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ABSTRACT. Maternal obesity and diabetes are known to be involved in fetal myogenesis, but the
later stages of myogenesis are not well understood. In this study, we investigated the influence of
a hyperglycemic environment on L6 skeletal myoblast differentiation and the function of omega-7
palmitoleic acids. Exposure to a high concentration of glucose (25 mM) in high-glucose culture
medium (HG) increased the expression of myogenic genes (MyoD, Myogenin, MRF4, Myhc2x, and
Myhc2a) and the synthesis of myosin. HG also activated the PI3K/AKT pathway revealed muscle
cell differentiation. Furthermore, the levels of reactive oxygen species (ROS) and an inflammatory
cytokine (Tnfaip3; tumor necrosis factor alpha-induced protein 3), which are crucial for the growth
and differentiation of skeletal muscle, were increased by HG. Palmitoleic acids suppressed the

J. Vet. Med. Sci. expression levels of myogenic regulatory genes and increased the expression level of a cell

83(9): 1369-1377, 2021 proliferation-related gene (Pax3). Trans-palmitoleic acid and eicosapentaenoic acid (TPA and EPA)
increased the phosphorylation level of MAPK/ERK1/2 and downregulated ROS generation and
Tnfaip3 expression. In contrast, cis-palmitoleic acid inactivated MAPK/ERK1/2, leading to increased
ROS generation. In conclusion, a hyperglycemic environment mediated by HG induced excessive
muscle differentiation. Palmitoleic acids inhibited myoblast differentiation by downregulating
muscle-specific genes. Moreover, trans-palmitoleic acids may have beneficial antioxidant and/or
anti-inflammatory effects in cells.
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The prevalence of maternal obesity and diabetes is increasing with the increasing age of primiparas. It has been suggested that
such obesity and diabetes may cause complications, such as developmental disorders and macrosomia [2, 10]. During pregnancy,
the energy metabolism status of the mother changes significantly [3, 8, 22]: lipogenesis is promoted in the early stages of
pregnancy, and in the later stages of pregnancy, insulin resistance increases due to increased levels of maternal free fatty acids
[3]. In addition, maternal obesity and diabetes further increase the insulin resistance [3], leading to a hyperglycemic intrauterine
environment, which is associated with a high risk of macrosomia [34]. Furthermore, it has been reported that children born from an
intrauterine hyperglycemic environment are more likely to develop metabolic syndrome and obesity in the future [5].

Skeletal muscle is an essential organ for energy metabolism. It has been reported that suboptimal fetal programming of skeletal
muscle development increases lipogenesis and fibrosis in skeletal muscle, and further weakens insulin signals [32]. However,
it is not known how the hyperglycemic environment, which is an abnormal state, affects the development and differentiation of
skeletal muscle cells that exist from the early stage of fetal development, including during cell proliferation, differentiation, and
transformation into organs. It is necessary to examine this by using a cell model.

Dietary supplements that are often taken during pregnancy include n-3 polyunsaturated fatty acids, such as eicosapentaenoic
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acid (EPA). EPA is expected to improve fat-induced insulin resistance and some metabolic disorders [15, 25]. It has been reported
that EPA has effects on normal fetal growth, such as effects on the cell membrane composition and brain development [12].
Furthermore, it is thought that EPA suppresses the generation of reactive oxygen species (ROS) and inflammation caused by

the increased metabolism of the mother during pregnancy [14, 21]. However, long-term EPA intake can cause bleeding in the
mother during childbirth [31]. Palmitoleic acids are also expected to be useful as antioxidant nutrients in prenatal or perinatal
dietary supplements [30]. Moreover, a previous study on the relationship between palmitoleic acids and diabetes as well as insulin
resistance showed that trans-palmitoleic acid (TPA) significantly decreased the risk of diabetes [20]. The effect is reported about
bioactivity of the palmitoleic acids in this way, but is not reported in two isomeric functions. The aim of the present study was

to investigate the influence of a hyperglycemic environment on L6 skeletal myoblast differentiation and the function of omega-7
palmitoleic acids.

