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Abstract
Background The terminal stage of ischemic heart disease develops into heart failure (HF), which is characterized by 
hypoxia and metabolic disturbances in cardiomyocytes. The hypoxic failing heart triggers hypoxia-inducible factor-1α 
(HIF-1α) actions in the cells sensitized to hypoxia and induces metabolic adaptation by accumulating HIF-1α. 
Furthermore, soluble monocarboxylic acid transporter protein 1 (MCT1) and mitochondrial pyruvate carrier 1 (MPC1), 
as key nodes of metabolic adaptation, affect metabolic homeostasis in the failing rat heart. Aerobic exercise training 
has been reported to retard the progression of HF due to enhancing HIF-1α levels as well as MCT1 expressions, 
whereas the effects of exercise on MCT1 and MPC1 in HF (hypoxia) remain elusive. This research aimed to investigate 
the action of exercise associated with MCT1 and MPC1 on HF under hypoxia.

Methods The experimental rat models are composed of four study groups: sham stented (SHAM), HF sedentary 
(HF), HF short-term exercise trained (HF-E1), HF long-term exercise trained (HF-E2). HF was initiated via left anterior 
descending coronary artery ligation, the effects of exercise on the progression of HF were analyzed by ventricular 
ultrasound (ejection fraction, fractional shortening) and histological staining. The regulatory effects of HIF-1α on 
cell growth, MCT1 and MPC1 protein expression in hypoxic H9c2 cells were evaluated by HIF-1α activatort/inhibitor 
treatment and plasmid transfection.

Results Our results indicate the presence of severe pathological remodelling (as evidenced by deep myocardial 
fibrosis, increased infarct size and abnormal hypertrophy of the myocardium, etc.) and reduced cardiac function in the 
failing hearts of rats in the HF group compared to the SHAM group. Treadmill exercise training ameliorated myocardial 
infarction (MI)-induced cardiac pathological remodelling and enhanced cardiac function in HF exercise group rats, 
and significantly increased the expression of HIF-1α (p < 0.05), MCT1 (p < 0.01) and MPC1 (p < 0.05) proteins compared 
to HF group rats. Moreover, pharmacological inhibition of HIF-1α in hypoxic H9c2 cells dramatically downregulated 
MCT1 and MPC1 protein expression. This phenomenon is consistent with knockdown of HIF-1α at the gene level.

Aerobic exercise-induced HIF-1α upregulation 
in heart failure: exploring potential impacts 
on MCT1 and MPC1 regulation
Longfei Xu1†, Miaomiao Yang1†, Aili Wei1, Zilin Wei1, Yingkai Qin1, Kun Wang1, Bin Li3, Kang Chen1,2, Chen Liu1,2, 
Chao Li1* and Tianhui Wang1,2*

http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-2530-1101
http://crossmark.crossref.org/dialog/?doi=10.1186/s10020-024-00854-3&domain=pdf&date_stamp=2024-6-11


Page 2 of 14Xu et al. Molecular Medicine           (2024) 30:83 

Introduction
Heart failure (HF) is a widespread global public health 
problem and the leading cause of mortality, which mani-
fests a reduction in the capacity of the heart to meet the 
metabolic needs of the whole body (Savarese and Lund 
2017; Cordero et al. 2019; Ho et al. 2019). Myocardial 
infarction (MI), mainly resulting from myocardial isch-
emia and hypoxia, is the primary etiologic factor in heart 
failure which leads to myocardial necrosis, and patho-
logical remodeling including cardiomyocyte hypertrophy 
and myocardial fibrosis (Feriani et al. 2020; Hanif et al. 
2017; Rabinovich-Nikitin et al. 2019). Despite the com-
pensatory response of cardiomyocytes can transiently 
maintain the cardiac contractile function, progressive 
cardiomyocyte hypertrophy may lead to decompensation 
and deterioration of cardiac function, ultimately leading 
to malignant arrhythmias and even HF (Kyhl et al. 2017). 
The metabolic perturbations provoked by myocardial 
hypoxia are pivotal in HF progression. In the last years, 
the attention of HF treatment has turned to intervention 
in myocardial energy metabolism (Yurista et al. 2021; 
Beltran et al. 2020). One critical aspect of this strategy is 
HIF-1α, a pivotal participant of the pathophysiological 
process in ischemic heart disease and HF, particularly in 
the course of hypoxia and energy metabolism (Semenza 
2014a, b). In reaction to cellular hypoxia, HIF-1α, one 
part of the hypoxia-inducible factor-1 (HIF-1)  complex, 
raises its expression, influencing the expression of genes 
related to oxygen delivery and metabolic adjustment 
(Dales et al. 2010; Semenza 2014a, b; Brahimi-Horn and 
Pouysségur 2007). The hypoxia tissues of infarction heart 
have reported that increase of HIF-1α gene expression, 
and its upregulation causes a reduction in myocardial 
infarct size and improved cardiac function (Semenza 
2011; Zhang et al. 2020; Kido et al. 2005).

Pathological myocardial hypertrophy (MH) involves 
a shift in cardiac metabolism from fatty acids to glucose 
(Gibb and Hill 2018); HIF-1α activates genes related to 
glucose metabolism, adapting to these metabolic changes 
(Li et al. 2020). To compensate for the tricarboxylic acid 
cycle (TCA) flux in hypertrophied hearts, this altera-
tion promotes enhanced glycolysis and glucose uptake 
along with compensatory anaplerosis (Kolwicz and Tian 
2011; Tran and Wang 2019; Mirtschink and Krek 2016). 
Nonetheless, adenosine triphosphate (ATP) production 
is not increased accordingly due to increased glycolysis, 
unveiled that glycolysis unlinked from glucose oxidation 
in the pathological hypertrophy (Sorokina et al. 2007). 

Lactate is made from glycolytic pyruvate and is also an 
important energy source for the myocardium (Hui et al. 
2017; Sambandam et al. 2002). In HF, there is the uncou-
pling between lactate production and consumption, dis-
rupting pyruvate-lactate axis, which is a hallmark of MH 
and HF (Bergman et al. 2009; Fillmore et al. 2018; Clun-
tun et al. 2021). Here, the mitochondrial pyruvate carrier 
(MPC) and Monocarboxylate transporters (MCTs) in 
the pyruvate-lactate axis are important nodes for cardiac 
homeostasis and health. Of these, the only one whose 
identity was confirmed in the rat heart was MCT1, which 
was abundantly present and strongly expressed in the 
cardiomyocyte plasma membrane, including the inter-
calated disk (Halestrap and Price 1999). Increased levels 
of MCT1 protein were found in the myocardium of a rat 
model of congestive heart failure, suggesting that lactate 
is an indispensable energy source for the failing heart, 
which may be beneficial to the failing heart and cardio-
myocytes (Jóhannsson et al. 2001; Evans et al. 2003). In 
addition, MPC determines that a large portion of pyru-
vate is reduced to lactate in the cytoplasm, thereby 
enabling metabolic adaptation during HF (Fernandez-
Caggiano and Eaton 2021). Several proofs revealed that 
MPC1 and MPC2 expression is down-regulated in fail-
ing human and mouse hearts and that MPC deficiency 
in mice causes pathological MH and cardiac dysfunction 
(Fernandez-Caggiano et al. 2020; Sheeran et al. 2019; 
McCommis et al. 2020).

