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Ischemic heart disease (IHD), a major global public health problem, is associated with high
morbidity and mortality. Although the very best of modern approaches have proven
effective in reducing morbidity and mortality, the poor prognosis of patients with IHD
remains a major clinical concern. Cardiac energy metabolism is increasingly recognized as
having a role in the pathogenesis of IHD, inducing metabolic substrate alterations,
mitochondrial dysfunction, impaired function of the mitochondrial electron transport
chain, and deprivation of cardiac energy. Factors involved in cardiac energy metabolism
provide potential therapeutic targets for the treatment of IHD. Chinese herbal medicines
(CHMs) have a long history of use in the prevention and treatment of cardiovascular
diseases with multi-component, multi-target, and muilti-signaling. Increasing evidence
suggests that Chinese herbal medicines may improve myocardial ischemia through
modulating cardiac energy metabolism. Here, we describe the possible targets and
pathways of cardiac energy metabolism for CHMs, and appraise the modulatory effects of
CHMs on energy metabolism in IHD. Especially, this review focuses on summarizing the
metabolic effects and the underlying mechanisms of Chinese herbal medicines (including
herbs, major bioactive components, and formulas) in IHD. In addition, we also discuss the
current limitations and the major challenges for research investigating the use of CHMs in
the treatment of cardiovascular diseases.

Keywords: energy metabolism, ischemic heart disease, Chinese herbal medicines, cardiac metabolism,
mitochondrial function

INTRODUCTION

Ischemic heart disease (IHD) is the most common cause of death among cardiovascular diseases,
which imposes a substantial social and economic burden. The Global Burden of Disease Study of
2017 (GBD 2017) has reported that the total number of deaths from IHD increased from 7.30 to
8.93 million between 2007 and 2017 at a global level (GBD 2017 Causes of Death Collaborators,
2018). IHD is comprised principally of coronary heart disease (including angina, nonfatal
myocardial infarction, and coronary death), asymptomatic myocardial ischemia, sudden cardiac
death, and ischemic heart failure (Wong, 2014; Guo et al.,, 2018). Current therapeutic approaches
are mainly dependent on medical interventions such as statins, antiplatelet drugs, beta-receptor
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blockers (B-blockers), and angiotensin-converting-enzyme
inhibitors (ACEIs), in addition to surgical procedures such as
percutaneous coronary intervention (PCI) and coronary artery
bypass graft (CABG) surgery. Although these medical and
surgical therapies have proven effective in reducing morbidity
and mortality after IHD, millions of patients still have clinical
symptoms, including chest tightness, heart palpitations, shortness
of breath, and fatigue. Therefore, it is crucial to develop novel
treatment strategies involving different mechanisms in myocardial
ischemia and even reperfusion.

Cardiac energy metabolism plays a major role in the
progression of cardiovascular diseases. Van Bilsen et al. (2004)
proposed the concept of myocardial metabolic remodeling. With
the development of modern science and advanced technologies,
alterations in myocardial energetics such as shifts in energy
substrate utilization, impaired mitochondrial oxidative
phosphorylation, and reduction in the adenosine triphosphate
(ATP) transfer and utilization capacity are increasingly
recognized as playing a crucial role in the mechanisms of IHD
(Fukushima etal.,2015; Tuomainen and Tavi, 2017). Deprivation of
cardiac energy leads to cardiac contractile dysfunction, left
ventricular remodeling, and even heart failure (HF).
Consequently, growing evidence supports that modulation of
cardiac energy metabolism can be an effective means of
improving cardiac function and slowing the progression to HF
(Neubauer, 2007; Lang et al., 2015; Qi and Young, 2015; Yang et al,,
2016; Tuomainen and Tavi, 2017). Chinese herbal medicines
(CHMs) have drawn much attention recently as a potential
therapeutic strategy for the prevention and treatment of
myocardial ischemia through modulating energy metabolism. It
is a novel strategy for protecting the ischemic myocardium against
IHD. This review focuses on the potential efficacy of herbs, major
bioactive component (MBC), and Chinese herbal formulas (CHF)
in modulating cardiac energy metabolism in IHD, as well as the
associated mechanisms.

TARGETS AND SIGNALING OF CARDIAC
ENERGY METABOLISM FOR CHINESE
HERBAL MEDICINES

“Qi-blood” Theory of TCM Is Connected
With Cardiac Energy Metabolism

The healthy adult heart has perpetually high energy demands,
and needs to continuously contract to supply the body with blood
and oxygen. As powerhouses of cardiomyocytes, mitochondria are
continuously supplying the energy required for cardiac muscle
contraction. Under normal conditions, almost of ATP generationin
the healthy adult heart comes from mitochondrial oxidative
phosphorylation, with the rest mainly derived from glycolysis. In
ischemic heart, impaired mitochondrial oxidative phosphorylation
provides an insufficient supply of ATP to cardiomyocytes. The
available evidence suggests that cardiac energy metabolism is in
good correlation with cardiac function. Reduced capacity for
cardiac energy transduction leads to cardiac pump dysfunction,
blood flow disturbance, cardiac contractile dysfunction, and even

heart failure (Huss and Kelly, 2005). The search for treatment
strategies for modulating cardiac energy metabolism is one of the
major challenges in cardiovascular diseases.

Traditional Chinese medicine (TCM) is characterized by a
“Holistic concept” that the organism is considered as a whole. In
TCM, Qi and blood are the essential substances of organisms,
which maintain the life activity of human. Qi has promoting,
warming, consolidation, and retention function, which provides
energy for promoting blood circulation and keeps incessantly the
blood flowing within the vessels. As the first Chinese medical
classic and the origin of TCM theory, the Suwen of Yellow
Emperor’s Internal Classic describes that heart governing blood
and vessels. It means that Heart-Qi promotes and keeps the
formation and circulation of blood in the vessels for nourishing
the organs and tissues, retaining body fluid balance, and
maintaining the normal physiological activities. An abundance
of the Heart-Qj, a sufficiency of blood, and vascular patency are
three principal components that control the normal circulation
of blood. In the heart, Heart-Qi drives ATP synthesis via ATP
synthase in the cardiac mitochondria to provide the vital energy
necessary for cardiac muscle contraction and relaxation.
Symptoms of myocardial ischemia in clinical patients mainly
include chest tightness, heart palpitations, shortness of breath,
and weakness. These symptoms of myocardial ischemia
correspond to the symptoms of Heart Qi deficiency syndrome,
which further cause blood circulation disorder and cardiac
microcirculatory disturbance leading to blood stasis syndrome.
Deficiency of Heart Qi can also cause insufficiency of the Heart-
Yang, which is accompanied by a series of symptoms such as cold
sweat, intolerance to cold and cold limbs. Moreover, Heart Qi
deficiency can induce microvascular hyperpermeability, leading
to excessive fluid, phlegm, edema, and hemorrhage. Based on the
“Qi-blood” theory of TCM, Chinese herbal medicines that can
tonify or regulate Qi and activate blood have promise as an
important therapeutic approach to the modulation of cardiac
energy metabolism in cardiology.

The Possible Targets of Cardiac Energy
Metabolism for Chinese Herbal Medicines
Chinese herbal medicines, as natural botanical herbs, have a long
history of clinic use in the treatment of cardiovascular diseases,
and have properties of numerous potential pharmacological
targets. Them hold the great and unique potential in the
management of cardiac energy metabolism, especially in the
aspects of mitochondrial function, lipid metabolism, and glucose
metabolism. Some of these possible targets are described below,
categorized by the process of cardiac energy metabolism. The
metabolic process involved in cardiac energy metabolism
consists of three main components (Figure 1), namely, energy
substrate preference, mitochondrial oxidative phosphorylation,
and ATP transfer and utilization (Neubauer, 2007).

Energy substrate utilization represents the first component.
Cardiomyocytes can metabolize all classes of energy substrates,
including fatty acids, glucose, glycogen, lactate, ketone bodies, and
certain amino acids (Heggermont et al., 2016). Free fatty acids (FFA)
and glucose first enter the myocardium from the plasma, and are then
converted respectively to fatty acyl-coenzyme A (acyl-CoA) and
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FIGURE 1 | Overview of the cardiac energy metabolism. Fatty acid beta-oxidation and glucose oxidation in mitochondria, respectively, yield acetyl-CoA, which is fed
into the TCA cycle to produce NADH and PADH,. These further enter the mitochondrial electron transport chain and then drive ATP synthesis. GLUT, glucose
transporter; CPT1 and CPT2, carnitine palmitoyltransferase 1 and 2; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid cycle; NADH, nicotinamide adenine
dinucleotide; FADH, flavin adenine dinucleotide; CoQ, coenzyme Q (ubiquinone); Cyt C, cytochrome C; ATP, adenosine triphosphate; ADP, adenosine diphosphate;
H*, hydrogen ion; PCr, phosphocreatine; Cr, creatine; CKmito, mitochondrial creatine kinase; CKmm, myofibrillar creatine kinase.
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glycolytic end product pyruvate in the cytoplasm of cardiomyocytes.
Long-chain fatty acyl-CoA is transported into mitochondria via
carnitine palmitoyl transferase 1 and 2 (CPT1 and CPT2), whereas
pyruvate is taken up into mitochondria by the mitochondrial
pyruvate carrier (MPC) (Arumugam et al., 2016; Noordali
et al, 2018).

The second component is mitochondrial oxidative
phosphorylation, which supplies more than 95% of the ATP
required by the mature heart. Normally, fatty acid beta-oxidation
(FAO), the major source of mitochondrial oxidative
phosphorylation, provides more than two-thirds of the energy
demands in adult myocardium, with the remainder being
provided by the oxidation of substrates such as carbohydrates,
lactate, ketone bodies, and several amino acids (Heggermont
et al., 2016). These mitochondrial substrate fluxes via specific

metabolic steps (especially fatty acid beta-oxidation and pyruvate
oxidation) yield acetyl coenzyme A (acetyl-CoA), which
subsequently enters the tricarboxylic acid (TCA) cycle
(Kolwicz et al., 2013). Nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH,) are
generated by the TCA cycle and beta-oxidation, respectively
(Schwarz et al., 2014). NADH and FADH, feed high energy
electrons into the mitochondrial electron transport chain (ETC),
generating an electrochemical gradient through ETC complexes
(complex I-V) across the inner mitochondrial membrane (IMM)
that subsequently drives ATP synthesis (Huss and Kelly, 2005).
Among them, ATP synthase (complex V), as the final step of
mitochondrial oxidative phosphorylation, generates ATP by
phosphorylating adenosine diphosphate (ADP). The transfer of
electrons between complexes is mediated by ubiquinone (CoQ)
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and cytochrome ¢ (cyt c). As well as generating NADH and
FADH,, the TCA cycle also produces excess citrate in the cytosol,
where it is converted into acetyl CoA (Murphy et al, 2016;
Noordali et al., 2018). Cytosolic acetyl CoA is further converted
into malonyl CoA via acetyl CoA carboxylase (ACC), whereas
malonyl CoA, a potent inhibitor CPT-1, can be converted back
into acetyl CoA via malonyl CoA decarboxylase (MCD), thereby
regulating the entry of FFA into the mitochondria once again
(Fukushima et al., 2015; Noordali et al., 2018). The third
component comprises cardiac ATP transfer and utilization via
the creatine kinase (CK) system (Neubauer, 2007; Fukushima
et al., 2015). High-energy phosphates are transferred from the
ATP generated via oxidative phosphorylation in the
mitochondria to creatine (Cr), thus forming phosphocreatine
(PCr) and ADP by the action of mitochondrial creatine kinase.
Phosphocreatine rapidly diffuses from the mitochondria into the
myofibrils and then reforms ATP and Cr via the action of
myofibrillar creatine kinase (Neubauer, 2007). Subsequently,
ATP is used by myosin ATPase to produce the force of cardiac
contraction, while the free Cr diffuses back to the mitochondria.

The Possible Transcriptional Signaling of
Cardiac Energy Metabolism for Chinese
Herbal Medicines

The mechanisms of cardiac energy metabolism are complex, and
are primarily controlled by metabolic proteins (enzymes and
transcriptional components) that regulate the expression of a
large number of genes involved in myocardial energy metabolism
through multiple metabolic pathways (Stanley et al., 2005). In
particular, mitochondrial structure and function are regulated by
numerous genes, including the 37 encoded in mitochondrial
DNA and a considerable number encoded in nuclear DNA (Ham
and Raju, 2016). It is becoming increasingly clear that multiple
nuclear-mitochondrial crosstalk and signaling pathways play an
important role in regulating cardiac energy metabolism under
ischemic conditions (Qi and Young, 2015; Murphy et al., 2016).
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Chinese Herbal Medicines can also modulate numerous
potential pathways because of their properties of multi-
component. Some of these possible pathways are described
below (Figure 2). Adenosine monophosphate-activated protein
kinase (AMPK) is a critical intracellular energy sensor, and its
activation is involved in multiple signaling pathways, including
modulating glucose and fatty acid metabolism, mitochondrial
function, and autophagy (Murphy et al., 2016; Nishida and Otsu,
2016). AMPK consists of three protein subunits: a catalytic o
subunit, containing the Thr'”? site that must be phosphorylated
for AMPK activation, and two regulatory subunits (y and [3)
(Zaha and Young, 2012). The AMPK activity is partly activated
by an increase in AMP/ATP ratio in low-energy states. During
myocardial ischemia, the activity of AMPK in myocardium is
activated as an adaptive response to cardiomyocyte stress,
leading to a series of changes in metabolic pathways.
Activation of AMPK increases cellular glucose uptake by
mediating the transport of the glucose transporter 4 (GLUT4)
from the cytosol to the sarcolemma membrane in ischemia at an
early adaptive stage (Russell et al., 2004; Qi and Young, 2015),
and promotes glycolysis through phosphofructokinase 2 (PFK2)
phosphorylation (Marsin et al., 2000). AMPK can inhibit the
activity of glycogen synthase (GS), which indirectly promotes
glycogen utilization (Qi and Young, 2015). Moreover, AMPK
also plays a critical role in modulating lipid metabolism.
Activated AMPK facilitates the myocardial uptake of fatty acids
by promoting the translocation of the fatty acid transporter
CD36 (Luiken et al., 2003). Meanwhile, Activation of AMPK
further results in decrease of malonyl-CoA levels via inactivation
of ACC, which effectively promotes fatty acid oxidation by
relieving CPT-1 suppression (Dyck and Lopaschuk, 2006)
(Figure 1). Meanwhile, the process of mitochondrial biogenesis
keeps in a dynamic balance, which undergoes through constant
fusion and fission. Dynamin-related protein 1 (Drpl) and
Fission 1 (Fisl) are known to promote mitochondrial fission.
Mitofusin 1 and 2 (MFN1 and MFN2) mainly mediate outer

glycolysis
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__,  Fatty acid
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FIGURE 2 | Transcriptional control of cardiac energy metabolism in hypoxia/ischemia. The figure mainly summarizes the modulatory effects of AMPK and PGC-
1a by multiple metabolic pathways and its interactions with nuclear receptors and transcription factors to regulate cardiomyocyte metabolism. The multiple
physiological processes involve multiple aspects, including substrate preference, mitochondrial biogenesis, mitochondrial dynamics, mitochondrial autophagy,

and mitochondrial respiration.
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membrane fusion, whereas Opal is mainly responsible for inner
membrane fusion. Mitochondrial dynamics imbalance leads to
defects in mitochondrial morphology and mitochondrial
dysfunction during ischemic contexts. Hypoxia-induced AMPK
activation can promote mitochondrial fission via the
phosphorylation of mitochondrial fission factor (MFF), which
is considered to be a mitochondrial outer membrane receptor for
Drpl, an essential enzyme for providing a driving force in
mitochondrial fission (Garcia and Shaw, 2017). Besides,
autophagy is regulated by AMPK activation, which restores
impaired myocardial function via mechanistic target of
rapamycin (mTOR) (Wu et al., 2020a).

Peroxisome proliferator-activated receptor gamma (PPARY)
coactivator (PGC-1a) is a well-characterized mediator of
mitochondrial biogenesis and respiratory, and its activity can
also be modulated by AMPK phosphorylation (Gundewar et al.,
2009) (Figure 2). In addition to AMPK phosphorylation, PGC-
lovactivity is tightly controlled by the NAD*-dependent deacetylase
sirtuin-1 (SIRT1) deacetylation, which promotes mitochondrial
biogenesis (Fernandez-Marcos and Auwerx, 2011; Zaha and
Young, 2012; Ham and Raju, 2016). As a cofactor, PGC-1a is
known to control the expression of multiple nuclear receptors and
transcription factors, thereby regulating the entire metabolic
phenotype of cardiomyocytes. PGC-100 modulates mitochondrial
biogenesis and oxidative phosphorylation by directly activating
nuclear respiratory factors (NRF1 and NRF2) and the estrogen-
related receptor alpha (ERRo) transcription factor. NRF1 activates
the downstream synthesis of mitochondrial transcription factor A
(mtTFA), which regulates mtDNA replication, transcription, and
maintenance (Kang and Hamasaki, 2005; Rowe et al., 2010). As a
major transcriptional partner of PGC-1a, ERRa can induce an
increase in the expression of NRF2, modulating cardiomyocytes
cycle and differentiation, and mitochondrial biogenesis (Ham and
Raju, 2016). PGC-1o also co-activates PPAR«, which involves in
fatty acid metabolism in cardiomyocytes (Finck, 2007; Lehman
et al., 2000). Furthermore, PGC-1a activation enhances
mitochondrial respiration through increasing the expression of
cytochrome ¢, cytochrome ¢ oxidase subunits II and IV (COX II
and IV), and ATP synthase (Choi et al., 2008; Espinoza et al., 2010).

