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Background and aim: Insulin resistance (IR) is a pathological condition in which cells fail to respond
normally to insulin. Loss of insulin sensitivity disrupts glucose homeostasis and elevates the risk of
developing the metabolic syndrome that includes Type 2 diabetes. This study assesses the effect on
subcritical-water extract of Gracilaria chorda (GC) at 210 �C (GCSW210) in IR induction models of high
glucose (HG)-induced zebrafish larvae and dexamethasone (DEX)-induced L6 myotubes.
Experimental procedure: The dose of HG and DEX for IR induction in zebrafish larvae and L6 myotubes
was 130 mM or 0.5 mM. The capacity of glucose uptake was quantified by fluorescence staining or in-
tensity. In addition, the activation of protein and mRNA expressions for insulin signaling (insulin-
dependent or independent pathways) was measured.
Results and conclusion: Exposure of zebrafish larvae to HG significantly reduced the intracellular glucose
uptake with dose-dependnet manner compared to control. However, the group treated with GCSW210
significantly averted HG levels like the insulin-treated group, and significantly up- or down-regulated the
mRNA expressions related to insulin production (insa) and insulin signaling pathways. Moreover, the
treatment with GCSW210 effectively regulated the protein expression of PI3K/AKT, AMPK, and GLUT4
involved in the action of insulin in IR models of L6 myotubes compared to DEX-treated control. Our data
indicate that GCSW210 stimulates activation of PI3K/AKT and AMPK pathways to attenuate the devel-
opment of IR induced by HG in zebrafish and DEX in L6 myotubes. In conclusion, GCSW210 is a potential
agent for alleviating various diseases associated with the insulin resistance.
© 2023 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Insulin resistance (IR) is clinically defined as the pathological
conditions wherein cells lose sensitivity to the hormone insulin,
resulting in reduced glucose uptake and utilization.1 It is an
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attribute of obesity and type 2 diabetes mellitus (T2DM).2 In T2DM,
IR of the specific tissues increases the metabolic demand for insulin
and eventually leads to the development of hyperglycemia. The
pancreas copes with this by producing additional amounts of in-
sulin, but this overproduction of insulin can eventually become
futile, which results in impaired glucose transport.3 Skeletal mus-
cles are major target tissues of insulin and account for approxi-
mately 80% of the postprandial glucose intake and consumption
caused by insulin stimulaiton.4 However, when blood glucose levels
are higher due to IR, skeletal muscles cannot respond to insulin
appropriately because of severe damage to the insulin-stimulated
glucose disposal mechanism; this leads to a defect in the insulin
signaling pathway, a key feature of T2DM.5 Therefore, increasing
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Abbreviations

2-NDBG 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-
deoxyglucose

AKT protein kinase B
AMPK AMP-activated protein kinase
CCK-8 cell counting kit 8
DMEM Dulbecco's modified Eagle's medium
DEX dexamethasone
FBS fetal bovine serum
GC Gracilaria chorda
GLUT-4 glucose transporter type 4
HG high glucose diet

IR insulin resistance
IRS-1 insulin receptor substrate-1
PBS phosphate-buffered saline
PI3K Phosphoinositide 3-kinase
PTEN Phosphatase and tensin homolog
PVDF polyvinylidene
qRT-PCR real time quantitative reverse transcription

-polymerase chain reaction
SW subcritical water
SWE subcritical water extract
T2D type 2 diabetes
WST water soluble tetrazolium salts
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glucose uptake of skeletal muscles is an effective strategy to pre-
vent diabetes.

