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Abstract The aim of this study is to examine the effect of
Caulerpa okamurae ethanol extract (COE) on glucose metabolism
and insulin sensitivity as one of the drug targets for treatment of
type2 diabetes. COE significantly inhibited protein tyrosine
phosphatase (PTP1B) and dipeptidyl peptidase-IV (DPP-IV)
enzyme activities in vitro assay. Also, COE significantly enhanced
the glucose uptake and the expression of insulin receptor
substrate-1 (IRS-1) and glucose transporterd (GLUT4) proteins in
3T3-L1 adipocytes or zebrafish larvae compared with control. In
dexamethasone-induced resistance model of L6 myotubes, the
protein expression of insulin signaling and glucose uptake was
effectively increased by the treatment of COE. In contrast, the
elevated phosphorylation of IRS-1 Ser307 was normally suppressed
by treatment of COE. However, COE had no effect on insulin
secretion in pancreatic beta cells. Thus, our results suggest that
COE improves the glucose metabolism and insulin sensitivity
through the regulation of insulin signaling and GLUT4 protein in
insulin’s target cells and zebrafish larvae.
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A28 TR doiRle 55, AAEEH, AT T

dRlem MAE = ZloR 7R ol 7A] AR olf= &

HA JA FoH1]. ST 28D (hyperglycemia), 1EHAT

A(insulin resistance) ¥ FthHQl 2d&Ed H=S EAo=7 3§
&

= IHel 3 gelo|u2]. AHEES] ol&d EH]
T EIEY FE RSOl wisle wE Asdd A2 9
AEAY A duke] olag ¥ (incretin) S 2F2] EAd3lol] <3
ZAHAZITH3,4]. 283 BH|H A& XY i lade
B 24 (target tissue)l| W} ThEA AEE=E 253 AW
QM= QJ&d A EH(insulin signaling) A=} T FEA
(glucose transporter)?] B335 F5 AZUZE T S5 (glucose
uptake)s EZIAZITHS,6]. =3 d&Ede 7hxA9] ¥ &
Tl FHAASA| R F2 & 2AS AAEl] 5 EEF %
E A7) A ol ARREA e A8 et
Ae dayE =& B JAA|, Jdediy] 34, Jd&d
A JNAA, 2= A JAA, T A dAA=E
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F57h AEAAS Fo| AT F Jor= AW TiAlet <l
SUNEE NANTIHA F218-] Aol A2 G&3Q
AR 2] shde] 7= ATH8-10].

SHEF (Caulerpay= 73715 (Codiales)ll &3l= =37 (green
algae)ZA A MAIFSZE 2049F ol dEA Jout vt
o= Caulerpa okamurae 3t F7ro] M2l e Aoz &
A AT v 222 AdBE C lentillifera= 213
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Ayze] RS2 ggFua i g, HEY FolM &
21=3 QITH12]. mIe] AR e 22k ulo] @A)
MtS BXo2 SHILRF AR e fa i At o
T R mHg FFolt). dAA] FEE Ee OHE
Aol AA, ksl Axe 17 7 &3t 549 94
(lectin) /3i&2] AJFF &l A =Fo] BH v} UoH12-
14]. ¥ Aol & in vitro, AEAEA, AI} 5EA
d RIS o]&dte] SHIRF FolA el AMHsteE C
okamurae®} =+ FAF C. lentillifera FE=2] IAVIAZS
NANZ = U= HRE71AE B4 A3, C okamurae
F2ES XNAWAL 2B C lentillifera FEEL F TIAL
Eolzel a3s Wdsks 2o Hugh vl u15,16]. # A
TFoME= C okamurae FEE] XA AL o]9dl] X U
AtEI e F-ESAE Hrlsle A2 Bl X5 Ee F
28 5 sl AT U A =ee FE 78 JIA
4 2ALe FEEaA}t S

