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Abstract: Shenmai (SM) injection has been reported to attenuate ischemia-reperfusion (I/R) injury, but its effect on
energy metabolism during I/R and the underlying mechanism remain unknown. To explore the protective mecha-
nism of SM on ischemic cardiomyopathy, primary cardiomyocytes from SD rats were treated with SM, total sapo-
nins of Panax ginseng (TSPG), L-carnitine (LC) and trimetazidine (TMZ). Changes in glucose, free fatty acids (FFAs),
pyruvic acid (PA), lactic acid (LA) and intracellular ATP capacity were observed with the appropriate assays. For
each treatment group, the key enzymes and transporters of myocardial energy metabolism were detected and
compared via Western blot. Furthermore, impairments after I/R were assessed by examining cardiomyocyte apop-
tosis and LDH and PK activity in the culture medium. Our results indicated that SM and TSPG markedly alleviated
the decrease in key enzymes and transporters and the utilization of metabolic substrates following I/R, while SM
prevented aberrant apoptosis and restored the depleted ATP resulting from I/R. Notably, the effects of SM were
superior to those of its main components TSPG, LC and TMZ. Thus, the protective effect of SM in ischemic cardio-
myopathy may be mediated by the upregulation of key enzymes and restoration of the depleted ATP content in the
energy metabolism process.
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Introduction

Ischemic heart diseases, especially acute myo-
cardial ischemia, have remained the leading
cause of death in both developed and develop-
ing countries over the past quarter century. The
prognosis of patients with acute myocardial
infarction has dramatically improved with the
development of highly successful approaches
to restore blood flow to ischemic tissue by pri-
mary percutaneous coronary intervention and
thrombolytic therapy. Paradoxically, while coro-
nary reperfusion improves the prognosis of
acute myocardial infarction patients, it also
leads to myocardial reperfusion injury by ex-
tending myocardial damage within the ischemic
period [1]. Therefore, intervention to alleviate
reperfusion injury at the time of coronary recan-
alization is considered a promising strategy to
further decrease infarct size and improve prog-

nosis after myocardial infarction. Many studies
have shown that myocardial energy deficiency,
overexpression of metabolic enzymes and gene
abnormalities can alter myocardial function
and highly affect recovery. A previous study
demonstrated that trimetazidine (TMZ) treat-
ment significantly stimulates the cardiac AMP-
activated protein kinase (AMPK) and extracel-
lular signal-regulated kinase (ERK) signaling
pathways. TMZ activates AMPK signaling and
modulates substrate metabolism by shifting
fatty acid oxidation (FAO) to glucose oxidation
during reperfusion, leading to reduced oxidative
stress in I/R hearts [2]. However, I/R injury is a
process that is initiated in the ischemic phase
due to hypoxia and exacerbated in the reperfu-
sion phase, during which mitochondria, particu-
larly ATPase, play a central role [3]. ATPase has
been reported to respond to I/R by changing
the expression of subunit protein(s) [4, 5], lead-
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ing to ATPase dysfunction. ATPase dysfunction
results in ATP depletion, affecting all cellular
energy-consuming processes, and is also impli-
cated in the progression of apoptosis [6]. Thus,
maintaining mitochondrial structure and func-
tion is expected to be a promising strategy for
protection against cardiac I/R injury. Previous
studies showed that the induction of cardio-
myocyte hypoxia results in a significant down-
regulation of the expression of proteins related
to energy metabolism and mitochondrial func-
tion, and the results confirmed that myocardial
ischemia can induce decreases in ATP syn-
thase [7]. In this study, we explored the mecha-
nisms underlying the upregulation of key en-
zymes in metabolic pathways and the preserva-
tion of intracellular ATP capacity to reduce cell
apoptosis and improve cardiac function follow-
ing I/R, which may be important targets for the
development of new treatment approaches for
ischemic heart disease.

Shenmai (SM), which is used as a traditional
Chinese medicine, is derived from a traditional
decoction named Shenmai yin prescribed by
the famous traditional Chinese medicine doc-
tor Si-miao Sun in the Tang dynasty. SM, which
consists of Panax ginseng and Ophiopogon
japonicas [8], is usually used in China in com-
plement with Western treatments for heart dis-
ease. SM has been approved for market use by
the China Food and Drug Administration (CFDA)
for the treatment of chronic corpulmonale heart
failure since 1995. According to traditional
Chinese medicine theory, SM benefits qi, nour-
ishes yin, and replenishes bodily fluids. It is
widely used for the treatment of qi-yin deficien-
cy in shock, coronary heart disease, chronic
pulmonary heart disease, viral myocarditis, and
malignant diseases [9]. The relatively higher
active components of SM are ginsenoside Rb1,
Rb2, Re, Rd, Re, Rg1, and Ophiopogon saponin
D [10]. Recent clinical research has shown that
SM plus routine drug therapy results in a signifi-
cant improvement in the New York Heart
Association (NYHA) functional classification
[11]. Furthermore, many clinical trials have
shown that SM benefits patients with chronic
corpulmonale heart failure. A recent study [12]
reported that SM improved the left ventricular
ejection fraction (LVEF) in gerontal patients
with chronic heart failure. SM is reportedly
responsible for antioxidant activity when used
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to treat chronic heart failure [13], and the anti-
oxidative effect of SM on myocardial injury and
its ability to improve cardiac microcirculation by
eradicating oxygen free radicals have been
observed [14]. In addition, early studies have
demonstrated that the effect of SM on intracel-
lular Ca?* homeostasis, especially on reducing
phospholamban inhibition, has a myocardial
protective effect on reperfusion after myocar-
dial infarction [15]. Some studies report that
the active components of SM ameliorate myo-
cardial ischemia-reperfusion (I/R) injury in rats.
Ginsenoside Rb3 significantly attenuated the
changes in creatine kinase activity and lactate
dehydrogenase (LDH) activity to ameliorate
myocardial I/R injury in rats [16]. Ginsenoside
Rb1 protects against I/R-induced myocardial
injury via energy metabolism regulation medi-
ated by the RhoA signaling pathway [17]. Total
saponins protect against myocardial I/R injury
through the AMPK pathway [18]. Although sev-
eral active compounds of SM have cardiopro-
tective effects, no scientific studies have inves-
tigated the mechanism of SM for the treatment
of acute myocardial injury. Recent experiments
have indicated that the hypoxia-induced impair-
ment of energy metabolism and mitochondrial
function can be attenuated by SM in primary
cultured cardiac myocytes. The findings sug-
gest that SM and its components can restore
energy metabolism and mitochondrial function
through the multitargeted activation or sup-
pression of related protein levels [7]. However,
whether the myocardial protection conferred by
SM and total saponins of Panax ginseng (TSPG)
during I/R function directly involves the selec-
tion, utilization and production of energy sub-
strates and key regulatory enzymes in meta-
bolic processes remains unclear.

