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Abstract:While fatty acids play essential roles in the physiology of the myocardium, conventional culture media contain

little lipid. We previously revealed that rat neonatal myocardium mainly contains docosahexaenoic (DHA), linoleic (LA),

and arachidonic (AA) acids as polyunsaturated fatty acids (PUFAs), and these contents in cultured cardiomyocytes

derived from fetal rats were markedly lower than those in the neonatal myocardium. In this study, we first assessed

the effects of supplementation of DHA, LA, or AA on the fatty acid contents and the percentage change of contractile

area in primarily cultured rat cardiomyocytes. Based on this assessment, we then evaluated the effects of DHA or AA

supplementation on mRNA expression and further directly measured the contractile force of cardiomyocytes with the

supplementations. This study revealed that percentage change of contractile area was maximized under 20 μM DHA

or 50 μM AA supplementation while LA supplementation did not affect this contraction index, and that a widespread

upregulation tendency of the mRNA expression related to differentiation, maturity, fatty acid metabolism, and cell

adhesion was seen in the cultured cardiomyocytes with supplementation of DHA or AA. In particular, upregulation

of the gene expression of cellular adhesion molecules connexin43 and N-cadherin were remarkable, whereas the effects

on differentiation and maturation were less pronounced. Correspondingly, the increase of the percentage change of

the contractile area of cardiomyocyte clusters in culture dishes with the supplementations was significant, whereas the

enhancement of the contractile force was modest. These results suggest that supplementation of DHA or AA to the

fetal cardiomyocyte culture may play effective roles in preventing the de-differentiation of the cardiomyocytes in

culture and that the enhancement of the contractile performance may be mainly attributed to the improvement of

intercellular connection.

Introduction

Heart failure makes up one of the major causes of mortality
and morbidity worldwide. The development of effective
therapies for heart failure has always been a big challenge in
cardiovascular medicine. Nowadays, regenerative medicine
is regarded as a promising alternative treatment to drug
therapies and donor heart or artificial heart transplantations.
However, it is known that the myocardial tissue equivalently

constructed in vitro is significantly inferior in mechanical
properties to its counterpart in vivo. For example, twitch
stress generated in three-dimensional myocardial tissue
engineered from fetal rat cardiomyocytes by using collagen
scaffold is only ca. 2.0 kPa (Eschenhagen et al., 2002), while
the stress generated by myocardial tissue in vivo is ca. 22.0
kPa (Vahl et al., 1994; Yamada et al., 2017).

Fatty acids are important components of lipids in living
bodies and classified into saturated and unsaturated fatty
acids. Unsaturated fatty acids are further divided into
monounsaturated, and n–3 and n–6 polyunsaturated fatty
acids (PUFAs). While saturated and monounsaturated fatty
acids can be biosynthesized by mammals in vivo (Iso et al.,
2006; Matsuzaka et al., 2007), PUFAs cannot because
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mammals do not have the desaturation enzyme necessary for
making a double bond at n–3 or n–6 binding site. Hence,
PUFAs have to be consumed from food (Schmitz and Ecker,
2008). Mammalian hearts shift their energetic substrates
from lactate and glucose to fatty acids during the neonatal
period (Horikoshi et al., 2019; Isu et al., 2019). Moreover,
PUFAs have various physiological activities and are known
as physiological ligands of transcriptional factors (Yamada
et al., 2017). In particular, n–3 PUFAs are known to have
cardioprotective effects (Shysh et al., 2016). In spite of the
facts, the lipids supplied to the culture medium are quite
limited as only contained in fetal bovine serum (FBS)
supplements. Therefore, fatty acids in cultured
cardiomyocytes might be considerably insufficient.

In our preceding research, to clarify the effects of lipids
on cardiomyocytes in culture, we compared the fatty acid
composition in cultured rat fetal cardiomyocytes with that
in myocardial tissues collected from rat neonates. The
results showed a considerable shortage of n–3 and n–6
PUFAs in cultured cells (Karimata et al., 2013). In
particular, the contents of linoleic acid (18:2n–6, LA),
docosahexaenoic acid (22:6n–3, DHA), and arachidonic acid
(20:4n–6, AA) were significantly lower than those in the
neonatal tissue.

In this study, we intended to reveal the effects of PUFAs
supplementations on mRNA expression and contractile force
of the cultured cardiomyocytes. We firstly screened the most
promising PUFAs and supplementation concentrations for the
enhancement of the contractile function of cardiomyocytes in
culture by assessing the percentage change of the contractile
area of the cardiomyocyte clusters in culture dishes with
PUFA supplementations; then, we evaluated the effects of the
promising supplementations on mRNA expression and
contractile force of cultured cardiomyocytes. The investigated
genes fell into three classifications related to “differentiation &
maturity” (Nkx2.5, Srf, P300, cTnT, Mlc2v, and Errγ), “fatty
acid metabolism” (Cd36, Pparα, and Pparδ) and “cell
adhesion” (Cdh2 (N-cadherin) and Cx43 (connexin43)). The
direct measurement of the contractile force of the
cardiomyocytes cultured with the supplementations was
conducted by means of a lab-made vision-based device
measuring the dynamic deflection of an L-shape cantilever
attached to a re-configured circular cardiomyocyte-collagen
gel. This research is a succeeding investigation corresponding
to our previous report (Karimata et al., 2013) and presents
further insight into the effects of PUFA supplementations on
the fetal cardiomyocytes in culture.

Materials and Methods

Cardiomyocyte primary culture
The animal handling and experimental methods used in this
study were approved in advance by the Yamagata University
Animal Experiment Committee.

Female Wistar rats, obtained from an in-house breeding
colony, were housed in a room maintained at 21 ± 1°C and
12-h light/dark cycle, and allowed free access to chow and
tap water. The details of the harvest and primary culture of
rat embryonic cardiomyocytes are described elsewhere
(Karimata et al., 2013). In brief, approximately 20 days after

impregnation, pregnant rats were anesthetized with 4%
isoflurane, and the jugular vein and carotid artery were cut.
Fetal rats were taken out at laparotomy and their ventricles
were harvested by thoracotomy after lumber fracture. The
ventricles were digested to isolate cardiomyocytes with 0.1%
type I collagenase and 0.1% D-glucose in PBS over five cycles,
each lasted for 40 min.

The cells were cultured at the seeding density of 1 × 106

per 60 mm dish for 7 days with DMEM/F12-Ham (Sigma-
Aldrich, St. Louis, USA) containing 10% FBS (Nichirei
Biosciences, Tokyo, Japan), 1% penicillin-streptomycin
(Sigma-Aldrich), and 260 mU/mL insulin (Humulin R; Eli
Lilly Japan, Tokyo, Japan) in a 5%-CO2 incubator at 37°C.
The culture medium was changed firstly 24 h after the cell
seeding and then every other day.

In the experiment of fatty acidmeasurement, neonatal heart
tissue was used to obtain in vivo reference data. The method to
harvest neonatal tissue may refer Karimata et al. (2013).

Determination of supplementation doses of PUFAs
To optimize supplementation doses of PUFAs, cardiomyocytes
were supplemented with one of the following PUFAs via
culture medium. DHA, LA (Sigma-Aldrich), or AA (Tokyo
Chemical Industry) was mixed with and conjugated to bovine
serum albumin (Sigma-Aldrich) at a ratio of 2:1 (mol/mol)
(Oliveira et al., 2005) and supplemented (DHA: 10–40 μM;
LA: 10–30 μM; AA: 20–60 μM) at every medium change.

