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Abstract Although it is widely accepted that human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) are readily available, robustly reproducible, and physiologically
appropriate human cells for clinical applications and research in the cardiovascular field,
hiPSC-CMs cultured in vitro retain an immature metabolic phenotype that limits their applica-
tion, and little is known about the underlying molecular mechanism controlling mitochondrial
metabolic maturation during human induced pluripotent stem cells (hiPSCs ) differentiation
into cardiomyocytes. In this study, we found that peroxisome proliferator-activated receptor
g coactivator-1a (PGC-1a) played an important role in inducing mitochondrial biogenesis and
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establishing oxidative phosphorylation (OXPHOS) during the cardiac differentiation of hiPSCs.
Knocking down PGC-1a by siRNA impaired mitochondrial respiration, while upregulating PGC-
1a by ZLN005 promoted mitochondrial biosynthesis and function by regulating the expression
of downstream genes involved in mitochondrial dynamics and oxidative metabolism in hiPSC-
CMs. Furthermore, we found that estrogen-related receptor a (ERRa) was required for the in-
duction of PGC-1a stimulatory effects in hiPSC-CMs. These findings provide key insights into the
molecular control of mitochondrial metabolism during cardiac differentiation and may be used
to generate more metabolically mature cardiomyocytes for application.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Despite advances in medical technology and treatment,
heart disease remains the leading cause of mortality
worldwide, partially because of the lack of appropriate
human cardiomyocyte sources for repairing injured hearts.1

With the rapid development and improvement of cardiac
differentiation2,3 and enrichment techniques,4 highly puri-
fied contracting cardiomyocytes can be obtained from
human induced pluripotent stem cell (hiPSCs), which can be
reprogrammed from many somatic cell sources, thus
avoiding many ethical issues and immune rejection;
therefore, hiPSCs play key roles in cardiac regeneration.5

Because cardiomyocytes can be derived from them,
hiPSCs hold tremendous potential for clinical application,
heart development, disease modelling, drug discovery and
toxicity screenings in the cardiovascular field.6

It has been established that the metabolic transition
from glycolysis to oxidative phosphorylation (OXPHOS) is
necessary for cellular differentiation.7 The successful
transition of PSCs to cardiomyocytes requires a switch from
glycolytic metabolism to mitochondrial OXPHOS to meet
the increasing demands for energy8,9; however, the spe-
cific molecular mechanisms of this process remain un-
known. Additionally, human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) in traditional culture
medium differ from adult cardiomyocytes in terms of
structure, electrophysiology, calcium handling, and meta-
bolism, with greater similarity to foetal car-
diomyocytes,10e12 which limits their application. To
address these limitations, various approaches have been
employed to facilitate hiPSC-CM maturity with varying
degrees of success.13 While most studies have focused on
characterizing cardiomyocyte morphological, electrical
and contractile phenotypes, mitochondrial metabolism
and regulatory mechanisms in the cardiac differentiation
of hiPSCs are incompletely understood. It is particularly
important to clarify the specific role and mechanism of
energy metabolism in regulating cell fate to further regu-
late the fate of cells through modifications to cell energy
metabolism.

Peroxisome proliferator-activated receptor g coac-
tivator-1a (PGC-1a) was originally identified as a coregulator
of PPARg in mitochondrial-rich brown adipocytes.14 PGC-1a
2

interacts with and potentiates the activity of a diverse set of
transcription factors and nuclear receptors, including nu-
clear respiratory factor 1 (NRF1) and ERRa, which collec-
tively control the expression of a large number of genes
involved in energy metabolism and mitochondrial biogen-
esis.15,16 For this reason, PGC-1a has been identified as a
master transcriptional regulator of cellular metabolism.17

During heart development, a major metabolic switch from
glycolytic to oxidative energy production occurs shortly after
birth.18 Several studies have demonstrated that PGC-1a is a
crucial regulator of oxidative metabolism in cardiac devel-
opment, especially because it is required for mitochondrial
biosynthesis during perinatal cardiac maturation.19e21

Furthermore, PGC-1a is also essential for normal cardiac
energyandmetabolic capacity, and loss of PGC-1a results in a
reduction in the expression of genes involved in OXPHOS and
a decrease in cardiac mitochondrial activity.22,23 However,
the roles and regulatory mechanisms of PGC-1a in regulating
metabolism during the cardiac differentiation of hiPSCs are
not completely understood. Given the central role of PGC-1a
in regulating energetic metabolism and mitochondrial
biogenesis, we hypothesize that PGC-1a plays an essential
role in regulating metabolic maturation during cardiac
differentiation.

In this study, we have confirmed that the enhancement
of mitochondrial respiratory function after hiPSCs differ-
entiated into hiPSC-CMs is positively correlated with the
protein expression of PGC-1a and its downstream proteins.
Knocking down PGC-1a by siRNA impairs mitochondrial
respiration, while the small-molecule compound ZLN005
promotes PGC-1a expression and the maturation of hiPSC-
CM mitochondrial metabolism. The possible mechanism of
PGC-1a regulation of mitochondrial metabolism involves
the regulated expression of proteins involved in mito-
chondrial dynamics and oxidative metabolism, especially
ERRa, which combines with PGC-1a to form a coactivation
complex to regulate the expression of downstream pro-
teins. This research has preliminarily indicated the
importance of PGC-1a in inducing oxidative metabolism
and mitochondrial biogenesis during cardiac differentia-
tion of hiPSCs and revealed its possible regulatory mech-
anisms. These findings lay the foundation for increasing
mitochondrial metabolic maturation and enhancing the
applications of hiPSC-CMs.
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Material and methods

