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Diphlorethohydroxycarmalol (DPHC), a type of phlorotannin isolated from the marine alga Ishige okamurae, reportedly alleviates
impaired glucose tolerance. However, the molecular mechanisms of DPHC regulatory activity and by which it exerts potential
beneficial effects on glucose transport into skeletal myotubes to control glucose homeostasis remain largely unexplored. The aim
of this study was to evaluate the effect of DPHC on cytosolic Ca** levels and its correlation with blood glucose transport in
skeletal myotubes in vitro and in vivo. Cytosolic Ca** levels upon DPHC treatment were evaluated in skeletal myotubes and
zebrafish larvae by Ca** imaging using Fluo-4. We investigated the effect of DPHC on the blood glucose level and glucose
transport pathway in a hyperglycemic zebrafish. DPHC was shown to control blood glucose levels by accelerating glucose
transport; this effect was associated with elevated cytosolic Ca** levels in skeletal myotubes. Moreover, the increased cytosolic
Ca”" level caused by DPHC can facilitate the Glut4/AMPK pathways of the skeletal muscle in activating glucose metabolism,
thereby regulating muscle contraction through the regulation of expression of troponin I/C, CaMKII, and ATP. Our findings
provide insights into the mechanism of DPHC activity in skeletal myotubes, suggesting that increased cytosolic Ca** levels
caused by DPHC can promote glucose transport into skeletal myotubes to modulate blood glucose levels, thus indicating the

potential use of DPHC in the prevention of diabetes.

1. Introduction

Glucose is stored as glycogen in the skeletal muscle, a major
site of glucose uptake that is critical to whole-body glucose
metabolism in humans. Previous studies have shown that
genetic activation of glycolytic metabolism in the skeletal
muscle leads to an improvement in whole-body glucose
homeostasis in mice [1]. Indeed, elevation in blood glucose
levels results in increased glycolytic metabolism, which may
represent an important aspect of the adaptive response in
skeletal muscle [1].

Glucose uptake to control the blood glucose homeostasis
can be induced through the activation of muscle contraction
[2]. Some of the signaling mechanisms that mediate an
increase in the expression of glucose transporter 4 (Glut4)
in response to exercise have been identified to be driven by

a rise in cytosolic Ca** levels due to increased release of
Ca?* from the sarcoplasmic reticulum (SR) [3, 4]. These
studies showed that an increase in glucose uptake during
muscle contractions does not require membrane depolariza-
tion but only a release of Ca** to the cytoplasm [5]. Cyto-
solic Ca** in the skeletal muscle regulates several signaling
pathways and metabolic events related to contraction and
relaxation [6].

Increased cytosolic Ca®" levels in the skeletal muscle
leads to the initiation of contraction, generating signals for
the activation of Glut4 translocation [7, 8]. In addition, con-
tractile activity results in an increase in the phosphorylation
of Ca**/calmodulin-dependent protein kinase IT (CaMKII)
in skeletal muscle, leading to the upregulation of Glut4 [4].
Glucose uptake in the skeletal muscle tissue is achieved
by at least two major mechanisms: (1) insulin-dependent
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activation of PI3-K/Akt and (2) activation of AMPK by
muscle contraction due to exercise, in order to maintain
energy balance [9]. Activation of AMPK plays a key role
in maintaining cellular energy levels and stimulation of
glucose uptake.

Furthermore, muscle contraction can stimulate Glut4
and 5° AMP-activated protein kinase (AMPK) expression
to increase adenosine triphosphate (ATP) production [10,
11]. ATP hydrolysis, via the interaction between actin and
myosin molecules, generates the force for muscle contraction
[12]. The actomyosin ATPase activity is regulated by
troponin-tropomyosin interaction, which is a crucial part of
the protein interaction [13]. In addition, the binding of
Ca®* to troponin results in the contraction of muscle fibers
[14]. In particular, the Ca®" regulation mechanisms include
the release upon Ca®* binding to troponin C and the inhibi-
tion of contractile interaction through troponin I.

Previous studies have shown that diabetes mellitus is
commonly linked to a decreased efficiency in utilizing ATP
as energy in the skeletal muscles [15]. Increasing glucose
uptake is derived from muscle contractile activity, resulting
in the prevention of diabetes [16]. Alterations in Ca®*
homeostasis in skeletal muscles are strongly associated with
metabolic stress and diabetes, as Ca>* is indispensable for
glucose uptake during muscle contraction in response to
fluctuations in blood glucose [17, 18]. Therefore, in this
study, we hypothesized that glucose transport can be regu-
lated by the Ca**-dependent cytosolic signaling pathways in
muscle cells; this helps in regulating blood glucose levels.

In our previous studies, we demonstrated that the marine
alga Ishige okamurae shows antidiabetic associated responses
through the modulation of blood glucose levels as well as
inhibition of carbohydrate-digestive enzymes [19]. In addi-
tion, diphlorethohydroxycarmalol (DPHC), a phlorotannin
isolated from Ishige okamurae, was revealed to have potential
antidiabetic activity via prominent inhibitory effects against
the a-glucosidase and a-amylase enzymes [20]. However,
regulating glucose homeostasis and the underlying mecha-
nisms of glucose uptake in skeletal muscle by DPHC treat-
ment to control blood glucose levels have not yet been
examined.

In the present study, we found that during impaired glu-
cose tolerance, DPHC can induce glucose uptake in the skel-
etal muscle to improve blood glucose homeostasis. In
addition, we explored the effects of DPHC on cytosolic
Ca’" levels in the skeletal muscle and the underlying signal-
ing mechanisms in in vitro and in vivo models. Further, the
effect of DPHC on muscle contraction was evaluated in a zeb-
rafish model with alloxan-induced hyperglycemia. Data from
this study demonstrate that glucose transport is an important
part of the mechanism underlying the effect of DPHC and
further provide insights into strategies aimed at improving
glucose homeostasis to help ameliorate metabolic disorders
in patients with diabetes in the future.

2. Materials and Methods

2.1. Materials. Diphlorethohydroxycarmalol (DPHC) was
isolated as previously described by Heo et al. [19]. Fluo-4
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Direct™ Calcium Assay kit was purchased from Invitrogen by
Thermo Fisher Scientific (Waltham, MA, USA). 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenylte-trazolium bromide (MTT); 2-
deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose
(2-NBDQ); 1,2-bis(2-aminophenoxy)ethane-N,N,N ' N'-tetra-
acetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM); D-
(+)-glucose  (glucose); 2,4,5,6(1H,3H)-pyrimidinetetrone
(alloxan monohydrate); and 1,1-dimethylbiguanide hydro-
chloride (metformin) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Antibodies against phospho-AMP-
activated protein kinase (Thrl72), AMPK and p-Akt
(Ser473), Akt, Glut4, and GAPDH were obtained from Cell
Signaling Technology (Bedford, MA, USA), and anti-rabbit
secondary antibodies were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). ATP Assay Kit (colori-
metric/fluorometric) was purchased from Abcam (Abcam
Inc., Cambridge, USA).

