays important roles in PNS protection against
ER stress response and cell apoptosis.

The cardiac RyR, plays an important role in the cardiac
physiology by regulating the Ca?* release from the SR (Fu et al,

2008; Belevych et al., 2013). Expression of the RyR, is significantly
decreased by PNS pretreatment, suggesting that PNS has effects
on RyR, expression and thereby regulating ER Ca?* release.
This may be a critical element that affects the intracellular Ca?*
homeostasis and mediates PNS pro-survival activity. Next, the RyR,
overexpression cell line was generated to verify whether the RyR,
expression affects the PNS protection in ER stress and its associated
apoptosis. In RyR,-overexpressed HL-1 cells, PNS pretreatment
no longer prevents TG-induced ER stress and its associated cell
apoptosis, indicating that PNS prevention of TG-induced ER stress
response and associated cell death is mediated by RyR,. Finally,
PNS protective effects in TG-induced ER stress and associated cell
death as well as downregulation of RyR, expression were verified in
the primary cultured neonatal cardiomyocytes.

In the present study, we identified the signaling regulatory
pathway of PNS protection in ER stress—induced cell death in
cardiac myocytes. Our results characterized that PNS pretreatment
significantly reduced ER stress response and its associated cell
apoptosis. PNS reduced the elevation of cytosolic calcium transients,
mitochondrial calcium uptake, as well as ER calcium release. PNS
prevention of ER stress and cell apoptosis is mediated by RyR,
expression. These results suggest that PNS protects cardiac myocytes
against TG-induced ER stress and its associated cell apoptosis
through the intermediary regulation of intracellular calcium
homeostasis—the suppression of ER calcium release mediated by
RyR,—and thus the inhibition of the cytosolic and mitochondrial
calcium overload. Regulation of ER Ca?* release by PNS defines a
novel mechanism for the natural product medicine in the regulation
of ER stress response. PNS interaction with RyR,-mediated ER Ca?*
release may therefore contribute to the positive response of cardiac
myocytes to intracellular ER stress and its associated cell death.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The experimental protocol for using animals in this research
was approved by the Ethics Committee for Scientific Research
and Clinical Trials of the First Affiliated Hospital of Zhengzhou
University (2018-KY-96).

AUTHOR CONTRIBUTIONS

JC, RX, LiL, LLX, and JS carried out the experiments, WZ and XB
analyzed the data, and GL and LL designed the study and wrote the
manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by a grant from National Natural
Science Foundation of China (U1304804).

Frontiers in Pharmacology | www.frontiersin.org

14

September 2019 | Volume 10 | Article 1013


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org

Chen et al.

PNS Protects Cardiomyocytes ER Stress

REFERENCES

Belevych, A. E., Radwanski, P. B., Carnes, C. A, and Gyorke, S. (2013).
‘Ryanopathy’: causes and manifestations of RyR2 dysfunction in heart failure.
Cardiovasc. Res. 98 (2), 240-247. doi: 10.1093/cvr/cvt024

Benkusky, N. A., Farrell, E. E, and Valdivia, H. H. (2004). Ryanodine receptor
channelopathies. Biochem. Biophys. Res. Commun. 322 (4), 1280-1285. doi:
10.1016/j.bbrc.2004.08.033

Bernardi, P. (1999). Mitochondrial transport of cations: channels, exchangers,
and permeability transition. Physiol. Rev. 79 (4), 1127-1155. doi: 10.1152/
physrev.1999.79.4.1127

Berridge, M. ], Lipp, P, and Bootman, M. D. (2000). The versatility and
universality of calcium signalling. Nat. Rev. Mol. Cell Biol. 1 (1), 11-21. doi:
10.1038/35036035

Bers, D. M. (2002). Cardiac excitation-contraction coupling. Nature 415 (6868),
198-205. doi: 10.1038/415198a

Brewer, J. W, Cleveland, J. L., and Hendershot, L. M. (1997). A pathway distinct from
the mammalian unfolded protein response regulates expression of endoplasmic
reticulum chaperones in non-stressed cells. EMBO J. 16 (23), 7207-7216. doi:
10.1093/emboj/16.23.7207