The insulin signaling pathway is triggered when insulin con-
nects with the membrane receptor of target cells, activating the
phosphorylation of insulin receptor substrate-1 (IRS-1) that acti-
vates the phosphorylation of phosphoinositide 3-kinase (PI3K) and
protein kinase B (AKT), which further activate the translocation of
glucose transporter type 4 (GLUT4) from cytosol to cell-membrane.
GLUT4 is the critical protein that control glucose uptake.6 There-
fore, the insulin-dependent PI3K/AKT signaling pathway is the
primary molecular target for the treatment of IR.7,8 Besides, AMP-
activated protein kinase (AMPK) plays an important role in pro-
moting glucose uptake in an insulin-independent manner.9 Studies
have reported that enhancement of AMPK signaling and its phos-
phorylation elevate GLUT4 expression, which essentially augments
glucose uptake in various cell types.10e12 As AMPK is an important
cellular regulator of glucose metabolism, it has been considered a
potential therapeutic target to ameliorate IR in treatment of T2DM.

Gracilaria chorda (GC) Holmes, also known as Gracilariopsis
chorda, is a Rhodophyta belonging to the family Gracilariaceae and
is known for its extensive medicinal benefits. Several studies have
reported anti-oxidant, anti-bacterial, and anti-inflammatory effects
of Gracilariaceae.13,14 In previous study, we found that GCSW210
effectively regulates lipid accumulation and obesity-induced
inflammation in 3T3L1 adipocytes or coculture system with mac-
rophages. GCSW210 also significantly escalated glucose meta-
bolism in co-cultures of adipocytes and RAW264.7 macrophages
with or without insulin (100 nM). This result suggests that
GCSW210 is a functional material with anti-diabetic and anti-
obesity effects. However, an appropriate study on GCSW210
improving insulin resistance (IR) in type 2 diabetes models is
necessary. So, the purpose of this study is to investigate anti-
diabetic activities as obesity and obesity-induced inflammatory
cytokines are mainly responsible for abnormalities in glucose
metabolism and the induction of insulin resistance. Also, to study
the characteristics mechanisms by which GCSW210 regulates
glucose metabolism in IR models involving high glucose (HG)-
induced zebrafish and dexamethasone (DEX)-induced L6 myo-
tubes; dexamethasone and high glucose diet were chosen to induce
IR in vitro and in vivo, respectively.

2. Materials and methods

2.1. Reagents

Cell Counting Kit-8 (Dojindo Laboratory, Kumamoto, Japan),
dexamethasone (DEX), 3-isobutyl-1-methylxanthine (IBMX), in-
sulin (IN) and Oil Red O were purchased from Sigma (St Louis, MO,
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USA). 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-
deoxyglucose (2-NBDG) was purchased from Invitrogen (CA,
USA). Beta-actin (sc-47778), GLUT4 (sc-53566) primary antibody
and secondary antibody (anti-rabbit, anti-mouse) were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA) and p-IRS1 Ser307
(#2381), IRS1 (#2382), p-PI3K (#4228), PI3K (#4292), p-AKT
(#9271), p-phosphatase and tensin homolog (p-PTEN, #9551),
PTEN (#9559), AKT (#9272), p-AMPK (#2535), AMPK (#2532)
primary antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). Polyvinylidene (PVDF) membrane was pur-
chased from Bio-rad (Seoul, Korea), and all reagents used were high
grade or first grade. Western blot chemiluminescent substrate and
enzyme-linked immunosorbent assay kits SuperSignal™West Pico
PLUS Chemiluminescent Substrate, Mem-PER™ Plus Membrane
Protein Extraction Kit (89842) were purchased from ThermoFisher
(Seoul, Korea) and AsanPharm (Seoul, Korea), respectively.

2.2. Preparation of sample extracts

The preparation of GC extract was the same as that previously
described.15 Briefly, the crude extract was produced using subcrit-
ical water extractions process (TPR-1, TAIATSU TECHNO, Osaka,
Japan) at 210 �C where 20g of GC was macerated in 200 mL of 3X
distilled water; the reaction temperature for hydrolysis was
maintained under a reaction pressure of 3 MPa for 1 min. Then the
extracts were filtered under vacuum and freeze-dried for up to 72 h
to yield 2.3g of powder GCSW210 (11.5% yield).

