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Abstract: Estrogen-related Receptors (ERR) are members of the steroid hormone receptor superfamily of transcrip-
tion factors that regulate expression of genes required for energy metabolism including mitochondrial biogenesis, 
fatty acid oxidation and oxidative phosphorylation. While ERRα and EPPγ isoforms are known to share a wide array 
of target genes in the adult myocardium, the function of ERRβ has not been characterized in cardiomyocytes. The 
purpose of this study was to determine the role of ERRβ in regulating energy metabolism in adult cardiomyocytes 
in primary culture. Adult feline cardiomyocytes were electrically stimulated to contract in either hypoxia (0.5% O2) 
or normoxia (21% O2). As compared to baseline values measured in normoxia, ERRβ mRNA levels increased sig-
nificantly after 8 hours of hypoxia and remained elevated over 24 h. Conversely, ERRβ mRNA decreased to nor-
moxic levels after 4 hours of reoxygenation. Hypoxia increased expression of the α and β isoforms of Peroxisome 
Proliferator-Activated Receptor γ Coactivator-1 (PGC-1) mRNA by 6-fold and 3-fold, respectively. Knockdown of ERRβ 
expression via adenoviral-mediated delivery of ERRβ shRNA blocked hypoxia-induced increases in PGC-1β mRNA, 
but not PGC-1α mRNA. Loss of ERRβ had no effect on mtDNA content as measured after 24 h of hypoxia. To de-
termine whether loss of ERRβ affected mitochondrial function, oxygen consumption rates (OCR) were measured in 
contracting versus quiescent cardiomyocytes in normoxia. OCR was significantly lower in contracting cardiomyocytes 
expressing ERRβ shRNA than scrambled shRNA controls. Maximal OCR also was reduced by ERRβ knockdown. In 
conclusion: 1) hypoxia increases in ERRβ mRNA expression in contracting cardiomyocytes; 2) ERRβ is required for 
induction of the PGC-1β isoform in response to hypoxia; 3) ERRβ expression is required to sustain OCR in normoxic 
conditions.
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Introduction

Estrogen-related receptors (ERR) are unique 
members of the nuclear hormone receptor 
superfamily that do not require a ligand for acti-
vation [1]. The three known isoforms of ERR (α, 
β, γ) function by regulating transcription of a 
wide spectrum of target genes that are essen-
tial for glycolysis, β-oxidation of fatty acids, 
mitochondrial electron transport and oxidative 
phosphorylation [2, 3]. Instead of ligand bind-
ing, ERR isoforms are activated mainly through 
interactions with coactivator or corepressor 
proteins, in particular, the α and β isoforms of 

the peroxisome proliferator-activated receptor γ 
coactivator-1 (PGC-1). Thus, gene expression is 
controlled largely by fluctuations in PGC-1α and 
PGC-1β isoforms, both of which bind directly to 
ERRs and coactivate transcription via epigene-
tic mechanisms such as catalyzing histone 
acetylation in the regulatory elements of target 
genes [4]. PGC-1 isoforms increase in response 
to stimuli that create greater energy demands 
including exercise, cold exposure and hypoxia 
[5-8]. Conversely, decreases in PGC-1 activity 
have been implicated in the pathophysiology of 
adverse myocardial remodeling as demonstrat-
ed by down regulation of ERRα and numerous 
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ERRα target genes in experimental models of 
LV pressure overload hypertrophy and in end-
stage human heart failure [9, 10].