Camargo, L. L., Harvey, A. P, Rios, F. J., Tsiropoulou, S., Da Silva, R. N. O., Cao, Z.,
et al. (2018). Vascular Nox (NADPH oxidase) compartmentalization, protein
hyperoxidation, and endoplasmic reticulum stress response in hypertension.
Hypertension 72 (1), 235-246. doi: 10.1161/HYPERTENSIONAHA.118.10824

Chang, P, Zhang, M., Zhang, X, Li, G., Hu, H., Wu, ],, et al. (2018). B-type natriuretic
peptide attenuates endoplasmic reticulum stress in H9¢2 cardiomyocytes
underwent hypoxia/reoxygenation injury under high glucose/high fat conditions.
Peptides. 111, 103-111. doi: 10.1016/j.peptides.2018.04.016

Choy, K. W,, Murugan, D., and Mustafa, M. R. (2018). Natural products targeting
ER stress pathway for the treatment of cardiovascular diseases. Pharmacol. Res.
132, 119-129. doi: 10.1016/.phrs.2018.04.013

Denmeade, S. R., and Isaacs, J. T. (2005). The SERCA pump as a therapeutic target:
making a “smart bomb” for prostate cancer. Cancer Biol. Ther. 4 (1), 14-22. doi:
10.4161/cbt.4.1.1505

Duan, L., Xiong, X., Hu, J., Liu, Y., Li, J., and Wang, J. (2017). Panax notoginseng
saponins for treating coronary artery disease: a functional and mechanistic
overview. Front. Pharmacol. 8, 702. doi: 10.3389/fphar.2017.00702

Eisner, D. A., Choi, H. S., Diaz, M. E., O’'Neill, S. C., and Trafford, A. W. (2000).
Integrative analysis of calcium cycling in cardiac muscle. Circ. Res. 87 (12),
1087-1094. doi: 10.1161/01.RES.87.12.1087

Fan, J. S, Liu, D. N,, Huang, G., Xu, Z. Z,, Jia, Y., Zhang, H. G,, et al. (2012). Panax
notoginseng saponins attenuate atherosclerosis via reciprocal regulation of lipid
metabolism and inflammation by inducing liver X receptor alpha expression.
J. Ethnopharmacol. 142 (3), 732-738. doi: 10.1016/j.jep.2012.05.053

Friedlander, R., Jarosch, E., Urban, J., Volkwein, C., and Sommer, T. (2000). A
regulatory link between ER-associated protein degradation and the unfolded-
protein response. Nat. Cell Biol. 2 (7), 379-384. doi: 10.1038/35017001

Fu, M., Li, L., Albrecht, T, Johnson, J. D., Kojic, L. D., and Nabi, I. R. (2011).
Autocrine motility factor/phosphoglucose isomerase regulates ER stress and
cell death through control of ER calcium release. Cell Death Differ. 18 (6),
1057-1070. doi: 10.1038/cdd.2010.181

Fu, M,, Li, R. X,, Fan, L., He, G. W,, Thornburg, K. L., and Wang, Z. (2008).
Sarcoplasmic reticulum Ca2+ release channel ryanodine receptor (RyR2) plays
a crucial role in aconitine-induced arrhythmias. Biochem. Pharmacol. 75 (11),
2147-2156. doi: 10.1016/j.bcp.2008.02.027

Hampton, R. Y. (2000). ER stress response: getting the UPR hand on misfolded
proteins. Curr. Biol. 10 (14), R518-R521. doi: 10.1016/S0960-9822(00)00583-2

Hu, J., Cheng, P, Huang, G. Y., Cai, G. W,, Lian, E Z., Wang, X. Y,, et al. (2018).
Effects of Xin-Ji-Er-Kang on heart failure induced by myocardial infarction: role
of inflammation, oxidative stress and endothelial dysfunction. Phytomedicine
42, 245-257. doi: 10.1016/j.phymed.2018.03.036

Huang, D., Yan, M. L., Chen, K. K., Sun, R., Dong, Z. E, Wu, P.L,, etal. (2018). Cardiac-
specific overexpression of silent information regulator 1 protects against heart
and kidney deterioration in cardiorenal syndrome via inhibition of endoplasmic
reticulum stress. Cell Physiol. Biochem. 46 (1), 9-22. doi: 10.1159/000488404

