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Introduction
Coronary heart disease, alternatively 
referred to as ischemic heart disease (IHD), 
constitutes a subset of heart vascular 
diseases and stands as a primary contributor 
to global morbidity, mortality, and 
health‑care costs. Percutaneous coronary 
intervention or thrombolysis represents 
a well‑established and indispensable 
therapeutic approach for managing 
IHD.[1] Although these treatments have 
the potential to restore blood flow and 
oxygenation to ischemic myocardium, 
thereby preventing necrosis of myocardial 
tissue, it is important to acknowledge their 
associated adverse effects. Reperfusion 
therapy, for instance, can lead to ischemia–
reperfusion  (IR) injury, which not only 
worsens the existing ischemic injury but 
also restricts the extent of myocardial 
salvage.[2] IR injury occurs when the 
sudden return of blood flow induces the 
death or apoptosis of ischemic myocardial 
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Abstract
Background: Aerobic glycolysis has recently demonstrated promising potential in mitigating the 
effects of ischemia–reperfusion  (IR) injury. Scutellarin  (Scu) possesses various cardioprotective 
properties that warrant investigation. To mimic IR injury in  vitro, this study employed hypoxia/
reoxygenation  (H/R) injury. Methods and Results: First, we conducted an assessment of the 
protective properties of Scu against HR in H9c2 cells, encompassing inflammation damage, apoptosis 
injury, and oxidative stress. Then, we verified the effects of Scu on the Warburg effect in H9c2 cells 
during HR injury. The findings indicated that Scu augmented aerobic glycolysis by upregulating 
p‑PKM2/PKM2 levels. Following, we built a panel of six long noncoding RNAs and seventeen 
microRNAs that were reported to mediate the Warburg effect. Based on the results, miR‑34c‑5p 
was selected for further experiments. Then, we observed Scu could mitigate the HR‑induced 
elevation of miR‑34c‑5p. Upregulation of miR‑34c‑5p could weaken the beneficial impacts of Scu in 
cellular viability, inflammatory damage, oxidative stress, and the facilitation of the Warburg effect. 
Subsequently, our investigation revealed a decrease in both ALDOA mRNA and protein levels 
following HR injury, which could be restored by Scu administration. Downregulation of ALDOA 
or Mimic of miR‑34c‑5p could reduce these effects induced by Scu. Conclusions: Scu provides 
cardioprotective effects against IR injury by upregulating the Warburg effect via miR‑34c‑5p/
ALDOA.
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cells through complex intracellular 
events, including oxidative stress, 
imbalanced calcium homeostasis, and 
exacerbated inflammatory cell infiltration.[3] 
Unfortunately, the molecular mechanism of 
IR injury still remains ambiguous.

Mitochondrial energy metabolism, 
particularly aerobic glycolysis (known as the 
“Warburg effect”), has been a crucial area 
of research in cardiovascular disease for 
decades.[4‑7] The results of previous studies 
indicate that an alteration in metabolism, 
specifically an increase in glucose oxidation, 
has advantageous implications in the 
context of myocardial IR injury models. 
In the case of H9c2 rat heart cells, an 
elevation in aerobic glycolysis has been 
observed to be associated with a reduction 
in reactive oxygen species levels, leading 
to cellular defense against simulated IR 
injury.[5] Moreover, the transition to aerobic 
glycolysis has the potential to augment the 
levels of mitochondrial spare capacity and 
cell respiratory control ratio in H9c2  cells, 
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thereby indicating an elevated ability to endure stressful 
conditions.[7] Hence, triggering the metabolic shift toward 
aerobic glycolysis may be considered as one of the potential 
therapeutic strategies against myocardial IR injury.

Erigeron breviscapus, a traditional Chinese medicinal 
plant, has been utilized for over  1000  years in China 
to treat cardiovascular diseases.[8] Scutellarin  (4ʹ, 0, 5, 
6‑hydroxyl‑flavone‑7‑glucuronide, Scu), the primary active 
flavonoid extracted from Erigeron breviscapus, is responsible 
for its pharmacological effects.[9] In vivo studies have 
shown that Scu can alleviate cardiac structure abnormality, 
improve diastolic dysfunction, promote autophagy, and 
inhibit inflammatory response and myocyte apoptosis in 
rat hearts of IR injury.[10] The in  vitro study demonstrated 
that the administration of Scu exhibited protective effects 
in a dose‑dependent manner, enhancing the proliferation of 
H9c2  cells, increasing antioxidant capacity, and improving 
the potential of the mitochondrial membrane. These effects 
were achieved by suppressing inflammation and oxidative 
damage induced by IR injury.[11] Therefore, Scu has multiple 
potentially cardioprotective properties.

