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Abstract: To establish an appropriate in vitro model for the local environment of cardiomyocytes,
three-dimensional (3D) spheroids derived from H9c2 cardiomyoblasts were prepared, and their
morphological, biophysical phase contrast and biochemical characteristics were evaluated. The 3D
H9c2 spheroids were successfully obtained, the sizes of the spheroids decreased, and they became
stiffer during 3–4 days. In contrast to the cell multiplication that occurs in conventional 2D planar cell
cultures, the 3D H9c2 spheroids developed into a more mature form without any cell multiplication
being detected. qPCR analyses of the 3D H9c2 spheroids indicated that the production of collagen4
(COL4) and fibronectin (FN), connexin43 (CX43), β-catenin, N-cadherin, STAT3, and HIF1 molecules
had increased and that the production of COL6 and α-smooth muscle actin (α-SMA) molecules
had decreased as compared to 2D cultured cells. In addition, treatment with rapamycin (Rapa), an
mTOR complex (mTORC) 1 inhibitor, and Torin 1, an mTORC1/2 inhibitor, resulted in significantly
decreased cell densities of the 2D cultured H9c2 cells, but the size and stiffness of the H9c2 cells
within the 3D spheroids were reduced with the gene expressions of several of the above several
factors being reduced. The metabolic responses to mTOR modulators were also different between the
2D and 3D cultures. These results suggest that as unique aspects of the local environments of the
3D spheroids, the spontaneous expression of GJ-related molecules and hypoxia within the core may
be associated with their maturation, suggesting that this may become a useful in vitro model that
replicates the local environment of cardiomyocytes.

Keywords: H9c2; 3D spheroid culture; 2D culture; mTOR; rapamycin; Seahorse Bioanalyzer

1. Introduction

The heart requires high levels of energy. Because of this, the metabolic characteristics
of cells from this organ are different from other myocytes as well as non-myocytes [1]. It has
been shown that the matured cardiomyocytes from adult mammalian hearts obtain most
of their energy from fatty acid oxidation rather than glycolysis [2,3]. Upon aging and/or
cardiac stress, the cellular metabolism of myocardial tissues, including cardiomyocytes,
is altered and this can induce several functional defects of the heart [4,5]. In fact, in heart
failure, the cardiomyocytes attempt to use more glucose for ATP production instead of
fatty acids. This is similar to the cellular metabolic pattern observed in the fetal cardiomy-
ocytes [2], suggesting that such an alteration in the metabolism pattern may contribute
to the senescence of cardiomyocytes as well as cardiac aging [6]. In addition, oxygen
(O2) supply is extremely important for the physiological functions of the heart, and in
fact, insufficient O2 supply following a myocardial infarction or other etiology typically
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induces heart failure [7]. For the purpose of elucidating organotypic functions under
physiological and pathological conditions for the heart, a straightforward in vitro approach
using cardiac cells directly isolated from living tissue could be considered to be a native
state, instead of animal models [8]. In the standardized two-dimensional (2D) cell culture
method, cells are cultured on the planar surface of plastic plates, dishes, and flasks and the
expanding cell lines are observed, thus allowing cell status to be monitored by examination
of the bioproducts. However, although such 2D cultured cells are initially expected to
similarly respond with an in vivo system for several chemicals, including drugs, toxins,
signaling modifiers and others, we have come to the realization (based on recent investi-
gations) that such systems replicate similar but also different aspects from actual in vivo
properties [8–11]. Therefore, to overcome such disadvantages that are associated with
the conventional 2D planar culture system, several in vitro three-dimensional (3D) culture
models using cardio-related cells that mimic the heart have been actively developed [12–14].

H9c2 cardiomyoblasts were originally derived from embryonic rat ventricular tissue
and are the most extensively characterized cell line used in cardiomyocyte research. Al-
though H9c2 cells have a limited capacity to beat by themselves, there are similarities in
gene expression patterns, plasma membrane morphology, hypertrophic responses, and
cytoprotective signaling, including the Akt/mammalian target of the rapamycin (mTOR)
signaling pathway between H9c2 cells and primary cardiomyocytes [15–21]. Thus, H9c2
cells are generally thought to be an acceptable alternative for primary cardiomyocytes; data
regarding the properties of H9c2 cells in the 3D culture models are limited. As a result,
although we recently analyzed the protective roles of mTOR inhibition in cardiomyocyte
necrosis through the modulation of autophagic flux and the regulated cell death path-
way [22,23], the issue of whether this is the case in the 3D culture cardiomyocytes remains
unclear. This is a critical issue, since there are clearly differences in Akt/mTOR signaling
between the 2D and 3D cultures of cancer cell lines [24].

We independently developed in vitro 3D spheroid models that replicate diseases that
affect orbital fatty tissues in which adipocytes were grown within a 3D conic space, such as
Graves’ orbitopathy (GO). Using 3D drop-culture methods, we were able to successfully
produce 3D spheroids from human orbital fibroblasts (HOFs) in patients with GO, and
our findings indicate that HIF2A played a pivotal role in the LOX-dependent accumu-
lation of ECM molecules [25]. Furthermore, to elucidate the molecular pathology of the
prostaglandin (PGs)-induced deepening of the upper eyelid sulcus (DUES), we also em-
ployed this 3D culture system using HOFs and 3T3L1 cells, and found that PGs significantly
suppressed the sizes of the 3D spheroids, and modulated the spatial distribution of several
ECMs that surround the 3D spheroids [26,27]. Based upon these collective findings, we
propose that our developed 3D cell culture would be viable in vitro models of GO and
DUES and would also be a promising strategy for establishing in vitro models that mimic
various pathogenic states using their target cells. In fact, following these HOFs and 3T3-L1
preadipocytes, we also succeeded in obtaining various in vitro 3D spheroid models using
several types of non-cancerous cells, including fibroblasts from various sources [25,28–30],
human trabecular meshwork cells [31–33], and cancerous cells, including the A549 lung
adenocarcinoma cell [34] and various malignant melanoma cell lines [35].

Therefore, in the current study, to establish a physiologically relevant in vitro cardiac
3D spheroid model, our recently developed 3D drop spheroid culture method was applied
using H9c2 cells, and the morphology, physical properties, and cellular metabolisms of the
3D spheroids, as well as the effects by mTOR inhibitors, were evaluated.