MODULATORY EFFECTS OF CHINESE
HERBAL MEDICINES ON ENERGY
METABOLISM IN IHD

Cardiac energy metabolism is highly flexible with respect to energy
substrates, with a dynamic balance that is modified by aging, as
well as physiological and pathological contexts (Huss and Kelly,
2005; Arumugam et al., 2016). Increased fatty acid beta-oxidation
with aging is accompanied by a progressive decrease in glycolytic
metabolism. The fetal heart uses glucose oxidation as a major
source of energy, while the adult myocardium is considerably
more dependent on fatty acid metabolism. Interestingly, during
ischemic conditions, the cardiac metabolic profile shows
significant similarities with that of the fetus. This phenomenon

is considered to revert to the “fetal phase” (Tuomainen and Tavi,
2017). In addition to shifts in cardiac substrate utilization,
alterations in mitochondrial ultrastructural and function play a
crucial role in the mechanisms of IHD. Cardiac mitochondria, as
the powerhouses of the cardiomyocytes, involve a complex series
of processes of oxidative phosphorylation. Them are not only a
primary source of ATP synthesis and reactive oxygen species
(ROS) production in cardiac myocytes, but also play a critical role
in the process of apoptosis. Myocardial hypoxia/ischemia inhibits
a series of processes of mitochondrial oxidative phosphorylation
and diverts the pyruvate to lactate leading to cellular acidification.
The ischemic cardiomyocyte shows a marked reduced ability to
synthesize ATP, a significant increased mitochondrial ROS
production, calcium influx, and even Ca®* overload leading to
mitochondrial membrane permeability transition, loss of the
mitochondrial membrane potential (MMP) and mitochondrial
swelling with the release of cytochrome c. These phenomena
further cause the apoptosome activation and caspase-mediated
apoptosis (Ham and Raju, 2016). At reperfusion, there occurs a
series of mitochondrial derangements, including the rapid re-
establishment of oxidative phosphorylation, inhibition of
respiratory chain activity, mitochondrial ROS accumulation, and
Ca®" overload, mitochondrial membrane permeability transition
pore (mPTP) opening, mitochondrial-dependent apoptosis, and
even cell death (Ham and Raju, 2016; Wu et al., 2020a).

Modern therapies, such as ACEIs and beta-blockers, have
indirect effects on cardiac metabolism in addition to their classical
effects, but them do not directly influence cardiac energy metabolism
(Neubauer, 2007). Growing evidence suggests that the modulation of
cardiac metabolism may be the promising therapeutic approach in
patients with THD (Noordali et al., 2018; Doehner et al., 2014;
Heggermont et al., 2016). The known metabolic modulators such as
Trimetazidine, L-Carnitine, and Coenzyme Q10 are currently used
in clinical trials. The metabolic mechanisms of these modulators
mainly involve inhibition of fatty acid oxidation, stimulation of
glucose oxidation, and protection of mitochondrial function (Suner
and Cetin, 2016; Di Napoli et al., 2007; Xue et al., 2007; Fotino et al.,
2013). In TCM, Chinese herbal medicines are widely used in the
treatment of cardiovascular diseases in clinic. CHMs have their own
advantages that are due to pharmacological properties of multi-
component, multi-target, and multi-pathway. An increasing
number of studies have shown that CHMs with replenishing Qi or
Yang and activating blood or resolving blood stasis can regulate
cardiac energy metabolism in IHD (Wong and Ko, 2013; Chen et al,,
2015; Zhang et al., 2013; Li et al., 2018a).

In this article, we mainly summarize the metabolic effects and
underlying mechanisms of Chinese herbal medicines, major
bioactive component of CHMs, and Chinese herbal formulas
in IHD, respectively (Tables 1 and 2). In particular, the model of
acute myocardial infarction is usually induced by left anterior
descending (LAD) coronary artery ligation, which is most widely
used surgical animal model. Isoproterenol (Iso)-induced
myocardial infarction model is a well-developed non-surgical
MI model (Kumar et al., 2016). Therefore, the major inclusion
criteria included Iso-included MI model, LAD coronary artery
ligation-induced MI model, and myocardial ischemia and
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TABLE 1 | Metabolic effect and mechanism of CHMs and the major bioactive component in IHD.

Source Compound Frequency Dosage Effects/Mechanism of action References
(n)
Astragalus Extract 1 100 mg/kg/day, ILDH, FFA, PA, and LA, 1ATP, ADP, and TAN Jinetal., 2014
mongholicus Bunge 200 mg/kg/day
Astragalus 1 80 mg/kg/day, JANP and FFA, 1ATP/ADP and ATP/AMP, tATP5D, PGC-1a, Luan et al., 2015
polysaccharides 100 pg/ml and PDK4, | TNF-ou
Astragalosides 1 5 mg/kg/day 1ATP, PCr, and Cr, and regulating intracellular Ca®* homeostasis Chen et al., 2006
10 mg/kg/day tcTnl, tATP/ADP, and ATP/AMP, tATP5D, and Complex V Cuiet al,, 2018
tcTnl, tATP/ADP, and ATP/AMP, tATPSD, and p-MLC-2, Tuet al.,, 2013
10 mg/kg/day tComplex V, |Bax/Bcl-2
80 mg/kg/day TATP/AMP, |ANP, BNP, and FFA, tATP5D, PGC-1a, |p65 Zhang et al., 2015
Astragalus kaempferol 1 20 uM ILDH and ROS levels, |the loss of A¥m, and the release of Guo et al., 2016
mongholicus cytochrome ¢ from mitochondria into cytosol, |mPTP opening,
Bunge; Panax 1SIRT1
ginseng C.A.Mey.
Astragalus Formononetin 1 5, 10, and 30 uM IROS, |the loss of mitochondrial membrane integrity and mPTP  Cheng et al., 2016
mongholicus Bunge opening, tAkt activation, and GSK-3p (Ser9) phosphorylation
Panax ginseng Ginsenoside Rb1 3 5 mg/kg/h 1cTnl, tATP, ATP/ADP, and ATP/AMP, tATP5D, and ATP Cuietal., 2017
C.A.Mey.; Panax synthase, |RhoA, |p-MYPT/MYPT, and p-MLC/t-MLC
Notoginseng 100 umol/L ImPTP opening and restored loss of mitochondrial membrane Li et al., 2016b
(Burkill) F.H.Chen potential, 1p-AKT/AKT, p-GSK-3B/GSK-33
5 mg/kg/h TATP/ADP, and ATP/AMP, 1ATPSD, and ATP synthase Cui et al,, 2018
Ginsenoside Rg1 2 5 mg/kg/h 1cTnl, JADP/ATP, and AMP/ATP, regulation of energy Lietal, 2018b
metabolism-related proteins such as JALDOA, ENOa, and
HIF1a, tECH1, ENOB, ATP5D, COXI, and COXIl, tATP synthase
activity, |RhoA/ROCK activation, |p-RhoA, |p-MLC
12.5 uM 1OCRs, tmitochondrial length, and MMP, |ROS and GDH, Dong et al., 2016
tMFN2, Rg1 had no significant effect on MFN1, OPA1, and Drp1
Panax ginseng Ginsenoside Rd 1 10 uM |LDH and CK, tMMP, |ROS, |cytosolic translocation of
C.A.Mey. mitochondrial cytochrome ¢, tAKT, and GSK-3B phosphorylation
Ginsenoside Rg5 1 50 mg/kg/d; 10 uM TATP and MMP, |lactate content and NADH/NAD ratio, CPT- Yang et al., 2017c
1A, p-PDH, and OCRs, tp-AKT (Ser473), tHK-II binding to
mitochondria and |HK-II expression in the cytosol,|Drp1
recruitment to mitochondria
Panax ginseng 1 200 mg/ml TATP, tMMP, |the release of cytochrome ¢, toxygen Zuo et al., 2018
Polysaccharide consumption rate (OCR) of cardiomyocytes
Total 1 50 mg/L 1PDH complex (PDC-E2), LDHB, Aldose reductase (ALDR), Wang et al., 2012
ginsenosides of Glycerol-3-phosphate dehydrogenase [NAD*], activating proteins
Radix Ginseng in TCA cycle; activation of PISBK/AKT/eNOS pathways
Rhodiola rosea L. Salidroside 1 20 and 1ATP and glycogen; |LDH; tp-AMPK, PGC-1a, PPARa; |p-NK-  Chang X. Y. et al.,
40 mg/kg/day xBp65, p-lkBa., p-IKKa, and p-IKKB 2016
Ganoderma Extract 1 100 and tmitochondrial GSH, 1the activities of mitochondrial enzymes Sudheesh et al.,
Lucidum 250 mg/kg/day and the activities of respiratory chain complexes such as 2013
complexes |, I, lll, and IV, tMMP, |mitochondrial lipid
peroxidation, |ROS
Ganoderma 1 20, 50, and IROS, tMMP, and | the release of cytochrome ¢ from the Lietal, 2010
atrum 100 pg/ml mitochondria into cytosol, |mitochondria Bax, and 1
polysaccharide mitochondria Bcl-2
Gynostemma Gypenosides 1 50, 100, and TATP, t1COX |, Il, IV; tCitrate synthase activity, tmitochondrial Yu et al., 2016
pentaphyllum 200 mg/kg/day; volume; maintaining mitochondrial membrane integrity, | the
(Thunb.) Makino 5,10, and 20 uM release of Cyt-c from the mitochondria to the cytosol
Panax Notoginseng  Notoginsenoside 1 5mg/kg/h; 0.1 mM tATP and AMP content, |LDH release, tATP5D, |ROCK, | p- He et al., 2014

(Burkil) F.H.Chen  R1

Salvia miltiorrhiza Salvianic acid A 2
Bunge

Tanshinone IIA 1
Carthamus Hydroxysafflor 2
tinctorius L yellow A
Boswellia serrata Acetyl-11-keto- 1
Roxb. B-boswellic acid
Cistanche Extract 1

deserticola Ma

10 uM
5 mg/kg/day
3 uM

100 mg/kg; 10 uM
5uM

100 mg/kg; 10 uM

0.5 and 1.0 g/kg/day

MYPT1/MYPTA, | p-AMPK

TMMP, |mPTP opening, |c-subunit of ATP synthase; |apoptosis
tATP/ADP, ATP/AMP, 1SIRT1, 1C, 1Complex | enzyme activity
TATP; |mitochondrial superoxide; tmitochondrial SOD activity;
INO and Ca®* production

IROS, |the loss of AYm, tPGC-1a, and Nrf2

JLDH, tmitochondrial ATP, |mitochondrial cytochrome c release,
weakly p-GSK3-beta, 1Akt, and HKII

1CK-MB and LDH, |ROS, |the loss of A¥m, 1PGC-1a, and
Nrf2

tmitochondrial GSH and MMP, |mitochondrial GSSG, and Ca®*
content, tmitochondrial respiration

Gao et al., 2017
Yang et al., 2015
Jin and Li, 2013

Chen et al., 2016
Min and Wei, 2017

Chen et al., 2016

Siu and Ko, 2010

(Continued)
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TABLE 1 | Continued

Source Compound Frequency Dosage
(n)
Herba 1 1.14 and
Cistanches 3.41 mg/kg/day;
fraction 30 ng/ml
B-Sitosterol 1 Male, 7 and 70 ug/kg/
day; Female, 3.5 and
35 ug/kg/day; 1,3 and
10 uM
Cynomorium Cynomorii herba 1 Male, 16 or 48 mg/kg/

coccineum subsp.
songaricum (Rupr.)

fraction

day; Female, 2 or
5 mg/kg/day.

J.Léonard Ursolic acid 1 Male: 12 or 36 mg/kg/
day; Female: 1.5 or
3.5 mg/kg/day

Coptis chinensis Berberine 1 100 mg/kg/day

Franch.

Paeonia lactiflora

Crude terpene

300 mg/kg/day;

Pall. glycoside 200 pg/mL
Ginkgo biloba L. Extract 2 200 mg/kg/day
0.32 ml/kg/day
Vegetables, fruits,  Luteolin 1 20 uM
and medicinal
herbs
Vegetables and Quercetin 2 10 mg/kg/day
fruits
10 mg/kg/day
Blueberries, grapes, Resveratrol 2 1 mg/kg/day
and cranberries
50 mg/kg/day
Stephania tetrandra  Tetrandrine 1 50 mg/kg/day; 10 mM

S. Moore

1, increase after treatment; |, decrease after treatment.

Effects/Mechanism of action

1TATP-GC in mitochondria, tmitochondrial GSH status,
tmitochondrial state 3 and state 4 respiratory

|LDH, tcellular glutathione redox cycling in female rats;
Imitochondrial coupling efficiency, and 1 mitochondrial state 3
and state 4 respiration

|LDH, 1 cardiac mitochondrial ATP-GC and tissue ATP level,
tthe mitochondrial GSH/GSSG ratio, tMitochondrial GR activity

|LDH, 1 cardiac mitochondrial ATP-GC and tissue ATP level,
tthe mitochondrial GSH/GSSG ratio, tMitochondrial GR activity

1p-AMPK/AMPK, |ADP/ATP, and AMP/ATP in myocardial risk
areas; 1p-AMPK/AMPK, ADP/ATP, and AMP/ATP ratio in non-
ischemia area

tATP and glycogen levels, improve mitochondrial ultrastructure,
1p-AMPK/AMPK

restore fatty acid, sphingolipid, phosphoglyceride, glyceride,
amino acid, and energy metabolism

uncoupled mitochondrial oxidation from phosphorylation, | the
generation of free radicals in the mitochondria, | the degree of
respiration stimulation by exogenous cytochrome c.

TATP and CS activity; tMMP; 1Complexs |-V in cardiomyocyte
mitochondria

1TATP; |myocardial infarct size; tmitochondria TBARS and
LOOH; tmitochondria GPx and GRx; tmitochondria enzymes;
Tmitochondria cytochrome-c-oxidase

ICHO, TG, and FFA, phospholipids in serum, ameliorating lipids,
lipoproteins, and enzymes of lipid metabolism

tATP, PCr, and TAN, 1Citrate synthase activity, 1p-AKT, eNOS,
and SIRTA1

1ATP; p-AMPK?; |p-mTOR; resveratrol had no significant effect
on SIRT1

LDH, tMMP, 1p-AKT, and GSK-3, |cytosolic translocation of
mitochondrial cytochrome c.
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reperfusion (I/R) injury model. The major exclusion criteria
included exercise training, metabolomics analysis, angiotensin
II-induced HF model, abdominal aorta ligation-induced HF
model, cobalt chloride-induced myocardial ischemia, and
doxorubicin-induced myocardial injury.

Metabolic Effects and Mechanisms of
Herbs and Major Bioactive Components
Invigorating and Replenishing Qi

Astragalus mongholicus Bunge (Astragali Radix)

Astragalus mongholicus Bunge (Astragalus membranaceus, AM),
also known as Huang-qi in China, is considered as one of the
major replenishing Qi medicines. Classified as a top-grade herb
in “Shen Nong Ben Cao Jing”, Astragalus mongholicus Bunge is
widely used for the treatment of cardiovascular diseases (Ma et al.,
2013). Recent studies have focused on its cardioprotective effects,
especially those related to improving energy metabolism. Astragali
Radix extract (ARE) exerts a cardioprotective effect against LAD
ligation-induced myocardial infarction by rectifying the levels of

FFA, pyruvic acid (PA) and lactic acid (LA) in serum and
myocardial tissue, thereby producing more energy (Jin et al.,
2014). Astragalosides are roughly extracted from Astragali Radix.
Astragalosides (5 mg/kg/day, i.p.) showed protective effects by
rebalancing intracellular Ca®* homeostasis and regulating energy
metabolism in Iso-induced myocardial ischemic injury. However,
the mechanism of Astragalosides has yet to be reported (Chen et al.,
2006). Astragalosdie IV (AS-IV), a major bioactive component of
the astragalosides, has been reported to improve cardiac
dysfunction and modulate energy metabolism in MI rat model.
The metabolic mechanism may be mediated via the promotion of
Complex V and ATP synthase delta-subunit (ATP5D) expression
(Cuietal., 2018). Another trial identified the metabolic roles of AS-
IV in myocardial ischemia and ischemia/reperfusion injury. AS-IV
also enhanced the expression of ATP5D and Complex V (Tu et al,
2013). These results indicate that AS-IV may regulate energy
metabolism through mitochondrial respiration. Besides, AS-IV
can modulate energy biosynthesis. Zhang et al. (2015) found that
AS-IV improved the cardiac hemodynamics, mediated energy
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TABLE 2 | Metabolic effect and mechanism of Chinese herbal formula in IHD.

