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Abstract: Accumulating evidence indicates that mitochondrial dysfunction participates in the development of heart
failure. However, there is limited knowledge about mtDNA changes during the progression from cardiac hypertrophy
to heart failure. Transverse aortic constriction or sham operation was performed on 8-week-old mice to induce cardiac hypertrophy and heart failure as determined by echocardiographic analysis. Only the heart failure group exhibited
a significant decrease in succinate dehydrogenase activity, mtDNA content normalized to nDNA, and the expression
of mtDNA-encoded genes. However, down-regulation of the genes involved in the mtDNA replication fork exhibited
an impairment of mtDNA replication in both stages following pressure overload. Significantly decreased expression
levels of mRNA and protein of the PGC-1 pathway suggested that attenuation of this pathway might contribute to
the impaired mitochondrial biogenesis and dysfunction in cardiac hypertrophy and heart failure. In conclusion, in
our two-stage mouse model, depletion of mitochondrial mass and DNA content was only detected in the heart failure stage. The mtDNA replication and transcriptional regulation of mitochondrial biogenesis was determined to be
down-regulated from an early stage following pressure overload.
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Introduction
Heart failure (HF) is a consequence of exposure
to pressure overload caused by various cardiovascular pathologies, such as hypertension
and ischemia [1]. After pressure overload, the
heart initially performs a compensatory response to the additional load by increasing myocyte size and mass with a relatively normal cardiovascular function, which is typically referred to as cardiac hypertrophy [1]. However, when pressure overload persists, cardiomyocyte
apoptosis and interstitial fibrosis lead to a failing heart, which is characterized by ventricular
dilation and a decrease in contractile function
[1]. HF has become a major public health problem and affects over 23 million patients worldwide [2]. Understanding the molecular and cellular processes that contribute to this transition of cardiac hypertrophy to heart failure
could help develop novel therapies for HF [1].
Mitochondrial dysfunction has been widely considered to play an important role in the development of HF [3-6], and this may actually start

during cardiomyopathy and contribute to the
pathogenesis of subsequent HF [7-9]. But there
is still a lack of evidence for the alterations of
mtDNA content and mitochondrial biogenesis
in the transition of cardiac hypertrophy to HF in
the rodent model. In this study, we established
an animal model that can accurately reflect the
development from cardiac hypertrophy to HF
after pressure overload. Depletion of mitochondrial mass and DNA (mtDNA) content was only
detected in the heart failure stage. We measured mtDNA replication and transcriptional
regulation of mitochondrial biogenesis at an
early time point after TAC, in order to determine
if this is a possible underlying mechanism for
the transition from hypertrophy to heart failure.
Methods
Experimental animals
Male C57BL6/J mice, aged 10-12 weeks old,
were purchased from the Model Animal Re-
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Figure 1. Transverse aortic constriction induces cardiac hypertrophy and heart failure. A. Gross views of
the mice hearts following transverse aortic constriction (TAC). B. The ratio of lung weight (LW) to tibial
length and heart weight (HW) to tibial length (TL)
(n=6). C. Representative echocardiography images.
D. Ejection fraction (%LVEF) (n=6). E. Left ventricular
mass (LVM) (n=6). **, P<0.01; ***, P<0.001.

search Center of Nanjing University. Mice were
maintained in autoclaved cages under a 12
h/12 h light/dark cycle and had free access
to standard chow and water. This study was
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approved by the ethical committees of Nanjing
Medical University and all animal experiments
were conducted under the established guidelines on the use and care of laboratory animals
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for biomedical research published by the
National Institutes of Health (No. 85-23, revised
1996). Transverse aortic constriction (TAC) was
performed on 8-week-old male C57BL/6J mice
purchased and raised at the Experimental
Animal Center of Nanjing Medical University
(Nanjing, China) as previously described [10].
Echocardiography
Echocardiography was performed in mice 2
weeks or 4 weeks after TAC operation using a
Vevo 2100 (VisualSonics Inc, Toronto, Ontario,
Canada) with a 30 MHz central frequency scan
head. M-mode LV end-systolic and end-diastolic dimensions were averaged over 3 cardiac
cycles. Ejection fraction (%LVEF) and left ventricular mass (LVM) were calculated as described previously [11]. Following this, mice were
sacrificed, and heart weight (HW), lung weight
(LW), and tibial length (TL) were determined.