Cell culture and cardiac differentiation

Undifferentiated hiPSCs (kindly provided by Cellapy, China)
were maintained on Matrigel (Corning, USA)-coated plates
in feeder-free culture conditions with fresh PGM1 PSC cul-
ture medium (Cellapy, China) and subcultured with ethyl-
enediaminetetraacetic acid (EDTA) (Cellapy, China) every
3e4 days. The schematic shown in Fig. 1A illustrates the
hiPSC culture, differentiation, and dissociation timeline.
Cardiac differentiation methods were adapted from previ-
ously published manuscripts.2,24 After 3 days the cells were
95%~100% confluent, referred to as day 0, and the medium
was replaced with RPMI 1640 medium (Sigma, USA) plus B27
supplement minus insulin (Thermo Fisher Scientific, USA).
For the first 48 h, 6 mM CHIR-99021 (Selleck, USA) was added
to the basal medium. Then, the medium was replaced with
basal medium for another 24 h. On days 3e5, 5 mM IWP2
(Selleck, USA), a WNT inhibitor, was added to the medium.
On day 7 of differentiation, the medium was changed to
RPMI 1640 plus B27 supplement with insulin (Thermo Fisher
Scientific, USA) and incubated for 4e5 days, at which time,
it was replaced with cardiac enrichment medium and
incubated for 3e4 days. The cardiac enrichment medium
used was glucose-free RPMI 1640 medium (Thermo Fisher
Scientific, USA) supplemented with 4 mM sodium L-lactate
(SigmaeAldrich, USA). After this enrichment phase, the
medium was switched to RPMI 1640 plus knockout serum
replacement (KSR) (Thermo Fisher Scientific, USA). Be-
tween days 20 and 25 of differentiation, spontaneously
beating cardiomyocytes were dissociated with TrypLE Ex-
press enzyme (Thermo Fisher Scientific, USA), centrifuged,
resuspended, and re-plated onto Matrigel-coated plates for
the appropriate experiments. All cultures were grown at
37 �C in 5% oxygen and 5% CO2 conditions.

Flow cytometry

HiPSCs and day 30-hiPSC-CMs were dissociated into single
cells, washed with sterile DPBS and pelleted at 200�g for
5 min. Following fixation in 4% paraformaldehyde, the cells
were washed twice with DPBS, pelleted and resuspended in
200 ml of DPBS. Fixed hiPSCs and hiPSC-CMs were incubated
with fluorescently labelled anti-OCT4 and anti-cTnT anti-
bodies (see Supplementary Table 1) for 1 h at room tem-
perature, respectively. The cells were then washed 3 times.
Analysis was performed on BD FACSCanto II cytometer, and
the results were analysed and plotted using FlowJo v10
software.

Immunofluorescence staining

HiPSCs and day 30-hiPSC-CMs were cultured on Matrigel-
coated coverslips. The cells were washed with DPBS and
fixed in 4% paraformaldehyde for 20 min. After 3 washes with
DPBS, the cells permeabilized with 0.5% Triton X-100 (Sig-
maeAldrich, USA) for 15 min, blocked with 10% goat serum,
and then incubated overnight with primary antibodies (anti-
OCT4, anti-SOX2, anti-SSEA4, anti-TRA-1-60, anti-cTnT, anti-
a-actinin, and anti-Cx43, see Supplementary Table 1) at
3

4 �C. After 3 washes with DPBS, secondary antibodies con-
jugated to Cy3 or Alexa Fluor� 488 were incubated for 1 h at
room temperature in the dark. After nuclei were stained
with DAPI for 10 min, and the cells were washed 3 times with
DPBS, micrographs were taken with a fluorescence micro-
scope (BX51; Olympus).

Transmission electron microscopy

HiPSCs and day 30-hiPSC-CMs were immediately fixed
with 4% glutaraldehyde solution for 2 h and then post-
fixed with 1% osmium tetroxide for 2 h at 4 �C. The fixed
cells were rinsed with distilled water, dehydrated with
an ethanol and methanol gradient, and embedded in
epoxy resin. Subsequently, the samples were sectioned
and contrast-stained for imaging. TEM images were ac-
quired at random locations throughout the samples. Mi-
crographs were taken with a transmission electron
microscope (TEM; H-7500).

Mitochondrial staining

For mitochondrial imaging, the MitoTracker� red CMXRos
(Thermo Fisher Scientific, USA) intracellular dye was used
following the manufacturer’s protocol. HiPSCs and day 30-
hiPSC-CMs were incubated with 25 nM MitoTracker red for
30 min. Then, the nuclei were stained with Hoechst for
10 min. After washing with DPBS, the cells were imaged
using light confocal microscopy (Nikon, Japan). The
average fluorescence intensity was analysed using NIS-
Elements Viewer software.

Transient transfection of siRNA

Cells were seeded onto 12-well plates and transfected with
siRNA according to the manufacturer’s instructions. Trans-
fection of siRNA into day 27-hiPSC-CMs was performed uti-
lizing RNAiMax reagent (Thermo Fisher Scientific, USA) at a
final concentration of 100 nM. Protein collection was con-
ducted 72 h after transfection. The siRNA sequences for
PGC-1a were 50-CUCGGAGCUUCUCAAAUAU tt-30 and 50-
AUAUUUGAGAAGCUCCGAG tt -3’.

Seahorse XF24 metabolic flux analysis

The oxygen consumption rate (OCR) was determined using
the Seahorse XF24 Extracellular Flux Analyzer (Agilent
Technologies, USA). Undifferentiated hiPSCs were plated
onto a Seahorse XF-24 cell culture plate 24 h before the
analysis. Cardiomyocytes at differentiation day 25 were
dissociated using TrypLE Express enzyme (Thermo Fisher
Scientific, USA) and subsequently plated onto a Matrigel
(1:50) precoated Seahorse XF-24 cell culture plate (Agilent
Technologies, USA) at a density of 2.5 � 105 cells/well.
After they resumed beating, the day 27-hiPSC-CMs were
treated with a negative control, siRNA, DMSO control,
ZLN005 or ZLN005 plus XCT790 for 3 days. Mitochondrial
function was analysed using a XF Cell Mito Stress kit (Agilent
Technologies, USA). One hour before the assay, the cells
were washed once with XF assay medium (unbuffered
DMEM þ 10 mM glucose þ 2 mM L-glutamine þ 1 mM sodium