MATERIALS AND METHODS

Reagents and chemicals

EPA (C20:5, »-3) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Cis-palmitoleic acid (cis-C16:1,
®-7; CPA) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trans-Palmitoleic
acid (trans-C16:1, ®-7; TPA) was purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). All other reagents were of
commercially analytical and extra-pure grade from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Gibco Life Technologies Corporation (Grand Island, NY, USA). Penicillin-
streptomycin, fetal bovine serum (FBS), and horse serum (HS) were purchased from Invitrogen-Thermo Fisher Scientific
(Carlsbad, CA, USA). The Cell Count Kit-8 (WST-8) was purchased from Dojindo Laboratories (Kumamoto, Japan). The High
Pure RNA Isolation Kit was purchased from Roche Applied Science (Penzberg, Germany). ReverTra Ace® qPCR RT Master Mix
with gDNA Remover and KOD SYBR® qPCR Mix were purchased from Toyobo Life Science (Tokyo, Japan).

Preparation of BSA-conjugated fatty acids
CPA, TPA, and EPA (200 mM each) were conjugated with 10% fatty acid-free BSA at 4°C for 2 hr. The final concentration of
BSA-conjugated CPA, TPA, and EPA was 4 mM, and they were stored at 4°C.

Cell culture

L6 myoblast cells (L6 cells) were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were
maintained in DMEM containing 5 mM glucose supplemented with 10% FBS at 37°C in a humidified atmosphere containing
5% CO,. To differentiate the myoblasts into myotubes, when the cells reached confluence (on day 2 after seeding), the medium
was changed to DMEM containing 5 mM glucose (low glucose medium; LG) or 25 mM glucose (high glucose medium; HG)
supplemented with 2% HS and 100 ng/ml insulin. After 2 days, the differentiation medium was replaced with fresh medium
containing 2% HS and 100 ng/ml insulin. The cells were cultured for 6 days, with the medium replaced by fresh medium every
2 days, until myoblasts had fully differentiated into myotubes. In experiments aiming to examine the effect on cells during the
differentiation process (days 6), CPA, TPA, and EPA (100 uM each) were added to the fresh differentiation medium used for
medium replacements, and the cells were incubated for 6 days until they became fully differentiated. Thus, we divided into 5
groups (CPA (in HG), TPA (in HG), EPA (in HG), HG only, and LG only)). The cells were either harvested for RNA extraction or
collected on day 6.

Cell viability assay

Cell viability was measured in a hyperglycemic environment of 25 mM glucose (in HG) with different concentrations of each
fatty acid, i.e., EPA, CPA, or TPA. L6 cells were seeded at a density of 1 x 109 cells per well in 96-well plates and treated with
various concentrations (100 to 400 uM) of CPA, TPA, or EPA for 3 days. Then, WST-8 was added to the wells, and the cells were
incubated for 1 hr in a CO, incubator. The absorbance of each well was measured at 450 nm using a model 680 microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA).

RNA extraction and quantitative reverse transcription polymerase chain reaction PCR (RT-gPCR) for differentiation
biomarkers

Total RNA was isolated from the cells using the High Pure RNA Isolation Kit according to the manufacturer’s protocol [31]. The
RNA quantity was determined using a GeneQuant pro RNA/DNA Calculator (Amersham Pharmacia Biotech, Cambridge, UK). Up
to 2.5 pg of total RNA was used for reverse-transcription using the ReverTra Ace qPCR RT Master Mix with gDNA Remover. RT-
gPCR was performed using KOD SYBR qPCR Mix (Toyobo Life Science) and a StepOne Plus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) with incubation at 98°C for 2 min followed by 40 cycles of denaturation at 98°C for 10 sec,
annealing at 60°C for 10 sec, and extension at 68°C for 30 sec. Target amplification was determined by the StepOnePlus Real-Time
PCR System using f-actin as a reference, as detailed by the manufacturer. The primer sequences used for RT-qPCR are listed in
Table 1. f-actin was used as the normalizing gene. The significance of changes in mRNA was calculated using the 2-AAt by Cq
value. Repeated measurements were taken for each sample, and the experiments were performed in quadruplicate at the least. The
expression level (Ct value) of f-actin did not differ significantly among groups.
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Table 1. Primer sequences used