Measurement of fatty acid composition
On the 14th day of the culture, cardiomyocytes were harvested
by scraping them in 0.01 M PBS, and centrifuged at 1,600 × g
for 2 min. The pelleted cells were weighted and stored at
−80°C. As described elsewhere (Karimata et al., 2013), fatty
acids of the cells were extracted in chloroform/methanol
solution (2:1, vol/vol), and the contents of methylated 22
fatty acids (Tab. 1) were measured with a gas
chromatography system (6890GC; Agilent Technologies,
Santa Clara, CA) equipped with a flame ionization detector.

The fatty acid contents were compared with data of
cardiomyocytes cultured without any fatty acid
supplementation (control group; N = 8), and with those of
neonatal myocardium (9 days of age, N = 11) reported
elsewhere (Karimata et al., 2013) to determine the
supplemental amount closest to the neonatal cellular content.

Assessment of the percentage change of contractile area
On the fourth day after the onset of supplementation of DHA,
LA, or AA, we arbitrarily selected several colonies of beating
cardiomyocytes under a microscope, and we recorded their
video image on a personal computer. Beat rate was
manually counted for 10 s on the video image, and then the
rate was sextupled to obtain beat rate per minute.
Percentage change of contractile area (CCA (%)) was
calculated from the change in beating area in a beating cycle
of several colonies as a formula shown below:

CAA ð%Þ ¼ 1� minimum area
maximum area

� �
� 100 (1)

We arbitrarily selected four points around each beating
colony on the video image as shown in Fig. 1, and
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calculated box area formed with the points. The areas were
calculated using ImageJ. We traced the points during several
beating cycles to detect the image frames having maximal or
minimal area.

Fatty acid supplementation for measurement of gene expression
and contractile force
In the experiment of mRNA extraction, DHA or AA was
supplemented in the culture medium (DHA at 20 µM
concentration [DHA20]; AA at 50 µM [AA50]) in the same
manner as described above. The supplementations of DHA
and AA at the above concentrations were determined by the
CCA (%) assessment. In the experiment of contractile force
measurement, DHA or AA was supplemented in the same
manner except for an additional medium change with the
supplementation one hour before the contractile force
measurement.

Reverse-transcription polymerase chain reaction (PCR)
Tab. 2 shows investigated genes and their primers for real-
time PCR. The genes were classified into three classifications
related to “differentiation & maturity” (Nkx2.5, Srf, P300,
cTnT, Mlc2v, and Errγ), “fatty acid metabolism” (Cd36,
Pparα, and Pparδ) and “cell adhesion” (Cdh2 and Cx43).
β-actin was used for internal reference.

Nkx2.5 is a critical cardiac-specific transcriptional
factor. It is required for the terminal differentiation of
cardiomyocytes to establish and maintain a ventricular gene
expression program and it is used as cardiac differentiation
marker in numerous studies (Bruneau, 2002). Although Srf is
not a myocardial-specific gene, it is known as a cofactor gene
expressed in myocardium to regulate the expression of
α-actin, α-heavy chain, and β-myosin heavy chain and used
to assess cardiac differentiation (Parlakian et al., 2004;
Psichari et al., 2002; Nakamura et al., 2008). P300 is a
cofactor for myocardial transcription factors (Backs and
Olson, 2006; Shen et al., 2016). It also has histone transferase
(HAT) activity, activates the myocardial-specific transcription
factor GATA4 and promotes cardiomyocyte hypertrophy
(Takaya et al., 2008) and its correlation with myocyte growth
is also reported (Yanazume et al., 2003). cTnT is a muscular
sarcomere gene among those expressed during early cardiac
differentiation, persisting and increasing its expression level
in adult human cardiomyocytes compared to the prenatal
expression level (Anderson et al., 1991; Li et al., 2011). Mlc2v
is another sarcomere gene known as specifically expressed in
ventricular muscle as a marker for ventricular muscle
differentiation (O’Brien et al., 1993). These two genes were
chosen to evaluate the level of the cardiac differentiation and
the sarcomere maturation. Errγ is a transcriptional regulator
of postnatal mitochondrial biogenesis and function, serve a
role in the broader cardiac maturation program (Sakamoto et
al., 2020) as a maturation marker.

Cd36 is known to act as a fatty acid transporter (JFC
Glatz et al., 2016), while Pparα and Pparδ regulate fatty acid
oxidation in the myocardium (Steinmetz et al., 2005; Cheng
et al., 2004). They were measured for investigating the
effects of DHA and AA on the fatty acid metabolism in
cultured cardiomyocytes.

Cdh2 and Cx43 are the critical intercalated disc
constituent proteins of the myocardium (Salameh et al.,
2004; Zuppinger et al., 2000) and used to evaluate
intercellular adhesion in this investigation.

mRNA was extracted on days 1, 2, and 7 of the culture by
means of a conventional phenol-based extraction method

TABLE 1

Fatty acids measured in this study

General name Carbon number and
position of double bond

Myristic acid 14:0

Myristoleic acid 14:1n–5

Palmitic acid 16:0

Palmitoleic acid 16:1n–7

Stearic acid 18:0

Oleic acid 18:1n–9

Linoleic acid 18:2n–6

α-linolenic acid 18:3n–3

Arachidic acid 20:0

Eicosenoic acid 20:1n–9

Eicosadienoic acid 20:2n–6

Dihomo-γ-linolenic acid 20:3n–6

Arachidonic acid 20:4n–6

5-8-11 eicosatrienoic acid 20:3n–9

Behenic acid 22:0

Eicosapentaenoic acid 20:5n–3

Erucic acid 22:1n–9

Docosatetraenoic acid 22:4n–6

Lignoceric acid 24:0

Docosapentaenoic acid 22:5n–3

Nervonic acid 24:1n–9

Docosahexaenoic acid 22:6n–3

FIGURE 1. An example of microscopic image for the measurement
of percentage change of contractile area of a beating colony. We
arbitrarily selected four points around each beating colony on the
video image, and calculated box area formed by the points. We
traced the points during several beating cycles to detect the image
flames having maximal and minimal area.
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(Sambrook and Russell, 2006). cDNA was synthesized using
PrimeScript RT reagent Kit (Takara Bio). The real-time
polymerase chain reaction (rtPCR) was conducted with
Thermal Cycler (Thermal Cycler Dice� Real Time System
II, Takara) under the condition of 95°C (30 s) initial
denaturation and repetitive 45-cycle of dissociation and
annealing at 95°C (5 s) and 60°C (30 s), respectively.

The ΔΔCt method was used to evaluate the relative
expression level of each gene (Livak and Schmittgen, 2001).
The Ct values provided from real-time PCR instrumentation
were imported into a Micro Excel spreadsheet. The
threshold cycle (Ct) was the fractional cycle number at
which the amount of amplified target reached a fixed
threshold. ΔCt was equal to the difference in threshold
cycles for target gene and reference (β-actin) (Cttarget gene –
Ctβ-actin). The fold change in each target gene relative to the
No-PUFAs-supplementation group (control) on each
extraction day was determined by 2−ΔΔCt, where ΔΔCt =
(Cttarget – Ctβ-actin)DHA or AA – (Cttarget – Ctβ-actin) control.

