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Abstract
Mitochondrial dysfunction is increasingly recognized and studied as a mediator of heart dis-

ease. Extracellular flux analysis (XF) has emerged as a powerful tool to investigate cellular

bioenergetics in the context of cardiac health and disease, however its use and interpreta-

tion requires improved understanding of the normal metabolic differences in cardiomyo-

cytes (CM) at various stages of maturation. This study standardized XF analyses methods

(mitochondrial stress test, glycolytic stress test and palmitate oxidation test) and estab-

lished age related differences in bioenergetics profiles of healthy CMs at newborn (NB1),

weaning (3WK), adult (10WK) and aged (12–18MO) time points. Findings show that imma-

ture CMs demonstrate a more robust and sustained glycolytic capacity and a relative inabil-

ity to oxidize fatty acids when compared to older CMs. The study also highlights the need to

recognize the contribution of CO2 from the Krebs cycle as well as lactate from anaerobic gly-

colysis to the proton production rate before interpreting glycolytic capacity in CMs. Overall,

this study demonstrates that caution should be taken to assure that translatable develop-

mental time points are used to investigate mitochondrial dysfunction as a cause of cardiac

disease. Specifically, XF analysis of newborn CMs should be reserved to study fetal/neona-

tal disease and older CMs (�10 weeks) should be used to investigate adult disease patho-

genesis. Knowledge gained will aid in improved investigation of developmentally

programmed heart disease and stress the importance of discerning maturational differ-

ences in bioenergetics when developing mitochondrial targeted preventative and therapeu-

tic strategies for cardiac disease.

Introduction
Cardiovascular disease (CVD) is the leading cause of death in the United States claiming up to
1 in every 4 deaths [1]. Mitochondrial dysfunction is now recognized as one of the key media-
tors in the pathophysiology of cardiac disease [2] presenting increased opportunity to develop
innovative diagnostic, preventative and therapeutic strategies for CVD [3–6]. The ability to
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investigate and develop these applications using accurate, translatable animal or cell models is
key to ongoing progress in this field. Bioenergetics profiling through real-time extracellular
flux analysis (XF) has gained recognition as a powerful tool to understanding metabolic mecha-
nisms of disease [7]. However, using and interpreting XF analyses of cardiomyocytes (CM) in
the context of cardiac health and disease requires improved understanding of normal cellular
bioenergetics at various stages of maturation, particularly for the field of developmental pro-
gramming. Establishing normal bioenergetics profiles of healthy CMs at different developmen-
tal stages warrants thorough investigation and is the primary objective of this study.

The heart requires a constant supply of ATP in order to maintain continuous contractile
function. To meet this demand, the heart can utilize a wide variety of metabolic fuels depend-
ing on supply and demand [8]. Specifically, fuel preference switches at some point during nor-
mal development. The fetal heart relies predominantly on anaerobic glycolysis to meet ATP
demand [9]. This is likely due to a relatively hypoxic in utero environment [10] which does not
favor mitochondrial driven aerobic respiration. However, after birth the placenta is no longer
available to provide a continuous supply of nutrients and oxygen supply rapidly increases with
the shift from fetal to neonatal circulation. Mitochondrial oxidation, especially from fatty acids
(FA), is a primary source of energy in the normal, resting adult heart [8, 9, 11]. Validated XF
methods that account for maturational differences in cardiac glycolytic and respiratory capac-
ity over time are not well established [9]. For various reasons, cardiac metabolism is often inter-
rogated using XF technology on neonatal CMs [12–14] which may not reflect metabolic
characteristics of the aging heart [9]. In order to better understand the role of cellular bioener-
getics in the development of cardiac health and disease, this study used XF analyses to delineate
normal metabolic profiles of CMs at various maturational stages and standardized an approach
to compare metabolic differences over time. This knowledge is critical to advance research
focused on mitochondrial dysfunction in the heart, particularly when it relates to developmen-
tally programmed cardiovascular disease.

Materials and Methods

Animal Care
This study followed guidelines set forth by the Animal Welfare Act, The National Institutes of
Health Guide for the Care and Use of Laboratory Animals and was approved by the Institu-
tional Animal Care and Use Committee. Animals were housed in a temperature-controlled,
light-dark cycled facility with free access to water and chow. Male and female Sprague-Dawley
rats (Harlan Laboratories Inc., Indianapolis, IN) were fed a standard rat diet (Teklad Diet 2018,
Harlan Laboratories, Madison, WI) throughout the study.

Primary cardiomyocyte isolation
Primary neonatal CMs were isolated from 2–3 Sprague Dawley rat litter mates within the first
24 hours after birth (NB1). Animals were anesthetized with 5% isoflurane and cervical disloca-
tion was performed. Hearts were removed and immediately transferred to a Hank’s Balanced
Salt Solution (HBSS). The atria were removed and disposed. The ventricles were minced and
digested in a mixture of 0.1% Trypsin and 0.02% DNase (in 0.15M NaCl) while stirred in sterile
glass bottles for 5 min at 50rpm. Next, the cells were triturated gently (at approximately 1ml/
1sec) for 5 minutes. Supernatant was transferred to a 50ml tube containing bovine serum
through a cell strainer. The above was repeated until the hearts were completely digested. The
mixture of bovine serum and cells was centrifuged at 1600rpm at 22°C for 10 minutes (Eppen-
dorf Centrifuge 5810 R). Supernatant was removed and the pellet re-suspended in 1ml
DMEM-1 (supplemented with 10% bovine serum albumin and 1% Penicillin/Streptomycin)
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together with 0.0002% DNAse. Cells were plated to an uncoated 35mm dish and incubated for
1 hour in 5% CO2 at 37°C. Next, CMs were gently detached from the dish, re-suspended in the
DMEM-1, and counted leaving behind the rapidly attaching fibroblasts. CMs were plated at a
seeding density of 150,000 cells/well in 0.1% gelatin coated seahorse V7-PS microplates using
DMEM-2, which is essentially DMEM-1 supplemented with 100μM 5-bromo-2’-deoxyuridine
to inhibit proliferation of non-myocytes as previously reported [15]. Cardiomyocytes were
incubated overnight at 5% CO2 37°C.

