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Abstract 

The peroxisome proliferator-activated receptor γ (PPARγ) coactivator-1α (PGC-1α) was first 
identified in 1998 as a PGC-1 family member that regulates adaptive thermogenesis and 
mitochondrial function following cold exposure in brown adipose tissue. The PGC-1 family has 
drawn widespread attention over the past two decades as the energetic regulator. We recently 
summarized a review regarding PGC-1 signaling pathway and its mechanisms in cardiac metabolism. 
In this review, we elaborate upon the PGC-1 signaling network and highlight the recent progress of 
its versatile roles in cardiac diseases, including myocardial hypertrophy, peripartum and diabetic 
cardiomyopathy, and heart failure. The information reviewed here may be useful in future studies, 
which may increase the potential of this energetic regulator as a therapeutic target. 
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Introduction 
In response to stimuli the heart exerts 

compensatory effects at first, such as altered heart 
rates and size of cardiomyocytes. However, the 
sustaining duration of the stress in turn worsens the 
imbalance between energy transformation and energy 
demand to satisfy the contractile function of cardiac 
muscle, which is characterized by an initial phase of 
compensation with subsequent progression to 
decompensation, thus leading to irreversible myocar-
dial damage and energy failure [1-4]. Accumulating 
evidence suggests that dysfunction of mitochondrial 
biogenesis, maladaptive fuel shift, and reactive 
oxygen species (ROS) are three primary contributors 
to cardiac abnormalities, ultimately resulting in 
cardiac diseases [5]. The underlying mechanisms 
appear to involve the transcriptional coactivators 

termed peroxisome proliferator-activated receptor γ 
(PPARγ) coactivator-1s (PGC-1s).  

PGC-1s are a family of transcriptional 
coactivators that consist of PGC-1α, PGC-1β, and 
PGC-1-related coactivator (PRC). The PGC-1 family 
can be regulated at both the transcriptional and 
post-translational levels, and they activate a variety of 
coactivated genes, such as those encoding estrogen- 
related receptors (ERRs), PPARs, and nuclear 
respiratory factors (NRFs), critical for proper cardiac 
function. Take one of the PPAR members for example; 
abnormality of PPARγ in the heart can result in many 
detrimental effects, such as lipid accumulation, 
mitochondrial dysfunction, ultimately causing cardiac 
hypertrophy, heart failure, and premature death [5]. 
Increasing evidence suggests that long chain fatty acid 
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serves as one of the ligands for the activation of PGC-1 
signaling pathway [6]. Moreover, the availability to 
uptake of fatty acids by the cardiomyocyte mediates 
this activation and the expression of its target genes 
for metabolic enzymes [7]. We previously summar-
ized PGC-1 signaling pathway and its mechanisms in 
cardiac metabolism [5]. However, a comprehensive 
understanding of the latest literature regarding PGC-1 
signaling network and its profound roles in various 
cardiac diseases has not been specifically depicted, 
and the present review aims to fill this gap. 

Since we previously elaborated the classical 
PGC-1 signaling pathways, in the current review, we 
prominently focus on the interaction between PGC-1α 
and other signaling. Furthermore, we investigate the 
latest research progress on the versatile effects of the 
PGC-1 coactivators in various cardiac diseases. 
Additionally, we address whether this energetic 
regulator may be a useful target and a potential 
predictive biomarker for cardiac diseases. Collecti-
vely, the information compiled here should serve as a 
comprehensive repository of the existing knowledge 
in this area, which should aid in the design for further 
studies about PGC-1 in cardiac diseases.  

PGC-1 signaling network 
The PGC-1 program can be activated in variable 

forms of cardiac stress by the transduction of multiple 
upstream mediators, such as β-adrenergic receptor (β- 
AR)/3'-5'-cyclic adenosine monophosphate (cAMP) 
and AMP-activated protein kinase (AMPK) [5, 8-10]. 
In addition, PGC-1α can be induced by some external 
stimuli that increase energy demand and ATP 
production, such as cold exposure, which could well 
be relevant in heart. The underlying mechanism 
involves the promotion of uncoupling protein 1 
(UCP1) by PGC-1α, further regulating adaptive 
thermogenesis and mitochondrial function in brown 
adipose tissue [11]. Upon activation, PGC-1s initiate 
the expression of a number of coactivated genes, such 
as those encoding ERRs, PPARs, and NRFs, which 
regulate virtually all aspects of mitochondrial energy 
metabolism in the heart [5]. Notably, apart from 
classical PGC-1 signaling pathway, there remains 
several important interplays with other signaling (Fig. 
1).  