Fabrication of circular cardiomyocyte-collagen gels
Circular collagen gels with 10 mm inner diameter and 20 mm
outer diameter (i.e., 5 mm width) were fabricated by casting
collagen solution into silicone rubber molds. The collagen
solution was formed by mixing type I collagen from rat tails
(3.77 mg/mL, 0.02 M acetic acid solution, Corning) with
DMEM/F12 culture medium and 1 N NaOH to obtain a
neutralized solution at 1.5 mg/mL collagen concentration.

Each circular collagen gel had an initial volume of 0.4 mL
so that the initial thickness of the gel was 1.2 mm. Gelation
was allowed in a 5%-CO2, 37°C incubator for 40 min.
After the gelation, 1 mL crosslinker solution, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) in distilled
water (DW) at 5 mM concentration, was added into the
mold to modulate the mechanical properties of the gel
(Fujita et al., 2018). The crosslinking was conducted under
room temperature for 48 h. After crosslinking, gels were
washed with DW (30 min × 6 times) and PBS
supplemented with 1% penicillin (24 h × 2 times). After
washing, the gels were coated with 1 mL solution of
Matrigel (Matrigel� hESC-qualified Matrix, Corning) in
DMEM/F12 at 10.9 µL/mL volume concentration in a
5%-CO2, 37°C incubator for one hour to enhance cellular
adhesion to the gel. The cardiomyocytes harvested by the
aforementioned method were additionally washed one more
time with 10% FBS DMEM/F12 medium and seeded on the
circular collagen gels at a density of 80,000 cells/mm2. The
spontaneous beating of the circular cardiomyocyte-collagen
gels can be observed 24 h later after the cell seeding.

Measurement of the contractile force of cultured cardiomyocytes
Fig. 2 shows our lab-made vision-based measurement system
for cardiomyocyte contractile force. The spontaneously
beating circular cardiomyocyte-collagen gel was installed into
the measurement device and set into an equilateral triangle
with its two vertices fixed by two stainless hooks (with 1 mm

TABLE 2

Polymerase chain reaction (PCR) information

Classifications mRNA Primers (bp)* Reference

Differentiation & Maturity Nkx2.5 Sense: 5’-ACCCTCGGGCGGATAAGAA-3’ 177 Shen et al. (2016)

Antisense: 5’-GACAGGTACCGCTGTTGCTTGA-3’

Srf Sense: 5’-GGGCATTTGGGTGGCTTT-3’ 195 Iacono et al. (2013)

Antisense: 5’-TCACTCGCCCTGGCTCTATC-3’

P300 Sense: 5’-CCAAGCTCAGCAAATGAACA-3’ 233 Yang et al. (2012)

Antisense: 5’-CCCATATTTCCTTGCTGCAT-3’

cTnT Sense: 5’-AGAGGACTCCAAACCCAAGC-3’ 249 Lui et al. (2006)

Antisense: 5’-ATTGCGAATACGCTGCTGTT-3’

Mlc2v Sense: 5’-AAAGAGGCTCCAGGTCCAAAT-3’ 176 Suhaeri et al. (2014)

Antisense: 5’-CCTCTCTGCTTGCGTGGTTA-3’

Errγ Sense: 5’-TACCTGAACCCTCAGCTGGT-3’ 187 Li et al. (2009)

Antisense: 5’-GCCCATCCAATGATAACCAC-3’

Fatty acid metabolism Cd36 Sense: 5’-ATGAGACTGGGACCATCGGC-3’ 122 Mu et al. (2017)

Antisense: 5’-CAACAAACATCACTACTCCAACACC-3’

Pparα Sense: 5’-CCATACAGGAGAGCAGGGATT-3’ 145 Huang et al. (2017)

Antisense: 5’-CCACCATTTCAGTAGCAGGA-3’

Pparδ Sense: 5’-GCAGCCTCAACATGGAGTG-3’ 166 Cernecka et al. (2016)

Antisense: 5’-GTTGCGGTTCTTCTTCTGGA-3’

Cell adhesion Cdh2 Sense: 5’-CTGCCATGACCTTCTACGGA-3’ 162 Shu et al. (2017)

Antisense: 5’-GGGTCTGTCAGGATGGCAAA-3’

Cx43 Sense: 5’-AGCAAGCTAGCGAGCAAAAC-3’ 151 Lee (2016)

Antisense: 5’-GAGTTCATGTCCAGCAGCAA-3’

House-keeping β-actin Sense: 5’-ACGGTCAGGTCATCACTATCG-3’ 155 Li et al. (2014)

Antisense: 5’-GGCATAGAGGTCTTTACGGATG-3’

Note: *(bp) indicates the base length of PCR product.
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wire diameter), respectively; and the rest vertex (beating vertex)
attached to an L-shape cantilever made of a silver wire with
0.2 mm diameter (Figs. 2a–2b). The sample was immersed
into the culture medium. Once the installation was finished,
the sample with the device was incubated for 30 min in a
5% CO2 incubator (37°C) to make the sample adapt to the
new configuration. The displacement of the beating vertex
was measured under an inverted microscope (X71 Olympus,
Japan) at different stretch strains of the cardiomyocyte-
collagen gel. The stretch strain was achieved by pulling the
silver cantilever at 5%, 10%, and 15% stretch ratio to the
initial side length, respectively (Fig. 2c).

The force exerted from the gel onto the cantilever was
calculated by multiplying the maximum beating displacement
of the beating vertex (Fig. 2d) with the cantilever deflection
coefficient. To obtain the spontaneous contractile force of the
cardiomyocytes, we must take the gel deformation into

account. Since cardiomyocytes were cultured on the gel, their
contractile force was equal to the sum of the force exerted
onto the cantilever and the force deforming the gel during
the beating as described by the following Eq. (2):

fc ¼ fL
2 cosða=2Þ þ ESgeb (2a)

fL ¼ KLb (2b)

Sg ¼ ðf1 � f2Þh=2 (2c)

eb ¼ b
l
cosða=2Þ (2d)

where fc is the contractile force generated by the
cardiomyocytes; fL the maximal force exerted onto
the L-shape cantilever calculated by Eq. (2b): α the angle of
the beating vertex; E is the elasticity of the sample, which is

FIGURE 2. The lab-made vision-
based measurement system for
cardiomyocyte contractile force.
(a) Photograph of the device with
microscope; (b) schematic
drawing of the device; (c)
schematic drawing of the
equilateral triangle setting of the
circular cardiomyocyte-collagen
gel and the stretch strain to the
gel, the decomposition of the
contractile force is illustrated as
well; (d) measurement of the
displacement of beating vertex
under microscope.
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measured after the force measurement as described in the next
subsection; Sg is the cross-sectional area of the collagen gel
calculated by Eq. (2c); and εb the maximal beating strain of
the gel calculated by Eq. (2d). In Eq. (2b), KL is the
cantilever deflection coefficient, which was calibrated in
advance of each measurement; and b is the maximal
displacement of the tip of the L-shaped cantilever (Fig. 2d).
In Eq. (2c), ϕ1 and ϕ2 are the inner and outer diameters of
the gel sample, respectively, which were measured before the
sample was set into the device; and h is the sample
thickness measured with the gel elasticity measurement. In
Eq. (2d), l is the side length as shown in Fig. 2c.

