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국문초록 

 

항상성은 외부 조건의 변화에 대하여 인체 내부 기작이 작동하여 물질대사가 진

행될 수 있도록 정해진 환경을 유지하는 것으로, 이러한 기작들은 세포, 조직, 

기관, 유기체 전체 수준에서 일어난다. 우리 몸은 음식물을 섭취해서 영양소를 

공급받고 이를 체내에서 소화, 흡수 과정을 거쳐 온몸의 세포에 전달하여 에너지

원으로 포도당이 사용된다. 사람의 혈액에는 일정한 양의 포도당이 존재하며, 체

내에서 포도당이 정상적으로 이용되지 않을 경우 항상성이 깨지고 결과적으로 체

내 혈당이 정상보다 높은 상태로 지속되며 이를 당뇨병이라고 한다. 포도당 항상

성은 혈당을 유지시키기 위해 인슐린과 글루카곤의 균형을 통해 유지된다. 이는 

주로 뇌, 췌장, 간, 또한 근육 조직으로부터 방출되는 다양한 호르몬과 신경 펩

티드의 네트워크에 의해 수행된다. 특히, 본 연구에서는 포도당 항상성을 위해 

포도당이 근육으로 어떻게 흡수되고 어떻게 조절되는지에 대하여 알아보고자 한

다. 이전 연구에서 세포내 칼슘 레벨이 증가하면 membrane으로 이동하는 당 수송

체 중 하나인 Glucose transporter 4 (Glut4)가 memebrane으로 이동하게 되고 이

를 포도당이 근육으로 흡수된다고 보고되었다. 또한, 건강한 근육에서는 외부 자

극이 주어졌을 때 세포내 칼슘 레벨이 증가하는 반면, 당뇨병에서의 근육에서는 

외부 자극이 주어졌을 때 세포내 칼슘 레벨이 증가하나 그 양이 건강한 근육에 

비해 적다는 것이 보고되었다. 이는, 실제로 근육 세포내 칼슘이 혈당조절에 관

여함을 보여준다. 
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해조류 중 패는 이전연구에서 당뇨모델인 db/db 마우스 및 hyperglycemic 

zebrafish 모델에서 혈당 조절을 통해 항당뇨 효능이 입증되었다. 더불어, 패에

서 분리된 물질인 Ishophloroglucin A (IPA) 와 Diphlorethohydroxycarmalol 

(DPHC) 는 혈당조절을 위한 기능성소재로서 잠재적 가치가 있다고 보고되었다. 

그러나, 패 추출물 및 유래 물질인 IPA 와 DPHC가 근육에서의 포도당 항상성 유

지 및 에너지 대사에 대한 연구는 아직 보고되지 않았다. 따라서, 본 연구에서는 

혈당조절을 위해 근육세포 및 zebrafish 모델에서 패 추출물, IPA, 그리고 DPHC 

처리에 따른 세포내 칼슘 변화, 포도당 항상성, 및 에너지 대사에 대한 작용을 

확인하고자 하였다. 

먼저, 근육세포에서 인슐린없이 패 추출물 처리에 의해 glucose uptake가 증가하

는 것을 통해 hyperglycemic zebrafish 모델에서 평가한 결과, 혈당조절능이 있

음을 확인하였다. 패 추출물에 의해 혈당 조절이 됨에 따라, 패 추출물이 어떻게 

근육 내로 포도당 흡수를 자극 시킬 수 있는지에 대하여 살펴보았다. 이전 연구

에서는 외부의 자극에 의하여 세포내 칼슘이 증가하고 이를 통해 Glut4가 

translocation이 되면서 포도당이 근육으로 흡수된다고 보고되었다. 이를 통해 

패 추출물을 근육 세포에 처리하였을 때 세포내 칼슘 레벨 변화에 대하여 확인하

였다. 

근육 세포내 칼슘은 패 추출물 처리에 의해 현저하게 증가하지만 칼슘 chelator

인 BAPTA-AM을 처리하였을 때는 세포내 칼슘 변화가 없음을 확인하였다. 이러한 

세포내 칼슘 변화가 어떤 기전을 통해 자극이 되는지 살펴보았다. 이전 연구에 
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따르면, 세포내 칼슘 증가 경로는 칼슘 channel을 통한 칼슘 influx와 근소포체 

안에 있는 칼슘이 세포질 내로 방출되는 경로가 있다고 보고되었다. 패 추출물 

처리에 따른 세포내 칼슘 증가가 어떤 경로와 관련 있는지 확인하고자 세포 외 

칼슘의 유무에 따른 세포내 칼슘 레벨을 측정하였다. 그 결과 세포 외 칼슘의 유

무에 관계없이 패 추출물 처리에 따른 세포내 칼슘 레벨 변화가 없음을 확인함으

로써 패 추출물에 의한 세포내 칼슘 레벨 변화는 근소포체에서 세포 내로 칼슘 

방출과 관련이 있음을 시사할 수 있다. 더불어, 패 유래 물질인 IPA와 DPHC 처리

에 따른 세포내 칼슘 레벨 변화를 확인한 결과 근소포체에서 세포 내로 칼슘 방

출함으로써 세포내 칼슘을 증가시키는 것을 확인하였다. 

그리고 IPA 와 DPHC가 glucose uptake를 증가시켜 hyperglycemic zebrafish 모델

에서 혈당 조절이 되는 것을 확인하였다. 이를 통해 zebrafish 모델에서 세포내 

칼슘 변화에도 영향을 주는지 확인하였고 그 결과, IPA와 DPHC를 처리한 

zebrafish 에서 세포내 칼슘 레벨이 증가하였으나, BAPTA-AM을 처리한 군에서는 

변화가 없음을 확인하였다. 이는 패 유래 물질인 IPA와 DPHC가 zebrafish에서 세

포내 칼슘 레벨을 증가시키며, zebrafish가 세포 내 칼슘 레벨 변화를 확인하는

데 있어 동물모델로서의 적용가능함을 시사할 수 있다. 

더 나아가, IPA와 DPHC가 세포내 칼슘을 증가시킴으로써 혈당조절에 도움을 줄 

수 있는지 확인하기 위해 hyperglycemic zebrafish 모델 에서 IPA와 DPHC 그리고 

BAPTA-AM을 주입시킨 뒤, 혈당을 측정하였다. 그 결과, IPA와 DPHC만을 주입한 

군에서는 혈당조절이 가능하나, BAPTA-AM과 IPA 또는 DPHC를 주입한 군에서는 혈
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당조절이 되지 않았다. 이를 통해 세포 내 칼슘 증가에 따라 혈당조절이 가능하

다는 것을 시사할 수 있다. 세포내 칼슘 레벨 변화에 따라 혈당 조절하는데 있어 

작용하는 관련 단백질 인자의 변화를 확인하였다. 관련 단백질인 AMPK와 Glut4가 

zebrafish 근육 조직에서 IPA와 DPHC에 의해 증가하는 것을 확인하였다. 이를 통

해 IPA 와 DPHC는 근소포체에 있는 칼슘을 세포 내로 방출시켜 세포내 칼슘 레벨

을 증가시키고 이후, AMPK와 Glut4를 자극하게 되어 세포 외의 포도당을 세포 내

로 흡수시키는 것을 확인하였다. 결과적으로 IPA와 DPHC에 의해 혈당조절이 가능

함을 확인하였다. 

더 나아가 포도당 항상성에 문제가 생겼을 때, glucose intolerance 에서도 어떠

한 영향을 주는지 확인하기 위해 4% high cholesterol diet (HCD)를 한 zebrafish 

모델을 사용하였다. 우선, HCD의 식이 기간에 따른 혈당 변화 및 Glut4 발현을 

통해 당뇨 연구를 위한 모델로서의 적용 가능성을 확인하였다. 5주동안 HCD를 식

이하고, 매주마다 IPGTT를 통해 혈당 변화를 관찰하였다. 그 결과, 식이 기간이 

증가함에 따라 non cholesterol diet (NCD)군에 비해 혈당 조절이 되지 않으며, 

특히, 공복 및 식후 혈당이 증가하는 것을 확인하였다. 또한, Glut4 발현을 통해 

당수송체에도 기능장애가 발생하는 것을 확인하였다. 따라서, 당뇨연구를 위한 

모델로서 HCD zebrafish 모델의 적용 가능성을 시사할 수 있다. 

패 추출물, IPA, 그리고 DPHC가 포도당 항상성을 조절할 수 있는지 확인하기 위

해 3주동안 HCD를 식이하고 2주동안 HCD에 각각의 시료를 혼합하여 식이하였다. 

5주 이후, IPGTT를 통해 혈당 변화를 관찰하였으며, 근육 조직에서 당수송체인 
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Glut4 발현 변화를 관찰하였다. 그 결과, HCD만을 식이한 군에서는 혈당 조절이 

되지 않으며, 공복, 식후 혈당 및 Glut4의 발현이 NCD 군에 비해 감소하는 것을 

확인하였다. 감소한 공복, 식후 혈당 및 Glut4의 발현이 패 추출물, IPA, 그리고 

DPHC를 식이한 군에서 개선되는 것을 확인하였다. 이를 통해, 패 추출물 그리고 

유래 물질인 IPA와 DPHC가 HCD에 의해 손상된 glucose tolerance 를 개선시키는 

것을 확인하였다. 이를 통해 패 추출물과 유래 물질인 IPA와 DPHC의 식이가 포도

당 항상성을 유지시키는데 도움을 준다는 것을 시사할 수 있다. 

이전 연구에 따르면, 근육 세포내 칼슘 레벨이 증가하였을 때, 근수축이 발생하

게 된다. 이를 통해, IPA와 DPHC에 의해 증가된 근육 세포내 칼슘 레벨이 결과적

으로 근수축에 영향을 주는지 대해 확인하고자 하였다. Troponin C는 칼슘이 결

합하는 부위이며, Troponin I 는 근육이 이완되었을 때 교차 다리를 억제하는 부

위이다. 우선, HCD의 식이 기간에 따른 근수축 기능을 면역형광 및 조직학적 변

화를 통해 확인한 결과, 식이 기간에 따라서 Troponin C의 발현은 감소하고 

Troponin I의 발현은 증가하였다. 이를 통해, HCD 식이에 따라 근수축 기능 장애

를 유도 시킬 수 있음을 확인하였다. 

HCD 식이에 의해 유도된 근수축 기능 장애를 IPA와 DPHC가 개선시킬 수 있는지에 

대한 효능평가를 면역형광 및 조직학적 변화를 통해 확인하였다. IPA와 DPHC를 

식이한 군에서 HCD 군보다 Troponin C 의 발현은 증가하고 Troponin I의 발현은 

감소하는 것을 확인하였다.  게다가, Metformin을 식이한 군보다 IPA와 DPHC 식

이를 한 군에서 근수축 기능 장애가 개선되는 것을 확인하였다. 
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또한, 근수축 관련 인자인 CaMKⅡ의 발현을 확인하였으며 그 결과 IPA와 DPHC를 

식이한 군에서 발현이 증가하였다. 이를 통해 HCD 식이에 의한 근수축 기능 장애

를 IPA와 DPHC 식이에 의해 개선되는 것을 확인하였다. 

더 나아가, IPA와 DPHC가 근육 세포내 칼슘 증가로 인해 발생된 근수축을 통해 

세포내로 흡수된 포도당이 어떻게 에너지를 발생하게 되는지 확인하였다. 

Zebrafish 근육 조직에서 세포내로 흡수된 포도당은 해당과정을 통해 ATP를 발생

하는 것을 확인하였다. 이렇게 발생된 ATP는 다시 근수축을 유도하게 된다. IPA 

와 DPHC의 처리에 따른 에너지 소비를 확인한 결과 처리 1시간 뒤에 급격하게 증

가하는 것을 확인하였다. 

이 모든 결과를 종합해 볼 때, 패 추출물 및 유래 물질인 IPA 와 DPHC가 근육 세

포내 칼슘 레벨을 증가시켜 세포외 포도당이 세포내로 흡수되어 결과적으로 혈당

조절을 하는 것을 확인하였다. 포도당 항상성 연구를 위해 HCD zebrafish 모델을 

구축하였으며, 이 모델을 이용하여 패 추출물, IPA, 그리고 DPHC의 glucose 

intolerance를 개선시키는 것을 확인하였다. 더 나아가, IPA와 DPHC에 의한 근수

축을 통해 발생되는 변화 및 포도당을 이용하여 발생되는 에너지 대사를 조절하

는 것을 확인하였다. 이를 통해, 패 추출물, IPA, 그리고 DPHC는 항당뇨 소재로

서 잠재적인 기능성 식품 및 천연의학 소재로서 충분한 가능성이 있으며, HCD 

zebrafish 모델이 당뇨를 비롯하여 다양한 대사성질환 연구에 있어 널리 이용 되

어질 것이라 사료되어진다. 
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LIST OF FIGURES 

 

Fig. 1-1. Determination of cell viability by the MTT assay and glucose uptake by 2-NBDG 

in the skeletal myotubes. (A) The skeletal muscle cells were incubated with the indicated 

concentrations of IO extract for 24. (B) Differentiated skeletal muscle cells were starved in low 

glucose media and incubated for 24 h with IO extract (15, 45, and 100 µg/ml) and 2-NBDG 

(50 µM). Data are expressed as the mean ± SE (n = 3 for each group). * Values having different 

superscript are significantly different at **p<0.01 compared with the non-treated group. No 

significance; N.S 

 

Fig. 1-2. Evaluation of toxicity of IO extract by assessment of survival rate and 

measurement of blood glucose level in zebrafish. The zebrafish were treated with various of 

concentrations of IO extract. (A) Survival curves of zebrafish embryos after exposure to IO 

extract (n = 15 for each group). (B) Blood glucose level of zebrafish injected with IO extract 

or Metformin for 90 min. Data are expressed as the mean ± SE (n = 4 for each group). * and # 

Values having different superscript are significantly different at ###p<0.001 compared with the 

non-treated group; *p<0.05 compared with the no sample-treated group. 

 

Fig. 1-3. Detection of cytosolic Ca2+ levels by IO extract in the absence of extracellular 

Ca2+ using the Fluo-4 Ca2+ indicator in the myotubes. (A) Traces and (B) box plot 

representation of Ca2+ levels in response to addition of IO extract (15, 45, and 100 µg/ml) or 

BAPTA-AM in total myotubes. (C) The fluorescence levels of single myotubes after addition 
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of IO extract or BAPTA-AM was also monitored. ***p<0.001 compared with the PSS group. 

 

Fig. 1-4. Detection of cytosolic Ca2+ levels by IO extract using the Fluo-4 Ca2+ indicator 

in the skeletal myotubes. Myotubes were loaded with Fluo4 in PSS (A) in the presence or 

absence of Ca2+ and treated with control (PSS only), 100 µg/ml of IO extract or BAPTA-AM. 

(B) Box plots representation of the cytosolic Ca2+ levels in myotubes responses after 100 µg/ml 

of IO extract or BAPTA-AM treatment as presented in (A). No significance; N.S compared 

with the IO extract in the presence or absence of extracellular Ca2+. 

 

Fig. 1-5. Determination of cell viability by the MTT assay and glucose uptake by 2-NBDG 

in the skeletal myotubes. The skeletal muscle cells were incubated with the indicated 

concentrations of (A) IPA and (C) DPHC for 24. Differentiated skeletal muscle cells were 

starved in low glucose media and incubated for 24 h with (B) IPA (0.75, 2.5, and 7.5 µM), (D) 

DPHC (3, 10, and 30 µM) and 2-NBDG (50 µM). Data are expressed as the mean ± SE (n = 3 

for each group). * Values having different superscript are significantly different at *p<0.05 and 

***p<0.001 compared with the non-treated group. No significance; N.S. 

 

Fig. 1-6. Detection of cytosolic Ca2+ levels by IPA and DPHC in the absence of 

extracellular Ca2+ using the Fluo-4 Ca2+ indicator in the myotubes. (A) Traces and (B) box 

plot representation of Ca2+ levels in response to addition of IPA (0.75, 2.5, and 7.5 µM) or 

BAPTA-AM in myotubes. (D) Traces and (E) box plot representation of Ca2+ levels in response 

to addition of DPHC (3, 10, and 30 µM) or BAPTA-AM in myotubes. The fluorescence levels 
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of single myotubes after addition of (C) IPA or (F) DPHC or BAPTA-AM was also monitored. 