To isolate CMs from older rats (beyond the NB1 time point) the following method was
used. Rats were anesthetized with isoflurane/O2 mix. The heart was harvested and immediately
placed in iced perfusion buffer (PB) consisting of 120.4mMNaCl, 14.7mM KCl, 0.6mM
KH2PO4, 0.6mMNa2HPO4, 1.2mMMgSO4-7H2O, 10mMNa-Hepes, 4.6mM NaHCO3,
30mM Taurine, and 5.5mM Glucose. While still beating, the heart was cannulated and per-
fused using the Langendoff apparatus with PB for 5 minutes followed by digestion with collage-
nase II (Worthington Biochem, Lakewood, NJ). Once digested, the heart was cut from the
cannula just below the atria and the ventricles teased into 10–12 small pieces. Ventricular sec-
tions were further separated and cells were transferred to stopping buffer (PB supplemented
with 12.5μMCaCl2 and 1% Bovine serum albumin) in a 15ml sterile tube. Cell number and
quality were checked under microscope before proceeding and then allowed to sediment by
gravity for 10 minutes at room temperature before calcium re-introduction. Cells were trans-
ferred to an uncoated 35mm dish and 0.25mM CaCl2 was added, swirled gently and left to sit
for 4 min. Calcium re-introduction was done using 0.25mM, 0.5mM, 0.5mM and 0.3mM
CaCl2 in order to produce calcium-tolerant CM for plating [16]. The cells were counted using a
TC20 automatic cell counter with trypan blue detection to determine cell viability and number
simultaneously. CMs were resuspended in culture media (MEM) and plated on laminin (18μg/
ml) coated seahorse V7-PS cell culture microplates and allowed to attach for at least 1 hour.

Extracellular Flux Analyses
Mitochondrial stress test, glycolytic stress test and palmitate oxidation assay were completed
on primary isolated CMs from each litter by real-time extracellular flux analyses using a Sea-
horse XF24 flux analyzer (Seahorse Bioscience, North Billerica, MA) as illustrated in Fig 1. Spe-
cifically, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured under the following specified conditions for each maturational time-point.

Mitochondrial stress test. OCR, an indicator of mitochondrial respiration was measured
using a Seahorse XF24 analyzer. Cells were washed with XF assay medium (Seahorse Biosci-
ences, 100965–000) supplemented with 10mMGlucose and 1mM Pyruvate and placed in a
37°C incubator without CO2 for an hour. An automated Seahorse XF24 protocol consisted of
11 min calibration/equilibration, followed by synchronized injection of drugs/reagents at opti-
mized concentrations in each of 3 ports (mix 3 minutes, wait 2 minutes, measure 3 minutes).
For the mitochondrial stress test, ports were loaded with:

1. Oligomycin (ATP synthase inhibitor) at 2μM

2. Carbonyl cyanide p-trifluoromethoxyphenyl-hydrazone or FCCP (oxidative phosphoryla-
tion uncoupler) at 0.3 μM for NB1 CMs and 0.6μM for older CMs

3. Mixture of 2μMRotenone (respiratory complex I inhibitor) and 4μMAntimycin A (respira-
tory complex III inhibitor)

Real time OCR was averaged and recorded three times during each conditional cycle. OCR
was determined under various conditions according to the Seahorse XF manual [17] as
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represented in Fig 1A. The respiratory control ratio (RCR) and coupling efficiency, two infor-
mative markers of mitochondrial function, were calculated as previously described by Brand
and Nicholls [18]. Because these calculations are ratios, they are insensitive to changes in seed-
ing densities and thus considered a good comparison of mitochondrial function with age. To
calculate these ratios, the OCR for non-mitochondrial respiration was discounted. Coupling
efficiency was then calculated by dividing the OCR for ATP synthesis by the OCR for basal res-
piration (Fig 1). The RCR was calculated by dividing the OCR for maximal respiration by the
OCR for proton leak as previously described [18].

Glycolytic stress test. ECAR, a surrogate for anaerobic glycolysis, was measured using a
Seahorse XF24 flux analyzer and primary isolated rat CMs from each maturational time point.
Cells were washed with XF base medium (Seahorse Biosciences, 102353–100) and placed in a
37°C incubator without CO2 to degas for one hour before running the assay as shown in Fig
1B. Injection ports were loaded with optimized concentrations of the following drugs:

1. Glucose - 10mM

2. Oligomycin - 2uM to stimulate anaerobic glycolysis for ATP production

3. 2-deoxyglucose - 100mM to inhibit glycolysis

To account for the contribution of cellular respiration to acidification (ECAR) the proton
pump rate (PPR) was determined as previously described by Mookerjee, et al. [19].