All three ERR isoforms are expressed constitu-
tively in adult myocardium [1]. ERRα expression 
increases perinatally in parallel with PGC-1α, 
which enables the developmental shift in myo-
cardial energy metabolism from glycolysis to 
the predominant postnatal pathway of fatty 
acid oxidation [11]. Further evidence indicates 
that ERRγ functions coordinately with ERRα in 
the myocardium to regulate transcription 
through formation of heterodimers and by bind-
ing to a common set of sequence motifs within 
regulatory elements of target genes [12, 13]. In 
contrast, the functions of the ERRβ isoform 
have been described mainly in tissues other 
than myocardium. For example, ERRβ is essen-
tial for proper development of the chorion dur-
ing placentation [14]. Consequently, homozy-
gous knockout of ERRβ alleles is embryonic 
lethal in mice. In sensory organs, ERRβ regu-
lates expression of genes encoding ion chan-
nels and transporters in specialized cells in the 
cochlea and expression of multiple target 
genes involved in energy metabolism in photo-
receptors of the retina [15, 16]. Another study 
indicates that ERRβ has a role in the physiologi-
cal response to stress, possibly through modu-
lation of neuropeptide secretion by the hypo-
thalamic-hypophyseal-adrenal axis [17]. Lastly, 
as shown in breast cancer cells, ERRβ sup-
presses proliferation and stimulates apoptosis 
by mechanisms that inhibit estrogen-depen-
dent signaling [18, 19].

Our recent studies found that ERRα is required 
to increase PGC-1 mRNA levels in adult cardio-
myocytes maintained in hypoxic conditions 
[20]. Here we investigated whether the ERRβ 
isoform plays a role in the adaptive response to 
sustained hypoxia and reoxygenation using an 
adult feline cardiomyocyte model of continuous 
electrically stimulated contraction in vitro. The 
utility of the electrical stimulation model is the 
generation of increased workload in the form of 
active tension development during contraction 
of adherent cardiomyocytes in primary cell cul-
ture [21]. Thus, energy demands required for 
excitation-contraction coupling are reestab-
lished. These studies demonstrate that ERRβ 
increases in contracting cardiomyocytes in 
hypoxic conditions. Furthermore, ERRβ may 
function as part of the adaptive response to 

sustained hypoxia by facilitating an increase in 
the PGC-1β isoform. Lastly, in normoxia, loss of 
ERRβ expression in contracting cardiomyocytes 
results in decreased oxygen consumption 
rates. 

Material and methods

Adult feline cardiomyocytes

The procedure conforms to the Guide for the 
Care and Use of Laboratory Animals, Eighth 
Edition and was approved by the Animal Care 
and Use Committee of the Medical University of 
South Carolina. Male or female cats were anes-
thetized with 10-20 mg/kg ketamine, im.; 0.1-
0.33 mg/kg acepromazine, im; 2.2 mg/kg 
meperidine, im., and placed on isoflurane anes-
thesia (1-3% in 100% oxygen at 1-1.5 L/min) 
delivered via nose cone. Prior to removal of the 
heart, a ketamine overdose of 20 mg/kg was 
administered iv., a left thoracotomy was per-
formed and euthanasia occurred by exsangui-
nation. Adult feline cardiomyocytes were iso-
lated from the left ventricular myocardium, 
plated onto 4-well, laminin-coated culture trays 
(Nunc International) at an initial density of 1.25 
x 104 cells/cm2, and maintained in serum-free 
media [21, 22].  

Cardiomyocytes were electrically stimulated to 
contract at a frequency of 1 Hz by delivering 5 
msec pulses of alternating polarity (120-130 V) 
through the culture medium via carbon elec-
trodes [22]. Non-stimulated feline cardiomyo-
cytes, which do not contract in vitro, were used 
as quiescent controls. Hypoxia was produced 
using compressed gas (5% CO2, balanced N2) 
and a Proox (BioSpherix, Ltd.) oxygen control 
system with an incubation chamber that was 
retrofitted for continuous electrical stimulation 
of cardiomyocyte contraction. Cardiomyocytes 
were maintained under either normoxic (21% 
O2) or hypoxic (0.5% O2) conditions. Hypoxia 
reduces pO2 in the culture medium from approx-
imately 120 mmHg to 60 mmHg after 60 min, 
and pO2 recovers to normoxic values within 30 
min of reoxygenation [20]. 