In the present study, from the perspective of
metabolomics, the selection and utilization of
energy substrates in myocardial cells treated
with SM, TSPG and TMZ were compared to
determine the protective mechanism of SM
and TSPG after I/R. Changes in the myocardial
energy (substrate) transporter and key enzymes
of myocardial energy metabolism were also
systematically studied. Whether the traditional
Chinese medicine compound is superior to
monomer saponins in improving cardiac func-
tion according to the related energy metabo-
lism pathway was also evaluated.
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Materials and methods
Materials

SM was obtained from Chia Tai Qingchunbao
Pharmaceutical Co., Ltd. (Hangzhou, China). TS-
PG (purity, >80%) was obtained from Shanghai
Winherb Medical Science Co., Ltd. (Shanghai,
China). Reference standards of ginsenosides
Re, Rgl, and Rbl (purity, >99%) were pur-
chased from the Chinese National Institute for
the Control of Pharmaceutical and Biological
Products (Beijing, China). Acetonitrile of HPLC
grade was obtained from Fisher Scientific (New
Jersey, USA), and purified water was purchased
from Robust Company (Hangzhou, China). TR-
1zol® reagent was purchased from Invitrogen
Life Technologies (Carlsbad, CA, USA). The
PrimeScript™ RT reagent kit and SYBR® Premix
Ex Tag™ Il were obtained from Takara Bio, Inc.
(Otsu, Japan). Primers for the reverse transcrip-
tion-quantitative polymerase chain reaction
(RT-gPCR) were purchased from Sangon Bio-
tech Co., Ltd. (Shanghai, China). L-carnitine (LC)
formulations were purchased from Sigma-Tau
Industrie Farmaceutiche Riunite S.p.A. (Rome,
Italy). Trimetazidine was purchased from Ser-
vier Industry Laboratories (France). Dulbecco’s
Modified Eagle’s Medium (DMEM) and trypsin
solution (2.5 g/L trypsin solubilized in Hank’s
balanced salt solution (HBSS) solution without
Ca or Mg) were purchased from Gino Bioph-
armaceutical Technology Co., Ltd. (Hangzhou,
China). Fetal bovine serum (FBS) and collage-
nase type Il were purchased from Invitrogen
Life Technologies (Grand Island, N.Y., USA).
5-Bromo-2’-deoxyuridine and the ADP/ATP ratio
assay kit were obtained from Sigma-Aldrich Co.
LLC (USA). The LDH, pyruvate (PA), glucose, lac-
tic acid (LA) and free aliphatic acid content
assay kits were purchased from Solarbio
Science & Technology Co., Ltd. (Beijing, China).
Rabbit antibodies for mitochondrial uncoupling
protein 3 (UCP3), fructose 6 phosphate kinase
(PFKM), citrate synthetase, glucose transporter
4 (Glutd), carnitine palmitoyl transferase 1B
(CPT1B), acyl-CoA dehydrogenase long chain
(ACADL), acyl-CoA dehydrogenase medium ch-
ain (ACADM), cluster of differentiation 36 (CD-
36), isocitrate dehydrogenase, oxoglutarate
dehydrogenase (OGDH), cardiac troponin I,
pyruvate kinase (PK) assay Kit, secondary anti-
body of donkey anti-sheep IgG H&L (HRP) and
goat anti-rabbit 1IgG H&L (Alexa Fluor8) were
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purchased from Abcam (USA). Mouse anti-p-
actin was purchased from Affinity Biosciences.
The secondary antibodies horseradish peroxi-
dase-labeled IgG (goat anti-rabbit and anti-
mouse) and BeyoECL Plus were purchased
from Beyotime Biotechnology Co., Ltd. (Sh-
anghai, China). The Annexin V/propidium iodide
(PIl) assay kit was obtained from BD Biosciences
(Franklin Lakes, NJ, USA). Other materials were
acquired from Sigma (USA).