Huang, J. L., Jing, X., Tian, X., Qin, M. C,, Xu, Z. H., Wu, D. P, et al. (2017).
Neuroprotective properties of Panax notoginseng saponins via preventing

oxidative stress injury in SAMP8 mice. Evid. Based Complement. Altern. Med.
2017, 8713561. doi: 10.1155/2017/8713561

Kassan, M., Galan, M., Partyka, M., Saifudeen, Z., Henrion, D., Trebak, M., et al.
(2012). Endoplasmic reticulum stress is involved in cardiac damage and
vascular endothelial dysfunction in hypertensive mice. Arterioscler. Thromb.
Vasc. Biol. 32 (7), 1652-1661. doi: 10.1161/ATVBAHA.112.249318

Kim, J. H. (2018). Pharmacological and medical applications of Panax ginseng and
ginsenosides: a review for use in cardiovascular diseases. J. Ginseng Res. 42 (3),
264-269. doi: 10.1016/j.jgr.2017.10.004

Krebs, J., Agellon, L. B., and Michalak, M. (2015). Ca(2+) homeostasis and endoplasmic
reticulum (ER) stress: an integrated view of calcium signaling. Biochem. Biophys.
Res. Commun. 460 (1), 114-121. doi: 10.1016/j.bbrc.2015.02.004

Kroemer, G., and Reed, J. C. (2000). Mitochondrial control of cell death. Nat. Med.
6 (5), 513-519. doi: 10.1038/74994

Kushnir, A., Santulli, G., Reiken, S. R., Coromilas, E., Godfrey, S. J., Brunjes, D. L.,
et al. (2018). Ryanodine receptor calcium leak in circulating B-lymphocytes as
a biomarker in heart failure. Circulation. 138 (11), 1144-1154. doi: 10.1161/
CIRCULATIONAHA.117.032703

Liu, J., Wang, Y., Qiu, L., Yu, Y., and Wang, C. (2014). Saponins of Panax
notoginseng: chemistry, cellular targets and therapeutic opportunities in
cardiovascular diseases. Expert Opin. Investig. Drugs 23 (4), 523-539. doi: 10.1517/
13543784.2014.892582

Liu, Z., Zhang, J., Li, P, Chen, S. R., and Wagenknecht, T. (2002). Three-
dimensional reconstruction of the recombinant type 2 ryanodine receptor and
localization of its divergent region 1. J. Biol. Chem. 277 (48), 46712-46719. doi:
10.1074/jbc.M208124200

Loke, J., and MacLennan, D. H. (1998). Malignant hyperthermia and central core
disease: disorders of Ca2+ release channels. Am. J. Med. 104 (5), 470-486. doi:
10.1016/S0002-9343(98)00108-9

Lytton, J., Westlin, M., and Hanley, M. R. (1991). Thapsigargin inhibits the
sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calcium pumps.
J. Biol. Chem. 266 (26), 17067-17071.

Ma, L. Y, and Xiao, P. G. (1998). Effects of Panax notoginseng saponins on platelet
aggregation in rats with middle cerebral artery occlusion or in vitro and on lipid
fluidity of platelet membrane. Phytother. Res. 12 (2), 138-140. doi: 10.1002/
(SICT)1099-1573(199803)12:2<138::AID-PTR200>3.0.CO;2-C

Ma, Y., and Hendershot, L. M. (2004). ER chaperone functions during normal
and stress conditions. J. Chem. Neuroanat. 28 (1-2), 51-65. doi: 10.1016/j.
jchemneu.2003.08.007

Marx, S. O., Reiken, S., Hisamatsu, Y., Jayaraman, T., Burkhoff, D., Rosemblit, N.,
et al. (2000). PKA phosphorylation dissociates FKBP12.6 from the calcium
release channel (ryanodine receptor): defective regulation in failing hearts. Cell
101 (4), 365-376. doi: 10.1016/S0092-8674(00)80847-8

Padilla, J., and Jenkins, N. T. (2013). Induction of endoplasmic reticulum stress
impairs insulin-stimulated vasomotor relaxation in rat aortic rings: role of
endothelin-1. J. Physiol. Pharmacol. 64 (5), 557-564.