2.2. C2C12 Cell Culture, Differentiation, and Cell Viability
Assay. Previous studies have shown that C2C12 cells repre-
sent a model to study insulin resistance in diabetes and
improvement in muscle function [21, 22]. C2C12 skeletal
muscle cells (American Type Culture Collection) were main-
tained in DMEM with 10% FBS and antibiotics, at 37°C in a
humidified incubator of 5% CO,. When the cells reached
80% confluence, C2C12 cells were differentiated into skeletal
myotubes in DMEM-low glucose with 2% horse serum for 5
days. Viability levels of C2C12 cells were determined by the
ability of mitochondria to convert MTT to an insoluble for-
mazan product. Cells were maintained in 96-well plates at a
density of 3 x 10* cells/well and subsequently subjected to
different concentrations of DPHC (0.1, 2, 10, and 30 uM)
for 24 h. Cells were pretreated with MTT solution (2 mg/mL)
for 3 h. Subsequently, cell density was determined by measur-
ing optical density (OD) at 540 nm using a microplate reader
(Gen5 version 2.05, BioTek, Winooski, Vermont, USA).

2.3. Glucose Uptake Assay. Differentiated cells and skeletal
myotubes were maintained in serum-free and low-glucose
DMEM for 6 h before treatment with DPHC. After incuba-
tion, cells were treated with DPHC in glucose-free media.
Subsequently, 2-NBDG at 50 uM final concentration was
added for 24h at 37°C. Then, cells were washed twice with
PBS, serum-free medium was added, and the fluorescence
intensity was immediately measured in a microplate reader
at an excitation wavelength of 485 nm and an emission wave-
length of 530 nm. After being taken up by the cells, 2-NBDG
was converted into a nonfluorescent derivative (2-NBDG
metabolite). The overall glucose uptake was obtained by
quantifying the diminution in the fluorescence. The assay
was performed as described by Blodgett et al. [23].

2.4. Cytosolic Ca®* Level by Fluo-4 in Skeletal Myotubes.
Cytosolic Ca** level was detected using the Ca**-sensitive
probe Fluo-4 in 1x PBS (phosphate-buffered saline, com-
prised of 140mM NaCl, 59mM KCl, 1.8mM MgClL,
10mM HEPES, 11.5mM glucose, 1.2mM NaH,PO,, and
5mM NaHCO,). Skeletal myotubes were incubated in 1x
Fluo-4 for 30 minutes at 37°C, washed with PBS and added
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1x PSS with 0.1% BSA. After recording basal fluorescence for
10sec at interval time of 1sec, cells were directly added 1x
PSS or DPHC (3, 10, and 30 M) in 0.1% BSA. After record-
ing fluorescence for 55 sec with interval time of 1 sec, reflect-
ing cytosolic Ca** levels were obtained to the microscope
(Gen 5 version 3.03, BioTek, Winooski, Vermont, USA). A
box plot was used to visualize descriptive statistics of the dif-
ferent groups [24].

2.5. Experimental Animals

2.5.1. Maintenance of Parental Zebrafish and Collection of
Embryos. Adult zebrafish was obtained from a commercial
dealer (Jeju aquarium, Jeju, Korea). Fifteen fishes were kept
in 3.5L acrylic tank according to the conditions: 28.5 + 1°C,
ted two times a day (Tetra GmgH D-49304, Melle, Germany)
with a 14/10 light/dark cycle [25]. Embryos were mated, and
spawning was stimulated by setting of light, after breeding 1
female and 2 males. Embryos were collected within 30 min
and transferred to Petri dishes containing embryo media.
The zebrafish experiment received approval from the Animal
Care and Use Committee of the Jeju National University
(Approval No. 2017-0001).

2.5.2. Toxicity of DPHC in Zebrafish Embryos. From approx-
imately 4 hours postfertilization (hpf), embryos (n=15)
were transferred to individual wells of 12-well plates contain-
ing 950 uL. embryo media with 50 uL of DPHC (0.1, 2, 10,
and 30 uM). Percent survival of zebrafish embryos exposed
to DPHC up to 168 hpf was measured.

2.5.3. Cytosolic Ca®* Level Measurement in Zebrafish Larvae.
In accordance with a previous study [26], the cytosolic Ca*"
level of zebrafish larvae was detected using the Ca®*-sensitive
probe, Fluo-4. Zebrafish larvae were incubated in the 2x
Fluo-4 for 30 minutes at 28.5 + 1°C and subsequently treated
with DPHC (0.1, 2, and 10 uM). As a control, to ensure if the
Ca’" signal was completely blocked by chelation of cytosolic
Ca®* with BAPTA-AM, we preincubated fish with 0.1 mM
BAPTA-AM for 1h before loading the Fluo-4.

2.5.4. Blood Glucose Level. Wild-type zebrafish were exposed
to 2mg/mL alloxan for 1h and transferred to 1% glucose for
another 1h. The media was then changed to water for 1h,
and zebrafish were injected with saline, or DPHC, or metfor-
min, with or without BAPTA-AM for 90 min. Adult zebra-
fish were divided into six groups: normal, alloxan-treated
group, DPHC (0.3 ug/g body weight), metformin (5 ug/g
body weight; a positive control with known blood glucose
level-controlling activity) [27], BAPTA-AM (3 ug/g body
weight), and BAPTA-AM (3 ug/g body weight) with DPHC
(0.3 ug/g body weight). Blood glucose level was measured
using the protocol described by Zang et al. [28].

2.5.5. Plasma Membrane Protein Extraction of Zebrafish
Muscle Tissue. In accordance with a previous study [29],
membrane protein of zebrafish muscle tissue was extracted
using a membrane protein extraction kit (Catalog number
89842, Thermo Scientific, Waltham, Massachusetts, USA)
according to the manufacturer’s protocols. For the zebrafish

muscle tissue collection, the fish’s head, tail, fins, skin, and
internal organs were removed using a scalpel and forceps.
Zebrafish muscle tissue (20-40 mg) was washed in 4mL of
cell wash solution and homogenized in 1mL of perme-
abilization buffer. And then, tissue was incubated for
10 min at 4°C. The homogenates were centrifuged at 16,000
x g for 15min at 4°C to pellet permeabilized cells, and then
the supernatant containing cytosolic proteins was removed.
The membrane proteins pellet was resuspended in 1 mL of
solubilization buffer, then pipetted up and down, incubated
30min at 4°C, and centrifuged at 16,000 x g for 15min at
4°C. The supernatant containing solubilized membrane and
membrane-associated proteins was stored for western blot
analysis.

2.6. Western Blot Analysis. Western blot analysis was carried
out using the protocol described by Ko et al. [30]. The
phospho-AMPK (Thrl72), total-AMPK (Ser473), phos-
phor-Akt, total-Akt, and Glut4 were used at 1:1000 dilution,
and secondary antibodies were used at 1:3000 dilution.

