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Abstract
Background/Aims: A traditional Chinese medicine, Qiliqiangxin (QLQX) has been identified 
to perform protective effects on myocardium energy metabolism in mice with acute 
myocardial infarction, though the effects of QLQX on myocardial mitochondrial biogenesis 
under physiological condition is still largely elusive. Methods: H9C2 cells were treated with 
different concentrations of QLQX (0.25, 0.5, and 1.0 μg/mL) from 6 to 48 hours. Oxidative 
metabolism and glycolysis were measured by oxygen consumption and extracellular 
acidification with XF96 analyzer (SeaHorse). Mitochondrial content and ultrastructure were 
assessed by Mitotracker staining, confocal microscopy, flow cytometry, and transmission 
electron microscopy. Mitochondrial biogenesis-related genes were measured by qRT-PCR 
and Western blot. Results: H9C2 cells treated with QLQX exhibited increased glycolysis at 
earlier time points (6, 12, and 24 hours), while QLQX could enhance oxidative metabolism 
and mitochondrial uncoupling in H9C2 cells with longer duration of treatment (48 hours). 
QLQX also increased mitochondrial content and mitochondrial biogenesis-related gene 
expression levels, including 16sRNA, SSBP1, TWINKLE, TOP1MT and PLOG, with an activation 
of peroxisome proliferator-activated receptor coactivator 1 alpha (PGC-1α) and its downstream 
effectors. Silencing PGC-1α could abolish the increased mitochondrial content in H9C2 cells 
treated with QLQX. Conclusion: Our study is the first to document enhanced metabolism in 
cardiomyocytes treated with QLQX, which is linked to increased mitochondrial content and 
mitochondrial biogenesis via activation of PGC-1α.
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Introduction

Qiliqiangxin (QLQX), a traditional Chinese medicine, has previously been reported to 
perform protective effects in 512 heart failure patients in a multicenter randomized double-
blind study [1]. Also, QLQX treatment was shown to reduce myocardial apoptosis and 
cardiac fibrosis, thus ameliorating cardiac remodeling and improving cardiac function in a 
murine model of acute myocardial infarction (AMI) [2]. As we know, PPARs are a group of 
nuclear receptor proteins which play essential roles in the regulation of carbohydrate, lipid, 
and protein metabolism. Among PPARs family, PPAR coactivator-1α (PGC-1α), was identified 
as a master transcriptional co-regulator for mitochondrial biogenesis. Thus, the regulatory 
effect of QLQX on PGC-1α may provide a chance for QLQX as a potential intervention on 
mitochondrial dysfunction. Besides that, another study demonstrated that QLQX significantly 
prevented cardiac hypertrophy induced by ascending aorta constriction (TAC) in rat, which 
was linked to the reduced accumulation of free fatty acids and lactic acid, as well as to the 
improved mitochondrial function via activation of 5’AMP-activated protein kinase (AMPK)/
PGC-1α axis [3]. Recently, another study reported that chronic administration of QLQX 
improved endothelium-dependent relaxation (EDR) and endothelial integrity by balancing 
endothelial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS) activity 
in diabetic rat aortas, further confirming the therapeutic role of QLQX on cardiac energy 
metabolism [4]. Although the protective regulation of QLQX on injured mitochondria has 
achieved significant advance, the effect of QLQX on physiological mitochondrial function is 
still largely elusive.

Mitochondria are essential and key regulators of cellular bioenergetics [5]. The human 
heart consumes a lot of ATP daily to support basic energy metabolism and persistent pump 
function, while mitochondrial oxidative phosphorylation (OXPHOS) occupies the majority 
of high demand for ATP (>95%), and actually about 40% of the cytoplasmic space in adult 
cardiac myocyte is occupied by mitochondria [6]. Importantly, cardiomyocyte mitochondria 
could respond to changes in energy substrate availability, workload, or energy demands 
in injured myocardium, thus establishing a close contact between mitochondria and 
cardiac homeostasis [7-9]. Mitochondrial dysfunction was demonstrated to contribute 
to cardiomyopathy with various clinical manifestations, and impaired mitochondrial 
homeostasis was also reported to lead to heart failure over time, for example, the ageing 
heart [10]. Consequently, exploring new therapeutic strategy to improve and stabilize 
mitochondrial function is of great clinical significance.