Animals

Neonatal Sprague-Dawley (SD) rats (within 24
hours of birth) were purchased from Zhejiang
Academy of Medical Sciences (Zhejiang, China).
The study was carried out in strict accordance
with the Guide for the Care and Use of La-
boratory Animals published by the U.S. National
Institutes of Health. In addition, the protocol
utilized during the study was approved by the
Ethics Committee of Zhejiang Provincial Peo-
ple’s Hospital (Hangzhou, China).

Cardiomyocyte isolation and cell culture

Cardiomyocytes were isolated from the hearts
of newborn SD rats and cultured as previously
described with minor modifications [19]. To
obtain myocardial cells, myocardial tissue was
digested with 0.1% collagenase Il (Invitrogen
Life Technologies) and 0.125% trypsin solution
(Gino Biopharmaceutical Technology Co., Ltd.
Hangzhou, China) for 10 min at 37°C. After cen-
trifugation, the supernatant was discarded, and
the cell particles were resuspended in culture
medium containing 10% FBS. These steps were
repeated until the hearts were completely
digested. Cells are placed in Petri dishes for 90
min to allow fibroblasts to adhere to the dish
and to obtain purer cardiomyocytes. To inhibit
the growth of other types of cells, myocardial
cells were cultured in DMEM containing 10%
FBS, 100 IU/ml 0.3% penicillin-streptomycin
and 0.1 mM 5-bromo-2'-deoxyuridine (Invi-
trogen Life Technologies). After 48-72 hours of
culture, subsequent myocardial cell experi-
ments were carried out. Cardiomyocytes were
randomly divided into the following six groups:
normoxia (N), I/R, cotreatment with TMZ and
I/R (I/R+TMZ), cotreatment with TSPG and I/R
(I/R+TSPG), cotreatment with LC and I/R (l/
R+LC) and cotreatment with SM and I/R (l/
R+SM).
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Hypoxia/reoxygenation treatment protocol

Cardiomyocytes were pretreated with SM (25
ml/L), TSPG (7.5 mg/L), TMZ (30 mol/L) or LC
(25 ml/L) for 24 hours and then washed with
HBSS containing 5 mM HEPES, 137 mM NaCl,
4 mM KCI, 1 mM MgCl, and 1.5 mM CaCl, (pH
7.2). To simulate myocardial ischemia in vivo,
sugar-free DMEM was added, and the cells
were incubated at 37°C. Then, N, (95%) and 5%
CO, were injected into the incubator to reduce
the oxygen concentration to 1% and induce
hypoxia for 6 hours. The cells were then cul-
tured in DMEM+4.5 g/I glucose under normal
oxygen for 12 hours to simulate the reoxygen-
ation process.

Immunofluorescence staining

Immunocytochemistry was performed as previ-
ously described [20]. Briefly, cells were fixed,
permeabilized, washed, blocked, and incubat-
ed with anti-cardiac troponin | antibodies over-
night at 4°C. Cells were then washed and incu-
bated with goat anti-rabbit 1gG H&L (Alexa
Fluor?f488) for 1 h at room temperature, and
nuclei were stained for 10 min with DAPI (10
mg/ml; Sigma-Aldrich Co., St. Louis, MO). Stai-
ned cells were observed by fluorescence mi-
croscopy (Olympus, Tokyo, Japan). Image-Pro
Plus version 6.0 software was used to quantify
the fluorescence intensity of the cells.

Quantitative analysis of SM

The main SM components were quantitated by
high-performance liquid chromatography (HP-
LC) fingerprint analysis in combination with pat-
tern recognition techniques on an Agilent 1290
instrument (Agilent, America) as previously
described [11, 21, 22] according to the Chinese
Pharmacopoeia (2010) with slight modifica-
tions. All components were separated on a
Diamond C18 column (4.6 mm x 250 mm, 5
um) at a flow rate of 1.0 mL/min. The column
temperature was 30°C, and the wavelength
was set to 203 nm. The mobile phase com-
prised 0.1% phosphate in pure water (A) and
acetonitrile (B), and a gradient elution was per-
formed as follows: 10 min (90%, A), 25 min
(80%, A), 60 min (60%, A), 90 min (45%, A), and
100 min (40-0%, A). All data were processed
using Open LAB CDS Chemstation (Agilent,
America).
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ADP/ATP assay

The intercellular ATP and ADP contents were
measured by a luciferin-luciferase assay (ADP/
ATP Ratio Assay Kit, Sigma-Aldrich) as previ-
ously described with slight modifications [23,
24]. In brief, according to the manufacturer’s
instructions, 10 ul of cultured resuspended
cells (10%-10%) were transferred to a 96-well
plate. Then, 90 pl of ATP reagent and 5 pl of
ADP reagent were added to each well of the
plate. The ADP/ATP ratio was calculated using
the formula from the assay Kkit.

LDH and PK measurements

After treatments, the culture medium and cells
were collected to measure LDH and PK levels
using commercial kit reagents according to the
manufacturer’s instructions.

Annexin V/Pl assay

Briefly, cardiac myocytes were collected, wa-
shed with phosphate buffer without Ca?* and
suspended in conjugate buffer. The cells were
incubated at room temperature with Annexin V
and PI (5 yM/L) for 15 min, and the cardiac
myocytes were then analyzed on a flow cytom-
eter (FC500MCL; Beckman Coulter, Brea, CA,
USA).