Figure 1 Mitochondrial morphology changes after the differentiation of hiPSCs into cardiomyocytes. (A) Schematic depicting the
procedure for the generation of cardiomyocytes from hiPSCs via temporal modulation of Wnt/b-catenin signaling pathway, and
metabolic purification of hiPSC-CMs. (B) The morphology of single cardiomyocytes from hiPSCs after metabolic purification and
replating. (C) The efficiency of cardiac differentiation after metabolic purification was 98.6% measured by flow cytometry for cTnT
positive on day 30 cells. (D) Immunofluorescence staining showing day 30-hiPSC-CMs expressing typical specific cardiomyocyte
markers cTnT, a-actinin and Cx43. Nuclei are stained in blue with DAPI (blue). (EeF) Transmission electron microscopy (TEM) (E)
and MitoTracker red (F) were used to investigate the mitochondrial morphology changes during differentiation. Note that in hiPSCs,
mitochondria were round, contain poorly developed cristae networks, whereas in day 30-hiPSC-CMs, mitochondria were elongated,
and contain dense cristae networks. (G) The expression of mitochondrial fusion proteins (MFN1 and MFN2) increased while mito-
chondrial fission protein DRP1 decreased after hiPSCs differentiated into cardiomyocytes. Compared with hiPSCs group, *P < 0.05.
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pyruvate) and incubated in 500 mL base medium at 37 �C in
a non-CO2 incubator. Three mitochondrial inhib-
itorsdoligomycin (2.5 mM), carbonyl cyanide p-(tri-
fluoromethoxy) phenylhydrazone (FCCP, 2.5 mM) and
rotenone (0.5 mM) þ antimycin A (0.5 mM)dwere diluted in
base medium and sequentially added into each well during
the measurements. OCR (pmol/min) was measured ac-
cording to the manufacturer’s (Agilent Technologies) in-
structions. The results were normalized to 1 mg of protein
as determined by a BCA protein assay kit (Beyotime
Biotech, China).
4

Protein extraction and Western blot

The proteins were extracted from hiPSCs and day 30-hiPSC-
CMs using RIPA reagent (Beyotime Biotech, China). Protein
samples were mixed with 5 � buffer and boiled for 5 min
before being loaded onto a 10% SDS-PAGE gel. After elec-
trophoresis, the proteins were transferred to poly-
vinylidene fluoride (PVDF) membranes (Millipore, USA).
According to markers, the membranes were cut into pieces
and incubated in 5% non-fat milk in PBST for 1 h. The
membranes were incubated overnight with primary
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antibodies (see Supplementary Table 1) at 4 �C and then
washed with PBST 3 times for 10 min each time. The
membranes were incubated with the corresponding sec-
ondary antibody. Positive bands were detected by chemi-
luminescent reactions (Millipore, USA).

Quantitative real-time PCR

Total RNA preparations were obtained by using TRIzol re-
agent (TaKaRa, Japan) from hiPSCs and day 30-hiPSC-CMs,
as described elsewhere. One microgram of total RNA was
reverse transcribed to cDNA using the PrimeScript RT re-
agent kit (TaKaRa, Japan). Then, the resulting cDNA sam-
ples were amplified with gene-specific primers and a SYBR
Green dye kit (TaKaRa, Japan). The forward and reverse
primers for PCR are shown in supplemental table 2. GAPDH
served as an endogenous control. The relative amount of
mRNA to endogenous control was calculated using the
2�DDCT method.

Mitochondrial membrane potential assay

The mitochondrial membrane potential was measured using
a mitochondrial membrane potential assay kit (JC-1,
Beyotime Biotech, China) according to the manufacturer’s
instructions. HiPSCs and day 30-hiPSC-CMs were incubated
with a JC-1 working solution for 30 min. After washing with
DPBS, they were imaged using a light confocal microscope.
The average fluorescence intensity was analysed using NIS-
Elements Viewer software. The relative ratio between the
monomeric (Em Z 590 nm) and aggregate (Em Z 525 nm)
forms of JC-1 represents the change in the mitochondrial
membrane potential. A high ratio indicates a high mito-
chondrial membrane potential.

Co-immunoprecipitation (co-IP) assay

Coimmunoprecipitation was conducted using a co-IP assay
kit (Thermo Fisher Scientific, USA), and the total protein
concentrations of the cell lysates were measured by BCA
assay. An anti-PGC-1a antibody (see Supplementary Table
1) was used to pull down PGC-1a, and an anti-IgG anti-
body was used as a negative control. The protein collected
was analysed by Western blot analysis using an anti-ERRa
antibody (see Supplementary Table 1) to detect the co-
combination between PGC-1a and ERRa.

Treatment of hiPSC-CMs with small-molecule
compounds

Cardiomyocyte differentiation cultures were dissociated
using TrypLE Express and re-plated onto plates at an
appropriate density. HiPSC-CMs at differentiation day 27
were treated with the PGC-1a agonist ZLN005 (MCE) at
different concentrations (0, 4, 8, and 16 mmol/L) for 72 h,
and the optimal concentration was determined for the
subsequent experiments. To evaluate the role of ERRa in
PGC-1a-induced mitochondrial biogenesis, hiPSC-CMs were
treated at differentiation day 27 with the following com-
pounds for 3 days: (1) DMSO control, (2) ZLN005, and (3)
ZLN005 þ 10 mmol/L XCT790 (ERRa inhibitor, MCE);
5

Statistical analysis

Each experiment was repeated at least three times. All
data are expressed as the means � standard deviation (SD).
Statistical signifcance was evaluated using either unpaired
Student’s t test or one-way analysis of variance (ANOVA).
SPSS 17.0 software (SPSS Inc., Armonk, NY, USA) was used
for the statistical analysis. For all analyses, a value of
P < 0.05 was considered to be significant.

