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Summary

It is well known that the imbalance between vasoconstriction and vasodilation is
deeply related to cardiovascular diseases, especially hypertension (HTN)[1, 2]. Vascular
endothelial cells (EC) and vascular smooth muscle cells (VSMC) are the essential
components of a typical vessel wall. These two types of cells would cooperate to
managing the contraction and relaxation to balance the vascular tone under different
physiological conditions. [3-5]. It has been reported that the main problems of HTN are
associated with vascular changes characterized by endothelial dysfunction and increased
vascular contraction [6, 7]. Based on these viewpoints, the main concepts to reduce blood
pressure (BP) could be considered to generate vasodilating factors in EC and decrease
the contraction effect in VSMC. Further, resulting in enlarging the vessel diameter and
increasing the blood flow rate.

Ecklonia cava (E. cava) and Ishige okamurae (10) are famous for the different
biological activities, including antioxidant, anti-inflammatory, attenuation of endothelial
cell dysfunction, and anti-hypertension, in numerous studies [8-11]. Son et al. have
indicated that E. cava ethanol extract (ECE) significantly alleviates BP in a mouse model
of HTN. Furthermore, dieckol (DK), a polyphenolic compound present in ECE, has been
suggested as one of the bioactive components responsible for the potential ACE
inhibitory activity [12, 13]. Notably, 10 ethanol extract (IOE) and its bioactive
substances, diphlorethohydroxycarmalol (DPHC), have shown the remarkable ability to
regulate endothelial-dependent vasodilation [14]. However, the molecular signaling
pathways were rarely mentioned. Therefore, in the present study, we aim to investigate
the vasodilative effect of ECE, DK, IOE, and DPHC and also its molecular signaling

pathway in vitro and in vivo.
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The endothelial-dependent vasodilation mechanisms are indicated closely related to nitric
oxide (NO), a principal regulator of endothelial vasodilator produced from L-arginine by
endothelial nitric oxide synthase (eNOS) in the presence of oxygen and the cofactors
calcium ([Ca?*]) and calmodulin (CaM) [15]. A previous study has indicated that
genetically deficient eNOS mice are hypertensive, with lower circulating NO levels, thus
indicating the critical role of eNOS and NO in Cardiovascular disease [16, 17].
Furthermore, the [Ca?*] in the endoplasmic reticulum (ER) ([Ca?*]er) has long been
proposed as a critical factor in regulating eNOS activity, resulting in vasodilation [17].
[Ca?*] homeostasis is affected by acetylcholine (Ach) or vascular endothelial growth
factor (VEGF), which plays a major role in regulating vasodilation by increasing the
[Ca2*] levels presented in the cytosol ([Ca?*]eytor) Via calcium influx, further promoting
the expression of downstream proteins such as eNOS [18, 19]. Additionally, the increased
expression of phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway directly
phosphorylates eNOS, thereby increasing its binding to intracellular CaM, activating
eNOS, and promoting NO release [18, 20]. Hence, the increase in NO production
effectively dilates the vascular tone to enhance vasodilation. Thus, in the first part, we
investigated the endothelial vasodilation effect of ECE, DK, IOE, and DPHC. We
observed that all the samples could successfully be generated NO by increasing [Ca?*]er
and [Ca?*]eytol levels and the PI3K/Akt/eNOS expression. Thus, we suggested that ECE,
DK, IOE, and DPHC, these natural marine resources, can efficiently enhance endothelial-
dependent vasodilation.