Total MRNA isolation and quantitative RT-PCR
analysis

Total mMRNA was extracted from the cardiomyo-
cytes using TRIzol reagent according to the
manufacturer’s instructions. The total RNA con-
centration was measured at 260 nm. The
PrimeScript RT reagent kit was used to reverse-
transcribe the total RNA via RT-PCR. Gene
expression was quantified with the CFX96
Touch™ Real-Time PCR Detection System (BIO-
RAD, California, USA) using SYBR Premix Ex Taq
Il and gene-specific primers (Table 1). Individual
100 ng cDNA samples were amplified under
the following cycle conditions: 95°C for 30 sec,
followed by 40 cycles of 5 sec at 95°C and 34
sec at 60°C. The standard curve was generat-
ed with sequence-diluted cDNA synthesized
from neonatal rat cardiac tissue (1.5-50 ng) to
determine the efficiency of PCR, and similar
results were obtained in all groups. The mRNA
expression levels of CD36, CPT1B, ACADL,
ACADM, UCP3, OGDH, PFKM, GLUT4, citrate
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Table 1. Primer sequences for RT-PCR analysis

Primers Sequences (5-3")
CD36 Forward ATGGGCTGTGATCGGAACTG
Reverse GTCTTCCCAATAAGCATGTCTCC
CPT1B Forward GCACACCAGGCAGTAGCTTT
Reverse CAGGAGTTGATTCCAGACAGGTA
ACADL Forward TCTTTTCCTCGGAGCATGACA
Reverse GACCTCTCTACTCACTTCTCCAG
ACADM Forward AGGGTTTAGTTTTGAGTTGACGG
Reverse CCCCGCTTTTGTCATATTCCG
UcpP3 Forward CTGCACCGCCAGATGAGTTT
Reverse ATCATGGCTTGAAATCGGACC
OGDH Forward AGGGCATATCAGATACGAGGG
Reverse CTGTGGATGAGATAATGTCAGCG
PFKM Forward TGTGGTCCGAGTTGGTATCTT
Reverse GCACTTCCAATCACTGTGCC
GLUT4 Forward GTGACTGGAACACTGGTCCTA
Reverse CCAGCCACGTTGCATTGTAG
Citrate synthetase Forward GGACAATTTTCCAACCAATCTGC
Reverse TCGGTTCATTCCCTCTGCATA
Isocitrate dehydrogenase Forward ATGCAAGGAGATGAAATGACACG

Beta-actin

Reverse
Forward
Reverse

GCATCACGATTCTCTATGCCTAA
GGAGATTACTGCCCTGGCTCCTA
GACTCATCGTACTCCTGCTTGCTG

rabbit anti-Ucp3 (1:1,000), rabbit
anti-ACADM (1:1,000), rabbit anti-
ACADL (1:2,000), rabbit anti-citrate
synthetase (1:1,000), rabbit anti-
CD36 (1:1,000), rabbit anti-isoci-
trate dehydrogenase (1:1,000), rab-
bit anti-OGDH (1:1,000), goat anti-
M-CK (1:1,0000) and anti-beta-
actin (1:1,000) overnight at 4°C.
The anti-rabbit IgG antibody label-
ed with horseradish peroxidase
(1:1,000) was detected at room
temperature for 1 hour, and the
immunoreaction bands were obser-
ved by ECL-Plus reagent. Quantity
One software 4.6.2 (Bio-Rad Labo-
ratories, Inc., Berkeley, CA, USA)
was used to analyze the signal
intensity of each band, which was
compared with that of the loading
control beta-actin to calculate the
corresponding protein level.

Metabolic substrate assay

After treatment, the culture medi-
um was collected to measure the

synthetase and isocitrate dehydrogenase were
evaluated relative to those of beta-actin and
calculated by the standard curve and 2-AACt
methods.

Western blot analysis

Isolated cardiomyocytes were dissolved in a
radioimmunoprecipitation assay buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40,
10.5% sodium deoxycholate, 5% sodium dodec-
yl sulfate and 1 mM benzyl sulfonyl-enamel
buffer. The total protein concentration was
quantitatively determined using a BCA protein
quantitative detection kit (Beyotime Biotech-
nology Co., Ltd. Shanghai, China). The protein
was separated on 10-12% alkyl sulfate poly-
acrylamide. The protein was separated on
twelve 10% alkyl sulfate polyacrylamide gels
and then transferred to a polyvinylidene fluo-
ride membrane. Nonspecific proteins were
blocked in 5% skim milk incubated in Tris buffer
containing 0.05% Tween-20 for 1 hour. The pro-
teins were detected with the primary antibod-
ies rabbit anti-CPT1B (1:1,000), rabbit anti-
PFKM (1:1,000), rabbit anti-Glut4 (1:1,000),
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PA, glucose, LA and free aliphatic

acid contents using commercial
reagents according to the manufacturer’s
instructions.

Statistical analysis

Data are presented as the means + SD. One-
way analysis of variance and Student’s t-tests
were used to determine the statistical signifi-
cance of differences between groups using
SPSS software, version 19.0 (IBM SPSS, Ar-
monk, NY, USA). P<0.05 was considered to indi-
cate a statistically significant difference.

Results
Determination of primary cardiac cell purity

Primary cultures of neonatal rat cardiomyo-
cytes have been widely used in studies of vari-
ous cardiovascular diseases. To obtain primary
cardiomyocytes with good activity and high
purity, isolated cardiomyocytes were cultured
for 72 hours. Cellular immunofluorescence de-
tection [25] was used for identification. The
fluorescence intensity of the cells was quanti-
fied, which revealed a cardiomyocyte purity
greater than 95% (Figure 1).
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TNI DAPI

Figure 1. Observation of cardiomyocytes under confocal microscopy. Anti-labeled
actin conjugated by second antibody is shown in yellowish green (B); nuclei are
labeled by DAPI in blue (A). Combined fluorescence of the cytoplasm and nuclei
of cardiac muscle cells (C). Cardiomyocyte purity was calculated by observing 5
random fields of view and counting 200 cells in each field (97.1+1.9)%.