Results

Mitochondrial respiratory function increases after
the differentiation of hiPSCs into cardiomyocytes

Because partially differentiated hiPSCs diminish cardiac
differentiation efficiency, the hiPSCs that we employed
were maintained in an undifferentiated state. They
exhibited a uniform typical colony morphology (Fig. S1A)
and expressed the pluripotent markers OCT4, SOX2, SSEA4,
and TRA-1-60 (Fig. S1B). The pluripotent marker OCT4 was
expressed in more than 95% of the cells, as assessed by flow
cytometry (Fig. S1C). We used a modified monolayer car-
diac differentiation protocol (Fig. 1A) to induce the hiPSCs
to differentiate into cardiomyocytes. The spontaneous
beating of cardiomyocytes was first visible at approxi-
mately day 8 (Movie S1), and the hiPSC-CMs displayed
spontaneous rhythmic beating at approximately day 12
(Movie S2). After purification, the cardiomyocytes were
digested into single cells and re-plated onto new plates
(Fig. 1B). The flow analysis indicated that metabolic puri-
fication led to a purified population containing more than
95% cTnT-positive cells by day 30 (Fig. 1C). Immunofluo-
rescence analysis confirmed that, on day 30-hiPSC-CMs
were positively stained for the typical cardiomyocyte
structural protein cardiac troponin T (cTnT), a-actinin and
the cardiac-specific junction connexin 43 (Cx43) (Fig. 1D).
We also observed well developed sarcomeres in day 30-
hiPSC-CMs through transmission electron microscopy (TEM)
(Fig. S2). On day 30, the cardiomyocytes were collected for
functional analyses.

Supplementary video related to this article can be found
at https://doi.org/10.1016/j.gendis.2020.12.006

To observe changes in mitochondrial morphology during
the cardiac differentiation of hiPSCs, the morphology of the
mitochondria and expression of the proteins related to
mitochondrial morphology were observed for the undiffer-
entiated iPSCs and the derived cardiomyocytes. We used
transmission electron microscopy to examine the mito-
chondrial ultrastructure. As expected, we observed some
changes in the structure of mitochondria in the day 0-
hiPSCs and the day30-hiPSC-CMs. The day30-hiPSC-CMs
exhibited a few more mature elongated, large mitochon-
dria with denser intramitochondrial cristae and compacted
matrix that were observed in the day 0-hiPSCs, which had
mostly immature round-shaped mitochondria with sparse
cristae and an expanded matrix (Fig. 1E). Consistent with
evidence of pro-fusion events in the day 30-hiPSC-CMs,
images of the cellular distribution of the mitochondria
identified with MitoTracker red revealed disparate mito-
chondrial morphologies in the day 0-hiPSCs and day 30-
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hiPSC-CMs, with the former containing isolated mitochon-
dria with fragmented foci whereas the latter containing
rod-shaped mitochondria (Fig. 1F). These results were
consistent with previous findings showing substantial
structural changes of mitochondria during cardiac differ-
entiation.25,26 Mitochondrial morphology was associated
with the expression of proteins involved in mitochondrial
dynamics (fusion and fission). These changes in morphology
were accompanied by significantly higher protein expres-
sion of the mitochondrial fusion proteins MFN1 and MFN2
and lower protein expression of the mitochondrial fission
protein DRP1 in the cardiomyocytes than were observed in
the undifferentiated hiPSCs (Fig. 1G).

Cardiomyocyte metabolism is predominantly oxidative-
based metabolism, which differs from the glycolysis-based
metabolism evident in pluripotent stem cells.8 To compare
the metabolic status of hiPSCs and differentiated cells, we
measured the oxygen consumption rate (OCR) of the hiPSCs
and day 30-hiPSC-CMs with a XF24 Extracellular Flux
Analyzer, which indicated mitochondrial function. Fig. 2A
shows representative traces of both hiPSCs and day 30-
hiPSC-CMs. Basal respiration is usually controlled substan-
tially by ATP turnover, partly by substrate oxidation and
proton leak, and it was significantly increased in the hiPSC-
CMs, as well as maximal respiration (Fig. 2B). In addition,
day 30-hiPSC-CMs showed a trend for increased coupling to
ATP synthesis when treated with the ATP synthase inhibitor
oligomycin (Fig. 2B), indicating that hiPSC-CMs produce ATP
mainly through OXPHOS. Non-mitochondrial respiration is
mediated by various enzymes in the cell membrane and
cytoplasm, which control detoxification and oxidation, and
non-mitochondrial OCR also increased after the hiPSCs
differentiated into cardiomyocytes (Fig. 2B). Furthermore,
mitochondrial membrane potential (Djm), which is a key
indicator of the integrality of mitochondrial structure and
function, was measured by fluorescence probe JC-1 assay.
The results showed that Djm increased after cardiac dif-
ferentiation (Fig. 2C), and an increased Djm could enhance
the ATP generation capacity.

To observe whether the metabolic changes observed
after the hiPSCs differentiated into cardiomyocytes were
related to PGC-1a, we assessed the protein expression of
PGC-1a and its downstream oxidative metabolism-related
proteins in day 0-hiPSCs and day 30-hiPSC-CMs by Western
blot analysis. Western blot analysis revealed increased
expression of PGC-1a and its downstream metabolic
transcription factors NRF1 and ERRa in the hiPSC-derived
cultures compared with that of the hiPSCs. In addition, the
expression of carnitine palmitoyl transferase 1a and b
(CPT1a and CPT1b), which regulate the entry of medium-
and long-chain fatty acids into mitochondria, increased
significantly. Citrate synthetase (CS), which is the first
rate-limiting enzyme of the tricarboxylic acid (TCA) cycle,
and the important proteins cytochrome c oxidase subunit
Ⅳ and 5B (COXIV and COX5B) and cytochrome c (CytC) in
the electronic respiratory chain (ETC) were also
increased. Furthermore, the expression of the MPC1 pro-
tein, which mediates the transport of pyruvate into
mitochondria increased (Fig. 2D). These results suggested
that mitochondrial activity was positively correlated with
6

the expression of PGC-1a and its downstream targets,
which were involved in the TCA cycle, ETC, fatty acid
oxidation and pyruvate transport, indicating that these
mitochondrial functions might be induced by PGC-1a.
These observations prompted us to investigate the role of
PGC-1a in regulating the energy metabolism of cardiac
differentiation.
PGC-1a plays an important role in cardiomyocyte
mitochondrial respiratory function

To evaluate the functional role of PGC-1a in the mito-
chondrial oxidative metabolism of hiPSC-CMs, we used
siRNA to knock down PGC-1a expression. After transfection
with PGC-1a siRNA, the expression of PGC-1a was assessed
by western blot analysis. Protein level of PGC-1a was
significantly suppressed by PGC-1a siRNA compared with
that of NC siRNA (Fig. 3A). We then investigated the effect
of the knockdown of PGC-1a on mitochondrial respiration
function by the sequential addition of oligomycin, FCCP and
antimycin A. We observed that the suppression of PGC-1a
by siRNA added to the medium significantly decreased the
OCRs, which are linked to basal respiration, ATP produc-
tion, and non-mitochondrial respiration (Fig. 3B and C). The
decreased values of these major mitochondrial oxidation
parameters indicated a reduced mitochondrial oxidative
capacity. The fact that PGC-1a-depleted cells functionally
displayed impaired mitochondrial respiration, combined
with the previous results, suggested that the enhancement
of mitochondrial oxidative metabolism of the hiPSC-CMs
might be induced by the increased expression of PGC-1a.
Therefore, we further hypothesized that the upregulation
of PGC-1a would increase mitochondrial respiration and
promote the metabolic maturation of hiPSC-CMs.