***p<0.001 compared with the PSS group. 

 

Fig. 1-7. Detection of cytosolic Ca2+ levels by IPA and DPHC using the Fluo-4 Ca2+ 

indicator in the skeletal myotubes. Myotubes were loaded with Fluo4 in PSS in the presence 

or absence of Ca2+ and treated with control (PSS only), (A) 7.5 µM of IPA or (C) 30 µM of 

DPHC or BAPTA-AM. (B) and (D) Box plots representation of the cytosolic Ca2+ levels in 

myotubes responses after 7.5 µM of IPA or 30 µM of DPHC or BAPTA-AM treatment as 

presented in (A) and (C). No significance; N.S compared with the IPA or DPHC in the presence 

or absence of extracellular Ca2+. 

 

Fig. 1-8. Toxicity of IPA and DPHC by assessment of survival rate in zebrafish. The 

zebrafish were treated with various of concentrations of IPA and DPHC. (A) Survival curves 

of zebrafish embryos after exposure to (A) IPA (0.3, 1.5, 3, and 5 µM) and (B) DPHC (1.2, 6, 

12, and 20 µM) (n = 15 for each group). Data are expressed as the mean ± SE (n = 4 for each 

group). * Values having different superscript are significantly different at *p<0.05 compared 

with the no sample-treated group. 

 

Fig. 1-9. Regulation of blood glucose level by IPA and DPHC in hyperglycemic zebrafish 

model. The zebrafish exposed to 0.6% glucose and then injected with (A) IPA (0.03, 0.1, and 

0.3 µg/g body weight), or DPHC (0.03, 0.1, and 0.3 µg/g), or Metformin (5 µg/g) for 90 min. 

Data are expressed as the mean ± SE, n = 4 per group. * and # Values having different superscript 
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are significantly different at ###p<0.001 compared with the non-treated group; **p<0.01 and 

***p<0.001 compared with the no sample-treated group. 

 

Fig. 1-10. Detection of cytosolic Ca2+ images by IPA and DPHC using the Fluo-4 in 

zebrafish larvae. Zebrafish larvae were stimulated with only (A) IPA (0.3, 1.5, and 3 µM) and 

(C) DPHC (1.2, 6, and 12 µM), compared with Fluo-4 exposed group (F). Zebrafish larvae 

were stimulated with (B) IPA or (D) DPHC in Fluo-4 and compared with/without Fluo-4 groups. 

Changes in cytosolic Ca2+ levels were measured by changes in fluorescence intensity of Fluo-

4 using Image J. Experiments were performed in triplicate and the data are expressed as the 

mean ± SE, n = 4 per group. * and # Values having different superscript are significantly 

different at ##p<0.01 compared with the non-treated group; **p<0.01 compared with the no 

sample-treated group. 

 

Fig. 1-11. Regulation of blood glucose level by IPA and DPHC in hyperglycemic zebrafish 

model. Zebrafish were injected with BAPTA-AM (3 µg/g body weight) for 1 h, after which 

the zebrafish were injected with (A) IPA (0.3 µg/g body weight) or (B) DPHC (0.3 µg/g body 

weight) for 90 min. Experiments were performed in triplicate and the data are expressed as 

mean ± SE, n = 4 per group. * and # Values having different superscript are significantly 

different at ###p<0.001 compared with non-treated group; **p<0.05, and ***p<0.001 compared 

with the no sample-treated group. No significance; N.S compared with BAPTA-AM treated 

group. 
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Fig. 1-12. Effect of IPA on Glut4 expression increase of skeletal muscle in hyperglycemic 

zebrafish model. Representative Glut4 immunofluorescence images by (A) IPA and (C) DPHC 

in skeletal muscle of hyperglycemic zebrafish model. Quantitative graph was show level of 

Glut4 expression by (B) IPA and (D) DPHC from representative images and Image J software 

was used for measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * and # 

Values having different superscript are significantly different at ## p <0.01 compared with non-

treated group; *p<0.05, compared with the no sample-treated group. No significance; N.S 

compared with BAPTA-AM treated group. 

 

Fig. 1-13. Improvement of glucose transport pathway by IPA and DPHC in zebrafish 

muscle tissues. The zebrafish exposed to 0.6% glucose and then injected with IPA (0.3 µg/g) 

or DPHC (0.3 µg/g) or Metformin (5 µg/g) for 90 min. Zebrafish were pre-injected with 

BAPTA-AM (3 µg/g) for 1 h. Tissues were analyzed (A) AMPK, and (B) Glut4 by western 

blotting and signal intensity were evaluated by the Fusion FX7 acquisition system (Vibert 

Lourmat, Eberhardzell, Germany). Data expressed as the mean ± SE, n = 4 per group. ## p 

<0.01 and ### p <0.001; compared to non-treated group, * p<0.05, ** p <0.01, and *** p <0.001; 

compared to control. 

 

Fig. 2-1. Change of blood glucose level in HCD zebrafish for 5 weeks. Zebrafish receiving 

HCD for 5 weeks and induced impaired glucose tolerance. (A) intraperitoneal glucose tolerance 

tests (IPGTT) were performed and calculated (B) area under the curve (AUC) from the GTT 

in all zebrafish groups at each time point. Data are expressed as the mean ± SE (n = 4 for each 

group). * Values having different superscript are significantly different at **p<0.01 and 
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***p<0.001 compared with the NCD group. 

 

Fig. 2-2. Fasting and postprandial glucose levels in HCD zebrafish for 5 weeks. Zebrafish 

receiving HCD for 5 weeks measured (A) fasting and (B) postprandial glucose levels at each 

point time point. Data are expressed as the mean ± SE (n = 4 for each group). * Values having 

different superscript are significantly different at **p<0.01 and ***p<0.001 compared with the 

NCD group. 

 

Fig. 2-3. Evaluation of Glut4 expression level in skeletal muscle of HCD zebrafish at each 

time point. (A) Representative Glut4 immunofluorescence images of skeletal muscle in HCD 

zebrafish at each point time. (B) Quantitative graph was show level of Glut4 expression by 

HCD from representative images and Image J software was used for measurement. Scale bar 

= 100 µm, Data are expressed as mean ± SE. * Values having different superscript are 

significantly different at *p<0.05, **p<0.01, and ***p<0.001 compared with the NCD group. 

 

Fig. 2-4. Effect of IO extract supplementation on glucose intolerance in HCD zebrafish. 

Zebrafish were fed HCD supplemented IO extract (1, 3, and 5%, HCD/IO) and Metformin (1%, 

HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. After 5 weeks, zebrafish were 

intraperitoneally injected with glucose (0.3 mg/g body weight). (A) intraperitoneal glucose 

tolerance tests (IPGTT) were performed and calculated (B) area under the curve (AUC) from 

the GTT in all zebrafish group at each time point. Data are expressed as the mean ± SE (n = 4 

for each group). * and # Values having different superscript are significantly different at 
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###p<0.001 compared with the NCD group; **p<0.01 and *** p<0.001 compared with the 

HCD/Saline group. 

 

Fig. 2-5. Effect of IO extract supplementation on fasting and postprandial glucose levels 

in HCD zebrafish. After 5 weeks, zebrafish were intraperitoneally injected with glucose (0.3 

mg/g body weight), and then measured (A) fasting and (B) postprandial glucose levels in all 

zebrafish group. Data are expressed as the mean ± SE (n = 4 for each group). * and # Values 

having different superscript are significantly different at ###p<0.001 compared with the NCD 

group; **p<0.01 and *** p<0.001 compared with the HCD/Saline group. 

 

Fig. 2-6. Evaluation of Glut4 expression level by IO extract supplementation in skeletal 

muscle of HCD zebrafish. (A) Representative Glut4 immunofluorescence images of skeletal 

muscle in all zebrafish groups after 5 weeks. (B) Quantitative graph was show level of Glut4 

expression by IO extract from representative images and Image J software was used for 

measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * and # Values having 

different superscript are significantly different at ###p<0.001 compared with the NCD group; 

*p<0.05 and *** p<0.001 compared with the HCD/Saline group. 

 

Fig. 2-7. Effect of IPA supplementation on glucose intolerance in HCD zebrafish. Zebrafish 

were fed HCD supplemented IPA (0.0003, 0.001, and 0.003%, HCD/IPA) and Metformin (1%, 

HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. After 5 weeks, zebrafish were 

intraperitoneally injected with glucose (0.3 mg/g body weight). (A) intraperitoneal glucose 
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tolerance tests (IPGTT) were performed and calculated (B) area under the curve (AUC) from 

the GTT in all zebrafish group at each time point. (C) fasting and (D) postprandial glucose 

levels were in all zebrafish group. Data are expressed as the mean ± SE (n = 4 for each group). 

* and # Values having different superscript are significantly different at ###p<0.001 compared 

with the NCD group; **p<0.01 and *** p<0.001 compared with the HCD/Saline group. 

 

Fig. 2-8. Effect of DPHC supplementation on glucose intolerance in HCD zebrafish. 

Zebrafish were fed HCD supplemented DPHC (0.0003, 0.001, and 0.003%, HCD/DPHC) and 

Metformin (1%, HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. After 5 weeks, 

zebrafish were intraperitoneally injected with glucose (0.3 mg/g body weight). (A) 

intraperitoneal glucose tolerance tests (IPGTT) were performed and calculated (B) area under 

the curve (AUC) from the GTT in all zebrafish group at each time point. (C) fasting and (D) 

postprandial glucose levels were in all zebrafish group. Data are expressed as the mean ± SE 

(n = 4 for each group). * and # Values having different superscript are significantly different at 

###p<0.001 compared with the NCD group; **p<0.01 and ***p<0.001 compared with the 

HCD/Saline group. 

 

Fig. 2-9. Evaluation of Glut4 expression level by IPA and DPHC supplementation in 

skeletal muscle of HCD zebrafish. Zebrafish were fed HCD supplemented IPA (0.0003, 0.001, 

and 0.003%, HCD/IPA), DPHC (0.0003, 0.001, and 0.003%, HCD/DPHC) and Metformin (1%, 

HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. Representative Glut4 

immunofluorescence images of (A) IPA and (C) DPHC in skeletal muscle of all zebrafish 

groups after 5 weeks. Quantitative graph was show level of Glut4 expression by (B) IPA and 
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(D) DPHC from representative images and Image J software was used for measurement. Scale 

bar = 100 µm, Data are expressed as mean ± SE. * and # Values having different superscript are 

significantly different at ###p<0.001 compared with the NCD group; *p<0.05 and ***p<0.001 

compared with the HCD group. 

 

Fig. 3-1. Measurement of Troponin C & I intensity in skeletal muscle of HCD zebrafish. 

Zebrafish were fed HCD for 5 weeks. Representative (A) Troponin C and (C) Troponin I 

immunofluorescence images of skeletal muscle in HCD zebrafish at each time point. 

Quantitative graph was show level of (B) Troponin C and (D) Troponin I intensity from 

representative images and Image J software was used for measurement at each time point. Scale 

bar = 100 µm, Data are expressed as mean ± SE. * Values having different superscript are 

significantly different at *p<0.05, **p<0.01 and ***p<0.001 compared with NCD group. 

 

Fig. 3-2. Effect of IPA on Troponin C and I intensity increase of skeletal muscle in HCD 

zebrafish. Representative (A) Troponin C and (C) Troponin I immunofluorescence images of 

skeletal muscle in HCD zebrafish model. Quantitative graph was show level of (B) Troponin 

C and (D) Troponin I intensity by IPA from representative images and Image J software was 

used for measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * and # Values 

having different superscript are significantly different at ###p<0.001 compared with NCD group; 

*p <0.05, and **p <0.01, and ***p <0.001 compared with HCD group. 

 

Fig. 3-3. Histological changes of skeletal muscle by IPA supplementation in HCD 
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zebrafish. Representative histological changes of skeletal muscle by IPA supplementation in 

HCD zebrafish model using H&E staining. Scale bar = 100 µm. 

 

Fig. 3-4. Effect of DPHC on Troponin C and I intensity increase of skeletal muscle in HCD 

zebrafish. Representative (A) Troponin C and (C) Troponin I immunofluorescence images of 

skeletal muscle in HCD zebrafish model. Quantitative graph was show level of (B) Troponin 

C and (D) Troponin I intensity by DPHC from representative images and Image J software was 

used for measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * and # Values 

having different superscript are significantly different at ###p <0.001 compared with NCD 

group; *p <0.05, **p <0.01, and ***p <0.001 compared with HCD group. 

 

Fig. 3-5. Histological changes of skeletal muscle by DPHC supplementation in HCD 

zebrafish. Representative histological changes of skeletal muscle by DPHC supplementation 

in HCD zebrafish model using H&E staining. Scale bar = 100 µm. 

 

Fig. 3-6. The CaMKⅡ expression level by IPA and DPHC in hyperglycemic zebrafish 

muscle tissues. The zebrafish exposed to 0.6% glucose and then injected with (A) IPA (0.3 

µg/g) or (B) DPHC (0.3 µg/g) or Metformin (5 µg/g) for 90 min. Zebrafish were pre-injected 

with BAPTA-AM (3 µg/g) for 1 h. Tissues were analyzed CaMKⅡ by western blotting and 

signal intensity were evaluated by the Fusion FX7 acquisition system (Vibert Lourmat, 

Eberhardzell, Germany). Data expressed as the mean ± SE, n = 4 per group. ###p<0.001; 

compared to non-treated group, **p<0.01, and ***p<0.001; compared to control. N.S; No 
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Significant. 

 

Fig. 3-7. The CaMKⅡ expression level by IPA and DPHC in HCD zebrafish muscle tissues. 

Zebrafish were fed HCD supplemented (A) IPA (0.0003, 0.001, and 0.003%, HCD/IPA), (B) 

DPHC (0.0003, 0.001, and 0.003%, HCD/DPHC) and Metformin (1%, HCD/Met) for 2 weeks 

followed by additional 3 weeks of HCD. Tissues were analyzed CaMKⅡ by western blotting 

and signal intensity were evaluated by the Fusion FX7 acquisition system (Vibert Lourmat, 

Eberhardzell, Germany). Data are expressed as mean ± SE. * and # Values having different 

superscript are significantly different at ###p<0.001 compared with the NCD group; ***p<0.001 

compared with the HCD/Saline group. N.S; No Significant. 

 

Fig. 3-8. Measurement of ATP levels in an alloxan-induced hyperglycemia zebrafish 

muscle tissues. Zebrafish were injected with BAPTA-AM (3 µg/g body weight) for 1 h, after 

which the zebrafish were injected with (A) IPA (0.3 µg/g body weight) or (B) DPHC (0.3 µg/g 

body weight) for 90 min. Experiments were performed in triplicate and the data are expressed 

as mean ± SE, n = 3 per group. * and # Values having different superscript are significantly 

different at *p<0.05 compared with the no sample-treated group; ### p<0.0001 compared with 

the non-treated group. 

 

Fig. 3-9. Measurement of ATP levels in HCD zebrafish muscle tissues. Zebrafish were fed 

4% HCD supplemented (A) IPA (0.3 µg/g body weight) or (B) DPHC (0.3 µg/g body weight) 

for 2 weeks followed by additional 3 weeks of HCD. Experiments were performed in triplicate 



xviii 

 

and the data are expressed as mean ± SE, n = 3 per group. * and # Values having different 

superscript are significantly different at **p<0.01 and ***p<0.001 compared with HCD group; 

### p<0.001 compared with NCD group. 

 

Fig. 3-10. Detection of energy expenditure IPA and DPHC using Alamar blue. The larvae 

were exposed to IPA (0.3, 1.5, and 3 µM), and DPHC (1.2, 6, and 12 µM) with Alamar blue. 

Energy expenditure was measured from relative change in Fluorescence in response to addition 

of (A) IPA and (C) DPHC. Area under the curve (AUC) from the energy expenditure in all 

zebrafish groups at each time point. Data are expressed as the mean ± SE (n = 4 for each group). 