Quantitation of SM by HPLC fingerprint analy-
sis

Original discrimination and quality control of
SM was performed with HPLC fingerprint analy-
sis to determine the content of TSPG in SM. The
method was validated for parameters such as
precision, repeatability and stability. As report-
ed previously [26], the batch sample analyses
and characteristic records of SM were main-
tained. According to the reference standards
fingerprint, the peak areas of ginsenosides Re,
Rgl, and Rbl at the corresponding retention
times (39.930 min, 40.322 min, 55.801 min,
respectively) were used to calculate the total
contents of Re, Rg1, and Rb1 in SM as 0.3 mg/
ml. Ginsenosides Re, Rgl, and Rb1l were the
major bioactive components of TSPG. The HPLC
chromatogram of SM including ginsenosides as
a standard is shown in Figure 2, and the SM
fingerprint shows that the TSPG content in SM,
represented by the total contents of Re, Rg1,
and Rb1, was 0.3 mg/ml.

Effects of SM, LC, TSPG and TMZ on LDH and
PK release levels following I/R injury

To evaluate the cytoprotection of SM, LC, TSPG
and TMZ against I/R injury, rat cardiomyocytes
were subjected to I/R, and the resulting LDH
and PK release levels were compared with
those in normoxic cells. As shown in (Figure 3A,
3B), the LDH and PK levels in the I/R group
were higher than those in the control group
(P<0.01), showing that SM, LC, TSPG and TMZ
markedly reduced LDH and PK activity (Figure
3A, 3B). Furthermore, SM pretreatment signifi-
cantly decreased the LDH and PK levels (P<

4051

0.01). During I/R of cardio-
myocytes, the SM group ex-
hibited more significant al-
terations in the release of
LDH than the TSPG group
(P<0.01, I/R+SM vs. I/R+
TSPG). The PK release level
was significantly decreased
. \ =z in the SM group compared
MERGE with that in the TSPG group
(P<0.05, I/R+SM vs. I/R+
TSPQ). Therefore, the pro-
tective effects of SM pre-
treatment were superior to
those of TSPG (Figure 3).

g

Effects of SM, LC, TSPG
and TMZ on the ATP content in cardiac myo-
cytes following I/R injury

To investigate the effects of SM, LC, TSPG and
TMZ on energy metabolism and mitochondrial
function in myocardial cells after I/R injury, the
intercellular ATP contents and ADP/ATP ratio
were measured. As presented in Figure 4A, the
ATP content in the I/R group was lower than
that in the normal group, while the ADP/ATP
ratio was higher in the I/R group than in the
normal group (Figure 4B). SM, TSPG and TMZ
markedly restored the ATP content in cardio-
myocytes during I/R, and SM exerted the most
significant effect among all the components
analyzed (P<0.01). Furthermore, the intercellu-
lar ATP content in the SM group was significant-
ly higher than that in the TSPG group after I/R
(P<0.05, I/R+SM vs. |/R+TSPQG). Treatment of
I/R with TSPG (I/R+TPSG) or SM (I/R+SM) re-
sulted in significant reductions in the ADP/ATP
ratio, with SM treatment showing the most
marked effect (P<0.01) (Figure 4).

Effects of SM, LC, TSPG and TMZ on differen-
tial mMRNA expression levels

To explore the molecular mechanisms by which
SM, LC, TSPG and TMZ protect against I/R inju-
ry, rat myocardial cells were subjected to I/R,
and the resulting levels of mRNAs in the myo-
cardial energy metabolism pathway were com-
pared with those in normoxic cells by RT-PCR
analysis. The expression levels of free fatty
acid (FFA) metabolism- and glucose metabo-
lism-related genes were significantly decreased
after I/R injury (P<0.01) (Figure 5). Treatment
of the I/R cells with SM (I/R+SM), TSPG (l/

Am J Transl Res 2019;11(7):4046-4062



Shenmai injection regulates energy metabolism in cardiomyocytes

A mAU 4 3
] Re,Rg1,Rb1 3
! 8
S
20 1 H

2
&
8

30 35 40 45 85 mn
B mau @ g
8 § 2
SM 3 .
o~
3 3
& ~
a3 8
6 5
>
G o
o
\
= 2
3
2 B
T T T T T T T
20 as 40 45 50 55 ] 65 mn