 

 
Figure 1. Interaction between PGC-1 and other signaling. A. PGC-1α and Ca2+. PGC-1α can be activated by two Ca2+-dependent signaling pathways, CAMK-CREB 
and calcineurin-MEF2, further regulating glucose utilization and mitochondrial respiratory function as well as fatty acid utilization, respectively. The induction of 
PGC-1α can also promote cytosolic Ca2+ clearance, moderating cardiac Ca2+ cycling and promoting cardiac output in response to physiological stress. B. PGC-1α and 
KLF4. KLF4 modulates metabolic and mitochondrial pathways through the formation of a KLF4/PGC-1/ERR trimolecular complex. C. PGC-1α and NCoR1. NCoR1 
regulates mitochondrial metabolism together with PGC-1α in a Yin-Yang fashion. D. PGC-1α and mTOR. mTOR drives mitochondrial function by inhibiting 4E-BPs 
and simultaneously orchestrating the PGC-1α program. 
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Role of PGC-1α in Ca2+ homeostasis 
Cytosolic Ca2+ signals are one of the most vital 

regulators in energy production and cardiomyocyte 
contraction. They regulate the activity of the critical 
enzymes of the tricarboxylic acid (TCA) cycle and 
initiate the contractile function of cardiac myocytes in 
a concentration-dependent manner [12, 13]. There are 
a myriad of kinases and phosphatases regulated by 
cytosolic Ca2+ signals, which are sensitive to Ca2+ loc-
ation, size, and frequency [14]. One such Ca2+ sensor, 
Ca2+/calmodulin-dependent enzyme (CAMK), contr-
ols cardiomyocyte growth, differentiation, and 
development, which are also important factors in the 
pathophysiology of various cardiac diseases [15, 16]. 
The other, calcineurin, has recently been demonst-
rated to have beneficial effects on myocardial hyper-
trophy and ventricular function [17]. CAMK and 
calcineurin, two central enzymes in Ca2+-dependent 
signaling pathways, exhibit distinct features and 
functionalities in metabolic programs. CAMK activa-
tes glucose utilization and mitochondrial respiratory 
function, whereas calcineurin directs the expression of 
genes that encode fatty acid utilization enzymes [18].  

These two critical enzymes play distinct but 
overlapping roles in PGC-1α activation: CAMK 
activates the PGC-1α promotor via binding of the 
transcription factor cAMP response element-binding 
protein (CREB), whereas calcineurin does by binding 
to another transcription factor myocyte enhancer 
factor 2 (MEF2) [18]. Moreover, CAMK induces p38 
mitogen activated protein kinase (MAPK) signaling, 
additively or synergistically activating PGC-1α gene 
transcription [19-21]. Additionally, calcineurin can 
directly activate the PPARα gene promoter, a 
PGC-1α-coactivated partner that regulates fatty acid 
utilization and facilitates cardiac energy producing 
capacity [22]. This could also be one mechanism by 
which CAMK and calcineurin activate distinct 
metabolic programs. In other words, this selectivity 
may occur because PGC-1α acts in concert with other 
transcription factors instead of stimulating gene 
transcription alone. 

The short-term effects of CAMK and calcineurin 
signaling promote mitochondrial energy production 
and cardiac growth during physiological and 
developmental forms of cardiac hypertrophic growth. 
However, chronic expression of constitutively active 
forms of CAMK or calcineurin in cardiac myocytes 
leads to myocardial hypertrophy, heart failure, and 
even death [22]. Notably, under physiological 
condition in cardiac myocytes, PGC-1α stimulates the 
expression of sarcoplasmic reticulum (SR) Ca2+- 
ATPase type 2a (SERCA2a), an important protein that 
mediates Ca2+ reuptake into SR and governs the 

normal intracellular Ca2+ handling process [23-25]. 
The molecular mechanism of the PGC-1α-dependent 
upregulation of SERCA2a may involve the 
coactivation of two transcription factors, MEF-2 and 
PPAR/ retinoid X receptor (RXR), the binding sites of 
which present in conserved regulatory regions in the 
promotor of the human SERCA2a gene [23, 26]. 
PGC-1α confers a special effect on the process of 
cytosolic Ca2+ clearance, which follows the induction 
of SERCA2a by PGC-1α (90%) but not the activity of 
Na+/Ca2+ exchange (10%) [23]. Moreover, PGC-1α 
boosts energy production to accommodate for the 
demand for the high expression of SERCA2a [27]. 
Their study strongly indicates that PGC-1α improves 
the capacity of ventricular systole and diastole by 
stabilizing Ca2+ handling and accelerating Ca2+ 
clearance. Together, these data reveal a protective role 
of PGC-1α in moderating cardiac Ca2+ cycling and 
promoting cardiac output in response to physiological 
stress, shedding new light on the role of the 
Ca2+-PGC-1α handing pathway in the treatment of 
cardiac diseases.  