* Values having different superscript are significantly different at ***p<0.001 compared with 

the non-treated group. 

 

Fig. 3-11. Mechanism of glucose homeostasis in skeletal muscle 
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INTRODUCTION 

Diabetes mellitus is a chronic metabolic disorder caused by the inadequate balance of glucose 

homeostasis [1]. Glucose homeostasis is maintained by the tight regulation of blood glucose 

by insulin and glucagon [2]. 

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 [3]. Indeed, elevation in blood glucose levels results in 

increased glycolytic metabolism, which may represent an important aspect of the adaptive 

response in skeletal muscle [4]. Overall, glucose metabolites are major energy sources for 

skeletal muscle contraction [5]. 

Glucose uptake can also be induced through the activation of muscle contraction by signaling 

pathways that cross talk with the classic insulin regulatory mechanisms of glucose uptake [6]. 

Muscle contraction is a highly effective prophylactic against the hyperglycemia associated with 

the diabetes mellitus and induce glucose uptake by signaling pathways that the initiation of 

contraction-stimulated glucose transport and glucose transporter 4 (GLUT4) translocation [6,7]. 

GLUT with substrate specificities that dictate their functional roles regulate glucose level both 

outside and inside of the cell [8]. Also, some of the signaling mechanisms that mediate an 

increase in the expression of Glut4 in response to exercise have been identified to be driven by 

a rise in cytosolic Ca2+ levels due to increased release of Ca2+ from the sarcoplasmic reticulum 

(SR) [9,10]. These studies showed that an increase in glucose uptake during muscle 

contractions does not require membrane depolarization but only a release of Ca2+ to the 

cytoplasm [11]. Cytosolic Ca2+ in the skeletal muscle regulates several signaling pathways and 
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metabolic events related to contraction and relaxation [12]. 

Glucose transport activity and glucose metabolism was stimulated to muscle contraction and 

Glut4 overexpression [13]. In addition, AMPK as an energy sensor can increase ATP 

production, which is reported as a potential treatment for metabolic disease by reducing the 

blood glucose level and promoting fatty acid oxidation in skeletal muscle [14]. ATP which is 

energy source is immediately activated during muscle contraction [15]. Cells were known to 

cause metabolic disease such as obesity and diabetes by breaking the mechanisms involved in 

controlling metabolism by suppressing energy consumption when energy is lacking [3]. 

Energy metabolism requires the coordinated regulation of energy intake, storage, and 

expenditure [16]. Previous studies have shown that diabetes mellitus is commonly linked with 

a decreased efficient to use energy in skeletal muscle [17,18]. In skeletal muscle, increasing 

glucose uptake is derived from muscle contractile activity resulting in prevention diabetes [19]. 

During muscle contraction, energy expenditure is conducted by the molecular motors, the 

myosin heads or cross-bridges, and by ion pumps, mainly the SR Ca2+ pumps which is the 

major energy consumers [15,20]. 

Most of the current drugs for the treatment of diabetes aim to improve insulin production and 

metabolic regulation. Furthermore, previous studies have focused on the prevention of diabetes 

for both type 1 and type 2 diabetes [21,22]. In addition, the improper balance of glucose 

homeostasis can be prevented or reduced by functional foods. Therefore, there has recently 

been much interest in the use of natural products as a source of stronger and safer antidiabetic 

therapies [23-25]. 

Seaweeds contain bioactive substances, such as polysaccharides, proteins, lipids, and 

polyphenols, and have been reported to have nutraceutical and pharmaceutical potential in 



3 

 

functional foods [26,27]. Ishige okamurae (IO), an edible seaweed, possesses bioactive 

substances, such as ishophloroglucin A (IPA), diphlorethohydroxycarmalol (DPHC), and 

fucoxanthin, as well as other secondary metabolites [28]. In our previous studies, we 

demonstrated that the marine alga Ishige okamurae shows anti-diabetic associated responses 

through the modulation of blood glucose levels as well as inhibition of carbohydrate-digestive 

enzymes [29]. In addition, DPHC, a phlorotannin isolated from Ishige okamurae, was revealed 

to have potential anti-diabetic activity via prominent inhibitory effects against the α-

glucosidase and α-amylase enzymes [30]. In additional, we identified IPA to standardize anti-

diabetic activity potency of IO extract. However, regulating glucose homeostasis and the 

underlying mechanisms of glucose uptake in skeletal muscle cells and diabetic zebrafish model 

by IO extract, DPHC, and IPA treatment to control blood glucose levels have not yet been 

examined. Moreover, zebrafish (Danio rerio), as an animal model, have a number of features 

to study on metabolic syndrome such as cardiovascular disorders, kidney disorders, obesity 

and diabetes [31,32]. Previous studies were reported that alloxan, streptozotocin, and high-fat 

diet are used to induce diabetic zebrafish model [33,34]. 

Therefore, in the present study, we explored the effects of IO extract, DPHC, and IPA on 

cytosolic Ca2+ levels in the skeletal muscle and the underlying signaling mechanisms in in vitro 

and in vivo models. In addition, the correlation of IO extract and its components with glucose 

homeostasis was evaluated in a diabetic zebrafish model. Data from this study suggest a related 

mechanistic pathway following treatment with IO extract and its components on glucose 

homeostasis, and further shed light on strategies to improve glucose homeostasis to help 

ameliorate metabolic disorders in diabetic patients in the future. 

 



4 

 

 

 

 

 

 

 

 

 

 

Part Ⅰ. 

Regulation of blood glucose level by cytosolic Ca2+ 

level in skeletal muscle cell and hyperglycemic 

zebrafish model 

 

 

 

  



5 

 

1. ABSTRACT 

In our previous study, Ishige okamurae (IO) extract and their component, Ishophloroglucin A 

(IPA) and Diphlorethohydroxycarmalol (DPHC) has been known to possess anti-diabetic 

activity. However, the molecular mechanisms responsible for this controlling activity and how 

IPA and DPHC exerts potential beneficial effects on glucose transport into the skeletal muscle 

cells to control glucose homeostasis remains largely unexplored. The change of cytosolic Ca2+ 

induced by IO extract and IPA and DPHC as component of IO extract for glucose utilization 

was studied in myotubes and in muscle of hyperglycemic zebrafish. In this paper, we examined 

the effect of IPA and DPHC as the component of IO on glucose homeostasis underlying glucose 

transport pathway. Myotubes were treated IO extract, which induced to elevate the cytosolic 

Ca2+ resulting in increasing the glucose uptake. In addition, it was observed that IPA and DPHC 

controlled blood glucose level upon hyperglycemic zebrafish model and improved glucose 

homeostasis through glucose transport pathway. Our results suggest that IO extract and its 

components can stimulate glucose homeostasis through the elevation of cytosolic Ca2+ level in 

myotubes. IO extract containing IPA and DPHC might be used as marine-derived nutraceuticals 

for the prevention of diabetes. 
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2. MATERIALS AND METHODS 

 

2.1. Chemicals and reagents 

Fluo-4 Directtm Calcium Assay kit was purchased from Invitrogen by Thermo Fisher Scientific 

(Whaltham, MA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-trazolium bromide 

(MTT), 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG), 1,2-

Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) 

(BAPTA-AM), D-(+)-Glucose (Glucose), 2,4,5,6(1H,3H)-Pyrimidinetetrone (Alloxan 

monohydrate), and 1,1-Dimethylbiguanide hydrochloride (Metformin) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Antibodies against phospho-AMP-activated protein 

kinase (Thr172), 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 Biotechnology (Santa Cruz, CA, USA). 

 

2.2. Preparation of IO extract, IPA, and DPHC 

Ishige okamurae was collected in April 2016 in Seongsan in Jeju Island, South Korea. 

Preparation of IO extract and isolation of IPA were carried out according to the previously 

described method [14]. Briefly, 50% ethanolic extract of IO was fractionated through 

centrifugal partition chromatography (CPC 240, Tokyo, Japan) and further purified by 

semipreparative HPLC column (YMC-Pack ODS-A, 10×250 mm, 5 m) to obtain IPA. The 

identity of IPA (99% of purity) was verified by MS fragmentation of m/z 1986.26 at an 

ultrahigh resolution Q-TOF LC-MS/MS coupled with an electrospray ionization (ESI) resource 
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(maXis-HD, Bruker Daltonics, Breman, Germany) at Korea Basic Science Institute (KBSI) in 

Ochang, South Korea. According to the validated method of previous study [35], IO extract in 

this study have 1.8 % of IPA. In addition, Diphlorethohydroxyt carmalol (DPHC) was isolated 

as previously described by Heo et al [36]. 

 

2.3. C2C12 cell culture, differentiation and cell viability assay 

C2C12 skeletal muscle cells (American Type Culture Collection) were maintained in DMEM 

with 10% FBS and antibiotics, at 37 °C in a humidified incubator of 5% CO2. 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 insoluble formazan product. Cells were 

maintained in 96-well plates at a density of 3×104 cells/well, and subsequently subjected to 

different concentrations of IO extract (10, 30, 100, and 300 µg/ml), IPA (025, 0.75, 2.5, and 7.5 

µM), and DPHC (0.1, 2, 10 and 30 µM) for 24 h. Cells were pretreated with MTT solution (2 

mg/ml) for 3 h. Subsequently, cell density was determined by measuring optical density (OD) 

at 540 nm using a microplate reader (Gen5 version 2.05, BioTek, Winooski, Vermont, U.S.). 

 

2.4. Glucose uptake assay 

Differentiated cells, skeletal muscle cells were maintained in serum free and low glucose 

DMEM for 6 h before treatment with IO extract, IPA, and DPHC. After incubation, cells were 

treated with IO extract, IPA, and DPHC in glucose free media. Subsequently, 2-NBDG at 50 

µM final concentration was added for 24 h at 37°C. Then, cells were washed twice with PBS, 
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serum-free medium was added and the fluorescence intensity immediately measured in a 

microplate reader at an excitation wavelength of 485 nm and an emission wavelength of 530 

nm. After being taken up by the cells, 2-NBDG is converted into a non-fluorescent derivative 

(2-NBDG metabolite). The overall glucose uptake was obtained by quantifying the diminution 

in the fluorescence. 

 

2.5. Cytosolic Ca2+ level by Fluo-4 in skeletal myotubes 

Cytosolic Ca2+ level was detected using the Ca2+-sensitive probe Fluo-4 in 1X PSS (Phosphate-

buffered saline, comprised of 140 mM NaCl, 5.9 mM KCl, 1.8 mM MgCl2, 10 mM HEPES, 

11.5 mM Glucose, 1.2 mM NaH2PO4, 5 mM NaHCO3). Skeletal muscle cells were incubated 

in 1X Fluo-4 for 30 minutes at 37 ˚C, washed with PBS and added 1X PSS with 0.1% BSA. 

After recording basal fluorescence for 10 sec at interval time of 1 sec, cells were directly added 

1X PSS or IO extract (15, 45, and 100 µg/ml) or IPA (0.75, 2.5, and 7.5 µM) or DPHC (3, 10, 

and 30 µM) in 0.1% BSA. After recording fluorescence for 55 sec at interval time of 1 sec, 

reflecting cytosolic Ca2+ levels was obtained to the microscope (Gen 5 version 3.03, BioTek, 

Winooski, Vermont, U.S.). 

 

2.6. Experimental animals 

2.6.1. 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 3.5 L acrylic tank according to the conditions; 28.5 ± 1 ˚C, fed two times a 

day (Tetra GmgH D-49304 Melle Made in Germany) with a 14/10 light/dark cycle. Embryos 
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were mated, and spawning was stimulated by setting of light, after breeding 1 female and 2 

males interbreed. 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). 

 

2.6.2. Toxicity of IO extract, IPA, and DPHC in zebrafish embryos 

From approximately 4 hours post-fertilization (hpf), embryos (n=15) were transferred to 

individual wells of 12-well plates containing 950 µl embryo media with 50 µl of IO extract (10, 

30, and 100 µg/ml), IPA (0.3, 1.5, 3, and 5 µM), and DPHC (1.2, 6, 12, and 20 µM). Percent 

survival of zebrafish embryos exposed to DPHC up to 168 hpf was measured. 

 

2.6.3. Cytosolic Ca2+ level measurement in zebrafish larvae 

The cytosolic Ca2+ level of zebrafish larvae was detected using the Ca2+-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 IPA (0.3, 1.5, and 3 µM) and DPHC (1.2, 6, and 12 µM). As a control, 

to ensure if Ca2+ signal was completely blocked by chelation of cytosolic Ca2+ with BAPTA-

AM, we pre-incubated fish with 0.1 mM BAPTA-AM for 1 h before loading the Fluo-4. The 

images were captured using the microscope (Gen 5 version 3.03, BioTek, Winooski, Vermont, 

U.S.). The intensity of the immunofluorescence staining, Image J software was used. 

 

2.6.4. Blood glucose level 
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Wild-type zebrafish were exposed to 2 mg/ml alloxan for 1 h and transferred to 1% glucose for 

another 1 h. The media was then changed to water for 1 h, and zebrafish were injected with 

saline, IO extract, or IPA, or DPHC, or Metformin, with or without BAPTA-AM for 90 min. 

Adult zebrafish were divided into six groups: normal, alloxan-treated group, IO extract (10, 30, 

and 100 µg/g body weight), IPA (0.03, 0.1, and 0.3 µg/g body weight), DPHC (0.03, 0.1, and 

0.3 µg/g body weight), Metformin (5 µg/g body weight), BAPTA-AM (3 µg/g body weight), 

and BAPTA-AM (3 µg/g body weight) with IPA or DPHC (0.3 µg/g body weight). 

 

2.6.5. Tissue preparation 

Zebrafish muscle tissue was fixed in Bouin’s solution for approximately 24 h and subsequently 

transferred to 70% ethanol for storage. After dehydration and embedding in paraffin, the tissue 

block was sliced to 7 µm. 

 

2.6.6. Immunofluorescence staining assay 

Paraffin-sectioned slides were deparaffinized twice with xylene for 5 min, and hydrated in 

graded ethanol, and then incubated in antigen-retrieval solution for 5 min in the microscope. 

The slides were washed in running water for 5 min and then incubated in blocking solution for 

1 h. After three washes in phosphate-buffered saline (PBS), the slides were incubated for 

overnight at 4 °C with primary antibody; glucose transporter type 4 (GLUT4). The primary 

antibody was diluted to 1:400 with blocking solution. The slides were washed with PBS, and 

then incubated with 488-fluorescent anti-rabbit secondary antibody for 2 h. The secondary 

antibody was diluted to 1:200 with blocking solution. After incubation for 2 h, the slides were 
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washed with PBS, and mounted by mounting medium. The images were captured using the 

microscope (Gen 5 version 3.03, BioTek, Winooski, Vermont, U.S.). The intensity of the 

immunofluorescence staining, Image J software was used. 

 

2.6.7. Western blot analysis 

Zebrafish muscle tissue were homogenized in lysis buffer using a homogenizer and then 

incubated for 10 min at 4 °C. The homogenates were centrifuged at 14,000 rpm for 15 min at 

4 °C. The protein was quantified by using BCATM protein assay kit and equal amount of 

proteins (30 µg) were separated using 10% SDS-polyacrylamide gel. The separated proteins 

were transferred to nitrocellulose membranes (GE Healthcare Life Science) and blocked for 3 

h with nonfat dry milk at room temperature. Membranes were incubated for overnight at 4 °C 

with primary antibodies; phosphorylated and/or total AMP-activated protein kinase (AMPK), 

protein kinase B (Akt), glucose transporter type 4 (GLUT4), and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). And then, membranes incubated with the secondary antibodies at 

1:3000 dilutions for 2 h, protein bands were detected with chemiluminescence reagent 

(Maximum sensitivity substrate, Thermo Scientific). The images were captured using Fusion 

Solo apparatus (Vilber Lourmat) and measured using image J software. 

