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Cathepsin K inhibition promotes efficient G

differentiation of human embryonic stem
cells to mature cardiomyocytes by mediating
glucolipid metabolism and cellular energy
homeostasis
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Abstract

Background and aim Generation of functional cardiomyocytes from human pluripotent stem cells (hPSCs) offers
promising applications for cardiac regenerative medicine. Proper control of pluripotency and differentiation is vital
for generating high-quality cardiomyocytes and repairing damaged myocardium. Cathepsin K, a lysosomal cysteine
protease, is a potential target for cardiovascular disease treatment; however, its role in cardiomyocyte differentia-
tion and regeneration is unclear. This study aims to investigate the effects and mechanisms of cathepsin K inhibi-
tion on the differentiation of human embryonic stem cell-induced cardiomyocytes (hESC-CMs) and myocardial
generation.

Methods We cultured H9-hESCs in CDM3 medium to induce myocardial differentiation, adding cathepsin K inhibitor
I1(1 uM) on days 2, 5 and 8, respectively. Cells were observed and collected 48 h after each treatment. The morphol-
ogy and contractile clusters of H9-hESCs were tracked with microscopy and video recording. Pluripotency and cardiac
markers were assessed at each stage of differentiation. We also examined glucose and lipid metabolism, mitochon-
drion-related markers, apoptosis and autophagy.

Results CDM3 medium effectively differentiated high-density H9-hESCs into mature, spontaneously contracting
cardiomyocytes. Cathepsin K inhibition accelerates the differentiation of H9-hESCs into cardiac mesoderm and cardiac
precursor cells (CPCs) by reducing apoptosis, decreasing glycolysis and fatty acid metabolism at the early and middle
stages, and subsequently facilitate the development and differentiation of cardiomyocytes by enhancing glucolipid
metabolism and oxidative phosphorylation at the late stage. Meanwhile, cathepsin K inhibition enhanced mitochon-
drial function and lysosome-related gene transcription during the differentiation process.

Conclusion Our study highlights the potential of cathepsin K inhibition for renewable cardiomyocytes and suggests
exploring metabolic pathways and signaling to improve cardiac regeneration and organoid development.

Keywords Human embryonic stem cell, Cathepsin K, Cardiomyocyte differentiation, Energy metabolism,
Mitochondrion, Lysosome, Autophagy
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Background

Cardiovascular disease (CVD) remains the leading cause
of global morbidity and mortality due to a combination of
aging, hereditary and environmental factors. By 2030, the
aging population in the world is expected to reach 20%,
and the prevalence of CVD will rise exponentially [1].
Despite improvements in healthcare that have increased
the number of CVD survivors, the irreparable damage to
the heart tissue and the limited capacity for myocardial
regeneration has a significant negative impact on the sur-
vivors’ quality of life. Therefore, it is imperative to explore
medications and therapeutic approaches with clinical
applicability [2]. Production of functional cardiomyo-
cytes from human pluripotent stem cells (hPSCs) pro-
vide enormous potentiality and applications for cardiac
regenerative medicine, such as the development of car-
diac organoids and cell transplantation for tissue repair.
Accordingly, it is crucial to optimize culture conditions
and make proper regulation of cellular pluripotency and
differentiation to generate high quality of cardiomyocytes
for the repair of damaged myocardium [3-5].

Stem cell therapy for cardiac repair has drawn wide
attention in biomedical field due to its capability of
immune regulation, anti-inflammatory properties, pro-
moting the expression of paracrine factors, homing and
regeneration ability [6, 7]. The ultimate goal of repairing
cardiac damage in the process of stem cell therapy is to
improve cardiac function and restore myocardial vitality

by the regeneration of working cardiomyocytes with
mature electrophysiological characteristics and advanced
contractile properties [8, 9]. Human embryonic stem
cells (hESCs) and human induced pluripotent stem cells
(hiPSCs) are two types of hPSCs that possess the unique
capacity to differentiate into various cell types in the
human body. This remarkable characteristic makes them
highly valuable for both experimental and clinical appli-
cations [10-12]. Because of the possible ethical issues,
researchers have successfully established and derived
hESCs by a process called somatic-cell nuclear transfer
[13]. The cells can be now produced more reliably and
quickly. David Cyranoski also emphasized the clinical
prospect of hESCs in Nature, and indicated that hESCs
are much safer than hiPSCs, although the latter offer
greater potential for conducting disease-in-a-dish studies
[12]. Zhang’s team also emphsized that ESC-derived car-
diomyocytes perform better than iPSC-derived cardio-
myocytes (iPSC-CM) [14]. Nevertheless, both hESCs and
hiPSCs have exhibited immense potential for cell trans-
plantation, cell therapy and organogenesis.

The differentiation process of cardiomyocytes induced
by hPSCs involves several key signaling pathways and
growth factors including bone morphogenetic pro-
teins (BMPs), Wnt signaling, Notch signaling, activin A,
and fibroblast growth factor, which are essential for the
development of early cardiac mesodermal cells. These
signals and factors are highly conserved across various
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species and are able to initiate specific combinations of
heart-specific transcription factors [15-17]. These highly
conserved gene regulatory networks control the initial
differentiation, proliferation and maturation hESC-CMs
through a variety of complex interactions. The matura-
tion process of hESC-CMs begins with the precursor
cells, and eventually forms functional cardiomyocytes
[18]. Currently, a highly effective and stable strategy for
differentiation involves activating the Wnt signaling path-
way with small molecules to promote hESC differentia-
tion into the mesoderm. An intact mitochondrial fusion
is essential for transcriptional factors, such as TGF-f/
BMP, serum response factor, GATA4, and MEF2, which
are linked to increased Ca?"-dependent calcineurin
activity and Notchl signaling, driving mesodermal cell
differentiation into cardiac precursor cells and cardiomy-
ocytes [19]. In addition, endogenous glucocorticoid cor-
tisol, IGF1, insulin, thyroid hormone tri-iodothyronine,
and dexamethasone can also promote cardiac maturation
in developing hearts and hiPSC-CMs through receptor
interactions, and are commonly included in maturation
media [20]. Although there are various methods for the
induction of hESCs to cardiomyocytes, current bottle-
necks and urgent challenges are still needed [3, 21, 22].
Thus, to find an alternative strategy to enhance the dif-
ferentiation and quality of cardiomyocytes from PSCs,
and promote myocardial repair after myocardial injury is
extremely important.