PGC-1α and Kruppel-like factor 4 (KLF4) 
KLFs are a subfamily of the zinc-finger class of 

transcription factors that play important roles in the 
regulation of cellular metabolism and muscle function 
[28]. Among them, KLF4 is critical for the heart’s 
adaptation to stress [29]. Recent studies have shown 
that KLF4 governs mitochondrial biogenesis, metabo-
lic function, dynamics, and autophagic clearance. The 
related mechanism may involve the formation of a 
KLF4/PGC-1/ERR trimolecular complex which KLF4 
binds to, cooperates with, and is requisite for optimal 
function of the PGC-1/ERR transcriptional regulatory 
module on metabolic and mitochondrial targets [30]. 
Furthermore, the cooperativity between KLFs and 
nuclear receptors also depends on upstream regula-
tion of PPARα [31]. However, there are several aspects 
of KLF4 in cardiac myocytes and mitochondrial 
biogenesis and function that remain incompletely 
understood and therefore require further investing-
ation. For instance, whether the KLF4/PGC-1/ERR 
pathway is operative in these processes to coordinate 
the entire mitochondrial life cycle is an essential 
unsolved question.  

PGC-1α and NR corepressor 1 (NCoR1) 
NCoR1, a transcriptional corepressor, can anta-

gonize the effects of PGC-1α. NCoR1 was originally 
identified as a mediator of ligand-independent 
transcriptional repression of thyroid hormone and 
retinoic acid receptor [32]. It is a ubiquitously 
expressed corepressor that lacks intrinsic histone 
deacetylases (HDAC) activity [33]. NCoR1 regulates 
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mitochondrial metabolism together with PGC-1α in a 
Yin-Yang fashion [34]. Specifically, NCoR1 expression 
is suppressed when PGC-1α is induced, and the 
knockout of its expression results in a phenotype 
similar to that of PGC-1α overexpression in terms of 
the regulation of mitochondrial oxidative metabolism 
[35]. In short, there is a high overlap between the 
effects of NCoR1 deletion and PGC-1α overexpression 
on oxidative metabolism. More importantly, ERRα 
and PPARβ/δ have been identified as common 
targets of NCoR1 and PGC-1α with opposing effects 
on the transcriptional activity of these PGC-1α- 
coactivated nuclear receptors [36]. In fact, the 
inhibitory effect of NCoR1 on oxidative phosphory-
lation (OXPHOS) gene expression specifically 
antagonizes PGC-1α-mediated coactivation of ERRα 
[37]. However, these mechanistic investigations have 
only been done in skeletal muscle and adipocytes [38], 
and the detailed mechanisms remain poorly 
understood. Notably, neither PGC-1α nor NCoR1 
interacts directly with DNA; instead, they rely on 
docking transcription factors and coactivator 
complexes to regulate mitochondrial function.  

PGC-1α and mammalian target of rapamycin 
(mTOR) 

mTOR is an important kinase in the energy and 
nutrient pathways that regulates cardiac develop-
ment, growth, and function [39]. Moreover, mTOR is 
also necessary for the maintenance of cardiac 
metabolism and mitochondrial oxidative function 
[40]. Accumulating evidence shows that mTOR 
controls mitochondrial activity and biogenesis largely 
through inhibition of the eukaryotic translation 
initiation factor 4E (eIF4E)-binding proteins (4E-BPs) 
[41]. Cardiac-specific knockout of mTOR results in 
heart failure and the mice exhibit uncontrolled 
apoptosis, excess autophagy, and altered mitochon-
drial structure [42]. mTOR can control ketogenesis in 
response to fasting in the mice models. Inhibition of 
mTOR contributes to a fasting-resistant increase in 
liver size, and to a remarkable defect in ketone body 
production on fasting. This is required for the 
fasting-induced activation of PPARα by controlling 
the subcellular localization of NCoR1 [43]. Further-
more, the mTOR inhibitor rapamycin decreases the 
expression of PGC-1α and its coactivated partners 
ERRα and NRFs, leading to a decrease in mitochon-
drial gene expression and oxygen consumption [44]. 
Treatment with rapamycin in humans having organ 
transplants and in rodents is linked to elevated levels 
of blood triacylglycerols and cholesterol, which might 
contribute to insulin resistance [45] The rapamycin- 
dependent downregulation of those genes could 
involve the regulation of the transcription factor yin 

yang 1 (YY1), a common downstream target of mTOR 
and PGC-1α. Thus, it is conceivable that on top of 
inhibiting 4E-BPs, mTOR drives mitochondrial 
function by simultaneously orchestrating the PGC-1α 
program that modulates expression of mitochondria- 
related genes. This could also open new possibilities 
for potential pharmacological interventions to 
increase mitochondrial activity in cardiometabolic 
diseases.  