Palmitate oxidation test. Bovine Serum Albumin (BSA) conjugated palmitate was pre-
pared as previously described [20]. OCR and ECAR were simultaneously measured using Sea-
horse XF analyses of primary isolated rat CMs exposed to exogenous palmitate and Etomoxir
(a carnitine palmitoyl transport-1 inhibitor to stop FA supply to the mitochondria). Ports were
loaded with optimized concentrations as follows:

1. Palmitate-BSA conjugate—0.15mM

2. Etomoxir—40μM

3. Etomoxir—40μM

Two doses of Etomoxir were injected to ensure maximal inhibition of exogenous FAO was
obtained. PPR was calculated using methods described by Mookerjee, et al. [19] to determine
the contribution of respiration and anaerobic glycolysis in response to palmitate and Etomoxir.

XF Analysis Validation. Experimental replicates were normalized to cell count using the
same conditions for each developmental time-point. Optimization of seeding density was con-
ducted in compliance with the Seahorse XF24 manufacturer recommendations (24) through
multiple experiments to identify a cell count that provided basal OCR and ECAR readings suf-
ficiently above background, within tested linear response ranges and with full re-oxygenation
of the media attained between measurements. Validated seeding density was as follows for
each maturational time point: 150,000 cells/well for NB1 CMs, 17,000 cells/well for 3 and 10
week old CMs, and 10,000 cells/well for 12–18 month old CMs. Following plating, seeding was
verified by live cell imaging to demonstrate a uniform layer of CMs per well. Determining dif-
ferences in metabolic responses among CMs from various time-points was done after

Fig 1. XF Analyses of Isolated Cardiomyocytes. Examples of real-time trace oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) during extracellular flux analyses using (A) mitochondrial
stress test, (B) glycolytic stress test and (C) palmitate oxidation test. Data points represent mean of three
readings taken at each time-point. Drug injections are shown for each test and boxes visually depict
computed data.

doi:10.1371/journal.pone.0149002.g001
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normalization to basal ECAR and OCR. Additionally, coupling efficiency and cellular respira-
tory control ratio were calculated. These internally normalized measures of mitochondrial
function are not dependent on seeding density so serve as a good marker of mitochondrial
function comparison [18, 21]. Normalizing XF metabolic data to protein concentration would
be misleading because primary isolated cardiomyocytes require an extracellular matrix protein
(gelatin or laminin) for uniform plating. Normalizing to mitochondrial number does not
account for differences in mitochondrial biogenesis found at different maturational time-
points (highest in NB1 CMs and then declines with maturation) [22]. The selected seeding den-
sity for each maturational time-point resulted in a uniform layer of CMs per well as verified by
live cell imaging prior to each assay. Optimization of drug and fuel concentrations for the
selected cell seeding density and maturational age of CMs was performed to pinpoint the mini-
mum concentrations of inhibitors that provided the maximum inhibitory effect as well as the
minimum concentrations of activators that provided the maximum stimulation.

Statistical Analysis
Statistical analyses were performed using Graph-Pad Prism 5 software (GraphPad Software,
LaJolla, CA). Descriptive data are expressed as mean±SEM. Differences among different aged
CMs were interrogated using a one-way ANOVA. Once statistical differences were observed, a
Tukey’s post hoc test examined differences between individual groups of data where indicated.
Significance was set at p<0.05.

Results

Mitochondrial stress test
Mitochondrial respiration is efficient in all age groups. It was noted that basal OCR was

significantly different (p = 0.017) among CMs from different maturational groups and when
adjusted to cell count was lowest in the NB1 CMs (NB1 272±31pmol/min/well or 0.002pmol/
min/cell; 3WK 459±45pmol/min/well or 0.027pmol/min/cell; 10–12WK 261±53pmol/min/well
or 0.015pmol/min/cell; 12–18MNTH 342±52pmol/min/well or 0.034pmol/min/cell). Although
this may be due to age related differences, it may also be explained by variable ATP demand or
seeding density differences. Thus, metabolic response comparisons were deemed valid only
after adjusting OCR to the basal respiratory rate. In doing so, we found that the % change
above baseline OCR in primary isolated CMs from NB1, 3WK, 10–12WK and 12–18MNTH
time points was similar during the mitochondrial stress test (Fig 2A). The OCR response to oli-
gomycin (ATP synthase inhibitor) was higher in 3WK CMs compared to NB1 or 12–18MNTH
CMs (Fig 2B). This suggests that at the 3WK time point, more oxygen is being consumed for
non-ATP producing purposes (possibly driving proton leak). Neither respiratory control ratio
nor coupling efficiency was significantly different between ages (Fig 2C and 2D). RCR trended
lower at 3WKs (Fig 2C). The coupling efficiency, an indicator of the proportion of respiratory
activity used to make ATP, also trended lower in the 3WK (44%, p = 0.19) and 10WK (40%,
p = 0.13) CMs compared to NB1 (59%) and 12–18MNTH (56%) old CMs (Fig 2D).

Glycolytic stress test
Glycolytic capacity is greatest in the newborn heart. NB1 CMs demonstrate a more

robust and sustained glycolytic capacity than more mature CMs. As illustrated in Fig 3A and
3B, ECAR response to glucose (p = 0.003) and oligomycin (p<0.0001) were different among
CMs at various maturational ages. NB1 CMs have a higher glucose-stimulated ECAR and
maintain the same acidification rate with inhibition of mitochondrial oxidative
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Fig 2. Mitochondrial stress test of cardiomyocytes at various maturational ages. XF trace (A) and bar
graph (B) illustrates OCR changes (from baseline) in NB1, 3WK, 10WK, and 12–18MNTHCMs during
mitochondrial stress testing. For group comparisons OCR was normalized to baseline prior to addition of
Oligomycin, FCCP and Rotenone/Antimycin A where indicated. Respiratory control ratio (C) and coupling
efficiency (D) as calculated from traces are compared between groups. Data are expressed as means ± SEM
of 4–7 independent experiments. *p<0.05 by one-way ANOVA and Tukey’s post-test.