Mitochondrial biogenesis is regulated by a complex regulatory network. PGC-1α is a 
key regulator participating in mitochondrial biogenesis and oxidative metabolism in the 
heart [11]. Besides that, PGC-1α also induces mitochondrial replication by increasing the 
expression levels of mitochondria-related genes, such as mitochondrial transcription 
factor A (TFAM), single strand binding protein (SSBP) and transcription factor B2 (TFB2M) 
[12, 13]. Several reports have demonstrated that mitochondrial function is increased by 
activating PGC-1α [14, 15]. PGC-1 co-activators are also identified as inducible enhancers 
for transcriptional regulators participating in mitochondrial biogenesis, which include 
estrogen-related receptor (ERRs), nuclear respiratory factor-1 (NRF-1) and PPARs [16, 17], 
among which NRF-1 upregulates almost all the nuclear mitochondrial gene expression levels 
[18].

In this study, we investigated the regulatory effect of QLQX on the mitochondrial function 
during physiological condition using rat H9C2 cardiomyocyte cell line, particularly focusing 
on oxygen consumption rate (OCR) and extracellular acidification (ECAR). Our results may 
provide a novel therapeutic strategy for improving and stabilizing mitochondrial function by 
using QLQX with PGC-1α activation.
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Materials and Methods

Cell culture and treatment
Rat cardiomyocyte H9C2 cell line was purchased from Shanghai Academy of Science (Shanghai, 

China) and were cultured in Dulbecco’s modified eagle’s medium (DMEM) with 4500 mg/L glucose and 
supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin in humidified 
air (5% CO2) at 37°C. QLQX, provided by Shijiazhuang Yiling Pharmaceutical Co. Ltd (Shijiazhuang, Hebei, 
China), was diluted in culture media to various concentrations (0.25, 0.5, and 1.0 μg/mL). Cells were 
treated with QLQX for either short duration (6, 12, and 24 hours) or long duration (48 hours). Additionally, 
to examine the functional role of PGC-1α in QLQX-induced changement in cardiomyocyte metabolism, 
cells were transfected with either PGC-1α siRNA (75 nM) or negative control siRNA for 48 hours using 
lipofectamine 2000.

Metabolic assay
Cellular metabolism is a process containing substrate uptake (oxygen, glucose and fatty acid) and 

energy transition through several enzymatically controlled oxidation or reduction reactions. H9C2 cells 
were plated at a density of 0.5 x 105 cells/well in 96-well microtiter plates. After 24 hours, cells were treated 
with different dose of QLQX (0.25, 0.5, and 1.0 μg/mL) and incubated for 6 to 48 hours. Following treatment, 
culture media was exchanged and replaced with 100 μL XF Assay Medium-modified DMEM containing 4500 
mg/L glucose (Seahorse Bioscience, Billerica, MA, USA), and then incubated at 37°C without CO2 for 1 hour. 
Extracellular acidification (ECAR), an indirect marker of glycolytic capacity, and oxygen consumption rate 
(OCR), a measure of oxidative metabolism, were detected by using SeaHorse XF96 Extracellular Analyzer 
and XF96 Software (Seahorse Bioscience, Billerica, MA, USA) according to manufacturers’ protocols. The 
detection of cellular metabolism was repeated at least three times.

Mitotracker staining and confocal microscopy
H9C2 cells were plated in chamber-slides (BD Bioscience, Sparks, MD, USA) at a density of 1 x 106 cells/

well and treated with or without QLQX for 48 hours. Cells were then stained with Mitotracker (Beyotime 
Biotechnology, Nantong, Jiangsu, China) at a concentration of 200 nM diluted in pre-warmed culture media 
for 45 minutes. After that cells were fixed in 4% formaldehyde in pre-warmed culture media and stained with 
DAPI (Invitrogen, Carlsbad, CA, USA) to marker cell nuclei. A total of 20 fields/well (400 x magnification) 
were taken by confocal microscope (Carl Zeiss, Thuringia, Germany). Cell size and fluorescence intensity 
were measured by Image J and Zeiss software, respectively.