Az 2y
Aot

Insulin, 4-nitrophenyl phosphate bis(cyclohexyl-ammonium)
salt (NPP), 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide (MTT), bovine serum albumin, Oil Red O, 2-
mercaptoethanol, anti-B-actin antibody, insulin, dexamethasone
(DEX), 3-isobutyl-1-methylxanthine (IBMX)<= Sigma-Aldrich
(St. Louis, MO, USA)ZFH Y331 tt. Dulbecco’s modified
Eagle’s medium (DMEM), newborn calf serum (FCS), fetal
bovine serum (FBS), phosphate buffered saline (PBS), trypsin-
EDTA, penicillin-streptomycin Hyclone (Longan, UT, USA)
ol U319tk 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-
2-deoxyglucose (2-NBDG)+= Invitrogen (Carlsbad, CA, USA)
2RE Y393, Gly-Pro-AMCS Ana Spec, Inc. (San Jose,
CA, USA)ZHE FY3I93L, interleukin (IL)-1B} interferon
(IFN)-y2 R&D (Minneapolis, MN, USA), rat insulin kit
Mercodia Developing Diagnostics (Mercodia, Uppsala, Sweden)
ZRE YA Glucose Transporter Type 4 (GLUT4)
primary antibody®} secondary antibody (anti-rabbit, anti-mouse)
+ Santa Cruz Biotechnology (Dallas, TX, USA)lA 3}
93, p-IRSI (insulin receptor substrate 1), IRS1, p-IRSI
(ser 307), p-AKT (protein kinase B, PKB), AKT, p-AMPK
(5' AMP-activated protein kinase), AMPK primary antibody<
Cell Signaling Technology (Danvers, MA, USA)°A 434
t}. Nitrocellulose membrane> Bio-radAHA2, g=h)ollA T4
SR, Al B Bule 55 e 189 A ARSI

F2E Az

A A=t Aol AFS SHZH(C. okamurae)yS HE) 8
I s Et e vk Sa B4 He ERIHETH
FHE 2gZe 15°C AR AF7] B2 OF 12417 ©1o]
FAPE S AANT S HEE vHEsle] GEs 4dE] Al
ANZE. 28 Tl 100% EtOHS d71ete] FEdh= 34

2 oJgstn Aol IR
B2 I ol FAVEIE olga) $AAEA 9T
1 gaidn). 99 oue

Dipeptidyl peptidase-IV (DPP-IV) ¥
phosphatase 1B (PTP1B) &4 84
DPP-IV 82 &7 oAllee thaat 22 20N A=
Black 96-well plate®] Z} wellol mouse serum 10 pL, COE
25 25uL, 50 M Gly-Pro-AMC 25 uLE 23. 60% 5<t
37°CollA REGAIZITE IAIZE § kg A ARl 3 M acetic
acidE 70 ul¥ 718l VICTOR™ Multilabel Plate Reader
(PerkinElmer, MA, USA)2| excitation 370 nm, emission 440
nmellA FE-S 573t

PTPIB &4 &4 AT p-NPPE 7|H=E o|&3t &<l
28l HeE =43l ddsisity. PTPIB (0.05 pg/ul) &9,
20mM p-NPP (0.1M NaCl, 1mM EDTA, 50 mM citrate,
pH 6.0, ImM DTT) &9 ¥ COE FE&&EL H7/MN71Z
37°ColA 3087F WhSA1Z1 & 10N NaOH 10 pLs 37}t
32 FAAZ th2ell 410 nmellA F3=E 231

protein tyrosine

Axujg 2 E3i=
Ao AMgH 2E HEFE American Type Culture Collection
(ATCC; USA)C 22X ¥ Wit} RIN-mSF Fgwleby 22}t
L6 ZSAIEZE 5% CO, 37°C w7114 100 Units/mL
penicilin, 100 pg/mL streptomycin, 2.5 ug/mL amphotericin B,
10% FBS7F 39 RPMII640 5= DMEM HjA| Z70)|A
SR, 3T3-L1 AATAEE 5L vidza9 10%
FCS7} $H-El DMEM HIX| ZZoA wjd=3ich 28 AlZF
£ 2dni) AAE e 2 BEsPAA Aldiejdsie] g AL
Elri L=