doi:10.1371/journal.pone.0149002.g002
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phosphorylation by oligomycin (364% to 361% ECAR). In contrast, 3WK (213% to 67%
ECAR), 10WK (178 to 106% ECAR) and 12–18MTH (236% to 107% ECAR) CMs demon-
strated a significant decrease in ECAR after oligomycin injection. This decline was most pro-
nounced in 3WK CMs with an ECAR drop to well below baseline. The significant drop in
ECAR following oligomycin injection (meant to stimulate anaerobic glycolysis) was not antici-
pated because oligomycin inhibits ATP synthase which typically causes cells to accelerate
anaerobic glycolysis (increasing ECAR) to maintain ATP production. This led us to examine
metabolic contributions of ECAR more closely.

Proton production rate (PPR) during glycolysis
Lactate production from anaerobic glycolysis is lower in mature cardiomyocytes.

ECAR can be affected by both lactate from anaerobic glycolysis and by CO2 production from
the Krebs cycle. The distinct contributions to the total PPR in response to glucose (Fig 4A)
and oligomycin (Fig 4B) were evaluated using equations described by Mookerjee, et al. [19].
As demonstrated in Fig 4, PPR in NB1 CMs is primarily due to lactate production from
anaerobic glycolysis rather than CO2 production from cellular respiration. From 3 weeks of
age and onward, nearly all PPR was from CO2 production and not lactate production. This
suggests that mature CMs have a limited ability to increase ATP production from anaerobic
glycolysis.

Palmitate oxidation test
Fatty acid oxidation capacity is limited in neonatal cardiomyocytes. Palmitate oxida-

tion, after normalization to baseline levels (100%), increased in response to exogenously
injected palmitate to 105%, 237%, 256% and 236% in NB1, 3WK, 10WK and 12–18MTH
respectively (Fig 5). NB1 CMs have a decreased ability to oxidize exogenous palmitate com-
pared to 3WK, 10 WK or 10–12MTH old CMs (p�0.01). There was no difference in palmitate
oxidation among CMs from the older time points (3WK, 10–12WK or 12–18MTH) on post-
hoc analyses.

Fig 3. Glycolysis stress test of cardiomyocytes at variousmaturational ages. Extra-cellular acidification rate (ECAR) traces (A) and bar graphs (B)
show the glycolytic response of NB1, 3WK, 10WK and 12–18MTH old cardiomyocytes in response to glucose and oligomycin injection where indicated. Data
shown are means ± SEM of 3–5 independent experiments. *p<0.05 by one way ANOVA and Tukey’s post-test.

doi:10.1371/journal.pone.0149002.g003
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Proton production rate (PPR) during palmitate oxidation
CO2 production is the primary contributor to ECAR in mature cardiomyocytes. Both

ECAR and OCR were measured simultaneously during the palmitate stress test so the contri-
bution of CO2 from the Krebs cycle to the PPR during FAO could be calculated [19]. As dem-
onstrated in Fig 6A, the PPR in response to palmitate is solely from the Krebs cycle/cellular
respiration. Interestingly, although NB1 CMs have a relative inability to oxidize palmitate, they
had an increase in non-glycolytic PPR in the presence of Etomoxir. Perhaps this was due to
oxidation of other endogenous fuels.

Discussion
Ageing and CVD are highly interconnected and increasing evidence suggests a metabolic path-
ogenesis [23]. In order to develop studies focused on prevention and therapeutics for metaboli-
cally-regulated cardiac health and disease, it is imperative to understand normal CM
metabolism at various ages using similar experimental conditions and methods used to investi-
gate disease. This study establishes investigative methods and normal cellular bioenergetics
profiles of healthy rat CMs at various developmental time points using XF analyses.

Neonatal CMs are very different from mature CMs in morphology (kite vs. rod shaped),
nucleation (single vs. bi-nucleated until postnatal day 5–8), ploidity (polyploidal until 7 days)

Fig 4. Proton production rate during glycolytic stress test. The positive or notionally negative
contribution of lactate from both anaerobic glycolysis (grey) and from CO2/respiration (white) to the sum
(black) proton production rate (PPR) are demonstrated for cardiomyocytes from each maturational time-point.
The PPR is demonstrated in response to glucose (A) and oligomycin (B). Data shown are means ± SEM of
3–5 independent experiments. *p<0.05 by one way ANOVA and Tukey’s post-test.

doi:10.1371/journal.pone.0149002.g004
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Fig 5. Palmitate oxidation test of cardiomyocytes at variousmaturational ages.OCR was measured in NB1, 3WK, 10WK, and 12–18MNTH CMs and
normalized to baseline rates to interrogate differences in response among the groups. OCR response to exogenous Palmitate-BSA and Etomoxir (carnitine
palmitoyl transport inhibitor) are illustrated in trace (A). Bar graphs illustrate group differences in OCR response from baseline conditions (B). Data are
expressed as means ± SEM of 3–4 independent experiments. *p<0.05 by one-way ANOVA and Tukey’s post-test.

doi:10.1371/journal.pone.0149002.g005
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Fig 6. Proton production rate during palmitate oxidation test. The positive or notionally negative contribution of lactate from both anaerobic glycolysis
(grey) and from CO2/respiration (white) to the sum (black) proton production rate (PPR) are demonstrated for cardiomyocytes from each maturational time-
point. The PPR is demonstrated in response to palmitate (A) and etomoxir (B). Data shown are means ± SEM of 3–5 independent experiments. *p<0.05 by
one way ANOVA and Tukey’s post-test.

doi:10.1371/journal.pone.0149002.g006
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and the ability to proliferate (markedly decreased by 3WK) [24]. Cardiac mitochondria are
very dynamic with continuous turnover and normal fluctuations at various stages of matura-
tion. Indeed, cardiac mitochondrial biogenesis markedly increases in the perinatal time period
followed by maturation and redistribution into tightly packed groups between developing sar-
comeres by 3WK of age [22]. So it only makes sense that fuel metabolism is also different at
these time points.