Mitotracker staining and flow cytometry
H9C2 cells were seeded in 6-well plates at a density of 1 x 106 cells/well. After 24 hours, cells were 

treated with or without QLQX for 48 hours. Following treatment, cells were stained with Mitotracker 
(Beyotime Biotechnology, Nantong, Jiangsu, China) at a concentration of 200 nM for 45 minutes, and then the 
media containing Mitotracker was removed. After, cells were washed with DPBS three times and peptized by 
trypsin without Ethylene Diamine Tetraacetie Acid (EDTA) and ultimately suspended in pre-warmed DPBS. 
Group mean fluorescence was measured by Facscalibur filtering 488 nm.

Transmission electron microscopy
To evaluate the effect of QLQX on cell ultrastructure, especially mitochondria, transmission electron 

microscopy was conducted after cells were treated with or without QLQX. Following treatment as previously 
described, H9C2 cells were fixed in 2.5% glutaraldehyde for 1 hour and then treated with 1% osmium 
tetroxide. After, cells were dehydrated and embedded in durcupan. Every sample was cut into 60 nm by 
using a diamond knife and mounted on Cu-grids, images were viewed by transmission electron microscope 
at 6000 x magnification for analysis. All measurements were carried out within the same software package.

Reverse transcription polymerase chain reaction (RT-PCR) and Real-Time PCR
To analyze metabolic related mRNA expression levels, total RNA of H9C2 cells was extracted by using 

miRNeasy Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s protocols. Total RNA (400 ng) was 
reverse transcribed using Bio-Rad iScripTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) in a volume 
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of 10 μL system. The forward and reverse primers were shown in Table 1. Real-time PCR was performed 
using Bio-Rad SYBR qPCR (Bio-Rad, Hercules, CA, USA) in the Applied Biosystems Prism 7900HT system. 
The cDNA was amplified through 40 cycles of 15 s at 95°C, 30 s at 60°C, and 30 s at 72°C for each gene. TBP2 
was used for the internal control.

Immunoblotting analysis for PGC-1α
H9C2 cells were seeded in 6 cm dishes and treated with or without QLQX at a concentration of 0.5 

μg/mL for 48 hours, and then cells were lysed using RIPA buffer (Beyotime Institute of Biotechnology) 
containing a protease inhibitor mix (Sigma, St.louis, MO,USA) followed by incubation for 45 minutes on ice. 
Bicinchoninic acid protein assay kit (BCA, Thermo fisher, Waltham, MA, USA) was used to measure protein 
concentrations. Total protein (30 μg/sample) was separated in SDS-PAGE and electro-transferred to PVDF 
membranes. After blocking in TBST-5% non-fat milk powder for 1 hour, membranes were incubated at 4°C 
for 14 hours in PGC-1α (1:1000 dilution; NOVUS, Littleton, COLO, USA) primary antibody. β-actin (1:1000 
dilution; Cell Signaling Technology, Boston, Massachusetts, USA) was used as loading control. All proteins 
were detected by chemiluminescence using the ECL Plus Western Blotting Detection Kit (Thermo fisher, 
Waltham, MA, USA) with Image lab software (Bio-Rad, Hercules, CA, USA). The quantification of PGC-1α was 
normalized to β-actin by using Image lab software (Bio-Rad, Hercules, CA, USA).

Statistical analysis
Data were presented as mean ± SE. Student’s t-test, Chi-squares test or one-way ANOVA with 

Bonferroni’s post-hoc test was used to compare values between groups. P value<0.05 was considered 
significant. All analyses were performed using GraphPad Prism 5 software.

Results

QLQX enhances cardiomyocyte metabolism
To investigate the effects of QLQX on H9C2 cell metabolism, we treated cells with 

incremental concentrations (0.25, 0.5, and 1.0 μg/mL) and durations (6, 12, 24, and 48 
hours) of QLQX. QLQX from 0.5 μg/mL increased basal oxygen consumption rate (OCR) 
following 48 hour treatment (Fig. 1A). However, 0.5 μg/mL of QLQX did not elevate basal 
OCR at earlier time points (6, 12, and 24 hours) (Fig. 1B). Peak oxidative metabolism, which 
refers to chemically induced peak oxidative capacity, shared a similar change with basal OCR. 
QLQX significantly elevated peak OCR by 27.0% at 0.5 μg/mL after 48 hour treatment (Fig. 