Figure 2. HPLC fingerprint of Shenmai injection and ginsenosides Re, Rg1l and Rbl as reference standards. A.
Chromatogram of reference standards: 1 represents ginsenoside Re; 2 represents ginsenoside Rgl; 3 represents
ginsenoside Rb1. B. Representative chromatogram of Shenmai injection samples: No. 1-3 represent the common
peaks with reference standards Re, Rg1 and Rb1, respectively.
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Figure 3. Injury of cardiomyocytes in different treatment groups was detected by LDH measurements and PK release
levels. A. Release level of LDH in medium of different treatment groups. B. Release level of PK in medium of different
treatment groups. The data are expressed as the mean + SD. The experiments were repeated 10 times (n=10). A.
*%*P<0.01 compared with the normal group; *P<0.01, #P<0.01, *P<0.01, *P<0.01 compared with the I/R group;
#P<0.01 compared with the |/R+TSPG group. B. **P<0.01 compared with the normal group; *P<0.01, #P<0.01,
&P<0.01, #P<0.05 compared with the I/R group; #P<0.01 compared with the I/R+TSPG group. N, normoxia.
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Figure 4. Production and utilization of energy in cardiomyocytes presented by intracellular ATP levels and ADP/ATP
ratios in normoxic and I/R conditions following SM, LC, TSPG and TMZ treatment. A. The intracellular ATP levels of
the different treatment groups. B. The ADP/ATP ratios of the different treatment groups. The data are expressed
as the mean + SD. The experiments were repeated 10 times (n=10). A. **P<0.01 compared with the normal
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Figure 5. Effects of SM, LC, TSPG and TMZ on CD36, CPT1B, ACADL, ACADM, UCP3, OGDH, PFKM, GLUT4, citrate syn-
thetase and isocitrate dehydrogenase mRNA expression following I/R in cardiomyocytes. (A) Evaluation of FFA me-
tabolism-related gene expression after I/R injury by RT-PCR analysis. (B) Evaluation of glucose metabolism-related
gene expression after I/R injury by RT-PCR analysis. Beta-actin was used as the loading control. Data are expressed
as the mean + standard deviation (n=6). (A) mRNA levels of CD36, CPT1B, ACADL, ACADM and UCP3, **P<0.01 vs.
N; %P<0.01 vs. I/R. (A. CD36, CPT1B, ACADL, UCP3) #P<0.05 vs. I/R; #P<0.05 vs. I/R. (A. CD36, ACADL) ¥P<0.05
vs. I/R. (A. ACADM) #P>0.05, #P>0.05 and ¥P>0.05 vs. I/R. (B) mRNA levels of OGDH, PFKM, GLUT4, citrate syn-
thetase and isocitrate dehydrogenase, **P<0.01 vs. N; 4P<0.01 vs. I/R. (B. OGDH, GLUT4) #P<0.05, #P<0.05 and
4P<0.05 vs. I/R. (B. OGDH, PFKM, citrate synthetase and isocitrate dehydrogenase) 4P<0.05 vs. I/R+TSPG; (B.
PFKM, citrate synthetase and isocitrate dehydrogenase) #P>0.05 vs. I/R. N, normoxia.

R+TSPG) and TMZ (I/R+TMZ) resulted in the sig- nase were not significantly affected by TSPG,
nificant upregulation of CD36, CPT1B, ACADL LC or TMZ (P>0.05). Comparison of the OGDH
and UCP3 mRNA levels, with SM treatment and GLUT4 mRNA levels among the LC, TSPG
showing the most marked effect (P<0.01). and TMZ treatment groups showed significant
However, the mRNA level of ACADM was not sig- increases following |/R treatment (P<0.05).
nificantly altered by treatment with TMZ, TSPG

or LC (P>0.05) (Figure 5A). The I/R+SM group Effects of SM, LC, TSPG and TMZ on differen-
exhibited significantly increased mRNA levels tially expressed proteins in the fatty acid meta-
of OGDH, PFKM, GLUTA4, citrate synthetase and bolic pathway

isocitrate dehydrogenase (P<0.01) (Figure 5B).

However, the gene expression levels of PFKM, Western blots were performed to examine the
citrate synthetase and isocitrate dehydroge- levels of proteins related to the fatty acid meta-
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bolic pathway and mitochondrial function, such
as CD36, CPT1B, ACADL, ACADM and UCP3,
revealing that myocardial ischemia decreased
the protein expression of CD36 (P<0.01), CP-
T1B (P<0.01), ACADL (P<0.01), ACADM (P<
0.01), and UCP3 (P<0.01) (Figure 6). Following
SM, TSPG or TMZ treatment, the protein expres-
sion levels of CD36, CPT1B, ACADL and UCP3
were significantly increased (P<0.05), while SM
consistently exhibited a better efficacy than
TSPG and TMZ. However, the treatment effect
of LC was not significant (P>0.05), and the
expression level of ACADM was not significantly
altered by treatment with TMZ, TSPG or LC
(P>0.05) (Figure 6).

Effects of SM, LC, TSPG and TMZ on regulating
protein expression in the glucose metabolic
pathway during I/R

Myocardial cells during I/R and the expression
levels of proteins in the glucose metabolic
pathway indicated that SM, LC, TSPG and TMZ
treatment affected the metabolic function of
cardiomyocytes. Western blot was performed
to validate specific proteins related to the glu-
cose metabolic pathway. OGDH, citrate synthe-
tase and isocitrate dehydrogenase are key
enzymes of the tricarboxylic acid cycle, and
PFKM and GLUT4 are two important proteins in
glucose metabolism. After I/R treatment, the
protein levels of OGDH, PFKM, GLUT4, citrate
synthase and isocitrate dehydrogenase in the
I/R group were significantly lower than those in
the N group (all P<0.01). Furthermore, the I/
R+SM group exhibited significantly increased
levels of these proteins (P<0.01). However, pro-
tein regulation was not significantly affected by
TSPG (Figure 7C, 7E, 7F) (P>0.05). Notably, the
other two drug treatments (LC and TMZ) did not
significantly alter PFKM, citrate synthetase or
isocitrate dehydrogenase protein expression
(P>0.05). Comparison of the OGDH and GLUT4
protein levels between the LC, TSPG and TMZ
treatment groups revealed significant increas-
es following I/R treatment (P<0.05). Thus, SM
can improve energy metabolism by upregulat-
ing the expression of OGDH, PFKM, citrate syn-
thetase, isocitrate dehydrogenase and GLUT4.
Furthermore, SM exerts a more significant
effect than its components (TSPG).