2. Results
2.1. Establishment of the In Vitro 3D H9c2 Spheroid Model and Its Characterization

To establish an in vitro model that replicates the physiological cardiac muscle en-
vironments, 3D spheroids of H9c2 cells were generated by our recently developed 3D
hanging drop culture methods using several non-cancerous cells [25,27–33,36] and cancer-
ous cells [34,35]. To study the growth process of the 3D H9c2 spheroids, the changes in
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their appearance and physical properties, including sizes and stiffness, were evaluated
over 4 days. As shown in Figure 1, phase contrast microscopy (PC) images indicated
that within a 28 µL 3D spheroid culture medium, 20,000 H9c2 cells had been dispersed
and the cells started to coalesce at 3 h after the seeding, with premature spheroids being
formed by 6–12 h. On Day 1, a round-shaped 3D spheroid had been formed. Thereafter,
their sizes became gradually smaller until Day 4 (Figure 2A), and their stiffness constantly
increased, reaching a plateau by Day 3 (Figure 2B). Scanning electron microscopy analysis
was performed to investigate their ultrastructure. As shown in Figure 3, lower magnifi-
cation images (×150) demonstrated that the 3D H9c2 3D spheroids became smaller until
Day 3, in agreement with PC images. However, the H9c2 3D spheroids by Day 4 were
smaller and deformed with shapes that were similar to a rugby ball. Furthermore, higher
magnification images (×104) showed that the ECM deposits distributed on the 3D spheroid
surface were increased until Day 2 and then gradually diminished until Day 4. To confirm
that these down-sizing and stiffening processes were not artifacts or cell death within the
inside of the 3D spheroid, DAPI nuclei staining was preformed and the total cell numbers
of the 3D spheroids were determined (Figure 4). As shown in Table 1, the numbers of
cells within a 3D spheroid at Day 3 (19,843 ± 2002 cells) were nearly identical to those
that were initially harvested (approximately 20,000 cells). Therefore, the total cell numbers
within the 3D H9c2 spheroids did not increase until at least Day 3. Furthermore, to estimate
inter cellular binding properties within the 3D spheroids, their trypsin-induced dispersion
was compared with 2D planar cultured cells. As shown in Figure 5, upon treatment with
0.05% trypsin, the 2D planar cultured H9c2 cells were dispersed within 3 min, but 5 h were
required for the 3D H9c2 spheroids to disperse.
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Figure 1. Maturation process of the 3D H9c2 spheroid. To demonstrate the maturation process of the
3D H9c2 spheroids, representative phase contrast microscopy (PC) images of the 3D H9c2 spheroids
were collected at several time points (0, 0.5, 1, 3, 6, or 12 h, or Day 1, 2, 3, or 4) (Scale bar: 100 µm).
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Figure 2. Physical aspects of the 3D H9c2 spheroids. Regarding the physical characteristics of the
H9c2 spheroids, their mean sizes were measured at several time points (Day 1, 2, 3, or 4) and plotted
in Panel (A). Alternatively, as the physical stiffness, the force (µN) required to induce deformation
until their half diameter (µm) was reached was measured at several time points (Day 1, 2, 3, or 4)
using a micro-squeezer, and the force/displacement (µN/µm) was potted in Panel (B). ** p < 0.01,
*** p < 0.005, and other pairs were not statistically significant.
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Figure 3. Ultrastructure of the H9c2 spheroids. To observe the ultrastructure of the H9c2 spheroids,
representative scanning Electron microscope (SEM) images at several time points (Day 1, 2, 3, or
4) are shown (upper; low magnification, Scale bar: 600 µm, lower; high magnification, Scale bar:
120 µm).
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Table 1. The number of cells within 2D and 3D spheroids at Day 3. 
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Figure 4. Estimation of cell numbers within a single 3D H9c2 spheroid. H9c2 spheroids were stained
with DAPI (blue) and phalloidin (red). The largest cross-section of phalloidin images of the 3D
spheroid (n = 5) was selected among confocal microscopy images, and their diameters were measured
(tentative 3D spheroid diameter). Alternatively, the distance between two adjacent nuclei stained
by DAPI (n = 5 for one section and repeated five times using different preparations) was measured
(tentative H9c2 cell diameter). Based upon these diameters, the cell numbers contained within the 3D
spheroid were estimated by division of the volume of the overall 3D spheroid with the volumes of
the cells within it.

Table 1. The number of cells within 2D and 3D spheroids at Day 3.

NT Rap Tor MHY

2D a 36 ± 10.98 20.25 ± 4.19 8.75 ± 3.50 26 ± 1.15
3D b 19,843 ± 2002 17,673 ± 2622 18,707 ± 2725 20,449 ± 2891

a cell density: cell number/0.1 mm3. b total cells within: 3D spheroid.
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Figure 5. Trypsin-induced dispersion of 2D planar cultured or 3D spheroid cultured H9c2 cells. The
2D planar cultured or 3D spheroid cultured H9c2 cells were treated with 0.05% trypsin for 3 min or
5 h, respectively. Representative phase contrast microscopy images of 2D cells and 3D spheroids are
shown in panels, respectively (scale bar; 100 µm). Experiments were repeated in triplicate using fresh
preparations (2D; n = 5, 3D; n = 10 spheroids each).

Therefore, these collective results indicate that the natures of the 3D H9c2 spheroids
were different from those of the 2D planar cultured H9c2 cells. That is, the H9c2 cells
did not multiply in our 3D spheroid culture system as was observed in the conventional
2D planar cell cultures, but the 3D spheroids matured during the course of the drop 3D
spheroid cultures.

2.2. Effects of mTOR Inhibitors on the Physical Properties of 3D H9c2 Spheroids

To study the effects of mTOR inhibitors on the in vitro 3D spheroid H9c2 model,
the physical properties, mean sizes, and physical stiffness analysis were evaluated in the
absence and presence of mTORC1 inhibitors. There are two mTOR complexes that have
distinct functions. Rapa is an allosteric inhibitor for the mTOR complex 1 (mTORC1),
whereas Torin 1 is an ATP-competitive mTOR inhibitor that suppresses the action of
both mTORC1 and mTOR complex 2 (mTORC2). Successful inhibition of the mTOR
complexes by Rapa and Torin 1 was confirmed by immunocytochemical analyses: Rapa
suppressed S6 phosphorylation but not Akt phosphorylation, whereas Torin 1 inhibited
the phosphorylation of S6 and Akt (Figures 6 and 7). To elucidate the effects of mTOR
inhibitors on the physical characteristics of the 3D H9c2 spheroids, their sizes and stiffness
were compared among non-treated controls and spheroids that had been treated with a
10 nM mTOR inhibitor (Rapa or Torin 1) or a 5 nM mTOR stimulator (MHY-1485). As shown
in Figure 8, Torin 1 induced a significant downsizing of the H9c2 spheroids during Day 2
and Day 3, and Rapa also induced a modest reduction in the size of 3D spheroids despite
that fact there were no significant effects by MHY-1485. In addition, the stiffness of the 3D
H9c2 spheroids was also substantially decreased by Torin 1 and tended to be decreased by
Rapa at Day 3, suggesting that the inhibition of both mTOR complexes induced substantial
effects toward the physical aspects of the 3D H9c2 spheroids and mTORC1 inhibition alone
also played a role in this process. Since it is well known that mTOR inhibitors reduce
cell sizes as well as cell densities [37], such effects of mTOR inhibitors could be caused by
reducing cell sizes, cell densities, or both. To examine these possibilities, the density of
2D cultured cells and total cells within 3D spheroids were compared among these four
conditions. As shown in Table 1, the cell densities (cells/0.1 mm2) of 2D cultured cells
during 3 days of Rapa (20.25 ± 4.19) or Torin 1 (8.75 ± 4.19) treatment were significantly
lower than the non-treated control (36.0 ± 10.98) or MHY-1485 (26.0 ± 1.15). On the
other hand, the total cell numbers of the 3D spheroids were essentially unchanged (non-
treated control, 19,843 ± 2002; Rapa, 17,637 ± 2622, Torin 1, 18,707 ± 2725, WHY-1485,
20,449 ± 2891). Therefore, those results suggest that the down-sizing of the 3D H9c2



Int. J. Mol. Sci. 2023, 24, 11459 6 of 16

spheroids by mTORC1/2 inhibition can be attributed to a reduction in each cell volume
rather than to the number of cells.
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Figure 6. Representative confocal microscopy images of the immunolabeling of S6, p-S6, Akt, and 
p-Akt of the 2D H9c2 cells. 2D H9c2 cells treated or untreated (NT, non-treated) with 10 nM Rapa 
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Akt (green) without or with phalloidin (red) and DAPI (blue) in duplicate using fresh preparations 
(n = 5). Scale bar; 100 µm. The staining intensities are plotted in the lower panels. ** p  <  0.01, *** p  < 
 0.005. 

 

  
  

Figure 6. Representative confocal microscopy images of the immunolabeling of S6, p-S6, Akt, and
p-Akt of the 2D H9c2 cells. 2D H9c2 cells treated or untreated (NT, non-treated) with 10 nM Rapa
(Rapa) or Torin 1 (Torin) during a 6-day period were each immunostained for S6, p-S6, Akt, and p-Akt
(green) without or with phalloidin (red) and DAPI (blue) in duplicate using fresh preparations (n = 5).
Scale bar; 100 µm. The staining intensities are plotted in the lower panels. ** p < 0.01, *** p < 0.005.