To determine whether upregulation of PGC-1a promotes
energy metabolism and maturation of the hiPSC-CMs, we
employed the small-molecule compound ZLN005 to activate
the expression of PGC-1a in the hiPSC-CMs. First, we eval-
uated the effect of the different concentrations of ZLN005
by treating day 27-hiPSC-CMs with 0, 4, 8 and 16 mmol/L
ZLN005 for 3 days. The qRT-PCR and Western blot results
showed that the mRNA and protein expression of PGC-1a
was significantly increased after treatment with ZLN005,
and the optimal activation concentration of ZLN005 was
8 mmol/L (Fig. 3D and E), which we used in subsequent
experiments. After treating the hiPSC-CMs with 8 mmol/L
ZLN005, we observed an increase in their beating frequency
(Fig. 3F). We next investigated the modulation of oxidative
metabolism, and the measurement of the oxygen con-
sumption rate (OCR) in the hiPSC-CMs, as determined by
extracellular flux analysis, showed that the upregulation of
PGC-1a led to a robust and significant increase in multiple
aspects of respiration measured, including the basal respi-
ratory rate, maximum respiration rate and ATP-dependent
respiration rate (Fig. 3G and H), demonstrating that PGC-
1a strongly induced mitochondrial respiration. Consistent
with this augmented mitochondrial respiratory function,
the ZLN005-treated CMs had an overall higher DJm than
the control group (Fig. 3I).



Figure 2 Mitochondrial respiratory function increased after the differentiation of hiPSCs into cardiomyocytes. (A) Representa-
tive two OCR traces of day 0-hiPSCs and day 30-hiPSC-CMs respectively, in response to oligomycin, FCCP, and antimycin A. (B) OCR
parameters representing mitochondrial function in day 0-hiPSCs and day 30-hiPSC-CMs. (C) The cellular ATP content of day 0-hiPSCs
and day 30-hiPSC-CMs was measured using a bioluminescent assay system. (D) Mitochondrial membrane potential analysis was
measured using a fluorescence probe JC-1 assay system in day 0-hiPSCs and day 30-hiPSC-CMs. The ratio of red/green fluorescence
represented the level of Djm. (E) The expression of PGC-1a and its downstream metabolic-related proteins increased after hiPSCs
differentiate into cardiomyocytes. Protein bands were detected by Western blot analysis, and the proteins assessed were PGC-1a,
NRF1, ERRa, CPT1a, CPT1b, CS, COXⅣ, COX5B, CytC and MPC1. Compared with hiPSCs group *P < 0.05.
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The effects of upregulating PGC-1a on
mitochondrial morphology of the hiPSC-CMs

To examine the effect of ZLN005 onmitochondrialmorphology
in the hiPSC-CMs, the morphology of mitochondria and the
expression of genes related to mitochondrial morphology in
the control group and the ZLN005 group were compared. The
distribution and morphology of the mitochondria in the
ZLN005-treated group were different from those of the mito-
chondria in thecontrol group.Themitochondria in theZLN005-
treated group were scattered throughout the cytoplasm and
showed a widely interconnected filamentous network with
denser intramitochondrial cristae matrix than the mitochon-
dria in the control group, which were rod-shaped structures
located around the nucleus and had few reticular connections
(Fig. 4A and B). The mean fluorescence intensity of Mito-
Tracker redwas significantlyhigher in theZLN005-treatedcells
than it was in the DMSO-treated cells, indicating an increased
7

mitochondrial content in the hiPSC-CMs (Fig. 4C). We found
that these changes in mitochondrial morphology and content
were accompanied by a significantly higher mRNA expression
level of MFN1 and MFN2 and a lower mRNA expression level of
DRP1(Fig. 4D).TheWesternblot results confirmedthatZLN005
promoted the protein expression of MFN1 and MFN2 but
inhibited the protein expression of DRP1 compared with these
expression levels in the control group (Fig. 4E). These results
indicate that PGC-1a influences mitochondrial morphology by
regulating the expression of mitochondrial fusion and fission
genes.

The effects of upregulating PGC-1a on the
expression of downstream metabolism-related
targets

PGC-1a is a central regulator of metabolism and promotes
OXPHOS at the expense of glycolysis.27 To investigate the



Figure 3 PGC-1a plays an important role in cardiomyocyte mitochondrial respiratory function. (A)Western blot analysis detected
the expression of PGC1a in hiPSC-CMs treated with negative control siRNA (Si-NC) or PGC-1a siRNA (Si-PGC1a). (B) Representative
two OCR traces of hiPSC-CMs treated with negative control siRNA (Si-NC) or PGC-1a siRNA (Si-PGC1a) for 3 days, respectively, in
response to oligomycin, FCCP, and antimycin A. (C) OCR parameters representing mitochondrial function in PGC-1a siRNA-treated
hiPSC-CMs were significantly reduced. (DeE) RT-qPCR (D) and Western blot analysis (E) of PGC-1a expression in hiPSC-CMs treated
with ZLN005 at different concentrations (0, 4, 8, 16 mmol/L). 8 mmol/L ZLN005 could effectively upregulate the expression of PGC-
1a. (F) Upregulating PGC-1a by ZLN005 (8 mmol/L) increased beating frequency of hiPSC-CMs. (G) Representative traces for control
and 8 mmol/L ZLN005-treated hiPSC-CMs responding to oligomycin, FCCP, and rotenone and antimycin A. (H) OCR parameters
representing mitochondrial function in 8 mmol/L ZLN005-treated hiPSC-CMs were significantly increased. (I) Mitochondrial mem-
brane potential analysis was measured using a fluorescence probe JC-1 assay system in day 0-hiPSCs and day 30-hiPSC-CMs. The
ratio of red/green fluorescence represented the level of Djm. Compared with control group, *P < 0.05, **P < 0.01; ns, no sig-
nificant difference.
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effects of PGC-1a on the expression of downstream
metabolism-related targets, we analysed the expression of
a series of metabolism-related genes involved in glycolysis
(HIF-1a, LDHA, and LDHB), metabolic transcription factors
8