2.7. ATP Assay. Using 0.1 mM ATP standard dilution, a stan-
dard curve was generated following the ATP assay kit proto-
col (ab83355, Abcam, America). 10 mg of muscle tissue was
harvested for each assay and washed in cold PBS. Tissue
was homogenized in ice-cold 2N PCA with 10-15 passes.
Following maintaining on ice for 30-45min, samples were
centrifuged at 13,000 g for 3min at 4°C, and supernatants
were collected. Samples were adjusted to pH between 6.5
and 8 to neutralize the samples and precipitate the excess
PCA. Samples were centrifuged at 13,000g for 15min at
4°C, and supernatants were collected. The supernatants were
transferred to individual wells of 96-well plates mixed with
the same volume of ATP reaction mix and incubated at 21
+1°C for 30 min, protected from light. ATP levels in each
sample were determined by measuring optical density (OD)
at 570 nm using a microplate reader (Gen5 version 2.05, Bio-
Tek, Winooski, Vermont, USA). The amount of ATP in the
samples was calculated according to the standard curve.

2.8. Immunofluorescence (IF). To conduct histological analy-
sis, the muscle tissue of zebrafish was fixed in Bouin’s solu-
tion for 24h and subsequently transferred to 70% ethanol
for storage. Following this, the tissue was dehydrated in a
graded ethanol series and embedded in paraffin. The muscle
tissue was sectioned into 7 ym sections using a microtome
(Leica, Nussloch, Germany) and mounted onto glass slides.
The tissue slides were deparaffinized and treated with animal
serum to block antibody binding and then incubated with
anti-GLUT4 antibodies (1:400), troponin I (1:400), and tro-
ponin C (1:400) overnight at 4°C. In addition, the tissue
slides were rinsed with PBS and incubated with fluorescent-
dye conjugated secondary antibodies (1:200) for 1h at 21
+ 1°C. Rinsed tissue slides were mounted with slide mount-
ing medium (SIGMA). The fluorescence from tissue slides
was observed and imaged under the microscope (Gen5 ver-
sion 3.03, BioTek, Winooski, Vermont, USA).

2.9. Statistical Analysis. All of the data were presented as
means + standard error (SE). The mean values were calculated



based on data from at least three independent experiments
which were conducted on separate days using freshly pre-
pared reagents. All the experiments were statistically ana-
lyzed wusing one-way analysis of variance (one-way
ANOVA) and Fisher’s LSD test (in GraphPad Prism Version
7.03). A p value of less than 0.05 (*p<0.05, *p<0.01,
"5 <0.001, and "**p < 0.0001) was considered statistically
significant and compared with the nontreated group. A p
value of less than 0.05 (*p <0.05, **p<0.01, ***p <0.001,
and ****p <0.0001) was considered statistically significant
and compared with the no sample-treated group.

3. Results

3.1. Regulation of Blood Glucose Levels in Adult Zebrafish. To
assess whether blood glucose levels are influenced by DPHC,
we used an alloxan-induced hyperglycemic zebrafish model
[25]. Initially, to evaluate the toxicity of DPHC, zebrafish
embryos were exposed to 0.1, 2, 10, and 30 uM of DPHC in
the embryo media for 168hpf. As shown in Figure 1(a),
90%, 90%, and 80% of the zebrafish survived after treatment
with 1.2, 6, and 12 uM DPHGC, respectively, whereas 30 M
DPHC treatment showed a significant decrease in survival
to 70 £4.71% compared to that observed in the control
group. Therefore, the subsequent zebrafish experiments were
conducted with concentrations that permitted >80% survival
(Figure 1(a)).

Zebrafish treated with 2 mg/mL alloxan showed pancre-
atic islet damage, leading to reduced glucose-mediated insu-
lin secretion, resulting in a diabetic condition (Figure 1(b)).
Blood glucose levels of zebrafish in the 0.6% glucose group
increased 3.28-fold compared to those in the normal group
(Figure 1(c)), which were comparable to the blood glucose
levels in a hyperglycemic mouse model. Injection with
increasing concentrations of DPHC (0.03, 0.1, and
0.3 ug/g) in 0.6% glucose to zebrafish decreased blood glu-
cose levels by 269, 223, and 206mg/dL, respectively,
whereas metformin (3 ug/g) led to a 176 mg/dL decrease
in the blood glucose level. These data suggest that DPHC
can reduce blood glucose levels in a hyperglycemic zebra-
fish model.

3.2. Measurement of Cell Viability and Glucose Uptake in
Skeletal Myotubes. As glucose uptake by skeletal muscles is
the key step in glucose homeostasis [31], we examined the
effect of DPHC on glucose uptake in differentiated myocytes.
Initially, the cells were treated with DPHC (0.1, 2, 10, and
30uM) for 24h, and cell viability was assessed using an
MTT assay. As shown in Figure 2(a), cells treated with DPHC
did not show a significant difference in cell viability com-
pared to those of the control group. It was therefore con-
firmed that these concentrations of DPHC were nontoxic
and were used for further in vitro experiments.

Glucose uptake following DPHC treatment in skeletal
myotubes was evaluated without insulin stimulation
(Figure 2(b)). Treatment of the skeletal myotubes with DPHC
led to an increase in glucose uptake in a concentration-
dependent manner, and 30 uM of DPHC led to a significant
increase in glucose uptake of 154% compared to that in the
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control group. These data suggested that DPHC treatment
can induce glucose uptake in the absence of insulin in skeletal
myotubes.

3.3. Increasing the Cytosolic Ca®* Level in Skeletal Myotubes.
To investigate the change of cytosolic Ca®" levels by DPHC
treatment, we performed Ca** imaging using Fluo-4-AM, a
cell permeable and sensitive calcium indicator. Exposure of
skeletal myotubes to DPHC in the presence of extracellular
Ca®" in this PSS buffer with the addition of CaCl, resulted
in a rapid and robust increase in cytosolic calcium levels
(Figure 2(c)). SimilarlZ, in the absence of external Ca*", ele-
vation in cytosolic Ca** levels upon DPHC treatment in the
skeletal myotubes was also observed, indicating that no dif-
ference was observed by the presence or absence of extracel-
lular Ca®" (Figure 2(d)). In Figure 2(e), the box plot of the
Ca?t response for 60 sec from Figures 2(c) and 2(d) in the
presence or absence of extracellular Ca** shows that cytosolic
Ca®" levels following 30 uM DPHC treatment were not sig-
nificantly altered by extracellular Ca**. Additionally, the skel-
etal myotubes pretreated with BAPTA-AM, a cytosolic Ca>*
chelator, elicited no change in cytosolic Ca** upon DPHC
treatment in both the presence or absence of extracellular
Ca’". Elevation of cytosolic Ca®" in skeletal myotubes treated
with DPHC regardless of the existence of extracellular Ca**
suggests that the Ca** increase by DPHC is likely to be
related to the release of Ca** to the cytosol from the SR and
not to Ca”" influx by plasma membrane Ca** channels.
Next, the level of cytosolic Ca** with different concen-
trations of DPHC (3, 10, and 30 uM) was analyzed by mea-
suring fluorescence changes in skeletal myotubes in the
absence of extracellular Ca**. Cytosolic Ca** was instantly
observed to increase upon DPHC treatment, while in the
presence of BAPTA-AM, this calcium response was abol-
ished (Figures 3(a) and 3(b)). The Cat response in total
skeletal myotubes upon DPHC treatment was quantified
as shown in Figure 3(c), indicating that cytosolic Ca®" sig-
nificantly increased with 3, 10, and 30 uM DPHC compared
to that with PSS treatment. This response was also observed
in single skeletal myotubes (Figure 3(d)). These data
showed that the Ca®" release from the SR is induced in
response to DPHC treatment of the skeletal myotubes.