Gene Forward primer (5-3) Reverse primer (5-3)
Pax3 CAGCCCACGTCTATTCCACA CACGAAGCTGTCGGTGTAGC
Myfs GCTGAGGGAGCAGGTAGAGA GACAGGGCTGTTACATTCAGG
MyoD TGGATCAATCCCACTCTAATAGC TTCGCTGGTAGGAAAGTGAAG
Myogenin CTACAGGCTTGCTCA TGGGAGTTGCATTCAC
MRF4 CCCTTACAGCTACAAACCCAAG TGCTCCTCCTTCCTTAGCAG
Myhce2x AAGACCGCAAGAACGTTCT TTAAATAGAATCACATGGGGAC
Myhc2a TCCTCAGGCTTCAAGATTTG TTAAATAGAATCACATGGGGAC
f-actin CCCATCTATGAGGGTTACGC TTTAATGTCACGCACGATTTC
Tnfaip3 TGAACTTCGGGGTGATCG GGGCTTGTCACTCGAGTTTT

Western blotting

After complete differentiation (day 6), the cells were lysed in ice-cold lysis buffer (32.9 mM Tris—HCI, pH 6.8, 22.2% glycerol,
2.2% LDS (Lithium Dodecyl Sulfate), and 0.01% bromophenol blue) with a protease inhibitor cocktail (Thermo Fisher Scientific,
Tokyo, Japan). The cells were then sonicated, and collected by centrifugation at 12,500 g for 5 min. The protein concentration
was determined using a BCA Protein Assay Kit (Takara Inc., Tokyo, Japan). Equal amounts (30 pg) of protein from each sample
were loaded and separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were then transferred
to nitrocellulose membranes using a Trans-Blot SD Semi-Dry Transfer Cell (ATTO Corp., Tokyo, Japan). The membranes
were blocked with fish gelatin at 25°C for 1 hr, and incubated with target primary antibodies at 4°C overnight. Monoclonal
antibodies for phosphorylated Akt (p-Akt 473; #9271), pan-Akt (#9272), Phospho-p44/42 mitogen-activated protein kinase
(MAPK; extracellular signal-regulated kinase (Erk) 1/2; #9106), and p44/42 MAPK (Erk1/2; #9102) were purchased from Cell
Signaling Technology (Beverly, MA, USA). After being washed four times with Tris-buffered saline containing 0.1% Tween 20,
the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (anti-rabbit (#7074) or anti-mouse
(#7076) antibody from Cell Signaling Technology) in Tris-buffered saline with 0.1% Tween 20 for 1 hr. After being washed three
times, the proteins were detected and quantified by ImageQuant LAS 4000 (GE Healthcare, Chicago, IL, USA). The protein
expression level of each sample is expressed as the percentage of the relative changes to the levels of pan-Akt and p44/42 MAPK,
which were used as the loading controls. The phospho-Akt and phospho-p44/42 MAPK levels were then normalized to the total
pan-Akt and phospho-p44/42 MAPK levels.

Indirect immunofluorescence

When the L6 cells reached confluence (on day 2 after seeding), cells were treated with each fatty acid on a Black IsoPlate-96
TC (PerkinElmer, Waltham, MA, USA) for 4 or 6 days. Then fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 30 min, washed with PBS, and permeabilized with 0.5% Triton X-100 in PBS. The cells were blocked with 5% BSA
in PBS for 1 hr at 25°C, then incubated with anti-myosin heavy chain mouse-mono antibody (1:500; R&D systems, MN, USA)
for 1 hr, followed by incubation with Alexa 488-conjugated goat anti-mouse IgG (1:1,000; Molecular Probes, Eugene, OR, USA),
rhodamine-labeled phalloidin (1:100; Molecular Probes), and DAPI (1 uM; Sigma) at 25°C for 1 hr. After being washed with
PBS, Images were captured on Nicon ECLIPSE Ti inverted microscope (Nicon, Tokyo, Japan). For quantification of myosin area
of anti-myosin antibody, we calculated the signal density of identically threshold adjusted fluorescent images with ImageJ system.
Color image was converted into grayscale by changing it into 8-bit. Rollingball radius under substract background was needed to
be changed into 50 to remove some of the background coloration from the image. All the images were measured using the same
standards. Experiments were repeated on five independent occasions.