A variety of biological processes are mediated by 
noncoding RNAs, such as microRNAs (miRNAs) and long 
noncoding RNAs  (lncRNAs).[12] miRNAs and lncRNAs 
have been extensively studied in the field of aerobic 
glycolysis regulation. For example, miR‑206 repressed 
hexokinase 2 in non small cell lung cancer (NSCLC) cells 
to reduce glucose uptake, lactate production, and 
ATP generation.[13] It indicated that miR‑142‑3p could 
suppress tumor growth by reducing the Warburg effect 
in hepatocellular carcinoma.[14] In addition, several 
miRNAs and lncRNAs regulate aerobic glycolysis, such as 
lncRNA‑Ftx,[15] miR‑124,[16] LINC00152,[17] miR‑489, and 
miR‑186.[18]

In the present study, we first evaluated whether Scu 
protected against IR injury through enhance Warburg effect 
in H9c2 cell of IR vitro model. Then, we built a panel 
of 17 miRNAs[10,13,14,16‑29] and 6 lncRNAs[15,17,23,25,28,30] that 
were reported to regulate the Warburg effect. After a series 
of tests, we identified miR‑34c‑5p/ALDOA as the key 
mediators in the protective effects of Scu.

Methods
Cell culture and treatment

Cell Bank/Stem Cell Bank  (Shanghai Chinese Academy 
of Sciences) provided us with the rat cardiomyocyte cell 
line H9c2. Dulbecco’s modified Eagle medium with 10% 
fetal bovine serum  (Sigma, St Louis, MO, USA) and 1% 
penicillin/streptomycin solution (Gibco‑BRL, Grand Island, 
NY, USA) was used for cell culture. Incubation conditions 
were 37°C, 5% CO2, and 95% air.

Hypoxia/reoxygenation  (H/R) injury was used to mimic 
IR injury in  vitro. The protocol was as follows. An 

air‑saturated anoxic solution was built by the glucose and 
serum‑deprived medium with the mixed air of 1% O2, 94% 
nitrogen, and 5% CO2 for at least 2  h. Then, cells were 
washed three times with phosphate‑buffered saline and 
reoxygenated for 24 h in a medium containing 4500 mg/L 
glucose. Cells in the control group were incubated in the 
condition of 37°C, 95% air, and 5% CO2 for 26 h.

The cells were randomly divided into five groups: 
control group  (con), HR group, H/R+25 μmol/L Scu 
group  (HR  +  S25, H/R‑treated cells with 25 μmol/L 
Scu), H/R+50 μmol/L Scu group (HR + S50, H/R‑treated 
cells with 50 μmol/L Scu), and H/R  +  100 μmol/L 
Scu group  (HR+S100, H/R‑treated cells with 100 
μmol/L Scu).

Cell transfection

Transfecting the oligonucleotides into cells was performed 
according to the instructions provided by the manufacturer 
and previous study.[31] Briefly, to ensure 70%–80% cell 
density, cells were seeded 24  h before transfection. 
Then, the oligonucleotides  (ALDOA siRNA, 100nM 
miR‑34c‑5p mimic) and lipofectamine 3000 transfection 
reagent  (Invitrogen, USA) were diluted and mixed by 
Opti‑MEM medium without antibiotics and serum. After 
48  h of incubation in the condition of 5% CO2 and 37°C, 
the transfection medium was replaced with fresh penicillin/
streptomycin‑free medium for 24  h before subsequent 
experiments.

Cell counting kit‑8 assay

The cells were plated with 5  ×  103  cells per well and 
starved for 24 h after adherence. Then, cells were incubated 
in 10 μL Cell Counting Kit‑8  (Dojindo, Japan) for 1  h. 
A microplate reader  (BioTek, USA) was used to determine 
the optical density at 450 nm.

