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Abstract. N-terminal truncated peroxisome proliferator- 
activated receptor-γ coactivator-1α (NT-PGC-1α) is an alterna-
tive splice variant of PGC-1α. NT-PGC-1α exhibits stronger 
anti-obesity effects in adipose tissue than PGC-1α; however, 
NT-PGC-1α has not yet been investigated in neonatal rat 
cardiomyocytes (NRCMs). The present study aimed to 
investigate the role of NT-PGC-1α in mitochondrial fatty acid 
metabolism and its possible regulatory mechanism in NRCMs. 
NRCMs were exposed to phenylephrine (PE) or angiotensin II 
(Ang II) to induce cardiac hypertrophy. Following this, NRCMs 
were infected with adenovirus expressing NT-PGC-1α, and 
adenosine 5'-triphsophate (ATP) levels, reactive oxygen 
species (ROS) generation and mitochondrial membrane poten-
tial were subsequently detected. In addition, western blotting, 
lipid droplet staining and oxygen consumption assays were 
performed to examine the function of NT-PGC-1α in fatty acid 
metabolism. NT-PGC-1α was demonstrated to be primarily 

expressed in the cytoplasm, which differed from full-length 
PGC-1α, which was predominantly expressed in the nucleus. 
NT-PGC-1α overexpression alleviated mitochondrial function 
impairment, including ATP generation, ROS production and 
mitochondrial membrane potential integrity. Furthermore, 
NT-PGC-1α overexpression alleviated the PE-induced 
suppression of fatty acid metabolism-associated protein 
expression, increased extracellular oxygen consumption 
and decreased lipid droplet accumulation in NRCMs. Taken 
together, the present study demonstrated that NT-PGC-1α 
alleviated PE-induced mitochondrial impairment and 
decreased lipid droplet accumulation in NRCMs, indicating 
that NT-PGC-1α may have ameliorated mitochondrial energy 
defects in NRCMs, and may be considered as a potential target 
for the treatment of heart failure.

Introduction

Heart failure is thought to be comparable to an engine that has 
run out of fuel, due to the key involvement of mitochondrial 
dysfunction (1). Therefore, improving the cellular energy 
supply may provide a promising therapeutic strategy for indi-
viduals with heart failure. Peroxisome proliferator-activated 
receptor (PPAR)-γ coactivator-1α (PGC-1α), a major regu-
lator of energy metabolism, is abundantly expressed in the 
mitochondria and initiates multiple responses, including 
adaptive thermogenesis (2), fatty acid oxidation (FAO) (3) 
and mitochondrial biogenesis (4). Thus, PGC-1α may be a 
candidate target for the treatment of heart disease, as fatty acid 
metabolism supplies more adenosine 5'-triphosphate (ATP) 
than carbohydrate metabolism (5). Furthermore, as FAO is 
decreased when heart failure or cardiac hypertrophy emerges, 
strategies promoting the re-utilization of fatty acids by the 
heart appear to be a promising therapeutic approach for the 
treatment of heart failure (6).

PGC-1α inactivation impairs cardiac output in isolated 
working hearts or cardiac responses in transgenic mice 
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challenged with physiological stress, and ultimately contributes 
to increased mortality in response to stress (7-9). By contrast, 
PGC-1α overexpression enhances mitochondrial biogenesis by 
increasing oxygen consumption and ATP production (3,10). 
However, constitutive PGC-1α overexpression leads to 
abnormal mitochondrial genesis and cardiomyopathy (11). 
This outcome is abolished by decreasing PGC-1α expression 
to basal levels (11). Although PGC-1α overexpression results in 
cardiac function deterioration in a mouse model of transverse 
aortic constriction (TAC) (9), Pereira et al (12) demonstrated 
that the use of a transgene to maintain PGC-1α expression in 
TAC mice preserves angiogenic function rather than contractile 
and mitochondrial functions. However, investigation in cardio-
myocytes indicated that the expression of full-length PGC-1α 
(FL-PGC-1α) is downregulated in the presence of pro-hyper-
trophic factors such as high-glucose and angiotensin (Ang) II, 
and may be involved in autophagy and anti-inflammatory 
processes (13,14). Despite the beneficial effects reported by 
certain studies, further study is required to determine whether 
increasing PGC-1α expression under pathological conditions 
has a favorable impact (15,16). In addition, various subtypes of 
PGC-1α have not been fully investigated; therefore, the present 
study aimed to explore the function of N-terminal truncated 
PGC-1α (NT-PGC-1α) in cardiomyocytes.

NT-PGC-1α is an alternative splice variant of full-length 
PGC-1α that contains the first 270 amino acids of the 
full-length protein (17). NT-PGC-1α has a longer half-life than 
PGC-1α and is predominantly located in the cytoplasm (18,19). 
NT-PGC-1α is sensitive to oxidative stress, and is downregu-
lated in the brains of patients with diabetes and Alzheimer's 
disease (20). However, the function of NT-PGC-1α in cardio-
myocytes remains unclear. In the present study, NT-PGC-1α 
was suggested as a metabolic regulator in neonatal rat cardio-
myocytes (NRCMs). It was demonstrated that NT-PGC-1α 
activated fatty acid metabolism-associated downstream 
molecules, prevented a decrease in mitochondrial membrane 
potential and ATP concentration, reduced reactive oxygen 
species (ROS) generation, decreased lipid droplet accumula-
tion and increased oxygen consumption. This suggested that 
NT-PGC-1α may be beneficial in mitochondrial impairment 
prevention and may be involved in mitochondrial fatty acid 
metabolism. Thus, NT-PGC-1α represents a potential thera-
peutic target in heart failure.