The fetal heart with its lower cardiac demand, limited oxygen supply and continuous fuel
source from maternal circulation is tailored for anaerobic metabolism [25]. In contrast, the
normal resting adult heart preferentially metabolizes fatty acids which consumes more oxygen
but yields more ATP per molecule [8, 25]. Using instrumented fetal lambs to measure myocar-
dial fuel consumption, Fisher et al. found that while in utero the developing heart consumes
more glucose, lactate and pyruvate than the adult heart [26]. Measuring metabolic enzyme
activity in fetal lamb hearts, Ohtsuka et al. found that lactate dehydrogenase and pyruvate
kinase (markers of glycolysis) were 3 to 4 fold higher than citrate synthase activity (marker of
oxidative phosphorylation) and that citrate synthase activity was significantly higher in adult
sheep hearts compared to the fetal lamb [27]. Isolated fetal pig hearts have a relative inability to
oxidize palmitate [28]. Using perfused isolated rabbit hearts, Lopashuk et al. found that in new-
borns 44% of steady-state ATP production was from glycolysis, 25% from lactate, 18% from
exogenous glucose and only 13% was from palmitate, but by 7 days of age glycolysis decreased
and palmitate oxidation increased significantly [29]. Our study reproduced these findings
using the increasingly popular method of real-time XF analyses and confirmed these age-
related metabolic differences at a cellular level in isolated cardiomyocytes.

XF analysis is a powerful tool because it allows real-time measurement of ECAR and OCR
using intact cells under stimulating and inhibiting conditions. Analysis by this method can pro-
vide metabolic data on a wide variety of cells including primarily isolated cells from small ani-
mal models (even NB1 rodents) without radioisotope labeling or laborious perfusion methods.
Other methods to measure cellular respiration include using Clark electrodes and isolated
mitochondria. Although this is an extremely useful tool, the method is time consuming and
has some additional limitations:

1. Isolated mitochondria lack other cellular structures including cytoplasmic fuels stores/lipid
droplets and membrane transport and signaling proteins that may play a role in cellular
metabolism

2. Metabolic interactions between glycolysis and oxidative phosphorylation cannot be tested at
the same time

3. Changes in cellular respiration due to altered mitochondrial content (biogenesis or mito-
phagy) could be lost

Recently, XF analysis has emerged as a highly utilized method to assess cellular glycolytic
and respiratory capacity in real time. Methods have been previously tested in isolated rodent
CMs [20] and use is increasingly popular. Our study defines normal cellular bioenergetics pro-
files at various stages of maturation and validates methods to allow investigation of age-appro-
priate metabolic differences using XF analyses of isolated CMs. This study was necessary to
advance studies of developmental programming of cardiac disease and to highlight the need
for careful study design and data interpretation so that appropriately aged CMs are used to
investigate metabolic pathogenesis of disease. For example, if cells have a preference for anaer-
obic metabolism to make ATP, they may be resistant to oxidative injury. This is highlighted by
Sansbury, et al. who found that adult CMs respond more quickly to oxidative stress than neo-
natal CMs [30]. Therefore, by appropriately identifying which component of cellular
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bioenergetics is responsible for the pathology, the experimenter can develop specific therapeu-
tic strategies aimed at treating CVD [5, 31, 32].

Our findings confirm that neonatal rat CMs have a very different metabolic profile than
adult CMs by real time XF analyses. Normal neonatal CMs demonstrate a glycolytic preference
as shown by a robust and sustained glycolytic capacity, an ECAR almost exclusively from lac-
tate production and a diminished ability to oxidize exogenous palmitate. On the other hand,
adult CMs demonstrate a greater preference for oxidative phosphorylation. At the 3WK time
point (weaning), primary isolated CMs respond to both glucose and palmitate; however using
CMs from this time point should be done with caution because they demonstrate a higher
OCR for non-ATP production and have a trend to lower respiratory control ratio (a marker of
mitochondrial function).

Additional findings in this study highlight the need for caution in interpreting the standard
glycolytic stress test. Recent advances in XF technology have demonstrated that the contribu-
tion of glycolysis and respiration to total PPR varies considerably between different cell types
[19]. In fact, although ECAR may increase with glucose provision this may be due to cellular
respiration, rather than lactate production from anaerobic glycolysis [19]. Conducting a post-
analysis assessment of both lactate and CO2 contribution to the PPR (total ECAR) provided a
great deal of insight into the metabolic profiles of CMs. In doing so, we found that respiration
was the sole contributor to PPR in adult CMs and that ECAR actually decreased (rather than
increased as expected) with oligomycin “stimulation” of glycolysis. These findings highlight the
importance of understanding specific cell type and age related bioenergetic profiles and that
making assumptions about glycolytic capacity without accounting for the contribution of respi-
ratory CO2 is fraught with misinterpretation.