Real-time reverse transcription polymerase
chain reaction (RT-PCR)
Left ventricles (LVs) harvested from subject
mice were snap frozen in liquid nitrogen. RNA
was isolated with the RNeasy Mini Kit (Qiagen,
Hilden, Germany) and then reverse-transcribed
into cDNA with an iScript cDNA synthesis kit
(Bio-Rad Laboratories, CA, USA). Each PCR was
performed with specific primers using iQ SYBR
Green Supermix (Bio-Rad Laboratories, CA,
USA) following standard procedures (7900 HT,
Applied Biosystems, CA, USA). All mRNA levels
were standardized to endogenous control (18s)
and expressed as fold changes. The mtDNA
was measured in DNA isolated with the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany)
by qRT-PCR, using primers amplifying the
Cytochrome C Oxidase subunit I (COI) region,
and then normalized to nDNA (18S) [12].
Western blot
Protein content from all LVs was assessed
using a BCA-kit (Thermo Scientific, MA, USA),
followed by protein concentration normalization prior to all western blot experiments.
Western blot was carried out following a standard procedure. Antibody against PGC-1α
(1:1000, cat. NBP1-04676, NOVUS) was used
as primary antibody and GAPDH (1:10000,
Kangchen, Nanjing, China) was used as loading
control. The blots were developed with en-
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hanced chemiluminescence reagent (Thermo
Scientific, MA, USA) and exposed on a ChemiDoc MP imager (Bio-Rad Laboratories, CA,
USA). Image Lab™ software was used to quantify band density. All blots were carried out
independently three times.
Enzyme activity determination
Succinate dehydrogenase (SDH) enzyme activities were measured in tissue homogenate
spectrophotometrically at room temperature
(400 nm) using saturating concentrations of
substrates and cofactors with an A022 kit
(JianChen, Nanjing, China) as previously described [13]. Succinate dehydrogenase activity
was calculated as units per microgram of protein.
Statistical analyses
Results are presented as mean ± SEM. Unpaired t-tests were used for comparisons between two groups, with a significant level of
0.05. One-way ANOVA was used to compare
three or more groups, followed by Bonferroni’s
tests to compare the differences between
every two groups. All analyses were performed
using GraphPad Prism 5.0. Differences were
considered significant at P<0.05.
Results
TAC induced cardiac hypertrophy and HF
Tissue weight and echocardiography analysis
were used to evaluate sham or TAC mice. By
gross inspection, mice subjected to TAC surgery exhibited a significant enlargement in the
hearts compared to the sham-operated mice
(Figure 1A). Similarly, heart weight (HW) to tibial length (TL) ratios were significantly greater in
TAC mice compared to sham-operated mice
(Figure 1C), while the ratio of lung weight (LW)
to tibial length (TL) was significantly higher only
in later stages (4 weeks) but stayed unchanged
in early stages (2 weeks) following TAC (Figure
1B). Cardiac systolic function was evaluated by
echocardiography. Both groups (2 weeks and 4
weeks after TAC) had an attenuated ejection
fraction (%LVEF) from 59% to 52% or 39%,
respectively, but only the 4-week group reached
statistical significance (Figure 1D). The left ventricular mass (LVM) was significantly increased
by 221% in early stages (2 weeks) and 259% in
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was observed in CH groups,
but not in HF groups (Figure
2A). Additionally, the mtDNA
copy number has been widely
used as an indicator of impaired mitochondrial biogenesis. MtDNA normalized to
nDNA was decreased at CH
and HF stages by 35% and
39%, respectively, with no
change in the nDNA content
(Figure 2B, 2C). Further, the
mtDNA-encoded genes, NADH-ubiquinone oxidoreductase chain 6 (ND6), cytochrome
b (CYTB), cytochrome c oxidase I (COI), and 16S ribosomal RNA (16S rRNA), showed a significantly lower expression in the HF group compared to the sham group. Among the 4 genes, only COI levels were down-regulated at
the stage of CH. Only mRNA
expression of COI and ND6
showed a further decrease
during the progression from
CH to HF. These results suggest that mtDNA depletion
occurred when subjected to
pressure overload in mouse
hearts.
Impaired mtDNA replication
occurred early after TAC
Impairment of mtDNA replication appeared to account for
mtDNA depletion in this presFigure 2. Depletion of mtDNA following transverse aortic constriction. (A)
sure overload model. We inSuccinate dehydrogenase (SDH) activity of the sham (n=4), hypertrophy
(n=5), and failure group (n=5). (B) mtDNA per nDNA and (C) nDNA per total
vestigated the expression of
DNA in the sham (n=3), hypertrophy (n=4), and failure groups (n=4). (D) Relaseveral genes involved in the
tive mRNA expression of ND6, CYTB, COI and 6S rRNA normalized to 18s
mtDNA replication fork: DNA
(n=5). *, P<0.05; **, P<0.01.
polymerase gamma (POLG);
single-stranded DNA binding
later stages (4 weeks) following TAC (Figure 1E).