 

2.7. Statistical analysis 

All of data were presented as means ± standard deviation (S.D). The mean values were 

calculated based on data from at least three independent experiments which were conducted on 

separate days using freshly prepared reagents. All the experiments were statistically analyzed 
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using one-way analysis of variance (one-way ANOVA) and Dunnet (in GraphPad Prism 

Version 5.03). A p-value of less than 0.05 (#p<0.05, ##p<0.01, and ###p <0.001) was considered 

statistically significant and compared with non-treated group. A p-value of less than 0.05 

(*p<0.05, **p<0.01, and ***p <0.001) was considered statistically significant and compared with 

no sample-treated group. 
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3. RESULTS 

 

3.1. Measurement of cell viability and glucose uptake by IO extract in skeletal myotubes 

As glucose uptake by skeletal muscles is the key step in glucose homeostasis [37], we examined 

the effect of IO extract on glucose uptake in differentiated myocytes. Initially, the cells were 

treated with IO extract (10, 30, 100, and 300 µg/ml for 24 h and cell viability was assessed 

using an MTT assay. As shown in Fig. 1-1A, cells treated with IO extract did not show a 

significant difference in cell viability compared to those of the control group. Therefore, it was 

confirmed that these concentrations of IO extract were non-toxic, and were used for further in 

vitro experiments. 

Glucose uptake following IO extract treatment in skeletal myotubes was evaluated without 

insulin stimulation (Fig. 1-1B). The myotubes were treated with various concentrations (15, 45, 

and 100 µg/ml) of IO extract. Glucose uptake was significantly increased by IO extract 

treatment. These data suggested that IO extract treatment can induce glucose uptake in the 

absence of insulin in skeletal myotubes.  
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Fig. 1-1. Determination of cell viability by the MTT assay and glucose uptake by 2-

NBDG in the skeletal myotubes. (A) The skeletal muscle cells were incubated with the 

indicated concentrations of IO extract for 24. (B) Differentiated skeletal muscle cells were 

starved in low glucose media and incubated for 24 h with IO extract (15, 45, and 100 µg/ml) 

and 2-NBDG (50 µM). Data are expressed as the mean ± SE (n = 3 for each group). * Values 

having different superscript are significantly different at **p<0.01 compared with the non-

treated group. No significance; N.S 

 

 

 

  

(A) (B)
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3.2. Regulation of blood glucose level by IO extract in hyperglycemic zebrafish model 

To assess whether blood glucose levels are influenced by IO extract, we used an alloxan-

induced hyperglycemic zebrafish model [33]. This model is an acute hyperglycemic model for 

short-term experiments [38]. Initially, to evaluate the toxicity of IO extract zebrafish embryos 

were exposed to IO extract (10, 30, and 100 µg/ml) in the embryo media for 168 hpf. As shown 

in Fig. 1-2A, 97%, 83 %, and 77% of the zebrafish respectively survived after treatment with 

10, 30, and 100 µg/ml IO extract, compared to that observed in the control group. 

Zebrafish treated with 2 mg/ml alloxan showed pancreatic islet damage, leading to reduced 

glucose-mediated insulin secretion, resulting in a diabetic condition. Blood glucose levels of 

zebrafish in the 0.6% glucose group increased 2-fold compared to those in the normal group 

(Fig. 1-2B), which were comparable to the blood glucose levels in a hyperglycemic mouse 

model [39]. Zebrafish was injected with saline, or IO extract (10, 30, and 100 µg/g body weight), 

or Metformin (5 µg/g body weight) as positive control of blood glucose level controlling in 

diabetes [40], for 90 min. In Fig. 1-4A, blood glucose level of control group was significantly 

increased to 206% compared to normal group. In particular, IO extract- and Metformin-injected 

groups were observed the levels to 163%, 156%, and 155% of IO extract and 158% of 

Metformin compared to control group. These results suggest IO extract can be controlled blood 

glucose level in zebrafish model of hyperglycemia. However, the correlation between diabetes 

and glucose homeostasis through glucose transport pathway have not been reported. Thus, we 

hypothesized that glucose homeostasis can be improved by IO through Ca2+-dependent 

signaling pathways in muscle resulting in controlling blood glucose level. 
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Fig. 1-2. Evaluation of toxicity of IO extract by assessment of survival rate and 

measurement of blood glucose level in zebrafish. The zebrafish were treated with various 

of concentrations of IO extract. (A) Survival curves of zebrafish embryos after exposure to 

IO extract (n = 15 for each group). (B) Blood glucose level of zebrafish injected with IO 

extract or Metformin for 90 min. Data are expressed as the mean ± SE (n = 4 for each group). 

* and # Values having different superscript are significantly different at ###p<0.001 compared 

with the non-treated group; *p<0.05 compared with the no sample-treated group. 

 

 

 

(A) (B)

Alloxan (2 mg/ml) - + + + + +

Glucose (0.6%) - + + + + +

IO extract (10 μg/g) - - + - - -

IO extract (30 μg/g) - - - + - -

IO extract (100 μg/g) - - - - + -

Metformin (5 μg/g) - - - - - +
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3.3. Increasing the cytosolic Ca2+ level by IO extract in skeletal myotubes 

The elevating of Ca2+ level activates the signal transduction pathway that helps to increase the 

glucose uptake by skeletal muscle cells [41,42]. the cytosolic Ca2+ level was analyzed by 

detecting fluorescence changes in myotubes with different concentrations of IO extract (15, 45, 

100 µg/ml). IO extract induced the instantly elevation of the cytosolic Ca2+ level dose-

dependently (Fig. 1-3). 

Cytosolic Ca2+ levels can be increased via either Ca2+ influx by plasma membrane Ca2+ 

channels or Ca2+ release from the SR [10]. Thus, we conducted to investigate the change of 

cytosolic Ca2+ level using Fluo-4-AM. Myotubes was exposed to IO extract (100 µg/ml) with 

the presence/absence of extracellular Ca2+, induced that elevation of the cytosolic Ca2+ levels 

in both Fig. 1-4. Resulting the elevated cytosolic Ca2+ level by 100 µg/ml of IO extract 

treatment for 60 sec was no significantly changed either addition of external Ca2+ (Fig. 1-4B). 

Irrespective of whether there are presence or absence of extracellular Ca2+, myotubes was 

induced to elevate the cytosolic Ca2+ level by IO extract. We can suggest that elevation of the 

cytosolic Ca2+ levels by IO extract is related to release from the SR and not from Ca2+ influx 

by plasma membrane Ca2+ channels [10,11]. These data showed that IO extract can induce Ca2+ 

release from SR in myotubes. 
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Fig. 1-3. Detection of cytosolic Ca2+ levels by IO extract in the absence of extracellular 

Ca2+ using the Fluo-4 Ca2+ indicator in the myotubes. (A) Traces and (B) box plot 

representation of Ca2+ levels in response to addition of IO extract (15, 45, and 100 µg/ml) or 

BAPTA-AM in total myotubes. (C) The fluorescence levels of single myotubes after addition 

of IO extract or BAPTA-AM was also monitored. ***p<0.001 compared with the PSS group. 

 

 

 

  

(A) (B) (C)
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Fig. 1-4. Detection of cytosolic Ca2+ levels by IO extract using the Fluo-4 Ca2+ indicator 

in the skeletal myotubes. Myotubes were loaded with Fluo4 in PSS (A) in the presence or 

absence of Ca2+ and treated with control (PSS only), 100 µg/ml of IO extract or BAPTA-

AM. (B) Box plots representation of the cytosolic Ca2+ levels in myotubes responses after 

100 µg/ml of IO extract or BAPTA-AM treatment as presented in (A). No significance; N.S 

compared with the IO extract in the presence or absence of extracellular Ca2+. 

 

 

 

  

(A) (B)
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3.4. Measurement of cell viability and glucose uptake by IPA and DPHC in skeletal 

myotubes 

We examined the effect of IPA and DPHC on glucose uptake in skeletal myotubes. Initially the 

cells were treated with IPA (0.25, 0.75, 2.5, and 7.5 µM) and DPHC (0.1, 2, 10, and 30 µM) 

for 24 h and cell viability was assessed using an MTT assay. As shown in Fig. 1-5A and C, 

cells treated with IPA and DPHC did not show a significant difference in cell viability compared 

to those of the control group. It was therefore confirmed that these concentrations of IPA and 

DPHC were non-toxic, and were used for further in vitro experiments. 

Glucose uptake following IPA and DPHC treatment in skeletal myotubes was evaluated without 

insulin stimulation (Fig. 1-5B and D). Treatment of the skeletal myotubes with IPA and DPHC 

led to an increase in glucose uptake in a concentration-dependent manner. In particular, 7.5 µM 

of IPA and 30 µM of DPHC led to a significant increase in glucose uptake compared to that in 

the control group. These data suggested that IPA and DPHC treatment can induce glucose 

uptake in the absence of insulin in skeletal myotubes. 

  



21 

 

 

 

 

Fig. 1-5. Determination of cell viability by the MTT assay and glucose uptake by 2-

NBDG in the skeletal myotubes. The skeletal muscle cells were incubated with the 

indicated concentrations of (A) IPA and (C) DPHC for 24. Differentiated skeletal muscle 

cells were starved in low glucose media and incubated for 24 h with (B) IPA (0.75, 2.5, and 

7.5 µM), (D) DPHC (3, 10, and 30 µM) and 2-NBDG (50 µM). Data are expressed as the 

mean ± SE (n = 3 for each group). * Values having different superscript are significantly 

different at *p<0.05 and ***p<0.001 compared with the non-treated group. No significance; 

N.S. 

 

  

(A) (B)

(C) (D)
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3.5. Increasing the cytosolic Ca2+ level by IPA and DPHC in skeletal myotubes 

In order to identify how the IPA and DPHC in IO extract affects blood glucose level, it was 

evaluated the change of cytosolic Ca2+ by IPA and DPHC using Fluo-4-AM. The level of 

cytosolic Ca2+ with different concentrations of IPA (0.75, 2.5, and 7.5 µM) and DPHC (3, 10, 

and 30 µM) was analyzed by measuring fluorescence changes in skeletal myotubes in the 

absence of extracellular Ca2+. IPA induced the instantly elevation of the cytosolic Ca2+ level 

dose-dependently (Fig. 1-6A, B,and C). Also, DPHC induced the instantly elevation of the 

cytosolic Ca2+ level dose-dependently (Fig. 1-6D, E,and F). These data showed that IPA and 

DPHC can elevate cytosolic Ca2+ level in myotubes. 

As shown in Fig. 1-7A, myotubes was treated with increasing concentrations of 7.5 µM IPA in 

the presence/absence of extracellular Ca2+, resulted in elevation of the cytosolic Ca2+ levels for 

60 sec. Elevation of cytosolic Ca2+ level by 7.5 µM IPA treatment was no significantly changed 

either addition of external Ca2+ (Fig. 1-7B). In Fig. 1-7C, myotubes was treated with increasing 

concentrations of 30 µM DPHC in the presence/absence of extracellular Ca2+, resulted in 

elevation of the cytosolic Ca2+ levels for 60 sec. Elevation of cytosolic Ca2+ level by 30 µM 

DPHC treatment was no significantly changed either addition of external Ca2+ (Fig. 1-7D). 

Irrespective of whether there are presence or absence of extracellular Ca2+, myotubes was 

induced to elevate the cytosolic Ca2+ level by IPA and DPHC. We can suggest that elevation of 

the cytosolic Ca2+ levels by IPA and DPHC is related to release from the SR and not from Ca2+ 

influx by plasma membrane Ca2+ channels [10,11]. 
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Fig. 1-6. Detection of cytosolic Ca2+ levels by IPA and DPHC in the absence of 

extracellular Ca2+ using the Fluo-4 Ca2+ indicator in the myotubes. (A) Traces and (B) 

box plot representation of Ca2+ levels in response to addition of IPA (0.75, 2.5, and 7.5 µM) 

or BAPTA-AM in myotubes. (D) Traces and (E) box plot representation of Ca2+ levels in 

response to addition of DPHC (3, 10, and 30 µM) or BAPTA-AM in myotubes. The 

fluorescence levels of single myotubes after addition of (C) IPA or (F) DPHC or BAPTA-

AM was also monitored. ***p<0.001 compared with the PSS group. 
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Fig. 1-7. Detection of cytosolic Ca2+ levels by IPA and DPHC using the Fluo-4 Ca2+ 

indicator in the skeletal myotubes. Myotubes were loaded with Fluo4 in PSS in the 

presence or absence of Ca2+ and treated with control (PSS only), (A) 7.5 µM of IPA or (C) 

30 µM of DPHC or BAPTA-AM. (B) and (D) Box plots representation of the cytosolic Ca2+ 

levels in myotubes responses after 7.5 µM of IPA or 30 µM of DPHC or BAPTA-AM 

treatment as presented in (A) and (C). No significance; N.S compared with the IPA or DPHC 

in the presence or absence of extracellular Ca2+. 

 

  

(A) (B)

(C) (D)
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3.6. Regulation of blood glucose level by IPA and DPHC in hyperglycemic zebrafish model 

We have confirmed that the effect of regulation blood glucose level by IO extract in 

hyperglycemic zebrafish. Therefore, we conducted to evaluate the glucose transport pathway 

between regulation blood glucose level and glucose homeostasis by IPA and DPHC as 

component of IO extract. Initially, to evaluate the toxicity of IPA and DPHC, zebrafish embryos 

were exposed to IPA (0.3, 1.5, 3, and 5 µM) and DPHC (1.2, 6, 12, and 20 µM) in the embryo 

media for 168 hpf. After treatment with 0.3, 1.5, and 3 µM IPA, the survival rate of zebrafish 

was showed as 93%, 93%, and 87% (Fig. 1-8A). Whereas 5 µM of IPA treatment showed a 

significant decrease in survival to 77 ± 4.71% compared to the control group. As shown in Fig. 

1-8B, 90%, 90%, and 80% of the zebrafish survived after treatment with 1.2, 6, and 12 µM 

DPHC, respectively, whereas 20 µM 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 (Fig. 

1-8). 

In order to evaluate the effect of the equivalent content of IPA and DPHC in IO extract on 

hyperglycemic zebrafish, it was injected with saline (control), or IPA (0.03, 0.1, and 0.3 µg/g 

body weight) of DPHC (0.03, 0.1, and 0.3 µg/g body weight), or Metformin (5 µg/g body 

weight) for 90 min. In Fig. 1-9A, IPA- and Metformin-injected groups were observed the levels 

to 203%, 182%, and 175% of IPA and 151% Metformin as a positive control with known blood 

glucose level-controlling activity [40] compared with control group. IPA treatment was 

significantly exhibited reductions in high blood glucose level less metformin treatment. As 

shown in Fig. 1-9B, injection with increasing concentrations of DPHC (0.03, 0.1, and 0.3 µg/g) 

in 0.6% glucose to zebrafish decreased blood glucose levels by 245, 203, and 188%, 
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respectively, whereas metformin (3 µg/g) led to a 160% decrease in blood glucose levels. As a 

results, we suggest that the IPA and DPHC can reduce blood glucose levels in a hyperglycemic 

zebrafish model. 
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Fig. 1-8. Toxicity of IPA and DPHC by assessment of survival rate in zebrafish. The 

zebrafish were treated with various of concentrations of IPA and DPHC. (A) Survival curves 

of zebrafish embryos after exposure to (A) IPA (0.3, 1.5, 3, and 5 µM) and (B) DPHC (1.2, 

6, 12, and 20 µM) (n = 15 for each group). Data are expressed as the mean ± SE (n = 4 for 

each group). * Values having different superscript are significantly different at *p<0.05 

compared with the no sample-treated group. 
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Fig. 1-9. Regulation of blood glucose level by IPA and DPHC in hyperglycemic 

zebrafish model. The zebrafish exposed to 0.6% glucose and then injected with (A) IPA 

(0.03, 0.1, and 0.3 µg/g body weight), or DPHC (0.03, 0.1, and 0.3 µg/g), or Metformin (5 

µg/g) for 90 min. Data are expressed as the mean ± SE, n = 4 per group. * and # Values having 

different superscript are significantly different at ###p<0.001 compared with the non-treated 

group; **p<0.01 and ***p<0.001 compared with the no sample-treated group. 