Phosphofructokinase activity assay and pH measurement

The activity of phosphofructokinase  (PFK) was tested by 
PFK Assay Kit  (Sigma‑Aldrich, USA). According to the 
manufacturer’s instruction, treated cells were added with 
PFK Assay Buffer and Reaction Mix. Each mixture was 
tested with a microplate reader every 30 s for its OD 
value. The PFK activity was calculated as mU/mg of 
protein after normalization to the protein concentration. 
Extracellular pH was detected by pH indicator paper and 
pH meter.

Measurements of inflammation and oxidative stress 
markers

The commercially available enzyme-linked immunosorbent 
assay kits were used to quantify levels of inflammation 
(tumor necrosis factor-α [TNF‑α] and Interleukin  [IL]‑1β) 
and oxidative stress  (methylene dioxyamphetamine (MDA) 
and superoxide dismutase (SOD)) in culture supernatants, 
according to the manufacturer’s instructions.[32]
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Annexin V‑APC/7‑AAD double staining

Treated H9c2  cells were stained with Annexin‑V 
APC/7‑AAD cell apoptosis assay kit  (Bjbalb Beijing, 
HR8285). There were four subpopulations identified: normal 
cells  (Annexin V‑APC‑/7‑AAD‑), necrotic cells  (Annexin 
V‑APC‑/7‑AAD+), early apoptotic cells  (Annexin 
V‑APC‑/7‑AAD‑), and late apoptotic cells  (Annexin 
V‑APC+/7‑AAD+). The apoptosis index was the total rates 
of early apoptotic and late apoptotic cells.

Reverse transcription‑quantitative polymerase chain 
reaction

TRIzol reagent  (Invitrogen, CA) was used to extract total 
RNA. SYBR Green polymerase chain reaction  (PCR) 
kit  (Thermo) was used for PCR amplification. Three holes 
were provided for each sample. The internal reference of 
GAPDH was adjusted, and mRNA expression data were 
calculated with the 2−ΔΔCt method. Primer sequences are 
shown in Table 1.

Western blot

H9c2  cells were lysed with RIPA to extract their total 
protein. Moreover, the protein was quantified by the BCA 
method. After SDS‑PAGE electrophoresis separation, 
the membrane was transferred to polyvinylidene fluoride 
(PVDF)  membranes, then blocked with 5% fat‑free 

milk, and incubated with anti‑PKM2  (1:1000, Boaosen, 
bs‑0102M), anti‑p‑PKM2  (1:1000, CST, 3827), and 
anti‑ALDOA  (1:1000, Boaosen, bs‑2406R), respectively. 
The relative expression was equal to the gray value ratio of 
the target protein to GAPDH.

Statistical analysis

The results were presented as the mean  ±  standard 
deviation. Using SPSS (Statistical Package for the Social 
Science) SPSS 22 version (SPSS Inc., Chicago, IL, USA), 
one‑way ANOVA following post hoc tests was used to 
analyze the differences between groups. P  < 0.05 was 
considered significantly different.

Results
Scutellarin‑protected H9c2  cells from hypoxia/
reoxygenation‑induced injury

In the initial phase, we conducted an assessment to 
determine the potential of Scu in mitigating cytotoxicity 
induced by HR, focusing on its effects on cell viability, 
inflammation damage, apoptosis, and oxidative stress. 
As presented in Figure  1, different doses of Scu (25 μM, 
50 μM, and 100 μM) could significantly increase H9c2 
cell viability  [Figure  1a], decrease inflammation 
factors  (TNF‑α and IL‑1β)  [Figure  1b and c], reduce 
apoptotic cells numbers  [Figure  1d], and alleviate levels 