Effects of SM, LC, TSPG and TMZ on cardio-
myocyte apoptosis following I/R injury

To observe the effects of SM, LC, TSPG and SM
on apoptosis induced by I/R, flow flow cytome-
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try was used to detect the apoptosis rate. As
shown in Figure 8, I/R treatment significantly
increased the apoptosis rate (P<0.01), while
SM treatment reduced the apoptosis rate
(P<0.01). The apoptosis rates of the I/R+LC
and I/R+TMZ groups were decreased signifi-
cantly (P<0.01), while that of the I/R+TSPG
group was significantly but mildly reduced
(P<0.05).

Effects of SM, LC, TSPG and TMZ on energy
substrates in cardiomyocytes subjected to I/R

To further verify the effects of SM, LC, TSPG
and TMZ on cardiomyocyte energy metabolism,
we assessed the energy substrate consump-
tion in culture medium under normal and I/R
conditions in the absence or presence of SM,
LC, TSPG and TMZ. FFAs and glucose are ener-
gy sources in the cardiomyocyte culture medi-
um and can be used to evaluate the utilization
of energy metabolic substrates. LA is the prod-
uct of anaerobic glycolysis, while PA is an inter-
mediate of the energy metabolic pathway. As
shown in Figure 9, I/R markedly increased the
FFA, glucose and LA contents in the culture
medium compared with those in cultures gro-
wn under normal conditions (P<0.01) (Figure
9A-C); however, these increases were inhibited
by SM, LC, TSPG and TMZ treatments. Notably,
the I/R+SM group showed the greatest de-
crease in FFA and LA content following I/R
treatment (P<0.01) (Figure 9A, 9C). In addition,
the I/R+SM group showed a significant reduc-
tion in energy sources compared with that in
the I/R group (P<0.01); conversely, the I/R+LC,
TSPG and TMZ groups exhibited modest but
nonsignificant decreases in glucose content
compared with that in the I/R group (P>0.05)
(Figure 9B). However, the levels of PA were not
significantly different among the groups (P>
0.05) (Figure 9D).

Discussion

In the present study, the protective mechanism
of the myocardial metabolic pathway after myo-
cardial I/R was studied. The purity of primary
cardiomyocytes extracted for this I/R experi-
mental study was more than 95%. In a previous
study, the effects of SM and its bioactive com-
ponents on highly purified primary cardiomyo-
cytes following I/R were investigated [15]. SM,
prepared from Panax ginseng and Ophiopogon
japonicus, has been mass-produced as a pat-
ented drug based on national standards ap-
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Figure 9. Effects of SM, LC, TSPG and TMZ on energy substrates in cardiomyocytes following I/R. A-D. Detection
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proved by the CFDA. To further elucidate the nificantly altered following I/R, indicating that
effects of SM on cardiomyocytes, the efficacies I/R injury was successful [28]. According to pre-
of four different drug treatments on reducing vious studies, pretreatment with TMZ protected
I/R-related complications were compared. HP- cardiomyocytes from palmitate-induced mito-
LC fingerprint analysis showed that TSPG is the chondrial fission and dysfunction, and the ben-
main bioactive ingredient of SM, and the con- eficial effects of TMZ on patients with different
tent of TSPG in SM was 0.3 mg/ml. The results cardiovascular pathologies were shown to be
showed that 1 mL of SM contained 293.38+ related to the modulation of mitochondrial mor-
40.54 g of TSPG [27]. These components con- phology and function [29]. LC is intrinsically
formed to the national standards for SM injec- involved in mitochondrial metabolism and func-
tion approved by the CFDA [11]. In our pre- tion, as it plays key roles in FAO and energy
experiment, we evaluated the concentrations metabolism. In addition to transporting FFAs
of SM, LC, TSPG and TMZ that yielded the opti- across the inner mitochondrial membrane, LC
mal effects on protecting cardiac myocytes dur- modulates the FFA oxidation rate and is involved
ing I/R. According to the results, 25 ml/I SM in the regulation of vital cellular functions, such
was administered to cardiomyocytes in the as apoptosis [30].

present treatment regimen, which is equivalent

to ~7.5 mg/l TSPG. The present study demon- LDH measurements and PK assays were both
strates that exposure to I/R resulted in signifi- performed to evaluate myocardial damage
cant alterations of a variety of functional indi- after I/R. Cardiomyocytes contain marker en-
ces for cardiomyocyte activity, including chang- zymes such as LDH and PK, and I/R injury
es in key enzymes in the metabolic pathway causes the cell membrane to become perme-
within heart myocardial cells. In a previous able or rupture, which results in leakage of
study, the apoptosis and key mitochondrial these enzymes into the blood. Thus, the LDH
pathway enzymes of cardiomyocytes were sig- and PK activities in serum reflect the degree of
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myocardial injury [16, 31]. Our results showed
that myocardial I/R significantly increased the
LDH and PK activities. The SM, LC, TSPG and
TMZ treatment groups exhibited decreased cell
injury, and SM pretreatment conferred the most
significant advantage. Notably, the effects of
cytoprotection observed following I/R treat-
ment were reversed by LC and TMZ treatment,
which is consistent with the results of previous
studies [32, 33]. In accordance with previous
studies that reported widespread disorder of
myocardial structure and necrosis of cardiomy-
ocytes following myocardial I/R [16, 17], our
apoptosis data demonstrated that cardiomyo-
cytes were significantly damaged after I/R
treatment. Furthermore, SM, LC, TSPG and
TMZ reduced the damage to varying degrees,
and SM provided the most obvious protection.
Therefore, our research indicates that SM has
protective effects on I/R-induced myocardial
injury. In addition, the protective effect of SM
on cardiomyocyte injury following I/R treatment
is significantly superior to that of TSPG.