2.3. Cell culture and differentiation

L6 skeletal muscle cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's
modified Eagle's medium (DMEM) medium supplemented with
10% fetal bovine serum (FBS) at 37 �C under 5% CO2. The medium
was replaced every two days. When cell growth achieved 80e90%
confluence, the cells were seeded onto culture plates. For the
differentiate of the cells from myoblasts to myotubes, the L6 cell
medium was switched to DMEM with 2% (v/v) horse serum (HS).
The L6 myoblast were allowed seven days to be fully differentiated.

2.4. Induction of insulin resistance in L6 myoblast and
determination of cell cytotoxicity

L6 myoblasts were seeded onto 96-well plates at a density of
0.5 � 104 cells/well and allowed to be fully differentiated into
myotubes. The myotubes were treated with 0.5 mM DEX for 24 h
and further treated for 24 h at 37 �C with 5% CO2 with different
concentration of GCSW210 (125 or 250) mg/mL. Cell cytotoxicity
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was observed using water soluble tetrazolium salt (WST) assay
where CCK-8 solution (1 mg/mL) was added to each well. After 2 h
of incubation, the absorbance was measured at a wavelength of
450 nm.

2.5. Western blot analysis

Cell lysates containing 15-20 mg of protein were separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis.
Then transferred to a polyvinylidene difluoride (PVDF) membrane
in a western blot apparatus (Bio-Rad, Hercules, CA, USA). The PVDF
membrane was blocked with 5% skimmilk for 1 h, rinsed with Tris-
buffered-saline with Tween-20 (1 mol/L Tris, 5 mol/L NaCl, and 0.1%
Tween 20), and incubated overnight with primary antibodies of
IRS-1 (1:1000), PI3K (1:1000), PTEN (1:1000), AKT (1:1000), GLUT4
(1:250) and AMPK (1:1000). The PVDFmembranewas thenwashed
again with Tris-buffered-saline with 0.5% Tween-20, followed by
incubation with secondary antibody (horseradish peroxidase-
conjugated IgG 1:1000) for 1 h. Finally, the expressed proteins
were quantified by analyzing the signals captured on a membrane
using chemiluminescent substrate and Vision Works TMLS (Anal-
ysis software, Upland, CA, USA). To study the translocation of GLUT-
4 proteins, cytosolic and membrane associated proteins were
extracted following the provided manual of Mem-PER™ Plus
Membrane Protein Extraction Kit (89842).

2.6. Zebrafish husbandry and toxicity assay

Wild-type adult zebrafish (Danio rerio, AB line) were cultured
within a 14 h light/10 h dark cycle at a temperature of 28 �C with a
pH of 7.0 in a flow-through system (Zebtec, Techniplast, Italy). All
studies were carried out in accordance with the laboratory animal
care standards established by the Mokpo National University and
the American Veterinary Medical Association. Varying sizes of
Gemma Micro Feed (Skretting Zebrafish; Tooele, UT, USA) were
supplied to the zebrafish according to their developmental stage,
twice or thrice a day. Adult male and female zebrafish were placed
in mating tanks in the ratio 1:1, and the embryos were collected the
next day. The healthy embryos were cultured in a 96-well plate
with E2 embryo medium until 6 days-post-fertilization (dpf). At 6
dpf, the zebrafish larvae were treated with different concentrations
of GCSW210 (125 and 250 mg/mL) and incubated for 24 h; Under an
LEICA MZ10F microscope (Leica, Germany), the larvae were
examined for viability and morphological abnormalities by
comparing the relative size and shape of their eyes, yolk sacs, jaws,
and tails to those of the normal group. The observed deformities
and mortality rates were then evaluated.