Palmer, A. E., Jin, C., Reed, J. C., and Tsien, R. Y. (2004). Bcl-2-mediated alterations
in endoplasmic reticulum Ca2+ analyzed with an improved genetically encoded
fluorescent sensor. Proc. Natl. Acad. Sci. U. S. A. 101 (50), 17404-17409. doi:
10.1073/pnas.0408030101

Rao, R. V., Peel, A., Logvinova, A., del Rio, G., Hermel, E., Yokota, T., et al.
(2002). Coupling endoplasmic reticulum stress to the cell death program: role
of the ER chaperone GRP78. FEBS Lett. 514 (2-3), 122-128. doi: 10.1016/
S0014-5793(02)02289-5

Santulli, G., Xie, W., Reiken, S. R., and Marks, A. R. (2015). Mitochondrial calcium
overload is a key determinant in heart failure. Proc. Natl. Acad. Sci. U. S. A. 112
(36), 11389-11394. doi: 10.1073/pnas.1513047112

Shan, J., Betzenhauser, M. J., Kushnir, A., Reiken, S., Meli, A. C., Wronska, A., et al.
(2010). Role of chronic ryanodine receptor phosphorylation in heart failure
and beta-adrenergic receptor blockade in mice. J. Clin. Invest. 120 (12), 4375-
4387. doi: 10.1172/]JCI37649

Shinozaki, S., Chiba, T., Kokame, K., Miyata, T., Kaneko, E., and Shimokado, K.
(2013). A deficiency of Herp, an endoplasmic reticulum stress protein,
suppresses atherosclerosis in ApoE knockout mice by attenuating inflammatory
responses. PLoS One 8 (10), €75249. doi: 10.1371/journal.pone.0075249

Thastrup, O., Cullen, P. ], Drobak, B. K., Hanley, M. R., and Dawson, A. P. (1990).
Thapsigargin, a tumor promoter, discharges intracellular Ca2+ stores by

Frontiers in Pharmacology | www.frontiersin.org

15

September 2019 | Volume 10 | Article 1013


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1093/cvr/cvt024
https://doi.org/10.1016/j.bbrc.2004.08.033
https://doi.org/10.1152/physrev.1999.79.4.1127
https://doi.org/10.1152/physrev.1999.79.4.1127
https://doi.org/10.1038/35036035
https://doi.org/10.1038/415198a
https://doi.org/10.1093/emboj/16.23.7207
https://doi.org/10.1161/HYPERTENSIONAHA.118.10824
https://doi.org/10.1016/j.peptides.2018.04.016
https://doi.org/10.1016/j.phrs.2018.04.013
https://doi.org/10.4161/cbt.4.1.1505
https://doi.org/10.3389/fphar.2017.00702
https://doi.org/10.1161/01.RES.87.12.1087
https://doi.org/10.1016/j.jep.2012.05.053
https://doi.org/10.1038/35017001
https://doi.org/10.1038/cdd.2010.181
https://doi.org/10.1016/j.bcp.2008.02.027
https://doi.org/10.1016/S0960-9822(00)00583-2
https://doi.org/10.1016/j.phymed.2018.03.036
https://doi.org/10.1159/000488404
https://doi.org/10.1155/2017/8713561
https://doi.org/10.1161/ATVBAHA.112.249318
https://doi.org/10.1016/j.jgr.2017.10.004
https://doi.org/10.1016/j.bbrc.2015.02.004
https://doi.org/10.1038/74994
https://doi.org/10.1161/CIRCULATIONAHA.117.032703
https://doi.org/10.1161/CIRCULATIONAHA.117.032703
https://doi.org/10.1517/13543784.2014.892582
https://doi.org/10.1517/13543784.2014.892582
https://doi.org/10.1074/jbc.M208124200
https://doi.org/10.1016/S0002-9343(98)00108-9
https://doi.org/10.1002/(SICI)1099-1573(199803)12:2<138::AID-PTR200>3.0.CO;2-C

https://doi.org/10.1002/(SICI)1099-1573(199803)12:2<138::AID-PTR200>3.0.CO;2-C

https://doi.org/10.1016/j.jchemneu.2003.08.007
https://doi.org/10.1016/j.jchemneu.2003.08.007
https://doi.org/10.1016/S0092-8674(00)80847-8
https://doi.org/10.1073/pnas.0408030101
https://doi.org/10.1016/S0014-5793(02)02289-5
https://doi.org/10.1016/S0014-5793(02)02289-5
https://doi.org/10.1073/pnas.1513047112
https://doi.org/10.1172/JCI37649
https://doi.org/10.1371/journal.pone.0075249

Chen et al.

