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a b s t r a c t

There is an urgent need to elucidate the pathogenesis of myocardial ischemia (MI) and potential drug
treatments. Here, the anti-MI mechanism and material basis of Ginkgo biloba L. extract (GBE) were
studied from the perspective of energy metabolism flux regulation. Metabolic flux analysis (MFA) was
performed to investigate energy metabolism flux disorder and the regulatory nodes of GBE components
in isoproterenol (ISO)-induced ischemia-like cardiomyocytes. It showed that [Ue13C] glucose derived
mþ2 isotopologues from the upstream tricarboxylic acid (TCA) cycle metabolites were markedly accu-
mulated in ISO-injured cardiomyocytes, but the opposite was seen for the downstream metabolites,
while their total cellular concentrations were increased. This indicates a blockage of carbon flow from
glycolysis and enhanced anaplerosis from other carbon sources. A Seahorse test was used to screen for
GBE components with regulatory effects on mitochondrial aerobic respiratory dysfunction. It showed
that bilobalide protected against impaired mitochondrial aerobic respiration. MFA also showed that
bilobalide significantly modulated the TCA cycle flux, reduced abnormal metabolite accumulation, and
balanced the demand of different carbon sources. Western blotting and PCR analysis showed that
bilobalide decreased the enhanced expression of key metabolic enzymes in injured cells. Bilobalide's
efficacy was verified by in vivo experiments in rats. This is the first report to show that bilobalide, the
active ingredient of GBE, protects against MI by rescuing impaired TCA cycle flux. This provides a new
mechanism and potential drug treatment for MI. It also shows the potential of MFA/Seahorse combi-
nation as a powerful strategy for pharmacological research on herbal medicine.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Myocardial ischemia (MI) is a major threat to human health
worldwide and there is an urgent need to study its pathogenesis
and treatment [1]. MI is a metabolic disorder characterized by
enhanced glycolysis, inhibition of glucose aerobic oxidation, and
reduced ATP production [2e4]. Therefore, myocardial energy
metabolism is an important target for the prevention and treat-
ment of MI. At present, the main effects of drugs targeting
myocardial energy metabolism are in inhibiting the intake and
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oxidation of free fatty acids and increasing the utilization of glucose
[5,6]. In addition, the tricarboxylic acid (TCA) cycle is the hub of
carbohydrate, lipid and amino acid metabolism and provides most
of the energy for biological activities. The fluency of the TCA cycle is
very important, because the steady state concentrations of its in-
termediates are typically low in relation to the fluxes through it [7].
It has been reported that after ischemia, the TCA cycle flux in car-
diomyocytes changes; succinate and fumarate accumulate, and the
reductive carboxylation of glutamine is enhanced [8]. However,
measurement of the TCA cycle flux is technically challenging, and
therapeutic drugs for altering metabolic flux have not been found.

Ginkgo biloba L. extract (GBE) has been widely used in the pre-
vention and treatment of ischemic heart disease (IHD) for decades
[9]. However, its metabolic regulatory mechanism in MI is still
unclear. Isoproterenol (ISO)-induced MI is an important MI model
for pathological and pharmacological research. ISO is a b-receptor
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agonist that can induce a state similar to hypoxic-ischemic injury in
cardiomyocytes [10]. Therefore, we developed a metabolomics
study of GBE protection against ISO-induced MI in rats [11]. In that
previous study, we demonstrated that GBE significantly improves
myocardial lipid, amino acid, and energy metabolism disorders
caused by ischemia. GBE's regulation of energy metabolism
attracted our attention because energy metabolism is very impor-
tant for the heart, which needs sufficient energy to support its
continuous activity. It was observed that GBE significantly reduces
the accumulation of citrate in the myocardium due to TCA cycle
dysfunction. Additionally, four amino acids significantly increase
after MI and are metabolized as intermediates to enter and main-
tain the TCA cycle. GBE significantly downregulates the levels of
these amino acids. This study showed that GBE enhances the
metabolic fluency of TCA cycle intermediates and reduces their
accumulation, and these interesting findings cannot be explained
by the currently reported mechanisms. This suggests that GBE is a
potential source of a therapeutic drug to effect metabolic flux.
Furthermore, we identified nine prototypes and six metabolites of
GBE in the rat heart. In this paper, we explore the material basis of
GBE and how it protects against MI.

Many metabolites participate in multiple pathways, and
although theymay exhibit significant changes in a certain pathway,
their overall measured concentrations may not change [12]. Stable
isotopic tracing metabolic flux analysis (MFA) introduces tracers
(containing 13C, 15N, or 2H) into the biological system, which results
in changes in the isotope distribution patterns of downstream
metabolites. By liquid chromatography-mass spectrometry (LC-MS)
analysis, the isotope incorporation ratio and content of these me-
tabolites over time can be detected to identify metabolic switching
and changes in the sources, rates, and directions of metabolites,
providing a more in-depth and accurate portrayal of the metabolic
process [13]. In addition, the Seahorse test as a real-time moni-
toring technique can characterize the energy metabolism pheno-
types of living cells under pathological and normal states and verify
metabolic sites and pathways [14]. Some valuable research [15e17]
has been carried out on MFA assisted by the Seahorse test that
focuses on the dynamic changes in cellular energy metabolism,
especially in studies assessing the mechanism of medicines. For
example, with these two techniques, a clinical-grade potential
drug, IACS-010759, was discovered. It robustly inhibits proliferation
and induces apoptosis in brain cancer and acute myeloid
leukaemia, owing to a combination of energy depletion and
Fig. 1. The workflow of this study. GBE: Ginkgo biloba L. extract;
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reduced aspartate production that leads to impaired nucleotide
biosynthesis [16]. Therefore, the MFA/Seahorse test combination
provides a new strategy to expand our metabolomics research.