Both hESC-CMs and iPSC-CMs may exhibit immature
structural phenotypes and aberrant electrophysiological
characteristics resembling fetal-like cardiomyocytes. The
metabolism of mature PSC-CMs resembles that of a new-
born on the first day of life [23]. Evidence has suggested
that energy metabolism, such as glycolysis, mitochondrial
oxidative phosphorylation and fatty acid P-oxidation
exhibit vital influence on cardiomyocyte proliferation,
differentiation, and postnatal maturation. The alterations
in energy substrate metabolism can affect the expression
of stemness factors during the process of cardiomyocyte
differentiation as the heart matures [24]. Garbern et al.
reviewed that mitochondria play a crucial role in driv-
ing the maturation of cardiomyocytes by sensing nutrient
signals, regulating respiratory capacity and modulating
reactive oxygen species (ROS) production. They provide
ATP necessary for differentiation, initiate transcriptional
and epigenetic modifications that guide the process of
cardiomyocyte maturation [25]. Indeed, mitochondria in
stem cells are initially immature to protect against ROS-
induced cytotoxicity. Upon differentiation, mitochon-
drial content increases, with morphological changes like
fusion and enlargement, along with a significant rise in
mitochondrial activity [26]. As embryos mature, mito-
chondria diversify to adapt to developmental energy
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demands. After the perinatal period, fetal metabolism
transitions from glycolysis to the more efficient fatty acid
B-oxidation [27]. Similarly, PSC-CMs show less efficient
calcium handling, fewer and underdeveloped mitochon-
dria, and use glucose as primary energy source rather
than using fatty acid in maturated/adult cardiomyocytes
[7, 28]. In addition, iPSC-CMs were reported to display
morphological disarray, compromised contractile capac-
ity, and altered glycolytic metabolism [8, 15]. In addition,
lysosomes are also considered indispensable for regulat-
ing the reprogramming of stem cell identity transitions
and metabolic networks. Its biogenesis mechanism holds
significant implications for cell maintenance and renewal
[29]. As a lysosomal degradation pathway, autophagy is
essential for myocardial terminal differentiation by pro-
tecting cells from nutrient shortages [30, 31].

Several types of cathepsins have been reported to be
involved in embryonic development and cell differentia-
tion by regulating different intracellular catabolism [32].
Cathepsin L has been shown to regulate the developmen-
tally-controlled cleavage of H3 during ESC differentiation
[33]. Cathepsin A led to reduced pluripotency, impaired
proliferation due to cell cycle arrest, and decreased dif-
ferentiation potential and teratoma formation in mouse
ESCs [34]. Cathepsin K, as one of the most potent lyso-
somal cysteine proteases, is expressed in different types
of tissues and stem/progenitor cells, and functions range
from bone homeostasis, protein turnover, adipogenesis,
hormone regulation and modulation of growth factors
[35, 36]. Inappropriate cathepsin K elevation or secretion
was shown to be associated with varieties of metabolic
disorders such as obesity, diabetic cardiomyopathy, ath-
erosclerosis, and tumor metastasis. On the contrary, inhi-
bition of cathepsin K exhibited protective effect against
diabetes, aging, cardiovascular defects and cancer by
regulating energy metabolism, calcium handling, inflam-
mation, NF-kB signaling, Akt/IGF-1 signaling or/and
mitochondria-mediated apoptotic pathways [37-44]. In
addition, cathepsin K has been displayed consistent col-
lagenase activity under neutral conditions, suggesting its
stability and adaptability [45, 46]. Cathepsin K was also
reported to be associated to periosteal stem cell differen-
tiation and function [47]. Its deficiency enhances alveo-
lar bone regeneration by stimulating the proliferation
and differentiation of jaw bone marrow mesenchymal
stem cells through the glycolysis pathway [48]. However,
the role of cathepsin K inhibitor in the differentiation of
hESCs to cardiomyocytes is still poorly understood.

Based on the potential and unique biological func-
tions of cathepsin K in the regulation of cardiovascular
homeostasis, this study aims to investigate the effects
and underlying mechanisms of cathepsin K inhibition
on the differentiation of hESC-CMs and myocardial
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regeneration. Therefore, we investigated the effects of
cathepsin K inhibitor II on the morphology and the
spontaneous contractile clusters of H9-hESCs by using
microscopy and video recorder during the whole differ-
entiation period. The pluripotency of H9-hESCs and the
expression of cardiac markers were detected at each stage
of induction. Key metabolic parameters and markers
associated with glucose and lipid metabolism, mitochon-
drial fusion and biogenesis, apoptosis and autophagy
were examined. Gaining insights into the metabolic
mechanisms governing stem cell homeostasis and differ-
entiation could offer new perspectives for tissue regen-
eration and disease management.

Result

Myocardial differentiation and growth characteristics

of H9-hESCs

Morphological changes serve as prominent indicators of
the health status of human pluripotent stem cells (hPSCs)
throughout the cardiomyocyte differentiation process.
Consequently, we meticulously documented the tran-
sition from H9-hESCs to differentiated pulsating car-
diomyocyte masses. In their undifferentiated state, the
original H9-hESCs gradually aggregated, with clusters of
dozens to hundreds of cells rapidly proliferated. When
the colony density reached around 80%, individual cells
were resuspended to initiate differentiation (Fig. 1A). This
process involved the application of small molecules and
CDM3-based methods to induce the transformation of
H9-hESCs into cardiomyocytes (Fig. 1B). Within a span
of ten days following the initiation of differentiation, the
cells progressed through three distinct stages including
mesoderm and cardiac mesoderm formation, develop-
ment into cardiac precursor cells (CPCs), and ultimately,
maturation into cardiomyocytes. H9-hESC-CMs showed
obvious cell morphological changes throughout continu-
ous differentiation (Fig. 1C). Starting from the seventh
day of differentiation, local clusters of spontaneous myo-
cardial contractions gradually appeared within the multi-
cellular environment of the culture dish. Simultaneously,
peripheral cardiomyocytes underwent successive stages
of differentiation and maturation, leading to the develop-
ment of functional contraction clusters distinguished by
their consistent rhythmic beating. By the tenth day of dif-
ferentiation, the myocardial contractile mass was essen-
tially established, visibly contracting and beating akin to
a heart when observed under the microscope (Fig. 1C,
Video S1). Occasionally, we also observed several local-
ized contractile cell masses as shown in Fig. 1D and
Video S2. In comparison to normal AC16 cardiomyo-
cytes, H9-hESC-CMs from day 10 exhibited similar size,
a fibrocyte-liked appearance and adherence to the sub-
strate of the culture flask (Fig. S1A).
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Screening and enrichment of differentially expressed
genes during hESC-CMs differentiation under Wnt
regulation