Limitations
It is important to recognize that isolation of CMs from their in vivo environment may affect
their bioenergetics. Choices of culture media (including differences in fuels like glucose, pyru-
vate, amino acids) as well as incubation conditions (oxygen, CO2 and temperature) also need
to be carefully considered and controlled. Another limitation to using XF analyses as a sole
marker for cardiac metabolism is that it represents cellular metabolism but cannot readily
account for blood flow, fuel supply, metabolic needs of additional cells in the heart or cardiac
workload. Despite these significant differences, most studies are interested in CMmetabolism.
It should be recognized that the whole heart also contains non-myocytes (fibroblasts and endo-
thelial cells). When assessing CM bioenergetics, precautions should be taken to ensure a rela-
tive absence of these non-myocytes. Although we took additional steps to separate CMs from
other cardiac cells, the possibility of culture contamination should be recognized. Additional
limitations to our study include the inability to interpret basal metabolic rate due to differences
in seeding density between NB1 and older CMs and the inability to normalize to protein con-
centration due to the need for plating onto gelatin or laminin coated wells. CMs did not lay
down in a uniform manner without an extracellular matrix and when the cells coalesced the
ECAR and OCR measurements were not accurate. Over the course of three years we have repli-
cated XF analyses values within a fairly narrow range when using the described methods, seed-
ing density and drug concentrations for the outlined time points.

Conclusion
In conclusion, our study used XF analysis to directly compare differences in glycolytic capacity,
mitochondrial respiration and palmitate oxidation in primary isolated rat CMs at four develop-
mental time points. In doing so, we confirmed that significant developmental differences in
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fuel metabolism at birth and adulthood. Based upon these findings, we believe that caution
should be taken to assure that appropriate maturational time points are used to investigate
mitochondrial dysfunction as a cause of cardiac disease. Specifically, XF analyses of newborn
CMs should be reserved to study fetal/neonatal or developmentally programmed disease and
older CMs (�10 weeks) should be used to investigate adult cardiac disease pathogenesis.
Accounting for the contribution of cellular respiration and CO2 production to the total ECAR
is necessary in interpreting glycolytic capacity, especially in adult CMs. These findings high-
light the need for a heightened awareness of maturational time points when drawing conclu-
sions about cardiac disease related to mitochondrial dysfunction.

Acknowledgments
The authors would like to thank Andrew Cypher and Tim O’Connell for primary CM isolation
training and support; Dr. Peter Vitiello and Ben Forred for their significant help in XF methods
training; Eli Louwagie and the Sanford LARF staff for assistance with animal work. We would
also like to thank Drs. Jeffrey Segar and Andrew Norris who serve as mentors for MLB and for
review and suggestions on the manuscript.

Author Contributions
Conceived and designed the experiments: MLB. Performed the experiments: KSM TDL LJW
MLB. Analyzed the data: KSMMLB. Contributed reagents/materials/analysis tools: MLB.
Wrote the paper: KSMMLB TDL LJW. Performed preliminary experiments using cardiomyo-
cyte isolation and XF analyses to validate and optimize the conditions used at each matura-
tional time-point for the study: LJW. Formatted figures for publication: TDL.

References
1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Executive summary: heart

disease and stroke statistics—2014 update: a report from the American Heart Association. Circulation.
2014; 129(3):399–410. doi: 10.1161/01.cir.0000442015.53336.12 PMID: 24446411.

2. Marin-Garcia J, Goldenthal MJ. Mitochondrial centrality in heart failure. Heart failure reviews. 2008; 13
(2):137–50. doi: 10.1007/s10741-007-9079-1 PMID: 18185992.

3. Murphy MP, Smith RA. Drug delivery to mitochondria: the key to mitochondrial medicine. Advanced
drug delivery reviews. 2000; 41(2):235–50. PMID: 10699318.

4. Green K, Brand MD, Murphy MP. Prevention of mitochondrial oxidative damage as a therapeutic strat-
egy in diabetes. Diabetes. 2004; 53 Suppl 1:S110.

5. McQuaker SJ, Quinlan CL, Caldwell ST, Brand MD, Hartley RC. A prototypical small-molecule modula-
tor uncouples mitochondria in response to endogenous hydrogen peroxide production. Chembiochem:
a European journal of chemical biology. 2013; 14(8):993–1000. doi: 10.1002/cbic.201300115 PMID:
23640856; PubMed Central PMCID: PMC3743171.

6. Kenwood BM, Weaver JL, Bajwa A, Poon IK, Byrne FL, Murrow BA, et al. Identification of a novel mito-
chondrial uncoupler that does not depolarize the plasmamembrane. Molecular metabolism. 2014; 3
(2):114–23. doi: 10.1016/j.molmet.2013.11.005 PMID: 24634817; PubMed Central PMCID:
PMC3953706.

7. Chacko BK, Kramer PA, Ravi S, Benavides GA, Mitchell T, Dranka BP, et al. The Bioenergetic Health
Index: a new concept in mitochondrial translational research. Clinical science. 2014; 127(6):367–73.
doi: 10.1042/CS20140101 PMID: 24895057; PubMed Central PMCID: PMC4202728.

8. Lopaschuk GD, Ussher JR, Folmes CD, Jaswal JS, StanleyWC. Myocardial fatty acid metabolism in
health and disease. Physiological reviews. 2010; 90(1):207–58. doi: 10.1152/physrev.00015.2009
PMID: 20086077.

9. StanleyWC, Recchia FA, Lopaschuk GD. Myocardial substrate metabolism in the normal and failing
heart. Physiological reviews. 2005; 85(3):1093–129. doi: 10.1152/physrev.00006.2004 PMID:
15987803.

10. Martin DS, Khosravi M, Grocott MP, Mythen MG. Concepts in hypoxia reborn. Crit Care. 2010; 14
(4):315. doi: 10.1186/cc9078 PMID: 20727228; PubMed Central PMCID: PMC2945079.