protein 1 (SSBP1); and Twinkle and DNA topoiThese data implicate that the pressure oversomerase I, mitochondrial (TOP1MT). POLG
load by TAC could induce cardiac hypertrophy
and TOP1MT were down-regulated at the stage
(CH) in the early stage and heart failure (HF) in
of CH and persisted during HF; Twinkle mRNA
later stages.
expression had a progressive decrease in the
HF group, while the downregulation of SSBP1
TAC-induced mtDNA depletion
was statistically significant only in the HF group
(Figure 3). These findings implicate that imSuccinate dehydrogenase (SDH) is a key enpaired mtDNA replication is an early event that
zyme of the tricarboxylic acid cycle and an
accounts for mtDNA depletion in CH and HF
important marker of mitochondrial mass. In
mouse hearts.
this study, an SDH activity decrease of 42%
7514
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sham group. However, impaired mtDNA replication occurred early after TAC, as the genes
involved in the mtDNA replication fork decreased in both the cardiac hypertrophy and
the HF stages. Additionally, attenuated expression and function of the PGC-1 pathway following pressure overload may contribute to the
impaired mitochondrial biogenesis and dysfunction in our mouse model.
Figure 3. Impaired mtDNA replication after pressure overload. Relative mRNA expression of POLG,
SSBP1, Twinkle and TOP1MT normalized to 18s
(n=5). *, P<0.05; **, P<0.01; ***, P<0.001.

The PGC-1 pathway was attenuated following
TAC
We examined the expression and activity of
some regulators within the PCG-1 pathway,
which is an important component of mitochondrial biogenesis. PGC-1α and PGC-1β mRNA
were significantly decreased in both the CH
and HF groups (Figure 4A), which was in compliance with the changes in nuclear respiratory
factor 1 (NRF1), nuclear respiratory factor 2
alpha subunit (NRF2A), and nuclear respiratory
factor 2 beta subunit (NRF2B2) that are well
known as interaction partners of PGC-1 (Figure
4A). There was also a decrease of PCG-1α protein level in CH and HF groups (Figure 4A).
Additionally, the expression of Transcription
factor A, mitochondrial (TFAM), Transcription
factor B1, mitochondrial (TFB1M), and Transcription factor B2, mitochondrial (TFB2M), which are regulated by NRF1/2 and important
regulators of mtDNA transcription as well as
mtDNA maintenance, were significantly lower
at both stages following TAC operation (Figure
4A). These data implicate that the expression
and function of the PGC-1 pathway is attenuated in the early stage following TAC and may
contribute to impaired mitochondrial biogenesis and dysfunction.
Discussion
In our study, we established a TAC mouse
model with two stages following pressure overload: cardiac hypertrophy (CH) in an early stage
and HF in a late stage. By detecting enzyme
activity, mtDNA mass and mtDNA-encoded
genes, only the heart failure stage showed significant depletion in mtDNA compared to the
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Accumulating evidence indicated that mitochondrial dysfunction occurred in the development of HF in both rodents [3] and human
beings [4-6], and this could be a cause of cardiomyopathy and HF [7-9]. However, there is
limited knowledge about mtDNA change during
progression from cardiac hypertrophy to HF
after pressure overload in a mouse model. For
the first time, in this study, we showed that rather than the mtDNA content, the mtDNA replication was depleted in the early stage after pressure overload, and that was a consequence of
down-regulation of the PGC-1 pathway.
Although our results showed that in both early
and late stage following TAC there was a dysfunction in mtDNA replication and that further
contributed to mtDNA depletion in the HF stage,
it still needs to be determined at which time
point mtDNA replication starts to fade and at
what time point mtDNA depletion occurs.
As a therapeutic strategy, increasing mtDNA
copy number by overexpression of TFAM could
ameliorate the pathophysiological processes
seen in HF [14]. However, previous work in a
rodent and a canine model of heart failure had
shown that the defects in energy metabolism in
HF were not due to a decrease in the mitochondrial DNA content [15, 16]. Interestingly, our
data suggested that mtDNA depletion occurred
early after TAC (2 weeks) and persisted in the
HF stage, which is in accordance with the latest
three studies in human failing hearts [4-6].
It is well-established that PGC-1, as the master
regulator of mitochondrial biogenesis, plays a
critical role in the development of heart failure
[17]. Down-regulation of PGC-1α was observed
in heart failure [18-20], while TAC in mice genetically engineered to lack PGC-1α leads to accelerated HF [21]. Our findings suggest that the
expression and function of the PGC-1 cascade
is attenuated in the early stage following TAC
and remains down-regulated at the HF stage.
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