Table 1. Primers used in this study
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Fig. 1. QLQX enhances cardiomyocyte oxidative metabolism. (A) Basal oxygen consumption rate (OCR) of 
H9C2 cells treated with QLQX at different concentrations (0.25, 0.5, and 1.0 μg/mL) for 48 hours (n = 8). (B) 
Basal OCR of H9C2 cells treated with 0.5 μg/mL of QLQX for different durations (6, 12, 24, and 48 hours) (n 
= 8). (C) Peak OCR of H9C2 cells treated with 0.5 μg/mL of QLQX for 6 to 48 hours (n = 8). (D) Mitochondrial 
uncoupling (proton leak) of H9C2 cells treated with 0.5 μg/mL of QLQX for 6 to 48 hours (n = 8). *, P < 0.05; 
***, P < 0.001.

Fig. 2. The effect of QLQX 
on cardiomyocyte gly-
colytic metabolism. (A) 
Basal glycolytic metabo-
lism indicated by extra-
cellular acidification rate 
(ECAR) of H9C2 cells tre-
ated with 0.5 μg/mL of 
QLQX for 6 to 48 hours (n 
= 8). (B) Peak glycolytic 
metabolism of H9C2 cells 
treated with 0.5 μg/mL of 
QLQX for 6 to 48 hours (n 
= 8). (C) Metabolic relian-
ce, indicated as a ratio of 
basal oxidative metabo-
lism (oxygen consumpti-
on rate, OCR) to glycolytic 
metabolism (extracellular 
acidification rate, ECAR) 
following QLQX treatment 
as described above (n = 8).  
*, P < 0.05; **, P < 0.01; ***, 
P < 0.001.
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1C). To determine whether the increased basal OCR or peak OCR was attributed to oxidative 
phosphorylation, we further analyzed mitochondrial uncoupling efficiency, which was 
demonstrated to be elevated with 0.5 μg/mL of QLQX treatment at 48 hours (Fig. 1D).

Knowing that cells consume the most oxygen at oxidative phosphorylation or glycolysis 
stage [19], we further detected the effects of QLQX on glycolysis. Extracellular acidification 
rate (ECAR), an indirect marker of lactate synthesis, was measured following 0.5 μg/mL of 
QLQX treatment from 6 to 48 hours. QLQX treatment at 0.5 μg/mL for 48 hours reduced both 
basal glycolysis and peak glycolysis (Fig. 2A and B). Interestingly, basal glycolysis and peak 
glycolysis were both enhanced with 0.5 μg/mL of QLQX compared with control treatment at 
earlier time points (6, 12, and 24 hour) (Fig. 2A and B). Metabolic reliance, represented by 
the rate of basal oxidative metabolism to glycolytic metabolism, was significantly increased 
by 23.4% at 0.5 μg/mL of QLQX treatment for 48 hours, while reduced at earlier time points 
(6, 12, and 24 hour) (Fig. 2C). As cells were cultured in high-glucose media, we speculate 
that the reduced ECAR and elevated OCR observed at 48 hours might be related to enhanced 
oxygen consumption of H9C2 cells after long duration of QLQX treatment.

Fig. 3. QLQX increa-
ses cardiomyocyte 
mitochondrial con-
tent. (A) After tre-
ated with QLQX at 
0.5 μg/mL or con-
trol for 48 hours, 
H9C2 cells were 
stained with Mitot-
racker (green) and 
DAPI (blue), and 
then analyzed for 
mitochondrial size 
and fluorescence 
intensity using con-
focal microscope 
from 15 random-
ly selected images 
taken under 400x 
magnification (n = 
4). Scale bar = 50 
μm. (B) H9C2 cells 
treated with QLQX 
at 0.5 μg/mL for 48 
hours were stained 
with Mitotracker 
and fluorescence 
of GFP+ cells were 
quantified with 
flow cytometry (n = 
6). (C) Mitochond-
ria ultrastructures 
were visualized 
by transmission electron microscope in H9C2 cells treated with QLQX at 0.5 μg/mL for 48 hours (n = 3).  
Original magnification: 9600 x. Scale bar = 2 μm. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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QLQX increases cardiomyocyte mitochondrial content
Next, we investigated whether the increase in oxidative phosphorylation by QLQX was 