The first term on the right side of Eq. (2a) is the force
component exerted from cardiomyocytes which aligns with
the gel (denoted as fg in Fig. 2c) and pulls the cantilever to
produce the beating displacement b (Fig. 2d). The last term
in Eq. (2a) is the force component exerted from
cardiomyocytes which deforms the collagen gel during the
beating; it is thus calculated by multiplying the beating
strain εb of the gel with the gel elastic coefficient ESg.

Measurement of the elasticity of circular cardiomyocyte-
collagen gels
For the above analysis of the contractile force exerted by
cardiomyocytes on the circular collagen gels, the elasticity E
of the gels in Eq. (2) must be obtained. It was conducted as
follows. After the measurement of the cardiomyocyte-
collagen gel beating as described above, the gel was
immediately subjected to an indentation test. The
indentation test device was developed in our laboratory. As
schematically shown in Fig. 3, the device has a moving stage
driven by a step motor, which elevates the tested sample on
the stage to approach and contact against an indenter. The
indenter is an L-shape cantilever and its tip indenting into
the sample is a lead sphere with 1.0 mm diameter.

In the test, two laser displacement sensors (CD22-15,
OPTEX FA CO., Ltd., Kyoto, Japan) were employed to
measure the stage and the indenter tip displacements,
respectively. The outputs of the sensors were sampled into a
personal computer for the succeeding indent and force
analysis, i.e., the depth of the indent was equal to the
difference between the stage displacement and the indenter

tip displacement after the contact occurred; and the contact
force can be calculated by multiplying the tip displacement
with the cantilever deflection coefficient, which was
calibrated in advance of the test. The indent depth and force
were regressed against the following Hertz contact theory
within the indent depth from 0 to 0.2 mm.

u ffi 2F2

E�2R

� �1
3

(3a)

1
E� ¼

1
2
� 1� m2

E
(3b)

where u is the depth of the indent; F is the contact force; R the
radius of the indenter tip; E the elasticity of the sample; and ν
the Poisson ratio of the sample set as 0.5 in this study.

In this study, the velocity of the moving stage was set at
0.008 mm/s and the depth of the indent at ca. 0.2 mm. For
each sample, the indentation test was conducted at three
separated randomly chosen sites on the sample and the
average of the elasticity at the three sites was taken as the
elasticity of the sample.

Statistical analysis
Experimental data was expressed as mean ± SE. Multiple
comparison tests were performed using Fisher’s least
significant difference method (BellCurve for Excel 3.20) to
compare the data in the DHA/AA groups with respect to
No-PUFAs-suppl. group (control). P < 0.05 was regarded as
significant.

Results

Fatty acid contents in cardiomyocytes under DHA
supplementation (Fig. 4)
The contents of palmitic (16:0) and stearic (18:0) acids in the
control group were significantly lower than those in the
neonatal myocardium (palmitic: 2.10 ± 0.42 vs. 4.93 ± 0.90
μmol/g wet tissue, P < 0.05; stearic: 1.72 ± 0.28 vs. 4.31 ±
0.72 μmol/g wet tissue, P < 0.01). The contents of mylistic
(14:0) and palmitic acids in 30 μM DHA-supplemented
cardiomyocytes were significantly higher than those,
respectively, in the control group (0.43 ± 0.03 vs. 0.18 ± 0.02
μmol/g wet tissue, P < 0.05) (Fig. 4a).

In monounsaturated fatty acids (MUFAs), contents of
palmitoleic (16:1n–7) and oleic (18:1n–9) acids in the
control group was significantly higher than those in the
neonatal group (palmitoleic: 0.19 ± 0.03 vs. 0.07 ± 0.02
μmol/g wet tissue, P < 0.05; oleic: 3.08 ± 0.53 vs. 1.23 ± 0.27
μmol/g wet tissue, P < 0.01). Oleic acid content in the
supplemented groups tended to be lower than that in the
control group, and the content in the cells supplemented
with 40 μM (1.58 ± 0.08 μmol/g wet tissue) was closest to
the level of the neonatal group (1.23 ± 0.27 μmol/g wet
tissue) (Fig. 4b).

In regard to n–3 PUFAs, contents of docosapentaenoic
acid (22:5n–3) and DHA in the control group were
significantly lower than those in the neonatal group
(docosapentaenoic: 0.20 ± 0.04 vs. 0.55 ± 0.07 μmol/g wet
tissue, P < 0.01; DHA: 0.26 ± 0.05 vs. 1.90 ± 0.20 μmol/g
wet tissue, P < 0.01). Eicosapentaenoic acid (20:5n–3, EPA)FIGURE 3. Schematic drawing of the indentation test device.
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content in each supplemented group was significantly higher
(P < 0.01) than that in the control and neonatal groups. DHA
content in the supplemented groups were generally higher than
those in the control group. The content was close to the
neonatal level under 10–20 μM supplementation (10 μM: 1.72 ±
0.25 μmol/g wet tissue; 20 μM: 2.30 ± 0.26 μmol/g wet tissue).
Docosapentaenoic acid content tended to be higher than that in
the control group under 30–40 μM supplementation although
significant difference was not detected (Fig. 4c).

n–6 PUFA contents in the cultured cells were generally
lower than those in the neonatal group regardless of the
DHA supplementation. Eicosadienoic acid (20:2n–6)
content was significantly lower (P < 0.05) than that in the
control group under all the supplemented doses (Fig. 4d).

Fatty acid contents in cardiomyocytes under LA
supplementation (Fig. 5)
No significant difference in contents of saturated fatty acids
(SFAs) was observed among each supplemented group and
control group. Palmitic acid content became close to that in
the neonatal group whereas stearic acid content remained
lower (Fig. 5a). In MUFAs, contents of palmitoleic and oleic
acids in each supplemented group was generally higher than
those in the neonatal group (Fig. 5b).

In regard to n–3 PUFAs, EPA content in each
supplemented group was significantly lower (P < 0.05) than
that in the control and neonatal groups. Docosapentaenoic
acid and DHA contents was still lower (P < 0.01) in each
supplemented group than in the neonatal group (Fig. 5c).

Regarding n–6 PUFAs, contents of LA and AA in the
supplemented groups were dose-dependent, and under 20–
30 μM LA supplementation, LA (20 μM: 1.86 ± 0.16 μmol/g
wet tissue; 30 μM: 2.02 ± 0.28 μmol/g wet tissue) and
docosatetraenoic acid (22:4n–6) contents (20 μM: 0.25 ±
0.06 μmol/g wet tissue; 30 μM: 0.34 ± 0.06 μmol/g wet
tissue) were close to those contents in the neonatal group
(0.24 ± 0.03 μmol/g wet tissue). In spite of the LA
supplementation, AA content in the cardiomyocytes still
remained lower than that in the neonatal group (Fig. 5d).

Fatty acid contents in cardiomyocytes under AA
supplementation (Fig. 6)
The contents of mylistic and palmitic acid in the AA-
supplemented cardiomyocytes were generally higher than
those in the control group (Fig. 6a). The content of oleic
acid in the supplemented cells tended to be lower than the
control group whereas little difference was observed in
palmitoleic acid content (Fig. 6b).

Although the AA supplementation did not affect
docosapentaenoic acid and DHA contents in the
cardiomyocytes, EPA content was significantly lower in the
cells cultured with AA than in the neonatal and control
groups (P < 0.01) (Fig. 6c).