To investigate the impact of Wnt signaling on myocar-
dial differentiation of hESCs, we conducted bioinfor-
matic analysis of differentially expressed genes (DEGs)
using the dataset GSE67154, comparing the FBW and FB
groups across time points on days 2, 4, 6, and 8. Based
on p-value<0.05 and |log2 FC|>1, 1,917 upregulated
and 2,151 downregulated DEGs were screened in the
GSE67154 dataset. DAVID functional enrichment analy-
sis identified 188 significant biological processes (BP)
during the differentiation of hESCs (Excel S1). The most
significantly enriched functional pathways included the
hypoxia response, the canonical Wnt-signaling pathway,
and its negative regulation (Fig. 2A). The cellular compo-
nent (CC) enrichment analysis identified 61 core terms
(Excel S2), which were predominantly associated with the
cytosol, cytoplasm, glutamatergic synapse, membranes,
and extracellular exosomes among other components
(Fig. 2B). In addition, the DEGs exhibited 61 molecu-
lar functions (MF) (Excel S3), mostly related to protein
binding and gene recognition (Fig. 2C). KEGG pathway
analysis identified 38 signaling pathways involved in the
differentiation of hESC-CMs (Supplementary Excel 4).
The most significantly enriched pathways included gly-
colysis/gluconeogenesis, Wnt signaling, cancer signaling,
fructose and mannose metabolism, as well as glutamate
synapse and metabolic pathways. Moreover, genes and
pathways related to fatty acid metabolism and mitochon-
drial energy production were also identified and found to
be significantly enriched (Excel S4, Fig. 2D).

Cathepsin K inhibitor facilitates the differentiation

of H9-hESCs into cardiomyocytes

To evaluate the mechanism of cathepsin K inhibitor in
regulating cardiomyocyte formation during different
stages of H9-hESCs differentiation, the CDM3 culture
model was used to induce cardiomyocyte maturation
(Fig. 1B). Cathepsin K inhibitor II was added to the cells
on day 2, day 5 and day 8, respectively. On the seventh
day of differentiation, aggregates began forming with
abundant spontaneously contracting clusters of car-
diomyocytes in the cathepsin K inhibitor II treatment
group. By the nineth day, a layer of cells exhibited con-
sistent rhythmic contractions indicative of cardiac pulsa-
tion (Fig. 3A, Video S3). On days 4 and 10, we observed
no notable changes in cell morphology and contraction
between control and inhibitor groups (Fig. S1B, Video
S1 and Video S4). However, on day 10, the differenti-
ated H9-hESC-CMs in the inhibitor group appeared
more compact and resistant to dispersion during diges-
tion. Localized contractile cell masses were disappeared.
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Fig. 1 Myocardial differentiation through CDM3-based methods. A The growth status and morphology of H9-hESCs over a period of four
consecutive days under normal culture condition. It was observed that cell density reached over 80% by the fourth day, indicating the onset

of myocardial differentiation in H9-hESCs. Images are representative of at least three independent experiments. Scale bar: 200 um. B Timeline

of cardiomyocyte differentiation derived from H9-ESCs: Following three days of culture in the ncTarget medium system, H9-hESCs initiated a 10-day
differentiation process. CHIR-99021 and Wnt-C59 were added sequentially to promote the differentiation of H9-hESCs into cardiomyocytes.
Cardiomyocyte survival was supported using CDM3 basal medium. C Cell morphology at five different time points throughout the differentiation
process from H9-hESCs into cardiomyocytes observed under an optical microscope. Scale bar: 200 um (top row); 100 um (bottom row). D Local
spontaneous contraction blocks in H9-hESC-CMs occasionally appeared on the tenth day of differentiation. Scale bar: 100 um
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Fig. 2 Bioinformatic analysis of Wnt regulation during hESCs differentiation. GO and KEGG pathway annotations of DEGs by DAVID functional
enrichment analysis provide insights into the complex roles of hESC-derived cardiomyocytes in various biological processes (BP), cellular
components (CC), molecular functions (MF), and signaling pathways. A The first 20 significantly enriched GO annotations of BP. B The first 20
significantly enriched GO annotations of CC. C The first 20 significantly enriched GO annotations of MF. D The first 20 significantly enriched KEGG
pathways. The size of each dot reflects the number of genes, while the color gradient of the dot indicates varying p-values
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To assess the differentiation efficiency, we examined
the expression of cardiac troponin (cTNT) at different
stages. Immunofluorescence and flow cytometry results
revealed that cTNT expression was higher in the cathep-
sin K inhibitor II treatment group than that in the con-
trol group on day 7 and 10 (Fig. 3B—@G). Subsequently,
the stem cell pluripotency marker genes POU5F1, SOX2
and NANOG during the three stages of induction were
detected (Fig. 4). Compared with control group, Cath-
epsin K inhibitor II significantly suppressed the expres-
sion of POU5F1 and SOX2 during early differentiation
(Fig. 4A and B), decreased SOX2 and NANOG during
mid-differentiation, and reduced NANOG expression
at the late differentiation stage (Fig. 4B and C). Protein
Levels of SOX2 and NANOG were depicted in Fig. S2,
showing significant downregulation of SOX2 by the cath-
epsin K inhibitor II during the mid-differentiation stage
(Fig. S2D and F). These findings indicated that the cell
pluripotency is significantly influenced by cathepsin K
inhibitor during the differentiation process. At the same
time, treatment with cathepsin K inhibitor II resulted in
a notable increase in the expression of cardiac transcrip-
tion factor GATA4, as well as ACTN3 and MYH6 during
the early differentiation (Day 2—4). Elevated expression
of ACTN3, MYH6, TNNT2 and NKX2-5 were also
observed at late stage (Day 8—10) induced by cathepsin K
inhibitor II in comparison to the control group (Fig. 4D—
H), indicating a higher mature degree of myocardial
differentiation.