The search for drugs that affect myocardial energy metabolism
for MI therapy is very popular right now. However, because
measuring metabolic flux is technically challenging, this kind of
drug is hard to find. In our previous study, we found that GBE en-
hances the metabolic fluency of the TCA cycle, suggesting that GBE
has the potential as a source of therapeutic drugs to alter metabolic
flux through a new strategy composed of the MFA technique and
Seahorse test. In the present study, as shown in Fig. 1, the Seahorse
test was used to screen GBE monomers with regulatory effects on
the mitochondrial aerobic respiratory dysfunction of ISO-injured
H9c2 cells. The stable isotope MFA technique was used to study
metabolic energy flux disorder in injured cardiomyocytes and the
exact regulatory nodes of the active monomer, along with the
corresponding metabolic enzymes. The expression of these key
enzymes was analyzed by an RT2 profiler PCR assay and Western
blotting. Finally, in vivo experiments in rats were used for further
verification. Through the above workflow, we found a blockage of
carbon flow from glycolysis to the TCA cycle and enhanced ana-
plerosis from other carbon sources in ISO-injured cells. For the first
time, bilobalide was identified as having a good effect on modu-
lating mitochondrial aerobic respiration and TCA cycle flux. Bilo-
balide caused decreases in the expression of key enzymes in energy
metabolism in injured cells. As the active compound of GBE, bilo-
balide not only provides further proof of the pathological metabolic
mechanism of MI but also serves as an inspiration for new drug
discovery. This work with bilobalide also shows the potential of the
Seahorse test combined with the MFA technique as a powerful
strategy for research on herbal medicine mechanisms.
2. Experimental

2.1. Reagents and chemicals

Bilobalide, ginkgolide A, ginkgolide B, ginkgolide C, quercetin,
isorhamnetin, kaempferol, apigenin, and rutin (purity > 98.0%,
Baoji Herbest Bio-Tech Co., Ltd., Baoji, China); diltiazem (Tianjin,
Tanabe Seiyaku, Co., Ltd., Tianjin, China); all metabolite standards
(Sigma-Aldrich, St. Louis, MO, USA; J&amp;K Scientific, Beijing,
China); isotope labelled internal standards and [Ue13C] glucose
tracers (Cambridge Isotope, Woburn, MA, USA); methanol (Fisher
ISO: isoproterenol; BB: bilobalide; MI: myocardial ischemia.
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Scientific, Fair Lawn, NJ, USA); ISO, formic acid, and N,N-dimethy-
loctylamine (Sigma-Aldrich, St. Louis, MO, USA); Ultra-pure water
(Milli-Q purification system, Millipore, Bedford, MA, USA); Dul-
becco's modified Eagle's medium (DMEM) and fetal bovine serum
(FBS) (National Infrastructure of Cell Line Resource, Beijing, China);
penicillin/streptomycin mixture (100 U/mL: 100 mg/mL, Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China); L-gluta-
mine (Life Technologies, Carlsbad, CA, USA); bicinchoninic acid
(BCA) Protein Assay Kit and super electrochemiluminescence
detection reagent (Applygen Technologies Inc., Beijing, China);
creatine kinase (CK)-MB standard kit (BioSino Biotechnology Co.,
Ltd., Beijing, China); anti-IDH2 (Abcam, Cambridge, UK, Cat#
ab131263, RRID: AB_11156098); anti-b-tubulin (Zsjqbio, Beijing,
China, Cat# TA-10); anti-ACTB (Cat# AC026, RRID: AB_2768234),
horseradish peroxidase (HRP) Goat Anti-Rabbit IgG (Cat# AS014,
RRID: AB_2769854), HRP Goat Anti-Mouse IgG (Cat# AS003, RRID:
AB_2769851), anti-CS (Cat# A5713, RRID: AB_2766471), anti-PDHX
(Cat# A6426, RRID: AB_2767028), anti-PDHA (Cat# A17432, RRID:
AB_2770834), anti-SDHB (Cat# A10821, RRID: AB_2758247), and
anti-SUCLG1 (Cat# A15345, RRID: AB_2762247) from ABclonal
Technology Co., Ltd. (Wuhan, China); XFe24 Cell Mito Stress Test
Kit, Seahorse XFe24 Calibrant, and Seahorse XFe24 medium (Agi-
lent Seahorse, Billerica, MA, USA); and RNeasy® Mini Kit, RT2
Profiler PCR Array, RT2 First Strand Kit, and RT2 SYBR Green qPCR
Mastermix (QIAGEN, Hilden, Germany).

2.2. Cell lines and culture

H9c2 cells (BCRC, Cat# 60096, RRID: CVCL_0286) were main-
tained at 37 �C with 5% CO2 in DMEM, supplemented with 10% FBS,
1% penicillin/streptomycin, and 4 mmol/L L-glutamine. The cells
were seeded in 96-well plates, treated with ISO and/or GBE
monomers for 24 h, and tested for cell viability with a Cell Counting
Kit-8 (CCK-8).

2.3. Seahorse respirometry test

Cellular oxygen consumption rate (OCR) was measured using an
XFe24 Extracellular Flux Analyser (Agilent Seahorse, Billerica, MA,
USA) and the Mito Stress Test Kit, according to the manufacturer's
protocol. H9c2 cells (2 � 105) were plated in 100 mL of their stan-
dard growing media and cultured overnight. On the day of mea-
surement, cells were washed with XFe24 media and incubated in a
CO2-free incubator at 37 �C for 2 h to establish equilibration prior to
loading. OCR measurements were obtained before and after addi-
tion of glucose (10 mmol/L), oligomycin (1 mmol/L), FCCP (4 mmol/
L), and rotenone/antimycin A (0.5 mmol/L). These measurements
were used to calculate basal respiration, ATP production, and
maximal respiration.