VSMCs contractile mechanism and [Ca?*] handling are another major controlling
point to achieve vasodilation. An increase in free intracellular [Ca?*] can result from
either increased influx of [Ca?*] from the extracellular space or the increased [Ca?*]

release from sarcoplasmic reticulum (SR) stores ([Ca?*]sr) in VSMC. Moreover, the free
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[Ca?*] binds to a special protein, calmodulin (CaM), and the [Ca?*]-CaM complex would
further activate the phosphorylation of myosin light chains kinase (MLCK), a kinase
enable to interact with myosin light chain (MLC) and actin then lead to contraction [21].
Therefore, the VSMC relaxation occurs only when there is reduced phosphorylation of
MLC. In the second part of the study, we aim to verify the relaxation effect of ECE, DK,
IOE, and DPHC in VSMC; we have used the EC-VSMC coculture system to mimic the
composition of the human vessel and studied its interaction. Based on our results, we
found that the NO stimulated by samples in EC would reduce the [Ca?*]cyto1 and also the
decreased expressions of CaM and p-MLC/MLC ratio in VSMC. In particular, the results
demonstrated that DK has a high potential to be the vasodilator.

After knowing that DK and DPHC effectively promote the vasodilator NO in EC
then further resulting in vasorelaxation in VSMC in vivo experiments. In the third part,
we targeted to confirm the vasodilation property in vitro model. The zebrafish model has
previously revealed several essential insights into vascular structure development and
helped verify underlying molecular mechanisms [22]. In order to confirm all the results
of in vivo, the wild-type zebrafish (Danio rerio) and Tg(flk: EGFP) transgenic zebrafish
were employed for further experiments. The previous study has shown that contractile
marker would increase the expression within the period between 4 dpf and 6 dpf [23].
Therefore, we made up a vasocontraction model by exposing the zebrafish to the classic
vasoconstricting agent, Phenylephrine hydrochloride (PE), to determine the vasoactivity
at 5 dpf. Further, to evaluate the vasodilation effect of DK and DPHC by measuring the
associated cardiovascular parameters such as blood flow (nL/s), linear velocity (uM/s),
vessel diameter (uM), and arterial pulse (beats per min). As expected, DK and DPHC
treatments effectively promoted vasodilation by increasing the diameter of the dorsal

aorta, further regulating blood flow velocity and arterial pulse in the zebrafish model.
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In summary, we suggested that the DK and DPHC, which were isolated from
Ecklonia cava and Ishige okamurae, exerted vasodilatory property by regulating the
calcium signaling and activating the PI3K/Akt/eNOS in EC and further relaxing the
VSMC by decreasing the CaM and p-MLC expressions. The vasodilative results were
performed in the zebrafish model by showing the increased dorsal aorta diameter, further
regulating blood flow velocity and arterial pulse. Based on the present study results, DK
and DPHC have a high potential to be developed into a vasodilator for further HTN

treatment.

Keywords: Ecklonia cava; Ishige okamurae; diphlorethohydroxycarmalol; dieckol,
endothelial-dependent NO production, hydrogen sulfate; calcium; calmodulin; smooth

muscle cell; myosin light chain; zebrafish; vasodilation
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the mean +* standard deviation (S.D.) of three independent experiments. * p < 0.05,
“p<0.01. ™ p <0.001, significant difference com-pared to the control group.
DPHC: diphlorethohydroxycarmalol; PI3K: phosphoinositide 3-kinase; Akt:

protein kinase B; eNOS: endothelial nitric oxide synthase. ...........cccccceeveveiiennenn, 18

Figure 1- 8 Quantification of the [Ca?*]cytol levels stimulated by different

concentrations of ECE and IOE in EA.hy926 cells. The traces (A, C) and box plots
(B, D) indicating the levels of [Ca?*]eytol. For statistical significance, each sample
treatment group was compared to the control group. Experiments were performed
in triplicates. “ p < 0.05, ™ p < 0.01, and ™™ p < 0.001. ns: not significant; AUC:
area under the curve; [Ca?*]cytol: calcium level in the cytosol; PSS: physiological
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Figure 1- 9 Quantification of the [Ca?*]cytol levels stimulated by different

concentrations of DK and DPHC in EA.hy926 cells. The traces (A, C) and box
plots (B, D) indicating the levels of [Ca?*]cytol. For statistical significance, each
sample treatment group was compared to the control group. Experiments were
performed in triplicates. * p < 0.05, ** p <0.01, and *** p < 0.001. ns: not

significant; AUC: area under the curve; [Ca?*]cytol: calcium level in the cytosol;