Cathepsin K inhibitor alters glucose metabolic profile
during myocardial differentiation

In Fig. 5A, the glucose level in H9-hESCs remained high
and showed no significant difference between the con-
trol and cathepsin K inhibitor group at the intial state
before differentiation when neither cathepsin K inhibitor
nor Wnt inhibitor was added (Day 0). However, it nota-
bly declined during cardiac mesoderm formation (Day
4) and CPCs formation (Day 7) with cathepsin K inhibi-
tor compared to the control. No significant difference
was observed between the control and inhibitor groups
during cardiomyocyte maturation process (Day 10). In
Fig. 5B-F, the expression levels of glycolytic metabolism
genes LDHA, HK2 and SLC2A1 followed by cathepsin K

(See figure on next page.)
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inhibitor treatment were markedly decreased at the early
stage of differentiation (Day 4), while PDK1 was signifi-
cantly increased compared with the control group. Fur-
thermore, LDHA, SLC2A1 and TPL1 were remarkedly
lower in cathepsin K inhibitor treatment group at the
middle stage of differentiation (Day 7), indicating cath-
epsin K inhibitor reduces glycolysis during the transi-
tion of H9-ESCs towards cardiac mesoderm and cardiac
progenitor cells. In contrast, the expression of LDHA and
HK?2 were notably higher during the late differentiation
period when cardiomyocytes reached maturity (Fig. 5B—
F), suggesting glycolysis and pyruvate production are
required at this stage for subsequent mitochondrial oxi-
dative phosphorylation. These results indicated a crucial
role of glucose metabolism in accelerating the differentia-
tion and regeneration of H9-hESC-CMs by cathepsin K
inhibitor.

Cathepsin K inhibitor mediates fatty acids metabolism

and mitochondrial dynamics during myocardial
differentiation

The gene expression of ACACB encoding Acetyl-CoA
carboxylase (ACC) was found to be decreased followed
by cathepsin K inhibitor treatment during the whole dif-
ferentiation process compared with control (Fig. 6A).
However, in the cathepsin K inhibitor group, ACACB
level became higher on the tenth day than the earlier
stages (Fig. 6B). Similarly, cathepsin K inhibitor reduced
expression of ACSL3 and FABP3 on the fourth day,
whereas their levels were dramatically elevated by the
tenth day of the differentiation (Fig. 6C—F). In addition,
CPT1A expression was significantly reduced at early and
late stages, while LPL and UCP3 were both downregu-
lated at early and middle stages, and L/CP3 were remark-
edly upregulated at late differentiation stage (Fig. S3A-B,
Fig. 6G—H). The gene expression of OPA1l, MFN1 and
MEN2, which are essential for mitochondrial fusion,
were significantly reduced during the middle stage and
increased as cardiomyocytes became functional (Fig. 61—
L, Fig. S3C). TFAM expression was only increased signifi-
cantly at the late stage (Fig. S3D). These results indicated
that cathepsin K inhibitor promotes the differentiation of
H9-ESCs into cardiac mesoderm and cardiac progenitor
cells by reducing fatty acid metabolism, and subsequently

Fig. 4 The effect of cathepsin K inhibitor on the expression of stemness factors and cardiac markers of H9-hESCs during differentiation. A-C The
relative mRNA level of pluripotent transcription factors POU5FT, SOX2, and NANOG. Cathepsin K inhibitor Il restrains stem cell self-renewal. D-F The
relative mRNA level of cardiac transcription factor GATA4, ACTN3 and MYH6. Cathepsin K inhibitor Il promotes the transition of stem cells into cardiac
mesoderm. G and H The relative mRNA level of cardiac transcription factor cTNT and NKX2-5. Cathepsin K inhibitor Il facilitates the maturation

of cardiomyocytes. The statistical significance was assessed with the two-tailed paired t test. Mean + SEM, n=9, *p <0.05, **p < 0.01, ***p <0.001

to the control group
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Fig. 5 The effect of cathepsin K inhibitor on the expression of glycolytic markers in H9-hESCs during differentiation. A In the group treated

with cathepsin Kinhibitor II, a decrease in glucose levels was observed during earlier stages of differentiation with mesoderm and the cardiac
precursor cells formation, the levels of which were rebounded at a later stage when the cardiomyocytes began to mature, in comparison

to the control group. B-F The relative mRNA levels of LDHA, HK2, SLC2AT and PDKT with or without cathepsin K inhibitor Il revealed that cathepsin K
inhibitor promoted the differentiation of H9-hESCs into mesoderm and cardiac precursor cells by reducing glycolysis, and later increasing glucose
utilization when cardiomyocytes began to mature. Statistical significance was assessed with the two-tailed paired t test. Mean+SEM, n=9, *p <0.05,
**p<0.01, ***p<0.001, ****p <0.0001 to the control group
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turns to energy storge through fatty acid synthesis during
the maturation of cardiomyocytes with enhanced mito-
chondrial fusion and biogenesis, mitochondrial DNA
(mtDNA) replication and transcription.

Cathepsin K inhibitor affects PPAR-y and apoptosis

during H9-hESC-CMs differentiation

The nuclear receptor peroxisome proliferator-activated
receptor Y (PPAR-y) play vital role in cell proliferation,
differentiation and apoptosis. Our results showed that
cathepsin K inhibitor significantly reduced CTSK expres-
sion in the course of entire differentiation (Fig. 7A-B).
However, PPARG expression was dramatically reduced
only at the late differentiation stage, with no changes
observed during the earlier stages (Fig. 7 C-D). Addition-
ally, cathepsin K inhibitor obviously downregulated the
expression levels of Bax and Caspase 9 at early cardiac
mesoderm differentiation stage (Day 4) and late stage of
differentiation (Day 10) of H9-hESC-CMs (Fig. 7E-M).

Cathepsin K Inhibitor influences mRNA level of lysosomal
autophagic markers at late stage of H9-hESC-CMs
differentiation

Cathepsin K inhibitor induced significant elevations
in TFEB and LAMP2 in H9-hESC-CMs at the late dif-
ferentiation stage compared to the control (Fig. 8A-D).
No significant difference was observed in the expression
of LAMPI, SQSTM1I1 and MAPILC3B between cathep-
sin K inhibitor and control group at all different stages
(Fig. 8E-]). Within cathepsin K inhibitor group, levels of
LAMPI and SQSTM1I were significantly reduced, while
MAPILC3B levels were notably increased on the tenth
day compared to earlier stages (Fig. 8E-J). However, the
protein levels of p62 and LC3B were not affected by cath-
epsin K inhibitor (Fig. S4A-I).