Materials and methods

Experimental animals. Neonatal Sprague-Dawley rats 
(1-3 days old) were obtained from the Laboratory Animal 
Center of Southern Medical University (Guangzhou, China) 
and sacrificed immediately. The present study was approved 
by the Southern Medical University review board and the 
animal protocols used complied with the Guide for the Care 
and Use of Laboratory Animals (21).

Isolation and culture of NRCMs. Neonatal Sprague-Dawley 
rats were sacrificed via 2% isoflurane inhalation and subse-
quent cervical dislocation. Hearts were removed, dissected 
and enzymatically digested with 0.2% pancreatin overnight 
at 4˚C. Cells were subsequently isolated by magnetic stirring 
with collagenase II (1 mg/ml) in a sterile glass vial. Following 

90 min of differential adhesion at 37˚C, isolated cells were 
plated in a culture dish in the presence of 0.1 mM 5-bromo- 
2'-deoxyuridine (BrdU; Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) to inhibit fibroblast proliferation 
with  10%  fetal  bovine  serum  (Gibco;  Thermo  Fisher 
Scientific, Inc., Waltham, MA, USA) in Dulbecco's modified 
Eagle's medium (DMEM) medium (Gibco; Thermo Fisher 
Scientific,  Inc.).  Following  48  h  at  37˚C,  spontaneously 
contracting NRCMs were treated with 10 µM phenyleph-
rine (PE; Selleck Chemicals, Shanghai, China) for 48 h 
at 37˚C, 1 µM Ang II (Abcam, Cambridge, MA, USA) for 
24 h, JC-1 (Beyotime Institute of Biotechnology, Haimen, 
China)  for 20 min or 4,4‑difluoro‑5,7‑dimethyl‑4‑bora‑3a
,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY™ FL 
C12) lipid probe (Thermo Fisher Scientific, Inc.) for 30 min 
in DMEM containing penicillin and streptomycin (100:1) 
(Gibco; Thermo Fisher Scientific, Inc.) without FBS. PE 
and Ang II are pro-hypertrophic factors that were applied 
to induce cardiac hypertrophy. JC-1 is a probe used to detect 
the mitochondrial membrane potential and FL-C12 is used to 
measure the lipid accumulation in cells.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). The protocols used for RT-qPCR were 
in accordance with the manufacturer's guidelines. Briefly, 
total RNA from NRCMs was extracted using RNAiso Plus 
(Takara Biotechnology Co., Ltd., Dalian, China). Total RNA 
(1 µg/reaction) was reverse transcribed to cDNA with reverse 
transcriptase and random hexamer primers (PrimeScript™RT 
reagent kit with gDNA Eraser, Takara Biotechnology Co., 
Ltd.). RT was conducted at 37˚C for 15 min, 85˚C for 5 sec 
and  stop  at  4˚C.  qPCR was  conducted  at  95˚C 15  sec  for 
1 cycle, 95˚C 5 sec and 60˚C for 5 sec under 40 cycles, using 
synthesized cDNA in a 10 µl reaction volume (SYBR Green 
PCR kit; Takara Biotechnology Co., Ltd.) with a LightCycler 
480 system (Roche Diagnostics, Basel, Switzerland). Gene 
expression levels were normalized to β‑actin and quantified 
using the 2-ΔΔCq method (22). The primers used are listed in 
Table I (Sangon Biotech Co., Ltd., Shanghai, China).

Recombinant adenovirus infection. Recombinant adenoviruses 
including mCherry-NT-PGC-1α and NT-PGC-1α (virus titer: 
9x109 cfu/ml) were purchased from Obio Technology Corp., 
Ltd. (Shanghai, China). Overexpression of NT-PGC-1α in 
NRCMs was achieved by infection with the recombinant 
adenovirus at a multiplicity of infection (MOI) of 100 (cells 
were at a density of 1.5x106 in 60-mm plate). Following 4 h 
of infection at 37˚C, an equal volume of fresh DMEM with 
10% FBS was added to the culture. The cells were incubated for 
a further 24 h at 37˚C to allow the virus to achieve maximum 
effect. The corresponding vehicle control were adenoviruses 
without NT-PGC-1α.

Immunofluorescence. NRCMs were washed with PBS and 
fixed with 4% paraformaldehyde for 15 min at 4˚C. Following 
a  further wash,  cells were blocked with  a 1% goat  serum 
albumin (Beyotime Institute of Biotechnology, Haimen, China) 
for 1 h and permeabilized in PBS with 0.1% Triton X‑100 for 
5 min at room temperature. Anti-PGC-1α-N-terminal anti-
body (1:100; cat. no. ab191838; Abcam) was applied overnight 
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at 4˚C. Fluorescein isothiocyanate‑conjugated goat anti‑rabbit 
immunoglobulin G (IgG) secondary antibody (1:200; 
cat. no. sc-2012; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) was subsequently added for 2 h at room temperature. For 
the visualization of nuclei, cells fixed at 4˚C were incubated 
with DAPI for 10 min at room temperature. In addition, live 
cells were infected with mCherry-NT-PGC-1α or mCherry 
adenovirus and incubated with Hoechst 33258 for 10 min. 
Cells were observed under a confocal microscope (Olympus 
FV10i' magnifications, x10 or 60).