Formula Composition Frequency Dosage Effects/Mechanism of Action Reference
(N)
Buyang Astragali Radix, Angelica sinensis (Oliv.) 1 25.68,12.84,and  tNa*-K*-ATPase activity; | blood glucose Wang et al., 2011
Huanwu Diels, Radix Paeoniae Rubra, Ligusticum 6.42 g/kg/day
Decoction  striatum DC., Pheretima, Semen Persicae,
and Carthamus tinctorius L.
Shenmai Panax ginseng C.A.Mey, Ophiopogon 1 728 mg/kg/day ;25, 1ATP and MMP, |intracellular Ca®* levels, Yang et al., 2017d
San japonicus (Thunb.) Ker Gawl, and 100, and tATPase activity, |p-Drp1(Ser616)/Drp1, 1p-Drp1
Schisandra chinensis (Turcz.) Baill 400 pg/mL (Ser637)/Drp1, |CaN
Qishen Astragali Radlix, Radix salvia miltiorrhizae, 1 18.66 g/kg/day ITC, TG, and LDL-C, mediating FA uptake, Gao et al., 2020
granules Flos Lonicerae, Radix Scrophulariae, Radlix transportation into mitochondria and B-oxidation,
Aconiti Lateralis Preparata, and Radix ttranscriptional regulators of FA metabolism
Glycyrrhizae. (PPARa, RXRo, RXRB, and RXRy); lglycolytic
activity (JPDK4), 1TCA cycle, 1SUCLA2, CKMT2,
and PGC-1a, |UCP2
Yigihuoxue  Astragali Radix, Angelica sinensis (Oliv.) 1 8.2 g/kg/day tATP and restore mitochondrial structure; JROS;  Liet al., 2018a
Decoction  Diels, Panax ginseng, Ligusticum striatum tp-AMPK, PGC-1a, Tfam, and NRF1
DC. and Panax notoginseng
Gualou Trichosanthis Pericarpium, Allium 1 4 g/kg/day JADP/ATP and AMP/ATP; | TC, TG, HDL-c, and Yan et al., 2018
Xiebai macrostemon Bunge, and wine LDL-c, tATP5D, |RhoA, and ROCK
Decoction
Qishenyiqi  Astragali Radix, Salvia miltiorrhiza, Panax 4 0.6 mg/kg/day (i.g.) tcTnl; tATP/ADP and ATP/AMP; 1ATPSD, Cuietal, 2018
capsule notoginseng, and Dalbergia odorifera Complex V, and ATP synthase activity
0.12, 0.6, and LADP/ATP and AMP/ATP; tATP5D, |p-MLC, Lin et al., 2013
1.2 g/kg/day ameliorating mitochondria swelling
0.2 g/mL tmitochondria ATP; 1ATP5D; | mitochondrial Cyt Chen et al., 2015
C
100 mg/kg/day protected the cell nucleus number and Zhang et al., 2018d
mitochondrial mass
Qiligiangxin  Panax ginseng, Astragali Radix, Aconiti 3 0.5 g/kg/day 19 energy metabolism-related genes (Cd36, Fatp, Shen et al., 2017
capsule lateralis radix preparata, Semen Lepidii Pdk4, Acadm, Acadl, Acadvl, Cpt1a, Cpt1b, and
Apetali, Salvia miltiorrhiza Bunge, alismatis Cpt2), 1 PPARyY
rhizoma, cinnamomi ramulus, Polygonatum 0.5 mg/mL 1ATP and MMP, |ROS, tGLUT1, HK2, PFK1, Wang et al., 2018a
odoratum (Mill.) Druce, Periploca sepium PKM2, LDHA, HIF-1a, and VEGF; |pAMPK/AMPK
Bunge, Carthamus tinctorius L., and citri 0.25, 0.5, and |LDH, ROS, and mPTP opening, tMMP, 1p-AKT/  Zhao et al., 2019
reticulatae pericarpium 1.0 g/kd/d; Q0 pg/mL AKT, p-GSK3BB/GSK3B, 1p-Drpi1(Ser637)/Drpl
Compound  Salvia miltiorrhiza Bunge, Radlix 1 167 mg/kg/day 1CK and LDH, |PCr/ATP, and ADP/AT; 1the flux  Guo et al., 2015
danshen Notoginseng and Borneolum of pyruvate into the TCA cycle; 1 fatty acids B-
dripping oxidation and 3-hydroxybutyrate
pills
DanQi pill Salvia miltiorrhiza Bunge and Panax 6 1.5 mg/kg/day tLPL; lcytochrome P450; 1PPARa, PPARY, CPT-  Wang et al., 2016a
notoginseng (Burkill) F.H.Chen 1A, FABP4, RXRA, and PGC-1q;
1.5 mg/kg/day 1tApoA-1, FABP, CPT-1A, PPARa, and CD36; Chang H. et al., 2016
1.5 mg/kg/day ITG, LDL, Apo-B, and HMGCR; tPPARa, RXRs,  Wang et al., 2015a
FATP, and CPT1
1.5 mg/kg/day TATP; 1PGC-1a, SIRT1, AMPK, MFN1; 1SOD2 Meng et al., 2019
1.5 mg/kg/day tATP, ADP, and EC, |AMP and energy charget;  Zhang et al., 2018¢c
IFFA; tlipid metabolism enzymes (ACADL and
SCP2); PPARy?; |Glucose and Lactate,
1Glycogen; 1GLUT4, PFK, and GS; | '®F-FDG
uptake SUV, |GSK-3B, and p-GS
1.5 g/kg/day; tPPARa, CPT1A, and CD36 Jiao et al., 2018
400 ug/mL
Yangxinshi  Astragali Radix, Codonopsis pilosula, Salvia 1 500 and TATP, tp-AMPK/AMPK, PGC-1a, GLUT4, HIF- Wu et al., 2020b
tablet miltiorrhiza Bunge, Pueraria lobata (Willd.) 1000 mg/kg/day 1o, TMMP, mitochondrial complex | activity
ohwi, Epimedium brevicornu Maxim,
Crataegus pinnatifida Bunge, Rehmannia
glutinosa (Gaertn.) DC., Angelica sinensis,
Coptis chinensis Franch., Corydalis
yanhusuo, Ganoderma lucidum, Panax
ginseng C.A.Mey. and Glycyrrhiza uralensis
Fisch. ex DC.
Shengmai  Panax ginseng C.A.Mey. and Ophiopogon 2 10 ml/kg; tMMP and ATP, tATP5D, NDUFB10, MDH1, and  Wang et al., 2018b
injection Jjaponicus (Thunb.) Ker Gawl. 20 u/mL TNNC1, 1OCR, 1 MDH1, and ATP5F1
(Continued)
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TABLE 2 | Continued

Formula Composition Frequency Dosage Effects/Mechanism of Action Reference
(N)
0.38 mlskg; 1, 2.5, Imitochondrial mass and cytosolic Ca®*, tIMMP, Yu et al., 2019
5 pl/mL ImPTP opening, TMFN1, MFN2, and OPA, |DRP
and FIS

Total Active components of Salvia miltiorrhiza 1 8 mg/kg/h; tATP, tATPSD, SIRT1, SIRT3, and tNDUFA10, Huang et al., 2019
Salvianolic ~ Bunge 0.013 mg/mL 1SDHA, and restoring mitochondrial respiratory
Acid chain complexes activity.
injection
Xuesaitong  Panax Notoginseng saponins 1 80 mg/kg/day; 100, tactivity of PDH, fintracellular content of acetyl- Zhao et al., 2017
injection 200, 400 pg/mL CoA, and ATP, 1PDHA1, ATP5A.
YiQiFuMai  Panax ginseng C.A.Mey., Ophiopogon 2 0.13, 0.26, and Improving mitochondrial morphology, 1 Aym, Zhang et al., 2019
powder Jjaponicus (Thunb.) Ker Gaw! and 0.53 g/kg/day; tMfn2, | p-Drp1/Drp1, |{NADPH, NOX2, and
injection Schisandra chinensis (Turcz.) Baill 25-800 pg/mL NOX4, |ROS.

1.06 g/kg/day;

TATP and MMP, 1p-AMPKo/AMPKo: Lietal, 2016a

25-400 pg/mL

1, increase after treatment; |, decrease after treatment.

biosynthesis, and upregulated ATP5D and PGC-1o expression in
Iso-induced cardiac injury. In neonatal rat ventricular myocytes
(NRVMs), the cardioprotective mechanism of AS-IV may be
mediated through regulating nuclear factor NF-xB/PGC-1o
signaling (Zhang et al,, 2015). Glycogen synthase kinase-3f3
(GSK-3p), a serine/threonine protein kinase, interacts with
mitochondrial proteins such as PI3K-Akt, PGC-1a, and subunits
of mPTP, which plays an essential role in relating to mitochondrial
biogenesis, mitochondrial permeability, and glycogen metabolism
(Yang et al., 2017a). Formononetin is the main isoflavonoids
compound of Radix Astragali. Formononetin enhanced GSK-383
and Akt phosphorylation in H9¢2 cells during oxygen glucose
deprivation (OGD) and reoxygenation, thereby reducing GSK-3f3
activity towards mPTP opening (Cheng et al., 2016). Kaempferol, a
natural flavonoid, exists in Astragalus mongholicus Bunge and
Panax ginseng C.A.Mey. Kaempferol showed cardioprotective
effects via mitochondrial pathway against ischemia/reperfusion
injury in NRVMs. The cardioprotective mechanisms may be
mediated by SIRT1 (Guo et al., 2015). Astragalus polysaccharides
(AP) had ability to improve cardiac energy biosynthesis and prevent
Iso-induced cardiac ischemic injury by regulating tumor necrosis
factor TNF-0/PGC-1a signaling-mediated energy biosynthesis,
both in vivo and in vitro. Among them, ATP5D, PGC-1o, and
pyruvate dehydrogenase kinase isoform 4 (PDK4) all increased,
which means that AP may be related to energy metabolism (Luan
etal., 2015).

Panax ginseng C.A.Mey. (RG)

Panax ginseng C.A.Mey.(Radix ginseng), also known as Ren Shen,
is well known for its “Qi-Replenishing” effect in TCM and is
listed as a top-grade herb in “Shen Nong Ben Cao Jing”. In the
last decade, the representative active ingredients of Radix ginseng
(including Ginsenoside Rb1, Ginsenoside Rd, Ginsenoside Rgl,
Ginsenoside Rg5, Panax ginseng Polysaccharide, and total
ginsenosides) have been demonstrated to exert significant
effects on energy metabolism. Ginsenoside Rb1(Rb1), a major
effective ingredient of Panax ginseng, has been shown to
modulate energy metabolism in myocardial ischemia and

reperfusion injury, hypertrophy, and even HF (Zheng et al,
2017). In rat models of myocardial infarction, Rb1 could increase
the expression of the mitochondrial ATP5D and complex V (Cui
et al., 2018). In ischemia/reperfusion injury, Rbl reduced the
infarction sizes, inhibited of mPTP opening, restored of the
MMP, and upregulated the p-AKT and p-GSK-3P expression.
These results indicate that the protective effects of Rb1 against I/
R-induced myocardial injury may be associated with the
protection of mitochondrial function (Li et al., 2016b).
Similarly, Rbl could protect cardiac myocytes and modulate
energy metabolism against I/R-induced myocardial injury via
RhoA signaling pathway (Cui et al., 2017). Ginsenoside Rd (Rd)
is another biologically active extract from Panax ginseng C.A.Mey.
Wang et al. (2013) found that Rd exerted cardioprotective effects by
stabilizing the MMP and attenuating the release of mitochondrial
cytochrome ¢ in myocardial ischemia/reperfusion injury. As a
major compound of Radix ginseng, Ginsenoside Rgl (Rgl)
modulated energy metabolism in ischemia/reperfusion injury by
enhancing ATP content and the activity of mitochondria
respiratory chain complexes, which might partially be related to
its binding to RhoA and consequent the inhibition of RhoA/ROCK
pathway (Lietal., 2018b). In vitro, Rgl treatment (12.5 uM) exerted
a cardioprotective effect through regulating mitochondrial
dynamics, and achieved by moderating glutamate dehydrogenase
(GDH) and MFN2 dysregulation. However, Rgl had no significant
effect on MFN1, OPA1, and Drpl (Dong et al, 2016).
Mitochondrial hexokinase-II (HK-II), as a key molecule in
glycolysis, has ability to keep the mitochondrial integrity and
prevent mitochondrial death (Roberts and Miyamoto, 2015).
Ginsenoside Rg5 (Rg5) ameliorated the iso-induced ischemic
myocardium injury through inhibiting fatty acid oxidation and
regulating mitochondrial dynamics imbalance. Rg5 may improve
mitochondrial dysfunction through regulating mitochondrial HK-
II binding and reducing Drp1 recruitment to mitochondria via Akt
activation (Yangetal., 2017c). Panax ginseng Polysaccharide (PGP)
had cardioprotective effects and protected mitochondrial function
in myocardial I/R injury. In vitro, PGP reduced the release of
mitochondrial cytochrome ¢, maintained the MMP, and restored
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mitochondrial respiration (Zuo et al.,, 2018). Total ginsenosides
(TGS) of RG have been reported to enhance energy metabolism by
increasing glucose metabolism and activating TCA cycle-related
protein expression in ischemic rat myocardium (Wang et al., 2012).

Rhodiola rosea L. (RR)

Rhodiola rosea L., a well-known plant in Tibet, has been
demonstrated to treat a diverse range of cardiovascular conditions,
including IHD, arrhythmia, and angina pectoris (Yu et al., 2014; Liu
etal, 2016). Salidroside (SAL) is the main component extracted and
purified from Rhodiola. Chang et al. (2016) reported that SAL had
cardioprotective effects by regulating energy metabolism in coronary
artery occlusion-induced myocardial injury. SAL enhanced the ATP
and glycogen content through AMPK/PGC-10 axis and AMPK/NEF-
KB signaling pathways (Chang X. Y. et al,, 2016).

Ganoderma Lucidum (GL)

Ganoderma Lucidum (Reishi mushroom), popularly known as
Lingzhi in Asian countries, has antioxidative and cardioprotective
effects. Ganoderma Lucidum extract ameliorated myocardial
ischemic injury by improving mitochondrial dysfunction in iso-
induced myocardial infarction rats. The mechanism may be related
to the activities of the enzymes of TCA cycle and mitochondrial
respiratory chain complexes such as complexes I, II, III, and IV
(Sudheesh et al., 2013). Ganoderma atrum polysaccharide (PSG-1)
is regarded as a major bioactive ingredient in Ganoderma Lucidum.
Li et al. (2010) reported that PSG-1 protected cardiomyocytes by
mitochondrial pathway in hypoxia/reoxygenation-induced
NRVMs injury. PSG-1 reduced the release of cytochrome ¢ from
the mitochondria into cytosol and enhanced MMP levels (Li
etal, 2010).

Gynostemma pentaphyllum (Thunb.) Makino (GPM)

As one of replenishing Qi medicines, Gynostemma pentaphyllum
(Thunb.) Makino exerts anti-hypertensive, anti-hyperlipidemia,
anti-inflammation, and anti-aging effects (Zhang et al., 2018a).
Gypenosides (GP) are the major saponins of Gynostemma
pentaphyllum, which possess cardioprotective effects in myocardial
infarction rats. Yu et al. (2016) found that GP significantly reduced
myocardial infarct size and protected mitochondrial function in
myocardial ischemia-reperfusion injury. GP enhanced the levels of
ATP, regulated enzymatic activities of mitochondrial respiration
chain, and maintained the mitochondrial membrane integrity (Yu
et al., 2016).

Replenishing and Activating Blood

Panax notoginseng (Burkill) F.H.Chen (PNG)

Panax notoginseng (Burkill) F.H.Chen, known as San qi, San chi,
and/or Tian giin China, is a blood-replenishing and stasis-resolving
TCM herb widely used in the treatment of cardiovascular diseases.
Panax Notoginseng can reduce MI size and CK levels in rat models
of myocardial ischemia (Han et al., 2013). There are three main
saponins of Panax Notoginseng, including Rgl, Rbl, and
Notoginsenoside R1 (R1). R1 is the major effective component of
Panax notoginseng and exerts significant cardioprotective effects by
preventing the dysregulation of energy metabolism. The energy
metabolism-associated modulatory mechanism of R1 may be

mediated through inhibiting the activity of ROCK, and elevating
ATP5D expression and ATP content in ischemia/reperfusion-
induced myocardial injury (He et al., 2014).