3T3-L1 AEAPAMEE XA EZ E3A7]7] 2151 6-well
plateol] 1x10° cells/well2 53132 100% confluent JE]7} =
H B3lfx= EZF< 5pg/mL insulin, 1 uM DEX, 0.5mM
IBMXS} 10% FBS7} $-7+¥ DMEM HiA| 2 w3sle R332
FeRen, 29 & 5ug/mL insuline] ¥£3¥ DMEM (10%
FBSHIA 2 w3k}t o] 25¥E 29 7H S22 DMEM (10%
FBSHIAZ B33l 49 5 Aol o]&3rh Lo <54l
Z¥E 10% FBS7} 349 DMEM wjA| 2 ujoFat o 80-90%
confluent JEN7F =W 3= 317] $I8t 459 & 2%
FBS 3+ DMEM uix|2 =3gic}. 28 tho| myotube’t
PAHE Ao o] g3

MNEEA

3T3-L1 AATHEE 96-well platecl] 1x10%3 5x10° cells/
well2 531 37°C, 5% CO, incubatoroll 4] 24A]7F wl<¥s}
St 1 theell COE FEES FH7IslaL tA] 24 e 484]
7F vieFstAth. RIN-mSF #7 WERM EZ = 96-well plateo]
well & 1x10°8 B33 12A07F 59 slA ] 3 3A17F &
¢t COE F=EZ =3A17]2 IL-1p (2 ng/mL)2} IFN=y (100
UmL) 225 718t Tl 48717F F<t wjdsisint. A3o]
555%™ MTT (1 mg/mL) &L 7} wellel]l 200 uL¥ H7}a}



J Appl Biol Chem (2021) 64(1), 89-96

91

I 4N7F EeH BESAIZ T MTT 848 A7 ZF wellol
DMSO %23 108 %ol 540 nm (Immuno Mini NJ-2300)°114
FHAEE 2A3l] 2 A3E control FHoll Hi3h ISR AXkS)
A}t L6 ZSAHIEE 96-well platedl] 5x10° cells/well2 £33}
I 3= £ 0.5 uM DEXE 24X7F B9 Hrbsisivh. 1™
T2 COE FEES 93 24A7F viYAIFIZL cell counting
Kit-8 (Dojindo Laboratory, Kumamoto, Japan) 892 2A]7}
HESAIZl 3 450 nm (Immuno Mini NJ-2300)o4 S3=E

Z2Asle] 2 A= control Zoll tisk v &2 AAkeIATh

ded §qF
RIN-m5F F G b ZE 24-well plateol] 2x10° cells/well =
B3 $of IL-1B (2ng/mL), IFN-y (100 UmL), COE FZ
S AUtslal 48A17F 5t wkeAIRITh ' ol Ml
odlof] EH)E ol&d 7S Rat Inulin ELISA KitE ©]-8-3}
st g

Glucose uptake

3T3-L1 AAIEe] el oz As Alxy 2=9
A3 A=E 43 flsted 3T3-L1 AAAA 2= 1x10°
cells/well 2 L6 ZSAIXE 5x10° cells/well2 black 96-well
platec] E53l3 viFsIth E3HEE Alztele 0dAHH
COE FE=8 Ags & dgo] TxH Al siAE AAs}
3 2-NBDG &9& 3T3-L1 AHAHEAN= 150 pg/mL, L6 &
SAZoNE 0 uM FEE F718IT) 308 Fo| PBSE 23
A28k VICTOR3™ Multilabel Counter (PerkinElmer, MA,
Boston, USA)9] excitation 485 nm, emission 535 nmelx 3
Z& Z7sk] control #holl the HIEE ALFeIiTh