Discussion

H9-hESCs have the pluripotency of development and
differentiation into various of cells such as nerve cells,
cardiomyocytes and liver cells under specific culture
conditions, providing an effective and stable source of
cell regeneration in tissue damage repair. Cathepsin K
belongs to cysteine protein collagenase, which is involved

(See figure on next page.)
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in cell generation, lipid and hormone expression by endo-
cutting and degrading extracellular matrix [49]. Adult
heart tissue has limited regenerative abilities. Efficient
induction and differentiation of cardiomyocytes from
stem cells can provide a stable source for cardiomyocyte
regeneration, aiding in cardiovascular repair, drug toxic-
ity screening, and various omics studies. In the present
study, we demonstrated that cathepsin K inhibitor pro-
motes the differentiation and development of H9-hESC-
derived cardiomyocytes by modulating glucose and fatty
acid metabolic pathways. The inhibitor accelerates car-
diac mesoderm and cardiac precursor cell differentia-
tion by decreasing glycolysis and fatty acid metabolism in
early and middle stages, promoting cardiomyocyte devel-
opment through enhanced autophagy, glycolysis, fatty
acid anabolism and oxidative phosphorylation in later
stage, thereby promoting mitochondrial fusion and bio-
genesis, and reduces apoptosis in H9-hESC-CMs.
Determining the optimal timing for cathepsin K inhibi-
tor intervention during cardiomyocyte differentiation
and regeneration is crucial for enhancing the yield of
functional cells for treating cardiovascular diseases. The
process of cardiomyogenesis from PSCs primarily entails
the stepwise differentiation of mesoderm, cardiac meso-
derm, and cardiac precursor cells into fully functional
cardiomyocytes [50, 51]. This developmental process is
tightly regulated, with various signaling pathways and
transcription factors acting synergistically to orchestrate
cardiac differentiation [28, 52]. In our study, we employed
CDM3 medium with or without cathepsin K Inhibitor II
to induce cardiomyocyte differentiation over a specified
duration, and the progression of cardiomyocytes from
initial morphogenesis to a relatively mature state of con-
tractile function was successfully achieved, aligning with
findings from previous studies. For instance, Tan et al.
cultured hiPSCs and noted spontaneous cell mass con-
tractions approximately 8 days post-differentiation [53].
Similar to Fu et al. and Tan et al’s method, we selected
the Wnt pathway to direct hESCs towards mesodermal
differentiation. CHIR99021 was initially used to activate
Wnt pathway. After 48 h, the small molecule antagonist
Wnt-C59 was applied to induce the transition to CPCs.
The intervention was then halted with CDM3 basal

Fig. 6 The effect of cathepsin K inhibitor on fatty acids metabolism and mitochondrial fusion factors in H9-hESCs during differentiation. A

and B The relative mRNA level of ACACB with or without cathepsin K inhibitor Il. C and D The relative mRNA level of ACSL3 with or without
cathepsin Kinhibitor Il. E and F The relative mRNA level of FABP3 with or without cathepsin Kinhibitor II. G and H The relative mRNA level of UCP3
with or without cathepsin K inhibitor II. 1 and J The relative mRNA level of MFNT with or without cathepsin K inhibitor Il. K and L The relative mRNA
level of MFN2 with or without cathepsin K inhibitor Il. These results showed that fatty acid metabolism and mitochondrial fusion were suppressed
at the early and/or mid-stages of differentiation by cathepsin K inhibitor, and were increased at the later stage. Statistical significance was assessed
with the two-tailed paired t test. Mean + SEM, n=9-12, *p <0.05, **p <0.01, ***p <0.001, ****» <0.0001 to the control group
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medium, and the culture was maintained until the cardi-
omyocytes matured [54]. Comparably, Kehat et al., utiliz-
ing suspension culture of stem cells, observed embryoid
bodies displaying ultrastructural myofibril bundles and
functional properties resembling early cardiomyocytes’
contractile characteristics by day 10 [55]. Although the
hanging drop method has lower nutrient consump-
tion, cell aggregation is not stable, as well as the uneven
embryoid body formation and size may result in incon-
sistent differentiation efficiency [56]. Researchers using
the GiWi2 induction method also reported the initial
spontaneous contraction wave by day 7 and robust myo-
cardial beats by day 10 [57]. Due to the heterogeneity of
the hanging drop method and the complexity of regu-
lating pluripotent transcription factors using the GiWi2
method, we selected the CDM3 culture method for effi-
cient short-term differentiation of hESCs. Furthermore,
akin to studies on hESC-CMs [58] and iPSC-CMs dif-
ferentiation [59], H9-hESC-CMs initially showed a short,
round morphology during early differentiation. After ten
days of differentiation, cells developed into a rod-like,
spindle-shaped, or inverted triangle structure resembling
human AC16 ventricular cardiomyocytes, observed in
the central region of the cell culture dish.

In the presence of cathepsin K Inhibitor II, the number
of cells began to increase and converged with each other
on the fourth day of the induction culture. On the sev-
enth day of differentiation, the aggregated cells started
to produce numerous local clusters of spontaneously
beating cardiomyocytes. During the late stage of differ-
entiation, as mitochondria underwent biogenesis and
structural integration, cardiomyocytes began to estab-
lish a stable contractile cell layer observable under an
inverted microscope. By the ninth day, a prominent sur-
face layer of cells displaying robust and uniform rhythmic
myocardial contractions became noticeable. The cathep-
sin K inhibitor facilitated the differentiation and matu-
ration of cardiomyocytes, as evidenced by significantly
reduced pluripotency markers and increased expres-
sion of cardiac transcription factors such as GATA4 and
NKX2.5, along with increased TNNT2/c-TNT, ACTN3,
and MYH6 during cardiac differentiation. These find-
ings suggest that the cathepsin K inhibitor may hold

(See figure on next page.)
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significant research implications for enhancing stem cell
applications in human cardiac development, drug screen-
ing, toxicity testing, functional genomics and cardiac
injury repair [60]. Nevertheless, specific criteria such as
sorting and culturing of H9-hESC-CM:s, as well as assess-
ing functional contraction, still require extended purifi-
cation culture and further in-depth exploration.