3.4. DPHC Engages Cytosolic Ca’* Signaling to Regulate
Blood Glucose. Given that cytosolic Ca** release is indispens-
able for glucose uptake in myocytes [32], we postulated that
DPHC might engage Ca*" signaling to regulate skeletal mus-
cle glucose homeostasis. To test this, we performed Ca**
imaging studies in 3 hdf zebrafish embryos using Fluo-4 dye
in the absence of external Ca** following exposure to DPHC.
Initially, we confirmed that no significant fluorescence was
induced by treatment with different concentrations of DPHC
alone (without Fluo-4) compared to that in the controls (N,
no Fluo-4 and no drugs exposed, and F, only Fluo-4 exposed)
(Figure 4(a)). Moreover, fluorescence in the zebrafish in the
Fluo-4 alone (F) sample increased 1.62-folds compared to
that in the normal (N) control. These data showed that the
intracellular Ca** in zebrafish embryos were detected by
Fluo-4. Next, the effect of DPHC in Fluo-4-exposed embryos
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and ****p <0.0001 compared with the no sample-treated group;

was assessed. Zebrafish embryos exposed to DPHC and Fluo-
4 had a rapid rise in cytosolic Ca**; however, this increase
was abolished with preincubation of the 10uM DPHC-
treated zebrafish embryos with 0.1 mM BAPTA-AM for 1h

(c)

(Figure 4(b)). This finding suggests that DPHC can induce
cytosolic Ca®" elevation in zebrafish embryos.

To examine whether Ca®" is required for the blood
glucose-lowering effect of DPHC, we treated alloxan-
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Detection of cytosolic Ca®" levels using the Fluo-4 calcium indicator in the myotubes. Myotubes were loaded with Fluo-4 in PSS in the (c)
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2
presence or absence of extracellular Ca*".

induced hyperglycemic zebrafish with DPHC and measured
blood glucose and ATP levels. As shown in Figure 4(c), the
alloxan-treated group had blood glucose levels of up to
278 mg/dL, while they were significantly lower in the
DPHC (0.3 ug/g) and metformin (3 ug/g) (149 mg/dL and

151 mg/dL, respectively) treatment groups and the blank
group (first column, saline only injected group). Impor-
tantly, this blood glucose-lowering effect of DPHC was sig-
nificantly attenuated with BAPTA-AM treatment, resulting
in blood glucose being at the same level as in the non-
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DPHC-treated zebrafish. Furthermore, STZ/saline groups in
the diabetic mouse model showed a lower glucose tolerance,
with higher glucose level after 90 min, compared with the nor-
mal/saline group in Figure Sla. We calculated the area under
the curve (AUC) of IGTT in each group. In Figure S1b, the
AUC of IGTT in the STZ/saline group was significantly
increased compared with that in the normal/saline group.

However, the increased AUC of IGTT were significantly
decreased by STZ/DPHC and STZ/metformin. In particular,
the STZ/BAPTA+DPHC group showed no significant
change in AUC of IGTT.

These results showed that the cytosolic Ca** release from
the SR by DPHC is indispensable for its effect on blood glu-
cose homeostasis in hyperglycemic zebrafish with suppressed
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FIGURE 5: Expression of (a) Glut4 in zebrafish muscle tissues by immunofluorescence. Analysis of (b) Glut4, (c¢) AMPK, and (d) Akt signaling
pathway in zebrafish muscle tissues by western blotting. The muscle extract was analyzed by western bottling, and the signal intensities were
examined by the Fusion FX7 acquisition system (Vilber Lourmat, Eberhardzell, Germany). Experiments were performed in triplicate, and the
data are expressed as mean + SE, 1 = 4 per group. **Values having different superscripts are significantly different at *p < 0.05, **p < 0.01,
***p <0.001, and ****p < 0.0001 compared with the no sample-treated group; “*p < 0.01 and ***p < 0.0001 compared with the nontreated

group. N.S.: no significance compared with the BAPTA-AM group.

insulin secretion, suggesting that DPHC-induced blood glu-
cose homeostasis requires activation of cytosolic Ca** release
and the downstream signaling pathway.

3.5. Assessment of the Expression of Glucose Transport
Pathway Components in Zebrafish Muscle Tissue. We exam-
ined the effect of DPHC on Glut4 translocation in the muscle
membranes of hyperglycemic zebrafish by immunofluores-
cence. As shown in Figure 5(a), Glut4 intensity significantly
decreased 0.5-fold relative to those in the nontreated group.
When injected with DPHC or metformin, the Glut4 intensity
increased to 0.87- or 0.90-fold relative to that in the alloxan-
treated group. In particular, BAPTA-AM-injected groups
with/without DPHC showed no significant change in inten-

sity. This finding suggests that DPHC can induce Glut4
translocation by increasing the cytosolic Ca** level in hyper-
glycemic zebrafish muscle.

To evaluate the molecular components that are involved
in the regulation of glucose uptake by DPHC, the protein
levels of membrane-associated Glut4 and phosphorylation
of AMPK and Akt in the muscle of alloxan-induced hyper-
glycemic zebrafish were analyzed by western blotting. As
shown in Figures 5(b)-5(d), the membrane localization of
Glut4 and phosphorylation levels of AMPK and Akt signifi-
cantly decreased in the muscle of alloxan-induced hypergly-
cemic zebrafish compared to those in the blank-treated
animals. However, DPHC and metformin promoted Glut4
translocation to the membrane and phosphorylation of
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AMPK, indicating that DPHC can stimulate the glucose
transport pathway in hyperglycemic zebrafish. However,
DPHC did not affect the expression of Akt compared to that
in the alloxan-induced hyperglycemic zebrafish. As shown
Figure S2, membrane Glut4 level of the STZ/saline group in
the diabetic mouse model was significantly decreased
compared with that in the normal/saline group. However,
the decreased membrane Glut4 levels were significantly
increased by STZ/DPHC and STZ/metformin. In particular,
the STZ/BAPTA+DPHC group showed no significant
change in membrane Glut4 level.

In contrast, Ca** depletion by BAPTA-AM failed to acti-
vate phosphorylation of these proteins, and protein levels
remained unchanged even with DPHC treatment compared
to those in the alloxan-induced hyperglycemic zebrafish, sug-
gesting that DPHC can induce Ca*-dependent activation of
the Glut4/AMPK pathway in the muscles of hyperglycemic
zebrafish to control glucose homeostasis.