2.4. Cell treatment for metabolic flux analysis

H9c2 cells were seeded in growthmedia at 5� 105 cells per dish
and divided into five groups: 12C control group, 13C control group,
MI model group, bilobalide control group, and bilobalide þ MI
model group. After 24 h of cell culture, the medium in each dish
except for the 12C control group were exchanged with an isotope
tracing medium consisting of glucose-free DMEM supplemented
with 25 mmol/L [Ue13C] glucose. Bilobalide (10 mmol/L) was added
in the culture medium of the bilobalide group and bilobalide þ MI
model group with DMSO as the vehicle. After another 24 h of cell
culture, 600 mmol/L ISO was added to the MI model group and
bilobalide þMImodel group with DMSO as the vehicle. After 6 h of
cell culture, cells were harvested for MFA. Cells in the 12C control
group were incubated with media supplemented with 25 mmol/L
766
unlabelled glucose and harvested at the same time. This experi-
ment was repeated independently three times.
2.5. UHPLC-HRMS isotope tracing metabolic flux analysis

The culture medium was gently aspirated and cells were
collected in a glass centrifuge tube. After adding 20 mL of d8-
phenylalanine internal standard solution and 1 mL of cooled
methanol:water (80:20, V/V) solution, the cells were extracted by
ultrasound and vortex for 1 min. The centrifuge tubes were incu-
bated at �80 �C for 2 h to aid protein precipitation, exposed to
ultrasound, and vortexed again for 1 min. After centrifugation at
12,470 g for 5 min at 4 �C, the supernatant was transferred to
another glass centrifuge tube and dried under a gentle nitrogen
stream and then kept at �80 �C. Dried extracts were re-suspended
in 120 mL of water and incubated on ice for 20 min, and vortexed
every 5 min. After centrifugation at 12,470 g for 5 min at 4 �C, a
100 mL of supernatant was transferred to an auto-sampler vial, and
10 mL was removed from each sample to prepare a pooled quality
control sample that was injected six times at the start of the
analytical run and then quality control regularly throughout the
batch.

LC separation was performed using an Agilent 1290 UPLC system
(Agilent, Santa Clara, CA, USA) and CORTECS C18 column
(2.1mm� 150mm, 2.7 mm;Waters, Milford,MA, USA). Mobile phase
A was water:methanol (90:10, V/V) with 5 mmol/L N,N-dimethy-
loctylamine and 0.04% formic acid. Mobile phase B was water:-
methanol (10:90, V/V) with 5 mmol/L N,N-dimethyloctylamine and
0.04% formic acid. The injection volume was 15 mL and the LC
gradient condition was 0e4 min, 0%e20% B; 4e8 min, 20%e100% B;
8e10 min, 100% B with 5 min of re-equilibration time, flow rate was
0.4 mL/min on 0e8 min and 0.6 mL/min on 8.1e10 min. The column
temperature was 30 �C. MS detection was performed using an Agi-
lent 6550 Q-TOF mass spectrometer (Agilent, Santa Clara, CA, USA)
with Dual Jet Stream ESI source operating in negative ionization
mode. MS parameters were dry gas temperature, 200 �C; dry gas
flow, 14 L/min; nebulizer pressure, 35 psi; sheath gas temperature,
350 �C; sheath gas flow, 11 L/min; capillary voltage, �3.5 kV; nozzle
voltage, �600 V; VCap, 3500 V; fragmentor, 380 V; and octopole
radiofrequency, 750 V. Active referencemass correctionwas through
a second nebulizer using masses with m/z 112.985587 and
1033.988109. Data were acquired from m/z 50e1200 with an
acquisition rate of 1.5 spectra/s at a high-resolution mode of 2 GHz
Ext Dyn Range. The metabolite database of the TCA cycle, glycolysis,
and pentose phosphate pathway was established using MassHunter
Pathways to PCDL and PCDL Manager software. Data analysis and
isotopic natural abundance correction were performed within
MassHunter VistaFlux and MassHunter Quant software.
2.6. RT2 profiler PCR array gene expression analysis

Total RNA was extracted from H9c2 cells treated with ISO and
bilobalide using TRIzol (Invitrogen, Waltham, MA, USA) according
to the manufacturer's specifications. The yield of RNA was deter-
mined using a NanoDrop 2000 spectrophotometer (Thermo Sci-
entific, Waltham, MA, USA), and the integrity was evaluated using
agarose gel electrophoresis with ethidium bromide staining. Then,
quantificationwas performed with a two-step reaction process and
reactions were performed in GeneAmp® PCR System 9700 (Applied
Biosystems, Waltham, MA, USA). The expression levels of mRNAs
were normalized to b-actin and were calculated using the 2�DDCt

method.
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2.7. Western blots

Cells werewashedwith ice-cold PBS andmixedwith amoderate
radio immune precipitation assay (RIPA) buffer to obtain lysates.
Total protein in the supernatant was measured by using a BCA
Protein Assay Kit. Lysates taken from each sample were separated
by 12% SDS-PAGE, transferred to polyvinylidene difluoride mem-
branes, blocked with 5% non-fat milk for 2 h at room temperature,
and placed overnight at 4 �C with specific antibodies: PDHX, PDHA,
CS, SUCLG1, SDHB, IDH2, and b-actin. After washing with 0.2%
Tween-20 in Tris-buffered saline, the membranes were incubated
with a HRP-conjugated secondary antibody at room temperature
for 2 h. The reactive bands were visualized using ImageQuant LAS
4000 (GE Healthcare Bio-Sciences, AB, Uppsala, Sweden). The op-
tical density of signals on membranes was quantified using Gel-Pro
Software. b-actin expression levels were measured in parallel to
serve as controls.

2.8. Animal experiments

Thirty-five male SD rats (200 ± 15 g) were purchased from Vital
River Laboratories Co., Ltd. (Beijing, China). The animals were
housed under pathogen-free conditions of temperature (25 ± 2 �C),
humidity (50% ± 5%) and light (12 h light/12 h dark cycle) with free
access to food and water. The rats were given a week to acclimate
before the experiments. All animal studies complied with guide-
lines and ethics of Chinese Academy ofMedical Sciences and Peking
Union Medical College, China.