Although there have been major developments in HF, 
there is still a requirement for therapeutics with a higher 
efficiency (Bauersachs 2021; Bouri et al. 2014). Exercise 
is a non-pharmacological treatment that could upgrade 
cardiovascular fitness and diminish the symptoms and 
death rate of HF (Adams and Schuler 2012; Levine 2014; 
Belardinelli et al. 2012; Wisløff et al. 2007; O’Connor et 
al. 2009). Exercise has been elucidated to upregulate 
HIF-1α (Song et al. 2020) and MCT1 (Jóhannsson et al. 
2001) levels in myocardial tissue and improve cardiac 
function in rats with MI; whereas a gap still exists in 
the effects of exercise on MCT1 and MPC1 in HF, and 
whether HIF-1α induces changes in MCT1 and MPC1 in 
HF during hypoxia is poorly understood. Under this con-
text, the purpose of the present study was to investigate 
the effects of exercise training on myocardial HIF-1α, 
MCT1, and MPC1 expression through our established 
in vivo model of HF in rats. Additional series of in vitro 
experiments were also conducted in hypoxia-treated 
H9c2 rat cardiomyoblasts using activators/inhibitors and 

Conclusion The findings propose that long-term aerobic exercise training, as a non- pharmacological treatment, is 
efficient enough to debilitate the disease process, improve the pathological phenotype, and reinstate cardiac function 
in HF rats. This benefit is most likely due to activation of myocardial HIF-1α and upregulation of MCT1 and MPC1.
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Fig. 1 (See legend on next page.)
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shRNA as a means to determine the effects and altera-
tions of HIF-1α on MCT1 and MPC1. We speculate that 
exercise may upregulate the expression of key proteins 
(MCT1 and MPC1) by increasing myocardial HIF-1α lev-
els in rats, which could contribute to the improvement of 
HF prognosis.

Materials and methods
Animals
Seven-week-old male Wistar rats (weighing approxi-
mately 180  g) were purchased from the BEIJING HFK 
BIOSCIENCE CO., LTD, (Beijing, China). Rats were 
acclimatized for 1 week before the experiment to adapt 
to the new surroundings. Rats were housed cages and 
had access to food and water ad libitum. The facility envi-
ronment had controlled light (12:12  h light/dark cycle) 
and constant room temperature (23 ~ 25  °C) under con-
ventional laboratory conditions. Rats were assigned ran-
domly into four experimental groups (n = 6–8 for each 
group): sham sedentary (SHAM), HF sedentary (HF), HF 
short-term exercise trained (HF-E1) and HF long-term 
exercise trained (HF-E2). Short-term exercise lasted for 
6 weeks (HF-E1) and long-term exercise lasted for 12 
weeks (HF-E2) were defined according to the previous 
study (Guo et al. 2020). All experimental procedures were 
approved by the Laboratory Animal Welfare Ethics Com-
mittee of Military Medical Sciences Academy. All efforts 
were made to minimize the number and suffering of ani-
mals used in these experiments.

Myocardial infarction-induced HF model
Experimental rat MI models were established by per-
manent ligation of the left anterior descending coronary 
artery (LAD) of the heart (Li et al. 2021). Briefly, the rats 
were anesthetized with sodium pentobarbital (30  mg/
kg) intraperitoneally (i.p.), endotracheally intubated, and 
mechanically ventilated with room air (respiratory rate 
60–70 breaths/min, tidal volume 2.5 mL). Left thora-
cotomy between the fourth and fifth ribs was performed 
to expose and access the rat heart. LAD was identified 
approximately 2  mm beneath the left atrial append-
age and ligated (descending aorta constricted by a 7 − 0 
silk suture tied snugly). After ligation, the lungs were 
re-inflated, after which the chest (6 − 0 silk suture) and 
skin (4 − 0 silk suture) were closed. Sham-operated rats 

underwent the same surgical procedure except that their 
LAD were merely threaded and not ligated. The trachea 
was extubated as soon as the animals began to recover 
from anesthesia, and rats were subsequently placed in a 
warm box (30 ~ 32  °C) for 1  h. Penicillin (80,000 U/kg) 
was injected intraperitoneally for 3 consecutive days after 
surgery to prevent infection.

Exercise training protocol
Rats were trained on a treadmill with individual lanes 
designed for small animals. One week after the ligation 
surgery (week 1), rats in the HF-E2 group were subjected 
to a 4-day adaptive exercise (familiarity period) on a 
zero-inclination treadmill to minimize potential stress; 
this consisted of the rats running for 3 min at each of four 
speeds, 8 m/min, 10 m/min, 12 m/min, and 14 m/min on 
the first day (a total of 12 min), with the speeds and times 
of this phase (warm-up) remaining unchanged during the 
subsequent adaptive and formal exercise training; then 
the rats ran at 16 m/min for 15 min, followed by a grad-
ual increase of 10 min each day until the fourth day when 
the rats ran at 16 m/min for 45 min; finally, the rats ran 
at 8 m/min for 3 min, and the speeds and times of this 
phase (cool down) remained unchanged during the sub-
sequent adaptive and formal exercise training. The rats 
in the HF-E1 group started adaptive at week 7 with the 
same adaptive exercise protocol as the rats in the HF-E2 
group, followed by 6 weeks of formal exercise training, 
whereas the rats in the HF-E2 group underwent 12 weeks 
of formal exercise training. Formal exercise training for 
rats in the HF-E1 and HF-E2 groups consisted of running 
at a speed of 16 m/min for 45 min per day (main exercise) 
in addition to the 12-min warm-up and 3-min cool down 
described above, at a frequency of 5 days per week, total-
ling 1 h per day. Rats assigned to HF group (no exercise) 
were placed on the static treadmill for a matched stage to 
minimize the impact of the experimental environment on 
the results during the entire training (Figs. 1A and 2A).

Echocardiography
Non-invasive cardiac function evaluation was performed 
by echocardiography in all rats before surgery and at 
weeks 2,5,10,13 after surgery, respectively (Figs.  1E and 
2E). Briefly, an animal anesthesia machine (ventilated 2% 
isoflurane) was used to anesthetize all rats throughout 

(See figure on previous page.)
Fig. 1 Pathological remodeling in failing hearts post-myocardial infarction. (A) The timeline illustrates key moments for evaluating left ventricular func-
tion in rat groups via echocardiography. (B) Visual comparison of heart morphology across different groups. (C, D) Graphs illustrating changes in heart 
weight/body weight ratio (HWI) and heart weight/tibia length ratio (HW/TL) among the groups. (E) Echocardiographic images displaying left ventricular 
function, with wall thickness indicated between yellow arrows. (F, G) Graphical representation of changes in left ventricular ejection fraction (EF) and 
fractional shortening (FS) before and after LAD surgery Notation ‘*’: denotes statistical comparison between HF and SHAM groups. (H) HE staining images 
showcasing myocardial tissue in various groups. (I) Masson’s trichrome staining images display myocardial fibrosis in different groups. (J) Quantification of 
infarct areas based on Masson’s trichrome staining across groups. (K) Electron micrographs representing cardiomyocyte ultrastructure among the groups. 
(L) Western blot analysis shows the expression of HIF-1α, MCT1, andMPC1 proteins in myocardial tissues, with tubulin as the protein loading control. The 
student t-test was used for comparisons in the study. Mean ± SD. *: P < 0.05, **: P < 0.01, ***: P < 0.001. n = 6–8
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Fig. 2 Treadmill exercise training improves pathologic features of the failing heart. (A) The timeline displays key points for left ventricular function 
evaluation using echocardiography in each group, conducted before the LAD artery procedure and subsequently during the 2nd, 5th, 10th, and 13th 
weeks post-LAD procedure. (B) Comparative visualization of heart morphology across groups. (C, D) Graphs depicting changes in heart weight/body 
weight ratio (HWI)and heart weight/tibia length ratio (HW/TL) among groups. (E) Echocardiographic images illustrating left ventricular function, with 
wall thickness highlighted between yellow arrows. (F, G) Graphs showing alterations in left ventricular ejection fraction (EF) and fractional shortening 
(FS) pre and post-LAD. Indicators ‘*’ represent HF vs. HF-E1, ‘&’ symbolize HF-E1 vs. HF-E2, and ‘#’ denotes HF-E2 vs. HF comparisons. (H) HE staining images 
displaying myocardial tissue variations across different groups. (I) Images of Masson’s trichrome staining of myocardial tissues, indicating differences in 
fibrosis among groups. (J) Quantification of infarct areas based on Masson’s trichrome staining across groups. (K) Electron micrographs representing the 
ultrastructure of cardiomyocytes from various groups. (L) Western blot analysis shows the expression of HIF-1α, MCT1, andMPC1 proteins in myocardial 
tissues, with tubulin as the protein loading control. The one-way ANOVAs followed by Dunnett’s multiple comparison test was used for multi-component 
comparisons. Mean ± SD. *: P < 0.05, **: P < 0.01, ***: P < 0.001, &: P<0.05,  ###: P<0.001. n = 6–8
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the surgery. Rats were positioned in the supine position 
with front paws wide open and ultrasound transmis-
sion gel was applied to the precordium. Transthoracic 
echocardiography was performed using an echocardiog-
rapher equipped with a 40-MHz probe, and B-mode 
images were subsequently obtained in the long and short 
axis. Cardiac function and structure features such as left 
ventricular volumes [left ventricular end-diastolic vol-
ume (LVEDV) and left ventricular end-systolic volume 
(LVESV)] and diameters [left ventricular end-diastolic 
diameter (LVEDD) and left ventricular end-systolic 
diameter (LVESD)] and fractional shortening (FS) and 
ejection fraction (EF) were measured and recorded. Left 
ventricle systolic function was estimated by EF and FS as 
follows: EF (%) = [(LVEDV − LVESV)/LVEDV] × 100 and 
FS (%) = [(LVEDD − LVESD)/LVEDD] × 100.