Salvia miltiorrhiza Bunge (SM)

Salvia miltiorrhiza Bunge (also called Danshen), another blood-
replenishing and stasis-resolving TCM herb, has shown
therapeutic promise for multiple cardiovascular diseases.
Salvianic acid A (Danshensu) is one of the major water-soluble
compounds derived from Salvia miltiorrhiza and has been
reported to alleviate cardiac I/R injury by inhibiting mPTP
opening and expression of the ATP synthase c-subunit (Gao
et al,, 2017). 3, 4-Dihydroxylphenyl lactic acid (DLA) is another
name for Salvianic acid A, which has been demonstrated to reduce
infarction size and enhance mitochondrial aerobic respiration in
myocardial I/R injury. NADH dehydrogenase 1 alpha subcomplex
10 (NDUFA10) belongs to one of the subunits of mitochondrial
Complex I. DLA may regulate the mitochondrial respiration via
enhancing the NDUFA10 and SIRT1 expression (Yangetal., 2015).
Sirtuin3 (SIRT3), another NAD"-dependent deacetylases in addition
to SIRT1, modulates the succinate dehydrogenase complex, subunit
A, flavoprotein variant (SDHA). Total Salvianolic Acid Injection
(TSI) is a preparation of an active compound extracted from Salvia
miltiorrhiza Bunge. TSI had significant cardioprotective effects by
regulating mitochondrial respiratory chain in ischemia/reperfusion-
induced myocardial injury. TSI reduced infarction size and enhanced
NDUFA10 and SDHA protein expression via the activation of SIRT1
and SIRT3 (Huang et al, 2019). Tanshinone IIA (TIIA), another
monomer isolated from the Salvia miltiorrhiza, has been reported to
protect cardiac function against MI and I/R injury. Jin and Li (2013)
found that TIIA protected mitochondrial function in hypoxia-
induced H9c2 cells injury, which might involve the regulation of
mitochondrial ROS generation, ATP content, and intracellular nitric
oxide (NO) levels (Jin and Li, 2013). However, the mechanism of
TIIA has yet to be revealed.

Carthamus tinctorius L

Carthamus tinctorius L (CTL) is widely used in Asian countries,
which exerts significant capacity of anticoagulation, increasing
coronary blood flow, and treating ischemic cardiovascular
diseases (Zhou et al., 2014). Hydroxysaftflor Yellow A (HSYA)
is a major representative ingredient of Carthamus tinctorius L.
HSYA significantly reduced the blood CK-MB and LDH levels,
mitochondrial ROS accumulation, and the loss of MMP in iso-
induced myocardial ischemic injury. In vitro, HSYA markedly
increased the PGC-10. and Nrf2 protein expression in H9c2 cells
subjected to OGD injury (Chen et al., 2016). HKII, located on the
outer mitochondrial membrane, regulate cardiac mitochondrial
function and cellular glucose metabolism (Roberts and
Miyamoto, 2015). Min and Wei (2017) dived more deeply into
the cardioprotective mechanism of HSYA in ischemia-
reperfusion myocardial injury. They found that HSYA exerted
cardioprotective effects by restoring mitochondrial energy
metabolism. This mechanism of HSYA may be mediated via
Akt/HKII independent of ERK/GSK-f signal pathway. Taken
together, these results suggest that HSYA effectively improve
myocardial injury in pre-clinical models of myocardial ischemia.
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Boswellia serrata Roxb.

Boswellia serrata Roxb. (BSR) is considered as one of a major
promoting blood circulation for relieving pain TCM herb. The
combination of Carthamus tinctorius L and Boswellia serrata Roxb.
is widely used for treating ischemic heart disease (Chen et al., 2016).
Acetyl-11-keto-B-boswellic acid (AKBA) is recognized as the main
component of Boswellia serrata Roxb., which has similar
cardioprotective actions as Hydroxysaftlor Yellow A in H9¢2 cells
subjected to OGD injury. AKBA effectively improved mitochondrial
membrane potential levels and increased the PGC-1a. and Nrf2
protein expression, suggesting that the beneficial role of AKBA in
OGD-induced myocardial ischemic injury can be attributed to the
improvement of mitochondrial biogenesis (Chen et al., 2016).

Invigorating and Replenishing Yang

Cistanche deserticola Ma

Cistanche deserticola Ma, also known as Herba Cistanche (HC),
is a “Yang-invigorating” Chinese tonic herb. Herba Cistanche
extract protected against myocardial ischemia/reperfusion injury
by enhancing mitochondrial ATP generation. Glutathione
(GSH) is the first defense line against oxidative damage. Herba
Cistanche extract may enhance mitochondrial respiration
through increasing mitochondrial GSH levels, decreasing
mitochondrial oxidized glutathione (GSSG), improving MMP,
and reducing mitochondrial Ca** levels (Siu and Ko, 2010).
Another study reported the cardioprotective effect of Herba
Cistanches fraction (HCF1) in vitro and in vivo. In vitro, HCF1
at 30 ng/mL significantly enhanced mitochondrial ATP
generation capacity (ATP-GC), mitochondrial ROS production
and mitochondrial respiration. In vivo, HCF1 significantly enhanced
mitochondrial GSH status and enhanced ATP-GC content in I/R
adult female rats. Surprisingly, they found that low-dose HCF1
significantly reduced tissue ATP levels in non-I/R rats, whereas the
depletion of tissue ATP level by HCF-1 was reduced in I/R rats. This
phenomenon in non-I/R rats may be related to HCF-induced
sustained mitochondrial uncoupling, while in I/R rats it may be
related to the increase in ATP-GC by HCF-1 (Wong and Ko, 2013).
B-sitosterol (BS), as a hydrophobic compound of HCF1, reduced
LDH levels and increased the cellular glutathione redox cycling in
myocardial I/R female rats. But BS had no significant effects on
mitochondrial ATP-GC in male or female rat myocardium (Wong
et al., 2014). Therefore, the effects of mitochondrial ATP-GC in
Cistanche deserticola Ma extract may depend on other compounds,
which need to be further studied.

Cynomorium coccineum subsp. songaricum (Rupr.) J.Léonard
Cynomorium coccineum subsp. songaricum (Rupr.) J. Léonard (also
called Cynomorii herba) (CCS), an another “Yang-invigorating”
Chinese tonic herb, is found to enhance mitochondrial ATP-GC in
H9c2 cells. Chen and Ko (2013) isolated bioactivate fraction
(HCY2) and ursolic acid (UA) from cynomorii herba. They
demonstrated that HCY2 and UA could protect myocardial
ischemia/reoxygenation in male and female rats. HCY2 and UA
may protect mitochondrial function through reducing LDH level,
enhancing cardiac tissue ATP and mitochondrial ATP-GC levels,
and upregulating the mitochondrial GSH/GSSG ratio and
glutathione reductase (GR) activity.

Other Extractive Compounds of Chinese Herbal
Medicines

Berberine

Berberine, an isoquinoline alkaloid isolated from Coptis chinensis
Franch., is widely used in treatment of diarrhea in Asian countries.
Wang et al. (2015b) reported that berberine (200 mg/kg/day)
exerted cardioprotective effects by attenuating myocardial
apoptosis and improving mitochondrial dysfunction in
myocardial ischemia/reperfusion. However, the metabolic
mechanism of berberine remains unclear. Berberine treatment
(100 mg/kg/day, i.g.) improved cardiac function and reduced
infarction size. Berberine may have cardioprotective effects
through regulating AMPK phosphorylation in ischemia-
reperfusion myocardial injury. Interestingly, they found that
berberine downregulated p-AMPK expression, and decreased the
ADP/ATP and AMP/ATP ratio in peri-infarct areas. In contrast,
berberine upregulated p-AMPK expression, and increased the
ADP/ATP and AMP/ATP ratio in non-ischemia areas. However,
this phenomenon has yet to be revealed (Chang et al., 2012).

Crude Terpene Glycosides

Crude terpene glycosides (CS-TG), as the major active components
in Paeonia lactiflora Pall., include paeoniflorin, albiflorin, and
enzoylpaeoniflorin. Crude terpene glycosides have been shown to
attenuate cardiac hypertrophy, inhibit cardiomyocyte apoptosis
and promote blood flow (Ke et al., 2017). Ke et al. (2017)
conducted the myocardial ischemia model in rats fed with 300
mg/kg/day CS-TG. CS-TG significantly decreased CK and LDH
levels in serum and improved energy metabolism. Rats treated with
CS-TG improved energy metabolism in ISO-induced myocardial
ischemic injury, which might be related to increasing the ATP and
glycogen content, protecting mitochondrial ultrastructure and
decreasing p-AMPK expression (Ke et al., 2017). In contrast,
many studies indicated that the activation of AMPK
phosphorylation promotes energy metabolism by regulating
glucose and lipid metabolism (Luiken et al., 2003; Russell et al,
2004; Qi and Young, 2015). AMPK activation also promotes
mitochondrial fission via MFF phosphorylation (Garcia and
Shaw, 2017). The inconsistency between the upregulation and
downregulation on AMPK phosphorylation during ischemia may
depend upon the cell type, myocardial ischemic model,
pathophysiological setting and ischemic duration. Besides,
inhibition of AMPK is likely to involve other mechanisms such as
myocardial acidosis and apoptosis.

Ginkgo biloba L. Extract
Ginkgo biloba L. (GBE) extract is one of the most commonly
used herbs and exhibits multiple pharmacological activities. GBE
has been widely used for the treatment of cardiovascular diseases.
A study by Wang et al. (2016b) reported that GBE (200 mg/kg/
day) pretreatment could significantly restore fatty acid, glyceride, and
amino acid levels, thereby exerting cardioprotective effects in ISO-
induced myocardial ischemia in rats. Another study found that GBE
treatment uncoupled mitochondrial oxidative phosphorylation and
reduced the mitochondrial free radicals in ischemic rat heart for 10
and 18 days (Bernatoniene et al., 2011).
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Luteolin

Luteolin is a polyphenolic compound derived from vegetables,
fruits, and medicinal herbs. In vivo, Hu et al. (2016) reported that
Luteolin could improve cardiac dysfunction in wild-type mice
after myocardial infarction. Meanwhile, luteolin treatment was
shown to enhance MMP levels, ATP content, citrate synthase
(CS) activity, and the activities of complexes I-V induced by hypoxia
in neonatal mice ventricular cardiomyocytes. The cardioprotective
effects of luteolin associated with improvement in mitochondrial
biogenesis may be exerted through inhibition of mammalian sterile
20-like kinase 1 (Mst1) expression.

Quercetin

Quercetin, a flavone used as a food supplement, exerts powerful
antioxidant effects. Punithavathi and Prince (2010) demonstrated
that quercetin reduced myocardial infarct size and prevented the
mitochondrial dysfunction in isoproterenol-treated myocardial
infarcted rats. Another study also found quercetin (10 mg/kg) pre-
treatment elicited cardioprotective effects, including ameliorating
lipids accumulation and altering the levels of lipoproteins and
enzymes involved in lipid metabolism in isoproterenol-treated
myocardial infarcted rats (Prince and Sathya, 2010). However, the
protective mechanism remains unclear.

Resveratrol

Resveratrol is a natural polyphenol from many plant-based foods,
including blueberries, grapes, and cranberries. Multiple studies have
reported that resveratrol exerts cardioprotective effects (Kanamori
et al., 2013; Sung et al., 2015; Fourny et al., 2019). Kanamori et al.
(2013) investigated the effects of resveratrol in myocardial
infarction mice and found that resveratrol could improve
myocardial energy status through enhancing the ATP content
and increasing the p-AMPK activation. Furthermore, Fourny
et al. (2019) also focused on the cardioprotective effects of
resveratrol against I/R injury, which is related to improving
mitochondrial dysfunction. They found that the underlying
mechanism may be associated with increased expression of p-
AKT, eNOS, and SIRT1, resulting in improved energy metabolism.

Tetrandrine

Tetrandrine (TTD), a bisbenzylisoquinoline alkaloid isolated from
Stephania tetrandra S. Moore, has been shown cardioprotective
effects on myocardial fibrosis and myocardial infarction (Tengetal.,
2015). In vivo, tetrandrine (50 mg/kg) pretreatment significantly
improved cardiac function, reduced infarct size and decreased
blood LDH levels in myocardial ischemia and reperfusion injury.
In neonatal rat cardiomyocytes, tetrandrine treatment (10 mM)
significantly reduced mitochondrial ROS accumulation, stabilized
the MMP, attenuated mitochondrial cytochrome ¢ release, and
enhanced p-AKT and p-GSK-3B protein expression. This
phenomenon may be related to mitochondrial function (Yang
etal, 2017b).

Metabolic Effects of Chinese Herbal

Formulas and the Associated Mechanisms
In addition to herbs and the major bioactive components described
above, we also summarize the metabolic effects and associated

mechanisms of Chinese herbal formulas in ITHD. Chinese herbal
formulas (including decoctions, Chinese patent drugs, and
injections), which refer to the combination of specific herbs based
on TCM theory, are widely used in Chinese clinical practice.
However, the research of formulas has faced numerous obstacles
and challenges because of the complexity associated with
pharmacological properties of multi-herb, multi-component, and
multi-target. In recent years, researchers begin to address the
complexity of biology in formulas from a systems perspective
using the modern science and advanced technologies such as
quality control, metabonomics, and molecular biology. The new
technologies are important for ensuring standardization and
industrialization of CHMs and identifying the optimal treatment
for cardiovascular diseases.

Decoctions

Buyang Huanwu Decoction

Buyang Huanwu Decoction (BYHWD), a classic TCM formula
of gi-replenishing and stasis-eliminating method, is containing
Astragalus mongholicus Bunge, Angelica sinensis (Oliv.) Diels,
Radix Paeoniae Rubra, Ligusticum striatum DC, Pheretima,
Semen Persicae, and Carthamus tinctorius L. BYHWD may relieve
MI injury through regulating energy metabolism in rats with
coronary heart disease (Wang et al., 2011). However, the metabolic
mechanism of BYHWD has yet to be revealed.

Shengmai San

Shengmai San (SMS), a well-known TCM prescription comprising
Panax ginseng C.A.Mey, Ophiopogon japonicus (Thunb.) Ker Gawl,
and Schisandra chinensis (Turcz.) Baill, is widely used to treat
coronary artery disease, angina pectoris, and HF in clinical practice.
SMS water extract significantly improved cardiac function,
increased ATPase activity during 3 weeks in MI-induced heart
failure mice model. In vitro, SMS (400 pg/mL) could improve
mitochondrial function by enhancing MMP and ATP levels.
Besides, SMS inhibited phosphorylation of Drpl at Ser 616 and
increased phosphorylation of Drpl at Ser 637 in OGD-induced
cardiomyocytes injury (Yang et al., 2017d). Drpl has two major
phosphorylation sites. Phosphorylation of Drp1 at Ser616 leads to
mitochondrial fission, while Drpl phosphorylation at Ser637
inhibits mitochondrial fission and induces mitochondrial fusion
and elongation (Willems et al., 2015). These results indicate that the
mechanism of SMS may be associated with inhibiting
mitochondrial fission through Drp1 signaling pathways.

Qishen Granule

Qishen granule (QSG) consists of 6 Chinese herbs, which has been
applied to treat cardiovascular diseases for many years in clinic
(Wangetal., 2017). QSG elicited significant cardioprotective effects
by regulating lipid and glucose metabolism in MI rat model. 28 days
after MI, QSG improved cardiac functions and attenuated cardiac
remodeling. On the one hand, QSG could regulate the transcription
of fatty acid metabolism through PPAR0-RXRs pathway. On the
other hand, QSG could regulate glucose metabolism through
inhibiting glycolysis uncoupling from glucose oxidation. What is
more, QSG also facilitated TAC and protected mitochondrial
function in HF rats (Gao et al., 2020).
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Yigihuoxue Decoction

Yigihuoxue Decoction (YQHX) is designed based on the Danggui
Buxue decoction (DBD) TCM formula, which is a recognized
treatment for IHD with Qi deficiency and blood stasis syndrome.
Li et al. (2018a) reported that a 28-day administration of YQHX, a
formulation containing Astragalus membranaceus, Angelica
sinensis (Oliv.) Diels, Panax ginseng, Ligusticum striatum DC., and
Panax notoginseng, could significantly improve cardiac function
and mitochondrial function in myocardial ischemic rats with LAD
surgery. YQHX treatment significantly increased PGC-1o
expression, improved the mitochondrial ultrastructure, and
increased mitochondrial ATP content. In vitro, YQHX largely
reduced LDH and ROS levels, restored the mitochondrial
morphology, and increased MMP. Meanwhile, YQHX
upregulated PGC-1a and NRF-1 protein expression through the
activation of p-AMPK phosphorylation induced by ischemia/
hypoxia-induced H9¢2 cells injury. Among them, AMPK, PGC-
1o, NRF-1, and Tfam are all increased which means that the
cardioprotective effects of YQHX may be related to improving
mitochondrial dysfunction.