3.6. Determination of Muscle Contraction in Zebrafish
Muscle. To assess whether skeletal muscle contraction in
hyperglycemic zebrafish is affected by DPHC, we examined
troponin C and I intensity in hyperglycemic zebrafish using
immunofluorescence. As shown in Figure 6(a), troponin C
intensity in skeletal muscles of hyperglycemic zebrafish sig-
nificantly decreased by 0.33-fold of that in the nontreated
group (p <0.001). However, DPHC significantly increased
troponin C intensity (p < 0.01). In addition, troponin I inten-
sity in the skeletal muscle of hyperglycemic zebrafish signifi-
cantly increased to 3.3-fold of that in the nontreated group
(Figure 6(b)). However, DPHC treatment significantly
decreased troponin I intensity. These results indicated that
DPHC can stimulate muscle contraction in hyperglycemic
zebrafish.

We examined the CaMKIIs that are involved in the
improvement of glucose homeostasis by DPHC in skeletal
muscles of hyperglycemic zebrafish. As shown in Figure 6(c),
DPHC treatment significantly reduced the CaMKII level in
the alloxan-induced hyperglycemic zebrafish. However,
BAPTA-AM:-injected groups with/without DPHC did not sig-
nificantly change the CaMKII expression level. This finding
suggests that DPHC can induce muscle contraction by CaM-
KII expression, the latter being induced in turn by increased
cytosolic Ca®* level in the hyperglycemic zebrafish muscle.
Furthermore, DPHC treatment modestly increased the
alloxan-induced reduction in ATP levels in the skeletal muscle
in hyperglycemic zebrafish, whilst this increase was reversed
with BAPTA-AM treatment (Figure 6(d)). The data suggest
that DPHC can improve glucose homeostasis by inducing
muscle contraction in hyperglycemic zebrafish.

4. Discussion

Abnormal metabolism of glucose in diabetes reduces insulin
sensitivity and induces postprandial hyperglycemia contrac-
tile activity in the skeletal muscle. Previous studies have
reported the antidiabetic effects of Ishige okamurae extract
on blood glucose level and insulin resistance in C57BL/Ks]J-
db/db mice [20]. We showed that DPHC isolated from Ishige
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okamurae significantly reduced the blood glucose level in the
hyperglycemic zebrafish model with impaired glucose toler-
ance. In addition, DPHC can induce glucose uptake in the
absence of insulin in C2C12 cells (Figure 2(b)). Our data sug-
gest that DPHC can induce glucose transport in the skeletal
muscle through contractile activity, resulting in the regula-
tion of blood glucose level in a hyperglycemic model.

Glucose uptake by the skeletal muscle is regulated by glu-
cose delivery to the skeletal muscle cells, surface membrane
permeability to glucose, and flux through intracellular
metabolism. In addition, the skeletal muscle possesses con-
tractile activity that can effectively restore glucose regulation
in an insulin-independent manner [2, 33]. Previous studies
using different methods and models show that muscle con-
tractions enhance glucose uptake similar to that by insulin
action [33, 34]. Zebrafish models have been established to
study a wide range of human pathologies, including genetic
disorders and acquired diseases [35, 36]. Previous studies
used alloxan or streptozotocin or only glucose water to gen-
erate an acute hyperglycemic zebrafish model [37, 38]. Shin
et al. [38] suggested that a hyperglycemic zebrafish model is
appropriate for experiments that call for a short-term
model.

Skeletal muscle contraction is initiated by depolarization
of the plasma membrane and T tubules, which not only trig-
gers Ca”" release from the SR but also leads to the interaction
of actin and myosin filaments and development of tension in
the fibers. The contraction and relaxation cycle produced by
muscle fibers is called twitch [39]. In previous studies, the
time course of Ca®" in skeletal muscle fibers was studied by
Ca?* indicators [40], and Garcia and Schneider [41] also sug-
gested that the kinetic properties that were characterized in
the fast-twitch skeletal muscle fiber were controlled by Ca**
release from the SR. The transient increase in calcium levels
is important for intermediate signaling between the excita-
tion and contraction phase in skeletal myotubes [42]. In this
study, we present data supporting an association between the
cytosolic Ca®* release by DPHC in skeletal myotubes and its
antidiabetes activity [20] that can improve impaired glucose
uptake in diabetes to enable the maintenance of glucose
homeostasis. Glucose uptake through the cell membrane is
the rate-limiting step in glucose homeostasis in the skeletal
muscle under physiological conditions [43] and is indepen-
dently stimulated by Ca®*/contraction-dependent processes
[44, 45]. The period between muscle stimulation and con-
traction is called latent period [46], which is a period of 10
seconds after DPHC treatment. After 10 seconds, the skeletal
myotubes undergo a contracting period followed by a relaxa-
tion period. The basic unit of activity in the muscle fiber is the
twitch that can induce short contractions [42]. DPHC signif-
icantly increased cytosolic Ca** levels in the skeletal myo-
tubes, independent of extracellular Ca®*, ruling out the
involvement of Ca®" influx pathways and suggesting induc-
tion of Ca** release from the SR by DPHC [3, 5]. Although
Ca®" release from the SR of myotube cells can facilitate
attachment/detachment of myosin to actin and the energy
supply to ensure the excitation-contraction-relaxation cycle
of muscle cells [47], the role of Ca** in glucose uptake, as well
as its pathogenic contribution to diabetes, remains elusive.
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The remarkable observation in our study is that cytosolic
Ca’" release by DPHC treatment can induce glucose uptake
resulting in the modulation of blood glucose levels in the
hyperglycemic zebrafish model, suggesting that cytosolic
Ca®" in skeletal myotubes can improve glucose homeostasis.
Increased intracellular Ca®* levels, even at low concentra-
tions to induce contractions, provide the signal to activate
Glut4 translocation to the cell surface in skeletal muscle inde-
pendently of insulin [48]. Depending on the coordination
and integration of several physiological systems, blood glu-
cose homeostasis is maintained. Moreover, during exercise,
an increased need for glucose by contracting muscle results
in glucose uptake from blood into the working skeletal mus-
cles [48, 49]. This study suggests that glucose homeostasis in
muscles can be suggested as an important strategy for diabe-
tes therapy [50] and can improve insulin sensitivity and
reduce postprandial hyperglycemia [23, 30, 51].