2.3. Effects of mTOR Inhibitors on Cellular Metabolic Functions of 2D and 3D Cultured H9c2

To further study the effects of mTOR inhibitors toward 2D and 3D cultured H9c2
cells, real-time cellular metabolic functions were measured using a Seahorse Bioanalyzer
(Figure 9A–D). The ratio of mitochondrial maximal respiration to basal OCR, which reflects
spare respiratory capacity, one of the indicators of mitochondrial function, was compa-
rable between the 2D and 3D cultures, although the experimental protocols for real-time
metabolic analyses are different for 2D cells and 3D spheroids (Figure 9E). However, inter-
estingly, in the case of the 3D H9c2 spheroids, there were significant differences in basal
OCR and ATP-linked respiration between treatment with the mTOR activator MHY and
treatment with the mTOR inhibitor Torin 1, whereas no difference in response to mTOR
modulators was observed for the indices of mitochondrial respiration, and glycolytic ca-
pacity was somewhat decreased by the treatment with MHY (Figure 9F,G). These results
indicate that H9c2 cells cultured in 2D and 3D configurations exhibit different cellular
metabolic responses to mTOR signaling.
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Figure 7. Representative confocal microscopy images of the immunolabeling of S6, p-S6, Akt, and
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intensities are plotted in the lower panels. *** p < 0.005.
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Figure 8. The physical characteristics of 3D H9c2 spheroids in the absence and presence of mTOR
inhibitors or an mTOR stimulator. The mean sizes (µm) (A) and stiffness (µN/µm) (B), the force
(µN) required to compress to their semidiameter (µm) during 20 s, of the 3D H9c2 spheroids were
measured in the absence (NT, non-treated) or presence of the mTOR inhibitor, 10 nM Rapa (Rap),
Torin 1 (Tor), or mTOR stimulator, 5 µM MHY-1485 (MHY) during 3 days in triplicate using fresh
preparations (total n= 16), and those values were plotted. * p < 0.05, ** p < 0.01.



Int. J. Mol. Sci. 2023, 24, 11459 8 of 16
Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 9. Assessment of metabolic functions in 2D and 3D H9c2 cells and their responses to mTOR 
modulators. A real-time metabolic function analysis using an XFe96 Extracellular Flux Analyzer of 
the 2D or 3D cultured H9c2 cells in the absence (NT, non-treated) or presence of mTOR inhibitor 
Rapamycin (Rap), Torin 1 (Tor) or mTOR stimulator MHY-1485 (MHY) on Day 3 in fresh prepara-
tions (n = 6–8). Panel (A): Measurement of OCR in 2D H9c2 cells. Panel (B): Measurement of OCR in 
3D H9c2 spheroids. Panel (C): Measurement of ECAR in 2D H9c2 cells. Panel (D): Measurement of 
ECAR in 3D H9c2 spheroids. Panel (E): The ratio of maximal respiration to basal OCR in 2D and 3D 
conditions of H9c2 cells in the absence of mTOR modulators. Panel (F): Key indices of mitochondrial 
functions and glycolytic functions in 2D H9c2 cells. Panel (G): Key indices of mitochondrial func-
tions and glycolytic functions in 3D H9c2 spheroids. Basal OCR = (the OCR at baseline)—(OCR with 
R/A), ATP-linked respiration = (the OCR at the baseline)—(the OCR with Oligo), Proton leak = (the 
OCR with Oligo)—(the OCR with R/A), Maximal respiration = (the OCR with FCCP)—(the OCR 
with R/A), Basal ECAR = (ECAR at the baseline)—(ECAR with 2DG), Glycolytic capacity = (ECAR 
with Oligo)—(ECAR with 2DG), OCR; oxygen consumption rate, ECAR; extracellular acidification 
rate, Oligo; oligomycin, FCCP; carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), R/A; 
otenone/antimycin A, 2DG; 2-deoxyglucose. * p < 0.05. 

2.4. Effects of mTOR Inhibitors on the mRNA Expression of ECM Proteins, Gap Junction-
Related Molecules, and HIF1 of 2D and 3D Cultured H9c2 

To determine the kinds of underlying mechanisms that are involved in the effects 
that are induced in the 2D and 3D cultured H9c2 cells by the mTOR inhibitors as shown 
above, as possible related molecules, the mRNA expression of major ECM proteins in-
cluding collagen (COL)1, 4, and 6, fibronectin (FN), STAT3, and α-smooth muscle actin (α-
SMA), gap junction-related molecules including ZO-1, β-catenin and N-cadherin, and 
HIF-1 were evaluated. In a comparison between 2D cultured H9c2 cells and 3D H9c2 sphe-
roids, (1) significant differences were found for the expression of ECM proteins between 
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pared with 2D H9c2 cells. (2) Among gap junction-related molecules, mRNA expressions 
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Figure 9. Assessment of metabolic functions in 2D and 3D H9c2 cells and their responses to mTOR
modulators. A real-time metabolic function analysis using an XFe96 Extracellular Flux Analyzer of
the 2D or 3D cultured H9c2 cells in the absence (NT, non-treated) or presence of mTOR inhibitor
Rapamycin (Rap), Torin 1 (Tor) or mTOR stimulator MHY-1485 (MHY) on Day 3 in fresh preparations
(n = 6–8). Panel (A): Measurement of OCR in 2D H9c2 cells. Panel (B): Measurement of OCR in 3D
H9c2 spheroids. Panel (C): Measurement of ECAR in 2D H9c2 cells. Panel (D): Measurement of
ECAR in 3D H9c2 spheroids. Panel (E): The ratio of maximal respiration to basal OCR in 2D and 3D
conditions of H9c2 cells in the absence of mTOR modulators. Panel (F): Key indices of mitochondrial
functions and glycolytic functions in 2D H9c2 cells. Panel (G): Key indices of mitochondrial functions
and glycolytic functions in 3D H9c2 spheroids. Basal OCR = (the OCR at baseline)—(OCR with
R/A), ATP-linked respiration = (the OCR at the baseline)—(the OCR with Oligo), Proton leak = (the
OCR with Oligo)—(the OCR with R/A), Maximal respiration = (the OCR with FCCP)—(the OCR
with R/A), Basal ECAR = (ECAR at the baseline)—(ECAR with 2DG), Glycolytic capacity = (ECAR
with Oligo)—(ECAR with 2DG), OCR; oxygen consumption rate, ECAR; extracellular acidification
rate, Oligo; oligomycin, FCCP; carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), R/A;
otenone/antimycin A, 2DG; 2-deoxyglucose. * p < 0.05.