Measurement of tibial lengths
To calculate heart weight/tibia length (HW/TL), TL in 
rats anesthetized by a small animal anesthesia machine 
(1.5% of isoflurane) was measured at the end of exercise 
training using an animal bone density body composition 
instrument according to the manufacturer’s protocol.

Tissue preparation
At the end of the training protocol, 48  h after the last 
exercise session and after 12  h of fasting, all rats were 
humanely euthanized with ketamine (50 mg/kg, i.p.) and 
xylazine (10  mg/kg, i.p.) and body weights (BW) were 
weighed. All rat hearts were dissected, measured for 
length and weighed, and myocardial tissues were subse-
quently collected. Some of the isolated myocardial tis-
sues were fixed with 4% paraformaldehyde/karnovsky 
fixative solution and others were stored at − 80 °C, these 

Fig. 3 HIF-1α pharmacological efficacy alters the hypoxic injury model in H9c2 cells. (A) Visual representation of hypoxia-induced morphological chang-
es in H9c2 cells. (B) Graph showing the impact of hypoxia on H9c2 cell viability across different time points. (C) Graph illustrating the effect of hypoxia 
on intracellular ATP levels in H9c2 cells over time. (D) Graph representing the influence of hypoxia on apoptotic levels in H9c2cells over time. (E) Visual 
representation of DFO and KC7F2 affecting morphological alterations in H9c2 cells. (F) Graph illustrating the effects of DFO and KC7F2 on H9c2 cell vi-
ability under hypoxic conditions. (G) Graph showing the effects of DFO and KC7F2 on intracellular ATP levels in H9c2 cells under hypoxic conditions. (H) 
Immunofluorescence analysis reveals the effects of DFO and KC7F2 on the expression levels of HIF-1α, MCT1 and MPC1 in hypoxic H9C2 cells. (I) Western 
blot analysis depicting the effects of DFO and KC7F2 on the expression levels of HIF-1α, MCT1 and MPC1 protein expression in hypoxic H9C2 cells. The 
one-way ANOVAs followed by Dunnett’s multiple comparison test was used for multi-component comparisons. Data represent Mean ± SD. Of at least 
three independent experiments (n = 3 per group).*: P < 0.05, **: P < 0.01, ***: P < 0.001
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were used for Hematoxylin-eosin (HE) and Masson stain-
ing, Electron microscopy analysis and Western blotting, 
respectively.

Histological staining and analysis
For staining experiments, the formaldehyde-fixed heart 
tissue samples were washed with water and underwent 
gradient dehydration and paraffin embedding. Paraf-
fin-embedded heart samples were transversely cut into 
5  μm-thick slices onto slides and subsequently stained 
with HE and Masson’s trichrome. Each sample was 
observed under the microscope at six randomly selected 
visions. The Infarct size presented by Masson stain-
ing was quantified using Image J software version 1.8 
(National Institutes of Health, Bethesda, MD, USA).

Electron microscopy analysis
Specific parts of the heart were taken and fixed in 2% glu-
taraldehyde and 4% paraformaldehyde in sodium acetate 
buffer at pH 7.3 for 1 h at room temperature and cut into 

~1-mm3 pieces. Samples were washed in phosphate-buff-
ered saline and post-fixed in 2% osmium tetroxide and 
1% uranyl acetate for 2 h, rinsed in water, dehydrated in a 
graded series of ethanol and acetone, and then infiltrated 
and embedded in Eponate 12 medium. The ultrathin sec-
tions were prepared on a Reichert-Jung Ultracut E ultra-
microtome (Leica Corporation, Shanghai, China), picked 
up on copper grids and stained. Images were acquired 
using a JEM-100CX electron microscope (JEOL Japan 
Electronics Co., Ltd. Tokyo, Japan) and a 4k digital cam-
era (Gatan Orius 4k X).

Cell culture and hypoxia cell model
H9c2 cells (rat embryonic cardiomyoblast-derived H9c2 
cardiomyocytes) were purchased from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China). 
H9c2 cells were maintained at 37  °C in a 5% CO2 incu-
bator containing complete culture medium (DMEM 
and 10% fetal bovine serum supplemented with 1% of 
a penicillin/streptomycin solution) and passaged at 

Fig. 4 Effects of HIF-1α, MCT1 and MPC1 knockdown on hypoxic H9c2 cells. (A) Visual representation of fluorescence after shRNA transfection targeting 
HIF-1α, MCT1 and MPC1 in hypoxic H9c2 cells. (B) Graph depicting the impact of HIF-1α, MCT1 and MPC1 knockdown on H9c2 cell viability under hypoxic 
conditions. (C) Graph showing the effects of HIF-1α, MCT1 and MPC1 knockdown on intracellular ATP levels in H9c2 cells under hypoxic conditions. (D-G) 
Western blot analysis demonstrating the effect of HIF-1α, MCT1 and MPC1 knockdown on the expression levels of HIF-1α, MCT1 and MPC1 proteins in 
hypoxic H9C2 cells. The one-way ANOVAs followed by Dunnett’s multiple comparison test was used for multi-component comparisons. Data represent 
Mean ± SD. Of at least three independent experiments (n = 3 per group).*: P < 0.05, **: P < 0.01, ***: P < 0.001
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approximately 90% confluency. Cell morphologic changes 
were observed under an inverted fluorescence micro-
scope (CKX53-LP, OLYMPUS CK31MIF-BGU-LED). To 
establish the hypoxia model, H9c2 cells were cultured in 
hypoxia incubator with 1% O2, 5% CO2 and 94% N2 for 
24  h and 48  h. H9c2 cells in the normoxia group were 
cultured at 37℃ in a normoxic incubator containing 21% 
O2 and 5% CO2 and served as the control. Hypoxic H9c2 
cells were treated with the HIF-1α activator desferriox-
amine mesylate (DFO, 20µM, dissolved in dimethyl sulf-
oxide, MCE, HY-B0988) (Dziegala et al. 2016) and the 
HIF-1α inhibitor KC7F2 (20µM, dissolved in dimethyl 
sulfoxide, MCE, HY-18,777) (Li et al. 2022) for 48 h.