The role of PGC-1 in myocardial 
hypertrophy 

PGC-1α has been confirmed to be a divergent 
regulator in physiological and pathological forms of 
myocardial hypertrophy. Physiological myocardial 
hypertrophy under conditions of increased energy 
demand, such as during postnatal development and 
endurance exercise training, is associated with 
increased PGC-1α expression, which results in enhan-
ced mitochondrial biogenesis, oxygen consumption, 
ATP production, and cardiac contraction [1, 2, 46-48]. 
Conversely, during pathological myocardial hyper-
trophy [3], as in hypertension, aortic stenosis, and 
post-infarction heart failure, PGC-1α expression is 
repressed, and many energetic abnormalities occur in 
cardiac myocytes, such as decreases in fatty acid 
β-oxidation (FAO) and the mitochondrial oxidative 
capacity. This is further supported by the down-
regulation of PGC-1α and its downstream targets in 
response to pressure overload [2, 49, 50]. Notably, the 
suppression of PGC-1α signaling pathway occurs 
during the very early stage of pathologically 
hypertrophic response, indicating that it is a primary 
event rather than an indirect consequence of 
pathological hypertrophy. Interestingly, Hu and 
colleagues [51] have reported that the PGC-1α mRNA 
level is increased following pressure overload- 
induced myocardial hypertrophy in rodents, in 
contrast with reports indicating that myocardial 
hypertrophy causes decreased PGC-1α mRNA 
expression. This discrepancy between studies may 
result from differences in the severity of left 
ventricular dysfunction and the duration of pressure 
overload (Fig. 2).  

Increasing evidence indicates that deactivation 
of the PGC-1-PPAR axis is involved in the downreg-
ulation of FAO genes and contribution to a fuel shift 
from FAO toward increased glucose utilization in the 
pathologically hypertrophied heart [3]. Moreover, 
chronic progressive deactivation of the PGC-1-ERR 
signaling pathway reduces ATP production and may 
ultimately exacerbate myocardial hypertrophy, resul-
ting in heart failure [52]. Furthermore, suppression of 
the upregulation of PGC-1α signaling pathway can 
markedly decrease the levels of mitochondrial 
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transcription factor A (TFAM) and mitochondrial 
DNA (mtDNA), thereby attenuating the increases in 
mitochondrial biogenesis in the setting of left ventri-
cular hypertrophy induced by pressure overload [53]. 
Therefore, inhibition of the PGC-1 signaling pathway 
results in decompensated pressure overload-induced 
myocardial hypertrophy. 

Recent studies have demonstrated the beneficial 
effects of preventing the development of myocardial 
hypertrophy by promoting the PGC-1 signaling 
pathway. Planavila and colleagues [54] have found 
that silent information regulator 1 (SIRT1), a novel 
cardioprotective and longevity factor, can protect the 
heart from hypertrophy, metabolic dysregulation, and 
inflammation. SIRT1 is induced by an increase in the 
nicotinamide adenine dinucleotide (NAD+) level in 
the presence of reduced cellular energy stores. SIRT1 
activation deacetylates and activates PGC-1α, 
subsequently acting in association with PPARα. 
Co-immunoprecipitation studies have revealed that 
the SIRT1-PGC-1α-PPARα complex binds to and 
deacetylates the p65 subunit of nuclear factor-κB 
(NF-κB) in neonatal cardiac myocytes, which 
promotes the transcription of FAO genes, inhibits 
NF-κB pro-inflammatory pathways, and thereby 
prevents hypertrophy [55]. Furthermore, Luan and 
colleagues [56] have studied an experimental model 
of isoproterenol (Iso)-induced myocardial hypertro-
phy and have reported that administration of 
astragalus polysaccharide (APS), a Chinese medicine 
extracted from Astragalus membranaceus, regulates 
energy biosynthesis and further attenuates 
myocardial hypertrophy [37]. This cardioprotective 
role may involve the upregulation of PGC-1α 

expression by tumor necrosis factor-α (TNF-α) inhibi-
tion, however, the precise regulatory mechanisms 
need to be further clarified.  

On the other hand, several lines of 
gain-of-function studies indicate that PGC-1α may be 
bad for cardiac responses to stressors and that the 
complex effects may vary significantly between 
neonatal and adult hearts. Russell and colleagues [57] 
have shown that cardiac-specific overexpression of 
PGC-1α markedly induces mitochondrial proliferation 
in neonatal mice. However, in long-term studies, 
chronic induction of PGC-1α expression in adult 
cardiac myocytes drives a modest increase in 
mitochondrial number, aberrant mitochondrial 
structures, and the development of a reversible 
dilated cardiomyopathy, which can be fully reversed 
when PGC-1α expression is knocked out. There are 
three possible mechanisms for the pathologic 
phenotypes associated with PGC-1α overexpression: 
1) certain components of the mitochondrial biogenesis 
program may be inactive in adult cardiomyocytes, 
which contributes to a state of energy depletion; 2) 
increased mitochondrial flux could augment ROS 
production, further causing cardiomyocyte injury; 
and 3) a metabolic program could alter expression of 
structural and sarcomeric proteins in the heart. 
Considering the reversible nature of the cardiomyo-
pathy, the current scientific view favors the first 
proposed mechanism. Altogether, these results 
strongly suggest that upregulation of PGC-1α has a 
diverse effect on the heart in developmental 
stage-dependent manner, which is beneficial during 
the neonatal period. 