The supplementation did not affect LA content, and the
content was significantly lower (P < 0.01) than that in the
neonatal group. Eicosadienoic acid content in AA-
supplemented cells was significantly lower than that in the
neonatal and control groups under 30–60 μM

FIGURE 4. Effects of docosahexaenoic acid supplementation on contents of saturated (a), monounsaturated (b), n–3 polyunsaturated (c), and
n–6 polyunsaturated (d) fatty acids in rat fetal cardiomyocytes in primary culture. Data are expressed as mean ± SE. **P < 0.01, *P < 0.05.
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FIGURE 5. Effects of linoleic acid supplementation on contents of saturated (a), monounsaturated (b), n–3 polyunsaturated (c), and n–6
polyunsaturated (d) fatty acids in rat fetal cardiomyocytes in primary culture. Data are expressed as mean ± SE. **P < 0.01, *P < 0.05. The
data of neonatal and control groups are the same as those shown in Fig. 4.

FIGURE 6. Effects of arachidonic acid supplementation on contents of saturated (a), monounsaturated (b), n–3 polyunsaturated (c), and n–6
polyunsaturated (d) fatty acids in rat fetal cardiomyocytes in primary culture. Data are expressed as mean ± SE. **P < 0.01, *P < 0.05. The data
of neonatal and control groups are the same as those shown in Fig. 4.
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supplementation (P < 0.05 vs. neonatal group; P < 0.01 vs.
control group). Dihomo-γ-linolenic acid (20:3n–6) contents
in the supplemented cells under 60 μM supplementation
(0.54 ± 0.10 μmol/g wet tissue) were supplemented-dose-
dependent, and the content was higher than that in the
neonatal (0.26 ± 0.04 μmol/g wet tissue, P < 0.05) and
control (0.16 ± 0.03 μmol/g wet tissue, P < 0.01) cells. AA
content in the cardiomyocytes cultured with AA were
supplemented-dose-dependent, and each content was
significantly higher than that in the control group (P < 0.05
under 20 μM supplementation; P < 0.01 under 30–60 μM
supplementations). Docosatetraenoic acid content in the
cells cultured with AA was significantly higher than those in
the neonatal and control groups under 30–60 μM
supplementation (Fig. 6d).

Percentage change of contractile area
As shown in Tab. 3, the percentage change of contractile area in
DHA-supplemented groups were significantly higher (P < 0.05)
than that in the control group, except for 40 μM
supplementation group. The maximal percentage change of
contractile area was obtained in 20 μM supplemented cells
(approximately 200% of the control group). The percentage
change of contractile area in AA-supplemented cells was also
higher (P < 0.05) than the control group except for 30 μM
supplemented group. The percentage change of contractile
area was maximum under 50 μM supplementation
(approximately 190% of the control group). On the other
hand, no significant difference was observed between the LA-
supplemented cells and control group.

While no significant difference in beat rate was observed
between the LA- or AA-supplemented cells and control group,
the rate was significantly higher (P < 0.05) than that in the
control group only under 30 μM DHA supplementation.

Based on the above results, we chose the most promising
supplementation conditions for improving the cardiomyocyte
performance, i.e., DHA and AA at 20 μM and 50 μM

concentrations, respectively, to do the further mRNA and
contractile force investigations.

mRNA expression
Fig. 7 shows time series data of the gene expression related
with “differentiation & maturity” (a–f), “fatty acid
metabolism” (g–i), and “cell adhesion” (j, k) in DHA20 or
AA50 supplementation relative to the control.

For the effects of DHA supplementation, the relative
expression of the “differentiation” marker Nkx2.5 (Fig. 7a)
was slightly higher from day 1 and the data on day 2 was
significantly higher than the control (P < 0.05). The higher
level kept till day 7. The expression level of Srf (Fig. 7b) was
also slightly higher (>1) from day 1, and then without
obvious change on day 7. The expression of P300 (Fig. 7c)
showed a transient increase on day 1 though without
significance. The expression of the cardiac structural marker
cTnT (Fig. 7d) tended to be at the similar level compared to
that of the control. Another cardiac structural and
ventricular-specific marker Mlc2v (Fig. 7e) increased
approximately 3-fold from day 2 to day 7, and the
difference became significant on day 7 (P < 0.05). These
structural markers indicate the development of the
cardiomyocytes and can also be regarded as the indicators
for cardiomyocyte maturity. The final marker in this
classification, a maturity marker Errγ (Fig. 7f), showed a
significant transient higher expression on day 1.

The expression of the “fatty acid metabolism” marker
Cd36 (Fig. 7g) was approximately twice of that in the
control on day 1, and further increased to approximately
five-fold that of control on day 7 (P < 0.01 or 0.05). The
Pparα expression (Fig. 7h) tended to increase due to the
culture, whereas the Pparδ expression (Fig. 7i) kept stable
throughout the culture period.

The expression of the “cell adhesion” factor Cdh2
(Fig. 7j) tended to keep a higher level during the culture and
the significance could be detected on day 7 (P < 0.05). The

TABLE 3

Percentage change of contractile area (CCA (%)) and beat rate of PUFA-supplemented rat fetal cardiomyocytes in primary culture

Fatty acid Dose (μM) N (CCA (%)) Beat rate (bpm)

Control (non-supplementation) 0 11 3.9 ± 0.5 71 ± 4

Docosahexaenoic acid (DHA) 10 7 6.9 ± 0.7* 76 ± 9

20 7 7.9 ± 0.7** 77 ± 4

30 8 6.1 ± 0.6* 93 ± 9*

40 5 5.4 ± 0.8 88 ± 7

Linoleic acid (LA) 10 5 4.2 ± 1.0 60 ± 8

20 5 5.8 ± 0.7 60 ± 7

30 7 5.3 ± 0.5 64 ± 9

Arachidonic acid (AA) 20 8 7.1 ± 1.1** 66 ± 8

30 8 6.3 ± 0.9 67 ± 10

40 8 6.8 ± 0.7* 59 ± 6

50 8 7.3 ± 0.4** 68 ± 5

60 7 6.6 ± 0.4* 55 ± 6
Note: Data are expressed as mean ± SE. ** P < 0.01, *P < 0.05 vs. control group.
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expression of Cx43 (Fig. 7k) was approximately twice of that
in the control on day 2 (P < 0.01) and tended to maintain at
this level though without significance.

As for the effects of AA supplementation, the expression
of “differentiation” markers Nkx2.5 (Fig. 7a) and Srf (Fig. 7b)
tended to increase at the later period of the culture. The
expression of P300 (Fig. 7c) showed a transient increase on
day 1 as that with the DHA supplementation. cTnT
(Fig. 7d) tended to be at higher level on day 7 and so did
Mlc2v (Fig. 7e). The expression of Errγ (Fig. 7f) was slightly
higher than that of the control throughout the culture
period. However, all the above-mentioned expression
differences were not significant.

The expression of the “Fatty acid metabolism” marker
Cd36 (Fig. 7g) was at the significantly higher level than that
in the control and showed a similar profile to the effect of
the DHA supplementation. The expression level of Pparα
was significantly higher on day 1 and day 2 (Fig. 7h), and
the data on day 2 was also significantly higher than that for

the DHA20 group (P < 0.01). For Pparδ (Fig. 7i), its
significant higher expression on day 1 and day 2 declined to
the expression level of the control on day 7.