Cell transfection
Three target shRNA plasmids (HIF-1α-RNAi-
Easy-shRNA, MCT1-RNAi-Easy-shRNA and 
MPC1-RNAi-Easy-shRNA) and a negative control 
(Control-RNAi-shRNA) were developed and synthe-
sized by the manufacturer (Ji Kai Gene Technology Co., 
Ltd, Shanghai, China), and we subsequently transfected 
them into hypoxic H9c2 cells using Lipo3000 transfec-
tion reagent (GK20006-25, GLPBIO) according to the 
manufacturer’s instructions. Our transfected plasmid 
contained the green fluorescent protein gene, and strong 
fluorescence intensity was observed in hypoxic H9c2 cells 
under fluorescence microscope, which indicated the high 
efficiency of cell transfection (Fig. 4A). Briefly, H9c2 cells 
(5 × 105) were grown in 6-well plates for 24  h. Lipo3000 
was diluted using serum-free medium and allowed to 
stand for 5 min at room temperature. The diluted shRNA 
was mixed with medium containing Lipo3000 trans-
fection reagent and incubated at room temperature for 
15 min, and then the DNA-lipid complex was added into 
the cells. The transfected cells were grown in hypoxia 
incubator for 24 h and tested for gene silencing level and 
expression of each group of indicators.

Cell viability test
The effect of hypoxia on the proliferation of H9c2 cells 
was detected using the CCK8 Cell Proliferation Kit (Bey-
otime, Biological Co., Ltd, Beijing, China). H9c2 cells (100 
µL) were grown at 2 × 104 cells/mL in 96-well plates over-
night. After incubation for 24  h, the cells were treated 
with hypoxia for 24 and 48 h. After treatment, 100 µL of 
media enriched with 10% CCK-8 solution was added to 
the cells through media exchange modes and incubated 
for 1  h. Absorbance was measured at 450  nm using a 
Multi-mode Microplate Reader (Molecular Devices, San 
Jose, CA, USA). Each experiment was performed in sex-
tuplicate, and cell survival rates were expressed as a per-
centage of the control.

Comparative analysis of ATP
The ATP level analyzed with ATP assay kit (Beyotime, 
Biological Co., Ltd, Beijing, China). The experimen-
tal procedure was consistent with the instruction of the 
manufacturer. The absorbance readings for the determi-
nation of ATP were carried out at 560 nm via the detec-
tion of absorbance of a multi-well plate in a Multi-mode 
Microplate reader (Finalytek, USA). It was able to use this 
approach to quantify ATP levels in different groups of 
cells.

Assessment of cell apoptosis
After hypoxia treatment of H9c2 cells, an Annexin 
V-FITC/PI apoptosis kit (Keygentec, Nanjing, China) 
was used for cell staining and flow cytometry follow-
ing the manufacturer’s instructions. Briefly, cells from 
each group was washed twice with PBS and 2 × 105 cells 
were reconstituted with 500µL of binding buffer. Subse-
quently, 5µL of Annexin V-FITC was immediately added 
and mixed well. Then another 10µL of PI was added to 
the cells and incubated at room temperature for 5 min-
utes in the dark, ready for apoptosis analysis on an Accuri 
C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

Immunofluorescence analysis
Cell immunofluorescence was performed by fixing cells 
with 4% tissue cell fixative (Solarbio, Beijing, China) for 
30 min at room temperature, rinsing once with PBS, and 
then permeabilising with 0.1% Triton X-100 (BioFroxx) 
for 15 min. Subsequently, the cells were non-specifically 
blocked with 1% BSA (BioFroxx) for 1  h at room tem-
perature, followed by anti-HIF-1α (20960-1-AP, 1:200, 
Proteintech), anti-MCT1 (A3013, 1:100, ABclonal) and 
anti-MPC1 (A20195, 1:100, ABclonal) were incubated 
overnight at 4  °C. Next, cells were reacted with Alexa 
Fluor® 594-conjugated goat anti-rabbit IgG secondary 
antibody (ZF-0516, ZSZSGBBIO) and FITC-labeled goat 
anti-rabbit IgG secondary antibody (ZF-0311, ZSZSG-
BBIO) at 1:50 for 30 min at 37  °C protected from light, 
respectively, followed by reaction with DAPI solution 
(C0065, Solarbio) for 5 min at room temperature. Finally, 
imaging was performed immediately on an inverted fluo-
rescence microscope (CKX53-LP).

Western blotting
Briefly, protein extracts obtained from isolated myocar-
dial tissue or cultured cardiomyocytes were homoge-
nized in RIPA lysis buffer (Solarbio Life Sciences, R0020, 
China) containing phenylmethylsulfonyl fluoride (PMSF). 
The homogenate was centrifuged at 10,000× g for 10 min 
at 4 °C and supernatant collected, and the total protein 
concentration was subsequently determined using the 
BCA Assay Kit (Solarbio Life Sciences, PC0020, China). 
5X sample loading buffer was added proportionally to 



Page 9 of 14Xu et al. Molecular Medicine           (2024) 30:83 

the protein-containing supernatant and boiled (100  °C, 
10  min) to obtain protein samples. Protein samples 
(20  µg) were loaded with standard marker proteins at 
room temperature and electrophoretically separated 
(250  mA, 100  min) on polyacrylamide gels (15% Sure-
PAGE™, Genscript, China), and then the proteins were 
transferred onto polyvinylidene fluoride membranes 
(PVDF, Millipore, USA). Next, membranes were blocked 
for 2  h at room temperature with 5% defatted milk in 
TBST (0.1% Tween 20 in TBST) and incubated overnight 
at 4  °C with the following primary antibodies: HIF-1α 
(ab179483, 1:1000, Abcam, USA), MCT1 (A3013, 1:1000, 
ABclonal, China), MPC1 (A20195, 1:1000, ABclonal, 
China), β-tubulin (380,628, 1:5000, Zen BioScience, 
China). The membrane was repeatedly rinsed with TBST 
buffer three times for 10  min each, and incubated with 
horseradish peroxidase (HRP) conjugated IgG antibody-
Goat Anti-Rabbit IgG H&L/HRP (bs-40295G-HRP, 
1:10000, Bioss, China) for 1 h at room temperature. After 
incubation with the secondary antibody, the membrane 
was repeatedly rinsed three times for 10  min each with 
TBST buffer and treated with enhanced chemilumi-
nescence reagent (ECL, WBKLS0500, Millipore, USA). 
Subsequently, protein bands were visualized via chemi-
luminescent detection in a gel image processing system 
(Amersham Imager 680, CTL, USA), and quantified by 
densitometry using Image J analysis software version 1.8. 
Targeted bands were normalized to the relative expres-
sion of cardiac β-tubulin.

Statistical analysis
The results are reported as the Mean ± SD. All data were 
statistically analyzed and graphed using SPSS software 
(version 22.0) and GraphPad Prism (version 8.0). The 
unpaired two-tailed Student t-test was used for com-
parison between two groups, and one-way ANOVAs fol-
lowed by Dunnett’s multiple comparison test was used 
for multi-component comparisons. All experiments were 
conducted at least three biologically independent rep-
licates. Statistical significance was accepted at *p < 0.05, 
**p < 0.01, ***p < 0.001.