PSS: physiological salt SOIULION. .........c.ccoveiiiiiiie e 21

Figure 1- 10 Computational prediction of the AchR and docking stimulation with

DK/DPHC. (A) Specific interaction between the DK and the ligand. (B) Two-
dimensional (2D) diagram of ligand-AchR and DK and DK complex (C) The
results of interaction energy and binding energy of DK-AchR complex. (D)
Specific interaction between the DPHC and the ligand. (B) Two-dimensional (2D)
diagram of ligand-AchR and DPHC complex (C) The results of interaction energy

and binding energy of DPHC-AChR COMPIEX ......cccvevviiiiieiiie e 24
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Figure 1- 11 Computational prediction of the VEGFR2 and docking stimulation with
DK/DPHC. (A) Specific interaction between the DK and the ligand. (B) Two-
dimensional (2D) diagram of ligand-VEGFR2 and DK (C) the results of
interaction energy and binding energy of DK-VEGFR2 complex. (D) Specific
interaction between the DPHC and the ligand. (B) Two-dimensional (2D) diagram
of ligand- VEGFR2 and DPHC complex (C) The results of interaction energy and
binding energy of DPHC- VEGFR2 compleX ......cccocviieiieieiieie e, 25

Figure 1- 12 Influence of specific antagonists on [Ca?*]cytol levels in EA.hy926 cells
treated with DK. (A) Traces (B) and box plots indicating [Ca?*]cytor levels in
response to treatment with DK and antagonists. (C) Effect of DK on NO
production in EA.hy926 cells pre-treated with 100 uM of atropine, SU5416, and
nifedipine. The NO levels were detected by adding 10 uM of 4 ami-no-5-
methylamino-2’, 7’-difluorescein diacetate (DAF-FM DA). (D) Possible
mechaninsms. Experiments were performed in triplicates. Each column and bar
represent the mean + standard deviation (S.D.). ™ p < 0.01. ™ p < 0.001,
significant difference compared to the control group. ns: not significant; AUC:
area under the curve; DPHC: diphlorethohydroxycarmalol; [Ca?*]eytor: calcium
level in the CYIOSOL. .....oouiiiiec e 28

Figure 1- 13 Influence of specific antagonists on [Ca®*]cytol levels in EA.hy926 cells
treated with DPHC. (A) Traces (B) and box plots indicating [Ca?*]cytol levels in
response to treatment with DPHC and antagonists. (C) Effect of DPHC on NO
production in EA.hy926 cells pre-treated with 100 uM of atropine, SU5416, and
nifedipine. The NO levels were detected by adding 10 uM of 4 ami-no-5-
methylamino-2', 7'-difluorescein diacetate (DAF-FM DA). (D) Possible

mechaninsms. Experiments were performed in triplicates. Each column and bar
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represent the mean + standard deviation (S.D.). " p < 0.05, ™ p < 0.001 significant
difference compared to the control group. n.s: non-significant different; CaM:
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Figure 2- 12 Expression of CaM and phosphorylated myosin light chain (p-MLC) in
HCASMC treated with different concentrations of DPHC. (A) The examples of the
western blot (B) The relative level of CaM/a-SMA (C) The relative level of p-
MLC/ MLC. Experiments were performed in triplicates. Each column and bar
represent the mean + standard deviation (S.D.). " p <0.05, ™ p <0.01,and ™ p <
0.001 significant difference compared to the control group. n.s: non-significant
different; CaM: CalmOodUulin...........coooiiiiiiiie e 61
Figure 2- 13 Immunofluorescence analysis of HCAEC under the DK treatments. (A)
The images were represented the CaM expression (B) The analysis of fluorescence
intensity under the treatment of different concentrations of DK. Experiments were
performed in triplicates. Each column and bar represent the mean + standard
deviation (S.D.). "p < 0.05, ™ p <0.01, and ™ p < 0.001 significant difference
compared to the control group. n.s: non-significant different; CaM: Calmodulin. 63
Figure 2- 14 Immunofluorescence analysis of HCAEC under DPHC treatments. (A)
The images were represented the CaM expression (B) The analysis of fluorescence
intensity under the treatment of different concentrations of DPHC. Experiments
were performed in triplicates. Each column and bar represent the mean + standard
deviation (S.D.). " p < 0.05, ™ p < 0.001 significant difference compared to the
control group. n.s: non-significant different; CaM: Calmodulin. ............c.cccccee. 64
Figure 2- 15 Double-label immunofluorescence analysis of HCASMC under the DK
treatments. (A) The images were represented the CaM and p-MLC expression (B)