Table 1: Primer sequences
Forward Reverse

miR‑765 5’‑GUAGCCAAGGAATCCGAAGGA‑3’ 5’‑GCGAGGAAGGAGGAGGAAGGT‑3’
miR‑186‑3p 5’‑CGCGCAAAGAATTCTCCTTT‑3’ 5’‑AGTGCAGGGTCCGAGGTATT‑3’
miR‑489 5’‑CCCCGCCGTGACATCACATAT‑3’ 5’‑CCAGTCGGTGGCTGCCGTATA‑3’
miR‑142‑3p 5’‑GGCCCATAAAGTAGAAAGC‑3’ 5’‑TTTGGCACTAGCACATT‑3’
miR‑139‑5p 5’‑TCTACAGTGCACGTGTC‑3’ 5’‑GAATACCTCGGACCCTGC‑3’
miR‑206 5‑GCGTCTGGAATGTAAGGAAGTG‐3’ 5’‑GTGCAGGGTCCGAGGT‐3’
miR‑124‑3p 5’‑CGGCAAGTTGTCGGAGACG‑3’ 5’‑CCTGGAGGTTGGGATGCTCT‑3’
miR‑34c‑5p 5’‑GCG CAT CCC TTG CAT GGT‑3’ 5’‑AGT GCA GGGTCCGAG GTATT‑3’
miR‑515‑5p 5’‑TTCTCCAAAAGAAAGCACTTTCTG‑3’ 5’‑CTCGCTTCGGCAGCACA‑3’
miR‑12116 5’‑GCCTTTGGTTCTTCTTAG‑3’ 5’‑GCTCTGGGTTCTTCTTAG‑3’
miR‑30a‑5p 5’‑AACGAGACGACGACAGAC‑3’ 5’‑TGTAAACATCCTCGACTGGAAG‑3’
miR‑101‑3p 5’‑GCCGCCACCATGGTGAGCAAGG‑3’ 5’‑AATTGAAAAAAGTGATTTAATTT‑3’
miR‑455 5’‑TAAGACGTCCATGGGCAT‑3’ 5’‑GTGCAGGGTCCGAGGT‑3’
miR‑361‑5p 5’‑GCCGAGTTATCAGAATCTCCA‑3’ 5’‑CTCAACTGGTGTCGTGGA‑3’
miR‑138‑5p 5’‑GCTTAAGGCACGCGG‑3’ 5’‑GTGCAGGGTCCGAGG‑3’
miR‑199a‑5p 5’‑TCAAGAGCAATAACGAAAAATGT‑3’ 5’‑GCTGTCAACGATACGCTACGT‑3’
miR‑383 5’‑GACAGACCTTGTGAAGGTGACTCTG‐3’ 5’‑GACCAGCTTCCAGAGGACAAGATCTC‐3’
LINC01123 5’‑ACAGTGGCCGCACGCATAGCTG‑3’ 5’‑CTGACGACCGAGGTGACAACGATGA‑3’
Lnc‑SNHG9 5’‑CCCGAAGAGTGGCTATAAACG‑3’ 5’‑GGAGGACCAGTGTCCTAAGTGAA‑3’
Lnc‑MAFG/ASI 5’‑ATGACGACCCCCAATAAAGGA‑3’ 5’‑CACCGACATGGTTACCAGC‑3’
LINC01391 5’‑TGGCACCCGCTATGTCCA‑3’ 5’‑GTAGCAGGGATTCTGTCTG‑3’
Linc‑00152 5’‑CTCCAGCACCTCTACCTGTTG‑3’ 5’‑GGACAAGGGATTAAGACACACA‑3’
LncRNA KCNQ1OT1 5’‑TTGGTAGGATTTTGTTGAGG‑3’ 5’‑CAACCTTCCCCTACTACC‑3’
Lnc‑Ftx 5’‑GAATGTCCTTGTGAGGCAGTTG‑3’ 5’‑TGGTCACTCACATGGATGATCTG‑3’
ALDOA 5’‑ATGCCCTACCAATATCCAGCA‑3’ 5’‑GCTCCCAGTGGACTCATCTG‑3’
GAPDH 5’‑GCACCGTCAAGGCTGAGAAC‑3’ 5’‑GCCTTCTCCATGGTGGTGAA‑3’
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of oxidative stress  (MDA and SOD)  [Figure  1e‑g] under 
HR injury. Totally, these results indicated that HR‑induced 
inflammation damage, apoptosis injury, and oxidative stress 
in H9c2 cells, whereas Scu could alleviate this HR‑induced 
cytotoxicity in a dose‑dependent manner.