Western blot analysis. Protein was extracted from cultured 
NRCMs using radioimmunoprecipitation assay lysis buffer 
(Beyotime Institute of Biotechnology) containing protease 
inhibitors (1:100; Sigma‑Aldrich; Merck KGaA) and quantified 
with a bicinchoninic acid (BCA) protein assay. Total nuclear 
and cytoplasmic protein was separated using a Nuclear 
and Cytoplasmic Extraction Reagent kit (Thermo Fisher 
Scientific. Inc.). Equal amounts of cell lysates (30 µg/lane) were 
determined via a Bicinchoninic Acid protein assay (Thermo 
Fisher Scientific, Inc.), were separated on a 10‑12% SDS‑PAGE 
gel, electro‑transferred  to 0.22 µm polyvinylidene fluoride 
membranes (EMD Millipore, Billerica, MA, USA) and blocked 
using  10% bovine  serum  albumin  (BSA)  for  1  h  at  room 
temperature. Membranes were incubated with the following 
primary antibodies at 4˚C for 14‑16 h: Anti‑PGC‑1α-N-terminal 
(1:1,000; cat. no. ab191838), anti-ANP (1:500; cat. no. ab180649), 
anti-histone H3 (1:1,000; cat. no. ab1791), anti-acyl-coenzyme 
A dehydrogenase-medium chain (Acadm; 1:10,000; 
cat. no. ab92461), anti-PPAR-α (1:1,000; cat. no. ab8934; 
all Abcam), anti-superoxide dismutase 2 (SOD2; 1:1,000; 
cat. no. sc30080; Santa Cruz Biotechnology, Inc.) and 
anti-β-actin (cat. no. bs0061R; 1:1,000; BIOSS, Beijing, China). 
Membranes were subsequently incubated with horseradish 
peroxidase-conjugated goat anti-rabbit IgG secondary antibody 
(cat. no. sc-2012; 1:5,000; Santa Cruz Biotechnology, Inc.) for 
1 h at room temperature. Immunoreactive bands were detected 
with Pierce enhanced chemiluminescence substrate (Pierce; 

Thermo Fisher Scientific, Inc.) and the GeneGnome imaging 
system (Syngene, Frederick, MD, USA). Bands were quantified 
using ImageJ software v 1.49 (National Institutes of Health, 
Bethesda, MD, USA).

Detection of intracellular ATP concentration. An Enhanced 
ATP Assay kit (Beyotime Institute of Biotechnology) was 
obtained to measure cellular ATP levels according to the manu-
facturer's instructions. This kit utilizes a firefly luciferase‑based 
method of detection. Briefly, NRCMs were lysed according to 
the aforementioned kit at 4˚C and centrifuged at 12,000 x g for 
5 min. Protein concentration in the supernatant was detected 
using a BCA protein assay (Thermo Fisher Scientific, Inc.) 
and the supernatants were mixed with ATP detection working 
buffer in a white 96-well plate. Luminescence was measured 
in relative light units using a Multiskan Spectrum SpectraMax 
M3 (Molecular Devices, LLC, Sunnyvale, CA, USA). ATP 
levels were expressed as nmol/mg protein.

Measurement of mitochondrial membrane potential (MMP). 
MMP was detected using a JC‑1 fluorescent probe (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions. When the MMP increases, JC-1 is aggregated in 
the matrix of the mitochondria and releases red fluorescence; 
when the MMP decreases, JC-1 forms monomers and emits 
green fluorescence. Thus, the ratio of red/green fluorescence 
reflects the level of relative mitochondrial depolarization. 
Briefly, cells (10,000/confocal dish) were incubated with JC-1 
for 30 min at 37˚C and fluorescence images were obtained using 
an Olympus FV10i confocal microscope (magnification, x10) 
(Olympus Corporation, Tokyo, Japan). The intensity of the 
red (excitation wavelength, 490 nm; emission wavelength, 
530 nm) and green (excitation wavelength, 525 nm; emis-
sion wavelength, 590 nm) fluorescence in NRCMs cultured 
in a 96-well plate was determined using a SpectraMax M3 
microplate reader. Cells treated with 50 mM carbonyl cyanide 
m‑chlorophenylhydrazone at 37˚C exhibited a depolarized 
MMP and were used as a positive control.

Table I. Primer sequences used for reverse transcription-quantitative polymerase chain reaction.

Gene Forward primer (5'-3') Reverse primer (5'-3')

β-actin  TGGACAGTGAGGCAAGGATAG TACTGCCCTGGCTCCTAGCA
Acadm GTCGCCCCAGACTACGATAA GCCAAGACCACCACAACTCT
Acadvl  TGGACAAAGGAAAGGAACTCA ACTCAGACCACTGCCAATCC
PDK4 ACCGTCGTCTTGGGAAAAG CGTTGGAGCAGTGGAGTATG
CPT1B AAGAACACGAGCCAACAAGC TACCATACCCAGTGCCATCA
CPT-2 CTGTCCACCAGCACTCTGAA GCAGCCTATCCAGTCATCGT
SOD2 CTGGCTTGGCTTCAATAAGG CGTGCTCCCACACATCAAT
SOD3 TCTGCAACCTGCTACTGGTG AGTGCGTGTCGCCTATCTTC
PPAR-α GACAAGGCCTCAGGATACCA TCTTGCAGCTTCGATCACAC
NT-PGC-1α ACCACAAACGATGACCCTCC CTGCGGTTGTGTATGGGACT
FL-PGC-1α GGCACGCAGTCCTATTCATT CATCCTTTGGGGTCTTTGAG