Rats were divided randomly into seven groups of five rats,
which were control rats (group A), MI model rats (group B), MI
model rats pre-treated with diltiazem (50 mg/kg, i.p., equivalent to
the clinical dose used in humans, group C), and MI model rats pre-
treated with bilobalide (2.5, 5, 10, and 20 mg/kg, i.p., groups D to G).
Pre-treated rats were administered drug for 7 consecutive days. On
the 6th and 7th days, rats in groups B to G received two injections of
ISO (40 mg/kg, s.c.) to establish the MI model, and group A received
saline for control. The rats were sacrificed on the 8th day after
euthanasia (10% chloral hydrate, 0.33 mL/100 g, i.p.), and blood
samples were collected through the abdominal aorta using heparin
as an anticoagulant. Plasma was obtained by centrifugation (664 g,
15 min) and kept at �80 �C.

Hearts were excised, washed with cold saline, and cut. A half of
the heart was fixed in 10% buffered formalin for histopathological
examination. The other half was kept at �80 �C for further evalu-
ation. Part of the heart tissue samples were homogenized in saline
at a 1:10 ratio of tissue to solution. Another part of the heart was
mixed with a moderate RIPA buffer to obtain lysates, which were
analyzed with Western blot and cell sample experiments. The level
of CK-MB in plasma and the protein content of heart homogenates
were determined using their standard kits respectively.

2.9. Targeted metabolomic profiling

Tissue homogenate (100 mL) was transferred into a 2 mL
Eppendorf tube and added to 20 mL of d8-phenylalanine internal
standard solution. After being vortexed for 10 s, 1 mL of acetonitrile
was added to the tube, the sample was vortexed for 5 min, and
centrifuged at 12,470 g for 10 min at 4 �C. The supernatant was
transferred into a glass centrifuge tube and dried under a gentle
nitrogen stream. The residue was re-dissolved in 100 mL of aceto-
nitrile:methanol (75:25, V/V) solution for testing. A 5 mL aliquot was
used for Agilent 6490 Triple Quadrupole LC-MS (Agilent, Santa
Clara, CA, USA) testing to analyze metabolites in the TCA cycle and
glycolysis. LC separation was performed using a Waters XBridge
Amide column (2.1 mm � 50 mm, 1.7 mm; Waters, Milford, MA,
767
USA). Mobile phase A was acetonitrile:water (50:50, V/V) with
15 mmol/L ammonium acetate and 0.2% ammonium hydroxide.
Mobile phase B was acetonitrile:water (95:5, V/V) with 15 mmol/L
ammonium acetate and 0.2% ammonium hydroxide. The gradient
condition was 0e1 min, 95%e74% B; 1e4 min, 74%e53% B; and
4e8 min, 53% B with 4 min of re-equilibration time. The flow rate
was 0.3 mL/min. The column temperature was 35 �C. MS detection
was performed using an AJS electrospray ionization interface to the
tandem MS. The operating parameters were dry gas temperature,
200 �C; dry gas flow rate, 14 L/min; nebulizer pressure, 20 psi;
sheath gas temperature, 250 �C; sheath gas rate, 11 L/min; capillary
voltage, �3.0 kV, and nozzle voltage, �1.5 kV. Multiple reaction
monitoring was performed in negative ion mode using the
precursor-to-product ion transitions, fragmentor voltage (380 V),
and collision energies. Data analysis was performed within Mass-
Hunter Quant software.

2.10. Data and statistical analysis

The original data and images are shown in the Supplementary
data. Quantitative data are presented as the mean ± SD and tested
for normality with a ShapiroeWilk test. Differences between two
groups were analyzed by the Student's t-test for normal distribu-
tion data or Mann-Whitney test for non-normal distribution data.
All statistical analyses were performed using GraphPad Prism
software version 8.0.2 (GraphPad Software, Inc., San Diego, CA, USA,
RRID: SCR_002798), and the level of significancewas set at P < 0.05.

3. Results

3.1. Disturbed TCA cycle flux of ISO-induced ischemia-like
cardiomyocytes

A UHPLC-HRMS method for isotope tracing metabolic flux
analysis of energy metabolism was established, and the extracted
ion chromatograms and mass spectra of metabolites detected in
H9c2 cells cultured with [Ue13C] glucose are shown in Fig. S1. Cells
reach both a metabolic and isotopic steady state as a precondition
of stable isotope tracer MFA [15]. According to the cell growth rate,
H9c2 cells reached the metabolic steady state at 24 h. Then, H9c2
cells were cultured with [Ue13C] glucose, and the time to reach an
isotopic steady statewas determined according to the change in the
13C labelled ratio of metabolites over time. After 24 h of cell culture,
the 13C labelled ratio of metabolites in glycolysis and the TCA cycle
pathway stabilized at approximately 15%e80%, which indicated
that the isotopic steady state of the cells was reached and main-
tained at 24 h.

3.1.1. Glucose as a source of carbon in the TCA cycle was blocked in
injured cardiomyocytes

As shown in Fig. 2A, [Ue13C] glucose was used as a tracer to
study the energymetabolism of ISO-injured H9c2 cells. Metabolites
in glycolysis derived from glucose were labelled as mþ6 or mþ3,
whereas metabolites in the TCA cycle derived from glucose were
labelled as mþ2. As shown in Fig. 2B (Table S1), after culture with
[Ue13C] glucose, model cells showed interesting changes compared
with the changes in the control cells: 13C labelledmetabolites in the
upstream TCA cycle were significantly increased, including mþ2
isotopologues of citrate/isocitrate and cis-aconitate, whereas 13C
labelled metabolites in the downstream TCA cycle were signifi-
cantly decreased, including mþ2 isotopologues of a-ketoglutarate,
succinate, fumarate, malate, and aspartate (representing oxaloac-
etate). This indicated that carbon source from glucose entering the
TCA cycle was increased after ISO-induced injury, but blocked be-
tween isocitrate and a-ketoglutarate.