2.7. Feeding protocol for zebrafish larvae in insulin resistance model

Larvae at 4dpf were divided into several groups (n ¼ 40), with
larvae intended to receive HG reared in glucose solutions (Sigma-
Aldrich, CAS 50-99-7, G7021, St. Louis, MO, USA) of different con-
centration (32, 65, 130 mM), prepared in E2 medium (15 mM NaCl,
0.5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 0.150 mM KH2PO4,
0.050 mM Na2HPO4, and 0.7 mM NaHCO3, pH 7.1e7.4). Zebrafish
larvae were exposed to D-glucose solution from 5 dpf to 8 dpf to
induce insulin resistance.

2.8. Glucose uptake on zebrafish

To measure glucose uptake, the protocol laid down by Park
et al.16 was followed with some modification. Briefly, the seeded
zebrafish larvae were first stained with 100 mL of 2-NBDG
(600 mmol/L) and incubated for 3 h in the dark. Then, the
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zebrafish larvae were washed three times with E2 medium. Larvae
from each group were anaesthetized with MS-222 (Tricaine, CAS:
888-86-2, Sigma-Aldrich, St. Louis, MO, USA). The fluorescence in-
tensity of the zebrafish larvae was quantified using the ImageJ
program (National Institutes of Health; Bethesda, MD, USA). Images
of larvae were taken at 2.0 X and 4.0 X magnification using a LEICA
MZ10F microscope with a mounted camera and iSolution software.

2.9. Quantitative reverse transcription-polymerase chain reaction

Total RNA was extracted from a pool of 40 larvae homogenized
larvae using the Bullet blender homogenizer, and isolation was
performed using the TRIzol reagent (Molecular Research Center,
OH, USA). RNA primers were purchased from Integrated DNA
Technologies (IA, USA). The quantitative RT-PCR (qRT-PCR) assays
were conducted with the Applied Biosystems StepOne™ Real-Time
PCR System Thermal Cycling Block (ABI, USA) using the SYBR Green
Real-Time qPCR Kit (BIOFACT™, Daejeon, South Korea). The
sequence of the oligonucleotide primers was preproinsulin (insa)
eForward: 50- GGTGCTCTGTTGGTCCTGTT -30 and Reverse: 50-
GGAGGAAGGAAACCCAGAAG -30; insulin receptor substrate (irs-1)
-Forward: 50- AGGGTCTGGGTCACACAAAG -30 and Reverse: 50-
GATCGGCCGACTTCAATAAA -30; protein kinase (akt) -Forward: 50-
TCGGCAGGTGTCTTCTCAAT -30 and Reverse: 50 ACCCATTGCCA-
TACCACGAG-30; and AMP protein kinase (ampk) -Forward: 50-
AGTTATCAGCACACCGACAG -30 and Reverse: 50 AGTAATCCACCCCT-
GAGATG -30; qPCR reaction conditions were: 15 min at 95 �C, fol-
lowed by 40 cycles of 15 s at 95 �C, 45 s at 60 �C, and plate analysis.
Both positive and negative controls were included in each run. The
number of gene copies was calculated by Ct value and standard
curve. Significance analysis was performed on the log2 transformed
values that were obtained via ANOVA analysis.

2.10. Statistical analysis

All statistical analyses were performed by one-way ANOVA and
Dunnett's test using GraphPad Prism v5.03 (GraphPad Software,
Inc., San Diego, CA USA). The data are expressed as the
mean ± standard error of the mean (SE). Significant differences
were defined for p-values of less than 0.05.

3. Results

3.1. Effect of GCSW210 on glucose uptake in zebrafish larvae

Zebrafish larvae did not exhibit any signs of toxicity including
malformations until the concentration of GCSW210 reached
250 mg/mL (Fig. 1A). The survival rate was 100% (n ¼ 12) in larvae
treated with different concentrations of GCSW210 (Fig. 1B). As seen
in Fig. 1C and D, both the intensity of image fluorescence and
glucose uptake for the zebrafish larvae are observed to significantly
increase when treated with GCSW210 in a dose-dependent manner
compared to that in the control group.