2.4. Effects of mTOR Inhibitors on the mRNA Expression of ECM Proteins, Gap Junction-Related
Molecules, and HIF1 of 2D and 3D Cultured H9c2

To determine the kinds of underlying mechanisms that are involved in the effects that
are induced in the 2D and 3D cultured H9c2 cells by the mTOR inhibitors as shown above,
as possible related molecules, the mRNA expression of major ECM proteins including
collagen (COL)1, 4, and 6, fibronectin (FN), STAT3, and α-smooth muscle actin (α-SMA),
gap junction-related molecules including ZO-1, β-catenin and N-cadherin, and HIF-1
were evaluated. In a comparison between 2D cultured H9c2 cells and 3D H9c2 spheroids,
(1) significant differences were found for the expression of ECM proteins between 2D and
3D cultured H9c2 cells, and substantially higher expressions of COL4 and FN and lower
expressions of COL6 and α-SMA were observed in the 3D H9c2 spheroids as compared
with 2D H9c2 cells. (2) Among gap junction-related molecules, mRNA expressions of
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Cx43, β-catenin, and N-cadherin were markedly elevated in 3D H9c2 spheroids, and as a
representative molecule among them, a significant higher expression of N-cadherin was also
confirmed using Western blot analysis (Supplemental Figure S1). (3) Higher expressions
of STAT3 and HIF1 were also found for the 3D H9c2 spheroids (Figure 10). Since STAT3
was recently identified as the master regulator for inducing 3D spheroid architecture [36],
and HIF1 is recognized as the major transcription factor that is activated in response to
hypoxia [38], these collective results rationally suggest that our currently developed in vitro
3D H9c2 spheroid model could replicate quite different local environments as compared
with conventional 2D planar culture models. However, in contrast, in the presence of an
mTOR inhibitor, Rapa or Torin 1, or an mTOR stimulator, MHY-1485, the mRNA expressions
of those molecules were not significantly different between the 2D and 3D cultures, except
for: (1) ECM proteins; Rapa (2D: down-regulation COL1 and COL6, 3D: down-regulation
of COL1, COL4, and FN, up-regulation of COL6) and MYH-1485 (2D: down-regulation
of α-SMA, 3D: down-regulation of all five ECM proteins) (Figure 11); (2) gap junction-
related molecules; Rapa (2D: up-regulation of N-cadherin, 3D: down-regulation of β-catenin)
and Torin 1 (3D: down-regulation of β-catenin); (3) STAT3: Rapa (2D: down-regulation);
(4) HIF1; Rapa (2D and 3D: down-regulation), Torin 1 (2D: down-regulation), and MHY-
1485 (2D: down-regulation, 3D: up-regulation) (Figure 12).
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Figure 10. The mRNA expression of ECM molecules, gap junction-related molecules, STAT3, and
HIF1 of 2D and 3D cultured H9c2 cells. qPCR analysis of ECM molecules (COL1, COL4, COL6, FN,
and a-SMA), gap junction-related molecules (ZO-1, β-catenin, and N-cadherin), STAT3, and HIF1 of
non-treated (NT) 2D and 3D H9c2 cells with mTOR modulators in duplicate three different confluent
six-well dishes (2D) or fifteen freshly prepared 3D spheroids (3D), and the resulting values were
plotted. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001.
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and presence of mTOR inhibitors or an mTOR stimulator. In the absence (NT, non-treated) or pres-
ence of mTOR inhibitor, 10 nM Rapa (Rap) or Torin 1 (Tor), or mTOR stimulator, 5 µM MHY-1485 
(MHY) at Day 3, qPCR analysis of ECM molecules (COL1, COL4, COL6, FN, and a-SMA) of 2D and 
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Figure 11. The mRNA expression of ECM molecules of 2D and 3D cultured H9c2 cells in the absence
and presence of mTOR inhibitors or an mTOR stimulator. In the absence (NT, non-treated) or presence
of mTOR inhibitor, 10 nM Rapa (Rap) or Torin 1 (Tor), or mTOR stimulator, 5 µM MHY-1485 (MHY)
at Day 3, qPCR analysis of ECM molecules (COL1, COL4, COL6, FN, and a-SMA) of 2D and 3D H9c2
cells in duplicate 3 different confluent 6-well dishes (2D) or 15 freshly prepared 3D spheroids (3D),
and those values were plotted. * p < 0.05, ** p < 0.01, *** p < 0.005.
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absence (NT, non-treated) and presence of mTOR inhibitor, 10 nM Rapa (Rap) or Torin 1 (Tor), or
mTOR stimulator, 5 µM MHY-1485 (MHY) on Day 3, qPCR analysis of gap junction-related molecules
(ZO-1, β-catenin and N-cadherin), STAT3 and HIF1 of 2D and 3D H9c2 cells in duplicate three
different confluent six-well dishes (2D) or fifteen freshly prepared 3D spheroids (3D), and those
values were plotted. * p < 0.05, ** p < 0.01, *** p < 0.005.

3. Discussion

In the current investigation, 3D H9c2 spheroids were successfully produced by the
same experimental protocol using a 384-hanging drop array plate as described in our recent
studies using mouse preadipocyte 3T3-L1 cells [27] as well as various other cells. The
formation of 3D H9c2 spheroids and their subsequent maturation, as shown in Figure 1,
closely resembled that of 3T3-L1 cells [27]. Interestingly, the results of the qPCR analyses
suggested that GJ-related molecules, which are essentially required for the cardiac func-
tional syncytium [39], were spontaneously expressed upon 3D H9c2 spheroid formation. In
addition, since it has been shown that an O2 gradient exists within the 3D spheroids, similar
to the cardiac wall, the significantly higher expression of the HIF1 gene may also suggest
the existence of such an O2 gradient within our 3D H9c2 spheroid, although changes in
protein levels of HIF1 and its downstream protein were not measured. In addition, mTOR
modulators induced different effects toward cellular proliferations as well as the cellular
metabolic states of 2D and 3D cultured H9c2 cells. Therefore, these collective current results
rationally suggest that our newly developed in vitro 3D H9c2 spheroid model could be
more applicable than conventional 2D cultured models for use in research in the fields of
cardiac physiology as well as pathology.

The use of 3D spheroid cell cultures has recently received great attention for use
in establishing suitable in vivo models for a variety of physiological and pathological
conditions [40]. In fact, compared with the conventional 2D planar cell culture, the nature
of the intercellular interaction for 3D spheroids is different; that is, each cell can, at any
location, interact with another cell within the 3D spheroid similar to those of in vivo organs.
In contrast, side-by-side intercellular interactions occur in the 2D cultures. In addition,
the protein networks, including several ECM proteins, cell junction proteins, and other
surrounding cells within 3D spheroids, may also be similar to those of in vivo organs but
different from those of the 2D cultured cells. Thus, it would therefore appear that such 3D
spheroids replicate real tissues and organs in terms of their biological characteristics [41].
However, it should be noted that such advantageous aspects in the 3D spheroids may
greatly differ depending on the methods used for their preparation. Several methods for 3D
cell culture have been developed, and they can be roughly classified into scaffold-assisted or
non-scaffold-assisted methods [42]. In the non-scaffold-assisted methods, several different
techniques to prepare 3D spheroids, including pellet cultures, liquid overlay, hanging drop,
spinner cultures, rotating wall vessels, microfluidics, and magnetic levitation, have been
used [42]. Among these methods, we focused on a modified hanging drop 3D spheroid
culture using a 384-hanging drop array plate [43,44] because we paid a great deal of
attention to the fact that 3D spheroids could be spontaneously obtained within the culture
medium droplet. In fact, in our previous report, dispersed 3T3-L1 cells within the culture
medium droplet spontaneously became associated with one another within a few hours
to form premature 3D spheroids, which then gradually grew into their matured form [27].
In addition, such formed 3D 3T3-L1 spheroids demonstrated quite different biological
activities as compared with 2D cultured 3T3-L-1 cells even though the culture conditions
were exactly the same for both systems, except that the culture plates were different [36].

The Akt-mTOR signaling pathway is important in regulating the cell cycle and is
essential in promoting the growth, proliferation, and differentiation of adult stem cells [45].
The activation of Akt has vital effects on cardiomyocytes, including increasing cell size,
inhibiting apoptosis, and altering glucose metabolism [46]. In the present study, we found
that mTOR inhibitors, Rapa, and Torin 1 induced different effects on 2D H9c2 cells and
3D H9c2 spheroids; that is, mTORC1/2 inhibition suppressed cell multiplication in the
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former, but in the latter, it caused the down-sizing of each cell within the 3D spheroid
without having an effect on cell multiplication. At the time of writing, we do not know why
mTOR inhibition-induced effects were different between 2D culture cells and 3D spheroids.
One possibility might be related to the O2 gradient within the 3D spheroid. Since O2
is a well-recognized and important factor in maintaining cellular energy homeostasis
via mitochondria for cell proliferation and growth, hypoxia greatly deteriorates cellular
metabolism as well as physiological reactions and, in turn, to adapt to these conditions,
hypoxia-inducible gene expression, metabolism, reactive oxygen species, and autophagy
are all stimulated. In addition, these hypoxia-related signaling events are closely linked
with the cellular energy and nutrient-sensing pathways; that is, AMP-activated protein
kinase (AMPK) and mTORC1 [47].