 

 

  

(A) (B)

Alloxan (2 mg/ml) - + + + + +

Glucose (0.6%) - + + + + +

IPA (0.03 μg/g) - - + - - -

IPA (0.1 μg/g) - - - + - -

IPA (0.3 μg/g) - - - - + -

Metformin (5 μg/g) - - - - - +

Alloxan (2 mg/ml) - + + + + +

Glucose (0.6%) - + + + + +

DPHC (0.03 μg/g) - - + - - -

DPHC (0.1 μg/g) - - - + - -

DPHC (0.3 μg/g) - - - - + -

Metformin (5 μg/g) - - - - - +
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3.7. Increasing the cytosolic Ca2+ level by IPA and DPHC in zebrafish 

We hypothesized that the blood glucose level can be regulated by increasing cytosolic Ca2+ 

level in zebrafish muscle. To test this, we performed Ca2+ imaging studies in 3 dpf zebrafish 

embryos using Fluo-4 dye in the absence of external Ca2+ following exposure to IPA and DPHC. 

Initially, we confirmed that no significant fluorescence was induced by treatment with different 

concentrations of IPA alone (without Fluo-4) compared to that in the controls (N, no Fluo-4 

and no drugs exposed, and F, only Fluo-4 exposed) (Fig. 1-10A). Moreover, fluorescence in 

the zebrafish in the Fluo-4 alone (F) sample increased 1.52 fold compared to that in the normal 

(N) control. These data showed that the cytosolic Ca2+ in zebrafish embryos was detected by 

Fluo-4. Next, the effect of IPA in Fluo-4-exposed embryos was assessed. Zebrafish embryos 

exposed to IPA and Fluo-4 had a rapid rise in cytosolic Ca2+, however this increase was 

abolished with pre-incubation of the 3 µM IPA treated zebrafish embryos with 0.1 mM BAPTA-

AM for 1 h (Fig. 1-10B). As shown Fig. 1-10C, fluorescence was no 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). Treatment with Fluo-4 and 

DPHC showed changes of fluorescence intensity that were significantly increased, compared 

to the Normal (Fig. 1-10D). However, this increase was abolished with pre-incubation of the 

12 µM DPHC treated zebrafish embryos with 0.1 mM BAPTA-AM for 1 h (Fig. 1-10D). This 

finding suggests that IPA and DPHC can induce cytosolic Ca2+ elevation in zebrafish embryos. 
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Fig. 1-10. Detection of cytosolic Ca2+ images by IPA and DPHC using the Fluo-4 in 

zebrafish larvae. Zebrafish larvae were stimulated with only (A) IPA (0.3, 1.5, and 3 µM) 

and (C) DPHC (1.2, 6, and 12 µM), compared with Fluo-4 exposed group (F). Zebrafish 

larvae were stimulated with (B) IPA or (D) DPHC in Fluo-4 and compared with/without 

Fluo-4 groups. Changes in cytosolic Ca2+ levels were measured by changes in fluorescence 

intensity of Fluo-4 using Image J. Experiments were performed in triplicate and the data are 

expressed as the mean ± SE, n = 4 per group. * and # Values having different superscript are 

significantly different at ##p<0.01 compared with the non-treated group; **p<0.01 compared 

with the no sample-treated group. 
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3.8. Regulation of blood glucose level by IPA and DPHC through increasing cytosolic Ca2+ 

level in hyperglycemic zebrafish model 

The important role of Ca2+ in increasing glucose transport in muscle as previously reported by 

Clausen et al [43]. To examine whether Ca2+ is required for the blood glucose-lowering effect 

of IPA and DPHC, we treated alloxan-induced hyperglycemic zebrafish with IPA and DPHC, 

and measured blood glucose level. Hyperglycemic zebrafish was injected with saline (control), 

or IPA (0.3 µg/g body weight) or DPHC (0.3 µg/g body weight) or Metformin (5 µg/g body 

weight), or BAPTA-AM (3 µg/g body weight) with/without IPA or DPHC. As shown Fig. 1-

11A, the blood glucose level is significantly increase to 3-fold of normal group. When injected 

IPA, and Metformin, the blood glucose level decreased to 187% and 183% of control group. In 

particular, BAPTA-AM injected groups with/without IPA was no significantly observed the 

levels to 350% and 361%, compared with control group. While blood glucose level of BAPTA-

AM injected group was no change, IPA injected group can control in hyperglycemic zebrafish 

as much as metformin injected group. 

As shown in Fig. 1-11B, the alloxan-treated group had blood glucose levels of up to 3-fold, 

while they were significantly lower in the DPHC (0.3 µg/g) and metformin (3 µg/g) (180% and 

174% respectively) treatment groups and the blank group (first column, saline only injected 

group). Importantly, this blood glucose-lowering effect of DPHC was significantly attenuated 

with BAPTA-AM treatment, resulting in blood glucose being at the same level as in the non-

DPHC treated zebrafish. These data suggest that IPA and DPHC can stimulate glucose 

homeostasis through an increasing cytosolic Ca2+ levels in hyperglycemic zebrafish. 
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Fig. 1-11. Regulation of blood glucose level by IPA and DPHC in hyperglycemic 

zebrafish model. Zebrafish were injected with BAPTA-AM (3 µg/g body weight) for 1 h, 

after which the zebrafish were injected with (A) IPA (0.3 µg/g body weight) or (B) DPHC 

(0.3 µg/g body weight) for 90 min. Experiments were performed in triplicate and the data 

are expressed as mean ± SE, n = 4 per group. * and # Values having different superscript are 

significantly different at ###p<0.001 compared with non-treated group; **p<0.05, and 

***p<0.001 compared with the no sample-treated group. No significance; N.S compared with 

BAPTA-AM treated group. 
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3.9. Effect of IPA and DPHC on glucose translocation by increasing cytosolic Ca2+ level in 

zebrafish muscle tissue 

Glucose uptake is mediated by a family of glucose transporter proteins, Glut4 being the major 

isoform present in skeletal muscle [44]. Diabetes is characterized by reduced insulin-mediated 

glucose uptake associated with reduced Glut4 expression [45]. Alloxan-induced diabetic mouse 

model was reported to affect expression of Glut4 [46]. Therefore, we examined the effect of IPA 

and DPHC on the translocation of Glut4 in the membrane of muscles in hyperglycemic 

zebrafish by using immunofluorescence, as shown in Fig. 1-12. 

Hyperglycemic zebrafish was injected with saline (control), or IPA (0.3 µg/g body weight) or 

DPHC (0.3 µg/g body weight) or Metformin (5 µg/g body weight), or BAPTA-AM (3 µg/g 

body weight) with/without IPA or DPHC. As shown Fig. 1-12B, Glut4 intensity is significantly 

decrease to 0.5-fold of normal group. When injected IPA, and Metformin, the Glut4 intensity 

increased to 0.87- and 0.86-fold of control group. The DPHC (0.3 µg/g) and metformin (3 µg/g) 

(0.87- and 0.90-fold respectively) treatment groups and the blank group (first column, saline 

only injected group) in Fig. 1-12D. In particular, BAPTA-AM injected groups with/without 

IPA or DPHC was no significantly observed the intensity 0.57- and 0.57-fold, compared with 

control group. While blood glucose level of BAPTA-AM injected group was no change, the 

increase in Glut4 by IPA or DPHC could improve glucose metabolism through an increasing 

cytosolic Ca2+ levels in the skeletal muscle of hyperglycemic zebrafish. 
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Fig. 1-12. Effect of IPA on Glut4 expression increase of skeletal muscle in hyperglycemic 

zebrafish model. Representative Glut4 immunofluorescence images by (A) IPA and (C) 

DPHC in skeletal muscle of hyperglycemic zebrafish model. Quantitative graph was show 

level of Glut4 expression by (B) IPA and (D) DPHC from representative images and Image 

J software was used for measurement. Scale bar = 100 µm, Data are expressed as mean ± 

SE. * and # Values having different superscript are significantly different at ##p <0.01 

compared with non-treated group; *p<0.05, compared with the no sample-treated group. No 

significance; N.S compared with BAPTA-AM treated group. 
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DPHC (0.3 μg/g) - - + - - -

Metformin (5 μg/g) - - - + - -

BAPTA-AM (3 μg/g) - - - - + -

BAPTA-AM+DPHC - - - - - +
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3.10. Assessment of the expression of glucose transport pathway components by IPA and 

DPHC in zebrafish muscle tissue 

Increased cytosolic Ca2+ levels in the skeletal muscle leads to the initiation of contraction to 

provide the signal to activate Glut4 translocation [47,48]. Glucose uptake in the skeletal muscle 

tissue is achieved by mechanisms; activation of AMPK by muscle contraction due to exercise 

in order to maintain the energy balance [49]. Activation of AMPK plays a key role in 

maintaining cellular energy levels and stimulation of glucose uptake. Furthermore, the AMPK-

independent pathway may regulate glucose transport in the contracting muscle [50]. 

To evaluate the molecular components that are involved in the regulation of glucose uptake by 

IPA and DPHC, the protein levels of membrane-associated Glut4 and phosphorylation of 

AMPK in the muscle of alloxan-induced hyperglycemic zebrafish was analyzed by western 

blotting. We conducted protein expression levels by western blot. In the muscle of 

hyperglycemic zebrafish, protein expression levels of AMPK, and Glut4 were significantly 

decreased (Fig. 1-13A, and B). Whereas treatment of IPA and Metformin resulted in significant 

stimulation in this decreased AMPK and Glut4 by hyperglycemic zebrafish. In contrast, upon 

hyperglycemic condition, BAPTA-injected group was inactivated these proteins and 

unchanged in the presence of IPA. 

As shown in Fig. 1-13C, and D, phosphorylation levels of AMPK and the membrane 

localization of Glut4 significantly decreased in the muscle of alloxan-induced hyperglycemic 

zebrafish compared to those in the blank-treated animals. However, DPHC and metformin 

promoted Glut4 translocation to the membrane and phosphorylation of AMPK, indicating that 

DPHC can stimulate the glucose transport pathway in hyperglycemic zebrafish. These data 

suggest that IPA and DPHC can promote the glucose homeostasis which means the controlling 

metabolism by breaking the mechanisms.  
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Fig. 1-13. Improvement of glucose transport pathway by IPA and DPHC in zebrafish 

muscle tissues. The zebrafish exposed to 0.6% glucose and then injected with IPA (0.3 µg/g) 

or DPHC (0.3 µg/g) or Metformin (5 µg/g) for 90 min. Zebrafish were pre-injected with 

BAPTA-AM (3 µg/g) for 1 h. Tissues were analyzed (A) AMPK, and (B) Glut4 by western 

blotting and signal intensity were evaluated by the Fusion FX7 acquisition system (Vibert 

Lourmat, Eberhardzell, Germany). Data expressed as the mean ± SE, n = 4 per group. ## p 

<0.01 and ### p <0.001; compared to non-treated group, *p<0.05, ** p <0.01, and *** p <0.001; 

compared to control. 
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4. DISCUSSION 

Skeletal muscle which is part of the body, as a fundamentally important role, is maintain the 

glucose homeostasis and regulate the whole-body carbohydrate metabolism [51,52]. In addition, 

upon physiological conditions, glucose uptake is the rate limiting step in glucose homeostasis 

in skeletal muscle by the cell membrane [53], and is independently stimulated by 

Ca2+/contraction-dependent process [54,55]. In this study, we demonstrate relation to the 

cytosolic Ca2+ release by IO extract and its component (2.45% IPA and 2.4% DPHC) in skeletal 

myotubes and it anti-diabetes activity through hyperglycemic zebrafish model. Myotubes was 

induced to significantly elevate the cytosolic Ca2+ level by IO extract containing 2.45% and 

2.4% regardless of the presence of extracellular Ca2+. We suggest that IPA and DPHC has role 

of the cytosolic Ca2+ levels elevation, it is associated to release from the sarcoplasmic reticulum 

and not from Ca2+ influx by plasma membrane Ca2+ channels. 

This observation was further assessed the glucose uptake by IPA and DPHC, cells were 

analyzed by staining with 2-NBDG. The percentage of glucose uptake was increased by 7.5 

µM IPA and 30 µM DPHC from by PBS only, resulting in suggested stimulating of glucose 

uptake by muscle contraction upon insulin-independent state [54]. In our study, cytosolic Ca2+ 

release by IPA and DPHC treatment can induce glucose uptake resulting in the regulation of 

blood glucose level through hyperglycemic zebrafish model, suggesting that cytosolic Ca2+ in 

skeletal myotubes can improve glucose homeostasis. Increased cytosolic Ca2+ levels, even at 

low concentrations to induce contractions, provide the signal to activate Glut4 translocation to 

the cell surface in skeletal muscle, independently of insulin [5]. 

We confirmed that DPHC and IPA can activate Glut4 translocation to the cell surface in skeletal 

muscle tissue of hyperglycemic zebrafish model by immunofluorescence staining assay. 
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Depending on the coordination and integration of several physiological systems, the blood 

glucose homeostasis is maintained. Moreover, during exercise increased need for glucose by 

contracting muscle results in glucose uptake from blood into the working skeletal muscles [56]. 

This study suggest, glucose homeostasis in muscle can be suggested an important strategy for 

diabetes therapy [57], and can improve insulin sensitivity and reduce postprandial 

hyperglycemia [58-60]. 

We further examined the Ca2+-induced protein expression of AMPK, and Glut4 through 

hyperglycemic zebrafish muscle. Glucose transport pathway are regulated mainly through 

insulin-dependent activation of PI3-K/Akt and insulin-independent activation of AMPK 

mechanism [61]. AMPK activation promotes Glut4 translocation and increases glucose uptake 

directly in skeletal muscle [33]. Our result showed that the protein expression of AMPK, and 

Glut4 stimulated by IPA regardless of the presence of insulin. DPHC can stimulate Glut4 

translocation and phosphorylation of AMPK. The cytosolic Ca2+ regulation by DPHC treatment 

in myotubes can reinforce Glut4/AMPK pathways for the propound effect on glucose uptake 

metabolism. Our data further indicated that IPA and DPHC can normalize metabolic 

disturbances in diabetes and improves glucose homeostasis in skeletal muscle. Therefore, 

findings from this study employ a mechanistic and integrative approach linking upregulation 

of the cytosolic Ca2+ by IPA and DPHC in skeletal muscle as a potential therapeutic mechanism 

to improve glucose metabolism during hyperglycemia. 
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5. CONCLUSION 

In this study, we identified that IO extract can stimulate to increase cytosolic Ca2+ level from 

SR in myotubes. Furthermore, IPA and DPHC as composition of IO extract can maintain 

glucose homeostasis by elevating the cytosolic Ca2+ level resulting in controlling the blood 

glucose level. IPA and DPHC may help to prevent the diabetes as potential nutraceutical 

application. 
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1. ABSTRACT 

The lipids in intramyocellular of skeletal muscle is closely related to glucose intolerance by 

dietary intake of cholesterol. In addition, a state insulin resistance reduced muscle glucose 

uptake all contribute to elevated blood glucose levels. Here, Zebrafish were fed 4% high 

cholesterol diet (HCD) for 5 weeks to induce glucose intolerance resulting in disruption of 

glucose transporter. In this study, we investigated IO extract, IPA, and DPHC supplementation 

improved glucose intolerance in HCD zebrafish. In addition, these supplementations can 

translocate glucose transporter 4 (Glut4) in skeletal muscle of HCD zebrafish. Our results 

suggested that IPA and DPHC, which are components of IO, can improve glucose tolerance via 

Glut4 in the muscles of HCD zebrafish. IO extract including IPA and DPHC might be used as 

marine-derived nutraceuticals on maintenance of glucose tolerance for the prevention of 

diabetes. 
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2. MATERIALS AND METHODS 

 

2.1. Chemicals and reagents 

Cholesterol, D-(+)-Glucose (Glucose) and 1,1-Dimethylbiguanide hydrochloride (Metformin) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against phospho-AMP-

activated protein kinase (Thr172), 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 Biotechnology (Santa Cruz, CA, USA). 