The analysis of fluorescence intensity under the treatment of different
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concentrations of DK. Experiments were performed in triplicates. Each column
and bar represent the mean + standard deviation (S.D.). " p < 0.05, ™ p < 0.001
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Figure 2- 16 Immunofluorescence analysis of HCASMC under the DPHC treatments.
(A) The images were represented the CaM and p-MLC expression (B) The
analysis of fluorescence intensity under the treatment of different concentrations of
DPHC. Experiments were performed in triplicates. Each column and bar represent
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the mean + standard deviation (S.D.). “p < 0.05, ™" p < 0.001 significant
difference compared to the control group. n.s: non-significant different; CaM:
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Figure 2- 17 Expression of CaM and phosphorylated myosin light chain (p-MLC) in
HCASMC treated under different concentrations of DK. (A) The examples of the
western blot (B) The relative level of CaM/a-SMA (C) The relative level of p-
MLC/ MLC. Experiments were performed in triplicates. Each column and bar
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represent the mean + standard deviation (S.D.). *p < 0.05, ™ p < 0.001 significant
difference compared to the control group. n.s: non-significant different; CaM:
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Figure 2- 18 Expression of CaM and phosphorylated myosin light chain (p-MLC) in
HCASMC treated under different concentrations of DPHC. (A) The examples of
the western blot (B) The relative level of CaM/a-SMA (C) The relative level of p-
MLC/ MLC. Experiments were performed in triplicates. Each column and bar
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Figure 3- 1 The graphic represented the protocol of the vasoconstriction model in
ZEDTATISN ... 79
Figure 3- 2 The protocol of evaluation of associated cardiovascular parameters in the
ZeDrafish MOGEL..........ooiiiie s 81
Figure 3- 3 The survival rate of the zebrafish embryos under-sample treatments. The
test was based on the exposure of newly fertilized zebrafish eggs to different DK,
DPHC, and PE concentrations for up to 120 h (n=15 per treatment, three
replicates). Embryos were observed at each time point under the stereomicroscope
(magnification used in the stereomicroscope for observations was 4x). (A)
different concentrations of DK treatment (B) different concentrations of DPHC
treatment. DK; diekol, DPHC: diphlorethohydroxycarmalol ...................c.cccocu...... 83
Figure 3- 4 The toxicity and heartbeat rate of the zebrafish larva under different
concentrations of PE treatments. The test was based on the exposure of zebrafish
larva to different concentrations of PE for 24 h (n=10 per treatment, three
replicates). ™ p < 0.001 compared to the control group. Zebrafish larva was
observed under the stereomicroscope (magnification used in the stereomicroscope
for observations was 10 x). PE: Phenylephrine hydrochloride...............cccccvrnnee. 85
Figure 3- 5 DK and DPHC induce vasodilation in the whole-body vessle in a Tg(flk:
EGFP) transgenic zebrafish model. (A1) and (B1) Representative images of the
Tg(flk: EGFP) transgenic zebrafish larva’s whole body under the DK and DPHC
treatments; all images were captured using a fluorescence microscope (4x). (A2)
and (B2) Quantification of the whole-body fluorescence intensity under the DK
and DPHC treatments, respectively. Each column and bar represent the mean +