To further explore the protective effect of SM
on cardiomyocytes subjected to I/R, cell mem-
brane and cytoplasmic proteins in metabolic
pathways, such as PFKM, Glut4 and CD36,
were evaluated. PFKM is a key enzyme in gly-
colysis, catalytic fructose-6-phosphate forma-
tion and fructose-1, 6-diphosphate synthesis.
Glut4 is a carrier protein embedded in the cell
membrane that transports glucose, and CD36
is @ membrane glycoprotein present in cardio-
myocytes that is involved in the transmem-
brane transport of long-chain fatty acids (LC-
FAs). The expression of Glut4, CD36 and PFKM
is closely related to the uptake and production
of cardiomyocyte metabolic substrates [34-
36]. It is therefore plausible that the observed
reduction in Glut4, CD36 and PFKM expression
may partially explain the decreased coefficients
of FFA and glucose utilization in cardiomyo-
cytes following I/R treatment. The present
study demonstrated that SM, TMZ and TSPG
were able to increase Glut4, CD36 and PFKM
expression as determined by RT-PCR and
Western blot analysis, and the effect of SM was
most obvious. While SM, LC, TSPG and TMZ
improved the utilization of FFA following I/R,
only treatment with SM had an effect on the
increased utilization of glucose. Thus, SM and
TSPG protected all of these I/R-induced energy
metabolism disorders in the myocardium as
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well as myocardial impairment by upregulating
the proteins involved in the uptake of energy
metabolic substrates.

Energy metabolism disorder and the resultant
ATP deficiency arise in the myocardium after
I/R injury due to many types of insults [37].
Pathway analysis showed that SM and its com-
ponents might regulate mitochondrial function-
related proteins in the ischemic myocardium.
CPT1B mediates the transfer of LCFAs across
the outer mitochondrial membrane and is a
rate-limiting step in FAO [38]. UCP3 belongs to
a superfamily of mitochondrial ion transport-
ers, is expressed in the inner mitochondrial
membrane of the heart, and modulates cardiac
mCal single-channel activity in a ATP-depen-
dent manner [39]. ACADL is a key enzyme
involved in the FAO of LCFAs [40]. ACADM is a
member of the acyl-CoA dehydrogenase (ACAD)
family that comprises 9 known proteins and is
involved in the oxidation of medium-chain fatty
acids and amino acids [41]. The protein expres-
sion levels of CPT1B, UCP3, ACADL and ACADM
are closely related to mitochondrial function
during aerobic metabolic and energy produc-
tion by FFAs. OGDH, citrate synthetase and iso-
citrate dehydrogenase are key enzymes of the
tricarboxylic acid cycle that regulate aerobic
metabolism and glucose production in mito-
chondria [42]. In this study, SM, LC, TSPG and
TMZ administration relieved myocardial energy
disorders after I/R challenge, which was mani-
fested by increased CPT1B, ACADL and OGDH
protein and mRNA expression levels. Further-
more, SM, LC, TSPG and TMZ attenuated the
increase in the I/R-induced LA content, and the
effects of SM treatment were the most signifi-
cant. SM also elevated the expression of UCP3,
ACADM, citrate synthetase and isocitrate dehy-
drogenase following I/R, while LC, TSPG and
TMZ did not. Notably, the PA content after I/R
was not altered by SM, LC, TSPG or TMZ treat-
ment. This result is possibly attributable to the
fact that PA is the end-product of glycolysis, a
major substrate for oxidative metabolism, and
a branching point for glucose, lactate, fatty acid
and amino acid synthesis [43]. The multidirec-
tional metabolic pathway resulted in no signifi-
cant change in the PA content after I/R. These
results suggest that the protective effects of
SM and TSPG on mitochondrial metabolism are
related to the upregulation of key enzymes in
aerobic metabolism. Moreover, depletion of the
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intracellular ATP content is a crucial feature of
ischemic processes. In the present study, we
observed a significant decrease in the ATP con-
tent and key enzymes in cardiomyocytes after
I/R, indicating that inhibition of the mitochon-
drial metabolic pathway and SM, LC, TSPG and
TMZ treatment markedly increased the intra-
cellular ATP content while reducing the ratio of
ADP/ATP after the exposure of cardiomyocytes
to I/R. These findings suggest that the cardio-
protective mechanism of SM and TSPG is relat-
ed to the restored production of ATP.

Conclusion

The findings of the present study suggest a pro-
tective role of SM and TSPG in I/R-induced
energy metabolism disorders and cardiomyo-
cyte apoptosis through the significant regula-
tion of proteins involved in metabolic substrate
transport, the glycolytic pathway and the mito-
chondrial aerobic metabolic process and im-
proving the utilization rate of metabolic sub-
strates. Furthermore, the results also showed
that SM and TSPG could preserve the aerobic
metabolic pathway and ATP contents in mito-
chondria following I/R treatment. Therefore,
SM and TSPG are thought to improve energy
metabolism by protecting myocardial cells via
regulating energy metabolism-related enzymes,
ATP content and mitochondrial function. No-
tably, the effects of SM are significantly superi-
or to those of TSPG.
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