In addition to the cellular properties of the matured cardiomyocytes, 3D H9c2 spheroids
may also better mimic the developmental process of the cardiogenesis compared to 2D
culture models because it is well known that the embryonic or fetal heart develops un-
der physiologically hypoxic concentrations. Indeed, recent studies have demonstrated
that HIF1 signaling, which was suggested to be activated in 3D H9c2 spheroids, plays
an important role in early cardiogenesis [48–50]. In addition, it has been suggested that
metabolic adaptation through mTOR signaling plays an essential role in cardiac develop-
ment [51]. Taking these collective issues into account, 3D cultured H9c2 spheroids, in which
an O2 gradient is present and metabolic responses by mTOR signaling clearly occur, may
be a more suitable model for studying developing cardiac cells than 2D planar cultures
of H9c2 cells.

Although the possible mechanisms responsible for causing these differences between
2D and 3D cultures of H9c2 have not been elucidated at this time, several diverse biological
properties between them have been identified, suggesting that our newly developed 3D
H9c2 spheroid may be a useful in vitro model for understanding cardiac pathophysiology.

4. Materials and Methods
4.1. 2D Planar and 3D Spheroid Cultures of H9c2 Cells

The 2D planar cultures of the H9c2 cells, rat cardiomyoblast cells obtained from the
ATCC (American Type Culture Collection), were prepared as described in a previous
report [22]. Thereafter, they were further used to prepare 2D cultures or 3D spheroid
cultures as described in our previous studies using human orbital fibroblasts [25,26], 3T3-L1
preadipocytes [27], and other cells [29,32] during 4 days in the absence or presence of
10 nM mTOR inhibitor, rapamycin (Rapa), or Torin 1 or 5 µM mTOR activator, MHY-1485.
The concentrations of mTOR inhibitors and mTOR activators that were administered were
the same as in previous reports [22,52].

4.2. Physical Properties Measurements of the 3D HTM Spheroid

The configuration of the 3D H9c2 spheroids was observed by phase contrast (PC)
microscopy and scanning electron microscopy, methods that have been described in our
previous reports [27,53]. For evaluation of the mean size (µm) and stiffness (required
force to compress semidiameter, µN/µm) of each 3D spheroid, we used PC images and a
micro-squeezer as described in our previous reports [25,26].

4.3. Immunocytochemistry of 2D Cultures H9c2 Cells and 3D H9c2 Spheroids

Immunocytochemistry of the 2D cultured H9c2 cells and 3D H9c2 spheroids was pro-
cessed as described in our previous reports [26,27] using 1: 200 dilutions of first antibody
including an anti-human S6 ribosomal protein (5G10) rabbit mAb (#2217, Cell Signaling
Technology, Danvers, MA, USA), phosphor-S6 ribosomal protein (Ser235/236) antibody
(#2211, Cell Signaling Technology, Danvers, MA, USA), Akt antibody (#9272, Cell Signaling
Technology, Danvers, MA, USA) or phosphor-Akt (Ser473) (#9271, Cell Signaling Technol-
ogy, Danvers, MA, USA), 1:1000 dilutions of a goat anti-rabbit IgG (488 nm) with phalloidin
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(594 nm), and DAPI. Thereafter, confocal immunofluorescent images of 2D H9c2 cells and
3D spheroid were obtained as described in our previous reports [26,27].

4.4. Measurement of Real-Time Cellular Metabolic Functions

The oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR)
of the 2D and 3D cultured H9c2 cells that were treated with or without mTOR inhibitors,
10 nM Rapa or 10 nM Torin 1, or an mTOR stimulator 5 µM, MHY-1485 (MHY), were
measured using a Seahorse XFe96 real-time metabolic analyzer (Agilent Technologies,
Santa Clara, CA, USA.) according to the manufacturer’s instructions.

For the 2D planar cultures of cells, 2.0 × 104 2D cultured H9c2 cells treated as above
were placed in each well of an XFe96 Cell Culture Microplate (Agilent Technologies,
#103794-100) and incubated at 37 ◦C. At the time of the assay, the culture medium was
replaced with pre-warmed Seahorse XF DMEM assay medium (pH 7.4, Agilent Technolo-
gies, #103575-100) containing 5.5 mM glucose, 2.0 mM glutamine, and 1.0 mM sodium
pyruvate. For the 3D spheroids, each spheroid was placed in accordance with the User
Guide for the Agilent Seahorse XFe96 Spheroid Microplate and Flux Pak (Agilent Tech-
nologies #102905-100). Briefly, to coat the plate with Cell-Tak™ (#354240, Corning, New
York, NY, USA) before placing the spheroids in it, 200 µL of 2 mg/mL in 5% acetic acid
was added in 2.8 mL of 0.1 M sodium bicarbonate, and 30 µL of this Cell-Tak Mix was
then placed to each well of an XFe96 Spheroid Microplate followed by incubation for 1 h
in a non-CO2 incubator at 37 ◦C. The Cell-Tak Mix was then aspirated from the plate, and
the plate was washed twice with 400 µL of sterile 37 ◦C water and allowed to air dry. A
pre-warmed 175 µL of Seahorse XF DMEM assay medium (pH 7.4, Agilent Technologies,
#103575-100) containing 5.5 mM glucose, 2.0 mM glutamine, and 1.0 mM sodium pyruvate
was added to each well of the XFe96 Spheroid Microplate coated with Cell-Tak Mix, and
individual spheroids from the culture well were placed in each well of the Agilent Seahorse
XFe96 Spheroid Microplate containing the prewarmed assay medium. The assay plates
for 2D cells and 3D spheroids were then incubated in a CO2-free incubator at 37 ◦C for
1 h prior to the measurements. OCR and ECAR were simultaneously measured using an
XFe96 extracellular flux analyzer (Agilent Technologies, Santa Clara, CA, USA) at the base-
line and under the following sequential injections of 2.0 µM oligomycin, 5.0 µM carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), a mixture of 1.0 µM rotenone and
1.0 µM antimycin A, and 10 mM 2-deoxyglucose. Since the sensitivity of sequential drug
injections is different between 2D and 3D conditions, 3 cycles of each measurement were
employed for 2D cells, 8 cycles for measurement with oligomycin, and 4 cycles for other
measurements were employed for the 3D spheroids. The OCR and ECAR values were
normalized to the amount of protein assessed by a BCA protein assay (TaKaRa BCA Protein
Assay) per well in 2D cells and to the number of spheroids in 3D spheroids.

4.5. Assays for Trypsin-Induced Dispersion

To compare the trypsin-induced destruction of the 2D and 3D cultured H9c2 cells,
the period required for them to disperse in the presence of a 0.05% trypsin solution was
determined using phase contrast microscopy.

4.6. Measurements of Cell Density of 2D Cultured H9c2 Cells and Total Cell Numbers within a
Single 3D H9c2 Spheroid

For measurements of the 2D cell density (cell numbers/0.1 mm2), 2D cultures of
H9c2 cells were processed as above using a 6-well culture dish over 3 days. After wash-
ing twice with phosphate-buffered saline (PBS), cells within each well were recovered by
0.25% trypsin dispersion and subsequent centrifugation. Then, each cell pellet was resus-
pended within 100 µL PBS and, thereafter, 10 µL aliquot was subjected to hemocytometer
measurements.