Analysis of ROS generation

Analysis of intracellular ROS generation was performed by flow cytometry. Briefly, L6 cells were plated on a p-Slide 18
Well (ibidi GmbH, Grafelfing, Germany) at a final density of 5.0 x 10* cells/well and incubated for a day. Afterwards, cells were
treated with differentiation medium or conjugated fatty acids for 6 days. Then, cells were loaded with CellROX® Green Reagent
(Molecular probes, Eugene, OR, USA) and Hoechst 33342 (Bio-Rad Laboratories) for nuclear counterstaining for 30 min,
fixed with 4% paraformaldehyde in PBS for 30 min, and washed with PBS. Images were acquired with a BZ-X710 fluorescent
microscope (KEYENCE, Osaka, Japan) for quantification of the relative ratio nuclear and ROS signals. Experiments were repeated
on five independent occasions.

Statistical analysis
All data are expressed as the mean + standard error of the mean (SEM). The significance of differences was tested using Tukey’s
test and the Student’s paired #-test. The level of significance was set at P<0.05 for all data analyzes.
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RESULTS

Cytotoxicity of the fatty acids

We performed cytotoxicity tests to determine the suitable concentrations of CPA, TPA, and EPA to be added to cells in HG.
The cytotoxic effects of CPA, TPA, and EPA at different concentrations are shown in Fig. 1b—d. After comparing the non-toxic
concentrations of EPA and CPA and the half-lethal doses, it was concluded that the addition of 100 uM was appropriate, and this
concentration was thus used in the following experiments.

Skeletal muscle differentiation in LG and HG

L6 myoblasts were cultured to 70% to 80% confluence, and the medium was changed to LG or HG differentiation medium.
After 6 days, we analyzed the expression of mRNAs. The expression levels of Pax3 and Myf5 decreased by 0.8- and 0.2-fold,
respectively, in cells cultured in HG when compared to those in LG (Fig. 2b and 2c¢). The expression levels of genes encoding
skeletal muscle differentiation markers (MyoD, Myogenin, and MRF4, except Myf3) increased in cells cultured in HG, when
compared to those in LG (Fig. 2d—f). The expression levels of MyHC2x and MyHC2a increased by 18- and 3-fold, respectively, in
cells cultured in HG when compared to those in LG (Fig. 2g and 2h).

Effects of fatty acids on skeletal muscle differentiation in HG

L6 myoblasts were treated with HG medium supplemented with CPA, TPA, or EPA. The gene expression levels of Pax3, Myf5,
MyoD, Myogenin, MRF4, MyHC2x, and MyHC2a in HG were compared between the CPA-, TPA-, and EPA-treated groups. In
addition, the expression of 7Tnfaip3, which encodes the inflammatory cytokine tumor necrosis factor alpha-induced protein 3, was
compared between all of the groups (LG, HG, CPA, TPA, and EPA). CPA, TPA, and EPA in HG increased the expression level of
Pax3 by 1.3-, 1.7-, and 2.0-fold, respectively, when compared to the levels of the cells in HG only. (Fig. 3a). CPA, TPA, and EPA
significantly decreased the expression levels of Myf5 and MyoD by 0.2-fold when compared to the levels of the cells in HG only
(Fig. 3b and 3c). The expression levels of MRF4, MyHC2x, and MyHC2a were remarkably decreased by the treatment of each of
the fatty acids (Fig. 3e—g). However, the expression level of Myogenin was increased by CPA treatment, and was decreased by TPA
and EPA treatments when compared to the level of the cells in HG only (Fig. 3d). CPA, TPA, and EPA decreased the expression
level of Tnfaip3 by 0.6-fold after 6 days when compared to the levels of the cells in HG only (Fig. 3h).