Results
Pathological remodelling occurs in the failing heart
To investigate the effects of exercise on the pathophysi-
ology of failing hearts, we first measured cardiac mor-
phology and function in a rat model of MI. Cardiac 
morphological analysis showed typical pathological pal-
lor and left ventricular (LV) thinning in HF group com-
pared to the SHAM group (Fig. 1B). Heart hypertrophy 
indices (HWI, HW/BW) and HW/TL ratios were sig-
nificantly higher in the HF group than in the SHAM 
group 13 weeks post-surgery, with abnormal cardiac 
hypertrophy (Fig. 1C and D). Echocardiography (Fig. 1E) 

demonstrated cardiac dysfunction with LV dilatation 
(LV internal diameters) in HF rats. FS (Fig.  1F) and EF 
(Fig. 1G) of rats in HF group markedly reduced relative 
to that of SHAM group, thereby indicating cardiac dys-
function in the HF group. HE staining highlighted myo-
cardial fiber deformation (black arrows), hypertrophic 
cardiomyocytes (yellow arrows), and telangiectasia with 
hyperemia (red arrows) in the HF group compared with 
the SHAM group (Fig. 1H). Masson staining manifested 
deeper myocardial fibrosis (black arrows) and increased 
infarct size (Fig. 1I and J) and severe ultrastructural dam-
age in myocardial fibers by electron microscopy in the 
HF group compared with the SHAM group (Fig.  1K). 
Interestingly, our data illustrated that the levels of HIF-1α 
(p < 0.01), MPC1 (p < 0.001) and MCT1 (p < 0.001) protein 
expression were significantly higher in HF group of rats 
than in SHAM group (Fig.  1L). Together, at this stage, 
post-MI animals presented a range of pathologic remod-
elling imagery and eventually developed HF with an 
accompanying reduction in cardiac metabolic capacity.

Treadmill exercise training improves MI-induced cardiac 
pathological remodelling
Next, we determined whether exercise could improve 
pathological remodelling in HF. Significant benefits 
in morphology, structure and cardiac function were 
observed in the HF-Exercise group at the end of the pro-
tocol. Overall, exercise significantly alleviated cardiac 
pallor in rats with MI, suppressed LV thinning, attenu-
ated MH, prevented LV dilatation, enhanced LV contrac-
tility and ejection function (FS and EF notably increased), 
and ultimately delayed the course of HF (Fig. 2B-G). Sim-
ilarly, exercise training ameliorated the organic changes 
in the infarcted myocardium, mainly in the form of inhi-
bition of pathological hypertrophy of cardiomyocytes, 
enlargement of the myocardial space, reduction of the 
degree of myocardial fibrosis and infarct area, and resto-
ration of the ultrastructure of myocardial fibres (Fig. 2H-
K). Our results indicated that exercise training markedly 
improved cardiac function and re-established pathologi-
cal remodelling progression in rats with MI. As noted 
above, these findings reinforce previous research data 
(Peixoto et al. 2015) that better pathological characteris-
tics from exercise training are an important outcome in 
improving cardiovascular disease, suggesting that exer-
cise training intervention was very efficient. One possible 
explanation for the benefits of exercise in HF could be 
attributed to altered metabolic processes and responses 
to hypoxia. Therefore, we then characterized the effects 
of exercise on HIF-1α, MCTI and MPC1 in rats with MI. 
The protein expressions of cardiac HIF-1α were detected 
using Western blot for all groups. Of interest, compared 
with the HF group, exercise training significantly upregu-
lated the expression of HIF-1α, MCT and MPC1 proteins 
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(Fig.  2L). We found that exercise training reversed the 
LAD-induced down-regulation of HIF-1α expression 
levels, indicating that the improvement in HF with pro-
longed exercise may be due to increased expression of 
key metabolic proteins.

Hypoxia triggers H9c2 cell injury in vitro
The hypoxia protocol we implemented was intended to 
mimic the oxygen-deprived environment of ischemic fail-
ing heart, suggesting that hypoxia after MI can disrupt 
cardiomyocyte metabolism and may act as a contribut-
ing factor to alterations in the pyruvate-lactate axis. To 
explore this, we next used differentiated H9c2 cells to 
better elucidate the impact of hypoxia on cell morphol-
ogy, cell viability, ATP levels, and apoptosis rates. We 
found that compared to the normoxia-treated group 
(cells arranged in a spindle shape and well-grown), sus-
tained hypoxia treatment for 48  h markedly enhanced 
H9c2 cell death, decreased cell survival (fewer cells), and 
resulted in abnormal morphological changes (obviously 
rounded cells) (Fig. 3A). With the prolonged duration of 
hypoxia (24 h and 48 h), both H9c2 cell viability and ATP 
levels were significantly decreased compared to the nor-
moxic group (Fig. 3B and C). Additionally, the early and 
late apoptosis rates of H9c2 cells at 48 h of hypoxia were 
significantly higher than those of the normoxia-treated 
group (Fig.  3D). Therefore, these effects of hypoxia on 
cells are time-dependent and are accompanied by struc-
tural damage, reduced numbers, and decreased ATP 
levels.

Pharmacological activation/inhibition and knockdown of 
HIF-1α alters MCT1 and MPC1 expression
Our study further explored the beneficial utility of exer-
cise in the failing heart, focusing on the effects of phar-
macological activation/inhibition of HIF-1α on MCT1 
and MPC1 in hypoxic cardiomyocytes.We treated 
hypoxic H9c2 cells with KC7F2 (a HIF-1α inhibitor) and 
DFO (a widely used HIF-1α activator to simulate the key 
effects of exercise) respectively and served as an experi-
mental group (hypoxia + KC7F2, hypoxia + DFO), and 
used normal and hypoxic cells as two control groups 
(control and hypoxia). We observed that pharmacologi-
cal activation of HIF-1α reduced the cellular damage 
caused by hypoxia (increased cell number and improved 
morphology), restored and significantly increased cell 
viability and ATP levels (Fig.  3E-G); interestingly, over-
expression of HIF-1α led to elevated levels of HIF-1α, 
MCT1, and MPC1 expression under the same conditions 
(Fig. 3H and I). Conversely, pharmacological inhibition of 
HIF-1α in hypoxia (hypoxia + KC7F2) reversed these phe-
nomena compared to the hypoxia + DFO group, suggest-
ing that the negative effects of KC7F2 could be corrected 
by increasing HIF-1α levels. The above data demonstrate 

that HIF-1α reduction exacerbates the damage and 
energy deficiency of cardiomyocytes under hypoxic con-
ditions; whereas HIF-1α overexpression triggers expres-
sion of MCT1 and MPC1 proteins and enhances energy 
production in cardiomyocytes, suggesting its pivotal role 
in the repair of hypoxic cardiomyocytes.

In order to shed new light on mechanisms recruited 
by HIF-1α changes on MCT1 and MPC1, we performed 
knockdown experiments for each of the three target 
genes in hypoxic H9c2 cells. For that, hypoxic H9c2 
cells were transfected with shRNA targeting the HIF-1α, 
MCT1 and MPC1 gene (Fig. 4A) to knock down HIF-1α, 
MCT1 and MPC1 expression (KD, knock down group); 
meanwhile, negative control shRNA served as a com-
parator (KDM, knock down mock group). The CCK-8 
assay revealed that the cell viability was apparently lower 
in the HIF-1α, MCT1 and MPC1 knockdown group 
compared to KDM (Fig.  4B). ATP levels were reduced 
upon HIF-1α, MCT1 and MPC1 gene knockdown in 
hypoxic cardiomyocytes receiving shRNA compared 
to KDM (Fig.  4C). The results of western blot experi-
ments showed that knockdown of the HIF-1α gene sig-
nificantly reduced HIF-1α protein expression compared 
with Hypoxia + HIF-1α (KDM). Interestingly, HIF-1α tar-
geted silencing also leads to decreased MCT1 and MPC1 
protein expression in hypoxic cardiomyocytes compared 
with Hypoxia + HIF-1α (KDM) (Fig.  4D and E); and 
knockdown of MCTI and MPC1 leads to results consis-
tent with this (Fig. 4F and G). Collectively, these available 
results replicate in vitro the beneficial effects of exercise 
training on the failing heart and supports the hypoth-
esis that the improvement in HF via MCT1 and MPC1 
is mediated through exercise-regulated HIF-1α protein 
enhancement.