3.2. Effect of high glucose exposure on glucose uptake in zebrafish
larvae

Zebrafish larvae at 4 dpf were divided into several groups
(n ¼ 30) and exposed to HG at different concentrations (32, 65, and
130 mM). When zebrafish larvae were exposed to 65 and 130 mM
of HG, the survival rate was reduced by approximately 20% and 22%
compared to that in control group (Fig. 2A). Also, the exposure to
HG resulted in decreased levels of image fluorescence and glucose
uptake, with the amount of decrease depending on the concen-
tration of the glucose solution (Fig. 2B and C). In the group exposed



Fig. 1. Effect of GCSW210 on toxicity in and glucose uptake of zebrafish larvae. A) Indications of toxicity; B) survivability; C) fluorescence imaging of glucose uptake; D) level
of glucose uptake. Fertilized eggs were collected and placed in 96-well culture plates. After 7 days post-fertilization (dpf), larvae were treated with GCSW210 (125 and 250 mg/mL)
for 24 h post-fertilization (hpf), and mortality and malformation were observed. All values are presented as mean ± SE from three independent repeated experiments and analyzed
by one-way analysis of variance followed by Dunnett test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. Abbreviations: GCSW210; subcritical-water extract of Gracilaria chorda (GC)
at 210 �C, dpf; days post-fertilization, hpf; hours post-fertilization.

Fig. 2. Effect of HG on toxicity and glucose uptake of zebrafish larvae. A) survivability in different concentrations of glucose solution for 72 h; B) level of glucose uptake; C)
fluorescence imaging of glucose uptake (2.0X). Zebrafish larvae were exposed to D-glucose solution (32, 65, and 130 mM) from 5 dpf to 8 dpf to induce IR to create a T2DM model.
Data are presented as mean ± SE (n ¼ 8) and analyzed by one-way analysis of variance followed by Dunnett test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. Abbreviations: HG;
high glucose, T2DM; type 2 diabetes mellitus.
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to 130 mM glucose, the glucose uptake showed a significant
reduction of 14% compared to that in the control group, indicating
the induction of IR in zebrafish larvae (Fig. 2B).
3.3. Improvement following treatment with GCSW210 in insulin
sensitivity of zebrafish larvae with insulin resistance

We evaluated glucose uptake and blood glucose levels after
treatment with 100 nM insulin to confirm that IR induction or
impairment of sensitivity was present in zebrafish larvae exposed
to HG. Larvae exposed to HG showed significant reduction in
glucose uptake of approximately 88%, and highly raised blood
glucose levels of up to 148% compared to that in the control (Fig. 3).
Also, the morphology of endocrine pancreas showed remarkable
change after exposure to HG. This implies that the loss of insulin
sensitivity is clearly associated with IR resulting from exposure to
HG. Nevertheless, the increased blood glucose levels were effec-
tively lowered by treatment with insulin or GCSW210, with greater
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reduction observed in the GCSW210-treated group. Our results
reveal that GCSW210 improves glucose metabolism via increasing
insulin sensitivity and pancreatic volume in HG-induced IR zebra-
fish larvae.
3.4. Upregulation following treatment with GCSW210 of insulin
secretion and signaling pathway gene expressions in zebrafish
larvae

The small body size of zebrafish larvae makes it impossible to
isolate the mRNA of specific tissues without noticeable contami-
nations from surrounding tissues.17 Therefore, we used real-time
qPCR to examine the corresponding gene expression in the
mRNAs extracted from the whole body homogenized lysate. The
mRNA expression of insa, a human insulin precursor, was signifi-
cantly enhanced to two-fold by exposure to HG, indicating an in-
crease in metabolic demand due to hyperglycemia (Fig. 4A). Also,
the mRNA expression of insulin-dependent signaling pathway