Fig. 2. (A) Schematic for the metabolism of [Ue13C] glucose. (B) 13C labelling of each metabolite in energy metabolism (n¼3. The original data are shown in Table S1). (C) PDH/CS,
PC/CS and IDH2 activity calculated by 13C labelling ratio of metabolites (n¼3). (D) Total cellular concentration of each metabolite in energy metabolism (n¼3. The original data are
shown in Table S2). Error bars represent mean ± SD, #P < 0.05, ##P < 0.01. PDH: pyruvate dehydrogenase; CS: citrate synthetase; PC: pyruvate carboxylase; IDH2: isocitrate de-
hydrogenase 2; BB: bilobalide.
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Fig. 3. (A) Effects of ISO and the main GBE monomers on H9c2 cell viability (n¼3. The original data are shown in Table S3). (B) The basal respiration, ATP production, and maximal
respiration of H9c2 cells treated with ISO and GBE monomers (n¼6. The original data are shown in Tables S4eS6). (C) The mitochondrial respiration activity of H9c2 cells treated
with ISO and bilobalide (n¼6). Error bars represent mean ± SD, #P < 0.05, ##P < 0.01. ISO: isoproterenol; OCR: oxygen consumption rate; BB: bilobalide.
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Pyruvate from Ue13C glucose is also a carbon source for the
TCA cycle via pyruvate dehydrogenase (PDH) and pyruvate
carboxylase (PC). As shown in Fig. 2C, the citrate mþ2/pyruvate
mþ3 ratio represents PDH and/or citrate synthetase (CS) activity,
whereas the citrate mþ3/pyruvate mþ3 ratio represents PC ac-
tivity [18]. As shown in Fig. 2C, the citrate mþ2/pyruvate mþ3
ratio was significantly increased after injury, which indicated an
active PDH and/or CS activity. Additionally, PC activity was not
significantly changed after injury, as shown by the lack of differ-
ence in the citrate mþ3/pyruvate mþ3 ratio. In the TCA cycle,
769
isocitrate was converted to a-ketoglutarate by isocitrate dehy-
drogenase 2 (IDH2). The a-ketoglutarate mþ2/isocitrate mþ2 ra-
tio, which represents IDH2 activity, was significantly decreased
after injury, which indicated suppressed IDH2 activity. However,
IDH2 is a rate-limiting enzyme in the TCA cycle. Possibly due to
the significant increase of PDH and/or CS activity, the carbon
sources entering the TCA cycle increased rapidly and significantly,
and IDH2 could not catalyze the conversion of isocitrate into a-
ketoglutarate in time, which resulted in the decreased a-keto-
glutarate mþ2/isocitrate mþ2 ratio.



Fig. 4. (A) The gene expression levels of enzymes in energy metabolism. (B) The mRNA expression levels of some enzymes in energy metabolism (n¼3. The original data are shown
in Table S7). (C) The activity of IDH2 (n¼3. The original data are shown in Table S8). (D) The protein expression levels of some enzymes involved in energy metabolism (n¼3e15. The
original data are shown in Figs. S2eS7). Error bars represent mean ± SD, #P < 0.05, ##P < 0.01. PDHA, PDHB and PDHX are subunits of PDH. SUCLG1 is a subunit of SUCLG. SDHA and
SDHB are subunits of SDH.
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3.1.2. Injured cardiomyocytes increased the use of carbon sources
other than glucose

The total cellular concentration of 13C labelled and unlabelled
metabolites represents the contribution of different carbon sources
to the metabolite. As shown in Fig. 2D, compared with control cells,
the total cellular concentration of several metabolites in the TCA
cycle (citrate/isocitrate, cis-aconitate, succinate, fumarate, and
malate) of model cells was significantly increased, and the increase
of metabolites in the upstream pathway (citrate/isocitrate and cis-
aconitate) was greater than that in the downstream pathway
(succinate, fumarate, and malate). Although mþ2 isotopologues of
succinate, fumarate, malate, and aspartate (representing oxaloac-
etate) were significantly decreased after treatment, their total
cellular concentrations were all increased. As shown in Fig. 2A,
glutamine is a source of carbon that enters the TCA cycle to sup-
plement downstream metabolite levels. Our results indicated that
the enhancement of glutamine oxidative carboxylation diluted the
13C labelling ratio of these downstream metabolites. As shown in
Fig. 2D (Table S2), the total cellular concentration of lactate, the end
product of glycolysis, was increased after injury, which indicated
that glycolysis was enhanced after ischemic injury. The total
cellular concentration of pyruvate increased after injury, but its 13C
labelling ratio (mþ3 isotopologue) decreased, which indicated that
pyruvate produced from lipid and amino acid metabolism
increased.

3.2. GBE monomers exhibit a significant protective effect on injured
cardiomyocytes

According to a CCK-8 assay, the viability of ISO-injured cells was
significantly lower than that of the control cells as shown in Fig. 3A
(Table S3), which indicated that ISO caused significant injury.
Bilobalide, ginkgolide B, kaempferol and rutin improved the cell
viability influenced by ISO and showed significant protective effects
on injured cardiomyocytes.

3.2.1. Regulation mitochondrial aerobic respiration by GBE
monomers in injured cardiomyocytes

In the OCR analysis, which reflects mitochondrial aerobic res-
piratory function, basal respiration, ATP production, and maximal
respiration were markedly decreased by ISO-induced injury
(Figs. 3B (Tables S4-S6) and C). However, basal respiration and ATP
production were elevated with bilobalide and apigenin treatment;
maximal respirationwas elevatedwith bilobalide, ginkgolide B, and
apigenin treatment. These results showed that mitochondrial aer-
obic respiratory dysfunction occurred after ISO-induced injury.
Both basal respiration, which shows cellular energetic demand
under baseline conditions, and ATP production, which contributes
to meeting cellular energetic needs, were impaired, but also
maximal respiration, which shows themaximum rate of respiration
that the cell can achieve, was markedly decreased. Among the
prototypes used to treat the ISO-injured cells, bilobalide and api-
genin significantly regulated all aerobic processes listed above and
improved this crucial energy metabolism process. The combination
of cell viability and Seahorse test data showed that bilobalide had a
significant mitochondrial respiratory protective effect in
cardiomyocytes.