Western blot

Aol TEH AEZE PBS §do2 23] A F lysis
buffer (PRO-PREP protein extraction solution, 1EEH}o] Q|
IERA], ML, F=HE E 4°CoA 1087F SaA17IT Al
EZ AR 13,000 rpm, 4°CollA 2087 94Re|ske] A
N Bt Tl S At Zhzke] oA whily
30uge F3te SDS loading buffer (60mM Tris, 25%
glycerol, 2% SDS, 0.5% 2-mercaptoethanol, 0.1% bromophenol
blue)?} &3+ & 10% SDS polyacrylamide gelell loadingd}<]
71953} nitrocellulose membrane®l] oA Th ©] %o
membraneS 5% FAEF7F H7HE TTBS (10mM Tris, 100
mM NaCl, 0.1% tween 20) 8] Wil JFo|A] 1AI7F F<F
blocking A171t}. TTBS &40 2 1087 33 A3 5 A3}
84 (p-IRS1, IRSI, p-AKT, AKT, GLUT4, p-AMPK, AMPK
1:1000)2 2417 5t RESAIZL Th&ell ThA] TTBS €92 = 3
3] AlFsldt. 2 vl peroxidase”} XFE 228 (goat
anti mouse 1:2000, goat anti rabbit 1:2000)Z 1417} <t wF
SAZASL A &S chemiluminescent substrate &S o]
43to] 71A1s}lslaZ UVP (Image acquisition and  analysis
software, Visionwork™LS)2 #2515t} ol wo] A=
24749 total @ 2 B-actin® 2 H|w FHFs}eISiT).

Axzs A 2 3 §5°%

AgHerietdn $EEAARAATAZRE B 22 wild
type2] 3| zebrafishi= 14 h light/10h darkness®] cycle 571,
28°C 23 pH 7.0& FX3tHAA <8st= o4 A=H
(Zebtec Stand Alone, Italy)?] 3ol 10-157k] A= €& &
A B 2ha<]-8 Hoe] Gemma Micro ZF 300 (Skretting Zebrafish;
Tooele, UT, USAYE 3l 3 FHA ALS3199t}E. Embryo
ANHA= A zebrafish G5 A3 244]7F o] embryo =
FE Fxo 2a td 257 A1E 2217F ool embryos
AABAT. ANFHE embryo= 8 F ¢F 6 hpf (hours post-
fertilization) & W 96-well plate 2] welloll 200 uLe] E2
vl ] (zebrafish embryo medium)E 2> T welld 17} <
embryos %71 ¥ 7 dpf (day post-fertilizationy7F<] A§74A1H
T}, Zebrafish larvaed] COE FZEE 24A7F 59 =34
T ALY 718 A=E G T AATE sUS
Ao AFL AP3 T welld 600 uM 2-NBDG £-H<
AlZE BRF =EFAIZ F E2 WA E ol&ate] 3 A& AH
ol COE FE2ES =E2AIZ thaoll tXE 7t &
B FFHu|7 (Leica, Wetzlar, Germany)> & #2sly 2
9T}, Zebrafish larvae®] ¥4 7=+ Image] programe ARE-

sto] g Fsfslaint.

4

B o oy BN L

(|

ol
-

A 4

RE A¥dvke 33] obd wiEsIem, Wit + 92K (standard
error, SE)2 X &3IHT} 7} &+ 7+e] 2}oli= Graphpad Prism<]
One way-ANOVA (analysis of variance) *]2] ¥ AM574&
Dunnett’s testE ©1-&3t59™, p<0.05 TN I8 U=
Aoz ATt

23 0 23

COES] DPP-IV¢$} PTPIB E4 84 JAI&}
A AFEH HH ] ¥ 24 52821 glucagon-
like peptide-1 (GLP-1y7F £0]=l0] A7 WEMZ] 4 8 <l
=4 25 FNA 939 2T wEE AL
SHAIRE GLP-1 22 ZE20] w7 28 A== vy &2
o] Rallsle @47 BEE DPP-IVe|t}18]. DPP-4 AA|
T sxo vdEsk] ded BHE S/ 28 ©
EAQl WAl A wep ] 7 AHskE A
o]t} COE FEE2 X155 H/BKA &= tix
o H]a] DPP-IV &4 4 JAExE foo=z Yeple
, 1000 pg/mL F%EolA] DPP-IV Z40] 20% A% HJAEE
Ao & VERITHFig 1A).