Fig. 3. Effect of GCSW210 on insulin sensitivity in HG-mediated insulin resistance model of zebrafish larvae. A) fluorescence imaging of glucose uptake (4.0X); B) level of
glucose uptake; C) glucose level. Zebrafish larvae were exposed to D-glucose solution (130 mM) for 72 h starting 5 dpf to induce IR, followed by treatment with GCSW210 (250 mg/
mL) for 24 h before determining glucose uptake. IN 100 nM was used as positive control. Data are presented as mean ± SE (n ¼ 8) and analyzed by one-way analysis of variance.
*p < 0.05, **p < 0.01, ***p < 0.001 vs control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs high glucose (HG) group. Abbreviations: IN; insulin, IR; insulin resistance.

Fig. 4. Effect of GCSW210 on gene expressions in HG-mediated insulin resistance model of zebrafish larvae. A) insa; B) irs1; C) akt; D) ampka. Zebrafish larvae were exposed to
D-glucose solution (130 mM) for 72 h starting 5 dpf to induce IR, followed by treatment with GCSW210 (250 mg/mL) for 24 h and homogenization. Data are presented as mean ± SE
(n ¼ 3) and analyzed by one-way analysis of variance. *p < 0.05, **p < 0.01, ***p < 0.001 versus control; #p < 0.05, ##p < 0.01, ###p < 0.001 versus HG. Abbreviations: GC; subcritical-
water extract of Gracilaria chorda at 210 �C (GCSW210), HG; High glucose.
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genes like irs1 and akt was significantly decreased by 40% and 50%,
respectively, in larvae with HG-induced IR compared to larvae in
control group (Fig. 4B and C). AMPK mRNA expression was greatly
suppressed to 40% in group exposed to HG (Fig. 4D). However,
GCSW210 treatment in zebrafish larvae effectively increased the
activation of mRNA genes closely associated with glucose meta-
bolism in tissues under condition of hyperglycemia.

3.5. Improved glucose uptake in DEX-mediated IR L6 myotubes
following treatment with GCSW210

The L6 myotubes differentiated from myoblasts were induced
with IR when exposed to DEX at different concentrations
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(0.25e0.75 mM). DEX concentration of 0.5 and 0.75 mM produced
cytotoxicity of approximately 15 and 30%, respectively, while
compared to the control, groups treated with DEX at all concen-
tration showed significantly reduced glucose uptake capacity
(Fig. 5A and B). Based on these results, we used 0.5 mM DEX to
promote insulin resistance in L6 myotubes. As shown in Fig. 5D,
compared to the untreated normal group, DEX-treated group
showed a significant 62% decrease in glucose uptake. GCSW210
naturally restored glucose uptake in DEX-mediated IR model of L6
myotubes, in a dose-dependentmanner (Fig. 5D). The in vivo results
being similar, GCSW210 can be considered a potential agent for
improving IR.



Fig. 5. Effect of GCSW210 on cell cytotoxicity and glucose uptake in DEX-mediated insulin resistance model of L6 myotubes. A) cytotoxicity produced by DEX; B) glucose
uptake measured at various concentrations of DEX; C) cytotoxicity after GCSW210 treatment in DEX-mediated IR model; D) glucose uptake after GCSW210 treatment in
DEX-mediated IR model. L6 cells were induced to differentiate with 2% HS and treated as indicated. After 24 h of treatment with 0.5 mM of DEX, L6 myotubes were further treated
with 125 or 250 mg/mL of GCSW210, or with no GCSW210 added, for 24 h. Cell viability was determined using WST assay at 450 nm and glucose uptake was measured using 2-
NDBG. Data are presented as mean ± SE (n ¼ 6) and analyzed by one-way analysis of variance followed by Dunnett test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05,
##p < 0.01, ###p < 0.001 vs. DEX. Abbreviations: DEX; dexamethasone, HS; horse serum, 2-NBDG; 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxyglucose.