Overexpression of key signaling proteins regulating
energy metabolism in the skeletal muscle can improve meta-
bolic disturbances associated with hyperglycemia. The dia-
betic mouse model generated using alloxan has been

reported to affect expression of Glut4, resulting in a
decreased uptake of glucose and increased blood glucose
levels [52]. In addition, AMPK activation promotes Glut4
translocation and increases glucose uptake directly in the
skeletal muscle [25]. Muscle contraction stimulates glucose
transport by AMPK activation, increasing cytosolic Ca**
level and Glut4 activation. Furthermore, previous studies
have shown that increasing the cytosolic Ca** level induces
glucose uptake in isolated rat muscle without increasing
AMPK phosphorylation [34, 53, 54], suggesting that cyto-
solic Ca®* levels increase glucose uptake during contractile
activity. Our results showed that DPHC can stimulate
Glut4 translocation and phosphorylation of AMPK, which
was dependent on cytosolic Ca*" in skeletal myotubes,
while there was no effect on Akt activation. The cytosolic
Ca’" regulation by DPHC treatment in skeletal myotubes
can reinforce the Glut4/AMPK pathways for a profound
effect on glucose uptake metabolism. Our data further indi-
cated that DPHC can normalize metabolic disturbances in
diabetes and improve glucose homeostasis in skeletal
muscles.
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Skeletal muscle contraction is regulated by Ca** by con-
trolling the action of specific regulatory proteins such as
tropomyosin and troponin [55]. Troponin C is a Ca**-binding
component in muscle contraction. Troponin I is an inhibitory
component of contractile interaction between myosin and
actin in the presence of tropomyosin [56]. Our results showed
that alloxan-induced hyperglycemic zebrafish can stimulate
dysfunction of muscle contraction. We confirmed that the
DPHC can promote muscle contraction by increasing cyto-
solic Ca** levels in the hyperglycemic zebrafish muscle. In
addition, CaMKII activation promotes Glut4 translocation to
increase glucose uptake directly in the skeletal muscle [4]. Pre-
vious studies have shown that caffeine treatment induces the
activation of CaMKII by muscle contraction via Ca®" release
from the SR in rat muscle [53]. We confirmed that DPHC
can stimulate CaMKII production in skeletal muscle tissues
of hyperglycemic zebrafish. Our results showed that DPHC
can enhance CaMKII expression levels; this is influenced by
cytosolic Ca®" in skeletal muscles of hyperglycemic zebrafish.

Muscle contraction initiates Ca®" release into the myofi-
bril and, as a result, increases ATP demand through the activ-
ity of myosin and Ca** ATPases. Since the SR (source of
Ca?*) and mitochondria (source of ATP) are both necessary
for the flawless execution of the contractile cycle [49], we
confirmed that the ATP level in hyperglycemic zebrafish,
the model where we observed the blood glucose-lowering
effect of DPHC, was increased by DPHC treatment.

5. Conclusions

In this study, we uncovered the molecular mechanisms under-
lying the euglycemic effects of DPHC in the skeletal muscle of
a hyperglycemic zebrafish model. DPHC can increase
cytosolic Ca** level to activate Glut4/AMPK pathways of the
skeletal muscle, which promotes glucose transport in hyper-
glycemic zebrafish. Also, increased Ca** by DPHC is linked
with the regulation of troponin I/C, CaMKII, and ATP levels
that enable muscle contraction. Therefore, the findings from
this study provide a mechanistic and integrative approach
demonstrating the upregulation of cytosolic Ca** by DPHC
in the skeletal muscle as a potential therapeutic mechanism
for improving glucose metabolism during diabetes.
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Figure S1: evaluation of IGTT in streptozotocin-induced dia-
betic mice. (a) Measurement of blood glucose level after glu-
cose intake in mice fed with 30 mg/kg DPHC or 100 mg/kg
metformin. Mice were injected with 2.5 mg/kg BAPTA-AM
for 30 min, before glucose intake. (b) Quantitative analysis
of the area under the curve (AUC) from IGTT. Data are
expressed as the mean + SE, n =4 per group. **Values hav-
ing different superscripts are significantly different at *p <
0.05 compared with the no sample-treated group; “*p < 0.01
compared with the nontreated group. Figure S2: expression
of membrane and cytosolic Glut4 level in mice muscle tissues
by western blotting. The muscle extract was analyzed by
western bottling, and the signal intensities were examined
by the Fusion FX7 acquisition system (Vilber Lourmat, Eber-
hardzell, Germany). Membrane Glut4 was normalized by
cytosolic Glut4. Data are expressed as the mean + SE, n=4
per group. **Values having different superscripts are signifi-
cantly different at *p < 0.05 and ***p < 0.001 compared with
the no sample-treated group; “*p < 0.001 compared with the
nontreated group. (Supplementary Materials)

References

[1] Z.-X. Meng, S. Li, L. Wang et al., “Baf60c drives glycolytic
metabolism in the muscle and improves systemic glucose
homeostasis through Deptor-mediated Akt activation,”
Nature Medicine, vol. 19, no. 5, pp. 640-645, 2013.


http://downloads.hindawi.com/journals/omcl/2021/8893679.f1.docx

14

(2]

[9

—

(10]

(11]

(12]

(13]

(14]

(15]

(16]

A.J. G. Castro, M. J. S. Frederico, L. H. Cazarolli et al., “The
mechanism of action of ursolic acid as insulin secretagogue
and insulinomimetic is mediated by cross-talk between cal-
cium and kinases to regulate glucose balance,” Biochimica et
Biophysica Acta (BBA)-General Subjects, vol. 1850, no. 1,
pp. 51-61, 2015.

E. R. Chin, “Role of Ca2+/calmodulin-dependent kinases in
skeletal muscle plasticity,” Journal of Applied Physiology,
vol. 99, no. 2, pp. 414-423, 2005.

E. O. Ojuka, V. Goyaram, and J. A. H. Smith, “The role of
CaMKII in regulating GLUT4 expression in skeletal muscle,”
American Journal of Physiology-Endocrinology and Metabo-
lism, vol. 303, no. 3, pp. E322-E331, 2012.

J. O. Holloszy and H. T. Narahara, “Nitrate ions: potentiation
of increased permeability to sugar associated with muscle con-
traction,” Science, vol. 155, no. 3762, pp. 573-575, 1967.

M. W. Berchtold, H. Brinkmeier, and M. Muntener, “Calcium
ion in skeletal muscle: its crucial role for muscle function, plas-
ticity, and disease,” Physiological Reviews, vol. 80, no. 3,
pp. 1215-1265, 2000.

N. Jessen and L. . Goodyear, “Contraction signaling to glucose
transport in skeletal muscle,” Journal of Applied Physiology,
vol. 99, no. 1, pp. 330-337, 2005.

A. P. Waller, A. Kalyanasundaram, S. Hayes, M. Periasamy,
and V. A. Lacombe, “Sarcoplasmic reticulum Ca® * ATPase
pump is a major regulator of glucose transport in the healthy
and diabetic heart,” Biochimica et Biophysica Acta (BBA)-
Molecular Basis of Disease, vol. 1852, no. 5, pp. 873-881, 2015.

Y. Tsuchiya, H. Hatakeyama, N. Emoto, F. Wagatsuma,
S. Matsushita, and M. Kanzaki, “Palmitate-induced down-
regulation of sortilin and impaired GLUT4 trafficking in
C2C12 myotubes,” Journal of Biological Chemistry, vol. 285,
no. 45, pp. 34371-34381, 2010.

J. Thlemann, T. Ploug, Y. Hellsten, and H. Galbo, “Effect of ten-
sion on contraction-induced glucose transport in rat skeletal
muscle,” American Journal of Physiology-Endocrinology and
Metabolism, vol. 277, no. 2, pp. E208-E214, 1999.