(ERRa and NRF1), fatty acid oxidation (CPT1a and CPT1b),
TCA cycle (CS), ETC (COX5B) and mitochondrial pyruvate
transport (MPC1) in the hiPSC-CMs by treatment with
ZLN005. On the one hand, the mRNA expression of HIF-1a,



Figure 4 The effect of up-regulation of PGC-1a by ZLN005 on mitochondrial membrane potential and mitochondrial morphology.
(AeC) Transmission electron microscopy (TEM) (A) and MitoTracker red (B) were used to investigate the mitochondrial morphology
changes in DMSO-treated or ZLN005-treated hiPSC-CMs. (C) Mean fluorescence intensity of MitoTracker red in DMSO-treated or
ZLN005-treated hiPSC-CMs. (D) RT-qPCR detected the effect of upregulating PGC-1a by ZLN005 on mRNA expression levels of MFN1,
MFN2 and DRP1. (E) Western blot analysis detected the effect of upregulating PGC-1a by ZLN005 on protein expression levels of
MFN1, MFN2 and DRP1. Compared with control group, *P < 0.05, **P < 0.01.
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LDHA and LDHB was significantly decreased (Fig. 5A), indi-
cating that the upregulation of PGC-1a could inhibit
glycolysis. On the other hand, the upregulation of PGC-1a
induced the expression of ERRa and NRF1, which regulate
genes related to functions involving fatty acid metabolism
and OXPHOS. Consistent with these results, multiple fatty
acid b-oxidation and OXPHOS genes, including CPT1a,
9

CPT1b, CS, COX5B and MPC1, were also significantly
induced by PGC-1a (Fig. 5B), and the Western blot analysis
results confirmed the stimulatory effects (Fig. 5C), sug-
gesting that PGC-1a may induce the oxidative metabolism
in hiPSC-CMs, a supposition paralleling our observations of
hiPSCs differentiating into cardiomyocytes (Fig. 2). Addi-
tionally, among the genes we measured, PGC-1a had a



Figure 5 The effects of upregulating PGC-1a on the expression of downstream metabolism-related targets. (AeB) RT-qPCR
detected the effect of upregulating PGC-1a by ZLN005 on mRNA expression levels of glycolysis-related genes (A) and oxidative
metabolism-related genes (B). (C) Western blot analysis detected the effect of upregulating PGC-1a by ZLN005 on the expression
levels of oxidative metabolism-related proteins. The proteins assessed were NRF1, ERRa, CPT1a, CPT1b, CS, COXⅣ, COX5B, CytC
and MPC1. Compared with control group, *P < 0.05.
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robust stimulatory effect on ERRa mRNA and protein levels,
suggesting that ERRa might play an important role in the
oxidative metabolism induced by PGC-1a.
PGC-1a regulates energy metabolism by interacting
with ERRa and regulating its expression

ERRa has been shown to promote mitochondrial biogenesis
by promoting the transcription of genes involved in OXPHOS
and other metabolic pathways.28 Among the metabolism-
related proteins we detected, ERRa increased most obvi-
ously after PGC-1a was upregulated (Fig. 5B and C). We also
found that PGC-1a knockdown by PGC-1a siRNA inhibited
the mRNA and protein expression levels of ERRa (Fig. 6A
and B). Taken together, these results have demonstrated a
role for ERRa as an important effector of PGC-1a, and the
expression and activity of ERRa are regulated by PGC-1a in
the hiPSC-CMs, which is consistent with findings from pre-
vious research.29 In addition to inducing the expression of
ERRa, PGC-1a interacts physically with ERRa, enabling it to
activate transcription.30,31 To validate the presence of
10
PGC-1a-ERRa complexes in the hiPSC-CMs, we confirmed
the endogenous interaction between these two proteins
using immunoprecipitation analysis. An interaction was
observed between PGC-1a and ERRa in the hiPSC-CMs
(Fig. 6C).

Because of the tight physical interaction between these
two proteins, in combination with our data indicating that
higher PGC-1a expression is associated with increased
mitochondrial biosynthesis and function, we hypothesized
that ERRa played an important role in PGC-1a stimulatory
effects. To determine whether the stimulatory effects of
PGC-1a on mitochondrial respiratory function were medi-
ated through ERRa, we suppressed ERRa expression via
XCT790 treatment in ZLN005-treated cells and measured
the mitochondrial respiratory function and mitochondrial
proteins with a Seahorse XF analyser and Western blot
analysis, respectively. As shown in Fig. 7A, XCT790 signifi-
cantly inhibited the expression of ERRa but had no effect on
the expression of PGC-1a. Compared with those of the
ZLN005 group, the OCRs of basal respiration, maximum
respiration, ATP-associated respiration and non-
mitochondrial respiration of the ZLN005 þ XCT790 group



Figure 6 ERRa is associated with PGC1a in hiPSC-CMs. (AeB) PGC-1a depletion by siRNA inhibited the expression of ERRa
detected by qPCR (A) and Western blot analysis (B). Compared with negative control siRNA (Si-NC)group, **P < 0.01. (C) Co-IP
experiments confirmed that PGC-1a interacts with ERRa in hiPSC-CMs. Immunoprecipition of PGC-1a was followed by immuno-
blotting using the indicated antibodies.
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were significantly reduced, and there was no difference
compared with the levels in the control group (Fig. 7B and
C), indicating that depletion of ERRa completely abrogated
the PGC-1a-induced enhancement of mitochondrial respi-
ration. Consistent with these results, depletion of ERRa also
significantly abolished PGC-1a-induced elevation of mito-
chondrial protein expression, including factors of mito-
chondrial fusion (MFN1 and MFN2) and components of the
TCA cycle (CS), and ETC (COXⅣ, COX5B and CYTC)
(Fig. 7D). Taken together, these data indicated that the
expression of ERRa was critical for the PGC-1a-mediated
stimulation of mitochondrial oxidative metabolism in the
hiPSC-CMs.
Discussion