Cardiomyocyte Metabolism Changes with Maturation

PLOS ONE | DOI:10.1371/journal.pone.0149002 February 12, 2016 14 / 16

http://dx.doi.org/10.1161/01.cir.0000442015.53336.12
http://www.ncbi.nlm.nih.gov/pubmed/24446411
http://dx.doi.org/10.1007/s10741-007-9079-1
http://www.ncbi.nlm.nih.gov/pubmed/18185992
http://www.ncbi.nlm.nih.gov/pubmed/10699318
http://dx.doi.org/10.1002/cbic.201300115
http://www.ncbi.nlm.nih.gov/pubmed/23640856
http://dx.doi.org/10.1016/j.molmet.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24634817
http://dx.doi.org/10.1042/CS20140101
http://www.ncbi.nlm.nih.gov/pubmed/24895057
http://dx.doi.org/10.1152/physrev.00015.2009
http://www.ncbi.nlm.nih.gov/pubmed/20086077
http://dx.doi.org/10.1152/physrev.00006.2004
http://www.ncbi.nlm.nih.gov/pubmed/15987803
http://dx.doi.org/10.1186/cc9078
http://www.ncbi.nlm.nih.gov/pubmed/20727228


11. Kodde IF, van der Stok J, Smolenski RT, de Jong JW. Metabolic and genetic regulation of cardiac
energy substrate preference. Comp Biochem Physiol A Mol Integr Physiol. 2007; 146(1):26–39. Epub
2006/11/04. doi: 10.1016/j.cbpa.2006.09.014 PMID: 17081788.

12. Hill BG, Dranka BP, Zou L, Chatham JC, Darley-Usmar VM. Importance of the bioenergetic reserve
capacity in response to cardiomyocyte stress induced by 4-hydroxynonenal. Biochem J. 2009; 424
(1):99–107. doi: 10.1042/BJ20090934 PMID: 19740075; PubMed Central PMCID: PMC2872628.

13. Tigchelaar W, Yu H, de Jong AM, van Gilst WH, van der Harst P, Westenbrink BD, et al. Loss of mito-
chondrial exo/endonuclease EXOG affects mitochondrial respiration and induces ROS-mediated cardi-
omyocyte hypertrophy. American journal of physiology. Cell physiology. 2015; 308(2):C155–63. doi:
10.1152/ajpcell.00227.2014 PMID: 25377088.

14. Yu H, Tigchelaar W, Koonen DP, Patel HH, de Boer RA, van Gilst WH, et al. AKIP1 expression modu-
lates mitochondrial function in rat neonatal cardiomyocytes. PloS one. 2013; 8(11):e80815. doi: 10.
1371/journal.pone.0080815 PMID: 24236204; PubMed Central PMCID: PMC3827472.

15. Liao XD, Wang XH, Jin HJ, Chen LY, Chen Q. Mechanical stretch induces mitochondria-dependent
apoptosis in neonatal rat cardiomyocytes and G2/M accumulation in cardiac fibroblasts. Cell research.
2004; 14(1):16–26. doi: 10.1038/sj.cr.7290198 PMID: 15040886.

16. Dow JW, Harding NG, Powell T. Isolated cardiac myocytes. I. Preparation of adult myocytes and their
homology with the intact tissue. Cardiovascular research. 1981; 15(9):483–514. 7032700. PMID:
7032700

17. Inc. SB. Seahorse BioScience XF Cell Mito Stress Test Kit User Manual XF24 Instructions2010; Part #:
101848–400; Rev C.

18. Brand MD, Nicholls DG. Assessing mitochondrial dysfunction in cells. The Biochemical journal. 2011;
435(2):297–312. doi: 10.1042/BJ20110162 PMID: 21726199; PubMed Central PMCID: PMC3076726.

19. Mookerjee SA, Goncalves RL, Gerencser AA, Nicholls DG, Brand MD. The contributions of respiration
and glycolysis to extracellular acid production. Biochimica et biophysica acta. 2015; 1847(2):171–81.
doi: 10.1016/j.bbabio.2014.10.005 PMID: 25449966.

20. Readnower RD, Brainard RE, Hill BG, Jones SP. Standardized bioenergetic profiling of adult mouse
cardiomyocytes. Physiological genomics. 2012; 44(24):1208–13. doi: 10.1152/physiolgenomics.
00129.2012 PMID: 23092951; PubMed Central PMCID: PMC3544486.

21. Nisr RB, Affourtit C. Insulin acutely improves mitochondrial function of rat and human skeletal muscle
by increasing coupling efficiency of oxidative phosphorylation. Biochim Biophys Acta. 2014; 1837
(2):270–6. doi: 10.1016/j.bbabio.2013.10.012 PMID: 24212054; PubMed Central PMCID:
PMC4331040.

22. Vega RB, Horton JL, Kelly DP. Maintaining ancient organelles: mitochondrial biogenesis and matura-
tion. Circulation research. 2015; 116(11):1820–34. Epub 2015/05/23. doi: 10.1161/circresaha.116.
305420 PMID: 25999422; PubMed Central PMCID: PMCPmc4443496.

23. Costantino S, Paneni F, Cosentino F. Ageing, metabolism and cardiovascular disease. The Journal of
physiology. 2015. Epub 2015/09/24. doi: 10.1113/jp270538 PMID: 26391109.

24. Walsh S, Ponten A, Fleischmann BK, Jovinge S. Cardiomyocyte cell cycle control and growth estima-
tion in vivo—an analysis based on cardiomyocyte nuclei. Cardiovascular research. 2010; 86(3):365–
73. Epub 2010/01/15. doi: 10.1093/cvr/cvq005 PMID: 20071355.