Acadm, medium‑chain specific acyl‑CoA dehydrogenase, mitochondrial; Acadvl, acyl‑coenzyme A dehydrogenase‑very long chain; PDK4, 
pyruvate dehydrogenase kinase 4; CPT1B, carnitine palmitoyltransferase 1b; CPT-2, carnitine palmitoyltransferase 2; SOD, superoxide 
dismutase; PPAR, peroxisome proliferator-activated receptor; NT, N-terminal truncated; FL, full length; PGC-1α, PPAR-γ coactivator-1α.
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Measurement of intracellular ROS levels. A Reactive Oxygen 
Species Assay kit (Beyotime Institute of Biotechnology) 
was used to determine ROS levels based on the oxida-
tion of 2',7'-dichlorofluorescin diacetate (DCFH-DA). The 
experimental procedures were performed strictly according 
to the manufacturer's guidelines. Following isolation, NRCMs 
(10,000/confocal dish) were seeded in culture dishes that were 
observable under a confocal microscope to obtain fluores-
cence images and fluorescence intensities. Briefly, following 
treatment with PE and infection with adenovirus expressing 
either NT-PGC-1α (Adv-NT-PGC-1α) or a control vector, cells 
were harvested and seeded in a 96-well plate at a density of 
1x105 cells/well. Following incubation with DCFH-DA for 
20 min at 37˚C, the plate was read at excitation and emis-
sion wavelengths of 488 and 525 nm, respectively, using a 
SpectraMax M3 microplate reader to measure fluorescence 
intensity. Additionally, NRCMs were visualized with a 
Olympus FV10i confocal microscope (magnifications, x10 
and x60; Olympus Corporation).

Preparation of palmitate (PA)‑bovine serum albumin (BSA) 
and oleic acid (OA)‑BSA conjugates. PA and OA were 
conjugated to fat-free BSA (FA-BSA) as previously described 
by Choi et al (20). Sodium PA and OA were obtained from 
Sigma-Aldrich (Merck KGaA). FA-BSA was purchased from 
Roche Diagnostics.  PA  and OA were  added  to  30% BSA 
at 70˚C in a water bath for 30 min. Conjugated molecules were 
aliquoted and stored at ‑20˚C.

Lipid droplet (LD) staining and detection. NRCMs were 
incubated with low glucose DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) containing 1 g/l glucose and 100 µM OA-BSA 
conjugate for 24 h at 37˚C and subsequently fixed with 4% para-
formaldehyde for 30 min at 4˚C. Following washing with PBS, 
cells were stained with 1 µM BODIPY™ FL C12 lipid probe 
(Thermo Fisher Scientific, Inc.) and DAPI (Beyotime Institute 
of Biotechnology) for 30 and 5 min at 37˚C, respectively. Cells 
were subsequently washed with PBS for 5 min three times. 
Images of fixed cells were captured with an Olympus FV10i 
confocal laser scanning microscope (magnifications, x10 or 
x60; Olympus Corporation). BODIPY™ FL C12 was observed 
as green fluorescence and used to visualize LDs. The number 
of LDs in each cell was subsequently calculated by Image-Pro 
Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) for 
statistical analysis.

Extracellular oxygen consumption. An Extracellular O2 
Consumption Assay kit was purchased from Abcam. The 
procedure was performed strictly according to the manufac-
turer's protocol. Briefly, NRCMs were seeded in a black‑walled 
96-well plate with a clear, f lat bottom at a density of 
1x105 cells/well. Following infection with an Adv-NT-PGC-1α 
adenovirus or empty virus, cells were treated with 10 µM PE 
or 500 nM MK886 (Abcam) for 48 or 6 h at 37˚C, respec-
tively. The medium was subsequently replaced with 150 µl 
low-glucose DMEM and 50 µM PA-BSA, containing 10 µl 
Extracellular Oxygen Consumption reagent; control cells 
were treated with 10 µl of the low glucose DMEM medium. 
Following this, pre‑warmed (37˚C) high‑sensitivity mineral oil 
was rapidly added to limit back diffusion of ambient oxygen, 

and the plate was read in a pre‑warmed (37˚C) SpectraMax 
M3 microplate reader (excitation, 380 nm; emission, 650 nm). 
In this assay, the oxygen consumption reagent reflects the 
oxygen levels in the surrounding medium. As the test material 
respires, oxygen is depleted in the surrounding environment, 
which is measured as an increase in the phosphorescence 
signal.