Quantitation of cardiomyocyte RNA

RNA was extracted using Trizol Reagent 
(Ambion) and treated with DNase I prior to 
quantitation of mRNA levels using a one-step 
reverse transcription-PCR kit (QuantiTect SYBR 



ERRβ expression in adult cardiomyocytes

48 Am J Cardiovasc Dis 2016;6(2):46-54

Green RT-PCR Kit, Qiagen Sciences) and a 
CFX96 Real-Time System C1000 Thermal 
Cycler (Bio-Rad). The amount of each specific 
mRNA was extrapolated from a standard curve 
using a dilution series derived from a reference 
sample of cardiomyocyte RNA. Relative levels 
of mRNA were calculated by normalizing to the 
corresponding amount of 18S rRNA in each 
sample. The primer sequences used for these 
studies are listed in Table 1.

Adenoviral-mediated knockdown of ERRβ 
expression

Human ERRβ shRNA sequence from Openbio- 
systems (Clone ID TRCN0000022205) was 
provided by Jian Feng, State University of New 
York, Buffalo, NY. The sequence was subcloned 
into DUAL-BASIC-EGFP plasmid and used for 
construction of recombinant adenovirus Ad- 
ERRβ shRNA (Vector Biolabs). Approximately 16 
h after plating, cardiomyocytes were infected 
with Ad-ERRβ shRNA at a multiplicity of infec-
tion of 500. The efficiency of infection was 
100% as monitored by visual inspection of the 
cardiomyocytes for eGFP expression using a 
fluorescence microscope. The cardiomyocytes 
were incubated for 48 h prior to initiation of 
electrical stimulation in either normoxia or 
hypoxia to allow for knockdown of endogenous 
ERRβ mRNA. Controls were infected in parallel 
with an adenovirus expressing a scrambled 
shRNA sequence (Ad-scrambshRNA, Vector 
Biolabs).

Measurement of oxygen consumption rates

Oxygen consumption rates (OCR) in cardiomyo-
cytes were measured using a Seahorse 
Bioscience XF24 analyzer with laminin-coated 
V28 cell culture microplates as described 
before [20]. The microplates were modified for 
electrical stimulation by inserting platinum 
electrodes in a subset of the wells. A measure-
ment cycle consisted of 1 min periods each of 
mix and incubation followed by a 2 min mea-
surement period. The first 3 measurement 
cycles were made in quiescent cardiomyocytes 
to obtain basal OCR, followed by 3 cycles in 
which the cardiomyocytes were electrically 
stimulated to contract. Maximal OCR was  
measured following injection of 20 μM carbonyl 
cyanide 4-(trifluoromethoxy) phenylhydrazone 
(FCCP) dissolved in cell media. OCR was calcu-
lated from the continuous slope of O2 decrease 
using a compartmentalization model that 
accounts for O2 partitioning between plastic, 
atmosphere, and cellular uptake [23]. For each 
experimental group, the OCR measurements 
were made in 6-8 individual wells and averaged 
over 3 cycles. Maximal OCR was measured in 
the first cycle after FCCP injection.

Quantification of mitochondrial DNA

DNA was extracted from cardiomyocytes using 
the DNeasy Blood and Tissue kit (Qiagen). Real-
time PCR measurements were performed using 
SsoAdvanced SYBR Green supermix (Bio-Rad). 

Table 1. Primer sets used for quantitative real-time RT-PCR
Target RNA Sequence Primer Set
Estrogen-related Receptor α (ERRα) F: 5’-GGCCCTTGCCAATTCAGA-3’

R: 5’-GGCCTCGTGCAGAGCTTCT-3’
Estrogen-related Receptor β (ERRβ) F: 5’-CATGAAATGCCTGAAAGTGG-3’

R: 5’-CACAGAGAGTGGTCAGGGCCT-3’
Peroxisome Proliferator-Activated Receptor γ Coactivator-1α (PGC-1α) F: 5’-CAAGCCAAACCAACAACTTTATCTCT-3’

R: 5’-CACACTTAAGGTGCGTTCAATAGTC-3’
Peroxisome Proliferator-Activated Receptor γ Coactivator-1β (PGC-1β) F: 5’-CATCTGGGAAAAGCAAGTACGA-3’

R: 5’-CCTCGAAGGTTAAGGCTGATATCA-3’
18S rRNA F: 5’-TATGGTTCCTTTGGTCGCTC-3’