For one of the “cell adhesion” molecules, Cdh2 (Fig. 7i),
the significant increases of the expression on day 1 and day 2
could be detected and the expression tended to drop back to
the level of the control on day 7. For Cx43 (Fig. 7k), the
expression level significantly increased on day 1 and day 2
and the higher level kept till day 7 (P < 0.05).

The feature of the phenotype of the cardiomyocytes
cultured with the fatty acid supplementation is that
upregulation dominated the expression of the investigated
genes; most of the genes in the study exhibited relative
expressions greater than 1. Tab. 4 shows the significantly
upregulated expressions with heat colors to indicate the
extents of the increases. It can be seen that both the PUFAs
had stronger influence on the expression of genes in the
“fatty acid metabolism” and “cell adhesion” classifications
rather than that in the “differentiation & maturity” category.

FIGURE 7. Relative expression of genes related with cardiomyocyte differentiation & maturity (a–f), fatty acid metabolism (g–i), and cell
adhesion (j, k). n = 5, mean ± SE; *P < 0.05 and **P < 0.01 vs. control; †P < 0.05 and ‡P < 0.01 between DHA20 and AA50.
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In particular, the significant enhancement on the “fatty acid
metabolism” and “cell adhesion” by AA is remarkable.

Contractile force of the cardiomyocytes on the circular
collagen gels
Tab. 5 presents geometries and the elasticity of the
cardiomyocyte-collagen gels at the time of contractile force
measurement. It can be seen that the collagen gels were
compacted due to the interaction between collagen fibrils
and the cardiomyocytes cultured on them. The compaction
phenomenon of collagen gels when mesenchymal cells are
cultured in or on the gels has been well investigated (Bell et
al., 1979; Vernon and Sage, 1996; Feng et al., 2014), and as
shown in Fig. 8 the compaction enhanced the elasticity of
the gels. It should be noted that the PUFAs in this
experiment tended to elevate the mechanical elasticity of the
gels greater than that of the control.

Fig. 9 shows the contractile force generated by the fetal
cardiomyocytes cultured on the gels under different stretch
strain on day 4 and day 7. The supplementation of the
PUFAs had modest augment effect on the contractile force
of the cardiomyocytes because no significance was detected
on the data larger than the corresponding data of the
control, which was in contrast to the result of percentage

change of contractile area, therein the significant increase
had been found. Supplementation of AA tended to increase
the contractile force at the slack state (zero strain) of the
gels on day 4 and to increase the force over the whole strain
range on day 7. Notably, contractile force of the control on
day 4 exhibited a biphasic profile with respect to the stretch
strain of the gel, showing a maximum around 5% strain
(Fig. 9a). However, cardiomyocytes in the control at the
later period (day 7) or with the PUFAs supplementation on
both day 4 and day 7 presented monotonic declined
contractile force with the increase of the tensile strain.

Discussion

Cardiac regenerative medicine faces the challenges in deriving
cardiomyocytes from stem cells with phenotypic fidelity (Lian
et al., 2013; Zhao et al., 2019) and in generating the mature
cardiomyocytes with enough contractile force to fulfill
cardiac pump function (Bouchard et al., 2018; Karbassi
et al., 2020). Due to the shift of energetic substrates from
lactate and glucose to fatty acids during the neonatal period
of mammalian hearts (Horikoshi et al., 2019; Isu et al.,
2019) and the discovered myocardial physiological functions
of fatty acids (Yamada et al., 2017; Shysh et al., 2016), it is

TABLE 4

Significant increases of mRNA expression indicated with heat colors

Classification Gene DHA AA

Day 1 Day 2 Day 7 Day 1 Day 2 Day 7

Differentiation & Maturity Nkx2.5 1.6 1.4 2.2 1.8 1.3 2.2

Srf 1.2 1.4 1.4 1.3 1.3 1.8

P300 2.1 1.1 2.1 1.1

cTnT 1.2 1.1 1.5 1.3 1.2 2.6

Mlc2v 1.1 1.1 2.8 2.2

Errγ 1.5 1.5 1.4 1.2 1.4 1.4

Fatty acid metabolism Cd36 1.8 1.7 4.9 1.6 1.6 3.1

Pparα 1.7 1.1 1.4 2

Pparδ 1.2 1.4 1.2 1.5 1.8 1.3

Cell adhesion Cdh2 1.3 1.4 1.4 1.4 1.6 1.2

Cx43 1.3 1.9 1.9 1.6 2.6 2.6
Note: V: value of the relative expression to the control; blanks indicate V < 1.0; data without color indicate no significance; yellow: 1 < V < 2; orange: 2 ≤V<3; red: V ≥ 3.

TABLE 5

The geometry and the elasticity of the cardiomyocyte-collagen gels at the time of contractile force measurement

Day 4 Day 7

Control DHA20 AA50 Control DHA20 AA50

Width [mm] 2.67 ± 0.15 2.94 ± 0.18 2.69 ± 0.18 2.73 ± 0.24 2.32 ± 0.12 2.38 ± 0.17

Thickness [mm] 0.44 ± 0.04 0.43 ± 0.05 0.44 ± 0.10 0.28 ± 0.05 0.56 ± 0.05 0.50 ± 0.05

Compaction ratio 0.12 ± 0.02 0.11 ± 0.01 0.13 ± 0.02 0.10 ± 0.02 0.12 ± 0.02 0.09 ± 0.01

Elasticity [kPa] 0.46 ± 0.02 0.85 ± 0.15 0.56 ± 0.03 0.81 ± 0.28 0.87 ± 0.24 1.80 ± 0.36
Note: Data are expressed as mean ± SE (N = 3). The elasticity of the circular collagen gels prior to the cell culture was 0.63 ± 0.12 kPa.
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reasonable to expect beneficial effects of the supplementation
of fatty acids in the culture medium on the heart cells
(Horikoshi et al., 2019; Isu et al., 2019).

In order to ultimately impact the differentiation and
maturation of stem cells into cardiomyocytes by means of
the supplementation of PUFAs, the aim of the present study
is to firstly investigate the effects of the supplementation on
the differentiated embryonic cardiomyocytes and to tease
out the proper PUFAs for the further study on the
differentiation of stem cells. Based on our previous
investigations (Karimata et al., 2013), we targeted three
PUFAs (DHA, LA, and AA) in this study and further
investigated the effects on the phenotypic expression and
the contractile force of the fetal cardiomyocytes cultured
with the most promising supplementation conditions.

Mylistic, palmitic, and stearic acids in any of the PUFA-
supplemented cardiomyocytes tended to be higher than those
in the control group (not significant, Figs. 4a, 5a, and 6a).
Although fatty acids are major energy source of
cardiomyocytes (Berg et al., 2002; Pascual and Coleman,
2016), SFAs which are produced from glucose in the
medium via de novo synthesis could have been used less
than usual in the present study because supplemented
PUFA might have alternatively been used.

In contrast, oleic acid content tended to be somewhat
lower than that in control group under the supplementation
of DHA, LA, or AA. While palmitic acid induces oxidative
stress in cardiomyocytes, oleic acid mitigates the stress

(Al-Shudiefat et al., 2013; Miller et al., 2005). Oleic acid can
be supplied by desaturation of SFAs and/or elongation
induced by stearoyl-CoA desaturase (SCD-1) and ELOVL6,
respectively. In the present study, however, the supply
pathway might be limited because supplemented PUFAs
might have suppressed SCD-1 activity and caused a
profound attenuation of Elovl6 mRNA expression (Ntambi,
1999; Matsuzaka et al., 2002). Thus, oleic acid might have
been utilized more in response to increasing trend of
palmitic acid accumulation.