oA ErlE Q&2 & 48 (insulin receptor, IR)
o} A ded 784 71F 1 (IRS-1)Y] Ele|ZA(tyrosine)
7] ikl F7kE AL led Asddo] SAslEe T
A GLUT4 @S Ao g frste] 5 Eus Alx
Y2 EFA 8F I 52 2d8319-21]. PTPIBE
A& AlsAG7|ZoM R 2 IRS-19] Elo]2Al 7] <laks}
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Fig. 1 Effect of COE on DPP-IV (A) and PTPIB (B) enzyme activities. Data displayed reflect the mean SE (n=6) of the three independent
experiments and analyzed by one-way analysis of variance followed by Dunnett’s test. *p <0.05, **p <0.01, ***p <0.001 versus control
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Fig. 2 Effect of COE on cell viability (A) and insulin secretion (B) in RIN-m5F pancreatic beta cells. RIN-m5F cells (1X10° or 2x10°) cultured in 96-
or 6-well plates were treated with the indicated concentration of COE for 3 h, followed by stimulation with IL-1p (2 ng/mL) and IFNg (100 U/mL) for
48 h. Cell viability was determined using MTT assay and insulin secretion in the culture medium was measured using rat insulin ELISA kit. Data
displayed reflect the mean + SE (n =6) of the three independent experiments and analyzed by one-way analysis of variance followed by Dunnett’s test.

*p <0.05, **p <0.01, ***p <0.001 versus normal (without treatment)
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< Folatd WEE 71% 1 ds] s e Ry
v AoH25]. #% WIEES] RIN-mSF Al2E2] Alo]E71I(IL-
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Fig. 3 Effect of COE on glucose uptake (A) and protein expression of p-IRS (B) and GLUT4 (C) in 3T3-L1 adipocytes. Confluent 3T3-L1
preadipocytes were differentiated into adipocytes for 6 days (from day 0 to day 6). Fully differentiated 3T3-L1 adipocytes were treated with COE for
24 h followed by treatment with or without 2-NBDG, a fluorescent derivative of glucose as a glucose analogue for 30 min. Glucose uptake was
measured using fluorescence reader. The expression of GLUT4 was determined using western blot techniques. Insulin (100 nM) was used as a positive
control. Data displayed reflect the mean + SE (n =6) of the three independent experiments and analyzed by one-way analysis of variance followed by
Dunnett’s test. *p <0.05, **p <0.01, ***p <0.001 versus control
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Fig. 4 Effect of COE on mortality and malformation (A) and glucose uptake (B) of zebrafish larvae. The fertilized eggs were collected and placed in
96-well culture plates. After 7 dpf, the larvae were treated with COE (125, 250, and 500 pg/mL) and 2-NBDG (600 uM) for 12 or 24 hpf, and then the
mortality and malformation were observed. Whole-larvae images were detected by fluorescence microscope. Green color is the signal of fluorescence.
Data are presented as the mean =+ standard error of the three independent experiments and analyzed by one-way analysis of variance followed by
Dunnett’s test. Magnification is 80. *p <0.05, **p <0.01, ***p <0.001 versus control
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Fig. 5 Effect of COE on cell cytotoxicity (A) and glucose uptake (B) in L6 myotubes. L6 cells were induced to differentiate with 2% horse serum (HS)
and treated as indicated. After 24 h exposure with 0.5 uM dexamethasone (DEX), L6 myotubes were further treated with or without 250 pg/mL of
COE for 24 h. Cell viability was determined using WST assay at 450 nm and glucose uptake was measured using 2-NDBG. COE 250; addition to 250
pg/mL of COE, DEX 0.5; addition to 0.5 uM of dexamethasone. Data displayed reflect the mean + SE (n =6) of the three independent experiments and
analyzed by one-way analysis of variance followed by Dunnett’s test. *p <0.05, **p <0.01, ***p <0.001 versus normal (without treatment); “p <0.05,
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Fig. 6 Effects of COE on expression levels of various regulatory proteins in dexamethasone induced insulin resistance model of L6 myotubes. L6 cells
were induced to differentiate with 2% horse serum and treated as indicated. After 24 h exposure with 0.5 uM dexamethasone (DEX), L6 myotubes
were further treated with or without 250 pg/mL of COE for 24 h. COE 250; addition to 250 pg/mL of COE, DEX 0.5; addition to 0.5 uM of
dexamethasone. Data are presented as the mean =+ standard error (n=3) and analyzed by one-way analysis of variance followed by Dunnett’s test.
*p <0.05, **p <0.01, ***p <0.001 versus normal (without treatment); “p <0.05, *p <0.01, **p <0.001 versus DEX
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