 

 
Figure 2. The roles of PGC-1 in myocardial hypertrophy and heart failure. There is an initial increase in the expression and activity of PGC-1α signaling as an adaptive 
reaction, contributing to a fuel shift to generate more ATP and eventually exerting a cardioprotective effect. However, continuous metabolic stress impairs caridiac 
function, accompanied with decreased PGC-1α levels. Moreover, suppression of PGC-1α inhibits MnSOD generation, overwhelming the ROS detoxifying system yet 
again and ultimately resulting in progression to heart failure. 
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Notably, a recent study has revealed that follow-
ing transverse aortic constriction (TAC)-induced 
myocardial hypertrophy, sustaining a physiological 
level of PGC-1α expression does not prevent 
mitochondrial and cardiac contractile dysfunction, 
but it can preserve myocardial vascularity [58]. This 
result suggests that maintaining PGC-1α expression 
in the physiological range in models of pathological 
myocardial hypertrophy could not be sufficient to 
increase mitochondrial biogenesis or counteract the 
impaired contractile or mitochondrial function in the 
failing heart. Taken together, facilitating PGC-1α 
signaling in a short term may play a cardioprotective 
role against pathological myocardial hypertrophy. 

As for the other two family members, PGC-1β 
expression is repressed in rodent models of pressure 
overload-induced myocardial hypertrophy, whereas 
PRC expression is reportedly unchanged [59, 60]. 
PGC-1β deficiency accelerates the transition to heart 
failure in pressure overload hypertrophy [59]. 
Moreover, both in vivo and in vitro studies have 
indicated that melatonin confers a protective role 
against the pathological cardiac hypertrophy induced 
by TAC via activation of PGC-1β [61]. Therefore, the 
therapeutic potency of melatonin as a pharmacol-
ogical primer for the PGC-1β pathway to prevent 
cardiac hypertrophy deserves intensive research in 
the future. 

The role of PGC-1 in cardiomyopathy 
PGC-1 in peripartum cardiomyopathy (PPCM)  

PPCM is a potentially life-threatening 
pregnancy-associated disease that typically occurs in 
the peripartum period. Accumulating evidence 
strongly proposes that PPCM is a vascular disease 
triggered by the disturbed hormonal milieu of the 
peripartum, which is characterized by left ventricular 
dysfunction and heart failure [62]. ROS is one of the 
chief culprits of the vasculotoxicity in the course of 
PPCM. Increased ROS production contributes to the 
secretion of cathepsin D, subsequently cleaving 
prolactin, a hormone specific to late pregnancy, into a 
16-kDa fragment that facilitates apoptosis in 
endothelial cells [62]. Patten and colleagues [63] have 
found that PGC-1α is an energetic inhibitor of 
vasculotoxicity, as evidenced by profound PPCM 
caused by cardiac-specific PGC-1α deletion. PGC-1α 
drives the expression of a ROS scavenger, manganese- 
dependent superoxide dismutase (MnSOD) (also 
known as SOD2), thus inhibiting superoxides 
generated by beating cardiomyocytes with robust 
mitochondrial activity [5, 62, 64, 65]. Additionally, 
PGC-1α triggers the expression of the vascular 
endothelial growth factor (VEGF), the most widely 

studied angiogenic factor, via coactivation of ERRα 
[66, 67]. Furthermore, PGC-1α potently activates its 
coactivated partners, PPARs, which play significant 
roles in the regulation of FAO in the heart [5]. Since 
there is an increasing fuel shift towards high reliance 
on FAO in the gestational heart, aberrant FAO is 
believed to contribute to PPCM [5, 68]. Thus, PCG-1α 
provides cardioprotection against PPCM through 
three mechanisms: 1) activating anti-oxidative enzy-
me MnSOD that further inhibits apoptosis of vascular 
endothelial cells; 2) triggering the provascular 
VEGF-mediated signaling; and 3) meeting the need of 
a fuel shift towards FAO driven by PPARs (Fig. 3).  