standard deviation (S.D.), n = 8 per group. #p < 0.05, #p < 0.01, #* p < 0.001,
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significantly different between PE group and control group. “ p < 0.05, ™ p <
0.001, significantly different between the PE group and sample treatment groups;
ns: not significant; DK; diekol, DPHC: diphlorethohydroxycarmalol. PE:
Phenylephrine hydroChloride. ..........cocoeiieiiiiiiicce e 87
Figure 3- 6 DK and DPHC promote the vasodilation by enlarging the vessel diameter in
a Tg(flk: EGFP) transgenic zebrafish model. (Al) and (B1) Images of the vessel
were captured using a fluorescence microscope (20x). (a—f) were represented the
change of diameter under sample treatments. (A2) and (B2) Measurement of the
DA diameter. Each column and bar represent the mean * standard deviation (S.D.),
n = 8 per group #*p < 0.05, *#p < 0.01, ¥* p < 0.001, significantly different between
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PE group and control group. ~ p < 0.05, ™ p < 0.001, significantly different
between the PE group and sample treatment groups. DK; diekol, DPHC:
diphlorethohydroxycarmalol. PE: Phenylephrine hydrochloride. .......................... 89

Figure 3- 7 The image was demonstrated by the MicoZebraLab software. The
MicoZebralab application from ViewPoint (Version 3. 4. 4, Lyon, France) was
used to evaluate and calculate the cardiovascular parameters. ...........cc.cveveveiennnn. 90

Figure 3- 8 Measurements of arterial pulse under the treatments of different
concentrations of DK and DPHC. The change of arterial pulse (bear per min)
under DK (A) and DPHC (B) treatments. Each column and bar represent the mean
+ standard deviation (S.D.), n = 8 per group. " p < 0.05, ™ p < 0.001, significant
difference compared to the control group; # p < 0.05, *# p < 0.01, #* p < 0.001,
significant different compared to the PE group. DK; diekol, DPHC:
diphlorethohydroxycarmalol. PE: Phenylephrine hydrochloride. .............ccccoeveie. 91

Figure 3- 9 Measurements of blood flow and mean blood velocity under the treatments

of different concentrations of DK and DPHC. The change of blood flow (nL/min)
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under (A) DK and (B) DPHC treatments. The change of mean blood velocity
(uM/s) under (C) DK and (D) DPHC treatments. Each column and bar represent
the mean #* standard deviation (S.D.), n = 8 per group. #p < 0.05, *#p < 0.01, #* p
< 0.001, significantly different between PE group and control group. * p < 0.05, ™~
p < 0.001, significantly different between the PE group and sample treatment
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Part1

Bioactive compounds isolated from Ecklonia cava and Ishige okamurae
promote vasodilation in endothelial via calcium signalling and
PI13K/Akt/eNOS pathway



1.1.Introduction

Under physiological conditions, the vascular endothelium plays a critical role in regulating
the vascular tone and blood pressure (BP) by generating vasodilating and vasoconstricting
factors to suppress cardiovascular diseases (CVD) (e.g., hypertension, acute coronary
syndromes) [3-5]. Nitric oxide (NO) is a well-known vessel-relaxing factor produced from L-
arginine by endothelial nitric oxide synthase (eNOS) in the presence of oxygen and the
cofactors Ca?* and calmodulin [15]. A previous study has indicated that genetically deficient
eNOS mice are hypertensive, with lower circulating NO levels, thus indicating the critical role
of eNOS and NO in CVD [16, 17]. The cytosolic [Ca?*] ([Ca?*] cytol) can either increase due
to influx from the cytosol through specific calcium channels expressed on the cell surface or
by release from intracellular stores such as the endoplasmic reticulum (ER) [24]. Furthermore,
ER [Ca?*] has long been proposed as a critical factor in regulating eNOS activity, resulting in
vasodilation [17]. Calcium homeostasis is affected by acetylcholine (Ach) or vascular
endothelial growth factor (VEGF), which plays a major role in regulating vasodilation by
increasing [Ca?*]cytol levels via calcium influx, further promoting the expression of downstream
proteins such as eNOS [18, 19]. Furthermore, the increased expression of Akt directly
phosphorylates eNOS, thereby increasing its binding to intracellular calmodulin, activating
eNOS, and promoting NO release [18, 20]. Thus, the increase in NO production effectively
dilates the vascular tone to prevent cardiovascular diseases.