R: 5’-GGTTGGTTTTGATCTGATAAATG-3’
NADH Dehydrogenase Subunit 1 (ND1) F: 5’-GCCATAATATGATTTATCTC-3’

R: 5’-AGAAAGTTTTTTCATAGGAG-3’
Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) F: 5’-AGGTCATCCCAGAGCTGAAC-3’

R: 5’-CCTGCTTCACCACCTTCTTG-3’
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The amount of mitochondrial DNA (mtDNA) was 
measured using primers for the mitochondrial 
gene NADH dehydrogenase 1 (MT-ND1) and 
normalized to the amount of genomic DNA in 
the same samples using primers for the nucle-
ar gene Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). The primer sequences are 
listed in Table 1.

Statistical analysis

Data were analyzed using SigmaStat 4.0 
(Systat Software, Inc, San Jose, CA). Differences 
between means in Figure 2 were determined by 
a Students T-test. In Figures 3 and 4, statistical 
comparisons between individual means were 
performed by ANOVA followed by the Fisher’s 
LSD test for comparisons between individual 
means. A p value <0.05 was considered to be a 
statistically significant difference.

Results

Previous studies in adult feline cardiomyocytes 
demonstrated that ERRα mRNA levels 
increased 3-fold after 24 h of hypoxia with no 
detectable changes in ERRγ mRNA [20]. 
Therefore, to determine whether expression of 
the ERRβ isoform is sensitive to changes in oxy-
gen availability, the effects of hypoxia (0.5% O2) 
on ERRβ mRNA levels were measured in con-
tracting cardiomyocytes as a function of time 

(Figure 1). Fold changes in 
ERRβ mRNA levels were cal-
culated relative to contracting 
cardiomyocytes in normoxia, 
thereby establishing a base-
line control for gene expres-
sion in each experimental iso-
lation of cardiomyocytes. 
ERRβ mRNA levels were 
increased after 8 h of hypoxia 
in all experiments and re- 
mained elevated over 24 h  
of hypoxia. When contract- 
ing cardiomyocytes were re- 
turned to normoxia, ERRβ 
mRNA levels decreased dur-
ing the initial 4 h period of 
reoxygenation. As a result, 
ERRβ mRNA levels were 
increased 2-fold or less over 
normoxic controls. Taken 
together, these data demon-

Figure 1. Scatter plot showing the effects of hypoxia and reoxygenation on 
ERRβ mRNA levels in contracting cardiomyocytes as a function of time. Fold 
changes in ERRβ mRNA levels were calculated relative to contracting cardio-
myocytes in normoxia as indicated by the dotted line. Also shown is the mean 
± SE of individual experiments at each time point.

strate an inverse relationship between oxygen 
availability and expression of the ERRβ isoform 
in adult cardiomyocytes. 

To specifically block expression of the ERRβ iso-
form, cardiomyocytes were infected prior to 
hypoxia with adenovirus expressing either 
ERRβ-shRNA or scrambled shRNA (Scr-shRNA) 
as a control. Cardiomyocytes were then electri-
cally stimulated to contract in hypoxia for 24 h 
and changes in mRNA levels were calculated by 
normalization to contracting cardiomyocytes in 
normoxia. ERRα mRNA levels increased after 
24 h of hypoxia in cardiomyocytes expressing 
Scr-shRNA (Figure 2A). Although the magnitude 
of the response varied, hypoxia increased ERRα 
mRNA levels in all experiments relative to base-
line normoxic controls. Consistent with the 
results obtained in non-infected cardiomyo-
cytes (Figure 1), ERRβ mRNA levels were 
increased in the Scr-shRNA group after 24 of 
hypoxia. Figure 2A further shows that expres-
sion of ERRβ-shRNA in contracting cardiomyo-
cytes had no effect on hypoxia-induced increas-
es in ERRα mRNA, while increases in ERRβ 
mRNA were blocked. These results confirm  
the specificity of ERRβ-shRNA for the ERRβ 
isoform.