3.2.2. Bilobalide modulated the TCA cycle flux in ISO-injured
cardiomyocytes

As shown in Figs. 2A and B, bilobalide-treated cells had signifi-
cant changes compared with the changes in the model cells: 13C
labelled metabolites in the upstream TCA cycle were significantly
decreased, including mþ2 isotopologues of citrate/isocitrate and
cis-aconitate, whereas 13C labelled metabolites in the downstream
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TCA cycle, including mþ2 isotopologues of a-ketoglutarate, succi-
nate, fumarate, malate, and aspartate (representing oxaloacetate),
were significantly increased. This indicated that bilobalide released
the accumulated citrate/isocitrate and cis-aconitate from glucose
sources into the downstream pathway and modulated the flux of
the TCA cycle. Intermediates flowed and were transformed more
smoothly in bilobalide-treated ISO-injured cardiomyocytes than in
untreated ISO-injured cardiomyocytes.

This was associatedwith changes in the activity of keymetabolic
enzymes. As shown in Fig. 2C, compared with the ratios of the
model cells, the citrate mþ2/pyruvate mþ3 ratio was significantly
decreased after bilobalide treatment, which indicated reduced PDH
and/or CS activity after bilobalide treatment. Additionally, the a-
ketoglutarate mþ2/isocitrate mþ2 ratio was significantly
increased, which indicated an increase in IDH2 activity. This could
also be caused by the decrease of upstream metabolites reducing
the pressure on IDH2 because it is a rate-limiting enzyme in the
TCA cycle.

The regulation of metabolic flux from glucose to the TCA cycle by
bilobalide also affected the contribution from other carbon sources.
As shown in Fig. 2D, bilobalide significantly reduced the total
cellular concentrations of both upstream and downstream metab-
olites in the TCA cycle, including citrate/isocitrate, cis-aconitate,
succinate, fumarate, malate, and aspartate (representing oxaloac-
etate). Due to these changes, 13C labelled metabolites in the
downstream TCA cycle from glucose were significantly increased
compared with those in the model cells. This indicates that other
carbon sources that flowed into the downstream TCA cycle were
decreased with bilobalide treatment. It also suggests an effect of
bilobalide in themodulation of TCA pathway flux and the reduction
of the inflow of other carbon sources tomaintain TCA cycle balance.

3.3. Key enzymes in energy metabolism related to MI and bilobalide
activity

As shown in Figs. 4A and B (Table S7), enzyme expression levels
indicated that the effects of ISO injury and bilobalide treatment on
energy metabolic enzymes in cardiomyocytes were extensive.
Compared to gene expression in the control cells, ISO-induced
injury caused upregulated expression of many enzymatic genes,
including PDH, CS, succinate-coenzyme A ligase (SUCLG), and
succinate dehydrogenase (SDH), which were part of the key regu-
latory nodes found in the MFA results. Although there was no sig-
nificant difference between treatments due to insufficient sample
size, the mRNA expression levels after ISO-induced injury tended to
be higher than those of the control cells, which was consistent with
the results of the MFA. As shown in Fig. 4D (Figs. S2-S7), the protein
expression levels of PDH and CS were significantly increased after
ISO-induced injury, which was also consistent with the results of
the MFA and PCR array. Similarly, the expression levels of SUCLG
and SDHwere increased after injury, which was consistent with the
changes in the total cellular concentrations of succinate and
fumarate. However, no obvious change was observed in the
expression levels of IDH2 in ISO-injured cells, which was consistent
with the result of the IDH2 activity test (Fig. 4C (Table S8)). IDH2 is a
TCA cycle rate-limiting enzyme. Although its expression level and
activity did not change in ISO-injured cells, upstream PDH and CS
were significantly changed; thus, even if the upstream metabolites
accumulated, IDH2 could not release them into the downstream
TCA cycle rapidly, which blocks TCA cycle flux.

In the ISO-injured H9c2 cells protected by bilobalide, mRNA
expression levels of the crucial metabolic enzymes, including PDH,
CS, SUCLG, and SDH, tended to be lower than those of the ISO-
induced cells. The protein expression levels of these energy meta-
bolic enzymes were also significantly decreased, which was



Fig. 5. (A) The content of heart enzyme creatine kinase-muscle brain (CK-MB) in rat plasma (n¼5. The original data are shown in Table S9). (B) Histopathological examination of the
myocardium (blue arrows: cardiomyocyte necrosis, muscle fibre rupture, and myofibrillar dissolution; black arrows: the space of cardiac muscle was widened; yellow arrows:
infiltration of inflammatory cell). (C) Score of lesion grade in each rat group (score 1: no obvious lesions; black score 2: slight lesions; score 3: mild lesions; score 4: moderate
lesions; score 5: severe lesions; n¼5). (D) The content of metabolites in the energy metabolism pathway in rat myocardium (n¼5. The original data are shown in Table S10). (E) The
protein expression levels of PDH, CS, SUCLG, and SDH in rat myocardium (n¼4e10. The original data are shown in Figs. S8eS12). Error bars represent mean ± SD, #P < 0.05,
##P < 0.01. PDHA and PDHX are subunits of PDH. SUCLG1 is a subunit of SUCLG. SDHB is a subunit of SDH.
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consistent with theMFA results. Although bilobalide did not change
the expression and activity of IDH2, bilobalide treatment decreased
the expression levels of upstream PDH and CS and downstream
SUCLG and SDH, which reduced the accumulation of metabolites
and the pressure on IDH2. Therefore, PDH, CS, SUCLG, and SDH,
especially PDH and CS, were the keymetabolic enzymes affected by
ISO-induced injury, and bilobalide regulated their expression levels
to improve the TCA cycle flux.