W. Liu and J. Zhao, “Insights into the molecular mechanism of
glucose metabolism regulation under stress in chicken skeletal
muscle tissues,” Saudi Journal of Biological Sciences, vol. 21,
no. 3, pp. 197-203, 2014.

L. A. Stein, P. B. Chock, and E. Eisenberg, “Mechanism of the
actomyosin ATPase: effect of actin on the ATP hydrolysis
step,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 78, no. 3, pp. 1346-1350, 1981.

E. P. Morris and S. S. Lehrer, “Troponin-tropomyosin interac-
tions. Fluorescence studies of the binding of troponin, tropo-
nin T and chymotryptic troponin T fragments to specifically
labeled tropomyosin,” Biochemistry, vol. 23, mno. 10,
pp. 2214-2220, 2002.

A. Galinska-Rakoczy, P. Engel, C. Xu et al., “Structural basis
for the regulation of muscle contraction by troponin and
tropomyosin,” Journal of Molecular Biology, vol. 379, no. 5,
pp. 929-935, 2008.

S. L. Hebert and K. S. Nair, “Protein and energy metabolism in
type 1 diabetes,” Clinical Nutrition, vol. 29, no. 1, pp. 13-17,
2010.

J. He, S. Watkins, and D. E. Kelley, “Skeletal muscle lipid con-
tent and oxidative enzyme activity in relation to muscle fiber
type in type 2 diabetes and obesity,” Diabetes, vol. 50, no. 4,
pp. 817-823, 2001.

(17]

(18]

(19]

[20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

Oxidative Medicine and Cellular Longevity

H. Eshima, D. C. Poole, and Y. Kano, “In vivo calcium regula-
tion in diabetic skeletal muscle,” Cell Calcium, vol. 56, no. 5,
pp. 381-389, 2014.

M. Fernandez-Velasco, G. Ruiz-Hurtado, A. M. Gémez, and
A. Rueda, “Ca2+ handling alterations and vascular dysfunc-
tion in diabetes,” Cell Calcium, vol. 56, no. 5, pp. 397-407,
2014.

S.-J. Heo, J.-Y. Hwang, J.-I. Choi, J.-S. Han, H.-J. Kim, and Y .-
J. Jeon, “Diphlorethohydroxycarmalol isolated from Ishige
okamurae, a brown algae, a potent a-glucosidase and a-amy-
lase inhibitor, alleviates postprandial hyperglycemia in dia-
betic mice,” European Journal of Pharmacology, vol. 615,
no. 1-3, pp. 252-256, 2009.

K.-H. Min, H.-J. Kim, Y.-J. Jeon, and J.-S. Han, “Ishige oka-
murae ameliorates hyperglycemia and insulin resistance in
C57BL/KsJ-db/db mice,” Diabetes Research and Clinical Prac-
tice, vol. 93, no. 1, pp. 70-76, 2011.

H. F. Dugdale, D. C. Hughes, R. Allan et al., “The role of res-
veratrol on skeletal muscle cell differentiation and myotube
hypertrophy during glucose restriction,” Molecular and Cellu-
lar Biochemistry, vol. 444, no. 1-2, pp. 109-123, 2018.

C.Y. Wong, H. Al-Salami, and C. R. Dass, “C2C12 cell model:
its role in understanding of insulin resistance at the molecular
level and pharmaceutical development at the preclinical stage,”
Journal of Pharmacy and Pharmacology, vol. 72, no. 12,
pp. 1667-1693, 2020.

A. B. Blodgett, R. K. Kothinti, I. Kamyshko, D. H. Petering,
S. Kumar, and N. M. Tabatabai, “A fluorescence method for
measurement of glucose transport in kidney cells,” Diabetes
Technology and Therapeutics, vol. 13, no. 7, pp. 743-751, 2011.
Z.Bozoky, S. Ahmadi, T. Milman et al., “Synergy of cAMP and
calcium signaling pathways in CFTR regulation,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 114, no. 11, pp. E2086-E2095, 2017.

E.-A. Kim, S. H. Lee, J. H. Lee et al., “A marine algal polyphe-
nol, dieckol, attenuates blood glucose levels by Akt pathway in
alloxan induced hyperglycemia zebrafish model,” RSC
Advances, vol. 6, no. 82, pp. 78570-78575, 2016.

B. S. Muntean, C. M. Horvat, J. H. Behler et al., “A comparative
study of embedded and anesthetized zebrafish in vivo on myo-
cardiac calcium oscillation and heart muscle contraction,”
Frontiers in Pharmacology, vol. 1, p. 139, 2010.

H. K. R. Karlsson, K. Hallsten, M. Bjornholm et al., “Effects of
metformin and rosiglitazone treatment on insulin signaling
and glucose uptake in patients with newly diagnosed type 2
diabetes: a randomized controlled study,” Diabetes, vol. 54,
no. 5, pp. 1459-1467, 2005.

L. Zang, Y. Shimada, Y. Nishimura, T. Tanaka, and
N. Nishimura, “A novel, reliable method for repeated blood
collection from aquarium fish,” Zebrafish, vol. 10, no. 3,
pp. 425-432, 2013.

X. Zhang, L. Wang, K. Qiu, D. Xu, and J. Yin, “Dynamic mem-
brane proteome of adipogenic and myogenic precursors in
skeletal muscle highlights EPHA2 may promote myogenic dif-
ferentiation through ERK signaling,” The FASEB Journal,
vol. 33, no. 4, pp. 5495-5509, 2019.

S.-C. Ko, M. Lee, J.-H. Lee, S.-H. Lee, Y. Lim, and Y.-J. Jeon,
“Dieckol, a phlorotannin isolated from a brown seaweed, Eck-
lonia cava, inhibits adipogenesis through AMP-activated pro-
tein kinase (AMPK) activation in 3T3-L1 preadipocytes,”
Environmental Toxicology and Pharmacology, vol. 36, no. 3,
pp. 1253-1260, 2013.



Oxidative Medicine and Cellular Longevity

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

(45]

(46]

(47]

R. Balasubramanian, B. Robaye, J.-M. Boeynaems, and K. A.
Jacobson, “Enhancement of glucose uptake in mouse skeletal
muscle cells and adipocytes by P2Y6 receptor agonists,” PLoS
One, vol. 9, no. 12, article e116203, 2014.

J. H. Youn, E. A. Gulve, and J. O. Holloszy, “Calcium stimu-
lates glucose transport in skeletal muscle by a pathway inde-
pendent of contraction,” American Journal of Physiology-Cell
Physiology, vol. 260, no. 3, pp. C555-C561, 1991.

A. 7. Rose and E. A. Richter, “Skeletal muscle glucose uptake
during exercise: how is it regulated?,” Physiology, vol. 20,
no. 4, pp. 260-270, 2005.

C. Cant6, A. V. Chibalin, B. R. Barnes et al., “Neuregulins
mediate calcium-induced glucose transport during muscle
contraction,” Journal of Biological Chemistry, vol. 281, no. 31,
pp. 21690-21697, 2006.