Gualou Xiebai Decoction

Gualou Xiebai Decoction (GLXB), a classic TCM prescription, is
widely used for the treatment of cardiac heart diseases. GLXB is
composed of Trichosanthis Pericarpium, Allium macrostemon
Bunge and wine, has been proposed in AD 200-205 by famous
doctor Zhang Zhong-Jing. Rats treated with GLXB exhibited a
significant reduction in myocardial infarct size, as well as
improved cardiac function and myocardial structure following
myocardial I/R injury, which was likely achieved through the
modulation of energy metabolism via the inhibition of the RhoA/
ROCK signaling pathway (Yan et al., 2018).

Chinese Patent Drugs

QishenYiqi Capsule

Qishen Yigi capsule (QSYQ), a clinically used formula consisting
of extracts from Astragalus membranaceus, Salvia miltiorrhiza
Bunge, Panax notoginseng, and Dalbergia odorifera, has been
approved for clinical use in China and is widely used to treat
cardiovascular diseases such as IHD, angina pectoris, and
ischemic HF (Jianxin et al., 2016; Zhang et al., 2018b). Recent
pharmacological studies showed that QSYQ could modulate
energy metabolism and improve cardiac function in ischemic
rats with LAD coronary artery ligation (Cui et al., 2018; Zhang et al.,
2018d). Zhang et al. (2018d) identified 24 chemical ingredients in
QSYQ via UPLC-Q-TOP/MS in the negative and positive modes.
QSYQ treatment could alleviate mitochondrial dysfunction and
protect nuclei number and mitochondrial mass against hypoxia/
ischemia-induced injury, however, the metabolic mechanism has
yet to be revealed. Similarly, QSYQ has been shown to regulate
energy metabolism in a rat model of cardiac I/R injury (Lin et al,
2013; Chen et al., 2015).

Qiligiangxin Capsule

Qiligiangxin capsule (QLQX) is an 11-herb Chinese medication
widely used for treating myocardial infarction and even
congestive heart failure in clinical practice. In ovariectomized

mice, QLQX (0.5 g/kg) treatment significantly attenuated cardiac
remodeling and facilitated energy metabolism after myocardial
infarction by upregulating the expression of lipid metabolism-
related genes and activation of PPARy (Shen et al,, 2017). In rat
primary cardiac microvascular endothelial cells (CMECs)
subjected to hypoxia, QLQX was found to improve glucose
utilization and protect CMECs against hypoxia-induced injury by
promoting hypoxia-inducible factor 1-alpha (HIF-10t)-dependent
glycolysis (Wang et al., 2018a). Zhao et al. (2019) conducted the
myocardial infarction surgery in male SD rats fed with (0.25, 0.5,
and 1.0 g/kg/day) QLQX. 4 weeks after myocardial infarction,
QLQX treatment protected cardiac function, ameliorated
mitochondria-dependent apoptosis, and enhanced p-AKT and p-
GSK3p expression. In addition, QLQX also regulated mitochondrial
fission, reduced mPTP opening and enhanced MMP levels in
oxidative stress-induced cardiomyocytes injury. Taken together,
these findings indicate that QLQX may regulate energy metabolism
by increasing lipid metabolism, improving glucose utilization, and
regulating mitochondrial fission.

Compound Danshen Dripping Pill

Compound Danshen dripping pill (CDDP) consists of Radix
Salvia miltiorrhiza, Radix Notoginseng, and Borneolum, which is
widely used for the treating ischemic heart diseases. Guo et al.
(2016) generated a rat model of acute myocardial ischemia
induced by isoproterenol, and found that CDDP pretreatment
could increase ATP production and modulate metabolomic
patterns in ischemic rat myocardium through promoting a
metabolic shift toward fatty acids metabolism.

DanQi Pill

DanQi pill (DQP) is composed of two herbs, namely, Salvia
Miltiorrhiza and Panax Notoginseng. The formulation is listed in
Chinese Pharmacopoeia of 2010 and is widely used for the
clinical treatment of IHD. Recent pharmacological studies
showed that DQP treatment could significantly improve
cardiac function and modulate lipid metabolism in rat models
of MI (Wang et al., 2015a; Chang H. et al., 2016; Wang et al,,
2016a; Jiao et al., 2018), as well as promote a significant increase
in the expression of CPT-1A, CD36, and PPARo. Among them,
CPT-1A, CD36, and PPAR« expressions are all increased which
means that the metabolic mechanism of DQP may be associated
with lipid metabolism. Zhang et al. (2018¢c) conducted HF after
MI rat models and oxygen-glucose deprivation-reperfusion
(OGD/R)-induced H9¢c2 cell injury models. They found that
DQP had similar actions as a selective PPARY activator
(Rosiglitazone), which rescued cardiac function, and regulated
key factors in lipid and glucose metabolism in MI-induced HF
rat model through the PPARY pathway. To further certain the
metabolic mechanism of DQP on PPARYy, H9c2 cells were
treated with/without PPARY inhibitor (T0070907) and DQP.
They found that the increase of ATP content and PPARYy
expression of DQP could be inhibited by T0070907 in OGD/R-
induced H9c2 cell injury. Besides, DQP has also been suggested
to regulate energy metabolism in rat ischemic myocardium
through the AMPK/SIRT1-PGC-1a signaling pathway (Meng
et al., 2019).
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Yangxinshi Tablet

Yangxinshi tablet (YXS) is composed of 13 herbs, which has been
widely used to prevent and treat chest tightness, angina pectoris,
and coronary heart disease. It is widely used in replenishing Qi,
activating blood circulation and resolving blood stasis in clinic.
Zhang et al. (2018b) found 25 metabolites from metabolic
profiles in ischemia-reperfusion injury. The metabolites were
mainly involved in energy metabolism, fatty acid metabolism,
and amino acid metabolism. However, the mechanism of YXS
needs to be further explored. Another study dived more deeply
into the cardioprotective mechanism of YXS. YXS treatment
significantly decreased infarct size, protected cardiac function,
and improved energy metabolism in rats with chronic ischemic
heart failure. YXS improved energy metabolism through
increasing p-AMPK, PGC-1a, GLUT4, and HIF-1o. expression
(Wu et al., 2020b).

Injections

Shengmai Injection

Shengmai injection (SMI) was approved by the China Food and
Drug Administration (CFDA) in 1995, which has been widely
used to prevent and treat coronary heart disease and chronic HF.
SMI is composed of two herbs, including Panax ginseng C.A.Mey.
and Ophiopogon japonicus (Thunb.) Ker Gawl. Wang et al. (2018b)
applied iTRAQ-based proteomic approach to identify differentially
expressed proteins of SMI, and found that their function was
associated with mitochondrial oxidative phosphorylation. SMI
significantly increased ATP5D, NDUFB10, and TNNCI1 protein
expression in rats with myocardial ischemic injury. In vitro, SMI
increased ATP and MMP content, and had positive effects on
mitochondrial respiration induced by hypoxia. Another trial
identified the metabolic effects of SMI against ischemia-
reperfusion injury. SMI reduced the mitochondrial mass,
enhanced MMP, and inhibited mPTP opening. SMI treatment
increased MFN1, MFN2, and OPA mRNA expression, and
reduced Drp and Fis mRNA expression. These results mean that
the cardioprotective effect of SMI may be associated with
mitochondrial dynamics (Yu et al,, 2019).

Xuesaitong Injection

Xuesaitong injection (XST) is mainly composed of Panax
Notoginseng saponins, which has been widely used to prevent
and treat cardio-cerebral vascular diseases. XST treatment
enhanced the PDH activity, a key enzyme converted pyruvate
to acetyl CoA in mitochondria and related to TCA cycle, as well
as increased Na'-K*-ATPase and Ca**-Mg”*-ATPase, and
elevated intracellular ATP and acetyl-CoA levels in hypoxia/
reoxygenation condition. XST significantly enhanced pyruvate
dehydrogenase El alpha (PDHA1) and ATP synthase 5A
(ATP5A) protein expression in H9c2 cells with hypoxia/
reoxygenation injury. These proteins are mainly associated
with cardiac energy metabolism (Zhao et al., 2017).

YiQiFuMai Powder Injection

YiQiFuMai powder injection (YQFM) is designed based on the
well-known TCMs prescription Shengmaisan, which is widely
applied for the treatment of angina pectoris, coronary heart

disease, and chronic heart failure. YQFM is composed of three
herbs, including Panax ginseng C.A.Mey., Ophiopogon japonicus
(Thunb.) Ker Gawl, and Schisandra chinensis (Turcz.) Baill.
YQFM significantly attenuated coronary artery ligation-
induced heart failure via improving cardiac function and
attenuating mitochondrial dysfunction in mice. In addition,
YQFM significantly inhibited the Drpl phosphorylation at
Ser616 and increased Mfn2 expression in HF mice and OGD-
induced NRVMs injury (Zhang et al., 2019). It indicates that
YQFM may improve energy metabolism through regulating
mitochondrial dynamics. A different study described in
ischemia/reperfusion-Induced myocardial injury, YQFM might
regulate energy metabolism through the activation of AMPK
phosphorylation (Li et al., 2016a).

CONCLUSIONS AND PERSPECTIVES

Over the last decade, increasing attention has been focused on
the modulation of cardiac energy metabolism as a therapy for the
treatment of cardiovascular diseases (Neubauer, 2007). The
modulation of cardiac energy metabolism, a complex process
involving substrate utilization, mitochondrial oxidative
phosphorylation, and ATP transfer and utilization, plays a key
pathophysiological role in both cardiac disease progression and
its treatment (Figure 1). The cardiac metabolic network has
complexity and high flexibility in energy substrate utilization
during hypoxic/ischemic conditions. In the early stages of cardiac
remodeling, alterations in myocardial substrate selection are partly
considered to be a compensated and protective mechanism that
may impede cardiac irreversible damage. In contrast, in advanced
stages, persistent ischemia/hypoxia and subsequent reperfusion
may lead to a decrease in fatty acid oxidation and an increase in
that of glucose oxidation, which further contributes to lipotoxicity,
lactic acidosis, low ATP production, contractile dysfunction, and
progression to HF. This process indicates that the relationship
between cardiac energy metabolism and IHD is double-sided.
Balancing the contradictory effects of energy metabolism at
different time points may enhance drug efficacy in the treatment
of IHD.

Chinese herbal medicines have great therapeutic potential for
the treatment of IHD through the modulation of cardiac
metabolism. In this review, we mainly summarize the metabolic
effects and the underlying mechanisms of herbs, major bioactive
components, and Chinese herbal formulas in THD. Multiple signal
pathways and multiple targets are associated with CHMs-mediated
effects on energy metabolism in IHD (Figure 3). The details are as
follows: (1) The mechanisms ofherbs, MBC and CHF in attenuating
MI-induced energy metabolism disorder may mainly involve in
promoting mitochondrial biogenesis, regulating fatty acid and
glucose metabolism, modulating mitochondrial respiratory, and
maintaining the balance of mitochondrial dynamics. (2) Chinese
herbal formulas that can modulate energy metabolism in IHD
usually contain Qi-replenishing and/or Blood-activating herbs.
Furthermore, Qi-replenishing and/or Blood-activating CHMs,
especially Qi-replenishing herbs and their major components,
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often play a key role in regulating energy metabolism in IHD. It
suggests that the Qi-replenishing effects of CHMs may be related to
regulating energy metabolism especially mitochondrial function.
(3) Besides, Qi-replenishing herbs or combination of Qi-
replenishing and Blood-activating herbs may produce better
efficacy on cardiac energy metabolism than monotherapy with
Blood-activating herbs. Taking QSYQ as an example, Cui et al.
(2018) compared the contribution of five major components (AS-
IV, Rbl, Rgl, R1, and DLA) in QSYQ and QSYQ to their potential
to regulate energy metabolism in ischemia-induced rat myocardial
injury. They found that QSYQ and its five components could
improve cardiac structure. Especially, QSYQ significantly
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regulating energy metabolism. AS-IV and Rbl treatment could
increase the ATP levels, ATP5D protein expression, and ATP
synthase activity, respectively. In contract, R1 only significantly
enhanced the ¢Tnl protein expression. Rgl, R1,and DLA of QSYQ
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FIGURE 3 | Modulatory effects of CHF, herb, and MBC on energy metabolism in IHD. Chinese herbal formulas, herbs, and the major bioactive component regulate
energy metabolism in IHD. Different colored rounded rectangle and lines indicates the different function. The yellow rounder rectangle represents invigorating Qi
effects; The purple rounder rectangle represents invigorating Qi and activating Blood effects; The pinkish-orange indicates the formula or herbs with activating Blood;
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of replenishing Qi and activating Blood; Rose lines indicate the effects of activating Blood; And the orange lines represent replenishing Yang. CHF, Chinese herbal
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Form, Formononetin; RG, Radix Ginseng; Rb1, ginsenoside Rb1; Rg1, ginsenoside Rg1; Rg5, ginsenoside Rg5; PNG, Panax Notoginseng; R1, Notoginsenoside R1;
GPM, Gynostemma pentaphyllum (Thunb.) Makino; RR, Rhodiola rosea L.; SM, Salvia miltiorrhiza; CTL, Carthamus tinctorius L; BSR, Boswellia serrata Roxb.; HC,
Herba Cistanches; CCS, Cynomorium coccineum subsp.; NADPH oxidase, nicotinamide adenine dinucleotide phosphate-oxidase.
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and ATP5D expression, and ATP synthase activity. Among them,
AS-IV and Rb1 belong to the compounds of Qi-replenishing herbs,
whereas R1 and DLA belong to the compounds of Blood-activating
herbs. Therefore, the cardioprotective effect of CHMs on energy
metabolism in myocardial ischemia may mainly depend on the
synergistic effect of combinations of Qi-replenishing and Blood-
activating CHMs. Furthermore, studies may provide the structural
basis for the effect of major bioactive compounds from CHMs.
Major bioactive compounds with energy metabolism regulatory
activity identified in CHMs, such as AS-IV, Rbl, Rgl, Rd and R1,
mainly belong to the group of saponin compounds that are
primarily extracted from Astragalus membranaceus, Panax
ginseng and Panax notoginseng, respectively. These possess the
ability to regulate mitochondrial biogenesis and mitochondrial
respiration through multiple targets and pathways.

Currently, the effects and mechanisms of CHMs on cardiac
energy metabolism are still unclear and partially contradictory in
experimental studies, which can be primarily attributed to the
complex chemical and pharmacological properties of Chinese
herbal medicines. The further establishment of the platform of
studies on TCM complex prescriptions and their decomposed
recipes is essential to clarify the compatibility interactions of
different traditional Chinese medicines. Meanwhile, we should
pay more attention to the preclinical toxicology study to ensure
the herbs’ safety and efficacy of improving energy metabolism in
IHD. Cardiac energy metabolism after myocardial ischemia is a
dynamic and highly flexible process. The further study needs to
compare the change of energy metabolism in different time periods
after myocardial ischemia. Additionally, there is a series of complex
pathological processes induced by various pathogenetic factors in
IHD, which is accompanied by other symptoms and combined
with other cardiovascular diseases. However, common animal
models are often designed only for a single-factor intervention.
Thus, we need to design more combination models such as a rat
model of MI combined with diabetes, which are closer to the
clinical practice. In clinical trials, although TCMs have a long
history of clinical applications in the treatment of IHD, high-
quality evidence for their effectiveness is still generally lacking. The
clinical research of modern Traditional Chinese Medicine remains
many practical problems, including the insufficient understanding

REFERENCES

Arumugam, S., Sreedhar, R., Thandavarayan, R. A., Karuppagounder, V., and
Watanabe, K. (2016). Targeting fatty acid metabolism in heart failure: is it a
suiTable therapeutic approach? Drug Discovery Today 216, 1003-1008.
doi: 10.1016/j.drudis.2016.02.010

Bernatoniene, J., Majiene, D., Peciura, R, Laukeviciene, A., Bernatoniene, R.,
Mekas, T., et al. (2011). The effect of Ginkgo biloba extract on mitochondrial
oxidative phosphorylation in the normal and ischemic rat heart. Phytother. Res.
25, 1054-1060. doi: 10.1002/ptr.3399

Chang, W., Zhang, M., Li, ., Meng, Z., Xiao, D., Wei, S., et al. (2012). Berberine
attenuates ischemia-reperfusion injury via regulation of adenosine-5’-
monophosphate kinase activity in both non-ischemic and ischemic areas of the
rat heart. Cardiovasc. Drugs Ther. 26, 467-478. doi: 10.1007/s10557-012-6422-0

Chang, H., Wang, Q., Shi, T, Huo, K,, Li, C., Zhang, Q., et al. (2016). Effect of
DanQi Pill on PPARalpha, lipid disorders and arachidonic acid pathway in rat
model of coronary heart disease. BMC Complement Altern. Med. 16, 103.
doi: 10.1186/512906-016-1083-3

of clinical trial registration, the underdevelopment of clinical
methodology, imperfect quality control systems, and non-
standard clinical research reports (Zhang et al.,, 2013). Therefore,
further clinical studies, including more rigorously designed
randomized, double-blind, and large-scale controlled trials are
required, and should involve investigating different dosages,
administration times, dosing regimens, and delivery routes.
Meanwhile, there is a need to urge researchers to perform the
international registration of clinical trials, which further improves
the experiment design and avoids the selection and reporting bias.
The further strengthening assessment of adverse reactions of TCMs
is essential to enhance the accuracy of clinical evaluation and
reduce the occurrence of adverse drug reactions. Additionally, we
must pay more attention to the negative outcomes associated with
medication to ensure the integrity and facticity of TCMs results in
clinical research. Currently, most clinical studies of TCM
prescriptions in IHD often use the placebo as a control group
and lack comparisons to clinical drugs. Thus, the design of clinical
research needs to compare the western medicine control group to
evaluate the efficacy of TCM. The characteristics of TCM such as
the theory of treatment based on syndrome differentiation also
increase the complexity and difficulty of clinical research. It is
necessary to further establish a new qualitative and quantitative
research of the mixed-methods approach to adapt for the
characteristics of traditional Chinese Medicine.