Indirect immunofluorescence imaging

An indirect immunofluorescence method was used to examine how myosin expression changes when L6 myoblasts are exposed
to HG or the treatment of each fatty acids. There was typical myotube formation at 4 and 6 days (Fig. 4a and 4b), and we evaluated
the myosin area at the 6 days (Fig. 4c). After CPA, TPA, or EPA was added with HG, the area of myosin (green) was 1.5-fold
higher in HG than in LG at 6 days. In contrast, CPA, TPA, or EPA treatment decreased the area of myosin by when compared to in
HG, indicating that the area of myosin in treatment of each fatty acids had similar tendency to in LG.
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Fig. 1. Time course from cell seeding to the replacement of the high-glucose (HG) differentiation medium (a). The effect of eicosapen-
taenoic acid (EPA: b), cis-palmitoleic acid (CPA: ¢) and trans-palmitoleic acid (TPA: d) on L6 myoblast metabolic activity by a WST-8
assay after 3 days of exposure. The bars represent the means = SEM. Asterisks indicate P<0.05. n=7.
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Fig. 2. Time course from cell seeding to the replacement of the differentiation medium (low glucose: LG or HG) (a). The mRNA expres-
sion levels of Pax3 (b), Myf5 (¢) MyoD (d), Myogenin (e), MRF4 (f), MyHC2x (g), and MyHC2a (h) in LG or HG. L6 myoblasts were
cultured to differentiate into skeletal muscle for 6 days. The mRNA levels were determined by real-time PCR analysis and normalized
to the expression level of the f-actin gene. The bars represent the means + SEM. Asterisks indicate P<0.05. n=7.

ROS analysis

We investigated whether HG induced ROS generation, and also whether palmitoleic acids have antioxidative effects. After
6 days (Fig. 5a), ROS generation was increased by 2.8-fold in HG (Fig. 5b). TPA and EPA in HG reduced the excessive ROS
generation by 0.5-fold when compared to the ROS generation level in HG only; in contrast, CPA increased ROS generation by

1.2-fold when compared to the level in HG only.

Insulin signaling in LG and HG with and without dissolved fatty acids

The metabolic and mitogenic signaling pathways were assessed by examining the phosphorylation of AKT and ERK1/2 MAP
kinase, respectively. The level of phosphorylation of AKT was significantly increased by approximately 2.5-fold in HG only when
compared to in LG only (P<0.05; Fig. 6a). Treatment with CPA increased the level of phosphorylation of AKT by approximately
2.5-fold when compared to the level in LG only (Fig. 6a). However, TPA and EPA increased the level of phosphorylation of AKT
by 2-fold when compared to the level in LG only, but no significant effects were seen when compared to the level in HG only.

The level of phosphorylation of ERK1/2 was 0.4-fold lower in HG only when compared to the level in LG only (Fig. 6b).
Various palmitoleic acids had different effects on MAPK/ERK signaling. TPA and EPA did not alter the level of phosphorylation
of ERK1/2 when compared to the level in LG only (Fig. 6b). However, TPA and EPA increased the level of phosphorylation of
ERK1/2 by approximately 3-fold when compared to the level in HG only.