3.4. Bilobalide protected the impaired TCA cycle in MI rats

The TCA cycle flux-improving effect of bilobalide was verified in
MI rats. As shown in Fig. 5A (Table S9), the level of myocardial
enzyme CK-MB in the plasma of MI model rats was significantly
increased compared to that of control rats, which indicated that MI
injury led to cardiomyocyte damage and rupture. The myocardial
enzyme was released into the blood, which indicated successful
model establishment. Compared with that in the control group, the
CK-MB level in diltiazem-treated rats was significantly decreased,
which further supported the success of the model. Similarly, the
CK-MB level in rats treated with different doses of bilobalide also
showed a significant decrease compared with that of the MI model
rats, indicating that bilobalide had a protective effect on the heart of
MI rats. In addition, as shown in Figs. 5B and C, the histopatho-
logical examination of myocardial tissue from MI rats also showed
typical ischemic injury symptoms, whereas the area and extent of
injury were significantly reduced in the diltiazem and bilobalide
pre-treated groups.

Fig. 5D (Table S10) shows the targeted metabolomic results of
the myocardia of the control, model, and bilobalide pre-treated
groups. Compared with the contents in the control group, the
contents of citrate/isocitrate, cis-aconitate, succinate, fumarate,
malate, glutamate, pyruvate, and lactate in the myocardia of the
model group were significantly increased, especially the levels of
citrate/isocitrate and cis-aconitate in the upstream pathway. This
indicated that the TCA cycle was blocked between isocitrate and a-
ketoglutarate, which was consistent with the results of the H9c2
cell experiments. Compared with the contents in the model group,
the contents of the above metabolites and aspartate in the myo-
cardia of bilobalide pre-treated groups were significantly
decreased, especially with the bilobalide 20 mg/kg treatment,
which suggested that bilobalide reduced the accumulation of me-
tabolites and improved TCA cycle flux. This was also consistent with
the results of the H9c2 cell experiments. As shown in Fig. 5E (Figs.
S8-S12), the expression levels of PDH, CS, SUCLG, and SDH in rat
myocardium were significantly increased after ISO-induced MI
model group and decreased after 20 mg/kg bilobalide treatment,
whichwas consistent with the results of the targetedmetabolomics
and H9c2 cell experiments.

4. Discussion

As a famous herbal medicine, GBE has been widely used in the
prevention and treatment of IHD. This research on the mechanism
andmaterial basis of GBE's protective properties not only elucidates
the pathogenesis of MI but also could help to develop new drugs.
Previous studies reported that GBE contains two groups of active
components: terpene lactones and flavonol glycosides [12].
Terpene lactones include bilobalide, ginkgolide A, B, C, M and J,
which are unique components of GBE, and have antiplatelet acti-
vation and neuroprotective effects [12]. Flavonol glycosides mainly
derive from the aglycones of quercetin, kaempferol, and iso-
rhamnetin, which are secondary metabolites widely distributed in
many plants that have antioxidant functions, vascular endothelial
cell proliferation inhibiting effects, and aid in blood fat reduction
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[12]. Therefore, it was hypothesized that the significant MI pro-
tective effect of GBE was mainly derived from the unique terpene
lactones and from the multi-target effect of flavonol glycosides.

This hypothesis was verified in our previous metabolomics
study of GBE against MI in rats [11]. It was found that GBE signifi-
cantly restores lipid (fatty acids, sphingolipid, phosphoglyceride
and glyceride) metabolism disorders and amino acid and energy
metabolism disorders in MI model rats. This is closely related to the
antioxidant and lipid-lowering effects of flavonol glycosides and
the antiplatelet activation of terpene lactones. The regulation of
energy metabolism by GBE was of great interest to us because the
heart is the organ that powers the circulatory system. The heart
works continuously and needs to obtain enough energy to do so.
The most direct effects of MI injury should impair energy meta-
bolism. In our previous study, we observed that GBE significantly
reduced the accumulation of citrate in the MI rat myocardium.
Arginine, ornithine, and citrulline (in the urea cycle) and aspartate
significantly increased after MI and were metabolized as in-
termediates to maintain the TCA cycle, whereas GBE significantly
decreased their levels. Based on this result, we further focused on
energymetabolism pathways, especially the TCA cycle, which is the
hub of carbohydrate, lipid, and amino acid metabolism. Effects on
the TCA cycle are probably the most important mechanism for
GBE's protective effect against MI.

In this study, using a stable isotope tracing MFA technique and
[Ue13C] glucose as a tracer, we found that the energymetabolic flux
of ISO-injured cardiomyocytes had problems. Glucose as a source of
carbon in the TCA cycle was blocked. A large amount of citrate/
isocitrate and cis-aconitate accumulated upstream, and the pro-
portions of these intermediates entering the downstream cycle
were significantly decreased. The TCA cycle has multiple carbon
sources, including glucose, fatty acids, and amino acids. These
carbon sources enter the TCA cycle mainly through glycolysis, fatty
acid oxidation, and glutamine oxidative and reductive carboxyla-
tion. The contribution of each of these carbon sources to the TCA
cycle also affects the contributions of the others [8]. Therefore, in
order to maintain an energy supply, cardiomyocytes enhance
anaplerosis from other carbon sources, especially the increase of
glutamine into the TCA cycle, resulting in the total cellular con-
centration of downstream metabolites still rising. However, in-
crease in other carbon sources did not alleviate the blockage of the
TCA cycle, and its metabolic flux became impaired and further
increased the burden on the mitochondria in cardiomyocytes. This
was apparent from the decrease of basal aerobic respiration and
maximal aerobic respiratory capacity detected by the Seahorse test.