AUTHOR CONTRIBUTIONS

FL conceived the topic and wrote the manuscript. JL and SL
helped to revise the manuscript and draw the figure and consulted
the references. SG and PL revised and modified the manuscript.

FUNDING

This work is supported by the National Natural Science
Foundation of China (No. 81473552), and the Postdoctoral
Science Foundation of China (No. 2019TQ0043).

Chang, X. Y., Zhang, K., Zhou, R,, Luo, F., Zhu, L. P,, Gao, J., et al. (2016).
Cardioprotective effects of salidroside on myocardial ischemia-reperfusion
injury in coronary artery occlusion-induced rats and Langendorff-perfused
rat hearts. Int. J. Cardiol. 215, 532-544. doi: 10.1016/j.ijcard.2016.04.108

Chen, X. J., Meng, D., Feng, L., Bian, Y. Y., Li, P., Yang, D., et al. (2006). Protective
effect of astragalosides on myocardial injury by isoproterenol in SD rats. Am. J.
Chin. Med. 34, 1015-1025. doi: 10.1142/S0192415X0600448X

Chen, J., and Ko, K. M. (2013). Ursolic-acid-enriched herba cynomorii extract
protects against oxidant injury in H9c2 cells and rat myocardium by increasing
mitochondrial ATP generation capacity and enhancing cellular glutathione
redox cycling, possibly through mitochondrial uncoupling. Evid. Based
Complement. Alt. Med. 2013, 924128. doi: 10.1155/2013/924128

Chen, J. R, Wei, ], Wang, L. Y., Zhu, Y., Li, L,, Olunga, M. A, et al. (2015).
Cardioprotection against ischemia/reperfusion injury by QiShenYiQi Pill R via
ameliorate of multiple mitochondrial dysfunctions. Drug Design Dev. Ther. 9,
3051-3066. doi: 10.2147/Dddt.S82146

Chen, M., Wang, M., Yang, Q., Wang, M., Wang, Z.,, Zhu, Y., et al. (2016).
Antioxidant effects of hydroxysafflor yellow A and acetyl-11-keto-beta-

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 995


https://doi.org/10.1016/j.drudis.2016.02.010
https://doi.org/10.1002/ptr.3399
https://doi.org/10.1007/s10557-012-6422-0
https://doi.org/10.1186/s12906-016-1083-3 
https://doi.org/10.1016/j.ijcard.2016.04.108 
https://doi.org/10.1142/S0192415X0600448X
https://doi.org/10.1155/2013/924128
https://doi.org/10.2147/Dddt.S82146
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

CHMs Modulated Metabolism in IHD

boswellic acid in combination on isoproterenol-induced myocardial injury in
rats. Int. J. Mol. Med. 37, 1501-1510. doi: 10.3892/ijmm.2016.2571

Cheng, Y., Xia, Z., Han, Y., and Rong, J. (2016). Plant Natural Product
Formononetin Protects Rat Cardiomyocyte H9c2 Cells against Oxygen
Glucose Deprivation and Reoxygenation via Inhibiting ROS Formation and
Promoting GSK-3beta Phosphorylation. Oxid. Med. Cell. Longev. 2016,
2060874. doi: 10.1155/2016/2060874

Choi, C. S., Befroy, D. E., Codella, R., Kim, S., Reznick, R. M., Hwang, Y. J., et al.
(2008). Paradoxical effects of increased expression of PGC-lalpha on muscle
mitochondrial function and insulin-stimulated muscle glucose metabolism.
Proc. Natl. Acad. Sci. U. S. A. 10550, 19926-19931. doi: 10.1073/
pnas.0810339105

Cui, Y. C, Pan, C. S, Yan, L, Li, L., Hu, B. H,, Chang, X,, et al. (2017). Ginsenoside
Rbl protects against ischemia/reperfusion-induced myocardial injury via
energy metabolism regulation mediated by RhoA signaling pathway. Sci.
Rep. 7, 44579. doi: 10.1038/srep44579

Cui, Y. C, Yan, L,, Pan, C. S,, Hu, B. H,, Chang, X,, Fan, J. Y,, et al. (2018). The
Contribution of Different Components in QiShenYiQi PillsR to Its Potential to
Modulate Energy Metabolism in Protection of Ischemic Myocardial Injury.
Front. Physiol. 9, 389. doi: 10.3389/fphys.2018.00389

Di Napoli, P., Di, Giovanni, P., Gaeta, M. A., D'Apolito, G., and Barsotti, A. (2007).
Beneficial effects of trimetazidine treatment on exercise tolerance and B-type
natriuretic peptide and troponin T plasma levels in patients with stable
ischemic cardiomyopathy. Am. Heart J. 154 (602), e601-605. doi: 10.1016/
j.2hj.2007.06.033

Doehner, W., Frenneaux, M., and Anker, S. D. (2014). Metabolic impairment in
heart failure: the myocardial and systemic perspective. . Am. Coll. Cardiol.
6413, 1388-1400. doi: 10.1016/j.jacc.2014.04.083

Dong, G., Chen, T., Ren, X,, Zhang, Z., Huang, W., Liu, L, et al. (2016). Rgl prevents
myocardial hypoxia/reoxygenation injury by regulating mitochondrial dynamics
imbalance via modulation of glutamate dehydrogenase and mitofusin 2.
Mitochondrion 26, 7-18. doi: 10.1016/j,jacc.2014.04.083

Dyck, J. R, and Lopaschuk, G. D. (2006). AMPK alterations in cardiac physiology
and pathology: enemy or ally? J. Physiol. 574 (Ptl), 95-112. doi: 10.1113/
jphysiol.2006.109389

Espinoza, D. O., Boros, L. G., Crunkhorn, S., Gami, H., and Patti, M. E. (2010).
Dual modulation of both lipid oxidation and synthesis by peroxisome
proliferator-activated receptor-gamma coactivator-1 alpha and-1 beta in
cultured myotubes. Faseb. J. 244, 1003-1014. doi: 10.1096/1j.09-133728

Fernandez-Marcos, P. J., and Auwerx, J. (2011). Regulation of PGC-lalpha, a
nodal regulator of mitochondrial biogenesis. Am. J. Clin. Nutr. 93, 8845-8890.
doi: 10.3945/ajcn.110.001917

Finck, B. N. (2007). The PPAR regulatory system in cardiac physiology and
disease. Cardiovasc. Res. 732, 269-277. doi: 10.1016/j.cardiores.2006.08.023

Fotino, A. D., Thompson-Paul, A. M., and Bazzano, L. A. (2013). Effect of
coenzyme Q 10 supplementation on heart failure: a meta-analysis. Am. J.
Clin. Nutr. 972, 268-275. doi: 10.3945/ajcn.112.040741

Fourny, N., Lan, C,, Seree, E., Bernard, M., and Desrois, M. (2019). Protective
Effect of Resveratrol against Ischemia-Reperfusion Injury via Enhanced High
Energy Compounds and eNOS-SIRT1 Expression in Type 2 Diabetic Female
Rat Heart. Nutrients 111, 105. doi: 10.3390/nu11010105

Fukushima, A., Milner, K., Gupta, A., and Lopaschuk, G. D. (2015). Myocardial
Energy Substrate Metabolism in Heart Failure: from Pathways to Therapeutic
Targets. Curr. Pharm. Des. 2125, 3654-3664. doi: 10.2174/13816128216
66150710150445

Gao, Q., Zhao, ], Fan, Z., Bao, J., Sun, D., Li, H., et al. (2017). Cardioprotective
Effect of Danshensu against Ischemic/Reperfusion Injury via c-Subunit of ATP
Synthase Inhibition. Evid. Based Complement Alternat. Med. 2017, 7986184.
doi: 10.1155/2017/7986184

Gao, K., Zhang, J., Gao, P., Wang, Q., Liu, Y., Liu, ], et al. (2020). Qishen granules
exerts cardioprotective effects on rats with heart failure via regulating fatty acid
and glucose metabolism. Chin. Med. (U. K.) 15, 21. doi: 10.1186/s13020-020-
0299-9

Garcia, D., and Shaw, R. J. (2017). AMPK: Mechanisms of Cellular Energy Sensing
and Restoration of Metabolic Balance. Mol. Cell. 666, 789-800. doi: 10.1016/
j.molcel.2017.05.032

GBD 2017 Causes of Death Collaborators. (2018). Global, regional, and national age-
sex-specific mortality for 282 causes of death in 195 countries and territories 1980-

2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet
39210159, 1736-1788. doi: 10.1016/S0140-6736(18)32203-7

Gundewar, S., Calvert, . W., Jha, S., Toedt-Pingel, L, Ji, S. Y., Nunez, D, et al.
(2009). Activation of AMP-activated protein kinase by metformin improves
left ventricular function and survival in heart failure. Circ. Res. 1043, 403-411.
doi: 10.1161/CIRCRESAHA.108.190918

Guo, Z., Liao, Z., Huang, L., Liu, D., Yin, D., and He, M. (2015). Kaempferol
protects cardiomyocytes against anoxia/reoxygenation injury via
mitochondrial pathway mediated by SIRT1. Eur. J. Pharmacol. 761, 245-253.
doi: 10.1016/j.ejphar.2015.05.056

Guo, J., Yong, Y., Aa, ], Cao, B,, Sun, R,, Yu, X,, et al. (2016). Compound danshen
dripping pills modulate the perturbed energy metabolism in a rat model of
acute myocardial ischemia. Sci. Rep. 6, 37919. doi: 10.1038/srep37919

Guo, D., Murdoch, C. E., Liu, T., Qu, J, Jiao, S., Wang, Y., et al. (2018).
Therapeutic Angiogenesis of Chinese Herbal Medicines in Ischemic Heart
Disease: A Review. Front. Pharmacol. 9:, 428. doi: 10.3389/fphar.2018.00428

Ham, P. B. 3., and Raju, R. (2016). Mitochondrial function in hypoxic ischemic
injury and influence of aging. Prog. Neurobiol. 157, 92-116. doi: 10.1016/
j.pneurobio.2016 06.006.

Han, S. Y., Li, H. X, Ma, X,, Zhang, K., Ma, Z. Z,, Jiang, Y., et al. (2013). Evaluation
of the anti-myocardial ischemia effect of individual and combined extracts of
Panax notoginseng and Carthamus tinctorius in rats. J. Ethnopharmacol. 1453,
722-727. doi: 10.1016/j.jep.2012.11.036

He, K, Yan, L., Pan, C. S, Liu, Y. Y., Cui, Y. C., Hu, B. H,, et al. (2014). ROCK-
dependent ATP5D modulation contributes to the protection of
notoginsenoside NR1 against ischemia-reperfusion-induced myocardial
injury. Am. J. Physiol. Heart Circ. Physiol. 30712, H1764-H1776.
doi: 10.1152/ajpheart.00259.2014

Heggermont, W. A., Papageorgiou, A. P., Heymans, S., and van Bilsen, M. (2016).
Metabolic support for the heart: complementary therapy for heart failure? Eur.
J. Heart Fail. 1812, 1420-1429. doi: 10.1002/ejhf.678

Hu, J. Q,, Man, W. R, Shen, M., Zhang, M. M., Lin, J., Wang, T. T,, et al. (2016).
Luteolin alleviates post-infarction cardiac dysfunction by up-regulating
autophagy through Mstl inhibition. J. Cell. Mol. Med. 201, 147-156.
doi: 10.1111/jemm.12714

Huang, D. D., Wei, X. H,, Mu, H. N,, Pan, C. S,, Li, Q., Hu, B. H,, et al. (2019).
Total Salvianolic Acid Injection Prevents Ischemia/Reperfusion-Induced
Myocardial Injury Via Antioxidant Mechanism Involving Mitochondrial
Respiratory Chain Through the Upregulation of Sirtuinl and Sirtuin3. Shock
(Augusta Ga.) 51, 745-756. doi: 10.1097/SHK.0000000000001185

Huss, J. M., and Kelly, D. P. (2005). Mitochondrial energy metabolism in heart
failure: a question of balance. J. Clin. Invest. 1153, 547-555. doi: 10.1172/
JCI24405

JianXin, C., Xue, X., ZhongFeng, L., Kuo, G., FeiLong, Z., Zhi, H,, et al. (2016).
Qishen Yiqi Drop Pill improves cardiac function after myocardial ischemia.
Sci. Rep. 6, 24383. doi: 10.1038/srep24383

Jiao, S. H., Tang, B. H., Wang, Y., Li, C., Zeng, Z. F., Cui, L. X,, et al. (2018). Pro-
angiogenic Role of Dangqi Pill Through Activating Fatty Acids Oxidation
Pathway Against Coronary Artery Disease. Front. Pharmacol. 9, 1414.
doi: 10.3389/fphar.2018.01414

Jin, H. J., and Li, C. G. (2013). Tanshinone ITA and Cryptotanshinone Prevent
Mitochondrial Dysfunction in Hypoxia-Induced H9c2 Cells: Association
to Mitochondrial ROS, Intracellular Nitric Oxide, and Calcium Levels.
Evid. Based Complement Alternat. Med. 2013, 610694. doi: 10.1155/2013/
610694

Jin, Y., Chen, Q., Li, X,, Fan, X,, and Li, Z. (2014). Astragali Radix protects
myocardium from ischemia injury by modulating energy metabolism. Int. J.
Cardiol. 1763, 1312-1315. doi: 10.1016/j.jjcard.2014.07.154

Kanamori, H., Takemura, G., Goto, K., Tsujimoto, A., Ogino, A., Takeyama, T., et al.
(2013). Resveratrol Reverses Remodeling in Hearts with Large, Old Myocardial
Infarctions through Enhanced Autophagy-Activating AMP Kinase Pathway. Am.
J. Pathol. 1823, 701-713. doi: 10.1016/j.ajpath.2012.11.009

Kang, D., and Hamasaki, N. (2005). Mitochondrial transcription factor A in the
maintenance of mitochondrial DNA: overview of its multiple roles. Ann. N. Y.
Acad. Sci. 1042, 101-108. doi: 10.1196/annals.1338.010

Ke, Z., Wang, G., Yang, L., Qiu, H., Wu, H,, Du, M,, et al. (2017). Crude terpene
glycoside component from Radix paeoniae rubra protects against
isoproterenol-induced myocardial ischemic injury via activation of the PI3K/

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 995


https://doi.org/10.3892/ijmm.2016.2571
https://doi.org/10.1155/2016/2060874
https://doi.org/10.1073/pnas.0810339105
https://doi.org/10.1073/pnas.0810339105
https://doi.org/10.1038/srep44579
https://doi.org/10.3389/fphys.2018.00389
https://doi.org/10.1016/j.ahj.2007.06.033
https://doi.org/10.1016/j.ahj.2007.06.033
https://doi.org/10.1016/j.jacc.2014.04.083
https://doi.org/10.1016/j.jacc.2014.04.083
https://doi.org/10.1113/jphysiol.2006.109389
https://doi.org/10.1113/jphysiol.2006.109389
https://doi.org/10.1096/fj.09-133728
https://doi.org/10.3945/ajcn.110.001917
https://doi.org/10.1016/j.cardiores.2006.08.023
https://doi.org/10.3945/ajcn.112.040741
https://doi.org/10.3390/nu11010105
https://doi.org/10.2174/1381612821666150710150445
https://doi.org/10.2174/1381612821666150710150445
https://doi.org/10.1155/2017/7986184 
https://doi.org/10.1186/s13020-020-0299-9
https://doi.org/10.1186/s13020-020-0299-9
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1161/CIRCRESAHA.108.190918 
https://doi.org/10.1016/j.ejphar.2015.05.056
https://doi.org/10.1038/srep37919
https://doi.org/10.3389/fphar.2018.00428
https://doi.org/10.1016/j.pneurobio.2016
https://doi.org/10.1016/j.pneurobio.2016
https://doi.org/10.1016/j.jep.2012.11.036
https://doi.org/10.1152/ajpheart.00259.2014
https://doi.org/10.1002/ejhf.678
https://doi.org/10.1111/jcmm.12714
https://doi.org/10.1097/SHK.0000000000001185
https://doi.org/10.1172/JCI24405
https://doi.org/10.1172/JCI24405
https://doi.org/10.1038/srep24383
https://doi.org/10.3389/fphar.2018.01414
https://doi.org/10.1155/2013/610694
https://doi.org/10.1155/2013/610694
https://doi.org/10.1016/j.ijcard.2014.07.154
https://doi.org/10.1016/j.ajpath.2012.11.009
https://doi.org/10.1196/annals.1338.010
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