Alternatively, for the estimation of total cell numbers within a 3D spheroid, since
H9c2 cells were concentrically arranged from the center to the surface within the 3D HTM
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spheroid in the DAPI staining image, the numbers of cells within a 3D spheroid were
evaluated as follows: (1) the volumes of a 3D spheroid and a representative cell were
calculated by assuming their tentative diameters estimated by the largest cross-section
of phalloidin images of the 3D spheroid (n = 5) and the distance between two adjacent
nuclei stained by DAPI (n = 5 for one section and was repeated five times using different
preparations), respectively; and 2) the cell numbers within the 3D spheroid were estimated
by division of the volume of the overall 3D spheroid with the volumes of the cells within it.

4.7. Other Methods

Quantitative PCR using specific primers (Table S1) and statistical analyses using
the Graph Pad Prism 8 (GraphPad Software, San Diego, CA, USA) were performed as
described in a previous report [27]. Western blotting analysis using cell lysates from 2D
and 3D cultured H9c2 cells were performed as described in our recent study [22] using
a specific polyclonal antibody against N-cadherin or α-tubulin. For the estimation of the
statistical difference between study groups, one-way ANOVA was used followed by a
Tukey’s multiple comparison test.
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//www.mdpi.com/article/10.3390/ijms241411459/s1.

Author Contributions: M.W. and T.Y. performed the experiments, analyzed data and wrote the paper.
T.S. performed experiments, analyzed data and wrote the paper. A.U., M.H. and M.F. analyzed the
data, H.O. designed the experiments, analyzed the data, and prepared the written version of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Picca, A.; Mankowski, R.T.; Burman, J.L.; Donisi, L.; Kim, J.S.; Marzetti, E.; Leeuwenburgh, C. Mitochondrial quality control

mechanisms as molecular targets in cardiac ageing. Nat. Rev. Cardiol. 2018, 15, 543–554. [PubMed]
2. Kolwicz, S.C., Jr.; Purohit, S.; Tian, R. Cardiac metabolism and its interactions with contraction, growth, and survival of

cardiomyocytes. Circ. Res. 2013, 113, 603–616. [CrossRef] [PubMed]
3. Chen, X.F.; Chen, X.; Tang, X. Short-chain fatty acid, acylation and cardiovascular diseases. Clin. Sci. 2020, 134, 657–676. [CrossRef]
4. Heusch, G.; Libby, P.; Gersh, B.; Yellon, D.; Böhm, M.; Lopaschuk, G.; Opie, L. Cardiovascular remodelling in coronary artery

disease and heart failure. Lancet 2014, 383, 1933–1943. [CrossRef]
5. Patel, K.V.; Pandey, A.; de Lemos, J.A. Conceptual Framework for Addressing Residual Atherosclerotic Cardiovascular Disease

Risk in the Era of Precision Medicine. Circulation 2018, 137, 2551–2553. [CrossRef] [PubMed]
6. Li, H.; Hastings, M.H.; Rhee, J.; Trager, L.E.; Roh, J.D.; Rosenzweig, A. Targeting Age-Related Pathways in Heart Failure. Circ.

Res. 2020, 126, 533–551. [CrossRef]
7. Poole, D.C.; Hirai, D.M.; Copp, S.W.; Musch, T.I. Muscle oxygen transport and utilization in heart failure: Implications for exercise

(in)tolerance. Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H1050–H1063. [CrossRef]
8. Louch, W.E.; Sheehan, K.A.; Wolska, B.M. Methods in cardiomyocyte isolation, culture, and gene transfer. J. Mol. Cell. Cardiol.

2011, 51, 288–298. [CrossRef]
9. Tirziu, D.; Giordano, F.J.; Simons, M. Cell communications in the heart. Circulation 2010, 122, 928–937. [CrossRef]
10. Savoji, H.; Mohammadi, M.H.; Rafatian, N.; Toroghi, M.K.; Wang, E.Y.; Zhao, Y.; Korolj, A.; Ahadian, S.; Radisic, M. Cardiovascular

disease models: A game changing paradigm in drug discovery and screening. Biomaterials 2019, 198, 3–26.
11. Hartung, T. Look back in anger—What clinical studies tell us about preclinical work. Altex 2013, 30, 275–291. [CrossRef]
12. Min, S.; Cho, S.W. Engineered human cardiac tissues for modeling heart diseases. BMB Rep. 2023, 56, 32–42. [CrossRef] [PubMed]
13. Zuppinger, C. 3D Cardiac Cell Culture: A Critical Review of Current Technologies and Applications. Front. Cardiovasc. Med. 2019,

6, 87. [CrossRef]
14. Liu, C.; Feng, X.; Li, G.; Gokulnath, P.; Xiao, J. Generating 3D human cardiac constructs from pluripotent stem cells. EBioMedicine

2022, 76, 103813. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms241411459/s1
https://www.mdpi.com/article/10.3390/ijms241411459/s1
https://www.ncbi.nlm.nih.gov/pubmed/30042431
https://doi.org/10.1161/CIRCRESAHA.113.302095
https://www.ncbi.nlm.nih.gov/pubmed/23948585
https://doi.org/10.1042/CS20200128
https://doi.org/10.1016/S0140-6736(14)60107-0
https://doi.org/10.1161/CIRCULATIONAHA.118.035289
https://www.ncbi.nlm.nih.gov/pubmed/29643058
https://doi.org/10.1161/CIRCRESAHA.119.315889
https://doi.org/10.1152/ajpheart.00943.2011
https://doi.org/10.1016/j.yjmcc.2011.06.012
https://doi.org/10.1161/CIRCULATIONAHA.108.847731
https://doi.org/10.14573/altex.2013.3.275
https://doi.org/10.5483/BMBRep.2022-0185
https://www.ncbi.nlm.nih.gov/pubmed/36443005
https://doi.org/10.3389/fcvm.2019.00087
https://doi.org/10.1016/j.ebiom.2022.103813
https://www.ncbi.nlm.nih.gov/pubmed/35093634


Int. J. Mol. Sci. 2023, 24, 11459 15 of 16

15. Huang, C.Y.; Chueh, P.J.; Tseng, C.T.; Liu, K.Y.; Tsai, H.Y.; Kuo, W.W.; Chou, M.Y.; Yang, J.J. ZAK re-programs atrial natriuretic
factor expression and induces hypertrophic growth in H9c2 cardiomyoblast cells. Biochem. Biophys. Res. Commun. 2004,
324, 973–980. [CrossRef] [PubMed]

16. Zhou, Y.; Jiang, Y.; Kang, Y.J. Copper inhibition of hydrogen peroxide-induced hypertrophy in embryonic rat cardiac H9c2 cells.
Exp. Biol. Med. 2007, 232, 385–389.