PGC-1 in diabetic cardiomyopathy (DCM) 
The heart is considered as a "metabolic 

omnivore", making use of various fuel to produce 
ATP. There is a significant shift in fuel utilization from 
glucose and lactate metabolism toward high 
dependence on FAO in postnatal period [69]. 
Accumulating evidence shows that PGC-1 primarily 
interacts with PPARα, further mediating the shift of 
substrate utilization [5]. DCM develops in the setting 
of chronically high FAO, impaired glucose uptake 
and oxidation, and myocardial insulin resistance. 
PGC-1s and PPARs are critical for the increases in 
FAO and lipid uptake in the diabetic heart, as 
evidenced by metabolic dysregulation of the activities 
of both PGC-1α and PPARα [70]. Notably, the 
activities and expression of PGC-1α and PPARα are 
increased during the early stage of insulin resistance 
in the heart, which is probably an adaptive response 
of the heart to the increase in fatty acid transport [71]. 
However, as the disease progresses, sustaining 
activation of the PGC-1α-PPARα signaling pathway 
excessively promotes the expression of genes 
encoding enzymes involved in FAO, thereby setting 
the stage for the development of lipotoxicity and 
driving DCM[72, 73]. Insulin resistance and DCM in 
turn diminish PGC-1α protein levels in the later stage 
[74]. Several lines of evidence show that insulin 
resistance gives a boost to PGC-1α acetylation, which 
represses PGC-1α transcriptional activity [5, 74]. 
Conversely, promotion of PGC-1α deacetylation can 
play a protective role against insulin resistance- 
induced cardiac contractile dysfunction [74]. 
Although the fuel shift may initially play an adaptive 
role, its effects of fatty acid utilization and the loss of 
substrate utilization flexibility may be maladaptive 
and ultimately contribute to the etiology of the 
disease. Therefore, additional studies are necessary to 
predict the effects of regulating cardiac metabolism 
via mediating PGC-1s and PPARs on the prevention 
and treatment of DCM (Fig. 3). 
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Figure 3. The roles of PGC-1 in PPCM and DCM. PCG-1α provides cardioprotection against PPCM through three mechanisms: 1) activating anti-oxidative enzyme 
MnSOD that further inhibits apoptosis of vascular endothelial cells; 2) triggering the provascular VEGF-mediated signaling; and 3) meeting the need of a fuel shift 
towards FAO driven by PPARs. In the condition of DCM, short- and long-term increases in PGC-1α pathway inhibit and promote insulin resistance, respectively. 

 
The role of PGC-1 in heart failure  

Cardiac dysfunction is caused by various 
diseases, such as hypertension, ischemic heart disease, 
and myocarditis, which describes a functional deficit 
of systolic heart failure [37]. The development and 
progression of cardiac dysfunction and heart failure 
are multifactorial and can be influenced by genetic 
mutations. Mutations in nuclear-encoded genes 
involved in the oxidative respiratory chain may lead 
to cardiac dysfunction. In addition, targeted 
mutations that affect myocardial processes, including 
FAO, OXPHOS, mtDNA proofreading, and protection 
from mitochondrial ROS, can also lead to profound 
cardiac dysfunction [75]. Mounting evidence indicates 
that both the level and transfer capacity of ATP are 
markedly reduced in failing hearts [76]. Moreover, 
mitochondrial dysfunction has been demonstrated in 
human cardiomyopathy and animal heart failure [77, 
78]. These alterations may largely result from 
suppressed replication of the mitochondrial genome 
and the decreased expression of numerous nuclear 
genes encoding mitochondrial proteins [79, 80]. Thus, 
the coordinated downregulation of mitochondrial 
pathways may occur in failing hearts.  

Accumulating studies have suggested that the 
PGC-1α level is significantly decreased in various 
models of heart failure [81, 82]. Additionally, 
activation of PGC-1β gene has been shown to also be 
reduced in response to chronic pressure overload, but 
is also dependent on, and responsive to, the chemical 
form of exogenous and dietary long chain fatty acids 
[6]. Thus, can the decreased activity or expression of 
PGC-1 coactivators explain the above observations? 
Although it remains unclear whether the extent of 

changes in PGC-1 activity and expression is related to 
the development of heart failure, several studies have 
shown that PGC-1 knockout mice subjected to TAC 
exhibit cardiac dysfunction, which finally progresses 
to heart failure, suggesting that this might be the case 
[60]. Moreover, inhibition of PGC-1 expression by 
Cdk9 leads to a reduction in mitochondrial gene 
expression and eventually to heart failure [83]. 
Similarly, suppressing the PGC-1-PPAR and 
PGC-1-ERR signaling pathways exacerbates heart 
failure [84]. Therefore, these data strongly indicate 
that an association exists between heart failure and 
the decreased activity and expression of PGC-1 
coactivators.  