Fig. 6. Effect of GCSW210 on to glucose metabolism-related protein expression in DEX-indused insulin resistance model of L6 myotubes. L6 myoblast were induced to
differentiate with 2% HS and treated as indicated. After 24 h of treatment with 0.5 mM of DEX, L6 myotubes were further treated with 250 mg/mL of GCSW210 or with no GCSW210,
for 24 h. Data are presented as mean ± SE (n ¼ 3) and analyzed by one-way analysis of variance followed by Dunnett test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05,
##p < 0.01, ###p < 0.001 vs. DEX. Abbreviations: DEX; dexamethasone, GC; subcritical-water extract of Gracilaria chorda at 210 �C (GCSW210).
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3.6. Upregulation of protein expression related to glucose
metabolism in DEX-mediated IR L6 myotubes following treatment
with GCSW210

As evident from Fig. 6, the elevated expression of IRS-1 Ser307
phosphorylation that resulted from DEX stimulation was signifi-
cantly reduced by GCSW210 treatment. In DEX-mediated IR model,
the protein expressions of both the insulin-dependent PI3K/AKT
and AMPK pathways were significantly inhibited, which in turn
impacted GLUT4 glucose transport negatively (Fig. 7). However,
treatment with GCSW210 significantly recovered the protein
expression associated with glucose metabolism to near-normal
levels. Moreover, PTEN is associated with IR as a negative regu-
lator of dephosphorylated phosphatidylinositol-3,4,5-triphosphate
(PIP3), which inhibits Akt activation.18e20 As expected, a significant
increase in PTEN levels was detected in DEX-induced group
(approximately 34% compared to the control group). However, the
level of p-PTEN in GCSW210 group was significantly lower than
that in DEX group, indicating that GCSW210 significantly reversed
these changes in PTEN expression (Fig. 8).
4. Discussion

In this study, we demonstrated the hypoglycemic effect of
GCSW210 that influences glucose homeostasis in IR induced
models of zebrafish larvae and L6 myotubes. We found that IR
induced through exposure to DEX and HG effectively suppressed
the expressions of proteins and genes related to insulin signaling
and AMPK pathways, which eventually decreased glucose uptake in
bothmodels. However, the abnormal glucosemetabolism following
IR induction was remarkably reversed by GCSW210 treatment in
both models. Thus, our results indicate that GCSW210 may prevent
several chronic diseases like T2DM resulting from IR.

Zebrafish larvae were used as an in vivo insulin resistance
model, as it has become an attractive model for studying human
diseases due to their physiology being similar to that of mam-
mals21; approximately 80% of all human disease genes have func-
tional homologs in zebrafish.22 Several studies have reported that
the immersion of zebrafish in glucose solution (0.7e25%) results in
diabetic complications that share similarities with complication in
mice of streptozotocin-induced diabetes.23,24 Also, Connaughton
et al. (2016) reported that zebrafish immersed in glucose of 1%
Fig. 7. Effect of GCSW210 on translocation of glucose transporters in DEX-induced insul
are presented as mean ± SE (n ¼ 3) and analyzed by one-way analysis of variance followed
###p < 0.001 vs. DEX. Abbreviations: DEX; dexamethasone, GC; subcritical-water extract of

88
concentration showed high blood glucose levels that were signifi-
cantly above control values.25 Herein, we found that compared to
the control group, zebrafish larvae exposed to a glucose solution of
130 mM (approximately 23%) exhibited the typical characteristics
of IR such as lowglucose uptake (about 12%) and high blood glucose
level (approximately 48%). It is also significant that zebrafish have
two preproinsulin genes, insa and insb, of which insa is a prominent
gene responsible for maintaining glucose homeostasis.26,27 The
group exposed to HG displayed upregulation of insa mRNA
expression, which is involved in the compensatory response to
hyperglycemia. Therefore, this model can induce not only hyper-
glycemia, but also insulin resistance.