Scutellarin enhanced aerobic glycolysis under hypoxia/
reoxygenation injury in H9c2 cells

Then, we aimed to verify whether Scu could impact 
the Warburg effect in H9c2  cells under HR condition. 
As shown in Figure  2, Scu could remarkably trigger 
cellular energy metabolite switching to aerobic glycolysis 
under HR injury, including reduction of pH  [Figure  2a] 
and elevation of lac in culture medium  [Figure  2b]. 
In glycometabolism, PFK serves as the rate‑limiting 
enzyme to catalyze fructose‑6‑phosphate to fructose‑1, 
6‑diphosphate. Our data presented that Scu administration 
could enhance PFK activity  [Figure  2c]. PKM2 is 
regarded as the final rate‑limiting enzyme in aerobic 
glycolysis. Western blot data suggested that Scu 
treatment could obviously increase the ratio of p‑PKM2/
PKM2 [Figure 2d]. Our data showed that 2‑deoxyglucose, 
the inhibitor of the glycolytic pathway, could reverse the 
enhancements of aerobic glycolysis induced by Scu. In 
general, these results indicated that Scu intensified aerobic 

glycolysis in H9c2  cells under the condition of HR injury 
in a dose‑dependent manner.

Effects of scutellarin on noncoding RNAs linked with 
Warburg effect

In the next step, a panel of 6 lncRNAs and 17 
miRNAs was built, which were reported to mediate 
the Warburg effect. The tool of miEAA  (https://ccb-
compute2.cs.uni-saarland.de/mieaa2/) was used to 
perform the KEGG enrichment analysis. As shown 
in Figure  3 and Supplementary Figure  1, reverse 
transcription‑quantitative PCR  (RT‑qPCR) data 
presented that HR increased miR‑34c‑5p levels in 
H9c2  cells and 50 μM Scu could significantly reverse 
this upregulation. Hence, miR‑34c‑5p was selected for 
further experiments.

Scutellarin enhanced Warburg effect by regulating 
miR‑34c‑5p in H9c2 cells

Then, we aimed to explore whether miR‑34c‑5p 
participated in the enhancement of the Warburg effect 
induced by Scu. First, our data found that Scu could reverse 
HR‑triggered elevation of miR‑34c‑5p in a dose‑dependent 
manner [Figure 4a]. Then, we found that miR‑34c‑5p mimic 
could weaken the protective effects of Scu in terms of cell 

Figure 1: Scutellarin-protected H9c2 cells from hypoxia/reoxygenation‑induced injury. (a) Viability of H9c2 cells was tested by cell counting kit‑8. Inflammation 
levels of tumor necrosis factor‑α  (b) and interleukin‑1β  (c).  (d) Apoptosis index was detected by flow cytometry. Levels of oxidative stress marker, 
including MDA (e), mitochondrial SOD (f), and cytoplasmic SOD (g). The error bar reflects the SE of at least three independent experiments. HR: Hypoxia/
reoxygenation, TNF‑α: Tumor necrosis factor‑α, IL‑1β: Interleukin, MDA: Methylene dioxyamphetamine, SOD: Superoxide dismutase, SE: Standard error
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Figure 3: Effects of Scutellarin on different noncoding RNAs related to the Warburg effect. The error bar reflects the SE of at least three independent 
experiments. *vs. Con, p<0.05. #vs.HR, p<0.05, SE: Standard error

viability [Figure 4b], inflammation injury [Figure 4c and d], 
and oxidative stress  [Figure  4e‑g]. The facilitation of the 

Warburg effect by Scu treatment was also reversed by 
miR‑34c‑5p mimic  [Figure  4h‑k] in H9c2  cells. Totally, 

Figure 2: Scutellarin enhanced aerobic glycolysis under hypoxia/reoxygenation injury in H9c2 cells. (a) Levels of pH in each group. (b) Levels of lac in 
each group. (c) Activity of phosphofructokinase tested by Colorimetric assay. (d) Western blot analysis showing phosphorylation levels of PKM2 in each 
group. The error bar reflects the SE of at least three independent experiments. HR: Hypoxia/reoxygenation, PFK: Phosphofructokinase, SE: Standard error