17. Ohori, K.; Miura, T.; Tanno, M.; Miki, T.; Sato, T.; Ishikawa, S.; Horio, Y.; Shimamoto, K. Ser9 phosphorylation of mitochondrial
GSK-3beta is a primary mechanism of cardiomyocyte protection by erythropoietin against oxidant-induced apoptosis. Am. J.
Physiol. Heart Circ. Physiol. 2008, 295, H2079–H2086. [CrossRef]

18. Koekemoer, A.L.; Chong, N.W.; Goodall, A.H.; Samani, N.J. Myocyte stress 1 plays an important role in cellular hypertrophy and
protection against apoptosis. FEBS Lett. 2009, 583, 2964–2967. [CrossRef]

19. Vindis, C.; D’Angelo, R.; Mucher, E.; Nègre-Salvayre, A.; Parini, A.; Mialet-Perez, J. Essential role of TRPC1 channels in
cardiomyoblasts hypertrophy mediated by 5-HT2A serotonin receptors. Biochem. Biophys. Res. Commun. 2010, 391, 979–983.
[CrossRef] [PubMed]

20. Watkins, S.J.; Borthwick, G.M.; Arthur, H.M. The H9C2 cell line and primary neonatal cardiomyocyte cells show similar
hypertrophic responses in vitro. In Vitr. Cell. Dev. Biol. Anim. 2011, 47, 125–131. [CrossRef]

21. Branco, A.F.; Pereira, S.P.; Gonzalez, S.; Gusev, O.; Rizvanov, A.A.; Oliveira, P.J. Gene Expression Profiling of H9c2 Myoblast
Differentiation towards a Cardiac-Like Phenotype. PLoS ONE 2015, 10, e0129303. [CrossRef] [PubMed]

22. Abe, K.; Yano, T.; Tanno, M.; Miki, T.; Kuno, A.; Sato, T.; Kouzu, H.; Nakata, K.; Ohwada, W.; Kimura, Y.; et al. mTORC1 inhibition
attenuates necroptosis through RIP1 inhibition-mediated TFEB activation. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865,
165552. [CrossRef] [PubMed]

23. Ino, S.; Yano, T.; Kuno, A.; Tanno, M.; Kouzu, H.; Sato, T.; Yamashita, T.; Ohwada, W.; Osanami, A.; Ogawa, T.; et al. Nuclear
translocation of MLKL enhances necroptosis by a RIP1/RIP3-independent mechanism in H9c2 cardiomyoblasts. J. Pharmacol. Sci.
2023, 151, 134–143. [CrossRef] [PubMed]

24. Riedl, A.; Schlederer, M.; Pudelko, K.; Stadler, M.; Walter, S.; Unterleuthner, D.; Unger, C.; Kramer, N.; Hengstschläger, M.; Kenner,
L.; et al. Comparison of cancer cells in 2D vs 3D culture reveals differences in AKT-mTOR-S6K signaling and drug responses. J.
Cell Sci. 2017, 130, 203–218.

25. Hikage, F.; Atkins, S.; Kahana, A.; Smith, T.J.; Chun, T.H. HIF2A-LOX Pathway Promotes Fibrotic Tissue Remodeling in
Thyroid-Associated Orbitopathy. Endocrinology 2019, 160, 20–35. [CrossRef]

26. Itoh, K.; Hikage, F.; Ida, Y.; Ohguro, H. Prostaglandin F2α Agonists Negatively Modulate the Size of 3D Organoids from Primary
Human Orbital Fibroblasts. Investig. Ophthalmol. Vis. Sci. 2020, 61, 13. [CrossRef]

27. Ida, Y.; Hikage, F.; Itoh, K.; Ida, H.; Ohguro, H. Prostaglandin F2α agonist-induced suppression of 3T3-L1 cell adipogenesis affects
spatial formation of extra-cellular matrix. Sci. Rep. 2020, 10, 7958. [CrossRef]

28. Oouchi, Y.; Watanabe, M.; Ida, Y.; Ohguro, H.; Hikage, F. Rosiglitasone and ROCK Inhibitors Modulate Fibrogenetic Changes in
TGF-β2 Treated Human Conjunctival Fibroblasts (HconF) in Different Manners. Int. J. Mol. Sci. 2021, 22, 7335. [CrossRef]

29. Katayama, H.; Furuhashi, M.; Umetsu, A.; Hikage, F.; Watanabe, M.; Ohguro, H.; Ida, Y. Modulation of the Physical Properties of
3D Spheroids Derived from Human Scleral Stroma Fibroblasts (HSSFs) with Different Axial Lengths Obtained from Surgical
Patients. Curr. Issues Mol. Biol. 2021, 43, 1715–1725. [CrossRef]

30. Ida, Y.; Umetsu, A.; Furuhashi, M.; Watanabe, M.; Tsugeno, Y.; Suzuki, S.; Hikage, F.; Ohguro, H. ROCK 1 and 2 affect the spatial
architecture of 3D spheroids derived from human corneal stromal fibroblasts in different manners. Sci. Rep. 2022, 12, 7419.
[CrossRef]

31. Watanabe, M.; Ida, Y.; Ohguro, H.; Ota, C.; Hikage, F. Establishment of appropriate glaucoma models using dexamethasone or
TGFβ2 treated three-dimension (3D) cultured human trabecular meshwork (HTM) cells. Sci. Rep. 2021, 11, 19369. [CrossRef]
[PubMed]

32. Watanabe, M.; Sato, T.; Tsugeno, Y.; Umetsu, A.; Suzuki, S.; Furuhashi, M.; Ida, Y.; Hikage, F.; Ohguro, H. Human Trabecular Mesh-
work (HTM) Cells Treated with TGF-β2 or Dexamethasone Respond to Compression Stress in Different Manners. Biomedicines
2022, 10, 1338. [PubMed]

33. Watanabe, M.; Sato, T.; Tsugeno, Y.; Higashide, M.; Furuhashi, M.; Ohguro, H. TGF-β-3 Induces Different Effects from TGF-β-1
and -2 on Cellular Metabolism and the Spatial Properties of the Human Trabecular Meshwork Cells. Int. J. Mol. Sci. 2023, 24, 4181.
[CrossRef]

34. Ichioka, H.; Hirohashi, Y.; Sato, T.; Furuhashi, M.; Watanabe, M.; Ida, Y.; Hikage, F.; Torigoe, T.; Ohguro, H. G-Protein-Coupled
Receptors Mediate Modulations of Cell Viability and Drug Sensitivity by Aberrantly Expressed Recoverin 3 within A549 Cells.
Int. J. Mol. Sci. 2023, 24, 771. [CrossRef]

35. Ohguro, H.; Watanabe, M.; Sato, T.; Hikage, F.; Furuhashi, M.; Okura, M.; Hida, T.; Uhara, H. 3D Spheroid Configurations Are
Possible Indictors for Evaluating the Pathophysiology of Melanoma Cell Lines. Cells 2023, 12, 759. [CrossRef] [PubMed]

36. Ohguro, H.; Ida, Y.; Hikage, F.; Umetsu, A.; Ichioka, H.; Watanabe, M.; Furuhashi, M. STAT3 Is the Master Regulator for the
Forming of 3D Spheroids of 3T3-L1 Preadipocytes. Cells 2022, 11, 300. [CrossRef] [PubMed]

37. Mao, B.; Zhang, Q.; Ma, L.; Zhao, D.S.; Zhao, P.; Yan, P. Overview of Research into mTOR Inhibitors. Molecules 2022, 27, 5295.
[CrossRef] [PubMed]

38. Semenza, G.L. Hypoxia-inducible factor 1 and cardiovascular disease. Annu. Rev. Physiol. 2014, 76, 39–56. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbrc.2004.09.156
https://www.ncbi.nlm.nih.gov/pubmed/15485649
https://doi.org/10.1152/ajpheart.00092.2008
https://doi.org/10.1016/j.febslet.2009.08.011
https://doi.org/10.1016/j.bbrc.2009.12.001
https://www.ncbi.nlm.nih.gov/pubmed/20005206
https://doi.org/10.1007/s11626-010-9368-1
https://doi.org/10.1371/journal.pone.0129303
https://www.ncbi.nlm.nih.gov/pubmed/26121149
https://doi.org/10.1016/j.bbadis.2019.165552
https://www.ncbi.nlm.nih.gov/pubmed/31499159
https://doi.org/10.1016/j.jphs.2022.12.009
https://www.ncbi.nlm.nih.gov/pubmed/36707179
https://doi.org/10.1210/en.2018-00272
https://doi.org/10.1167/iovs.61.6.13
https://doi.org/10.1038/s41598-020-64674-1
https://doi.org/10.3390/ijms22147335
https://doi.org/10.3390/cimb43030121
https://doi.org/10.1038/s41598-022-11407-1
https://doi.org/10.1038/s41598-021-98766-3
https://www.ncbi.nlm.nih.gov/pubmed/34588570
https://www.ncbi.nlm.nih.gov/pubmed/35740359
https://doi.org/10.3390/ijms24044181
https://doi.org/10.3390/ijms24010771
https://doi.org/10.3390/cells12050759
https://www.ncbi.nlm.nih.gov/pubmed/36899895
https://doi.org/10.3390/cells11020300
https://www.ncbi.nlm.nih.gov/pubmed/35053416
https://doi.org/10.3390/molecules27165295
https://www.ncbi.nlm.nih.gov/pubmed/36014530
https://doi.org/10.1146/annurev-physiol-021113-170322
https://www.ncbi.nlm.nih.gov/pubmed/23988176