Discussion
Here, we provide compelling evidence that (a) exercise 
training attenuates myocardial injury and dysfunction 
in a rat model of MI. (b) The cardioprotective effect of 
exercise training was associated with enhanced expres-
sion of HIF-1α and up-regulated expression of MCT1 
and MPC1, suggesting that changes in the levels of key 
metabolic proteins post-MI may be a positive factor in 
the improvement of cardiac dysfunction. (c) In H9c2 car-
diomyocytes, the upregulation of MCT1 and MPC1 via 
HIF-1α overexpression enhances cellular metabolism, 
potentially elucidating the molecular mechanisms under-
lying exercise-induced delay in HF progression.

HF involves post MI adaptations and remodelling 
of the myocardium at the structural, cellular, humoral 
and molecular levels, and is characterised by a reduced 
capacity of the heart to pump or fill with blood, typically 
preceded by pathological MH manifested by an abnor-
mal enlargement of cardiomyocytes and accompanied 
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by the dysregulation of key effector molecules (Tham et 
al. 2015), and ultimately by a decline in cardiac function, 
which are evoked to maintain viable cardiac output and 
systemic circulation. Preceding studies demonstrated 
that MI leads to early necrosis/apoptosis of cardiomyo-
cytes and LV dysfunction (Unsöld et al. 2014), followed 
by compensatory hypertrophy and cardiomyocyte thick-
ening in survived myocardium to compensate for cardiac 
disease (Nakamura and Sadoshima 2018); furthermore, 
cardiac injury disrupts the balance between fibroblasts 
and cardiomyocytes, generating a state favoring inflam-
mation and fibrosis (Kyselovič and Leddy 2017), which 
eventually leads to pathological remodeling and devas-
tating outcomes of HF. Using an in vivo model of post 
MI-induced HF, we provided evidence that failing hearts 
exhibited typical pallor, pathological hypertrophy of car-
diomyocytes, abnormal MH and fibrosis, and increased 
infarct size with concomitant myocardial ultrastructural 
damage. These changes were followed by deeper infarc-
tion, cardiac dysfunction with reduced bioenergetic 
efficiency. Our present results conceptually support 
the notion of a series of pathological features enumer-
ated in post-MI hearts as reported above. Among many 
investigated strategies, exercise training serves as a nat-
ural, non-pharmacological cardioprotective stimulus 
that can induce prolonged or sustained cardioprotective 
state (Alánová et al. 2017), and it has also been recom-
mended for improving cardiac function and quality of life 
in post-MI patients (Fletcher et al. 2013). The results of 
our current rodent study essentially confirm that exercise 
training post-MI reverses symptoms caused by patholog-
ical hypertrophy, improves morbid cardiac remodelling 
and systolic disorder, and contributes to normalization 
of myocardial metabolism and cardiac function, which is 
in line with several previous studies (Johnson et al. 2015; 
Jia et al. 2019). It is notable that our abovementioned in 
vivo heart data were further validated in cultured cardiac 
cells in vitro. In H9c2 cells, we observed that prolonged 
hypoxia triggered cellular structural damage, reduced 
cell viability and ATP levels, and induced cell injury and 
apoptosis, similar to what we found in another study 
(Liang et al. 2020).

It has been established that cellular responses to exer-
cise is largely achieved through activation of HIF-1 
(Tekin et al. 2010), which functions as a key oxygen sen-
sor that senses and coordinates the cellular response to 
hypoxia and protects the cell by controlling oxygen deliv-
ery and utilization. One study demonstrated that 8 weeks 
of exercise training inhibited pathological hypertrophy of 
the hearts and preserved cardiac microvessel density in 
mice through successive HIF-1α/VEGF  (vascular endo-
thelial growth factor) up-regulation in endothelial cells 
during continued pressure overload (Tian et al. 2020). 
Another study (animal and cellular experiments) found 

that HIF-1α, expressed upregulated during 4 weeks of 
exercise training, promotes myocardial angiogenesis 
through activation of the Phosphatidylinositol 3-kinase 
(PI3K)/ Protein kinase B (Akt)/ endothelial nitric oxide 
synthase (eNOS) signalling pathway and subsequently 
improves cardiac function post-MI in rats (Song et al. 
2020). Again, there are corresponding findings in our 
experiments. These results are explained, at least in part, 
by the positive effect of exercise-upregulated HIF-1α 
on the improvement of cardiac function in rats post-
MI. Interestingly, our study found that long-term exer-
cise upregulation of HIF-1α protein expression in heart 
failure rats was accompanied by increased myocardial 
MCT1 and MPC1 expression. Furthermore, a study has 
demonstrated that 6 weeks of treadmill exercise up-
regulated myocardial MCT1 expression in rats with MI, 
enhanced myocardial glycolytic metabolism potential, 
and exerted a beneficial role in the remodelling process 
of the failing heart (Hashimoto et al. 2004), this finding 
reinforce our in vivo model.

A feature of progressively deteriorating myocardial 
systolic function is inadequate in energy supply due to 
diminished mitochondrial oxidative phosphorylation 
rates, causing a decrease in ATP synthesis and phospho-
creatine storage. By using a specific HIF-1α inhibitor 
(KC7F2), we found significant down-regulation of MCT1 
and MPC1 protein expression in the hypoxia model, 
accompanied by a reduction in cell viability and ATP 
levels; similarly, we silenced HIF-1α using siRNA, which 
resulted in results consistent with HIF-1α inhibition, 
with both attenuating the protective effects of HIF-1α. 
Another interesting finding of the present study is that 
DFO (HIF-1α activator and exercise memetic) induced 
a significant up-regulation of MCT1 and MPC1 protein 
expression in hypoxic H9c2 cells, which was accompa-
nied by restoration and elevation of cell viability and ATP 
levels, suggesting the multifactorial genesis of cytoprotec-
tion by HIF-1α overexpression or presumably exercise. In 
an in vitro cardiomyocyte model, genetic depletion and 
loss of activity as well as constitutive knockout of MPC1 
in adult mice were sufficient to induce myocardial patho-
logic hypertrophy, chronic HF, and death; conversely, 
inducible cardiomyocyte overexpression of MPC1 miti-
gated drug (tamoxifen)-induced cardiac hypertrophy 
and failure, increased TCA intermediates and mouse 
survival, and improved cardiac function   (Cluntun et al. 
2021;  Fernandez-Caggiano et al. 2020). Therefore, we 
knocked down the MPC1 gene in hypoxic H9c2 cells and 
found that it downregulated HIF-1α and MCT1 expres-
sion as well as ATP levels. These findings from previous 
studies provide a plausible explanation for the results we 
observed in hypoxic cardiomyocytes after HIF-1α over-
expression (elevated MPC1 expression). Consistent with 
these theories, we hypothesized that the reduced MPC1 



Page 12 of 14Xu et al. Molecular Medicine           (2024) 30:83 

expression we observed in HF rat cardiomyocytes could 
underlie the switch to anabolism that culminates in 
maladaptive hypertrophic growth and failure, which is 
reversed by elevated MPC1. Based on the aboveinforce 
our in vivo observations and the growing body of litera-
ture on exercise to ameliorate HF, we inferred that exer-
cise enhances the potential capacity of the myocardium 
to uptake and deliver lactate and oxidize it as an energy 
substrate, strengthening glycolytic processes, and ulti-
mately compensating the ischemic regions in the heart by 
increasing myocardial HIF-1α expression in rats with MI 
possibly up-regulating MCT1 and MPC1 expression in a 
HIF-1α-dependent manner (Fig. 5).