Stem cells exhibit distinct metabolic characteristics
from other cells, which influence tissue homeostasis and
regeneration [61]. Throughout the differentiation process
of cardiomyocytes induced by stem cells, there occurs a
metabolic shift from glycolysis to oxidative phosphoryla-
tion, involving multiple overlapping molecular mecha-
nisms of metabolic reprogramming in the process of
cardiomyogenesis [62]. Glisl-induced glycolytic flux,
intracellular a-ketoglutarate levels or its ratio to succinate
are critical in governing the stemness and differentiation
state of PSCs, thereby mediating a connection between
cellular epigenome and metabolomics [63-65]. Our
results revealed that cathepsin K inhibition suppressed
glycolysis as indicated by reduced cellular glucose level,
notably decreased expression of LDHA, HK2, SLC2A1,
TPII and increased PDK1 during early and middle stages
of differentiation compared to the control group, imply-
ing diminished conversion capacity of lactate, pyruvate,
and acetyl-CoA during these stages. These were also sup-
ported by the previous studies that high glucose inhibits
neural stem cell differentiation [66], LDHA and HK2 pro-
mote cell proliferation and maintain stem cell stemness
[67-70]. At the same time, lipid metabolism was also
hindered by cathepsin K inhibitor as shown as decreased
levels of ACACB, ACSL3, LPL, FABP3, and CPTIA, pre-
sumably due to the decreased glycolytic metabolism and
intracellular energy under cathepsin K inhibitor treat-
ment, which accelerated the differentiation progression
from mesoderm to cardiac mesoderm and onward to
cardiac precursor cells. In contrast, cathepsin K inhibi-
tion significantly boosted the expression of LDHA, HK2,
SLC2A1, ACSL3, and FABP3, while keeping ACACB and
CPTIA at lower levels during the later stages of differ-
entiation, causing differentiated cardiomyocytes to uti-
lize more glucose and fatty acids as their primary energy
sources, as compared to the control. This indicates that

Fig. 7 The effect of cathepsin K inhibitor on PPAR-y and apoptotic markers during H9-hESC-CMs differentiation. A and B The relative mRNA level
of CTSK. C and D The relative mRNA level of PPARG. E Representative bands of Caspase 9, GAPDH and BAX on day 4. F and G Normalized protein
level of Caspase 9 and BAX in cells by Western Blot analysis on day 4. H Representative bands of Caspase 9, GAPDH and BAX on day 7.1and J
Normalized protein level of Caspase 9, GAPDH and BAX in cells by Western Blot analysis on day 7. K Representative bands of Caspase 9, GAPDH
and BAX on day 10. L and M Normalized protein level of Caspase 9 and BAX in cells by Western Blot analysis on day 10. These results revealed

that cathepsin K inhibition reduced pro-apoptotic markers and PPAR-y mRNA level at early and/or late stages of differentiation, with no significant
changes observed during the middle stage. Statistical significance was assessed with the two-tailed paired t test. Mean = SEM, n=9-12, *p < 0.05,

**p<0.01, ***p<0.001, ****p <0.0001 to the control group
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during this phase, inhibiting cathepsin K promotes the
generation and conversion of pyruvate, fatty acid metab-
olism and oxidative phosphorylation, thereby enhancing
energy production for the development and maturation
of cardiomyocytes. However, the elevated UCP3 and
reduced PPAR-y suggests a higher supply of fatty acids
to the mitochondria than their oxidation capacity, mean-
while lowering oxidative stress burdern and apoptosis
as evidenced by reduced Bax and Caspase 9. Increased
fatty acid synthesis enables binding to FABP3 for nuclear
transport and storage as energy reserves. Upregulated
mitochondrial UCP3 and reduced CPT1 are essential
to balance fatty acid oxidation for glucose uptake/uti-
lization. Meanwhile, CPT1 is a key enzyme facilitating
carnitine-dependent transport across the mitochondrial
inner membrane. Its deficiency can hinder cell prolifera-
tion [71].

Mitochondria serve as the powerhouse of cellular
activities and are predominantly found in various types of
muscle tissues with contractile functions. As cardiomyo-
cytes differentiate from PSCs, mitochondrial morphology
transitions from fragmented structures to larger orga-
nelles capable of generating sufficient ATP to support
cardiac contractile function [25]. When mitochondrial
structure is compromised, the cell fate of neural stem
cells can be influenced by alterations in metabolic and
physiological characteristics [72]. In our present study,
the early cell morphology was primarily characterized
by germ layer transitions, with no significant changes in
the expression of mitochondrial double membrane fusion
genes. However, during the mid-stage of differentiation,
there was a notable decrease in the expression of mito-
chondrial fusion genes of cells following Cathepsin K
inhibition. This suggests that during this stage, cellular
regulation primarily involves mesodermal differentiation
into cardiac precursor cells, with fewer mitochondrial
fusion events. Mitochondria are mainly present in the
cytoplasm. At the late differentiation stage of cardiomy-
ocytes, as glucose and fatty acid metabolism increased,
cardiomyocytes dominantly obtain energy through oxi-
dative phosphorylation and promoted mitochondrial
biogenesis and bilayer fusion evidenced by increased
TFAM, OPA1, MFN1 and MFN2. Newly fused functional

(See figure on next page.)
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mitochondria are mainly distributed in the myofibrils
of cardiomyocytes to provide energy for the beating
of cardiomyocytes. This aligns with the conversion of
metabolic substrates from glucose, a hallmark of cardio-
myocyte maturation, to fatty acids, which can enhance
mitochondrial respiratory reserve capacity and improve
myocardial contractility [73]. Co-culturing newborn car-
diomyocytes with stem cells has also been shown to nota-
bly enhance cardiomyocyte area, sarcomeric length, and
mitochondrial copy number during the later stages of dif-
ferentiation [74].

Cathepsin K, the most potent cysteine protease in
mammalian lysosomes, plays a crucial role in preserv-
ing lysosomal function and cellular metabolism, and has
been implicated in apoptosis regulation [75, 76]. The
lysosome serves as a central hub for intracellular cargo
transport and signal transduction, playing a crucial role
in regulating metabolic pathways within mammalian cells
[77]. Our results revealed that during the mesodermal
transition and primary differentiation stages of cardiac
precursor cells, the cathepsin K inhibitor did not signifi-
cantly alter autophagosome generation and lysosomal
autophagic flow. However, the expression of LAMP2 and
TFEB which are involved in autophagosome maturation,
autophagic flux, and lysosomal biogenesis were remark-
edly increased during the late differentiation stage com-
pared to control group, without affecting the levels of
LAMP1, p62, and LC3. This suggests that the lysosomal
function and autophagic flux are enhanced in H9-hESC-
CMs by cathepsin K inhibition, which may contribute to
cell signal transduction, energy conversion and intracel-
lular homeostasis to maintain normal life activities in
cardiomyocytes.