due to increased mitochondrial content by using Mitotracker staining, flow cytometry, and 
confocal microscopy. We found that cardiomyocyte mitochondrial content was significantly 

Fig. 4. QLQX upregulates mitochondrial biogenesis-related genes with PGC-1α activation. (A) The expressi-
on levels of PGC-1α, NRF1, TFAM, GLUT4 and UCP3 were quantified by qRT-PCR following treatment of H9C2 
cells with QLQX at 0.5 μg/mL for 48 hours (n = 6). (B) Western blot and quantitative analysis of protein level 
of PGC-1α in H9C2 cells following treatment with QLQX at 0.5 μg/mL for 48 hours (n = 3). (C) Mitochondrial 
biogenesis-related genes measured by qRT-PCR following treatment of H9C2 cells with QLQX at 0.5 μg/mL 
for 48 hours (n = 6). (D) H9C2 cells were treated with QLQX at 0.5 μg/mL for 48 hours, with or without PGC-
1α silencing. Mitotracker (green) staining of H9C2 cells were examined under confocal microscope at 400 x 
magnification and analyzed for mitochondrial size and fluorescence intensity. Nuclei were counter stained 
with DAPI (blue) (n = 4). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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increased by QLQX treatment at 0.5 μg/mL for 48 hours, as determined by mitotracker 
green fluorescence intensity and mitochondrial size (Fig. 3A). We also performed flowmeter 
analysis to detect GFP+ cells by Mitotracker staining and found that QLQX treatment increased 
mitochondrial content by 56.89% at a concentration of 0.5 μg/mL for 48 hours (Fig. 3B). To 
further confirm the effects of QLQX on mitochondria, we carried out transmission electron 
microscopy to visualize mitochondrial ultrastructures. Consistent to the results of confocal 
image and flowmeter analysis, QLQX treatment improved mitochondrial ultrastructure 
following 48 hours treatment of 0.5 μg/mL QLQX (Fig. 3C). These data suggested that 
QLQX treatment effectively elevated mitochondrial content and improved mitochondrial 
ultrastructure in cardiomyocytes.

QLQX upregulates mitochondrial biogenesis with PGC-1α activation
To determine the molecular mechanisms responsible for enhanced mitochondrial 

content by QLQX treatment, we examined mitochondrial biogenesis-related gene expressions 
by quantitative real-time PCRs. As PGC-1α has been described in previous studies to play a 
key role in regulating mitochondrial biogenesis, treatment with QLQX at 0.5 μg/mL for 48 
hours caused a significant increase in PGC-1α expression at mRNA level (Fig. 4A). Western 
blot analysis further confirmed the regulatory effect of QLQX on PGC-1α (Fig. 4B). NRF1, a 
downstream target of PGC-1α, was also increased in 0.5 μg/mL QLQX-treated cardiomyocytes 
at 48 hours (Fig. 4A). TFAM, a downstream of NRF1 and a regulator of mitochondrial DNA 
expression, shared a similar change with NRF1 (Fig. 4A). Other important controllers of 
mitochondrial biogenesis, such as glucose transporter type 4 (GLUT4) and mitochondrial 
uncoupling protein 3 (UCP3), were also induced following treatment of 0.5 μg/mL QLQX 
for 48 hours (Fig. 4A). Meanwhile, we also examined other genes involved in energetic and 
mitochondrial biogenesis, such as mitochondrial DNA encoded genes and genes involved in 
mitochondrial DNA replication (16sRNA, SSBP1, TWINKLE, TOP1MT and PLOG), as well as 
genes involved in NRF family. QLQX-treated cardiomyocytes displayed significant increase 
in all of these genes at a concentration of 0.5 μg/mL for 48 hours (Fig. 4C). These results 
suggested that QLQX treatment enhanced mitochondrial content through upregulation 
of mitochondrial biogenesis-related genes with an activation of PGC-1α. Furthermore, 
we found that QLQX-induced enhancement of mitochondrial content in H9C2 cells could 
be significantly abolished by PGC-1α siRNA (Fig. 4D), indicating that PGC-1α activation is 
required for increased mitochondrial content induced by QLQX treatment in cardiomyocytes.