 

2.2. Maintenance of parental zebrafish 

Adult zebrafish was obtained from a commercial dealer (Jeju aquarium, Jeju, Korea). Fifteen 

fishes were kept in 3.5 L acrylic tank according to the conditions; 28.5 ± 1 ˚C, fed two times a 

day (Tetra GmgH D-49304 Melle Made in Germany) with a 14/10 light/dark cycle. The 

zebrafish experiment received approval from the Animal Care and Use Committee of the Jeju 

National University (Approval No. 2017-0001). 

 

2.3. High cholesterol diet-fed zebrafish model 

Zebrafish were acclimated for 1 week. After acclimation, the zebrafish were fed a 4% high 

cholesterol diet (HCD) for 3 weeks, except for the normal group. And then, the zebrafish group 

were randomly assigned into 12 treatment groups: NCD/saline, HCD/saline, HCD/IO extract 

(1, 3, and 5%), HCD/IPA (0.0003, 0.001, and 0.003%), HCD/DPHC (0.0003, 0.001, and 
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0.003%), and HCD/Met (1%). After 3 weeks, each group of zebrafish was fed a 4% cholesterol 

with or without IO extract, IPA, DPHC, and Met supplementation for 2 weeks. After 5 weeks, 

all zebrafish were measured fasting and postprandial blood glucose level and sacrificed on 

0.0006% MS-222 and muscle was isolated from zebrafish for immunofluorescence and western 

blot. 

 

2.4. Glucose tolerance test (IPGTT) 

Zebrafish were fasted for 8 h before performing intraperitoneal glucose tolerance test (IPGTT). 

After fasting, glucose (0.3 mg/g body weight) were injected intraperitoneally and blood was 

collected at different time points (15, 30, 45, and 60 mins). Blood glucose level was measured 

using blood glucose meter (AccuChek Advantage; Roche Diagnostics Corp, USA). The data 

were analyzed through the calculation of the area under curve (AUC). 

 

2.5. Tissue preparation 

Zebrafish muscle tissue was fixed in Bouin’s solution for approximately 24 h and subsequently 

transferred to 70% ethanol for storage. After dehydration and embedding in paraffin, the tissue 

block was sliced to 7 µm. 

 

2.6. Immunofluorescence staining assay 

Paraffin-sectioned slides were deparaffinized twice with xylene for 5 min, and hydrated in 

graded ethanol, and then incubated in antigen-retrieval solution for 5 min in the microscope. 
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The slides were washed in running water for 5 min and then incubated in blocking solution for 

1 h. After three washes in phosphate-buffered saline (PBS), the slides were incubated for 

overnight at 4 °C with primary antibody; glucose transporter type 4 (GLUT4). The primary 

antibody was diluted to 1:400 with blocking solution. The slides were washed with PBS, and 

then incubated with 488-fluorescent anti-rabbit secondary antibody for 2 h. The secondary 

antibody was diluted to 1:200 with blocking solution. After incubation for 2 h, the slides were 

washed with PBS, and mounted by mounting medium. The images were captured using the 

microscope (Gen 5 version 3.03, BioTek, Winooski, Vermont, U.S.). The intensity of the 

immunofluorescence staining, Image J software was used. 

 

2.7. Statistical analysis 

All of data were presented as means ± standard deviation (S.D). The mean values were 

calculated based on data from at least three independent experiments which were conducted on 

separate days using freshly prepared reagents. All the experiments were statistically analyzed 

using one-way analysis of variance (one-way ANOVA) and Dunnet (in GraphPad Prism 

Version 5.03). A p-value of less than 0.05 (#p<0.05, ##p<0.01, and ###p <0.001) was considered 

statistically significant and compared with non-treated group. A p-value of less than 0.05 

(*p<0.05, **p<0.01, and ***p <0.001) was considered statistically significant and compared with 

no sample-treated group. 
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3. RESULTS 

 

3.1. Examination of impaired glucose tolerance in HCD zebrafish 

Dietary intake of cholesterol increased the total body cholesterol and induced deposited the 

lipids in hepatocytes of liver and intramyocellular of skeletal muscle which is closely related 

to insulin resistance [62,63]. In order to assess whether the glucose tolerance in zebrafish are 

impaired by HCD for 5 weeks, we investigated glucose tolerance, fasting and postprandial 

glucose levels in HCD zebrafish every week. For 5 weeks, intraperitoneal glucose tolerance 

test (0.3 mg/g, IPGTT) was conducted at different time points (15, 30, 45, and 60 mins). As 

shown in Fig. 2-1A, HCD group showed the lower glucose tolerance with higher glucose level, 

at each time point compare to NCD group. The area under the curve (AUC) of IPGTT suggest 

to evaluate the degree of the glucose tolerance impairment in each groups. The consistent result 

with Fig. 2-1, the AUC of IPGTT in HCD group was significantly increased except 1 week, 

compared to the NCD group at each time point. 

Maintaining fasting and postprandial glucose levels are an important therapeutic goal in 

diabetes [64]. As shown in Fig. 2-2A and B, fasting and postprandial glucose levels were time-

dependently increased in the HCD group compared to the NCD group. These data suggest that 

zebrafish was impaired glucose tolerance by HCD. We further examined the glucose 

homeostasis in skeletal muscle of HCD zebrafish at each time point. 
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Fig. 2-1. Change of blood glucose level in HCD zebrafish for 5 weeks. Zebrafish receiving 

HCD for 5 weeks and induced impaired glucose tolerance. (A) intraperitoneal glucose 

tolerance tests (IPGTT) were performed and calculated (B) area under the curve (AUC) from 

the GTT in all zebrafish groups at each time point. Data are expressed as the mean ± SE (n 

= 4 for each group). * Values having different superscript are significantly different at 

**p<0.01 and ***p<0.001 compared with the NCD group. 

 

  

(B)(A)



47 

 

 

 

 

 

 

 

Fig. 2-2. Fasting and postprandial glucose levels in HCD zebrafish for 5 weeks. 

Zebrafish receiving HCD for 5 weeks measured (A) fasting and (B) postprandial glucose 

levels at each point time point. Data are expressed as the mean ± SE (n = 4 for each group). 

* Values having different superscript are significantly different at **p<0.01 and ***p<0.001 

compared with the NCD group. 

 

  

(B)(A)
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3.2. Evaluation of glucose translocation in skeletal muscle of HCD zebrafish 

The glucose transporter (Glut4) in skeletal muscle is essential to the maintenance of normal 

glucose homeostasis [65]. Diabetes is characterized by reduced insulin-mediated glucose uptake 

associated with reduced Glut4 expression [45]. HCD rat model was reported to affects of Glut4 

translocation [66]. Therefore, we evaluated the Glut4 translocation in skeletal muscle of HCD 

zebrafish by using immunofluorescence. As shown Fig. 2-3, Glut4 intensity time-dependently 

decreased to 0.8-, 0.71-, 0.63-, 0.45-, and 0.39-fold of NCD group. These data showed that 

decreased Glut4 intensity was induced imbalance of glucose metabolism by HCD group. 
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Fig. 2-3. Evaluation of Glut4 expression level in skeletal muscle of HCD zebrafish at 

each time point. (A) Representative Glut4 immunofluorescence images of skeletal muscle 

in HCD zebrafish at each point time. (B) Quantitative graph was show level of Glut4 

expression by HCD from representative images and Image J software was used for 

measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * Values having 

different superscript are significantly different at *p<0.05, **p<0.01, and ***p<0.001 

compared with the NCD group. 
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3.3. Improvement of glucose intolerance by IO extract supplementation in HCD zebrafish 

To examine whether the increased the imbalance of glucose tolerance in HCD zebrafish were 

improved by IO extract, we evaluated glucose tolerance, fasting and postprandial glucose levels 

in HCD zebrafish. We fed zebrafish HCD supplemented IO extract (1, 3, and 5%, HCD/IO) 

and Metformin (1%, HCD/Met), used as positive control for regulation of blood glucose level 

in diabetes [40], for 2 weeks followed by additional 3 weeks of HCD. After 2 weeks of HCD/IO 

and HCD/Met intraperitoneal glucose tolerance test (0.3 mg/g, IPGTT) was conducted at 

different time points (15, 30, 45, and 60 mins). As shown in Fig. 2-4A, HCD group showed the 

glucose intolerance with higher glucose level, at each time point compare to NCD group. The 

area under the curve (AUC) of IPGTT suggest to measure the degree of the glucose intolerance 

in each groups. Resulting the increased blood glucose level by HCD at each time point was 

significantly decreased by IO extract and Metformin supplementation compare to HCD/saline 

group (Fig. 2-4B). 

Maintaining fasting and postprandial glucose levels are an important therapeutic goal in 

diabetes [64]. As shown in Fig. 2-5A and 5B, fasting and postprandial glucose levels were 

significantly increased in the HCD group compared with that in the NCD group. Increased 

fasting glucose levels were significantly decreased by HCD/IO and HCD/Met. However, 

increased postprandial glucose levels were significantly decreased by HCD/IO (3% and 5%) 

and HCD/Met, except HCD/1%IO group which was no significantly changed. These data 

suggested that IO extract can improve glucose tolerance in HCD mice. We further assessed the 

balance of glucose homeostasis in skeletal muscle of HCD zebrafish as a means to regulate 

blood glucose level. 
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Fig. 2-4. Effect of IO extract supplementation on glucose intolerance in HCD zebrafish. 

Zebrafish were fed HCD supplemented IO extract (1, 3, and 5%, HCD/IO) and Metformin 

(1%, HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. After 5 weeks, 

zebrafish were intraperitoneally injected with glucose (0.3 mg/g body weight). (A) 

intraperitoneal glucose tolerance tests (IPGTT) were performed and calculated (B) area 

under the curve (AUC) from the GTT in all zebrafish group at each time point. Data are 

expressed as the mean ± SE (n = 4 for each group). * and # Values having different superscript 

are significantly different at ###p<0.001 compared with the NCD group; **p<0.01 and *** 

p<0.001 compared with the HCD/Saline group. 

 

  

(B)(A)
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Fig. 2-5. Effect of IO extract supplementation on fasting and postprandial glucose levels 

in HCD zebrafish. After 5 weeks, zebrafish were intraperitoneally injected with glucose 

(0.3 mg/g body weight), and then measured (A) fasting and (B) postprandial glucose levels 

in all zebrafish group. Data are expressed as the mean ± SE (n = 4 for each group). * and # 

Values having different superscript are significantly different at ###p<0.001 compared with 

the NCD group; **p<0.01 and *** p<0.001 compared with the HCD/Saline group. 

 

  

(B)(A)
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3.4. Effect of IO extract supplementation on glucose translocation in skeletal muscle of 

HCD zebrafish 

Previous study reported that the defects of Glut4 translocation were caused by impairment of 

glucose metabolism in HCD rat model [66]. To evaluate whether the defects of Glut4 

translocation in HCD zebrafish was increased by IO extract for glucose tolerance, we 

investigated the effect of IO extract on glucose translocation in HCD zebrafish by using 

immunofluorescence. As shown Fig. 2-6, we measured the intensity of Glut4 in representative 

images to quantify the effect of IO extract on glucose translocation in skeletal muscle of HCD 

zebrafish. The Glut4 intensity in HCD zebrafish was significantly lower than in NCD zebrafish. 

However, the decreased Glut4 intensity was significantly increased in the HFD/IO and 

HFD/Met groups. These data suggested that IO extract could protect against defects of Glut4 

translocation that occurs in HCD-induced diabetes. 
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Fig. 2-6. Evaluation of Glut4 expression level by IO extract supplementation in skeletal 

muscle of HCD zebrafish. (A) Representative Glut4 immunofluorescence images of 

skeletal muscle in all zebrafish groups after 5 weeks. (B) Quantitative graph was show level 

of Glut4 expression by IO extract from representative images and Image J software was used 

for measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * and # Values 

having different superscript are significantly different at ###p<0.001 compared with the NCD 

group; *p<0.05 and *** p<0.001 compared with the HCD/Saline group. 
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3.5. Improvement of glucose intolerance by IPA and DPHC supplementation in HCD 

zebrafish 

To examine whether the increased the imbalance of glucose tolerance in HCD zebrafish were 

improved by IPA and DPHC, we evaluated glucose tolerance, fasting and postprandial glucose 

levels in HCD zebrafish. We fed zebrafish HCD supplemented IPA (0.0003%, 0.001%, and 

0.003%, HCD/IPA), DPHC (0.0003%, 0.001%, and 0.003%, HCD/DPHC) and Metformin (1%, 

HCD/Met), used as positive control for regulation of blood glucose level in diabetes [40], for 2 

weeks followed by additional 3 weeks of HCD. After 2 weeks of HCD/IPA, HCD/DPHC, and 

HCD/Met intraperitoneal glucose tolerance test (0.3 mg/g, IPGTT) was conducted at different 

time points (15, 30, 45, and 60 mins). As shown in Fig. 2-7 and 2-8, HCD group showed the 

glucose intolerance with higher glucose level, at each time point compare to NCD group. The 

area under the curve (AUC) of IPGTT suggest to measure the degree of the glucose intolerance 

in each groups. Resulting the increased blood glucose level by HCD at each time point was 

significantly decreased by IPA and DPHC supplementation compare to HCD group. 

Maintaining fasting and postprandial glucose levels are an important therapeutic goal in 

diabetes [64]. As shown in Fig. 2-7 (C and D) and 2-8 (C and D), fasting and postprandial 

glucose levels were significantly increased in the HCD group compared with that in the NCD 

group. Increased fasting glucose levels were significantly decreased by HCD/IPA and 

HCD/DPHC. However, increased postprandial glucose levels were significantly decreased by 

HCD/IPA and HCD/DPHC. These data suggested that IPA and DPHC can improve glucose 

tolerance in HCD mice. We further assessed the balance of glucose homeostasis in skeletal 

muscle of HCD zebrafish as a means to regulate blood glucose level. 

  



56 

 

 

 

 

Fig. 2-7. Effect of IPA supplementation on glucose intolerance in HCD zebrafish. 

Zebrafish were fed HCD supplemented IPA (0.0003, 0.001, and 0.003%, HCD/IPA) and 

Metformin (1%, HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. After 5 

weeks, zebrafish were intraperitoneally injected with glucose (0.3 mg/g body weight). (A) 

intraperitoneal glucose tolerance tests (IPGTT) were performed and calculated (B) area 

under the curve (AUC) from the GTT in all zebrafish group at each time point. (C) fasting 

and (D) postprandial glucose levels were in all zebrafish group. Data are expressed as the 

mean ± SE (n = 4 for each group). * and # Values having different superscript are significantly 

different at ###p<0.001 compared with the NCD group; **p<0.01 and *** p<0.001 compared 

with the HCD/Saline group. 

 

(B)(A)

(C) (D)
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Fig. 2-8. Effect of DPHC supplementation on glucose intolerance in HCD zebrafish. 

Zebrafish were fed HCD supplemented DPHC (0.0003, 0.001, and 0.003%, HCD/DPHC) 

and Metformin (1%, HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. After 

5 weeks, zebrafish were intraperitoneally injected with glucose (0.3 mg/g body weight). (A) 

intraperitoneal glucose tolerance tests (IPGTT) were performed and calculated (B) area 

under the curve (AUC) from the GTT in all zebrafish group at each time point. (C) fasting 

and (D) postprandial glucose levels were in all zebrafish group. Data are expressed as the 

mean ± SE (n = 4 for each group). * and # Values having different superscript are significantly 

different at ###p<0.001 compared with the NCD group; **p<0.01 and ***p<0.001 compared 

with the HCD/Saline group. 