Although our study provides important insights into
the role of cathepsin K inhibitior II in hRESC-CMs, several
limitations exist. First, we only utilized H9-hESCs as an
in vitro model, and it is unclear whether the results are
applicable to other types of PSCs (e.g. hiPSCs). Therefore,
future studies should further investigate the differential
responses of various stem cell types to cathepsin K inhib-
itors. Despite the experimentally demonstrated beneficial
effects of cathepsin K inhibitior on hESC-CMs, its effi-
cacy and safety have not yet been systemcally validated in

Fig. 8 The effect of cathepsin K inhibitor on lysosomal autophagy during H9-hESC-CMs differentiation. A-B The relative mRNA level of TFEB

with or without cathepsin K inhibitor Il. C and D The relative mRNA level of LAMP2 with or without cathepsin K inhibitor Il. E and F The relative
mMRNA level of LAMPT with or without cathepsin K inhibitor Il. G and H The relative mRNA level of SOSTMT with or without cathepsin K inhibitor

Il 1and J The relative mRNA level of MAP1LC3B with or without cathepsin K inhibitor II. These results showed that levels of lysosomal autophagy
markers TFEB and LAMP2 were both increased by cathepsin K inhibitor at the late differentiation stage, without significant alterations in SQSTM1
and MAPILC3B when compared to the control. Statistical significance was assessed with the two-tailed paired t test. Mean + SEM, n=6-12, *p <0.05

to the control group
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animal models or preclinical applications. Furthermore,
the impact of cathepsin K deficiency in PSC-CMs on car-
diac regeneration and repair in animal models, as well
as its potential for clinical translation, require further
investigation.

Summary and conclusion

To sum up, in the presence of a cathepsin K inhibitor,
hESCs transitioning to cardiac mesoderm and cardiac
precursor cells at the early and mid-differentiation stages
primarily produce short, round, functionally immature
cardiomyocytes with a modest number of mitochon-
dria. This is achieved by reducing glycolysis and fatty
acid metabolism, downregulating apoptotic proteins,
and preserving mitochondrial membrane integrity with
fewer fusion events. During the mid to late differen-
tiation stages, cardiomyocytes exhibit spontaneous con-
traction and beating. H9-hESC-CMs develop primarily
through oxidative phosphorylation, utilizing glucose and
fatty acids as main energy sources to generate more ATP
and mature into cardiomyocytes with larger, more intact
mitochondria, facilitated by increased mitochondrial
fusion. Additionally, lysosomal autophagy is activated,
and apoptosis remains lower, ensuring the proper func-
tioning of cardiomyocytes.

In conclusion, our study indicates that inhibiting
cathepsin K enhances the differentiation of hESCs into
functional cardiomyocytes by regulating glucolipid
metabolism and mitochondrial maturation. This process
is linked to the changes in mitochondrial fusion and bio-
genesis, apoptosis, and lysosomal autophagy, which are
crucial for H9-hESC-CMs to maintain a balance between
energy storage and utilization during different differen-
tiation stages.

Prospect

This study provides a new theoretical basis for further
understanding the relationship between cathepsin K and
cardiomyocyte differentiation, which may provide more
numbers of renewable cell sources for the repair of car-
diac tissue damage in different cardiovascular diseases. It
also provides a potential research direction for the clini-
cal application and scientific transformation of cardio-
myocytes differentiation and regeneration. Since cardiac
regeneration can be achieved by changing the energy
metabolism of cardiomyocytes, further in-depth stud-
ies are needed to elucidate the link between the related
signal transductional molecues involved in the occur-
rence of glucolipid metabolism and myocardial repair-
ment in the course of stem cell therapy. With the optimal
cell signaling molecules and a 3D environment, ESCs
could potentially develop into organoids in engernered
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culture dishes, and may one day be used for organ
transplantation.

Materials and methods

Cell lines

H9-hESCs were obtained from the Research Center for
Eco-Environmental Sciences of Chinese Academy of Sci-
ences. Cells were cultured in complete ncTarget hPSC
Mediun (RP01020, Nuwacell Biotechnologies Co., Ltd.,
Hefei, China) supplemented with 1% penicillin—strep-
tomycin (SC120-01, Seven Biotech Co., Ltd., Beijing,
China) and incubated in an incubator with 5% CO, at
37 °C. H9-hESCs were then expanded on 0.6% Matrigel
matrix-coated (BD356231, Corning®) plates for subse-
quent experiments.

Differentiation of H9-hESCs into myocardial cells
H9-hESCs were preincubated with 10 pM ROCK inhibi-
tor Y-27632 (HY11071, MCE®) for 24 h. When cells
reached 80% confluence (Day 0), they were fed by CDM3
basal medium supplemented with 6 pM CHIR99021 (HY-
10182, MCE®) in Matrigel matrix-coated 6-well culture
plates. After 48 h, the medium was replaced with CDM3
supplemented with 2 uM Wnt-C59 (HY-15659, MCE®).
On the fourth day of the culture cycle (Day 4), the cells
were transitioned to basal CDM3 medium composed
of RPMI 1640 basal medium (C11875500BT, Gibco™),
213 pg/mL L-AA2P (SLCC4552, Sigma-Aldrich®),
500 pug/mL BSA (WXBD0065V, Sigma-Aldrich®) and 1%
penicillin—streptomycin (SC120-01, Seven Biotech Co.,
Ltd., Beijing, China) until the completion of differentia-
tion on day 10.

Bioinformatic screening of key DEGs and functional
pathways during cardiac differentiation

We used the keywords “hESCS, differentiation, induc-
tion and cardiomyocytes” to search for the data for gene
expression profiles. We opted for the GSE67154 dataset
due to its alignment with the differentiation time point
and the testing methodology. This dataset captures the
precise time course of Wnt signaling-induced cardiomy-
ocyte differentiation along the mesodermal pathway. The
samples treated with the differentiation inducing factors
FGF2, BMP4, CHIR00921 and WNT inhibitor IWP-2
were defined as the FBW group. The samples treated with
the factors FGF2, BMP4 and CHIR00921were defined
as the FB group. Each of the FBW and FB groups con-
sists of four samples. Samples from differentiation time
points on days 2, 4, 6, and 8 in the GSE67154 dataset
were chosen for further analysis by GEO2R (https://
www.ncbi.nlm.nih.gov/geo/geo2r/). Genes that met the
cutoff criteria of the p-value<0.05 and|log2 FC|>1 were
considered differentially expressed genes (DEGs). The
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GO (Gene Ontology) and KEGG (Kyoto Encyclopedia
of Genes and Genomes) enrichment analyses were car-
ried out to predict the potential functions of the DEGs by
using the database for annotation, visualization, and inte-
grated discovery (DAVID; https://david.ncifcrf.gov/). The
significant biological functions and pathway enrichment
were defined based on criteria set at p-value <0.05. We
used the R software (Version 4.3.2) to visualize the top 20
enrichment results.