Several latest studies may fill the knowledge gap 
of the molecular mechanisms whereby PGC-1 levels 
fall in heart failure by presenting a previously 
unappreciated theory in the free fatty acid (FFA)- 
stressed heart (Fig. 2). There is an initial increase in 
the activity of PGC-1α-PPARα signaling under ROS 
as an adaptive reaction, contributing to a fuel shift 
towards FAO to generate more ATP [5]. Accumula-
ting offensive lipids further intensify ROS production 
through a mechanism called “ROS-induced ROS 
release” [85]. If metabolic stress continues, this vicious 
cycle impairs mitochondria, accompanied with 
decreased PGC-1α levels, and thereafter, cardiac 
myocytes perish and heart failure ensues [86]. 
Moreover, suppression of PGC-1α inhibits MnSOD 
generation, overwhelming the ROS detoxifying 
system yet again and ultimately resulting in 
progression to heart failure [87]. Liu and colleagues 
[86] have focused on the extracellular signal-regulated 
protein kinase 5 (ERK5) and claimed that ERK5 is an 
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intermediate signal that connects FFA-stimulated 
ROS signaling to the regulation of PGC-1α. When 
faced with a stress challenge, ERK5/MEF2 cascade is 
a prerequisite for upregulating PGC-1α in the heart. 
However, on account of unrelenting FFA stress, the 
breakdown of ERK5 results in PGC-1α downreg-
ulation, which confers detrimental effects on 
mitochondrial function. Therefore, these data strongly 
indicate that ERK5’s positive regulation of PGC-1α 
plays a protective role in cardiac mitochondrial 
function and explain how prolonged FFA-caused 
ERK5 disruption leads to inevitable progression to 
heart failure. 

Most studies have reported that there is a 
decrease in the expression of PGC-1s and their 
downstream targets in the pathophysiology of human 
heart diseases, however some have not. For instance, 
recent studies have suggested that ERRα is 
downregulated, whereas PGC-1α expression is 
increased in failing human heart [81]. The discrepancy 
in findings might be attributed to the complex 
post-translational regulation of PGC-1α activity, 
which may not correspond with expression levels. 
Furthermore, Karamanlidis and colleagues [80] have 
collected left ventricular tissue from end-stage heart 
failure patients and have found that the PGC-1α 
protein level was remarkably increased in the failing 
hearts. Among the downstream targets of PGC-1α, the 
expression of ERRα is markedly decreased, whereas 
that of PPARα is unchanged, in the failing hearts. 
D-loop formation in mtDNA is normal, but D-loop 
extension occurs, which significantly contributes to 
decreased mtDNA replication and severely impaired 
mitochondrial biogenesis and function, in human 
heart failure. In addition to the above reason, other 
strong possibilities to consider in understanding the 
differences are the severity of heart failure and lack of 
age-matched control group used in previous studies. 
It is also noteworthy that in many studies on human 
myocardium of patients with systolic heart failure, the 
activity of the respiratory chain and the number and 
structure of cardiac mitochondria is normal and not 
impaired [88, 89]. Altogether, the role of PGC-1s in 
human heart diseases is still controversial and this 
crucial question requires further investigation.  

Research progress regarding PGC-1 in 
cardiac diseases 

Of the many recent studies that target PGC-1 
signaling pathways, some promising findings suggest 
potential directions for future research and might be 
useful for therapeutic intervention in cardiac diseases. 
Neuropilin-1 (NRP-1), a multi-domain receptor with 
functional roles in cardiovascular, nervous, and 
immune system, has recently been demonstrated to 

specifically control PGC-1α and PPARγ expression in 
cardiomyocytes through crosstalk with the Notch1 
and Smad2 signaling pathways [90]. NRP-1 deletion 
in cardiomyocytes and vascular smooth muscle cells 
is accompanied by developed cardiomyopathy and 
deteriorated ischemia-induced heart failure. Profuse 
expression of PGC-1α is caused by NRP-1 deletion in 
these cells, eventually leading to dysregulation of 
cardiac mitochondrial accumulation and induction of 
cardiac hypertrophy-related markers. In addition to a 
negative regulator of PGC-1α, NRP-1 serves as a 
coreceptor for transforming growth factor-β (TGF-β) 
and activates the TGF-β-Smad2 pathway in fibroblasts 
and cardiomyocytes, which further downregulates 
PPARγ expression and its downstream effectors [90, 
91]. While PPARγ ligands counteract TGF-β-mediated 
fibrosis, whether the regulation of TGF-β-Smad2 axis 
by PGC-1 impairs extracellular matrix composition 
and determines cardiac fibrosis and dysfunction 
remains unclear. In brief, negatively regulating 
excessive expression PGC-1α and PPARγ is 
significant in maintaining normal cardiovascular 
health by balancing mitochondrial homeostasis.  

Li and colleagues [92] have identified miR-199 as 
a negative upstream regulator of PGC-1α. The specific 
disruption of miR-199 in the heart induces a mild 
increase in PGC-1α levels, consistent with a tempered 
upregulation of its downstream metabolic genes, 
contributing to physiological myocardial hypertrophy 
in response to physiological stimuli, such as exercise. 
In addition, PGC-1α deacetylation may participate 
into the enhancement of PGC-1α activity and further 
exert this cardioprotection [93]. Increasing evidence 
suggests that the positive effect of exercise training on 
cardiac diseases involve the induction of PGC-1α 
expression. The underlying mechanisms may involve 
1) the induction of endothelial nitric oxide synthase 
(eNOS) that regulates mitochondrial biogenesis via 
NO-PGC-1α-NRF1-TFAM signaling pathway [94]; 2) 
the suppression of forkhead box O1 (FoxO1) activity 
by increased PGC-1α expression [95-98]; and 3) 
improved myocardial SERCA2a performance that 
normalizes Ca2+ handling and promotes cardiomyo-
cyte contractility [23, 99]. Furthermore, the loss of 
PGC-1α in non-coronary artery disease (CAD) 
arterioles generates a CAD phenotype characterized 
by a switch from NO- to mitochondrial H2O2- 
mediated dilation, whereas the phenotype returns to 
NO-mediated dilation existing in healthy human 
vessels after PGC-1α restoration probably via 
caveolin-1 [100]. Altogether, these results suggest that 
moderately increased PGC-1α expression tend to be 
beneficial for the maintenance of cardiac homeostasis. 
The future focus will probably be on determining 
whether a proper increase in PGC-1α expression can 
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improve cardiac function under physiological or 
pathological conditions. 