DISCUSSION

We first examined the influence of a hyperglycemic environment on skeletal muscle differentiation in comparison to a
hypoglycemic environment, which was predicted to reflect a normal blood glucose level. Through in vitro studies, we found
that HG increased the gene expression of muscle regulatory factors. The myotubes that are seen in C2C12 were not seen in L6
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Fig. 3. The gene expression levels of Pax3 (a), Myf5 (b), MyoD (c), Myogenin (d), MRF4 (e), MyHC2x (f), MyHC2a (g), and Tnfaip3 (h). L6 cells
were treated with LG only, or with CPA (100 uM; HG/CPA), TPA (100 uM; HG/TPA), or EPA (100 pM; HG/EPA) dissolved in HG for 6 days. The
mRNA levels were determined by real-time PCR analysis and normalized to the expression level of the S-actin gene. The bars represent the means
+ SEM. Tukey’s HSD (honestly significant difference test). Asterisks indicate P<0.05 (statistical significance) when compared with the control.
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Fig. 4. Indirect immunofluorescence imaging of myosin in L6 myotubes. The effects of CPA (100 uM; HG/CPA), TPA (100 uM; HG/TPA),
or EPA (100 uM; HG/EPA) in HG or LG for 4 days (a) and 6 days (b). The cells were labeled with anti-myosin (green), rhodamine-labeled
phalloidin (red) (a, b). The scale bar shows 10 pm. The quantified area of myosin on the 6 days (¢). The bars represent the means + SEM.

Tukey’s HSD. Asterisks indicate P<0.05 (statistical significance) when compared with the control.

J. Vet. Med. Sci. 83(9): 1369-1377, 2021

1374



EFFECTS OF PALMITOLEIC ACID ON MYOBLASTS

Hoechst b
a ROS 33342
LG 4.0 - .
3.5 4
i *
HG ) 3.0
3 251
)
2
HG/CPA s 209
& 15
N
>
HG/TPA 10
0.5 | *
HG/EPA

LG HG HG/CPA HG/TPA HG/EPA

Fig. 5. The generation of ROS was analyzed using CellROX® Green Reagent (green); nuclei were counterstained with Hoechst 33342 (blue) (a).
The effects of CPA (100 uM; HG/CPA), TPA (100 uM; HG/TPA), or EPA (100 uM; HG/EPA) in HG or LG for 6 days were examined (b).
The bars represent the means £ SEM. Tukey’s HSD. Asterisks indicate P<0.05 (statistical significance) when compared with the control.

a b
RQ * P<0.05 RQ
P<0.05
3.5 4 ~ 2.0 -
%k Q
= 3.0 4 * * =
%25 % 15 |
$ 2.0 . %
= i = 1.0 *
=151 < *
ﬁ 1.0 4 & o0s T
S : |
0.0 —- 0.0 -
LG HG HG/CPA HG/TPA HG/EPA LG HG HG/CPA HG/TPA HG/EPA
— - S e S - - —
pan-AKT — - ERK1/2 — =

LG HG HG/CPA HG/TPAHG/EPA
LG HG HG/CPA HG/TPAHG/EPA

Fig. 6. Western blotting analysis of the phosphorylation levels of AKT (a) and ERK1/2 (b) in L6 myotubes. The effects of CPA (100 uM;
HG/CPA), TPA (100 pM; HG/TPA), or EPA (100 uM; HG/EPA) on insulin signaling in HG for 6 days were examined. Data are shown as
the means + standard deviation of four independent experiments. Tukey’s HSD. Asterisks indicate P<0.05 (statistical significance) when
compared with the control.

cells, but HG appeared to increase the number of myosin-positive cells by enhancing differentiation. In other words, we could
not reveal clear myogenic differentiation in L6 myotubes, and further studies in mouse and human myoblasts are needed. In
addition, the phosphorylation of AKT and ERK1/2 are involved in signaling to promote proliferation and differentiation [16]. The
skeletal muscle development process involves the IGF1-AKT-mTOR pathway, which acts as a positive regulator [28]. ERK-1/2
is required for myoblast proliferation [20]. After differentiation for 6 days, increased phosphorylation of AKT was accompanied
by the promotion of differentiation via the IGF-1-AKT signal, and inhibition of the phosphorylation of ERK1/2 led to growth
arrest. Furthermore, we found that HG induced ROS generation. It has been reported that hyperglycemic environments induced
ROS generation [35], and another study showed that skeletal muscle differentiation induced ROS-dependent effects on NOX4
expression. [18]. Although an increase in the level of ROS has been detected, the underlying molecular mechanism has not yet
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been elucidated. It has been reported that increased production of ROS in a hyperglycemic environment can dynamically change
the morphology of mitochondria [36], and lead to the overproduction of advanced glycation end products (AGEs) [1, 7], among
other effects. AGEs might affect skeletal muscle function and lead to the activation of different signaling pathways mediated by
several cell surface receptors [9, 26]. However, the activation of receptors for AGEs (RAGE) stimulates myogenesis, which is
important for skeletal muscle development [27]. Unfortunately, it remains unclear how the activation of AGEs-RAGE signaling
induces hyperglycemic environments and affects skeletal muscle differentiation. The mechanism responsible for the increased level
of ROS in hyperglycemic environments is also not well understood. An increase in ROS generation in hyperglycemic environments
has been reported for many cells [4, 17]. Some cell death processes that were originally thought to result from the direct toxicity of
ROS have been shown to be involved in programmed and physiological cell death pathways [11, 13]. However, recent studies have
suggested that a basal level of ROS is necessary for basic biological processes, such as cellular proliferation and differentiation [6,
19]. We consider that the increase in ROS generation in hyperglycemic environments influences the signals for proliferation, and
promotes differentiation via inflammatory cytokines.