Statistical analysis. All experiments were performed in 
triplicate. Data were analyzed by SPSS 20.0 software (IBM 
Corp., Armonk, NY, USA). Quantitative data were presented 
as the mean ± standard error of the mean. A normal distri-
bution test was performed to determine whether parametric 
or non-parametric tests should be applied. Comparisons of 
parameters between two experimental groups were performed 
using a two-tailed t-test, whereas comparisons among three 
or more groups were performed using two-way analysis of 
variance, followed by the Least Significant Difference test 
or Dunnett's T3 test for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

N T‑PGC‑1α  i s  predominant ly  expressed in  the 
cytoplasm of NRCMs. NRCMs were infected with 
mCher ry-Adv-NT-PGC-1α  for 24 h, sta ined with 
Hoechst 33258 for 10 min and observed by confocal microscopy 
to examine the subcellular localization of NT-PGC-1α. 
Immunofluorescence staining of NRCMs was performed to 
detect total PGC-1α, including FL-PGC-1α and NT-PGC-1α. 
NT-PGC-1α was primarily located in the cytoplasm, with a 
small amount distributed in the nucleus (Fig. 1A), whereas 
endogenous PGC-1α was predominantly located in the 
nucleus (Fig. 1B). In addition, western blot analysis of 
cytoplasmic and nuclear protein extracts from mouse heart 
tissues demonstrated that the distribution of NT-PGC-1α was 
markedly different from that of PGC-1α (Fig. 1C).

NT‑PGC‑1α overexpression attenuates reductions in MMP, ATP 
and ROS generation. Cells were infected with Adv-NT-PGC-1α 
or control adenovirus and subsequently exposed to 10 µM PE 
or 1 µM Ang II for 48 h. Intracellular ATP concentrations were 
measured using a microplate reader. Cells incubated with PE 
(4.851±0.535 nmol/mg; n=8) or Ang II (3.931±0.685 nmol/mg; 
n=8) had significantly reduced ATP levels compared with cells 
infected with the control adenovirus alone (9.100±0.745 nmol/mg; 
P<0.01; Fig. 2A). This impairment in ATP generation was 
significantly alleviated by NT‑PGC‑1α overexpression induced 
by Adv-NT-PGC-1α infection, when compared with PE treat-
ment (4.851±0.535 vs. 7.288±0.519 nmol/mg; n=7-8; P<0.05) or 
Ang II treatment (3.931±0.685 vs. 6.588±0.453 nmol/mg; n=8; 
P<0.01) in the control adenovirus groups (Fig. 2A).

MMP and ROS generation were assessed to further inves-
tigate the effect of NT-PGC-1α on mitochondrial function. 
Following infection with Adv-NT-PGC-1α and incubation 
of NRCMs with PE, cells were treated with either JC-1 or 
DCFH-DA. The relative MMP levels, indicated by the red/green 
fluorescence ratio, were significantly decreased in the PE+vehicle 
group (0.504±0.035; n=12) when compared with that of the 
vehicle control (1.000±0.033; n=12; P<0.01). AdV-NT-PGC-1α 
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infection in PE‑treated cells significantly reversed the effect of 
PE treatment on MMP levels (0.679±0.029 vs. 0.504±0.035; 
n=12; P<0.01; Fig. 2B and C). Additionally, PE resulted in 
increased ROS levels compared with the corresponding empty 
virus control (1.619±0.059 vs. 1.000±0.069; n=16; P<0.01), 
whereas NT-PGC-1α overexpression inhibited the ROS genera-
tion induced by PE (1.437±0.063 vs. 1.619±0.059; n=16; P<0.05; 
Fig. 2D and E). These results indicated that NT-PGC-1α may 
have improved mitochondrial function.

NT‑PGC‑1α increases fatty acid metabolism‑associated gene 
expression. RT-qPCR demonstrated that Adv-NT-PGC-1a 
infection effectively increased NT-PGC-1a expression when 
compared with the empty vehicle control (P<0.01; Fig. 3A). 
NT-PGC-1α overexpression significantly enhanced the tran-
scription of fatty acid metabolism-associated genes (Fig. 3B), 
including carnitine palmitoyltransferase 1b (CPT1b; 1.000±0.208 
vs. 8.603±2.822; n=8; P<0.05), carnitine palmitoyltransferase 2 
(CPT-2; 1.000±0.225 vs. 2.846±0.542; n=8; P<0.01), acyl-coen-
zyme A dehydrogenase-very long chain (Acadvl; 1.000±0.337 
vs. 7.027±2.144, n=8; P<0.05), Acadm (1.000±0.150 vs. 
2.712±0.607; n=8; P<0.05), pyruvate dehydrogenase kinase 4 
(PDK4; 1.000±0.228 vs. 7.717±2.072; n=8; P<0.01), PPAR-α 

(1.000±0.306 vs. 6.309±1.518; n=6; P<0.05) and superoxide 
dismutase 3 (SOD3; 1.000±0.147 vs. 5.565±1.972; n=8; P<0.05). 
However, no significant differences were detected in the levels 
of SOD2 (1.000±0.123 vs. 3.925±1.414; n=8; P=0.058) and 
FL-PGC-1α (1.000±0.134 vs. 2.402±0.857, n=8).