Despite encouraging achievements in the efficiency and
application of cardiac differentiation of hiPSCs, hiPSC-CMs
exhibit an immature phenotype and structurally and func-
tionally resemble foetal cardiomyocytes.10e12 Numerous
studies have been developed to promote cardiac
11
maturation using genetic, chemical, and biomechanical
approaches, which led to substantial improvements in
hiPSC-CM maturity,13 such as long-term culture,32 three-
dimensional (3D) tissue engineering,33 and electric stimu-
lation34; however, few studies have been dedicated to a
thorough investigation of the underlying molecular mech-
anism. In this study, we focus on oxidative metabolism as a
critical rubric for determine the maturation state of hiPSC-
CMs and have explored the molecular mechanism of
metabolic maturation.

Mitochondrial and metabolic remodelling is a central
characteristic of differentiation. The morphology of mito-
chondria changes during cell fate conversion. Undifferen-
tiated PSCs contain immature mitochondria with poorly
developed cristae that are located primarily in the peri-
nuclear regions of the cytoplasm and a poorly developed
mitochondrial network. As PSCs differentiate into car-
diomyocytes, the granular mitochondria become more
tubular and form net-like reticular networks containing
elongated cristae throughout the cytoplasm.26 In our study,
we have also observed similar morphological changes dur-
ing the cardiac differentiation of hiPSCs. It has been



Figure 7 ERRa is required for PGC-1a-mediated mitochondrial OXPHOS and mitochondrial biogenesis. (A) Western blot analysis
detected the protein expression of PGC-1a and ERRa in hiPSC-CMs after ZLN005/XCT790 treatment. (B) OCR profiles of hPSC-CMs
either pretreated with DMSO (control), ZLN005 or ZLN005þXCT790 in response to oligomycin, FCCP, and rotenone and antimycin
using the Seahorse flux analyser. (C) OCR parameters representing mitochondrial function in DMSO (control), ZLN005 or
ZLN005þXCT790 group. (D)Western blot analysis detected the protein expression in control, ZLN005 or ZLN005þXCT790 group, and
the proteins assessed were MFN1,MFN2,CS,COXⅣ,COX5B, and CytC. Compared with control group, *P < 0.05; Compared with
ZLN005 group, #P < 0.05.
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demonstrated that mitochondrial morphology is critical for
cardiomyocyte development and maturation, which is
directly regulated by mitochondrial dynamics (fusion and
fission).19,35 In this regard, in vivo and in vitro experiments
demonstrated that ablation of the mitochondrial fusion
12
proteins MFN1 and MFN2 in the embryonic mouse heart or
gene trapping of MFN2 or optic atrophy 1 (OPA1) in mouse
embryonic stem cells arrested mouse heart development
and impaired the differentiation of embryonic stem cells
into cardiomyocytes.25 Additionally, a previous study
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demonstrated that shifting the balance of mitochondrial
morphology towards fusion by inhibiting DRP1 promoted the
cardiac mesodermal differentiation of hiPSCs, which
included a metabolic shift from glycolysis towards oxidative
phosphorylation.26 These findings highlight the important
role of mitochondrial dynamics in stem cell fate determi-
nation. Consistent with mitochondrial morphological
changes, the cells underwent significant metabolic alter-
ations, including enhanced mitochondrial respiration and
increased mitochondrial membrane potential, resulting in a
great difference in total ATP output. These results were
consistent with previous studies demonstrating that hiPSCs
produce ATP and maintain pluripotency mainly through
anaerobic glycolysis, not mitochondrial OXPHOS as exhibi-
ted in differentiated cells.36,37

PGC-1a has been identified as a master transcriptional
regulator of cellular metabolism, and its expression is
crucial for oxidative metabolism in cardiac devel-
opment.17,19e21 Metabolic processes such as the TCA
cycle, OXPHOS and b-oxidation of fatty acids are under-
taken in mitochondria and are inseparable from the
contribution of mitochondrial proteins. The transfer of
electrons along the ETC is coupled to the transport of
protons across the inner mitochondrial membrane, which
establishes the electrochemical gradient, also called the
mitochondrial transmembrane potential, and drives ATP
synthesis with the contribution of proteins in the ETC such
as COXⅣ, COX5B and CytC. The TCA cycle begins with the
entry of acetyl-CoA, which is generated by the oxidation
of energy substrates, mainly fatty acids and glucose-
pyruvate, in normal adult hearts.38 Activated fatty acids
fatty acids, FA-CoAs, are converted to FA carnitines and
transported into mitochondria by carnitine palmitoyl
transferase 1 (CPT1, with three isoforms CPT1a, b and C),
which is the rate-controlling step in the mitochondrial
oxidation of long-chain fatty acids.39 Fatty acids are then
repeatedly cleaved to produce NADH, FADH and acetyl-
CoAs though mitochondrial b-oxidation, and these
cleaved products are coupled to the TCA cycle and ETC to
produce ATP.40 Furthermore, pyruvate produced from
glucose by glycolysis is transported into mitochondria by
the mitochondrial pyruvate carrier (MPC)41 and forms
acetyl-CoA. The MPC is composed of MPC1 and MPC2, and
it has been confirmed that MPC1 is essential for PGC-1a-
induced mitochondrial respiration and biogenesis in renal
cell carcinoma.42 Acetyl-CoA enters the TCA cycle and is
catalysed by CS, which is the first rate-limiting enzyme in
the TCA cycle. In our study, we found that the protein
expression levels of PGC-1a and its downstream
metabolic-related proteins were significantly increased in
the hiPSC-CMs compared with their levels in the hiPSCs.
Taken together, these results suggested that the increased
respiratory capacity of the hiPSC-CMs was related to the
increased expression of PGC-1a, and PGC-1a might
enhance mitochondrial function by promoting the
expression of downstream proteins involved in mitochon-
drial oxidative metabolism. These observations prompted
us to further study the role of PGC-1a in regulating mito-
chondrial metabolism during cardiac differentiation. PGC-
1a knockdown by siRNA damaged mitochondrial respira-
tion, suggesting that PGC-1a plays an important role in
mitochondrial oxidative metabolism in hiPSC-CMs, a
13
finding consistent with previous results found during hESC
differentiation into CMs.43