CHMs Modulated Metabolism in IHD

AKT/mTOR signaling pathway. J. Ethnopharmacol. 206, 160-169.
doi: 10.1016/j.jep.2017.05.028

Kolwicz, S. CJr., Purohit, S., and Tian, R. (2013). Cardiac metabolism and its
interactions with contraction, growth, and survival of cardiomyocytes. Circ.
Res. 1135, 603-616. doi: 10.1161/CIRCRESAHA.113.302095

Kumar, M., Kasala, E. R,, Bodduluru, L. N., Dahiya, V., Sharma, D., Kumar, V.,
et al. (2016). Animal models of myocardial infarction: Mainstay in clinical
translation. Regul. Toxicol. Pharmacol. 76, 221-230. doi: 10.1016/
j-yrtph.2016.03.005

Lang, H,, Li, Q,, Yu, H,, Li, P,, Lu, Z,, Xiong, S., et al. (2015). Activation of TRPV1
attenuates high salt-induced cardiac hypertrophy through improvement of
mitochondrial function. Br. J. Pharmacol. 17223, 5548-5558. doi: 10.1111/
bph.12987

Lehman, J. J., Barger, P. M., Kovacs, A., Saffitz, J. E., Medeiros, D. M., and Kelly, D. P.
(2000). Peroxisome proliferator-activated receptor gamma coactivator-1
promotes cardiac mitochondrial biogenesis. J. Clin. Invest. 1067, 847-856.
doi: 10.1172/JCI10268

Li, W. ., Nie, S. P., Chen, Y., Xie, M. Y., He, M, Yu, Q,, et al. (2010). Ganoderma
atrum polysaccharide protects cardiomyocytes against anoxia/reoxygenation-
induced oxidative stress by mitochondrial pathway. J. Cell. Biochem. 110, 191-
200. doi: 10.1002/jcb.22526

Li, F,, Zheng, X., Fan, X,, Zhai, K,, Tan, Y., Kou, J., et al. (2016a). YiQiFuMai
Powder Injection Attenuates Ischemia/Reperfusion-Induced Myocardial
Apoptosis Through AMPK Activation. Rejuvenation Res. 19, 495-508.
doi: 10.1089/rej.2015.1801

Li, Y. H, Li, Y. Y, Fan, G. W,, Yu, J. H,, Duan, Z. Z., Wang, L. Y., et al. (2016b).
Cardioprotection of ginsenoside Rbl against ischemia/reperfusion injury is
associated with mitochondrial permeability transition pore opening inhibition.
Chin. ]. Integr. Med. doi: 10.1007/s11655-015-2433-6

Li, F., Guo, S., Wang, C,, Huang, X., Wang, H., Tan, X, et al. (2018a). Yigihuoxue
decoction protects against post-myocardial infarction injury via activation of
cardiomyocytes PGC-1alpha expression. BMC Complement Altern. Med. 181,
253. doi: 10.1186/s12906-018-2319-1

Li, L, Pan, C. S., Yan, L., Cui, Y. C, Liu, Y. Y, Mu, H. N,, et al. (2018b).
Ginsenoside Rgl Ameliorates Rat Myocardial Ischemia-Reperfusion Injury by
Modulating Energy Metabolism Pathways. Front. Physiol. 9, 78. doi: 10.3389/
fphys.2018.00078

Lin, S. Q., Wei, X. H,, Huang, P, Liu, Y. Y., Zhao, N,, Li, Q., et al. (2013).
QiShenYiQi PillsR prevent cardiac ischemia-reperfusion injury via energy
modulation. Int. J. Cardiol. 1682, 967-974. doi: 10.1016/j.ijjcard.2012.10.042

Liu, S. H., Hsiao, Y. W., Chong, E., Singhal, R., Fong, M. C,, Tsai, Y. N, et al.
(2016). Rhodiola Inhibits Atrial Arrhythmogenesis in a Heart Failure Model. J.
Cardiovasc. Electrophysiol. 279, 1093-1101. doi: 10.1111/jce.13026

Luan, A, Tang, F,, Yang, Y., Lu, M., Wang, H., and Zhang, Y. (2015). Astragalus
polysaccharide attenuates isoproterenol-induced cardiac hypertrophy by
regulating TNF-alpha/PGC-1lalpha signaling mediated energy biosynthesis.
Environ. Toxicol. Pharmacol. 393, 1081-1090. doi: 10.1016/j.etap.2015.03.014

Luiken, J. J., Coort, S. L., Willems, J., Coumans, W. A., Bonen, A., van der Vusse,
G. J., et al. (2003). Contraction-induced fatty acid translocase/CD36
translocation in rat cardiac myocytes is mediated through AMP-activated
protein kinase signaling. Diabetes 527, 1627-1634. doi: 10.2337/
diabetes.52.7.1627

Ma, X,, Zhang, K, Li, H,, Han, S., Ma, Z,, and Tu, P. (2013). Extracts from
Astragalus membranaceus limit myocardial cell death and improve cardiac
function in a rat model of myocardial ischemia. J. Ethnopharmacol. 1493, 720
728. doi: 10.1016/j.jep.2013.07.036

Marsin, A. S., Bertrand, L., Rider, M. H., Deprez, J., Beauloye, C., and Vincent,
M. F. (2000). Phosphorylation and activation of heart PFK-2 by AMPK has a
role in the stimulation of glycolysis during ischaemia. Curr. Biol. 10, 1247-
1255. doi: 10.1016/s0960-9822(00)00742-9

Meng, H., Wang, Q. Y., Li, N,, He, H., Lu, W. J,, Wang, Q. X,, et al. (2019). Dangi
Tablet Regulates Energy Metabolism in Ischemic Heart Rat Model through
AMPK/SIRT1-PGC-1lalpha Pathway. Chin. ]. Integr. Med. doi: 10.1007/
§11655-019-3040-8

Min, J., and Wei, C. (2017). Hydroxysafflor yellow A cardioprotection in ischemia-
reperfusion (I/R) injury mainly via Akt/hexokinase II independent of ERK/
GSK-3beta pathway. Biomed. Pharmacother. 87, 419-426. doi: 10.1016/
j.biopha.2016.12.113

Murphy, E., Ardehali, H., Balaban, R. S,, DilLisa, F., Dorn, G. W. 2nd, Kitsis, R.,
et al. (2016). Mitochondrial Function, Biology, and Role in Disease: A Scientific
Statement From the American Heart Association. Circ. Res. 11812, 1960-1991.
doi: 10.1161/RES.0000000000000104

Neubauer, S. (2007). The failing heart-an engine out of fuel. N. Engl. . Med. 35611,
1140-1151. doi: 10.1056/NEJMra063052

Nishida, K., and Otsu, K. (2016). Autophagy during cardiac remodeling. J. Mol.
Cell. Cardiol. 95, 11-18. doi: 10.1016/j.yjmcc.2015.12.003

Noordali, H., Loudon, B. L., Frenneaux, M. P., and Madhani, M. (2018). Cardiac
metabolism - A promising therapeutic target for heart failure. Pharmacol. Ther.
182, 95-114. doi: 10.1016/j.pharmthera.2017.08.001

Prince, P. S., and Sathya, B. (2010). Pretreatment with quercetin ameliorates lipids,
lipoproteins and marker enzymes of lipid metabolism in isoproterenol treated
cardiotoxic male Wistar rats. Eur. J. Pharmacol. 6351-3, 142-148. doi: 10.1016/
j.ejphar.2010.02.019

Punithavathi, V. R., and Prince, P. S. M. (2010). Protective Effects of Combination
of Quercetin and alpha-Tocopherol on Mitochondrial Dysfunction and
Myocardial Infarct Size in Isoproterenol-Treated Myocardial Infarcted Rats:
Biochemical, Transmission Electron Microscopic, and Macroscopic Enzyme
Mapping Evidences. J. Biochem. Mol. Toxicol. 245, 303-312. doi: 10.1002/
jbt.20339

Qi, D., and Young, L. H. (2015). AMPK: energy sensor and survival mechanism in
the ischemic heart. Trends Endocrinol. Metab. 268, 422-429. doi: 10.1016/
j.tem.2015.05.010

Roberts, D. J., and Miyamoto, S. (2015). Hexokinase II integrates energy
metabolism and cellular protection: Akting on mitochondria and TORCing
to autophagy. Cell Death Differ. 22, 248-257. doi: 10.1038/cdd.2014.173

Rowe, G. C, Jiang, A., and Arany, Z. (2010). PGC-1 coactivators in cardiac
development and disease. Circ. Res. 1077, 825-838. doi: 10.1161/
CIRCRESAHA.110.223818

Russell, , RR.,. 3., Li, J., Coven, D. L., Pypaert, M., Zechner, C., Palmeri, M., et al.
(2004). AMP-activated protein kinase mediates ischemic glucose uptake and
prevents postischemic cardiac dysfunction, apoptosis, and injury. J. Clin.
Invest. 1144, 495-503. doi: 10.1172/JCI19297

Schwarz, K., Siddiqi, N, Singh, S., Neil, C. J., Dawson, D. K., and Frenneaux, M. P.
(2014). The breathing heart - mitochondrial respiratory chain dysfunction in
cardiac disease. Int. J. Cardiol. 1712, 134-143. doi: 10.1016/j.ijcard.2013.12.014

Shen, S., Jiang, H., Bei, Y., Zhang, J., Zhang, H., Zhu, H., et al. (2017). Qiligiangxin
Attenuates Adverse Cardiac Remodeling after Myocardial Infarction in
Ovariectomized Mice via Activation of PPARgamma. Cell Physiol. Biochem.
423, 876-888. doi: 10.1159/000478641

Siu, A. H., and Ko, K. M. (2010). Herba Cistanche extract enhances mitochondrial
glutathione status and respiration in rat hearts, with possible induction of
uncoupling proteins. Pharm. Biol. 48, 512-517. doi: 10.3109/13880200903190985

Stanley, W. C., Recchia, F. A., and Lopaschuk, G. D. (2005). Myocardial substrate
metabolism in the normal and failing heart. Physiol. Rev. 853, 1093-1129.
doi: 10.1152/physrev.00006.2004

Sudheesh, N. P., Ajith, T. A, and Janardhanan, K. K. (2013). Ganoderma lucidum
ameliorate mitochondrial damage in isoproterenol-induced myocardial
infarction in rats by enhancing the activities of TCA cycle enzymes and
respiratory chain complexes. Int. J. Cardiol. 165, 117-125. doi: 10.1016/
j.ijcard.2011.07.103

Suner, A., and Cetin, M. (2016). The effect of trimetazidine on ventricular
repolarization indexes and left ventricular diastolic function in patients with
coronary slow flow. Coron. Artery Dis. 275, 398-404. doi: 10.1097/
MCA.0000000000000373

Sung, M. M,, Das, S. K., Levasseur, J., Byrne, N. J,, Fung, D., Kim, T. T, et al.
(2015). Resveratrol treatment of mice with pressure-overload-induced heart
failure improves diastolic function and cardiac energy metabolism. Circ. Heart
Fail. 8, 128-137. doi: 10.1161/CIRCHEARTFAILURE.114.001677

Teng, G., Svystonyuk, D., Mewhort, H. E., Turnbull, J. D., Belke, D. D., Duff, H. J.,
et al. (2015). Tetrandrine reverses human cardiac myofibroblast activation and
myocardial fibrosis. Am. J. Physiol. Heart Circ. Physiol. 308, H1564-H1574.
doi: 10.1152/ajpheart.00126.2015

Tu, L., Pan, C. S, Wei, X. H,, Yan, L, Liu, Y. Y., Fan, J. Y., et al. (2013).
Astragaloside IV protects heart from ischemia and reperfusion injury via
energy regulation mechanisms. Microcirculation 208, 736-747. doi: 10.1111/
micc.12074

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 995


https://doi.org/10.1016/j.jep.2017.05.028
https://doi.org/10.1161/CIRCRESAHA.113.302095
https://doi.org/10.1016/j.yrtph.2016.03.005
https://doi.org/10.1016/j.yrtph.2016.03.005
https://doi.org/10.1111/bph.12987
https://doi.org/10.1111/bph.12987
https://doi.org/10.1172/JCI10268
https://doi.org/10.1002/jcb.22526
https://doi.org/10.1089/rej.2015.1801
https://doi.org/10.1007/s11655-015-2433-6
https://doi.org/10.1186/s12906-018-2319-1
https://doi.org/10.3389/fphys.2018.00078
https://doi.org/10.3389/fphys.2018.00078
https://doi.org/10.1016/j.ijcard.2012.10.042
https://doi.org/10.1111/jce.13026
https://doi.org/10.1016/j.etap.2015.03.014
https://doi.org/10.2337/diabetes.52.7.1627
https://doi.org/10.2337/diabetes.52.7.1627
https://doi.org/10.1016/j.jep.2013.07.036
https://doi.org/10.1016/s0960-9822(00)00742-9
https://doi.org/10.1007/s11655-019-3040-8
https://doi.org/10.1007/s11655-019-3040-8
https://doi.org/10.1016/j.biopha.2016.12.113
https://doi.org/10.1016/j.biopha.2016.12.113
https://doi.org/10.1161/RES.0000000000000104
https://doi.org/10.1056/NEJMra063052
https://doi.org/10.1016/j.yjmcc.2015.12.003
https://doi.org/10.1016/j.pharmthera.2017.08.001
https://doi.org/10.1016/j.ejphar.2010.02.019
https://doi.org/10.1016/j.ejphar.2010.02.019
https://doi.org/10.1002/jbt.20339
https://doi.org/10.1002/jbt.20339
https://doi.org/10.1016/j.tem.2015.05.010
https://doi.org/10.1016/j.tem.2015.05.010
https://doi.org/10.1038/cdd.2014.173
https://doi.org/10.1161/CIRCRESAHA.110.223818
https://doi.org/10.1161/CIRCRESAHA.110.223818
https://doi.org/10.1172/JCI19297
https://doi.org/10.1016/j.ijcard.2013.12.014
https://doi.org/10.1159/000478641
https://doi.org/10.3109/13880200903190985
https://doi.org/10.1152/physrev.00006.2004
https://doi.org/10.1016/j.ijcard.2011.07.103
https://doi.org/10.1016/j.ijcard.2011.07.103
https://doi.org/10.1097/MCA.0000000000000373
https://doi.org/10.1097/MCA.0000000000000373
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001677
https://doi.org/10.1152/ajpheart.00126.2015
https://doi.org/10.1111/micc.12074
https://doi.org/10.1111/micc.12074
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

CHMs Modulated Metabolism in IHD

Tuomainen, T., and Tavi, P. (2017). The role of cardiac energy metabolism in
cardiac hypertrophy and failure. Exp. Cell Res. 3601, 12-18. doi: 10.1016/
j.yexcr.2017.03.052

Van Bilsen, M., Smeets, P. J. H.,, Gilde, A. J., and van der Vusse, G. J. (2004).
Metabolic remodelling of the failing heart: the cardiac burn-out syndrome?
Cardiovas Res. 612, 218-226. doi: 10.1016/j.cardiores.2003.11.014

Wang, W. R, Lin, R,, Zhang, H,, Lin, Q. Q,, Yang, L. N., Zhang, K. F., et al. (2011).
The effects of Buyang Huanwu Decoction on hemorheological disorders and
energy metabolism in rats with coronary heart disease. J. Ethnopharmacol.
1371, 214-220. doi: 10.1016/j.jep.2011.05.008

Wang, J. R, Zhou, H,, Yi, X. Q,, Jiang, Z. H., and Liu, L. (2012). Total ginsenosides
of Radix Ginseng modulates tricarboxylic acid cycle protein expression to
enhance cardiac energy metabolism in ischemic rat heart tissues. Molecules
1711, 12746-12757. doi: 10.3390/molecules171112746

Wang, Y., Li, X,, Wang, X,, Lau, W.,, Wang, Y., Xing, Y., et al. (2013). Ginsenoside
Rd Attenuates Myocardial Ischemia/Reperfusion Injury via Akt/GSK-3
Signaling and Inhibition of the Mitochondria-Dependent Apoptotic
Pathway. PloS One 8, €70956. doi: 10.1371/journal.pone.0070956

Wang, Y., Li, C,, Wang, Q., Shi, T., Wang, J., Chen, H., et al. (2015a). Dangqi Pill
regulates lipid metabolism disorder induced by myocardial ischemia through
FATP-CPTI pathway. BMC Complement Altern. Med. 15, 28. doi: 10.1186/
512906-015-0548-0

Wang, Y., Liu, ], Ma, A, and Chen, Y. (2015b). Cardioprotective effect of
berberine against myocardial ischemia/reperfusion injury via attenuating
mitochondrial dysfunction and apoptosis. Int. J. Clin. Exp. Med. 8, 14513
14519.