Cells were treated with MK886, a fatty acid metabolism 
inhibitor, to investigate the potential pathways by which 
NT-PGC-1α overexpression may have altered the expres-
sion of these genes. MK886 is a PPAR-α antagonist and was 
demonstrated to inhibit the expression of PPAR-α and its 
downstream proteins CPT-2 and Acadm, as well as PGC-1α, 
in a dose-dependent manner (Fig. 3C and D). The western 
blot results indicated that the expression levels of CPT-2 
(0.505±0.019 vs. 0.239±0.034 for β-actin; n=5; P<0.01) were 
significantly decreased in cells exposed to PE, and Acadm 
(0.511±0.078 vs. 0.303±0.012 for β-actin; n=5, P<0.01) also 
decreased when exposed to PE (Fig. 3E and G; Lanes 1 and 3), 
and these effects were reversed by NT-PGC-1α overexpression 
(CPT-2, 0.377±0.026; P<0.01; Acadm, 0.498±0.032; P<0.05; 
Fig. 3E and G; Lane 4). In addition, NT-PGC-1α overexpres-
sion also reversed the PE-induced increase detected in atrial 
natriuretic peptide (ANP) levels (P<0.01; Fig. 3E and G; 
Lane 4). Additionally, the expression levels of NT-PGC-1α 

Figure 1. Subcellular localization of NT-PGC-1α. (A) NRCMs were infected with mCherry-NT-PGC-1α adenovirus and observed by confocal microscopy. 
NT-PGC-1α was primarily located in the cytoplasm. (B) Immunofluorescence staining revealed the different distribution patterns for endogenous total 
PGC-1α and NT-PGC-1α. (C) Western blot analysis of nuclear and cytoplasmic fractions demonstrated the subcellular location of endogenous PGC-1α and 
NT-PGC-1α expression. Experiments were repeated three times. NRCMs, neonatal rat cardiomyocytes; PGC-1α, peroxisome proliferator-activated receptor-γ 
coactivator-1α; NT, N-terminal truncated.
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in different groups were evaluated to ensure the success 
of Adv-NT-PGC-1a infection (Fig. 3F). These effects of 
NT-PGC-α overexpression on fatty acid metabolism were 
attenuated by MK886 (Fig. 3E and G; between lanes 1 and 2; 
lanes 5 and 6).

NT‑PGC‑1α overexpression decreases LD accumulation in 
high lipid medium. NRCMs overexpressing NT-PGC-1α were 
incubated with OA-BSA for 24 h and subsequently treated 
with MK886 for 6 h to investigate the mechanism by which 
NT-PGC-1α regulated fatty acid metabolism. Notably, the 
number of LDs (Fig. 4) was significantly increased in cells 
incubated with OA-BSA compared with vehicle control 
cells (111.10±9.86 vs. 1.73±0.48; n=30 and 27, respectively; 
P<0.01; Fig. 4A, B and E). NT-PGC-1α overexpression 
significantly decreased the number of LDs compared with 
the OA‑BSA+vehicle group (61.90±8.69 vs. 111.10±9.86; n=50 
and 30, respectively; P<0.01; Fig. 4B, C and E). As expected, 
the effect of NT-PGC-1α was markedly reduced in cells 
exposed to MK886 (Fig. 4C, D and E; P<0.01). Taken together, 
these results demonstrated that NT-PGC-1α overexpression 
decreased lipid accumulation in NRCMs, indicating a role for 
NT-PGC-1α in fatty acid metabolism.

NT‑PGC‑1α  overexpression increases the oxygen 
consumption in high lipid medium. Based on results 
obtained by LD staining and western blot analyses of fatty 

acid metabolism-associated enzymes, the present study 
investigated the oxygen consumption of NRCMs in high lipid 
medium (50 µM PA). NT-PGC-1α-overexpressing NRCMs 
were stimulated with PE or MK886 and extracellular oxygen 
consumption rates were analyzed. As indicated in Fig. 5A, 
oxygen consumption steadily increased in control empty virus 
cells during the monitoring period, whereas cells infected 
with Adv-NT-PGC-1α exhibited a significant increase in 
oxygen consumption. In addition, NT-PGC-1α-overexpressing 
NRCMs exposed to 10 µM PE or 500 nM MK886 displayed 
an increasing trend in oxygen consumption, that was slower 
compared with NT-PGC-1α-overexpressing NRCMs that 
had not been exposed to PE or MK886. Furthermore, 
PE or MK886 exposure reduced oxygen consumption 
in cells lacking NT-PGC-1α overexpression, with only a 
marginal increase observed over time (Fig. 5A). Further 
comparison of oxygen consumption among the different 
groups at the end of the observational period revealed 
significant differences in consumption between the vehicle 
(989.88±147.89) and PE+vehicle  (362.00±64.54.05; n=7‑8; 
P<0.01) and Adv-NT-PGC-1α (1,629.82±228.42; n=8; 
P<0.01) groups. In addition, consumption was significantly 
different  between  the PE+vehicle  (362.00±64.54.05)  and 
PE+Adv‑NT‑PGC‑1α (1,026.82±170.29; n=8; P<0.01) groups, 
as well as between the MK886+vehicle (546.84±89.08) and 
MK886+Adv‑NT‑PGC‑1α (1,133.90±164.19; n=7-8; P<0.05) 
groups (Fig. 5B).

Figure 2. Effect of NT-PGC-1α overexpression on MMP, ATP and ROS generation in cells infected with NT-PGC-1a or control adenovirus and exposed to PE 
or Ang II. (A) Intracellular ATP levels (n=7‑8 per group). (B) MMP was detected using the JC‑1 assay and (C) the ratio of red/green fluorescence was calculated 
(n=12 per group). (D) ROS generation was measured by DCFH‑DA fluorescence and (E) relative fluorescence levels were calculated (n=16 per group). *P<0.05 
and **P<0.01, as indicated. AdV, adenovirus; NT-PGC-1α, N-terminal truncated peroxisome proliferator-activated receptor-γ coactivator-1α; MMP, mitochon-
drial membrane potential; ATP, adenosine 5'‑triphosphate; ROS, reactive oxygen species; DCFH‑DA, dichlorofluorescin diacetate.
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Discussion