25. Lopaschuk GD, Jaswal JS. Energy metabolic phenotype of the cardiomyocyte during development, dif-
ferentiation, and postnatal maturation. Journal of cardiovascular pharmacology. 2010; 56(2):130–40.
doi: 10.1097/FJC.0b013e3181e74a14 PMID: 20505524.

26. Fisher DJ, Heymann MA, Rudolph AM. Myocardial oxygen and carbohydrate consumption in fetal
lambs in utero and in adult sheep. The American journal of physiology. 1980; 238(3):H399–405. PMID:
7369385.

27. Ohtsuka T, Gilbert RD. Cardiac enzyme activities in fetal and adult pregnant and nonpregnant sheep
exposed to high-altitude hypoxemia. Journal of applied physiology. 1995; 79(4):1286–9. PMID:
8567574.

28. Werner JC, Whitman V, Fripp RR, Schuler HG, Musselman J, Sham RL. Fatty acid and glucose utiliza-
tion in isolated, working fetal pig hearts. The American journal of physiology. 1983; 245(1):E19–23.
PMID: 6869527.

29. Lopaschuk GD, Spafford MA, Marsh DR. Glycolysis is predominant source of myocardial ATP produc-
tion immediately after birth. The American journal of physiology. 1991; 261(6 Pt 2):H1698–705. Epub
1991/12/01. PMID: 1750528.

30. Sansbury BE, Jones SP, Riggs DW, Darley-Usmar VM, Hill BG. Bioenergetic function in cardiovascular
cells: the importance of the reserve capacity and its biological regulation. Chemico-biological

Cardiomyocyte Metabolism Changes with Maturation

PLOS ONE | DOI:10.1371/journal.pone.0149002 February 12, 2016 15 / 16

http://dx.doi.org/10.1016/j.cbpa.2006.09.014
http://www.ncbi.nlm.nih.gov/pubmed/17081788
http://dx.doi.org/10.1042/BJ20090934
http://www.ncbi.nlm.nih.gov/pubmed/19740075
http://dx.doi.org/10.1152/ajpcell.00227.2014
http://www.ncbi.nlm.nih.gov/pubmed/25377088
http://dx.doi.org/10.1371/journal.pone.0080815
http://dx.doi.org/10.1371/journal.pone.0080815
http://www.ncbi.nlm.nih.gov/pubmed/24236204
http://dx.doi.org/10.1038/sj.cr.7290198
http://www.ncbi.nlm.nih.gov/pubmed/15040886
http://www.ncbi.nlm.nih.gov/pubmed/7032700
http://dx.doi.org/10.1042/BJ20110162
http://www.ncbi.nlm.nih.gov/pubmed/21726199
http://dx.doi.org/10.1016/j.bbabio.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25449966
http://dx.doi.org/10.1152/physiolgenomics.00129.2012
http://dx.doi.org/10.1152/physiolgenomics.00129.2012
http://www.ncbi.nlm.nih.gov/pubmed/23092951
http://dx.doi.org/10.1016/j.bbabio.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24212054
http://dx.doi.org/10.1161/circresaha.116.305420
http://dx.doi.org/10.1161/circresaha.116.305420
http://www.ncbi.nlm.nih.gov/pubmed/25999422
http://dx.doi.org/10.1113/jp270538
http://www.ncbi.nlm.nih.gov/pubmed/26391109
http://dx.doi.org/10.1093/cvr/cvq005
http://www.ncbi.nlm.nih.gov/pubmed/20071355
http://dx.doi.org/10.1097/FJC.0b013e3181e74a14
http://www.ncbi.nlm.nih.gov/pubmed/20505524
http://www.ncbi.nlm.nih.gov/pubmed/7369385
http://www.ncbi.nlm.nih.gov/pubmed/8567574
http://www.ncbi.nlm.nih.gov/pubmed/6869527
http://www.ncbi.nlm.nih.gov/pubmed/1750528


interactions. 2011; 191(1–3):288–95. doi: 10.1016/j.cbi.2010.12.002 PMID: 21147079; PubMed Cen-
tral PMCID: PMC3090710.

31. Divakaruni AS, Wiley SE, Rogers GW, Andreyev AY, Petrosyan S, Loviscach M, et al. Thiazolidine-
diones are acute, specific inhibitors of the mitochondrial pyruvate carrier. Proceedings of the National
Academy of Sciences of the United States of America. 2013; 110(14):5422–7. doi: 10.1073/pnas.
1303360110 PMID: 23513224; PubMed Central PMCID: PMC3619368.

32. Orr AL, Vargas L, Turk CN, Baaten JE, Matzen JT, Dardov VJ, et al. Suppressors of superoxide produc-
tion frommitochondrial complex III. Nature chemical biology. 2015; 11(11):834–6. doi: 10.1038/
nchembio.1910 PMID: 26368590; PubMed Central PMCID: PMC4618194.

Cardiomyocyte Metabolism Changes with Maturation

PLOS ONE | DOI:10.1371/journal.pone.0149002 February 12, 2016 16 / 16

http://dx.doi.org/10.1016/j.cbi.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21147079
http://dx.doi.org/10.1073/pnas.1303360110
http://dx.doi.org/10.1073/pnas.1303360110
http://www.ncbi.nlm.nih.gov/pubmed/23513224
http://dx.doi.org/10.1038/nchembio.1910
http://dx.doi.org/10.1038/nchembio.1910
http://www.ncbi.nlm.nih.gov/pubmed/26368590