  

(A) (B)

(D)(C)
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3.6. Effect of IPA and DPHC supplementation on glucose translocation in skeletal muscle 

of HCD zebrafish 

Previous study reported that the defects of Glut4 translocation were caused by impairment of 

glucose metabolism in HCD rat model [66]. To evaluate whether the defects of Glut4 

translocation in HCD zebrafish was increased by IPA and DPHC as a components of IO for 

glucose tolerance, we investigated the effect of IPA and DPHC on glucose translocation in 

HCD zebrafish by using immunofluorescence. As shown Fig. 2-9, we measured the intensity 

of Glut4 in representative images to quantify the effect of IPA and DPHC on glucose 

translocation in skeletal muscle of HCD zebrafish. The Glut4 intensity in HCD zebrafish was 

significantly lower than in NCD zebrafish. However, the decreased Glut4 intensity was 

significantly increased in the HCD/IPA, HCD/DPHC and HCD/Met groups. These data 

suggested that IPA and DPHC could protect against defects of Glut4 translocation that occurs 

in HCD-induced diabetes. 
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Fig. 2-9. Evaluation of Glut4 expression level by IPA and DPHC supplementation in 

skeletal muscle of HCD zebrafish. Zebrafish were fed HCD supplemented IPA (0.0003, 

0.001, and 0.003%, HCD/IPA), DPHC (0.0003, 0.001, and 0.003%, HCD/DPHC) and 

Metformin (1%, HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. 

Representative Glut4 immunofluorescence images of (A) IPA and (C) DPHC in skeletal 

muscle of all zebrafish groups after 5 weeks. Quantitative graph was show level of Glut4 

expression by (B) IPA and (D) DPHC from representative images and Image J software was 

used for measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. * and # Values 

having different superscript are significantly different at ###p<0.001 compared with the NCD 

group; *p<0.05 and ***p<0.001 compared with the HCD group. 
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4. DISCUSSION 

A previous study reported that IO extract and its components (IPA and DPHC) showed an 

antidiabetic activity in diabetic mice [67,68]. However, the effect of IO extract, including IPA 

and DPHC as an agent for diabetes prevention has not yet been assessed on glucose 

homeostasis in skeletal muscle of HCD zebrafish. The enriched cholesterol diet increased blood 

glucose level, resulting in impairment of glucose tolerance [63,69]. Diabetes mellitus is defined 

clinically by fasting and postprandial glucose levels in response to a defined glucose load [70]. 

In this study, our data suggest that HCD can induce impairment of glucose tolerance in skeletal 

muscle of zebrafish via deregulation of glucose transport pathway. In particular, intensity of 

Glut4, as glucose transporters, time-dependently decreased in skeletal muscle of HCD 

zebrafish for 5 weeks. We confirmed that the HCD zebrafish model can be used for studying 

diabetes and its complications. 

We further assessed the maintenance of glucose homeostasis by IO extract and its components 

(IPA and DPHC) supplementation, zebrafish were fed HCD supplemented IO extract, IPA, 

DPHC, and Metformin for 2 weeks, followed additional 3 weeks of HCD. Previous studies 

reported that muscle and adipose may sense glucose and communicate changes of glucose flux 

to other tissues to maintain glucose homeostasis [70]. Glut4, as a key glucose transporter, plays 

a predominant role in maintenance of glucose homeostasis by translocation of Glut4 and 

expression in muscle [71]. The plasma membrane Glut4 protein was lower in skeletal muscles 

in mice with glucose intolerance [72]. IO extract and its components significantly increased the 

intensity of Glut4 in skeletal muscle of HCD zebrafish, suggesting the effect of IO extract and 

its components supplementation against decreased Glut4 translocation in HCD-induced 

glucose intolerance. 
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Glucose transport pathway maintained glucose homeostasis via insulin-dependent activation 

of PI3-K/Akt and insulin-independent activation of AMPK pathway [73]. Increased the protein 

expression level of AMPK was promoted glucose uptake via enhancing the translocation of 

Glut4 in skeletal muscle [74]. 

  



62 

 

5. CONCLUSION 

In summary, we indicated that HCD induced imbalance of glucose homeostasis in zebrafish 

via deactivation of glucose transport, resulting in the rise of blood glucose levels. We confirmed 

that IO extract, IPA and DPHC supplementation can stimulate to regulate glucose homeostasis 

in skeletal muscle of HCD zebrafish. IO extract including IPA and DPHC may help to improve 

the glucose tolerance and metabolism as potential nutraceutical application in prediabetes. 
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1. ABSTRACT 

Ishige okamurae (IO) has been reported to prevent diabetes through glucose metabolism. 

However, how glucose metabolism exerts a correlation with muscle contraction in skeletal 

muscle to maintain energy homeostasis remains largely unexplored. This study was 

investigated to evaluate the effects of an IPA and DPHC, as components of IO, on energy 

homeostasis through muscle contraction in zebrafish which is type 1 and type2 diabetes model. 

The results showed that CaMKⅡ and AMPK activation by IPA and DPHC treatment can induce 

glucose uptake resulting in the regulation of homeostasis via energy expenditure in diabetes 

zebrafish model. Furthermore, IPA and DPHC stimulated muscle contraction, which induced 

to change expression level Troponin C and I. Overall, IPA and DPHC can maintain energy 

homeostasis through muscle contraction in skeletal muscle of diabetes zebrafish model. IO 

including IPA and DPHC might be used as marine-derived nutraceuticals for glucose and 

energy homeostasis promoting effects in diabetes. 
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2. MATERIALS AND METHODS 

 

2.1. Chemicals and reagents 

Troponin I, Troponin C, 488-fluorescent anti-rabbit secondary antibody and ATP assay kit were 

obtained from Abcam (Cambridge, London, England). Perchloric acid (PCA), Potassium 

hydroxide (KOH), D-(+)-Glucose (Glucose), 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM), 2,4,5,6(1H,3H)-

Pyrimidinetetrone (Alloxan monohydrate), and 1,1-Dimethylbiguanide hydrochloride 

(Metformin) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  Alamar Blue were 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). Antibodies against 

Ca2+/calmodulin-dependent protein kinase Ⅱ (CAMK2) and GAPDH were obtained from Cell 

Signaling Technology (Bedford, MA, USA) and anti-rabbit secondary antibodies were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

 

2.2. 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 3.5 L acrylic tank according to the conditions; 28.5 ± 1 ˚C, fed two times a 

day (Tetra GmgH D-49304 Melle Made in Germany) with a 14/10 light/dark cycle. Embryos 

were mated, and spawning was stimulated by setting of light, after breeding 1 female and 2 

males interbreed. 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). 
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2.3. Hyperglycemic zebrafish model 

Wild-type zebrafish were exposed to 2 mg/ml alloxan for 1 h and transferred to 1% glucose for 

another 1 h. The media was then changed to water for 1 h, and zebrafish were injected with 

saline, IO extract, or IPA, or DPHC, or Metformin, with or without BAPTA-AM for 90 min. 

Adult zebrafish were divided into six groups: normal, alloxan-treated group, IO extract (10, 30, 

and 100 µg/g body weight), IPA (0.03, 0.1, and 0.3 µg/g body weight), DPHC (0.03, 0.1, and 

0.3 µg/g body weight), Metformin (5 µg/g body weight), BAPTA-AM (3 µg/g body weight), 

and BAPTA-AM (3 µg/g body weight) with IPA or DPHC (0.3 µg/g body weight). 

 

2.4. High cholesterol diet-fed zebrafish model 

Zebrafish were acclimated for 1 week. After acclimation, the zebrafish were fed a 4% high 

cholesterol diet (HCD) for 3 weeks, except for the normal group. And then, the zebrafish group 

were randomly assigned into 12 treatment groups: NCD/saline, HCD/saline, HCD/IO extract 

(1, 3, and 5%), HCD/IPA (0.0003, 0.001, and 0.003%), HCD/DPHC (0.0003, 0.001, and 

0.003%), and HCD/Met (1%). After 3 weeks, each group of zebrafish was fed a 4% cholesterol 

with or without IO extract, IPA, DPHC, and Met supplementation for 2 weeks. After 5 weeks, 

all zebrafish were measured fasting and postprandial blood glucose level and sacrificed on 

0.0006% MS-222 and muscle was isolated from zebrafish for immunofluorescence and western 

blot. 

 

2.5. Tissue preparation 
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Zebrafish muscle tissue was fixed in Bouin’s solution for approximately 24 h and subsequently 

transferred to 70% ethanol for storage. After dehydration and embedding in paraffin, the tissue 

block was sliced to 7 µm. 

 

2.6. Immunofluorescence staining assay 

Paraffin-sectioned slides were deparaffinized twice with xylene for 5 min, and hydrated in 

graded ethanol, and then incubated in antigen-retrieval solution for 5 min in the microscope. 

The slides were washed in running water for 5 min and then incubated in blocking solution for 

1 h. After three washes in phosphate-buffered saline (PBS), the slides were incubated for 

overnight at 4 °C with primary antibody; Troponin I and Troponin C. The primary antibody 

was diluted to 1:400 with blocking solution. The slides were washed with PBS, and then 

incubated with 488-fluorescent anti-rabbit secondary antibody for 2 h. The secondary antibody 

was diluted to 1:200 with blocking solution. After incubation for 2 h, the slides were washed 

with PBS, and mounted by mounting medium. The images were captured using the microscope 

(Gen 5 version 3.03, BioTek, Winooski, Vermont, U.S.). The intensity of the 

immunofluorescence staining, Image J software was used. 

 

2.7. Hematoxylin and Eosin staining 

Paraffin-sectioned slides were deparaffinized twice with xylene for 5 min. After serial 

incubation in EtOH and running water to rehydrate, the slides were stained with hematoxylin 

(DAKO, Carpinteria, CA, USA) for 2 min at room temperature. The slides were washed with 

running water for 5 min, stained with eosin (Sigma-Aldrich) for 30 s, and washed with running 
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water for 5 min. The slides were mounted by mounting medium. The images were captured 

using the microscope (Gen 5 version 3.03, BioTek, Winooski, Vermont, U.S.). The intensity of 

the immunofluorescence staining, Image J software was used. 

 

2.8. Western blot analysis 

Zebrafish muscle tissue were homogenized in lysis buffer using a homogenizer and then 

incubated for 10 min at 4 °C. The homogenates were centrifuged at 14,000 rpm for 15 min at 

4 °C. The protein was quantified by using BCATM protein assay kit and equal amount of 

proteins (30 µg) were separated using 10% SDS-polyacrylamide gel. The separated proteins 

were transferred to nitrocellulose membranes (GE Healthcare Life Science) and blocked for 3 

h with nonfat dry milk at room temperature. Membranes were incubated for overnight at 4 °C 

with primary antibodies; Ca2+/calmodulin-dependent protein kinase type Ⅱ (CaMKⅡ) and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). And then, membranes incubated with 

the secondary antibodies at 1:3000 dilutions for 2 h, protein bands were detected with 

chemiluminescence reagent (Maximum sensitivity substrate, Thermo Scientific). The images 

were captured using Fusion Solo apparatus (Vilber Lourmat) and measured using image J 

software. 

 

2.9. ATP assay 

Using 0.1 mM ATP standard dilution, a standard curve was generated following the ATP assay 

kit protocol (ab83355, Abcam, America). 10 mg of muscle tissue was harvested for each assay 

and washed in cold PBS. Tissue was homogenized in ice cold 2 N PCA with 10-15 passes. 
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Following maintaining on ice for 30-45 min, samples were centrifuged at 13,000 g for 3 min 

at 4 °C, and supernatant 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 13,000 g 

for 15 min at 4 °C, and supernatants were collected. The supernatants were transferred to 

individual wells of 96-well plates mixed with same volume of ATP reaction mix and incubated 

at room temperature for 30 min, protected from light. ATP levels in each sample was 

determined by measuring optical density (OD) at 570 nm using a microplate reader (Gen5 

version 2.05, BioTek, Winooski, Vermont, U.S.). The amount of ATP in the samples was 

calculated according to the standard curve. 

 

2.10. Alamar blue metabolic rate assay 

At 4 hours post-fertilization (hpf), 1 larva was transferred to the individual wells of 96 well 

plate with E3 embryo medium containing of 34.8 g NaCl, 1.6 g KCl, 5.8 g CaCl2•2H2O, and 

9.78 g MgCl2•6H2O in 1.95 L distilled water (DW) [75]. The metabolic rate of zebrafish larvae 

was measured by Alamar blue assay buffer. The assay buffer is supplemented to contain 1.667% 

E3 embryo medium, 96.233% DW, 0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich, Corp., 

St. Louis, MO), 1% (10×) Alamar Blue, and 400 mM sodium hydroxide. The IO extract (1, 3, 

and 10 µg/ml), IPA (0.3, 1.5, and 3 µM), DPHC (1.2, 6, and 12 µM), and Metformin (1, 3, and 

10 µg/ml) were tested for their effects on metabolic rate were added to the assay buffer at 28 °C. 

From 0 to 24 h, the metabolic rate in each sample was determined by excitation at 530 nm and 

emission at 590 nm using a microplate reader (Gen5 version 2.05, BioTek, Winooski, Vermont, 

U.S.) The metabolic rate of zebrafish larvae in the samples was calculate as follows: Relative 

change in fluorescence = change in fluorescence (each well) / Average change in fluorescence 
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(control). 

 

2.11. Statistical analysis 

All of data were presented as means ± standard deviation (S.D). The mean values were 

calculated based on data from at least three independent experiments which were conducted on 

separate days using freshly prepared reagents. All the experiments were statistically analyzed 

using one-way analysis of variance (one-way ANOVA) and Dunnet (in GraphPad Prism 

Version 5.03). A p-value of less than 0.05 (#p<0.05, ##p<0.01, and ### p <0.001) was considered 

statistically significant and compared with non-treated group. A p-value of less than 0.05 

(*p<0.05, **p<0.01, and ***p <0.001) was considered statistically significant and compared with 

no sample-treated group. 
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3. RESULTS 

 

3.1. Examination of Troponin C and I intensity in skeletal muscle of HCD zebrafish 

Muscle contraction in skeletal muscle is regulated by Ca2+ through specific regulatory proteins,  

tropomyosin and troponin [76]. Troponin C is Ca2+-binding component for muscle contraction. 

Troponin I is an inhibitory components of contractile interaction between myosin and actin in 

the presence of tropomyosin [77]. In order to assess whether the muscle contraction in skeletal 

muscle of zebrafish are affected by high cholesterol diet (HCD) for 5 weeks, we examined 

Troponin C and I intensity in HCD zebrafish every week using immunofluorescence. As shown 

in Fig. 3-1A and B, Troponin C intensity in skeletal muscle of HCD zebrafish time-dependently 

decreased to 0.87-, 0.75-, 0.75-, 0.56-, and 0.42-fold of NCD group. In addition, Troponin I 

intensity time-dependently increased to 1.39-, 1.51-, 1.70-, 1.78-, and 1.87-fold of NCD group 

(Fig. 3-2C and D). These data suggest that zebrafish was affected muscle contraction by HCD. 

We further examined the muscle contraction in skeletal muscle of HCD zebrafish with/without 

IPA and DPHC supplementation. 
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Fig. 3-1. Measurement of Troponin C & I intensity in skeletal muscle of HCD zebrafish. 

Zebrafish were fed HCD for 5 weeks. Representative (A) Troponin C and (C) Troponin I 

immunofluorescence images of skeletal muscle in HCD zebrafish at each time point. 

Quantitative graph was show level of (B) Troponin C and (D) Troponin I intensity from 

representative images and Image J software was used for measurement at each time point. 

Scale bar = 100 µm, Data are expressed as mean ± SE. * Values having different superscript 

are significantly different at *p<0.05, **p<0.01 and ***p<0.001 compared with NCD group. 
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3.2. Changes of Troponin C and I intensity by IPA supplementation on muscle contraction 

in HCD zebrafish 

To assess whether the dysfunction of muscle contraction in HCD zebrafish were improved by 

IPA, we evaluated Troponin C and I intensity in skeletal muscle of HCD zebrafish using 

immunofluorescence. The zebrafish were fed a 4% HCD for 3 weeks, except for the normal 

group. After 3 weeks, zebrafish was fed a 4% HCD with or without IPA (0.0003, 0.001, and 

0.003%), and Metformin (1%) supplementation for 2 weeks. As shown in Fig. 3-3, Troponin C 

intensity significantly decreased to 0.49-fold of NCD group. The IPA supplementation was 

significantly increased to 0.84-, 0.94, and 0.98-fold of HCD group. In addition, Troponin I 

intensity significantly increased to 1.6-fold of NCD group (Fig. 3-2). However, the IPA 

supplementation was significantly decreased to 1.27-, 1.16-, and 0.96-fold of HCD group. As 

a results, we suggest that the increased troponin C and I intensity by IPA could improve energy 

metabolism through an increasing cytosolic Ca2+ levels in the skeletal muscle of HCD zebrafish. 
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Fig. 3-2. Effect of IPA on Troponin C and I intensity increase of skeletal muscle in HCD 

zebrafish. Representative (A) Troponin C and (C) Troponin I immunofluorescence images 

of skeletal muscle in HCD zebrafish model. Quantitative graph was show level of (B) 

Troponin C and (D) Troponin I intensity by IPA from representative images and Image J 

software was used for measurement. Scale bar = 100 µm, Data are expressed as mean ± SE. 