Prior studies demonstrated that hypoxia-
induced increases in PGC-1 mRNA are depen-
dent on expression of the ERRα isoform [20]. 
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Therefore, the effects of ERRβ knockdown on 
expression of PGC-1 isoforms were examined in 
contracting cardiomyocytes after 24 of hypoxia 
(Figure 2B). In Scr-shRNA controls, PGC-1α and 
PGC-1β mRNA were increased by 6-fold and 

3-fold, respectively. ERRβ-shRNA had no effect 
on PGC-1α mRNA levels produced in response 

Figure 2. Effects of ERRβ knockdown on gene expression. Cardiomyocytes were infected with adenovirus expressing 
either ERRβ-shRNA or Scr-shRNA. After 48 h of incubation, cardiomyocytes were electrically stimulated to contract 
in hypoxia over 24 h. Contracting cardiomyocytes in normoxia were used as baseline controls. A. Fold changes in 
levels of ERR mRNA isoforms. Values are the mean ± SE, *p<.05, n=4 experiments. B. Fold changes in levels of 
PGC-1 mRNA isoforms. Values are the mean ± SE, *p<.05, n=5 experiments. 

Figure 3. Effects of ERRβ knockdown on mtDNA con-
tent. Cardiomyocytes were infected with adenovirus 
expressing either ERRβ-shRNA or Scr-shRNA. After a 
48 h incubation period, cardiomyocytes were electri-
cally stimulated to contract and DNA was extracted 
at the indicated hours of hypoxia/reoxygenation. 
Mitochondrial NADH dehydrogenase 1 (MT-ND1) 
was measured by real-time PCR and normalized to 
the nuclear gene GAPDH to correct for differences 
in genomic DNA. Values are the mean + SE, n=5 ex-
periments. There were no significant differences be-
tween cardiomyocytes expressing Scr-shRNA versus 
ERRβ-shRNA.

Figure 4. Effects of ERRβ knockdown on oxygen con-
sumption rate (OCR). Cardiomyocytes were infected 
with adenovirus expressing either ERRβ-shRNA or 
Scr-shRNA. OCR measurements were obtained af-
ter 48 h of incubation. Non-infected cardiomyocytes 
were maintained in wells without electrodes and re-
mained quiescent. Values are the mean + SE; n=5 
experiments. Statistical comparisons between in-
dividual means were performed by ANOVA followed 
by the Fisher’s LSD test for comparisons between 
individual means. Although not indicated in the fig-
ure, electrically stimulated contraction (Stimulator: 
ON) significantly increased OCRs in cardiomyocytes 
expressing either ERRβ-shRNA or Scr-shRNA as 
compared to their quiescent state (Stimulator: OFF); 
p<0.0001. 
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to hypoxia, however, it completely blocked the 
increase in PGC-1β mRNA levels.

Chronic hypoxia stimulates mitochondrial bio-
genesis in the adult myocardium in vivo, a pro-
cess which is controlled by increasing the activ-
ity of PGC-1 isoforms [24]. Therefore, we exam-
ined whether changes in ERRβ expression 
affected mitochondrial content in contracting 
cardiomyocytes maintained in hypoxia (Figure 
3). Cardiomyocytes were infected with adenovi-
rus expressing either ERRβ-shRNA or Scr-
shRNA and incubated for 48 h. Subsequently, 
the effects of hypoxia and hypoxia/reoxygen-
ation on mtDNA content were measured in con-
tracting cardiomyocytes. These data show that 
mtDNA did not change significantly over time in 
hypoxia and that loss of ERRβ expression did 
not affect mtDNA content as compared to Scr-
shRNA controls. After 4 h of reoxygenation, 
mtDNA decreased in cardiomyocytes express-
ing ERRβ-shRNA. Although not statistically sig-
nificant, this reduction in mtDNA could indicate 
some possible mitochondrial damage during 
reoxygenation. 