d
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Figure 4: Scutellarin (Scu) enhanced the Warburg effect by regulating miR‑34c‑5p in H9c2 cells. (a) Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) indicated that Scu could alleviate hypoxia/reoxygenation‑induced elevation of miR‑34c‑5p in a dose‑dependent manner. (b) Viability 
of H9c2 cells was tested by Cell Counting Kit‑8. Levels of inflammation marker, including tumor necrosis factor‑α (c) and interleukin‑1β (d). Levels of 
oxidative stress index, including MDA (e), mitochondrial SOD (f), and cytoplasmic SOD (g). Levels of aerobic glycolysis in each group, including pH 
(h), phosphorylation levels of PKM2 (i), lac (j), and phosphofructokinase (k). The error bar reflects the SE of at least three independent experiments. 
HR: Hypoxia/reoxygenation, Scu: Scutellarin, PFK: Phosphofructokinase, SE: Standard error
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these data presented that the enhancement of Scu in the 
Warburg effect by regulating miR‑34c‑5p in H9c2 cells.

Scutellarin protected against hypoxia/reoxygenation 
injury by enhancing Warburg effect through 
miR‑34c‑5p/ALDOA axis in H9c2 cells

Then, we choose miR‑34c‑5p/ALDOA axis for further 
investigation. First, our results indicated that the mRNA 
expression  [Figure  5a] and protein  [Figure  5d] of ALDOA 
were reduced after HR injury, and Scu could reverse 
these in a dose‑dependent manner. Next, a specific 
siRNA to silence ALDOA was applied  [Figure  5b]. 
The effects of Scu to maintain the content of ALDOA 
could be weakened by ALDOA siRNA or miR‑34c‑5p 
mimic  [Figure  5c and d]. The protective effects of Scu in 
improving cell viability [Figure 5e], relieving inflammation 
injury  [Figure  5f and g], oxidative stress  [Figure  5 h‑j], 
and increasing aerobic glycolysis switch  [Figure  5k‑n] 
could be diminished by ALDOA siRNA. Hence, these data 
suggested that Scu prevented against HR damage through 
miR‑34c‑5p/ALDOA axis in H9c2 cells.

Discussion
IR injury is regarded as the major pathological process in 
IHD. In the last decades, tremendous advances have been 
made in IHD. However, there is still no available and 
effective method for IR injury prevention at the present 
time. Erigeron breviscapus is one of a traditional Chinese 
medicinal plant and widely used to treat cardiovascular 
diseases for over 1000 years. Scu is a major active flavonoid 
from Erigeron breviscapus. In this study, we found Scu 
treatment presented an increased aerobic glycolysis rate 
in H9c2 cell model of HR injury. This metabolic shift is 
associated with the alleviation of inflammation damage and 
oxidative stress triggered by IR.

The structure of Scu was identified a century ago. 
However, the modern pharmacology study of Scu started 
in the late 1970s, when China launched a large program 
to identify and modernize therapeutics from traditional 
Chinese medicine.[33] In our study, we found HR‑induced 
inflammation damage, apoptosis injury, and oxidative 
stress in H9c2  cells, whereas Scu could alleviate this 
HR‑triggered cytotoxicity in a dose‑dependent manner. 
This finding is consistent with previous studies.[34,35] A 
meta‑analysis, involving 16 randomized and controlled 
trials from 2001 to 2012 containing 1505 IHD patients, 
indicated that Scu enhanced the therapeutic effects of 
normal anti‑IHD drugs and presented greater improvement 
of IHD symptoms, such as angina pectoris.[34] It has been 
reported that Scu attenuated inflammation damage and 
IR damage by inhibiting inflammation  (TNF‑α and IL‑6) 
in the myocardial IR rat model.[35] Scu also served as an 
antioxidant property against IR injury.[36] Thus, in terms 
of mechanism, anti‑IR effects of Scu are mostly due to its 
ability to suppress inflammation and oxidative stress.