In the present study, the role of NT-PGC-1α in NRCMs was 
examined. It was demonstrated that NT-PGC-1α influenced 
MMP and fatty acid metabolism in cardiomyocytes. NT-PGC-1α 
is primarily located in the cytoplasm, unlike FL-PGC-1α, and 
has been reported to regulate fatty acid metabolism in adipose 
tissue in the absence of FL-PGC-1α (18,23). Consistent with 
these results, the present study examined the cellular distribu-
tion of FL-PGC-1α and NT-PGC-1α by immunofluorescence 
and western blotting to determine that NT-PGC-1α was 
primarily expressed in the cytoplasm and may perform similar 
roles in fatty acid metabolism in NRCMs. Previous studies on 
the effects of NT-PGC-1α have primarily been examined in 
adipocytes or skeletal muscle cells (24,25); however, limited 
reports have investigated the expression of NT-PGC-1α in 

human heart tissue. Thus, the present study further explored 
the effects of NT-PGC-1α in cardiomyocytes.

ATP and ROS production, as well as the MMP were 
detected to examine the function of NT-PGC-1α in NRCMs. 
NT-PGC-1α overexpression alleviated PE- or Ang II-induced 
reductions in ATP production and PE-induced ROS 
generation. These effects may have contributed to its role in 
mitochondrial function improvement, as NT-PGC-1α also 
reversed PE-induced MMP impairment. PE and Ang II are 
G-protein-coupled receptor agonists, which have potent 
pro-hypertrophic effects in the heart, leading to increases 
in ANP and brain natriuretic peptide, which are indicators 
of heart failure or heart impairment (26). Furthermore, they 
are well-known stimulants for establishing cardiac hyper-
trophy and heart failure experimental models (27), despite 
also exerting critical effects in blood pressure maintenance. 

Figure 3. NT-PGC-1α overexpression increases fatty acid metabolism-associated gene expression. (A) NT-PGC-1α overexpression in NRCMs induced by 
adenoviral infection (n=6-8 per group). (B) Effect of NT-PGC-1α overexpression on the expression of downstream target genes, including enzymes involved 
in fatty acid metabolism and anti-oxidant enzymes (n=6-8 per group). (C) Alterations in the expression of PGC-1a, NT-PGC-1α, CPT-2, PPAR-α, Acadm and 
SOD2 in response to treatment with MK886, a PPAR-α inhibitor. (D) Quantification of western blot results by densitometry (n=3‑5 per group). (E‑G) Effect of 
NT-PGC-1α overexpression, PE and MK886 (500 nM) on fatty acid metabolism-associated protein expression (n=5 per group). *P<0.05 and **P<0.01, as indi-
cated or compared with the control. AdV, adenovirus; NT, N-terminal truncated; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator-1α; CPT-2, 
carnitine palmitoyltransferase 2; PPAR-α, peroxisome proliferator-activated receptor α; Acadm, medium‑chain specific acyl‑coenzyme A dehydrogenase, 
mitochondrial; SOD2, superoxide dismutase 2; PE, phenylephrine; ns, not significant.
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Additionally, PE may inhibit the expression of PPAR-α (28), 
which is associated with energy metabolic dysfunction in 
heart disease. Therefore, it was postulated that NT-PGC-1α 
overexpression may have ameliorated the impairments in 
mitochondrial function induced by PE and Ang II in the 
present study.

Although NT-PGC-1α has a structure similar to 
FL-PGC-1α, FL-PGC-1α has anti-oxidative effects and is 

versatile in transcription (17,29). Thus, NT-PGC-1α may have a 
similar function to PGC-1α and exert its effects by associating 
with transcription factors via its nuclear domain in the nucleus, 
or may be directly associated with mitochondria via protein 
interactions.

To the best of our knowledge, the role of NT-PGC-1α 
in NRCM fatty acid metabolism has not been previously 
investigated. However, in a recent study focused on obesity, 

Figure 4. NT-PGC-1α overexpression reduces LD accumulation in NRCMs. Representative images of LD staining of NRCMs cultured in high lipid medium 
from (A) the BSA+vehicle group, (B) OA‑BSA+vehicle group, (C) OA‑BSA+AdV‑NT‑PGC‑1α group and (D) OA‑BSA+AdV‑NT‑PGC‑1α+MK886 group. 
(E) NT-PGC-1α overexpression reduced LD accumulation in NRCMs. The number of LDs in each group was counted. **P<0.01, as indicated. BSA+vehicle, n=27; 
OA‑BSA+vehicle, n=30; OA‑BSA+AdV‑NT‑PGC‑1α, n=50 and OA‑BSA+AdV‑NT‑PGC‑1α+MK886, n=31. AdV, adenovirus; NT‑PGC‑1α, N-terminal truncated 
peroxisome proliferator-activated receptor-γ coactivator-1α; LDs, lipid droplets; NRCMs, neonatal rat cardiomyocytes; OA, oleic acid; BSA, bovine serum albumin.
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NT-PGC-1α was reported to have a profound impact on 
FAO in mice (23). In addition, Zhang et al (17) observed that 
NT-PGC-1α overexpression upregulates the expression of its 
downstream target CPT-2 (17). Furthermore, crosstalk between 
NT-PGC-1α and phosphatase and tensin homolog-induced 
putative kinase 1 (PINK1) is involved in FAO (30), and PINK1 
silencing impairs PGC-1α-associated lipid metabolism (20). 
Thus, NT-PGC-1α is important in fatty acid metabolism and 
may ameliorate  the metabolic deficits observed in patients 
with cardiac hypertrophy and heart failure.