Under normal conditions, insulin binds to the insulin receptor
distributed on the cell membrane of target tissues, activating IRS.
The activation of IRS plays a pivotal role in the functioning of insulin
signaling transduction pathways such as the PI3K/AKT. Thus, the
downregulation of the IRS leads to reduced insulin sensitivity and
failure of the glucose metabolism.28 Herein, zebrafish larvae
exposed to HG exhibited downregulation of IRS1 and AKT mRNA
expressions that promote glucose uptake. These triggered abnor-
malities as compared to the control group were significantly
reversed by treatment with GCSW210 (250 mg/mL). We further
confirmed the role of GCSW210 in this reversal using an in vitro
model that used DEX to induce IR in L6 myotubes. Previous studies
have reported that glucocorticoid inhibit glucose consumption by
increased serine phosphorylation of IRS1 at residue 307.29 In this
study, we found that exposure to DEX produced a significant
elevation in serine phosphorylation of IRS1 in L6 myotubes as well
as a significant downregulation of phosphorylation of PI3K/AKT, in
agreement with the findings of previous studies30,31, resulting
decreased GLUT4 expression and reduced glucose uptake. Likewise,
PTEN is identified as a negative regulator of PI3K/AKT signaling as
well as reported to impaired insulin signaling and promote insulin
resistance.32 In glucosamine-induced insulin-resistant skeletal
muscle cells, the rate of glucose uptake, as well as the expression
and translocation of GLUT4, were decreased, while the expressions
of p-PTEN were elevated which suggestes that the increased PTEN
expression is associated with the development of insulin resis-
tance.18 Song et al. (2020) also reported that PTEN inhibitor when
used in diabetic mice, the protein expression of p-PI3K and p-AKT
were higher.32 In accordance to the previous findings, the results of
the present study suggested that the increased expression of PTEN
in resistance model of L6 myotubes. A) cytosolic protein; B) membrane protein. Data
by Dunnett test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01,
Gracilaria chorda at 210 �C (GCSW210), GLUT4; Glucose transporter type 4.



Fig. 8. Effect of GCSW210 on PTEN protein expression in DEX-induced insulin resistance model of L6 myotubes. Data are presented as mean ± SE (n ¼ 3) and analyzed by one-
way analysis of variance followed by Dunnett test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DEX. Abbreviations: DEX; dexamethasone,
GC; subcritical-water extract of Gracilaria chorda at 210 �C (GCSW210), PTEN; phosphatase and tensin homolog.
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may induce a reduction in the translocation of GLUT4 in DEX-
induced IR myotubes. However, the diabetogenic action of DEX
was effectively attenuated by GCSW210 treatment. These results
indicate that GCSW210 contributed significantly to increased
glucose uptake by upregulating the insulin signaling cascades.

In addition to these insulin-dependent pathways, the activation
of AMPK enhances activity of glucose transporter, GLUT4 in diverse
cells and animal models.33 AMPK is a master regulator that plays a
role in cellular energy homeostasis and mediates glucose trans-
portation.34 Our results showed that GCSW210 treatment of
zebrafish exposed to HG and L6 myotubes exposed to DEX effec-
tively combats impairment of AMPK and GLUT4 expressions to
increase glucose uptake. To the best of our knowledge, this dis-
covery provides mechanistic insights into mechanism of protection
against IR induced by DEX and HG in L6 myotubes and zebrafish
larvae, respectively. Overall, our data suggest that GCSW210 facil-
itates glucose metabolism by combating IR via activating both PI3K/
AKT insulin signaling and AMPK pathways.

5. Conclusion

Together, GCSW210 showed the potential to recover insulin
signaling responses, presenting a new approach for the manage-
ment of metabolic disorders. Further studies regarding the effect of
GCSW210 are required to understand the mechanisms involved in
maintaining glucose homeostasis, identifying the possible active
compounds responsible for the anti-diabetic properties of
GCSW210, thus providing an opportunity for the development of a
new class of drugs.
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