Wang, Q., Li, C., Zhang, Q., Wang, Y., Shi, T., Lu, L., et al. (2016a). The effect of
Chinese herbs and its effective components on coronary heart disease through
PPARs-PGClalpha pathway. BMC Complement Altern. Med. 161, 514.
doi: 10.1186/512906-016-1496-z

Wang, Z., Zhang, J., Ren, T., and Dong, Z. (2016b). Targeted metabolomic
profiling of cardioprotective effect of Ginkgo biloba L. extract on myocardial
ischemia in rats. Phytomedicine 236, 621-631. doi: 10.1016/
j.phymed.2016.03.005

Wang, J., Shi, J., Wei, J., Wang, J., Gao, K., Li, X,, et al. (2017). Safety and efficacy of
Qishen granules in patients with chronic heart failure: study protocol for a
randomized controlled trial. Trials 18, 468. doi: 10.1186/s13063-017-2193-z

Wang, Y., Han, X,, Fu, M., Wang, J., Song, Y., Liu, Y., et al. (2018a). Qiligiangxin
attenuates hypoxia-induced injury in primary rat cardiac microvascular
endothelial cells via promoting HIF-1alpha-dependent glycolysis. J. Cell Mol.
Med. 225, 2791-2803. doi: 10.1111/jemm.13572

Wang, Y., Zhao, Y., Jiang, W., Zhao, X,, Fan, G., Zhang, H., et al. (2018b). iTRAQ-
Based Proteomic Analysis Reveals Recovery of Impaired Mitochondrial
Function in Ischemic Myocardium by Shenmai Formula. J. Proteome Res.
17, 794-803. doi: 10.1021/acs.jproteome.7b00450

Willems, P. H., Rossignol, R., Dieteren, C. E., Murphy, M. P., and Koopman, W. J.
(2015). Redox Homeostasis and Mitochondrial Dynamics. Cell Metab. 22, 207-
218. doi: 10.1016/j.cmet.2015.06.006

Wong, H. S., and Ko, K. M. (2013). Herba Cistanches stimulates cellular
glutathione redox cycling by reactive oxygen species generated from
mitochondrial respiration in H9c2 cardiomyocytes. Pharm. Biol. 51, 64-73.
doi: 10.3109/13880209.2012.710242

Wong, H. S., Chen, N, Leong, P. K., and Ko, K. M. (2014). beta-Sitosterol enhances
cellular glutathione redox cycling by reactive oxygen species generated from
mitochondrial respiration: protection against oxidant injury in H9¢2 cells and
rat hearts. Phytother. Res. 28, 999-1006. doi: 10.1002/ptr.5087

Wong, N. D. (2014). Epidemiological studies of CHD and the evolution of preventive
cardiology. Nat. Rev. Cardiol. 115, 276-289. doi: 10.1038/nrcardio.2014.26

Wu, L, Li, F., Zhao, C, Ming, Y., Zheng, C., Li, Y., et al. (2020a). Effects and
Mechanisms of Traditional Chinese Herbal Medicine in the Treatment of
Ischemic Cardiomyopathy. Pharmacol. Res. 151, 104488. doi: 10.1016/
j.phrs.2019.104488

Wu, R. M, Jiang, B, Li, H.,, Dang, W. Z., Bao, W. L, Li, H. D,, et al. (2020b). A
network pharmacology approach to discover action mechanisms of Yangxinshi
Tablet for improving energy metabolism in chronic ischemic heart failure.
J. Ethnopharmacol. 246, 112227. doi: 10.1016/j.jep.2019.112227

Xue, Y. Z., Wang, L. X, Liu, H. Z., Qi, X. W., Wang, X. H., and Ren, H. Z. (2007).
L-carnitine as an adjunct therapy to percutaneous coronary intervention for

non-ST elevation myocardial infarction. Cardiovasc. Drugs Ther. 216, 445-448.
doi: 10.1007/s10557-007-6056-9

Yan, L. L., Zhang, W. Y., Wei, X. H,, Yan, L,, Pan, C. S,, Yu, Y., et al. (2018). Gualou
Xiebai Decoction, a Traditional Chinese Medicine, Prevents Cardiac
Reperfusion Injury of Hyperlipidemia Rat via Energy Modulation. Front.
Physiol. 9, 296. doi: 10.3389/fphys.2018.00296

Yang, X. Y., He, K, Pan, C. S, Li, Q, Liu, Y. Y, Yan, L, et al. (2015). 3, 4-
dihydroxyl-phenyl lactic acid restores NADH dehydrogenase 1 alpha subunit
10 to ameliorate cardiac reperfusion injury. Sci. Rep. 5, 10739. doi: 10.1038/
srepl10739

Yang, J., Wang, F.,, Sun, W,, Dong, Y., Li, M., and Fu, L. (2016). Testosterone
Replacement Modulates Cardiac Metabolic Remodeling after Myocardial
Infarction by Upregulating PPARalpha. PPAR Res. 2016, 4518754.
doi: 10.1155/2016/4518754

Yang, K., Chen, Z., Gao, J., Shi, W., Li, L., Jiang, S, et al. (2017a). The Key Roles of
GSK-3beta in Regulating Mitochondrial Activity. Cell Physiol. Biochem. 44,
1445-1459. doi: 10.1159/000485580

Yang, Q.,, Lv, Z,, Zhao, Y., Lv, Y,, and Yang, M. (2017b). Tetrandrine reduces
infarct size and preserves cardiac function in rat myocardial ischemia/
reperfusion injury through activation of Akt/GSK-3b signaling. Int. J. Clin.
Exp. Med. 10, 2541-2549.

Yang, Y. L., Li, ], Liu, K., Zhang, L., Liu, Q,, Liu, B. L., et al. (2017¢). Ginsenoside
Rg5 increases cardiomyocyte resistance to ischemic injury through regulation
of mitochondrial hexokinase-II and dynamin-related protein 1. Cell Death Dis.
82, €2625. doi: 10.1038/Cddis.2017.43

Yang, Y., Tian, Y., Hu, S., B, S., Li, S., Hu, Y., et al. (2017d). Extract of Sheng-Mai-
San Ameliorates Myocardial Ischemia-Induced Heart Failure by Modulating
Ca (2+)-Calcineurin-Mediated Drpl Signaling Pathways. Int. J. Mol. Sci. 18,
1825. doi: 10.3390/ijms18091825

Yu, L, Qin, Y., Wang, Q., Zhang, L., Liu, Y., Wang, T., et al. (2014). The efficacy
and safety of Chinese herbal medicine, Rhodiola formulation in treating
ischemic heart disease: a systematic review and meta-analysis of randomized
controlled trials. Complement Ther. Med. 224, 814-825. doi: 10.1016/
j.ctim.2014.05.001

Yu, H.,, Guan, Q., Guo, L., Zhang, H., Pang, X., Cheng, Y., et al. (2016).
Gypenosides alleviate myocardial ischemia-reperfusion injury via attenuation
of oxidative stress and preservation of mitochondrial function in rat heart. Cell
Stress Chaperones 21, 429-437. doi: 10.1007/s12192-016-0669-5

Yu, J., Li, Y., Liu, X,, Ma, Z., Michael, S., Orgah, J. O,, et al. (2019). Mitochondrial
dynamics modulation as a critical contribution for Shenmai injection in
attenuating hypoxia/reoxygenation injury. J. Ethnopharmacol. 237, 9-19.
doi: 10.1016/j.jep.2019.03.033

Zaha, V. G., and Young, L. H. (2012). AMP-activated protein kinase regulation
and biological actions in the heart. Circ. Res. 1116:, 800-814. doi: 10.1161/
CIRCRESAHA.111.255505

Zhang, L., Zhang, J., Chen, J., Xing, D., Mu, W., Wang, J., et al. (2013). Clinical
research of traditional Chinese medicine needs to develop its own system of
core outcome sets. Evid. Based Compl. Alternat. Med. 2013, 202703.
doi: 10.1155/2013/202703

Zhang, S., Tang, F., Yang, Y., Lu, M., Luan, A., Zhang, J., et al. (2015).
Astragaloside IV protects against isoproterenol-induced cardiac hypertrophy
by regulating NF-kappaB/PGC-1alpha signaling mediated energy biosynthesis.
PloS One 103, e0118759. doi: 10.1371/journal.pone.0118759

Zhang, H., Chen, X, Zong, B., Yuan, H., Wang, Z,, Wei, Y., et al. (2018a).
Gypenosides improve diabetic cardiomyopathy by inhibiting ROS-mediated
NLRP3 inflammasome activation. J. Cell. Mol. Med. 22, 4437-4448.
doi: 10.1111/jcmm. 13743

Zhang, H., Zhao, Y., Xia, Z., Du, H., Gao, Y., Xue, D., et al. (2018b). Metabolic
profiles revealed anti-ischemia-reperfusion injury of Yangxinshi tablet in Rats.
J. Ethnopharmacol. 214, 124-133. doi: 10.1016/j.jep.2017.09.003

Zhang, Q., Shao, M., Zhang, X., Wang, Q., Guo, D., Yang, X,, et al. (2018c). The
Effect of Chinese Medicine on Lipid and Glucose Metabolism in Acute
Myocardial Infarction Through PPARgamma Pathway. Front. Pharmacol. 9,
1209. doi: 10.3389/fphar.2018.01209

Zhang, Y., Yu, J., Zhang, W., Wang, Y., He, Y., Zhou, S, et al. (2018d). An
integrated evidence-based targeting strategy for determining combinatorial
bioactive ingredients of a compound herbal medicine Qishen Yiqi dripping
pills. J. Ethnopharmacol. 219, 288-298. doi: 10.1016/j.jep.2018.02.041

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 995


https://doi.org/10.1016/j.yexcr.2017.03.052
https://doi.org/10.1016/j.yexcr.2017.03.052
https://doi.org/10.1016/j.cardiores.2003.11.014
https://doi.org/10.1016/j.jep.2011.05.008
https://doi.org/10.3390/molecules171112746
https://doi.org/10.1371/journal.pone.0070956
https://doi.org/10.1186/s12906-015-0548-0
https://doi.org/10.1186/s12906-015-0548-0
https://doi.org/10.1186/s12906-016-1496-z
https://doi.org/10.1016/j.phymed.2016.03.005
https://doi.org/10.1016/j.phymed.2016.03.005
https://doi.org/10.1186/s13063-017-2193-z
https://doi.org/10.1111/jcmm.13572
https://doi.org/10.1021/acs.jproteome.7b00450
https://doi.org/10.1016/j.cmet.2015.06.006
https://doi.org/10.3109/13880209.2012.710242
https://doi.org/10.1002/ptr.5087
https://doi.org/10.1038/nrcardio.2014.26
https://doi.org/10.1016/j.phrs.2019.104488
https://doi.org/10.1016/j.phrs.2019.104488
https://doi.org/10.1016/j.jep.2019.112227
https://doi.org/10.1007/s10557-007-6056-9
https://doi.org/10.3389/fphys.2018.00296
https://doi.org/10.1038/srep10739
https://doi.org/10.1038/srep10739
https://doi.org/10.1155/2016/4518754
https://doi.org/10.1159/000485580
https://doi.org/10.1038/Cddis.2017.43
https://doi.org/10.3390/ijms18091825
https://doi.org/10.1016/j.ctim.2014.05.001
https://doi.org/10.1016/j.ctim.2014.05.001
https://doi.org/10.1007/s12192-016-0669-5
https://doi.org/10.1016/j.jep.2019.03.033
https://doi.org/10.1161/CIRCRESAHA.111.255505
https://doi.org/10.1161/CIRCRESAHA.111.255505
https://doi.org/10.1155/2013/202703
https://doi.org/10.1371/journal.pone.0118759
https://doi.org/10.1111/jcmm.13743
https://doi.org/10.1016/j.jep.2017.09.003
https://doi.org/10.3389/fphar.2018.01209
https://doi.org/10.1016/j.jep.2018.02.041
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

CHMs Modulated Metabolism in IHD

Zhang, Y., Zhang, L., Zhang, Y., Fan, X,, Yang, W., Yu, B, etal. (2019). Yiqifumai powder
injection attenuates coronary artery ligation-induced heart failure through improving
mitochondrial function via regulating ROS generation and CaMKII signaling
pathways. Front. Pharmacol. 10, 1663-9812. doi: 10.3389/fphar.2019.00381

Zhao, X., Zhang, F., and Wang, Y. (2017). Proteomic analysis reveals Xuesaitong
injection attenuates myocardial ischemia/reperfusion injury by elevating
pyruvate dehydrogenase-mediated aerobic metabolism. Mol. bioSyst. 13,
1504-1511. doi: 10.1039/c7mb00140a

Zhao, Q., Li, H., Chang, L., Wei, C,, Yin, Y., Bei, H,, et al. (2019). Qiligiangxin
attenuates oxidative stress-induced mitochondrion- dependent apoptosis in
cardiomyocytes via PI3K/AKT/GSK3p signaling pathway. Biol. Pharm. Bull.
42, 1310-1321. doi: 10.1248/bpbb19-00050

Zheng, X., Wang, S., Zou, X, Jing, Y., Yang, R,, Li, S., et al (2017). Ginsenoside Rb1
improves cardiac function and remodeling in heart failure. Exp Anim 66, 217-
228. doi: 10.1538/expanim.16-0121

Zhou, X,, Tang, L, Xu, Y., Zhou, G., and Wang, Z. (2014). Towards a better
understanding of medicinal uses of Carthamus tinctorius L. @ in traditional

Chinese medicine: a phytochemical and pharmacological review.
J. Ethnopharmacol. 151, 27-43. doi: 10.1016/j.jep.2013.10.050

Zuo, Y. H,, Han, Q. B, Dong, G. T., Yue, R. Q,, Ren, X. C,, Liu, J. X,, et al. (2018).
Panax ginseng Polysaccharide Protected H9¢2 Cardiomyocyte From Hypoxia/
Reoxygenation Injury Through Regulating Mitochondrial Metabolism and
RISK Pathway. Front. Physiol. 9, 699. doi: 10.3389/fphys.2018.00699

Conflict of Interest: 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 © 2020 Li, Li, Li, Guo 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

20

July 2020 | Volume 11 | Article 995


https://doi.org/10.3389/fphar.2019.00381
https://doi.org/10.1039/c7mb00140a
https://doi.org/10.1248/bpbb19-00050
https://doi.org/10.1538/expanim.16-0121
https://doi.org/10.1016/j.jep.2013.10.050
https://doi.org/10.3389/fphys.2018.00699
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Modulatory Effects of Chinese Herbal Medicines on Energy Metabolism in Ischemic Heart Diseases
	Introduction
	Targets and Signaling of Cardiac Energy Metabolism for Chinese Herbal Medicines
	“Qi-blood” Theory of TCM Is Connected With Cardiac Energy Metabolism
	The Possible Targets of Cardiac Energy Metabolism for Chinese Herbal Medicines
	The Possible Transcriptional Signaling of Cardiac Energy Metabolism for Chinese Herbal Medicines

	Modulatory Effects of Chinese Herbal Medicines on Energy Metabolism in IHD
	Metabolic Effects and Mechanisms of Herbs and Major Bioactive Components
	Invigorating and Replenishing Qi
	Astragalus mongholicus Bunge (Astragali Radix)
	Panax ginseng C.A.Mey. (RG)
	Rhodiola rosea L. (RR)
	Ganoderma Lucidum (GL)
	Gynostemma pentaphyllum (Thunb.) Makino (GPM)

	Replenishing and Activating Blood
	Panax notoginseng (Burkill) F.H.Chen (PNG)
	Salvia miltiorrhiza Bunge (SM)
	Carthamus tinctorius L
	Boswellia serrata Roxb.

	Invigorating and Replenishing Yang
	Cistanche deserticola Ma
	Cynomorium coccineum subsp. songaricum (Rupr.) J.Léonard

	Other Extractive Compounds of Chinese Herbal Medicines
	Berberine
	Crude Terpene Glycosides
	Ginkgo biloba L. Extract
	Luteolin
	Quercetin
	Resveratrol
	Tetrandrine


	Metabolic Effects of Chinese Herbal Formulas and the Associated Mechanisms
	Decoctions
	Buyang Huanwu Decoction
	Shengmai San
	Qishen Granule
	Yiqihuoxue Decoction
	Gualou Xiebai Decoction

	Chinese Patent Drugs
	QishenYiqi Capsule
	Qiliqiangxin Capsule
	Compound Danshen Dripping Pill
	DanQi Pill
	Yangxinshi Tablet

	Injections
	Shengmai Injection
	Xuesaitong Injection
	YiQiFuMai Powder Injection



	Conclusions and Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