The tissue distribution experiment with GBE found nine pro-
totypes in the rat myocardium that were used as candidates.
Through the Seahorse test combined with the injured car-
diomyocyte viability test, we found bilobalide to have a good pro-
tective effect on mitochondrial aerobic respiration in ISO-injured
cardiomyocytes. Bilobalide improved both the direct output (ATP
production and basal respiration) and the potential (maximal
respiration) of aerobic respiration. Bilobalide is an important
sesquiterpene in GBE. Due to its significant anti-ischemic and
neuroprotective effects [19e23], it can be used to prevent and treat
IHD [19], stroke [20], and Alzheimer's disease [21]. It has been re-
ported that bilobalide has a protective effect on the mitochondria
[19,20,22,23], including the protection of complex I and III activities
[19,23], preservation of mitochondrial ATP synthesis [20], and in-
creases the expression of the mitochondrial DNA-encoded COX III
subunit of cytochrome C oxidase and ND1 subunit of NADH dehy-
drogenase [22]. However, these mechanisms did not explain the
results of our previous experiment. GBE reduces large accumula-
tion of TCA cycle intermediates. This is a regulation of the metabolic
flux, which is different from the mechanisms previously reported.
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Therefore, it was necessary to further this study from the
perspective of cellular metabolic flux.

TheMFA showed that bilobalide modulated the TCA cycle flux in
injured cardiomyocytes. It significantly reduced the accumulation
of citrate/isocitrate and cis-aconitate from glucose upstream,
increased their amount entering downstream, balanced the utili-
zation of different carbon sources, and reduced the intake of
glutamine downstream. With bilobalide treatment, the metabolic
flux of the TCA cycle was enhanced and the metabolic pressure on
cardiomyocytes was decreased, which were apparent from the re-
covery of basic aerobic respiratory and maximal aerobic respiratory
capacity. In addition, key metabolic sites were found. Based on the
expression level of enzymes in these sites, an interesting finding
was that the expression and activity of IDH2 at the blocked sites did
not change significantly. Metabolic blocking was caused by the high
expression of upstream enzymes PDH and CS after injury, while
IDH2 is a rate-limiting enzyme of the TCA cycle. Excessive metab-
olite levels cannot enter the downstream cycle in time, resulting in
a large amount of accumulation. Bilobalide downregulated the
expression levels of PDH and CS. Additionally, downstream meta-
bolic enzymes SUCLG and SDH were also targets of bilobalide. The
results of these cell experiments were further confirmed in rats.
Treatment of MI rats with bilobalide showed dose-dependent
protection on myocardial tissue and regulation of the accumula-
tion of TCA cycle intermediates. Moreover, regulation effects of
bilobalide on PDH, CS, SUCLG, and SDH were also observed. The
above results are summarized in Fig. 6.

The TCA cycle plays an important role in metabolism. It is not
only the hub for carbohydrate, lipid, and protein metabolism but
also provides most of the energy for biological activities. The
fluency of TCA cycle is very important for maintaining normal
cellular function, especially energy output. Although bilobalide has
been reported to protect mitochondrial aerobic respiration through
different mechanisms [19,20,22,23], this is the first time its effect in
improving TCA cycle flux has been reported. This provides a new
way to treat IHD. In addition, after ISO-induced ischemia-like
injury, glycolysis in cardiomyocytes was significantly enhanced,
gene expression of metabolic enzymes was upregulated, and the
content of lactate was significantly increased, which could lead to
cellular acidosis. In this case, Hþ is pumped out of the cell and Ca2þ
Fig. 6. Mechanism of bilobalide protecting energy metabolism of ischemic car-
diomyocytes. Arrow color represents different carbon sources. Arrow thickness rep-
resents the flux change after ischemia.
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is pumped in, causing intracellular Ca2þ overload and exacerbating
myocardial damage [3,24]. Under the protection of bilobalide, the
glycolysis in cardiomyocytes was significantly weakened, gene
expression of related metabolic enzymes was downregulated and
accumulation of lactate significantly decreased. Bilobalide reduced
the accumulation of citrate/isocitrate and cis-aconitate, and it also
weakened glycolysis and other carbon sources metabolized into
intermediates of TCA cycles. All these effects relieved further
reduction in mitochondrial pH.

Above all, bilobalide was identified as an active ingredient of
GBE protecting ISO-injured ischemia-like cardiomyocytes by
rescuing impaired TCA cycle flux and enhancing mitochondrial
aerobic respiration. Other active components in GBE, including
other terpene lactones and flavonol glycosides, also play a syner-
gistic role through antioxidant function, antiplatelet activation,
blood fat reduction, and vascular endothelial cell proliferation in-
hibition, making GBE a multi-targeted therapy. Bilobalide, which
had a unique mechanism different from those of previous
myocardial energy metabolism drugs, is expected to be a new drug
in the future.

5. Conclusions

In this study, we investigated the mechanism of TCA cycle flux
blocking in ISO-induced MI and further elaborated the mechanism
and material basis of the anti-MI effect of GBE. ThroughMFA, it was
found that ISO-injured cells experienced a blockage of carbon flow
from glycolysis to the TCA cycle and enhanced anaplerosis from
other carbon sources. In the Seahorse test, bilobalide was found to
have a positive effect on the modulation of mitochondrial aerobic
respiration. Bilobalide also significantly modulated the TCA cycle
flux, reduced abnormal metabolite accumulation, and balanced the
demand from carbon sources. It was realized by decrease in the
enhanced expression of key metabolic enzymes in injured cells.
This efficacy of bilobalidewas verified in experiments in a ratmodel
of MI. The results associated with treatment with bilobalide, an
active compound of GBE, are not only further proof of the patho-
logical metabolic mechanism of MI, but also provide inspiration for
new drug discovery. This study shows the advantages and potential
of combining the Seahorse test with MFA techniques to serve as a
powerful strategy for future research on the mechanisms of herbal
medicine based on metabolomic results.
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