PNS Protects Cardiomyocytes ER Stress

specific inhibition of the endoplasmic reticulum Ca2(+)-ATPase. Proc. Natl.
Acad. Sci. U. S. A. 87 (7), 2466-2470. doi: 10.1073/pnas.87.7.2466

Wang, M. M., Xue, M., Xu, Y. G., Miao, Y., Kou, N., Yang, L., et al. (2016). Panax
notoginseng saponin is superior to aspirin in inhibiting platelet adhesion to
injured endothelial cells through COX pathway in vitro. Thromb. Res. 141,
146-152. doi: 10.1016/j.thromres.2016.03.022

Wang, N., Wan, J. B, Chan, S. W,, Deng, Y. H.,, Yu, N., Zhang, Q. W,, et al. (2011).
Comparative study on saponin fractions from Panax notoginseng inhibiting
inflammation-induced endothelial adhesion molecule expression and
monocyte adhesion. Chin. Med. 6, 37. doi: 10.1186/1749-8546-6-37

Xu, Y., Wu, L., Chen, A, Xu, C, and Feng, Q. (2018). Protective effects of
olive leaf extract on acrolein-exacerbated myocardial infarction via an
endoplasmic reticulum stress pathway. Int. J. Mol. Sci. 19 (2), 493. doi:
10.3390/ijms19020493

Yuan, Z., Liao, Y., Tian, G., Li, H., Jia, Y., Zhang, H., et al. (2011). Panax
notoginseng saponins inhibit Zymosan A induced atherosclerosis
by suppressing integrin expression, FAK activation and NF-kappaB
translocation. J. Ethnopharmacol. 138 (1), 150-155. doi: 10.1016/j.
jep.2011.08.066

Zheng, M., Qu, L., and Lou, Y. (2008). Effects of icariin combined with Panax
notoginseng saponins on ischemia reperfusion-induced cognitive impairments
related with oxidative stress and CA1 of hippocampal neurons in rat. Phytother.
Res. 22 (5), 597-604. doi: 10.1002/ptr.2276

Zhou,Z., Wang, J., Song, Y., He, Y., Zhang, C., Liu, C., etal. (2018). Panax notoginseng
saponins attenuate cardiomyocyte apoptosis through mitochondrial pathway
in natural aging rats. Phytother. Res. 32 (2), 243-250. doi: 10.1002/ptr.5961

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Chen, Xue, Li, Xiao, Shangguan, Zhang, Bai, Liu and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

16

September 2019 | Volume 10 | Article 1013


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1073/pnas.87.7.2466
https://doi.org/10.1016/j.thromres.2016.03.022
https://doi.org/10.1186/1749-8546-6-37
https://doi.org/10.3390/ijms19020493
https://doi.org/10.1016/j.jep.2011.08.066
https://doi.org/10.1016/j.jep.2011.08.066
https://doi.org/10.1002/ptr.2276
https://doi.org/10.1002/ptr.5961
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Panax Notoginseng Saponins Protect Cardiac Myocytes Against Endoplasmic Reticulum Stress and Associated Apoptosis Through Mediation of Intracellular Calcium Homeostasis

	Introduction

	Materials and Methods

	Chemicals

	High-Performance Liquid Chromatograph

	Cell Lines Culture and Treatments

	Primary Culture of Neonatal Rat Cardiomyocytes and Purification Identification

	Cell Viability Assay

	Immunofluorescence Assays

	Flow Cytometry Analysis

	Cytosolic and Mitochondria Ca2+ Measurements

	ER Ca2+ Measurements

	Western Blot Analyses

	Inducible RyR2 Gene Overexpression Cell Lines

	Statistical Analyses


	Results

	PNS Compound Identification

	PNS Protects TG-Induced ER Stress and Associated Cell Death

	PNS Suppresses Intracellular Ca2+ Homeostasis

	PNS Prevention of TG-Induced ER Stress and Associated Cell Apoptosis Is Ca2+ Dependent

	RyR2 Mediates PNS Protection Against the ER Stress Response and Apoptosis


	Discussion

	Data Availability

	Ethics Statement

	Author Contributions

	Funding

	References