Int. J. Mol. Sci. 2023, 24, 11459 16 of 16

39. Huh, D.; Hamilton, G.A.; Ingber, D.E. From 3D cell culture to organs-on-chips. Trends Cell Biol. 2011, 21, 745–754. [CrossRef]
40. Wang, F.; Weaver, V.M.; Petersen, O.W.; Larabell, C.A.; Dedhar, S.; Briand, P.; Lupu, R.; Bissell, M.J. Reciprocal interactions

between beta1-integrin and epidermal growth factor receptor in three-dimensional basement membrane breast cultures: A
different perspective in epithelial biology. Proc. Natl. Acad. Sci. USA 1998, 95, 14821–14826. [CrossRef]

41. Ryu, N.E.; Lee, S.H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019,
8, 1620. [CrossRef] [PubMed]

42. Hsiao, A.Y.; Tung, Y.C.; Qu, X.; Patel, L.R.; Pienta, K.J.; Takayama, S. 384 hanging drop arrays give excellent Z-factors and allow
versatile formation of co-culture spheroids. Biotechnol. Bioeng. 2012, 109, 1293–1304. [CrossRef] [PubMed]

43. Hsiao, A.Y.; Tung, Y.C.; Kuo, C.H.; Mosadegh, B.; Bedenis, R.; Pienta, K.J.; Takayama, S. Micro-ring structures stabilize
microdroplets to enable long term spheroid culture in 384 hanging drop array plates. Biomed. Microdevices 2012, 14, 313–323.
[CrossRef] [PubMed]

44. Dhein, S.; Salameh, A. Remodeling of Cardiac Gap Junctional Cell-Cell Coupling. Cells 2021, 10, 2422. [CrossRef] [PubMed]
45. Peltier, J.; O’Neill, A.; Schaffer, D.V. PI3K/Akt and CREB regulate adult neural hippocampal progenitor proliferation and

differentiation. Dev. Neurobiol. 2007, 67, 1348–1361. [CrossRef] [PubMed]
46. Latronico, M.V.; Costinean, S.; Lavitrano, M.L.; Peschle, C.; Condorelli, G. Regulation of cell size and contractile function by AKT

in cardiomyocytes. Ann. N. Y. Acad. Sci. 2004, 1015, 250–260. [CrossRef] [PubMed]
47. Chun, Y.; Kim, J. AMPK-mTOR Signaling and Cellular Adaptations in Hypoxia. Int. J. Mol. Sci. 2021, 22, 9765.
48. Menendez-Montes, I.; Escobar, B.; Palacios, B.; Gómez, M.J.; Izquierdo-Garcia, J.L.; Flores, L.; Jiménez-Borreguero, L.J.; Aragones,

J.; Ruiz-Cabello, J.; Torres, M.; et al. Myocardial VHL-HIF Signaling Controls an Embryonic Metabolic Switch Essential for
Cardiac Maturation. Dev. Cell 2016, 39, 724–739. [CrossRef]

49. Bohuslavova, R.; Cerychova, R.; Papousek, F.; Olejnickova, V.; Bartos, M.; Görlach, A.; Kolar, F.; Sedmera, D.; Semenza, G.L.;
Pavlinkova, G. HIF-1α is required for development of the sympathetic nervous system. Proc. Natl. Acad. Sci. USA 2019,
116, 13414–13423. [CrossRef]

50. Sato, T.; Ichise, N.; Kobayashi, T.; Fusagawa, H.; Yamazaki, H.; Kudo, T.; Tohse, N. Enhanced glucose metabolism through
activation of HIF-1α covers the energy demand in a rat embryonic heart primordium after heartbeat initiation. Sci. Rep. 2022,
12, 74. [CrossRef] [PubMed]

51. Sciarretta, S.; Forte, M.; Frati, G.; Sadoshima, J. New Insights Into the Role of mTOR Signaling in the Cardiovascular System. Circ.
Res. 2018, 122, 489–505. [CrossRef] [PubMed]

52. Zhang, X.; Wang, Q.; Wang, X.; Chen, X.; Shao, M.; Zhang, Q.; Guo, D.; Wu, Y.; Li, C.; Wang, W.; et al. Tanshinone IIA protects
against heart failure post-myocardial infarction via AMPKs/mTOR-dependent autophagy pathway. Biomed. Pharmacother. 2019,
112, 108599. [PubMed]

53. Ota, C.; Ida, Y.; Ohguro, H.; Hikage, F. ROCK inhibitors beneficially alter the spatial configuration of TGFβ2-treated 3D organoids
from a human trabecular meshwork (HTM). Sci. Rep. 2020, 10, 20292. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.1073/pnas.95.25.14821
https://doi.org/10.3390/cells8121620
https://www.ncbi.nlm.nih.gov/pubmed/31842346
https://doi.org/10.1002/bit.24399
https://www.ncbi.nlm.nih.gov/pubmed/22161651
https://doi.org/10.1007/s10544-011-9608-5
https://www.ncbi.nlm.nih.gov/pubmed/22057945
https://doi.org/10.3390/cells10092422
https://www.ncbi.nlm.nih.gov/pubmed/34572071
https://doi.org/10.1002/dneu.20506
https://www.ncbi.nlm.nih.gov/pubmed/17638387
https://doi.org/10.1196/annals.1302.021
https://www.ncbi.nlm.nih.gov/pubmed/15201165
https://doi.org/10.1016/j.devcel.2016.11.012
https://doi.org/10.1073/pnas.1903510116
https://doi.org/10.1038/s41598-021-03832-5
https://www.ncbi.nlm.nih.gov/pubmed/34996938
https://doi.org/10.1161/CIRCRESAHA.117.311147
https://www.ncbi.nlm.nih.gov/pubmed/29420210
https://www.ncbi.nlm.nih.gov/pubmed/30798134
https://doi.org/10.1038/s41598-020-77302-9
https://www.ncbi.nlm.nih.gov/pubmed/33219246

	Introduction 
	Results 
	Establishment of the In Vitro 3D H9c2 Spheroid Model and Its Characterization 
	Effects of mTOR Inhibitors on the Physical Properties of 3D H9c2 Spheroids 
	Effects of mTOR Inhibitors on Cellular Metabolic Functions of 2D and 3D Cultured H9c2 
	Effects of mTOR Inhibitors on the mRNA Expression of ECM Proteins, Gap Junction-Related Molecules, and HIF1 of 2D and 3D Cultured H9c2 

	Discussion 
	Materials and Methods 
	2D Planar and 3D Spheroid Cultures of H9c2 Cells 
	Physical Properties Measurements of the 3D HTM Spheroid 
	Immunocytochemistry of 2D Cultures H9c2 Cells and 3D H9c2 Spheroids 
	Measurement of Real-Time Cellular Metabolic Functions 
	Assays for Trypsin-Induced Dispersion 
	Measurements of Cell Density of 2D Cultured H9c2 Cells and Total Cell Numbers within a Single 3D H9c2 Spheroid 
	Other Methods 

	References