S. Berghmans, C. Jette, D. Langenau et al., “Making waves in
cancer research: new models in the zebrafish,” BioTechniques,
vol. 39, no. 2, pp. 227-237, 2005.

G.]J. Lieschke and P. D. Currie, “Animal models of human dis-
ease: zebrafish swim into view,” Nature Reviews Genetics,
vol. 8, no. 5, pp. 353-367, 2007.

A.S. Olsen, M. P. Sarras Jr., and R. V. Intine, “Limb regenera-
tion is impaired in an adult zebrafish model of diabetes melli-
tus,” Wound Repair and Regeneration, vol. 18, no. 5, pp. 532-
542, 2010.

E. Shin, B. N. Hong, and T. H. Kang, “An optimal establish-
ment of an acute hyperglycemia zebrafish model,” African
Journal of Pharmacy and Pharmacology, vol. 6, no. 42,
Pp. 29222928, 2012.

J. J. Feher, T. D. Waybright, and M. L. Fine, “Comparison of
sarcoplasmic reticulum capabilities in toadfish (Opsanus tau)
sonic muscle and rat fast twitch muscle,” Journal of Muscle
Research & Cell Motility, vol. 19, no. 6, pp. 661-674, 1998.

F. Eusebi, R. Miledi, and T. Takahashi, “Aequorin-calcium
transients in mammalian fast and slow muscle fibers,” Biomed-
ical Research, vol. 6, no. 3, pp. 129-138, 1985.

J. Garcia and M. F. Schneider, “Calcium transients and calcium
release in rat fast-twitch skeletal muscle fibres,” Journal of
Physiology, vol. 463, no. 1, pp. 709-728, 1993.

S. M. Baylor and S. Hollingworth, “Intracellular calcium move-
ments during excitation—contraction coupling in mammalian
slow-twitch and fast-twitch muscle fibers,” Journal of General
Physiology, vol. 139, no. 4, pp. 261-272, 2012.

C.]J. Tanner, T. R. Koves, R. L. Cortright et al., “Effect of short-
term exercise training on insulin-stimulated PI 3-kinase activ-
ity in middle-aged men,” American Journal of Physiology-
Endocrinology and Metabolism, vol. 282, no. 1, pp. E147-
E153, 2002.

I. Y. Kuo and B. E. Ehrlich, “Signaling in muscle contraction,”
Cold Spring Harbor Perspectives in Biology, vol. 7, no. 2,
p- 2006023, 2015.

K. S. C. Réckl, C. A. Witczak, and L. J. Goodyear, “Signaling
mechanisms in skeletal muscle: acute responses and chronic
adaptations to exercise,” IUBMB Life, vol. 60, no. 3, pp. 145-
153, 2008.

A. V. Hill, “The development of the active state of muscle dur-
ing the latent period,” Proceedings of the Royal Society of Lon-
don. Series B. Biological Sciences, vol. 137, no. 888, pp. 320-
329, 1950.

1. M. P. Gommans, M. H. M. Vlak, A. de Haan, and B. G. M.
van Engelen, “Calcium regulation and muscle disease,” Journal

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

15

of Muscle Research & Cell Motility, vol. 23, no. 1, pp. 59-63,
2002.

E. A. Richter and M. Hargreaves, “Exercise, GLUT4, and skel-
etal muscle glucose uptake,” Physiological Reviews, vol. 93,
no. 3, pp. 993-1017, 2013.

M. Casas, S. Buvinic, and E. Jaimovich, “ATP signaling in skel-
etal muscle,” Exercise and Sport Sciences Reviews, vol. 42, no. 3,
pp. 110-116, 2014.

U. Ozcan, E. Yilmaz, L. Ozcan et al., “Chemical chaperones
reduce ER stress and restore glucose homeostasis in a mouse
model of type 2 diabetes,” Science, vol. 313, no. 5790,
pp. 1137-1140, 2006.

B. Braun, M. B. Zimmermann, and N. Kretchmer, “Effects of
exercise intensity on insulin sensitivity in women with non-
insulin-dependent diabetes mellitus,” Journal of Applied Phys-
iology, vol. 78, no. 1, pp. 300-306, 1995.

M. R. Siddiqui, K. Moorthy, A. Taha, M. E. Hussain, and N. Z.
Baquer, “Low doses of vanadate and Trigonella synergistically
regulate Na+/K+-ATPase activity and GLUT4 translocation in
alloxan-diabetic rats,” Molecular and Cellular Biochemistry,
vol. 285, no. 1-2, pp. 17-27, 2006.

D. C. Wright, P. C. Geiger, J. O. Holloszy, and D.-H. Han,
“Contraction-and hypoxia-stimulated glucose transport is
mediated by a Ca2+-dependent mechanism in slow-twitch
rat soleus muscle,” American Journal of Physiology-
Endocrinology and Metabolism, vol. 288, no. 6, pp. E1062-
E1066, 2005.

D. C. Wright, K. A. Hucker, J. O. Holloszy, and D. H. Han,
“Ca2+ and AMPK both mediate stimulation of glucose trans-
port by muscle contractions,” Diabetes, vol. 53, no. 2,
pp. 330-335, 2004.

S. Ebashi, M. Endo, and I. Ohtsuki, “Control of muscle con-
traction,” Quarterly Reviews of Biophysics, vol. 2, no. 4,
pp. 351-384, 1969.

M. Hatakenaka and I. Ohtsuki, “Effect of removal and recon-
stitution of troponins C and I on the Ca2+-activated tension
development of single glycerinated rabbit skeletal muscle
fibers,” European Journal of Biochemistry, vol. 205, no. 3,
pp. 985-993, 1992.



	Ca2+-Dependent Glucose Transport in Skeletal Muscle by Diphlorethohydroxycarmalol, an Alga Phlorotannin: In Vitro and In Vivo Study
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. C2C12 Cell Culture, Differentiation, and Cell Viability Assay
	2.3. Glucose Uptake Assay
	2.4. Cytosolic Ca2+ Level by Fluo-4 in Skeletal Myotubes
	2.5. Experimental Animals
	2.5.1. Maintenance of Parental Zebrafish and Collection of Embryos
	2.5.2. Toxicity of DPHC in Zebrafish Embryos
	2.5.3. Cytosolic Ca2+ Level Measurement in Zebrafish Larvae
	2.5.4. Blood Glucose Level
	2.5.5. Plasma Membrane Protein Extraction of Zebrafish Muscle Tissue

	2.6. Western Blot Analysis
	2.7. ATP Assay
	2.8. Immunofluorescence (IF)
	2.9. Statistical Analysis

	3. Results
	3.1. Regulation of Blood Glucose Levels in Adult Zebrafish
	3.2. Measurement of Cell Viability and Glucose Uptake in Skeletal Myotubes
	3.3. Increasing the Cytosolic Ca2+ Level in Skeletal Myotubes
	3.4. DPHC Engages Cytosolic Ca2+ Signaling to Regulate Blood Glucose
	3.5. Assessment of the Expression of Glucose Transport Pathway Components in Zebrafish Muscle Tissue
	3.6. Determination of Muscle Contraction in Zebrafish Muscle

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