We also examined the proliferation and differentiation of cells in the presence of palmitoleic acids or EPA. Treatment with CPA,
TPA, or EPA inhibited the expression of myosin, Myf5, MyoD, MRF4, Myhc2x, Myhc2a and Tnfaip3; this is consistent with the
results of previous studies on fatty acid addition to cells [24, 37]. However, the trans and cis isomers may have different effects.
The phosphorylation of AKT and inhibition of ERK1/2 are involved in L6 muscle cell differentiation and proliferation [33]. In
this study, the level of phosphorylation of Akt did not decrease after the addition of TPA or EPA. In contrast, treatment with
CPA promoted IGF-AKT signaling. However, it is possible that a factor other than the activation of AKT signaling promoted L6
myotube development. Moreover, analysis of the phosphorylation of ERK1/2 and ROS generation showed different influences
with treatment of TPA compared to CPA. The addition of CPA led to a larger increase in ROS generation than did hyperglycemia.
In contrast, TPA showed a tendency to decrease ROS generation in comparison to other fatty acids via the phosphorylation
of ERK1/2. Thus, cis-palmitoleic acid did not prevent ROS generation, but exerted anti-inflammatory effects by regulating
inflammatory cytokines. It has been reported that CPA decreases ROS generation and the level of inflammatory cytokines [23,

29]. Furthermore, because cis-palmitoleic acid downregulated the phosphorylation of ERK1/2, this acid may have prevented cell
proliferation and differentiation by controlling the phosphorylation of ERK1/2. However, EPA and TPA were observed to have
similar effects. As EPA and TPA controlled the ROS levels, and the hyperglycemic condition increased Tnfaip3 expression, which
differed from the effects observed for CPA, the anti-inflammatory action is regarded to be antioxidant action. In other words, the
addition of TPA and EPA led to normal cell development, as would be observed under normoglycemic conditions. This suggests
that the two structural isomers of palmitoleic acid affected skeletal muscle differentiation in a hyperglycemic environment via
different mechanisms. However, the molecular mechanisms involved in the inhibition of myogenic differentiation could not be
clarified. In the future, we plan to investigate the mechanism of action of cis-type and trans-type palmitoleic acids in more detail.

In this study, we found that proliferation and differentiation into myotubes promoted the increased ROS production caused by
the hyperglycemic environment. When excessive hyperglycosemia persists during pregnancy, it is thought that the hyperglycemic
environment promotes the growth of the fetus. The nourishment that the mother takes in is very important to promote normal
development in the fetus. The growth of the fetus increases remarkably in the later stages of pregnancy, and the intake of functional
fatty acids, such as EPA, can promote normal fetal growth at these stages, although there is concern about the antithrombotic
activity of EPA. We believe that our research provides new insights into the excessive fetal development that occurs during
hyperglycemic pregnancies as well as the possible use of functional lipids in preventing it. In the future, we would like to
perform a metabolome analysis using next-generation sequencing to further examine how these functional lipids act on muscle
differentiation of the offspring through signal transduction.
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