Mitochondria are the primary determinant of 
oxidative capacity in cardiac muscle [25]. To 
determine how expression of ERRβ contributes 
to mitochondrial function, the electrical stimu-
lation system was adapted to measure oxygen 
consumption rates (OCR). Cardiomyocytes were 
infected with adenovirus expressing either 
ERRβ-shRNA or Scr-shRNA and maintained for 
48 h prior to measuring the effects of electri-
cally stimulated contraction on OCR. Non-
infected, quiescent cardiomyocytes (no elec-
trodes) were included as a baseline control. As 
shown in Figure 4, there were no significant dif-
ferences in OCRs between the ERRβ-shRNA 
and Scr-shRNA groups of quiescent cardiomyo-
cytes (Stimulator: OFF). When the same groups 
of cardiomyocytes were electrically stimulated 
to contract (Stimulator: ON), OCRs increased 
significantly as compared to their correspond-
ing quiescent state. However, OCRs in contract-
ing cardiomyocytes expressing ERRβ-shRNA 
were significantly lower than Scr-shRNA shRNA 
controls. At the end of each experiment, maxi-
mal OCRs were measured by injection of the 
mitochondrial uncoupling agent FCCP. Maximal 
OCRs in cardiomyocytes expressing ERRβ-
shRNA were significantly lower than Scr-shRNA 
controls. These data indicate that ATP synthe-

sis was reduced by loss of ERRβ in contracting 
cardiomyocytes.

Discussion

It is well established that ERR isoforms function 
coordinately to regulate transcription of an 
extensive network of genes that are vital for 
maintaining oxidative capacity, particularly in 
tissues with high metabolic demands such as 
the myocardium [1]. During excitation-contrac-
tion coupling, myosin ATPase accounts for 
approximately two-thirds of myocardial energy 
expenditure with most of the remaining energy 
consumed by ATPases coupled to ion channels 
[26]. This increased demand for ATP is under-
scored by findings that OCR was approximately 
3-fold higher in cardiomyocytes that were elec-
trically stimulated to contract as compared to 
non-stimulated, quiescent cardiomyocytes 
[20]. Thus, continuous electrical stimulation 
serves as an ideal model for examining the role 
of ERR isoforms in maintaining energy metabo-
lism in contracting cardiomyocytes in vitro. 
These studies demonstrate that ERRβ is 
required for optimal mitochondrial function as 
measured by OCR in contracting cardiomyo-
cytes. Furthermore, while ERR isoforms coordi-
nately control mitochondrial gene expression, 
the reduction in OCR caused by ERRβ knock-
down suggests that ERRα and ERRγ can not 
fully compensate for loss of ERRβ in adult 
cardiomyocytes. 

A key finding of these studies is expression of 
the ERRβ isoform is required to increase PGC-
1β mRNA levels in response to hypoxia. PGC-1 
isoforms function as master regulators of gene 
networks involved in fatty acid oxidation, the 
electron transport chain and mitochondrial 
DNA synthesis [27]. The observed rise in PGC-
1β would be expected to stimulate mitochon-
drial biogenesis in cardiomyocytes as demon-
strated in response to cardiac-specific overex-
pression of PGC-1α [28]. However, mitochon-
drial content did not change significantly in 
contracting cardiomyocytes over 24 h of sus-
tained hypoxia. This duration time of hypoxia 
was likely too short to generate significant 
increases in mitochondria considering that 
chronic hypoxia for 7 days or longer was 
required to increase mitochondrial density in 
adult myocardium of rodents [29, 30]. It is also 
possible that mitochondrial number remained 
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stable because the increases in PGC-1 mRNA 
levels after 24 h of hypoxia did not produce cor-
responding changes in PGC-1 protein. This pos-
sibility is questionable because PGC-1α mRNA 
and ERRα mRNA are translated efficiently into 
protein as reflected by proportional increases 
in free and polyribosome-bound mRNA pools 
after 24 h of hypoxia in contracting cardiomyo-
cytes [20]. 