Under the DHA supplementation, DHA content was
increased in a dose-dependent manner in cardiomyocytes
and tended to be higher than those in the control cells
(P < 0.01 under 20–40 μM supplementations, Fig. 4c). This
result may imply that supplemented DHA could have
successfully been incorporated into the cardiomyocytes. In
addition, DHA supplementation also resulted in higher EPA
contents in the cardiomyocytes. Hence, the relatively high
EPA might be attributed to oxidation of supplemented DHA.

Regarding n–6 PUFAs, the relatively lower content in
eicosadienoic acid was observed in DHA-supplemented cells
(Fig. 4d). It was reported that DHA has an inhibitory effect
on LA elongation or desaturation activity at least in cultured
cardiomyocytes derived from neonatal rats (Hrelia et al.,
1995; Bordoni et al., 1996). Therefore, in the present study
as well, eicosadienoic acid could have been utilized to
synthesize longer n–6 PUFAs more under the effect of
supplemented DHA shown above.

Under the LA supplementation, low EPA content was
seen in the supplemented cells while AA content tended to
be higher than that in the control cells (not significant).
Bordoni et al. (1996) reported that γ-linolenic acid (18:3n–6)
supplementation decreases the conversion of α-linolenic acid
to longer n–3 PUFAs in rat cardiomyocytes in vitro.
Although we did not cover γ-linolenic acid in the present
study, γ-linolenic acid may be synthesized from LA on the
way of AA synthesis. Thus, the supplemented LA might
inhibit elongation of α-linolenic acid to EPA under the effect
of γ-linolenic acid, and EPA content decreased due to its
conversion to longer n–3 PUFAs.

The contents of LA, AA, and docosatetraenoic acid in the
LA-supplemented cells were increased in a dose-dependent
manner, and generally, were higher than those in the
control cells (Fig. 5d). LA and docosatetraenoic acid
contents reached to close levels of those in the neonatal

FIGURE 8. Elasticity of the cardiomyocyte-collagen gels versus gel
compaction ratio (N = 3, mean ± SE).

FIGURE 9. Contractile force exerted from the fetal cardiomyocytes in the cardiomyocyte-collagen gel constructs (N = 5–7, mean ± SE).
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tissue under the high dose condition. These results suggest
that supplemented LA was elongated even in cultured
cardiomyocytes. However, AA content was still lower than
that in the neonatal myocardium, suggesting that LA
supplementation cannot increase AA content up to the
in vivo level.

As a result of the AA supplementation, contents of
dihomo-γ-linolenic acid, AA, and docosatetraenoic acid in
the cardiomyocytes were elevated in a dose-dependent
manner to levels more than those in the control group
(Fig. 6d). Since fatty acid was gradually degraded via β-
oxidation, the oxidation of AA may result in somewhat
increase in dihomo-γ-linolenic acid content. On the other
hand, Leroy et al. (2008) reported the possibility of fatty
acid elongation in cardiomyocytes, and thus the relatively
high contents of docosatetraenoic acid in the AA-
supplemented cells might be attributed to the elongation of
AA. Thus, the supplemented AA might be incorporated into
the cells and led to increase in the contents of dihomo-γ-
linolenic and docosatetraenoic acids via enhancement of
oxidation and elongation, respectively, of AA.

Hagve and Sprecher (1989) reported that isolated
cardiomyocytes derived from rats incorporate approximately
66 and 70 nmol of LA and AA, respectively, within 120 min
per 2.5 mg protein (2.5 mg protein correspond to 431,000
cardiomyocytes). Therefore, most of supplemented 50–150
nmol/dish LA or 100–300 nmol/dish AA (corresponding to
10–30 μM or 20–60 μM, respectively) could be easily
incorporated into 2 million cardiomyocytes seeded in the
present study.

Relatively low EPA content observed in the LA-
supplemented cells was seen in the AA-supplemented cells
as well (Fig. 6d). However, the mechanisms of the lowering
of EPA content have not been clarified yet.

The AA supplementation resulted in lower eicosadienoic
acid content in comparison with the control group (Fig. 6d),
as seen in DHA supplementation, which may imply that the
supplementation may have enhanced utilization of
eicosadienoic acid. AA is a precursor to a number of potent
pro-inflammatory mediators including prostaglandins and
leukotrienes (Innes and Calder, 2018), while eicosadienoic
acid suppresses production of nitric oxide and inflammatory
cytokines such as prostaglandin E2, TNF-α, and so forth at
least in macrophages (Huang et al., 2011). Therefore, the
AA supplementation may enhance utilization of
eicosadienoic acid in response to increase in inflammatory
mediators. On the other hand, AA supplementation led to
relatively high content of docosatetraenoic acid. Thus, the
supplementation may not inhibit elongation of AA to longer
n–6 PUFAs.

The percentage change of contractile area in DHA- or
AA-supplemented cells were higher than that in the control
group (Tab. 3). Xiao et al. (1998) suggested that cytochrome
P450 enzymes (CYPs) modulate cardiac contraction. CYPs
metabolize a number of substances including fatty acids in
mammalian cells. Inhibition of CYPs suppresses the L-type
Ca2+ current (ICa) in rat ventricular myocytes. Extracellular
administration of a metabolite of AA, which is produced via
CYPs, elevates intracellular cAMP level and ICa. Thus, AA
may contribute enhancement of cardiac contractile function

via CYP activity. Since CYPs are also involved in
metabolism of DHA and EPA (Arnold et al., 2010), high
percentage change of contractile area seen in the DHA-
supplemented cells in the present study may be relevant in
part to CYPs activity although the mechanism is not clear.
Therefore, at least DHA and AA may exert cultured
cardiomyocytes on improvement of contractile performance,
and effective doses to maximize the percentage change of
contractile area were 20 μM and 50 μM, respectively, where
the content of supplemented PUFA in the cardiomyocytes
was closest to that in the neonatal tissue.

Figs. 4a and 6a show a significant increase of palmitic
acid content with the supplementation of DHA and AA,
respectively. It may be asked whether this increase in
palmitic acid might result in the outcomes in the
experiments for the contractile performance and mRNA
expression. We excluded the impact of palmitic acid on the
outcomes because it was known that polyunsaturated fatty
acids such as DHA and AA can be act as physiological
ligands of transcriptional factors (Yamada et al., 2017)
rather than saturated fatty acid such as palmitic acid. The
increase of palmitic acid with the supplementation of DHA
or AA was regarded as the secondary downstream effect of
the supplementation since palmitic acid, synthesized from
glucose de nova, may be consumed less under the
supplementations as aforementioned. Most critically, the
increases of palmitic acid under the supplementation of
DHA at 20 μM or AA at 50 μM was found no significance.

Regarding the beat rate, we observed relatively higher
rate in the 30–40 μM DHA-supplemented cells whereas
slightly lower rate was seen under the AA supplementation
(Tab. 3). DHA induces positive chronotropic action, and the
effect is higher than that of EPA (Grynberg et al., 1995;
Grynberg et al., 1996; Mauricio et al., 2016). Conversely, AA
induces negative chronotropy (Mackay and Mochly-Rosen,
2001). Therefore, in the present study, the beat rate might
directly be affected by the PUFA supplementation.