To further explore the cardiac protective mechanism of Scu, 
we selected the Warburg effect as cut point. First, we found 
that Scu could intensify aerobic glycolysis in H9c2  cells 
under HR condition with a dose‑dependent manner. The 
first evidence of aerobic glycolysis was discovered in tumor 
cells, which restrict their energy metabolism to glycolysis 
even under aerobic conditions.[37] In recent years, it has been 
demonstrated that a metabolic transition toward heightened 
glycolysis yields advantageous outcomes in the context of 
cardiac IR injury, as it diminishes oxidative stress levels 
and enhances stress tolerance.[5] The molecular mechanism 
still remains unclear. In our study, we built a panel of 6 
lncRNAs and 17 miRNAs that were reported to mediate the 
Warburg effect. After RT‑qPCR screening, we confirmed that 
HR increased miR‑34c‑5p levels in H9c2 cell model of HR 
injury, and this upregulation could be reversed by Scu. We 
further confirmed that miR‑34c‑5p mimic could weaken the 
protective effects of Scu against HR‑induced inflammation 
and oxidative stress. MiR‑34c‑5p has been reported to be 
linked with the Warburg effect.[25] It is also a vital mediator 
in IR injury. Tu and Hu found miR‑34c‑5p played a 
crucial role in cerebral IR injury through inflammatory 
and apoptotic signaling pathways.[38,39] According to 
reports, miR‑34c‑5p participates in cardiac remodeling and 
repair during postischemic heart injury.[40] Our research 
supplemented the above results. In addition, we observed 
that HR condition increased the level of miR‑138‑5p and 
Scu treatment enhanced this effect, which indicated that Scu 
might aggravated HR injury trough upregulate miR‑138‑5p. 
According to our phenotypic analysis of HR, Scu has 
provided significant protective properties against HR injury 
in H9c2  cells. Thus, the mechanism of miR‑138‑5p in Scu 
administration needs further investigation.

In our study, we choose miR‑34c‑5p/ALDOA axis 
for further investigation. Our data indicated that Scu 
prevented against HR injury by upregulation of aerobic 
glycolysis through miR‑34c‑5p/ALDOA axis in H9c2 cells. 
MiR‑34c‑5p/ALDOA axis is a new explanation for the 
Warburg effect.[25] There has been a new explanation for 
the Warburg effect based on this axis.[25] ALDOA has 
been considered a promising target for the treatment 
of myocardial infarction and heart failure regarding its 
cardiac protective effects against oxidative stress induced 
by HR.[41,42] ALDOA is predominantly found in the muscle 
tissue and erythrocytes. It is a glycolytic enzyme and plays 
a vital role in glycolysis. Serum ALDOA shows lower 
levels in myocardial infarction patients and H/R‑induced 
H9C2 cardiomyocytes. Upregulation of ALDOA inhibited 
H/R‑triggered cell apoptosis and oxidative stress.[41] We 
believe that miR‑34c‑5p/ALDOA axis contributes to the 
point of junction in the Scu protective effect on enhancing 
the Warburg effect.

There are some limitations in our study. First, 
experimental validation in  vitro is missing in our study 
to demonstrate the effectiveness of the drug. This will 
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be performed in the follow study. Second, our research 
primarily concentrated on investigating the antioxidative 
and anti‑inflammatory properties of Scu through the 

enhancement of aerobic glycolysis. The examination of 
Scu’s impact on apoptosis will be pursued in forthcoming 
studies.

Figure 5: Scutellarin protected against hypoxia/reoxygenation injury by enhancing Warburg effect through miR‑34c‑5p/ALDOA axis in H9c2 cells. (a) Reverse 
transcription‑quantitative polymerase chain reaction (RT‑qPCR) results of ALDOS mRNA. (b) RT‑qPCR results of ALDOS mRNA. mRNA (c) and protein 
(d) levels of ALDOA. (e) Viability of H9c2 cells was tested by Cell Counting Kit‑8. Levels of inflammation marker, including tumor necrosis factor‑α (f) and 
interleukin‑1β (g). Levels of oxidative stress index, including MDA (h), mitochondrial SOD (i), and cytoplasmic SOD (j). Levels of aerobic glycolysis in 
each group, including phosphorylation levels of PKM2 (k), pH (l), lac (m), and phosphofructokinase (n). The error bar reflects the SE of at least three 
independent experiments. HR: Hypoxia/reoxygenation, Scu: Scutellarin, SE: Standard error
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Conclusion
Summarily, this study demonstrated that Scu provides 
cardioprotective effects against IR‑induced myocardial 
cell injury by upregulating the Warburg effect through 
miR‑34c‑5p/ALDOA pathway in H9c2 cell model.
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Supplementary Figure 1: Word‑cloud term scaling and bar chart. (a) Enrichment of KEGG channel word cloud map, the more prominent KEGG channel, 
and the font is larger. (b) Top 20 of enriched categories sorted by observed/expected ratio
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