In previous studies, we showed that hypoxia-
induced increases in PGC-1α and PGC-1β 
mRNA levels were blocked in contracting car-
diomyocytes by treatment with XCT-790, a 
selective inverse agonist for ERRα [20]. The 
inhibitory effects of XCT-790 on expression of 
PGC-1 isoforms were caused by knockdown of 
ERRα levels. Here we show that increases in 
PGC-1β mRNA in response to hypoxia were also 
dependent on ERRβ. ERR isoforms are nuclear 
receptors that bind as a monomer to a half-site 
in an ERR response element (ERRE), but remain 
capable of forming either homodimers or het-
erodimers during DNA binding [31]. Dimerization 
of individual ERR isoforms modulates transcrip-
tional activity as measured using a consensus 
ERRE found in target genes [32]. For example, 
formation of a ERRα-ERRγ heterodimer inhibits 
transcriptional activity as compared to homodi-
mers consisting of either isoform. Our studies 
have shown that PGC-1 mRNA levels increase 
during the initial 24 h of hypoxia without signifi-
cant increases in the levels of ERRα or ERRγ 
mRNA [20]. Therefore, the rise in ERRβ levels in 
response to hypoxia could modulate transcrip-
tion of the PGC-1β gene through formation or 
stabilization of heterodimers with either the 
ERRα or ERRγ isoform. 

In addition to regulating synthesis of mitochon-
drial components, ERRβ could function via 
mechanisms that impact the activity of existent 
mitochondria in the cardiomyocyte. ERR iso-
forms have been shown to recruit PGC-1α to 
the promoter of the pyruvate dehydrogenase 
kinase 4 (PDK4) gene to enhance its transcrip-
tion [33]. PDK isoforms negatively regulate 
pyruvate dehydrogenase (PDH) activity, thereby 
decreasing conversion of pyruvate into acetyl-
CoA for utilization as an energy source. Another 
possible mechanism involves fatty acid binding 
protein (Fabp3) that is essential for uptake and 
oxidation of fatty acids in cardiac muscle cells 
[34, 35]. Hypoxia-induced expression of Fabp3 
mRNA is blocked by inhibition of ERRα in con-

tracting cardiomyocytes, which is consistent 
with the presence of an ERR response element 
(ERRE) in the promoter of the Fabp3 gene [13, 
20]. Lastly, the increase in ERRβ may function 
as part of an adaptive response to hypoxia, 
possibly by modifying the molecular properties 
of the ATP synthase complex in order to sustain 
efficient synthesis of ATP [36]. 

In general, ERR expression is greater in tissues 
with higher energy demands such as the myo-
cardium [37]. Despite overlapping functions of 
ERR isoforms, contracting cardiomyocytes dis-
play distinct differences in expression patterns 
during hypoxia. ERRα mRNA increased after 24 
h of hypoxia while ERRγ mRNA levels were 
unchanged [20]. The mechanisms responsible 
for differential expression of individual ERR iso-
forms have not been determined, but they 
appear to be linked to PGC-1. For example, 
PGC-1α can regulate expression of the ERRα 
isoform by a positive feedback loop [38]. The 
promoter region of the ERRα gene contains an 
ERRE that is activated through interactions of 
ERRα with PGC-1α [39]. Other studies have 
shown that ERRα expression is coupled to 
increased energy demands via AMP kinase 
(AMPK) [40]. It remains to be determined 
whether AMPK activation causes the rise in 
ERRβ mRNA during hypoxia, possibly by a 
mechanism involving a sustained increase in 
the AMP:ATP ratio in contracting cardiomyo-
cytes [41]. 

In summary, these studies demonstrate that 
sustained hypoxia increases ERRβ mRNA levels 
in adult cardiomyocytes undergoing electrically 
stimulated contraction. There is a correspond-
ing rise in PGC-1β mRNA that is dependent on 
expression of ERRβ. Loss of ERRβ does not 
affect mitochondrial content over 24 h of 
hypoxia in contracting cardiomyocytes, but 
OCR is reduced. Thus, ERRβ is involved in main-
taining maximal ATP generation in contracting 
cardiomyocytes. Despite functional overlap 
with other ERR isoforms, these findings  
indicate that ERRβ has distinct functions in 
regulating energy metabolism in the adult 
cardiomyocyte.
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