* and # Values having different superscript are significantly different at ###p<0.001 compared 

with NCD group; * p <0.05, and ** p <0.01, and *** p <0.001 compared with HCD group. 
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3.3. Histological changes of skeletal muscle by IPA supplementation 

To examine whether the histological changed skeletal muscle in HCD zebrafish was affected 

by IPA supplementation for protection of skeletal muscle, we investigated the effect of IPA on 

the change in morphology by using hematoxylin and eosin (H&E) staining. As shown in Fig. 

3-3, the size of skeletal muscle from the histological changes in HCD zebrafish was decreased 

compared with that in NCD zebrafish, whereas the size of skeletal muscle was increased in the 

HCD/IPA and HCD/1%Met. This data suggested that IPA supplementation could protect 

against histological changed skeletal muscle that occurs in HCD-induced imbalance of energy 

metabolism. 
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Fig. 3-3. Histological changes of skeletal muscle by IPA supplementation in HCD 

zebrafish. Representative histological changes of skeletal muscle by IPA supplementation 

in HCD zebrafish model using H&E staining. Scale bar = 100 µm. 
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3.4. Changes of Troponin C and I intensity by DPHC supplementation on muscle 

contraction in HCD zebrafish 

To assess whether the dysfunction of muscle contraction in HCD zebrafish were improved by 

DPHC, we evaluated Troponin C and I intensity in skeletal muscle of HCD zebrafish using 

immunofluorescence. The zebrafish were fed a 4% HCD for 3 weeks, except for the normal 

group. After 3 weeks, zebrafish was fed a 4% HCD with or without DPHC (0.0003, 0.001, and 

0.003%), and Metformin (1%) supplementation for 2 weeks. As shown in Fig. 3-4A and B, 

Troponin C intensity significantly decreased to 0.48-fold of NCD group. The DPHC 

supplementation was significantly increased to 0.53-, 0.94, and 1.01-fold of HCD group. In 

addition, Troponin I intensity significantly increased to 1.58-fold of NCD group (Fig. 3-4C and 

D). However, the DPHC supplementation was significantly decreased to 1.62-, 1.09-, and 0.98-

fold of HCD group. As a results, we suggest that the increased troponin C and I intensity by 

DPHC could improve energy metabolism through an increasing cytosolic Ca2+ levels in the 

skeletal muscle of HCD zebrafish. 
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Fig. 3-4. Effect of DPHC on Troponin C and I intensity increase of skeletal muscle in 

HCD zebrafish. Representative (A) Troponin C and (C) Troponin I immunofluorescence 

images of skeletal muscle in HCD zebrafish model. Quantitative graph was show level of 

(B) Troponin C and (D) Troponin I intensity by DPHC from representative images and Image 

J software was used for measurement. Scale bar = 100 µm, Data are expressed as mean ± 

SE. * and # Values having different superscript are significantly different at ###p <0.001 

compared with NCD group; *p <0.05, **p <0.01, and ***p <0.001 compared with HCD group. 
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3.5. Histological changes of skeletal muscle by DPHC supplementation 

To examine whether the histological changed skeletal muscle in HCD zebrafish was affected 

by DPHC supplementation for protection of skeletal muscle, we investigated the effect of 

DPHC on the change in morphology by using hematoxylin and eosin (H&E) staining. As shown 

in Fig. 3-5, the size of skeletal muscle from the histological changes in HCD zebrafish was 

decreased compared with that in NCD zebrafish, whereas the size of skeletal muscle was 

increased in the HCD/DPHC and HCD/1%Met. This data suggested that DPHC 

supplementation could protect against histological changed skeletal muscle that occurs in 

HCD-induced imbalance of energy metabolism. 
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Fig. 3-5. Histological changes of skeletal muscle by DPHC supplementation in HCD 

zebrafish. Representative histological changes of skeletal muscle by DPHC 

supplementation in HCD zebrafish model using H&E staining. Scale bar = 100 µm. 
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3.6. Change of the CaMKⅡ expression level by IPA and DPHC in zebrafish muscle tissue 

To examine the CaMKⅡ that are involved in the improvement of glucose tolerance by IPA and 

DPHC in the muscle of alloxan-induced hyperglycemic zebrafish as type 1 diabetes model and 

HCD zebrafish as type 2 diabetes model. As shown in Fig. 3-6A, IPA-injected group 

significantly increased the CaMKⅡ level reduction in hyperglycemic zebrafish muscle. 

Whereas BAPTA-injected group was inactivated these proteins and unchanged in the presence 

of IPA. In addition, DPHC-injected group significantly increased the reduced CaMKⅡ level of 

muscle in hyperglycemic zebrafish, whilst this increase was abolished with BAPTA-injected 

group (Fig. 3-6B). 

As shown in Fig. 3-7, the CaMKⅡ level of muscle was significantly decreased by HCD. 

However, IPA and DPHC supplementation significantly increased the CaMKⅡ level reduction 

in muscle of HCD zebrafish. Also, the CaMKⅡ level was significantly increased by Metformin 

supplementation. These data suggest that IPA and DPHC can improve the glucose homeostasis 

by muscle contraction in type 1 and type 2 diabetes model. 
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Fig. 3-6. The CaMKⅡ expression level by IPA and DPHC in hyperglycemic zebrafish 

muscle tissues. The zebrafish exposed to 0.6% glucose and then injected with (A) IPA (0.3 

µg/g) or (B) DPHC (0.3 µg/g) or Metformin (5 µg/g) for 90 min. Zebrafish were pre-injected 

with BAPTA-AM (3 µg/g) for 1 h. Tissues were analyzed CaMKⅡ by western blotting and 

signal intensity were evaluated by the Fusion FX7 acquisition system (Vibert Lourmat, 

Eberhardzell, Germany). Data expressed as the mean ± SE, n = 4 per group. ###p<0.001; 

compared to non-treated group, **p<0.01, and ***p<0.001; compared to control. N.S; No 

Significant. 
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Fig. 3-7. The CaMKⅡ expression level by IPA and DPHC in HCD zebrafish muscle 

tissues. Zebrafish were fed HCD supplemented (A) IPA (0.0003, 0.001, and 0.003%, 

HCD/IPA), (B) DPHC (0.0003, 0.001, and 0.003%, HCD/DPHC) and Metformin (1%, 

HCD/Met) for 2 weeks followed by additional 3 weeks of HCD. Tissues were analyzed 

CaMKⅡ by western blotting and signal intensity were evaluated by the Fusion FX7 

acquisition system (Vibert Lourmat, Eberhardzell, Germany). Data are expressed as mean ± 

SE. * and # Values having different superscript are significantly different at ###p<0.001 

compared with the NCD group; ***p<0.001 compared with the HCD/Saline group. N.S; No 

Significant. 

 

 

  

(B)(A) p-CaMKⅡ

CaMKⅡ

p-CaMKⅡ

CaMKⅡ
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3.7. Measurement of ATP level by IPA and DPHC in zebrafish muscle tissue 

The Ca2+ release into the myofibril induced to initiate the muscle contraction resulting in the 

increasing ATP demand via the activity of the myosin and Ca2+ ATPases [50]. In addition, 

AMPK modulate between reduction of ATP consumption and increasing of ATP production as 

energy sensor [61]. To assess the ATP level through energy homeostasis, we used an alloxan-

induced hyperglycemia zebrafish as type 1 diabetes model and High cholesterol diet (HCD) 

zebrafish as type 2 diabetes model. As shown in Fig. 3-8A, IPA significantly increased the ATP 

level reduction in hyperglycemic zebrafish muscle. However, upon ATP reduction, BAPTA-

injected group was unchanged regardless of IPA treatment. Additionally, DPHC treatment 

modestly increased the reduced ATP level of skeletal muscle in hyperglycemia zebrafish, whilst 

this increase was abolished with BAPTA-AM treatment (Fig. 3-8B). This result showed that 

the cytosolic Ca2+ release from SR by IPA and DPHC is indispensable for its effect of glucose 

and energy homeostasis in hyperglycemic zebrafish upon suppression of insulin secretion. 

In Fig. 3-9, the ATP level of skeletal muscle was significantly decreased by HCD. However, 

IPA supplementation significantly increased the ATP level reduction in HCD zebrafish muscle 

(Fig. 3-9A). Also, DPHC supplementation significantly increased the ATP level reduction in 

HCD zebrafish muscle (Fig. 3-9B). In addition, the ATP level was significantly increased by 

Metformin. As a result, we suggest that IPA and DPHC can induce ATP production through 

improved glucose tolerance in HCD zebrafish. 
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Fig. 3-8. Measurement of ATP levels in an alloxan-induced hyperglycemia zebrafish 

muscle tissues. Zebrafish were injected with BAPTA-AM (3 µg/g body weight) for 1 h, after 

which the zebrafish were injected with (A) IPA (0.3 µg/g body weight) or (B) DPHC (0.3 

µg/g body weight) for 90 min. Experiments were performed in triplicate and the data are 

expressed as mean ± SE, n = 3 per group. * and # Values having different superscript are 

significantly different at *p<0.05 compared with the no sample-treated group; ### p<0.0001 

compared with the non-treated group. 

 

  

Alloxan (2 mg/ml) - + + + + +

Glucose (0.6%) - + + + + +

IPA (0.3 μg/g) - - + - - -

Metformin (5 μg/g) - - - + - -

BAPTA-AM (3 μg/g) - - - - + -

BAPTA-AM+IPA - - - - - +

Alloxan (2 mg/ml) - + + + + +

Glucose (0.6%) - + + + + +

DPHC (0.3 μg/g) - - + - - -

Metformin (5 μg/g) - - - + - -

BAPTA-AM (3 μg/g) - - - - + -

BAPTA-AM+DPHC - - - - - +

(B)(A)



86 

 

 

 

 

 

 

 

Fig. 3-9. Measurement of ATP levels in HCD zebrafish muscle tissues. Zebrafish were 

fed 4% HCD supplemented (A) IPA (0.3 µg/g body weight) or (B) DPHC (0.3 µg/g body 

weight) for 2 weeks followed by additional 3 weeks of HCD. Experiments were performed 

in triplicate and the data are expressed as mean ± SE, n = 3 per group. * and # Values having 

different superscript are significantly different at **p<0.01 and ***p<0.001 compared with 

HCD group; ### p<0.001 compared with NCD group. 

 

  

(B)(A)
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3.8. Improvement of energy expenditure from IPA and DPHC 

We examined the effect of IPA and DPHC energy expenditure in zebrafish larvae. The larvae 

were exposed IPA (0.3, 1.5, and 3 µM) and DPHC (1.2, 6, and 12 µM) for 24 h and energy 

expenditure was assessed using an Alamar blue assay. As shown in Fig. 3-10A and C, IPA and 

DPHC showed the energy expenditure with increasing fluorescence, at each time point 

compare to the control group. The area under the curve (AUC) of fluorescence change suggest 

to evaluate the degree of the energy expenditure in IPA and DPHC treatment (Fig. 3-10B and 

D). The AUC of fluorescence change in IPA and DPHC treatment was significantly increased, 

compared to the control group. These data suggest that IPA and DPHC can induce energy 

expenditure for homeostasis. 
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Fig. 3-10. Detection of energy expenditure IPA and DPHC using Alamar blue. The larvae 

were exposed to IPA (0.3, 1.5, and 3 µM), and DPHC (1.2, 6, and 12 µM) with Alamar blue. 

Energy expenditure was measured from relative change in Fluorescence in response to 

addition of (A) IPA and (C) DPHC. Area under the curve (AUC) from the energy expenditure 

in all zebrafish groups at each time point. Data are expressed as the mean ± SE (n = 4 for 

each group). * Values having different superscript are significantly different at ***p<0.001 

compared with the non-treated group. 

 

  

(B)(A)

(D)(C)



89 

 

4. DISCUSSION 

Homeostasis is the maintenance of stable internal environment which means regulating many 

parameters including blood glucose level and energy status in human [78,79]. In skeletal muscle, 

the efficient energy expenditure is decreased in diabetes mellitus including type1 and type2 

[17,18]. In addition, muscle contraction in skeletal muscle is a highly effective prophylactic 

against the hyperglycemia associated with the diabetes mellitus and induce glucose uptake by 

signaling pathways [6,7]. Moreover, during muscle contraction, energy expenditure is 

conducted by the molecular components including AMPK and CaMKⅡ [16,80]. 

AMPK, an important cellular energy sensor, regulates metabolic energy balance at the whole-

body level [81]. Previous study reported that activation of AMPK increased the NAD+/NADH 

ratio in skeletal muscle cells resulting in energy expenditure [82]. In our study, AMPK activation 

by IPA and DPHC treatment can induce energy expenditure resulting in the regulation of 

homeostasis in diabetes zebrafish model. 

In addition, AMPK and CaMKⅡ activation promotes Glut4 translocation and increases glucose 

uptake directly in skeletal muscle [9,33]. Previous study showed that caffeine treatment was 

induced the activation of CaMKⅡ by muscle contraction via release of Ca2+ from the SR in rat 

muscle [83]. We confirmed that IPA and DPHC can activate CaMKⅡ in skeletal muscle tissue 

of diabetes zebrafish by western blot analysis. Our result showed that IPA and DPHC can 

stimulate the activation of CaMKⅡ which was intermediated by cytosolic Ca2+ in skeletal 

muscle of diabetes zebrafish. 

The major energy-consuming processes are release and uptake of by the SR and the actomyosin 

interaction [84]. The energy source during the muscle contraction is provided by adenosine 5'-

triphosphate (ATP) [15]. ATP is produced from glucose through the glycolytic pathway. In 
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addition, AMPK could regulate the reduced ATP consumption and increase ATP production in 

skeletal muscle [14]. Cells were known to cause metabolic disease such as obesity and diabetes 

by breaking the mechanisms involved in controlling metabolism by suppressing energy 

consumption when energy is lacking [85]. We suggest that IPA and DPHC can stimulate the 

activation of AMPK, it is associated to reduce ATP consumption and increase ATP production 

through glycolytic pathway resulting in the maintenance of energy homeostasis in diabetes 

zebrafish. 

We further examined the Ca2+-induced Troponin C and I intensity in skeletal muscle of diabetes 

zebrafish. Muscle contraction is switched on and off by the troponin and tropomyosin reacting 

in concert to changes in cytosolic Ca2+ levels. Troponin C initiate structural changes between 

the thin filaments and thick filaments in response to cytosolic Ca2+ level. Troponin I is an 

inhibitor of the contractile ATPase in muscle [86]. In our study, IPA and DPHC can stimulate 

muscle contraction via increasing cytosolic Ca2+ level in skeletal muscle of diabetes zebrafish. 

Therefore, findings from this study applicate a mechanistic and integrative approach linking 

muscle contraction by IPA and DPHC in skeletal muscle as a potential therapeutic mechanism 

to improve energy metabolism without distinguishing type 1 and type 2. 
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5. CONCLUSION 

In conclusion, the present study demonstrates that IPA and DPHC can stimulate muscle 

contraction resulting in the maintenance of energy homeostasis in muscle of diabetes zebrafish. 

We expect Ishige okamurae including IPA and DPHC to become a useful ingredient in 

processed foods and dietary supplements that will have glucose and energy homeostasis 

promoting effects in diabetes. 
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Fig. 3-11. Mechanism of glucose homeostasis in skeletal muscle 
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