In this study, eleven genes were chosen and classified into
three categories by their functions in cardiomyocytes and their
mRNA expressions were investigated by real-time PCR. We
realized that the culture was a mixture of cardiomyocytes
and fibroblasts. However, because one-week culture is a
relatively short period, besides the cells have a lag phase to
recover from the cell harvest; the proliferation of the cells
was limited and there was no obvious difference of the
cellular fractions among different dishes in each experiment,
which also can be implied by the relatively stable beat
frequency of the cardiomyocytes under different conditions
as shown in Tab. 3. Therefore, the mixture with cardiac
fibroblasts did not result in considerable deviation between
the mRNA data of the control and of the supplementations.

As a result, this study revealed that the
supplementation of 20 μM DHA or 50 μM AA induced a
wide-spread upregulation tendency across the investigated
mRNAs in the cultured cardiomyocytes. The significant
upregulations aggregated in the classifications for fatty
acid metabolism and cell adhesion (Tab. 4). To the
differentiated heart cells at the late stage, the effects of the
PUFAs supplementation on differentiation and maturity
of the fetal cardiomyocytes may become limited
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compared with that on differentiation and maturity of stem
cells (Horikoshi et al., 2019; Sharma et al., 2018).

The significant upregulation of those genes in charge of
the fatty acid metabolism was understandable since their
ligand substance was supplemented and the upregulation
suggested that DHA and AA did behave as energetic
substrates in the cardiomyocytes. However, since the sake
of inferior contractile performance of the cultured
cardiomyocytes is not considered as lack of energetic source;
the other physiological activities of DHA and AA are much
more attractive for the purpose of the study.

Interestingly, this study unveiled the enhancement of the
cardiomyocyte connection with the supplementation of the
PUFAs in culture. In particular, the effect of AA
supplementation on the cardiomyocyte connection was
manifest. It has been reported by our previous study that
the expressions of Cx43 and Cdh2 in cultured
cardiomyocytes were significantly lower than that in fetal
and neonatal myocardium (Nakamura et al., 2008). In this
paper, we firstly reported that DHA or AA could prevent
the decline and further promote the expressions of the two
vital adhesion molecules for cardiac function.

As for the mechanism by which the supplementation
with DHA and AA augments the expression of connexin 43,
DHA was reported to suppress the loss of Cx43 function by
inhibiting signal transduction of the inflammatory cytokine
interleukin-1β (IL-1β) in rat neonatal cardiomyocytes
(Baum et al., 2012) and to stabilize connexins within the
membrane by intercalation of the cellular membrane
(Adkins and Kelley, 2010). It should also be noted that the
content of EPA (20:5n–3) was significantly higher in the
DHA group than that in the control (Fig. 4c). EPA has been
reported to enhance gap junctions by suppressing hypoxia-
induced activation of tyrosine kinases (Zhang et al., 1999;
Zhang et al., 2002). Regarding the supplementation of AA,
there have been no reports on AA’s effect to directly
increase Cx43 expression in cultured cardiomyocytes.
However, it has been reported that AA-derived metabolite
11,12-epoxyeicosatrienoic acid may transiently enhance cell-
cell coupling (Spector et al., 2004), and n–6 PUFAs γ-
linolenic acid increase Cx43-gap junction channel in human
vascular endothelial cells (Jiang et al., 1997). These direct
interactions or indirect metabolite functions may be implied
for the mechanism of the connexin43 enhancement and
need further investigation.

In view of the above analysis and our previous research
(Nakamura et al., 2008), which investigated the mRNA
expression of SRF, p300, Nkx2.5, myocardin, Cdh2, and
Cx43 in fetal cardiomyocytes under conventional monolayer
culture and found the tendency of cardiac de-differentiation
in terms of the attenuation of the mRNA expressions; so
that the role of the PUFA supplementation may be at first
suggested as preventing the cardiomyocytes under culture
from the de-differentiation.

In this study, we constructed a cardiomyocyte-collagen
gel assay to directly assess the contractile force generated by
the cardiomyocytes cultured on the collagen gel. Compared
to the existing 3-dimensional engineered tissue for the
contractile force assessment (Boudou et al., 2012; Hansen
et al., 2010), this construct has the following advantages.

First, the cultured cardiomyocytes were directly exposed to
the culture medium so as to avoid the intervening effects of
substance diffusion on cellular metabolism in the case of
3-dimensional culture; this advantage is critical for the
purpose of this study. Second, the contractile force
generated by the cardiomyocytes in the top layer of the
construct can be exclusively assessed by using Eq. (2) due to
the separated two-layer structure of the cardiomyocyte-
collagen gels. Recently, Sasaki et al. (2018) developed
another approach to measure the contractile force of
cultured cardiomyocytes based on cell-sheet technology,
which also had the merit of the separated configuration
between cell and substrate components.

It comes out that the supplementation of DHA or AA in
the culture medium had modest enhancement effect on the
contractile force of the cardiomyocytes since no significance
was detected in the force data with the supplementation
larger than that of the control. This result was in accordance
with the insignificance of the most upregulations of the
genes for cardiomyocyte maturity with the supplementation.
In view of the significant augment of the phenotypic
expression related with the cell connection and the
significant increase of the percentage change of contractile
area, we speculate that the enhancement of the beating
performance of the fetal cardiomyocytes with the PUFAs
supplementation may mainly result from the enhancement
of the cellular connection; because the connection
enhancement may promote the syncytium of the
cardiomyocyte cluster in culture dishes so as to manifest the
percentage change of contractile area but not increase the
essential contractile force therein the significant
reinforcement of the cardiomyocyte maturity is needed.

The biphasic feature of the cardiomyocyte contractile
force with the passive stretch strain is regarded as the
fundamental at the cellular level for the cardiac Frank-
Starling law (Allen and Kentish, 1985), and on the top of
which the structure and arrangement of the cardiac tissue
also account for this well-known cardiological mechanism
(Buckberg et al., 2008). The loss of the biphasic feature in
contractile force may implicate the deviation of myofilament
structure in the cardiomyocytes under the culture conditions
from the structure in vivo. The experiment showed that the
biphasic profile of the contractile force with respect to
stretch strain only resided in the control cardiomyocytes at
the early culture period (Fig. 9a). It is difficult to retain the
biphasic feature under the free culture condition without
coordinating the cardiomyocyte orientation. Oriented
cardiomyocyte culture can be realized by applying
increment strain to the gel or by unidirectional constrained
compaction of the collagen gels as reported in literature
(Eschenhagen et al., 2002; Feng et al., 2005). However, the
reason why the cardiomyocytes cultured with the PUFA
supplementation lost the biphasic feature at the early period
(Fig. 9a) deserves further investigation.

The study unveiled substantial upregulation effect of the
PUFAs supplementation on the expression of genes spreading
at the differentiation & maturity, fatty acid metabolism, and
cell adhesion classifications. In particular, the effect to
enhance cardiomyocyte connection is firstly reported. For
the differentiated fetal cardiomyocytes used in this study, it
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suggests the role of the PUFAs supplementation in the cell
culture may be more plausible to prevent the de-
differentiation of the cardiomyocytes rather than to promote
the essential contractile function. Upon the current results,
investigation of the effects of DHA and AA supplementation
on the differentiation and maturity of the human iPS cell-
derived cardiomyocytes is ongoing at our laboratory.
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