Conclusion
Taken together, this study clarifies the process by which 
exercise training ameliorates MI-initiated cardiac remod-
elling and systolic ailment, as well as the crucial role 
of HIF-1α-dependent lasting preservation of the up-
regulation of MCT1 and MPC1 in response to exercise 
training. We provide evidence that exercise training pri-
marily stimulates high myocardial HIF-1α and MCT1 
and MPC1 expression, increases cardiomyocyte survival 

and bioenergetic efficiency, promotes cardiometabolic 
adaptation, and exerts a protective effect by attenuating 
pathological features and ameliorating cardiac dysfunc-
tion in a HF model. This current finding may provide 
preliminary theoretical support and insights for study-
ing the regulatory mechanisms by which exercise ame-
liorates HF, and further studies are required to validate 
this hypothesis. We hope that our understanding lay the 
foundation for further detailed studies.
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(increased capacity of cardiomyocytes to transport and uptake lactate), elevate ATP levels and cell survival, and ultimately improve cardiac function. ETC, 
electron transport chain; IMM, inner membrane of the mitochondria; OMM, outer membrane of mitochondria

 



Page 13 of 14Xu et al. Molecular Medicine           (2024) 30:83 

LV  Left ventricular
LVEDD  Left ventricular end-diastolic diameter
LVEDV  Left ventricular end-diastolic volume
LVESD  Left ventricular end-systolic diameter
LVESV  Left ventricular end-systolic volume
MCT1  Monocarboxylic acid transporter protein 1
MH  Myocardial hypertrophy
MI  Myocardial infarction
MPC1  Mitochondrial pyruvate carrier 1
PI3K  Phosphatidylinositol 3-kinase
PMSF  Phenylmethylsulfonyl fluoride
PVDF  Polyvinylidene fluoride
TCA  Tricarboxylic acid cycle
TL  Tibia length
VEGF  Vascular endothelial growth factor

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s10020-024-00854-3.

Supplementary Material 1

Acknowledgements
The authors gratefully acknowledge the financial support of the BWS21J001.

Author contributions
LFX, MMY, and THW conceived and designed the study. LFX and MMY 
performed experiments. ALW, ZLW, and YKQ analyzed and interpreted the 
data. LFX and ALW prepared figures and wrote the initial manuscript. KW, 
KC, and CL contributed to the discussion. BL and CL critically examined the 
manuscript and reviewed the work. CL and THW agree to be responsible for all 
aspects of the work and ensure that issues relating to the accuracy or integrity 
of any part of the work are properly investigated and resolved. All authors 
commented on previous versions of the manuscript. All authors read and 
approved the final manuscript.

Funding
This work was supported by grants of BWS21J001.

Data availability
Data and materials are available on request.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved by the Laboratory Animal Welfare 
Ethics Committee of Military Medical Sciences Academy and conformed to 
the ethical principles for animal experimentation adopted.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Military Medical Sciences Academy, Tianjin 300050, China
2Tianjin Key Laboratory of Exercise Physiology & Sports Medicine, Tianjin 
University of Sport, Tianjin 301617, China
3No. 950 Hospital of the Chinese People’s Liberation Army,  
Yecheng 844999, China

Received: 27 December 2023 / Accepted: 5 June 2024

References
Adams V, Schuler G. Heart failure: Exercise training–a magic bullet for chronic heart 

failure? Nat Rev Cardiol. 2012;9:677–8.
Alánová P, et al. Myocardial ischemic tolerance in rats subjected to endurance 

exercise training during adaptation to chronic hypoxia. J Appl Physiol 
(Bethesda Md : 1985). 2017;122:1452–61.

Bauersachs J. Heart failure drug treatment: the fantastic four. Eur Heart J. 
2021;42:681–3.

Belardinelli R, Georgiou D, Cianci G, Purcaro A. 10-year exercise training in chronic 
heart failure: a randomized controlled trial. J Am Coll Cardiol. 2012;60:1521–8.

Beltran C et al. (2020) Enhancing Glycolysis Protects against Ischemia-Reperfusion 
Injury by Reducing ROS Production. Metabolites 10.

Bergman BC, Tsvetkova T, Lowes B, Wolfel EE. Myocardial glucose and lac-
tate metabolism during rest and atrial pacing in humans. J Physiol. 
2009;587:2087–99.

Bouri S, Shun-Shin MJ, Cole GD, Mayet J, Francis DP. Meta-analysis of secure 
randomised controlled trials of β-blockade to prevent perioperative death in 
non-cardiac surgery. Heart. 2014;100:456–64.

Brahimi-Horn MC, Pouysségur J. Hypoxia in cancer cell metabolism and pH regula-
tion. Essays Biochem. 2007;43:165–78.

Cluntun AA, et al. The pyruvate-lactate axis modulates cardiac hypertrophy and 
heart failure. Cell Metabol. 2021;33:629–e648610.

Cordero P, et al. Pathologic gene network rewiring implicates PPP1R3A as a central 
regulator in pressure overload heart failure. Nat Commun. 2019;10:2760.

Dales JP, et al. Hypoxia inducible factor 1alpha gene (HIF-1alpha) splice variants: 
potential prognostic biomarkers in breast cancer. BMC Med. 2010;8:44.

Dziegala M, et al. Influence of the availability of iron during hypoxia on the genes 
associated with apoptotic activity and local iron metabolism in rat H9C2 car-
diomyocytes and L6G8C5 skeletal myocytes. Mol Med Rep. 2016;14:3969–77.

Evans RK, Schwartz DD, Gladden LB. Effect of myocardial volume overload and 
heart failure on lactate transport into isolated cardiac myocytes. J Appl 
Physiol (Bethesda Md : 1985). 2003;94:1169–76.

Feriani A et al. (2020) (E)-N’-(1-(7-Hydroxy-2-Oxo-2H-Chromen-3-Yl) Ethylidene) 
Benzohydrazide, a Novel Synthesized Coumarin, Ameliorates Isoproterenol-
Induced Myocardial Infarction in Rats through Attenuating Oxidative Stress, 
Inflammation, and Apoptosis. Oxidative medicine and cellular longevity 2020: 
2432918.

Fernandez-Caggiano M, Eaton P. Heart failure-emerging roles for the mitochon-
drial pyruvate carrier. Cell Death Differ. 2021;28:1149–58.

Fernandez-Caggiano M, et al. Mitochondrial pyruvate carrier abundance mediates 
pathological cardiac hypertrophy. Nat Metabolism. 2020;2:1223–31.

Fillmore N, et al. Uncoupling of glycolysis from glucose oxidation accompanies 
the development of heart failure with preserved ejection fraction. Mol Med 
(Cambridge Mass). 2018;24:3.

Fletcher GF, et al. Exercise standards for testing and training: a scientific statement 
from the American Heart Association. Circulation. 2013;128:873–934.

Gibb AA, Hill BG. Metabolic coordination of physiological and pathological cardiac 
remodeling. Circul Res. 2018;123:107–28.

Guo S, et al. Impacts of exercise interventions on different diseases and organ 
functions in mice. J Sport Health Sci. 2020;9:53–73.

Halestrap AP, Price NT. The proton-linked monocarboxylate transporter (MCT) fam-
ily: structure, function and regulation. Biochem J 343 Pt. 1999;2:281–99.

Hanif W, et al. Left atrial remodeling, hypertrophy, and fibrosis in mouse models 
of heart failure. Cardiovasc Pathology: Official J Soc Cardiovasc Pathol. 
2017;30:27–37.

Hashimoto T, Kambara N, Nohara R, Yazawa M, Taguchi S. Expression of MHC-beta 
and MCT1 in cardiac muscle after exercise training in myocardial-infarcted 
rats. J Appl Physiol (Bethesda Md : 1985). 2004;97:843–51.

Ho KL, et al. Increased ketone body oxidation provides additional energy for 
the failing heart without improving cardiac efficiency. Cardiovascular Res. 
2019;115:1606–16.

Hui S, et al. Glucose feeds the TCA cycle via circulating lactate. Nature. 
2017;551:115–8.