In support of this hypothesis, the present study 
demonstrated that NT-PGC-1α overexpression increased the 
mRNA expression of PPAR-α-associated genes and alleviated 
PE-induced reductions in CPT-2 and Acadm expression, enzymes 
that are involved in transferring fatty acids to mitochondria 
and initiating the mitochondrial fatty acid β-oxidation 
pathway. In the present study, NT-PGC-1α-overexpressing 
NRCMs were treated with MK886, a lipoxygenase inhibitor 
that antagonizes PPAR-α activity (31). As expected, MK886 
reduced the effect of NT-PGC-1α on the expression of fatty 
acid metabolism-associated proteins. Thus, NT-PGC-1α may 
have exerted metabolic effects, as well as influencing the 
PPAR-α signaling pathway activity to an extent.

Furthermore, the effects of NT-PGC-1α overexpression 
on free fatty acid (FFA) metabolism were examined. LDs 
accumulated in NRCMs when cells were exposed to OA-BSA, 
whereas NT-PGC-1α overexpression reduced the number of 
LDs that accumulated in cells. In addition, the LD number 
increased in NRCMs infected with Adv-NT-PGC-1α and 
treated with MK886. Strategies that enhance FAO increase the 
levels of FFA and β-oxidation (32); however, as FFA content in 
the culture medium was at a constant level, the fatty acid was 
mostly from exogenous sources rather than lipid mobilization 
in the present study. Based on these results, NT-PGC-1α may 
alleviate the lipotoxicity of FFA by enhancing its metabolism, 
rather than via lipid mobilization.

To further investigate the function of NT-PGC-1α in 
fatty acid metabolism, the present study measured oxygen 

consumption in NT-PGC-1α-overexpressing NRCMs exposed 
to PE and/or MK886 in a high lipid medium. NT-PGC-1α 
overexpression resulted in increased oxygen consumption, 
consistent with the findings of protein expression levels. 
Therefore, NT-PGC-1α may function by shuttling into the 
nucleus and activating the associated signaling pathway, or it 
may originate and function in the nucleus. It is also possible 
that it directly participates in crosstalk with mitochondria in 
the cytoplasm. If NT-PGC-1α functions in the nucleus, then 
forced NT-PGC-1α nuclear translocation would likely enhance 
its function; a cyclic adenosine monophosphate (cAMP) analog 
was reported to activate PGC-1α and increase the nuclear 
localization of NT-PGC-1α (17), and the function of cAMP 
in myocardial contractility is well established (33). However, 
additional studies are required to verify whether nuclear 
NT-PGC-1α acts as an effector molecule in response to cAMP 
stimulation. Recent research demonstrated that NT-PGC-1α 
directly interacts with mitochondria (34); therefore, it may exert 
effects in the nucleus and the cytoplasm. Combined with the 
findings of these previous reports, the present study validated 
that NT-PGC-1α has several roles in fatty acid metabolism 
in various cell types, and may have broad applications in the 
treatment of obesity, heart failure and atherosclerosis.

There are certain limitations and drawbacks to the present 
study. First, endogenous NT-PGC-1α was not detected by 
immunofluorescence; FL‑PGC‑1α contains all of the antigen 
epitopes in NT-PGC-1α, whereas NT-PGC-1α lacks the 
C-terminal epitopes of FL-PGC-1α (35). Thus, a N-terminal 
PGC-1α antibody would detect NT-PGC-1α and FL-PGC-1α, 
while a C-terminal PGC-1α antibody would only detect 
FL-PGC-1α. Therefore, evaluation of NT-PGC-1α expression 
in NRCMs without transfection failed due to antibody 
limitations, preventing the immunofluorescent detection of 
NT-PGC-1α. Therefore, the most reliable way to accurately 
detect endogenous NT-PGC-1α at present may be to separate 
cytoplasmic and nuclear proteins. Secondly, FAO was not 
examined directly, and the results of western blotting, LD 
accumulation and oxygen consumption only provide indirect 

Figure 5. NT-PGC-1α overexpression in NRCMs increases extracellular oxygen consumption. (A) Variations in oxygen consumption in response to different 
stimuli. (B) Oxygen consumption following 1 h compared with the baseline (n=7-8 per group). *P<0.05 and **P<0.01, as indicated. NT-PGC-1α, N-terminal 
truncated peroxisome proliferator-activated receptor-γ coactivator-1α; NRCMs, neonatal rat cardiomyocytes; PE, phenylephrine; AdV, adenovirus; 
F, fluorescence.
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evidence. Furthermore, application of small interfering RNA 
rather than an inhibitor to interfere with PPAR-α expression 
may provide more conclusive data to support the proposed 
pathway of NT-PGC-1α. In addition, the roles of NT-PGC-1α 
in the cytoplasm and its effects in animal heart tissue require 
further exploration.

In conclusion, the present study demonstrated that 
NT-PGC-1α alleviated PE-induced mitochondrial function 
impairment and influenced fatty acid metabolism in NRCMs, 
likely through the PPAR-α-associated signaling pathway. 
Thus, NT-PGC-1α may provide a promising target for the 
treatment of cardiac hypertrophy and heart failure.
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