Discussion

Mitochondria are important for cardiomyocyte survival and maintenance of normal 
cardiac function [20]. Emerging evidence suggest that mitochondrial dysfunction may lead 
to the genesis of heart failure, which indicates a close association between mitochondrial 
biogenesis and cardiac function [21-23]. We previously reported the protective effects of 
traditional Chinese medicine QLQX on cardiomyocyte energy metabolism in mice with acute 
myocardial infarction or cardiac ischemia-reperfusion injury [2, 24]. To better understand 
the effect of QLQX on physiological mitochondrial metabolism, we treated H9C2 cells with 
QLQX and examined oxidative metabolism/glycolysis by XF96 analyzer. Our work illustrated 
that QLQX (0.5 μg/mL) enhanced H9C2 cell glycolytic metabolism at earlier time points (6, 
12, and 24 hours), while enhanced H9C2 cell oxidative metabolism at late time point (48 
hours). Specifically, the data of XF96 analyzer demonstrated that H9C2 cells, which were 
cultured in high-glucose media and treated with QLQX, initially (6 to 24 hours treatment 
of QLQX) relied on glycolysis with corresponding lactate export and increased extracellular 
acidification. Thus, we hypothesized that the observed increase in cardiomyocyte glycolysis 
during early time points of QLQX treatment seemed to precede increased mitochondrial 
metabolism. In this case, H9C2 cells were forced to utilize glycolysis to meet energy 
requirements until mitochondrial content is increased enough to meet energy needs through 
oxidative metabolism.
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After longer duration of QLQX treatment for 48 hours, H9C2 cells preferentially 
utilized oxidative means and exhibited decreased acidification and increased oxygen 
consumption, which suggested that complete carbohydrate oxidation was occurring at a 
higher rate simultaneously with an increase in mitochondrial content and upregulation of 
mitochondrial biogenesis-related genes, including 16sRNA, SSBP1, TWINKLE, TOP1MT and 
PLOG. Therefore, long term treatment of QLQX could substantially increase cardiomyocyte 
oxidative metabolism under basal condition and lead to increased peak metabolic potential 
during cell stress.

PGC-1α, a coactivator of PPARγ, serves as an inducible booster involved in mitochondrial 
biogenesis [25, 26]. In the current study, PGC-1α as well as its downstream effectors, including 
NRF1, TFAM and other related genes involved in NRF family was also found to be upregulated 
in cardiomyocytes after QLQX treatment at 0.5 μg/mL for 48 hours. Furthermore, silencing 
PGC-1α could totally abolish the increase in mitochondrial content induced with QLQX 
treatment. These results provide evidence that PGC-1α is required for QLQX-associated 
enhancement in cardiomyocyte mitochondrial energy metabolism. 

Several limitations of the present study should be highlighted. First, the effect of QLQX 
on mitochondrial biogenesis was explored in cardiomyocytes during basal condition, 
it deserves to further evaluate whether and how QLQX could perform protective effect 
on cardiomyocyte mitochondrial metabolism under pathological condition. Second, the 
molecular mechanisms responsible for the protective effect of QLQX on mitochondrial 
biogenesis remain yet to be elucidated. Third, further experiments are needed to reinforce 
the conclusion that QLQX enhances cardiomyocyte metabolism by using primary culture of 
cardiomyocytes, for example neonatal rat cardiomyocytes.

In conclusion, the present study demonstrates that QLQX improves cardiomyocyte 
metabolism and increases mitochondrial biogenesis via activation of PGC-1α, which might 
contribute to its clinical therapeutic effects on adverse cardiac remodeling and heart failure.
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