PGC-1α has similar modular structures and 
partly overlapping functions. Variants of these 
proteins, such as PGC-1α-a (also named PGC-1α1), b, 
and c, NT-PGC-1α-a, b, and c, and PGC-1α2, 3, and 4, 
can form via alternative splicing [101]. Among these 
variants, PGC-1α1 has been demonstrated to regulate 
metabolic pathways in the heart. In addition to its 
well-known targets, PGC-1α1 can form coactivator 
complexes with variable binding partners and is likely 
to exert various cellular functions [94]. Therefore, 
some of the adverse effects of PGC-1α may be 
attributed to expression of diverse gene isoforms in 
the heart. Currently, it remains unclear if cardiac 
diseases involve specific PGC-1α isoforms, but they 
may shed light on the interaction between metabolic 
and contractile remodeling in cardiac diseases. 

Conclusions 
The PGC-1 family in cardiac metabolism and 

diseases is a rather large topic that has been studied 
for exactly two decades, with hundreds of papers 
published. However, how the PGC-1 signaling 
pathway interacts with other signaling has not been 
specifically proffered. Moreover, there is not enough 
discussion to reconcile the published differences in 
cardiac diseases. We recently summarized a review 
regarding PGC-1 signaling pathway and its mechan-
isms in cardiac metabolism. In this review, we 
elaborate upon the PGC-1 signaling network and its 
versatile roles in cardiac diseases, including 
myocardial hypertrophy, cardiomyopathy, and heart 
failure.  

To be specific, we 1) dissected two Ca2+- 
dependent signaling pathways that play distinct but 
overlapping roles in PGC-1α activation (Fig. 1); 2) 
described short- and long-term effects of Ca2+ signals, 
cytosolic Ca2+ clearance under physiological condi-
tion, and involved Ca2+-PGC-1α handing pathway; 3) 
probed the KLF4/PGC-1/ERR transcriptional 
regulatory module, how NCoR1 and PGC-1α interact 
with each other in a Yin-Yang fashion, and how 
mTOR drives mitochondrial function cooperating 
with PGC-1α; 4) introduced PGC-1 changes in the 
courses of physiological and pathological myocardial 
hypertrophy and that PGC-1 loss-of-function results 
in decompensated myocardial hypertrophy (Fig. 2); 5) 
proposed that PGC-1 gain-of-function can exert either 
protective or detrimental effect on the heart in a 
developmental stage-dependent manner and that 
there may be three possible mechanisms for the 
pathologic hypertrophy associated with PGC-1α 
overexpression; 6) showed that maintaining PGC-1α 
expression in the physiological range might not be 

sufficient to counteract pathological myocardial 
hypertrophy; 7) suggested that PCG-1α provides 
cardioprotection against PPCM through three 
mechanisms (Fig. 3); 8) illustrated how PGC-1α may 
participate into the progression of insulin resistance 
and DCM; 9) discussed existing major controversial 
results in heart failure; and 10) highlighted the 
research progress regarding this energetic regulator in 
various cardiac diseases. 

Despite its great strides over recent two decades, 
many unresolved questions remain. For instance, 1) to 
what extent is the activity and expression of PGC-1 
coactivators altered in human cardiac diseases? 2) 
How could the PGC-1 signaling be controlled in a 
manner that exerts powerful and highly regulatory 
effects without causing concurrent adverse side 
effects? 3) Do delivery strategies such as the use of an 
intermittent dosing regimen represent breakthroughs 
for therapeutically enhancing the activities of PGC-1s 
without causing apparent toxicity? 4) Does reactive-
ation of PGC-1s restore mitochondrial biogenesis and 
improve cardiac function? Such questions must be 
answered before the pharmacological modulation of 
this energetic regulator can be considered as a 
promising and valuable strategy for tackling cardiac 
diseases. Undoubtedly, with elucidation of the 
cellular and molecular mechanisms underlying 
cardiac diseases, we will gain a better understanding 
of the essential roles of this energetic regulator in 
human cardiac diseases and further elucidate the 
significant clinical implications. 
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