Cathepsin K inhibitor treatment

During the process of H9-hESCs differentiation into
cardiomyocytes, either 1 pM of Cathepsin K inhibitor
IT (219,379, Sigma-Aldrich®) or vehicle (0.1% DMSO,
#D8371, Solarbio®) was added to the cells on day 2, day
5 and day 8. Samples were collected after 48 h of the
treatment.

Glucose assay

The cellular glucose level was measured using a glucose
assay kit (A154-1-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufactur-
er’s protocols. The principle of glucose oxidase involves
the formation of a reddish-purple pigment upon glucose
reaction. The absorbance of this pigment is measured
at 505 nm using a microplate reader (SpectraMax iD3,
MOLECULAR DEVICES, Shanghai, China), with the
color intensity being directly proportional to the glucose
concentration in the sample.

Flow cytometric analysis

The expression of cardiac troponin T (cTnT) in differen-
tiated cardiomyocytes was evaluated using the ¢TnT pri-
mary antibody (1:500, 15,513-1-AP, Proteintech Group
Inc.) and anti-mouse flow cytometric (FC) secondary
antibody (1:200, SA00013-2, Proteintech Group Inc.)
through a flow cytometer (CytoFLEX, Beckman Coulter).
A 488 nm fluorescence channel was selected to identify
the target protein antibody, allowing for the measure-
ment of the positive percentage of the cells. The positive
gate boundary was set using a non-specifically labeled
negative control, and the fluorescence intensity was
measured with 10,000 cells per experimental group. The
data were analyzed using CytExpert software, version
2.4 (CytExpert, Beckman Coulter, California, USA). The
quantification results were statistically analyzed using
a t-test to compare the differences between groups. At
least three independent experiments were performed.

Immunofluorescence (IF) staining

The cells were fixed with 4% paraformaldehyde
(G1101, Servicebio Technology Co. Ltd., Wauhan,
China) for 15 min at room temperature, followed by
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permeabilization with 0.2% Triton X-100 in PBS for
10 min. After fixation, the cells were blocked with nor-
mal goat serum (SL038, Solarbio®) for 1.5 h at room tem-
perature. Subsequently, they were incubated with the
¢TnT primary antibody (1:500, 15,513—1-AP, Proteintech
Group Inc.) diluted in 1% BSA at 4 °C overnight. After
extensive washing with PBS, the slides were incubated
with anti-mouse secondary antibody (1:200, SA00013-
2, Proteintech Group Inc.) followed by nuclear staining
with DAPI. Imaging was conducted at room temperature
using a laser scanning confocal microscopy (Olympus
FV-3000) equipped with a 40X objective. Fluorescence
of DAPI was captured with an excitation wavelength at
360 nm and an emission wavelength at 460 nm. Fluo-
rescence of the secondary antibody was excited with an
excitation wavelength at 488 nm and an emission wave-
length at 515 nm. The fluorescence intensity of cINT
was quantified by using Image ] software (Fiji, National
Institutes of Health, Bethesda, MD, USA).

Primer design, total RNA extraction, cDNA synthesis,
reverse transcription, and real-time PCR

Total RNA was isolated from H9-hESC-CMs samples
using the TRIzol reagent (DP424, TIANGEN Biotech
Co., Ltd., Beijing, China), followed by DNase digestion
to eliminate genomic DNA contamination. RNA was
quantified using a NanoDrop 2000c spectrophotom-
eter (Thermo Fisher Scientific). Synthesis of cDNA and
reverse transcription was performed using 1 ug total
RNA in a 10-pl system following the instructions of
FastQuant RT Kit first strand synthesis kit (KR116-02,
TIANGEN Biotech Co., Ltd., Beijing, China). Primers in
this study were designed by using the Nucleotide BLAST
tool on National Center for Biotechnology Information
(NCBI) website (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and were referenced from previously published studies
[78, 79]. The quantitative real-time PCR was detected
by a C1000 Touch Thermal Cycler CEX96TM Real-Time
System (Bio-Rad) per the iQTM SYBR® Green Supermix
(Bio-Rad) instructions. Relative mRNA expression lev-
els for each gene were determined by using the 2744t
method. GAPDH was used as reference internal stand-
ard. Each group was subjected to three independent
experiments, with three replicates for each sample. The
primer sequences are shown in Table S1.

Protein extracting and Western blot analysis

Total protein was extracted in RIPA (R0020, Solarbio®)
lysis buffer and quantified by using a BCA kit (PC0020,
Solarbio®) and a Microplate reader (Molecular Devices,
Silicon Valley, CA, USA). Cell lysates with loading buffer
(01411, CoWin Biotech Co., Ltd., Jiangsu, China) was pre-
heated at 95 °C for 5 min. Protein samples were separated
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by sodium dodecyl sulphate (SDS)-polyacrylamide
gels, and transferred electrophoretically to Immobilon®
PVDF membranes (ISEQ00010, Merck) in the Tris/gly-
cine transfer buffer (25 mM Tris, 192 mM glycine, 20%
methanol). The membranes were blocked with 5% milk in
TBS-T for 1 h at room temperature. After washing with
TBS-T for three times, membranes were incubated over-
night at 4 °C with anti-SOX2 (1:1000, PTM-5072, PTM
Biolabs Inc.), NANOG (1:1000, PTM-6010, PTM Biolabs
Inc.), LC3B (1:1000, CST3868, Cell Signaling Technol-
ogy ), SQSTM1/p62 (1:1000, CST5114S, Cell Signaling
Technology ), Bax (1:1000, CST2772S, Cell Signaling
Technology'"), Caspase 9 (1:1000, PTM-5311, PTM Bio-
labs Inc.) and GAPDH (1:1000, 60,004-1-Ig, Proteintech
Group Inc.) primary antibodies. Blots were incubated
with horseradish peroxidase (HRP)-conjugated second-
ary antibody (1:5000) for 1 h at room temperature. Anti-
gens were detected by the luminescence method. Images
were captured through ChemiDoc Touch Imaging Sys-
tem (Bio-Rad) with ECL (PK10003, Proteintech Group
Inc.). Band densities were determined using Image Lab
software (version 5.1, Bio-Rad).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9 software. For each experiment, we performed at least
three independent biological repetitions. Data were pre-
sented as mean+SEM. The Shapiro—Wilk normality
test was used to analyze normal (Gaussian) distribution.
Statistical significance (*p<0.05, **p<0.01, ***p<0.001,
*#*p<0.0001) for each variable was estimated by an
unpaired t-test (two-tailed) or a one-way analysis of vari-
ance (ANOVA) followed by a Tukey’s post hoc analysis.
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