Jia D, Hou L, Lv Y, Xi L, Tian Z. Postinfarction exercise training alleviates cardiac dys-
function and adverse remodeling via mitochondrial biogenesis and SIRT1/
PGC-1α/PI3K/Akt signaling. J Cell Physiol. 2019;234:23705–18.

Jóhannsson E, et al. Upregulation of the cardiac monocarboxylate transporter 
MCT1 in a rat model of congestive heart failure. Circulation. 2001;104:729–34.

Johnson EJ, Dieter BP, Marsh SA. Evidence for distinct effects of exercise in different 
cardiac hypertrophic disorders. Life Sci. 2015;123:100–6.

https://doi.org/10.1186/s10020-024-00854-3
https://doi.org/10.1186/s10020-024-00854-3


Page 14 of 14Xu et al. Molecular Medicine           (2024) 30:83 

Kido M, et al. Hypoxia-inducible factor 1-alpha reduces infarction and attenuates 
progression of cardiac dysfunction after myocardial infarction in the mouse. J 
Am Coll Cardiol. 2005;46:2116–24.

Kolwicz SC Jr., Tian R. Glucose metabolism and cardiac hypertrophy. Cardiovascular 
Res. 2011;90:194–201.

Kyhl K, et al. Lack of effect of prolonged treatment with liraglutide on cardiac 
remodeling in rats after acute myocardial infarction. Peptides. 2017;93:1–12.

Kyselovič J, Leddy JJ. Cardiac Fibrosis: the Beneficial effects of Exercise in Cardiac 
Fibrosis. Adv Exp Med Biol. 2017;999:257–68.

Levine BD. Can intensive exercise harm the heart? The benefits of competitive 
endurance training for cardiovascular structure and function. Circulation. 
2014;130:987–91.

Li X, et al. Oxygen homeostasis and cardiovascular disease: a role for HIF? Biomed 
Pharmacotherapy = Biomedecine Pharmacotherapie. 2020;128:110338.

Li H et al. (2021) A new model of heart failure post-myocardial infarction in the rat. 
JoVE (Journal Visualized Experiments): e62540.

Li H, Yang M, Lou D. Troxerutin regulates HIF-1α by activating JAK2/STAT3 signaling 
to inhibit oxidative stress, inflammation, and apoptosis of cardiomyocytes 
induced by H(2) O(2). Drug Dev Res. 2022;83:552–63.

Liang Q et al. (2020) Role of Muscle-Specific Histone Methyltransferase (Smyd1) 
in Exercise-Induced Cardioprotection against Pathological Remodeling after 
Myocardial Infarction. International journal of molecular sciences 21.

McCommis KS, et al. Nutritional modulation of heart failure in mitochondrial pyru-
vate carrier-deficient mice. Nat Metabolism. 2020;2:1232–47.

Mirtschink P, Krek W. Hypoxia-driven glycolytic and fructolytic metabolic 
programs: pivotal to hypertrophic heart disease. Biochim Biophys Acta. 
2016;1863:1822–8.

Nakamura M, Sadoshima J. Mechanisms of physiological and pathological cardiac 
hypertrophy. Nat Rev Cardiol. 2018;15:387–407.

O’Connor CM, et al. Efficacy and safety of exercise training in patients with 
chronic heart failure: HF-ACTION randomized controlled trial. JAMA. 
2009;301:1439–50.

Peixoto TC, et al. Early exercise-based rehabilitation improves health-related quality 
of life and functional capacity after acute myocardial infarction: a randomized 
controlled trial. Can J Cardiol. 2015;31:308–13.

Rabinovich-Nikitin I, Lieberman B, Martino TA, Kirshenbaum LA. Circadian-regu-
lated cell death in Cardiovascular diseases. Circulation. 2019;139:965–80.

Sambandam N, Lopaschuk GD, Brownsey RW, Allard MF. Energy metabolism in the 
hypertrophied heart. Heart Fail Rev. 2002;7:161–73.

Savarese G, Lund LH. Global Public Health Burden of Heart Failure. Cardiac Fail Rev. 
2017;3:7–11.

Semenza GL. Regulation of metabolism by hypoxia-inducible factor 1. Cold Spring 
Harb Symp Quant Biol. 2011;76:347–53.

Semenza GL. Hypoxia-inducible factor 1 and cardiovascular disease. Annu Rev 
Physiol. 2014a;76:39–56.

Semenza GL. Oxygen sensing, hypoxia-inducible factors, and disease pathophysi-
ology. Annu Rev Pathol. 2014b;9:47–71.

Sheeran FL, Angerosa J, Liaw NY, Cheung MM, Pepe S. (2019) Adaptations in 
Protein Expression and Regulated Activity of Pyruvate Dehydrogenase Mul-
tienzyme Complex in Human Systolic Heart Failure. Oxidative medicine and 
cellular longevity 2019: 4532592.

Song W, Liang Q, Cai M, Tian Z. HIF-1α-induced up-regulation of microRNA-126 
contributes to the effectiveness of exercise training on myocardial angiogen-
esis in myocardial infarction rats. J Cell Mol Med. 2020;24:12970–9.

Sorokina N, et al. Recruitment of compensatory pathways to sustain oxidative 
flux with reduced carnitine palmitoyltransferase I activity characterizes 
inefficiency in energy metabolism in hypertrophied hearts. Circulation. 
2007;115:2033–41.

Tekin D, Dursun AD, Xi L. Hypoxia inducible factor 1 (HIF-1) and cardioprotection. 
Acta Pharmacol Sin. 2010;31:1085–94.

Tham YK, Bernardo BC, Ooi JY, Weeks KL, McMullen JR. Pathophysiology of cardiac 
hypertrophy and heart failure: signaling pathways and novel therapeutic 
targets. Arch Toxicol. 2015;89:1401–38.

Tian X, et al. Heat shock transcription factor 1 regulates exercise-induced myocar-
dial angiogenesis after pressure overload via HIF-1α/VEGF pathway. J Cell Mol 
Med. 2020;24:2178–88.

Tran DH, Wang ZV. Glucose metabolism in Cardiac Hypertrophy and Heart failure. J 
Am Heart Association. 2019;8:e012673.

Unsöld B, et al. Melusin protects from cardiac rupture and improves functional 
remodelling after myocardial infarction. Cardiovascular Res. 2014;101:97–107.

Wisløff U, et al. Superior cardiovascular effect of aerobic interval training versus 
moderate continuous training in heart failure patients: a randomized study. 
Circulation. 2007;115:3086–94.

Yurista SR, et al. Therapeutic potential of ketone bodies for patients with Cardiovas-
cular Disease: JACC State-of-the-art review. J Am Coll Cardiol. 2021;77:1660–9.

Zhang Q, et al. Danqi Pill Protects against Heart Failure Post-acute Myocardial 
Infarction via HIF-1α/PGC-1α mediated glucose metabolism pathway. Front 
Pharmacol. 2020;11:458.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Aerobic exercise-induced HIF-1α upregulation in heart failure: exploring potential impacts on MCT1 and MPC1 regulation
	Abstract
	Introduction
	Materials and methods
	Animals
	Myocardial infarction-induced HF model
	Exercise training protocol
	Echocardiography
	Measurement of tibial lengths
	Tissue preparation
	Histological staining and analysis
	Electron microscopy analysis
	Cell culture and hypoxia cell model
	Cell transfection
	Cell viability test
	Comparative analysis of ATP
	Assessment of cell apoptosis
	Immunofluorescence analysis
	Western blotting
	Statistical analysis

	Results
	Pathological remodelling occurs in the failing heart
	Treadmill exercise training improves MI-induced cardiac pathological remodelling
	Hypoxia triggers H9c2 cell injury in vitro
	Pharmacological activation/inhibition and knockdown of HIF-1α alters MCT1 and MPC1 expression

	Discussion
	Conclusion
	References