The structural and functional changes of mitochondria
are critical components of maturation during cardiac dif-
ferentiation. PGC-1a is known to be critical for mitochon-
drial biogenesis in various tissues and cell lines.17,44 A
previous study found that PGC-1a induces the expression of
MFN1 and MFN2 and also confirmed that PGC-la directly
regulates MFN1 gene transcription by coactivating ERRa at a
conserved DNA element in H9c2 myotubes.19 Additionally,
overexpression of PGC-1a reduced DRP1 expression by
directly binding to its promoter and inhibited mitochondrial
fission in H9c2 cells.45 In our study, we found that the
upregulation of PGC-1a also promoted mitochondrial fusion
in the hiPSC-CMs by promoting the expression of MFN1 and
MFN1 while inhibiting the expression of DRP1. These
morphological alterations contribute to the increased
oxidative capacity in mature mitochondria. In addition to
regulating mitochondrial dynamics, we found that the
upregulation of PGC-1a by ZLN005 increased hiPSC-CM
mitochondrial respiration and mitochondrial membrane
potential, resulting in an increase in beating frequency.

PGC-1a is a metabolic regulator of cell fate, for
example, it has been confirmed that PGC-1a promotes a
coordinate metabolic shift toward mitochondrial utilization
and protects against tumorigenesis by promoting
mitochondrial-mediated apoptosis via ROS accumulation.46

Obviously, cardiac differentiation is significantly different
from intestinal tumorigenesis, it’s necessary to further
explore the molecular mechanism by which PGC-1a pro-
motes mitochondrial function and metabolic maturity in
hiPSC-CMs. We examined the expression of a series of
metabolism-related genes, and found that the upregulation
of PGC-1a inhibited the expression of HIF-1a and its
downstream targets LDHA and LDHB. HIF-1a signalling has
been shown to control metabolic signalling during cardiac
development and maturation in vivo,47 and inhibition of
HIF-1a can promote the metabolic maturation of hiPSC-CMs
in vitro.48 Additionally, we found that the expression of
transcription factors (NRF1 and ERRa) and mitochondrial
genes involved in the TCA cycle, OXPHOS, b-oxidation and
pyruvate transport was induced by PGC-1a. Among the
proteins we detected, ERRa, one of the key nuclear regu-
lators of genes involved in mitochondrial function and
biogenesis,49 was induced most notably by PGC-1a. ERRa
can promote cardiac metabolic processes such as mito-
chondrial OXPHOS, fatty acid b-oxidation and mitochondrial
biosynthesis.50 ERRa-knockout mice subjected to pressure
overload developed the signatures of heart failure, such as
chamber dilatation and reduced LV fractional shortening,
and the ERRa target genes involved in energy substrate
oxidation, ATP synthesis, and phosphate transfer were
downregulated.51 Previous reports indicated that PGC-1a
regulates ERRa at two levels: PGC-1a induces the expres-
sion of ERRa and interacts physically with ERRa, enabling it
to activate transcription, while ERRa functions in PGC-1a-
induced mitochondrial biogenesis.28e30 Considering these
results, we confirmed that PGC-1a not only regulates the
expression of ERRa but also forms a complex with ERRa in
the hiPSC-CMs. Furthermore, depletion of ERRa compro-
mised PGC-1a-induced elevation of mitochondrial respira-
tory function and mitochondrial protein expression,



Figure 8 Schematic representation of PGC-1a regulates mitochondrial metabolism and molecular mechanism during cardiac
differentiation and maturation. After hiPSCs differentiated into hiPSC-CMs, mitochondrial biogenesis and metabolism is improved,
concomitantly with the increase of PGC-1a expression. Upregulating PGC-1a by ZLN005 further promote mitochondrial oxidation
function though regulating its downstream proteins, particularly ERRa. Besides regulated by PGC-1a, ERRa interacts with it and is
required in the PGC-1a-introduced mitochondrial biogenesis and metabolism in hiPSC-CMs.
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suggesting that ERRa is required for PGC-1a-mediated
stimulation of mitochondrial oxidative metabolism in hiPSC-
CMs. Our results showed that PGC-1a is a metabolic regu-
lator of hiPSC-CMs and promotes mitochondrial oxidation
metabolism mainly though ERRa.

This study is based on hiPSC cardiac differentiation, and
the results highlight the importance of PGC-1a in regulating
mitochondrial metabolic maturation during hiPSC differ-
entiation into cardiomyocytes. Considering these results,
we propose a schematic representation of PGC-1a regu-
lating mitochondrial metabolism and molecular mecha-
nisms during cardiac differentiation and maturation
(Fig. 8). After hiPSCs differentiate into hiPSC-CMs, mito-
chondrial biogenesis and metabolism are improved
concomitantly with an increase in PGC-1a expression.
Depletion of PGC-1a impairs mitochondrial respiration,
while the promotion of PGC-1a expression by ZLN005
further promoted mitochondrial biosynthesis and function,
resulting in enhanced mitochondrial respiration, a higher
mitochondrial membrane potential, an increased number
of mitochondria, improved mitochondrial fusion and
increased expression of mitochondrial proteins. In partic-
ular, ERRa, which is not only regulated by PGC-1a but also
interacts with it, is required for PGC-1a-induced
14
mitochondrial biogenesis and metabolism in hiPSC-CMs.
These results indicate that PGC-1a regulates mitochon-
drial biosynthesis and metabolism though ERRa, and ZLN005
might be used as an additive to hiPSC-CM medium to pro-
mote hiPSC-CM metabolic maturation.

In conclusions, our findings indicate that PGC-1a plays an
essential role in regulating metabolic maturation during
cardiac differentiation from hiPSCs and provide a better
understanding of cardiac metabolism and its regulatory
mechanism, further lay the foundation for facilitating the
clinical application of hiPSC-CMs.
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