Ecklonia cava (E. cava) and Ishige okamurae (1O) are famous for the different biological
activities, including antioxidant, anti-inflammatory, attenuation of endothelial cell dysfunction,
and antihypertension, in numerous studies [8-11]. Son et al. have indicated that E. cava ethanol
extract (ECE) significantly alleviates BP in a mouse model of HTN. Furthermore, dieckol (DK),
a polyphenolic compound present in ECE, has been suggested as one of the bioactive

components responsible for the potential ACE inhibitory activity [12, 25]. Notably, 10 ethanol



extract (IOE) and its bioactive substances, diphlorethohydroxycarmalol (DPHC), have shown
the remarkable ability to regulate endothelial-dependent vasodilation [14]. However,
investigations on the antihypertensive effects of ECE, IOE, and their bioactive compounds
have primarily focused on ACE inhibition; [Ca?*] homeostasis in vascular endothelial cells, a
crucial feature of vasodilation that could improve vascular health and function, needs to be
evaluated. Therefore, in the present study, we investigated the vasodilatory effect of ECE, DK,

IOE, and DPHC and also its molecular signalling pathway in vitro.



1.2.Material and methods

1.2.1. Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM) and penicillin/streptomycin solution were
purchased from GIBCO (Grand Island, NY, USA). Fetal bovine serum (FBS) was obtained
from Merck (Sacramento, CA, USA); dimethyl sulfoxide (DMSQ) and 3-(4-5-dimethyl-2yl)-
2-5-diphynyltetrasolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The intracellular NO production was detected using DAF-FM DA (Thermo Fisher
Scientific, Waltham, MA, USA); the total NO production was measured using the Griess assay
(Promega Corporation, Madison, W1, USA). Calcium levels were quantified using Fluo-4-AM
dye (1-[2-amino-5-(2,7-difluoro-6-hydroxy-3-0x0-9-xanthenyl)phenox-yl]-2-(2-amino-5-
methylphenoxy) ethane-N, N, N’, N'-tetra acetic acid, pentaace-toxymethyl ester) (Thermo
Fisher Scientific, Waltham, MA, USA). Atropine, a specific AchR antagonist, was purchased
from Sigma Aldrich. SU5416, a VEGFR2 inhibitor, was obtained from Tocris Bioscience

(Bristol, UK).

1.2.2. Extraction and isolation of DK

In brief, the method for preparing ECE and DK is as follows: EC was collected in April on
Jeju Island, South Korea. First, EC was washed with running water to remove salt, sand, and
epiphytes attached to the surface. Then, it was lyophilized and ground to obtain a dry powder.
Dried EC powder was extracted with 50% ethanol at room temperature for 24 h. Isolation of
DK was performed according to a previously published method [26]. The BUCHI pure
chromatography system (BUCHI, Pure C-850 FlashPrep, Switzerland) was used for DK
separation. Chromatography was performed on a reverse-phase YMC Pack ODS-A column
(250 x 20 mm i.d. and 5um particle size). The mobile phase consisted of a water-methanol

(MeOH) gradient process (0 min, 90:10 v/v; 0-12 min, 90:10 v/v; 12-36 min, 85:15 v/v; 36-68



min, 80:20 v/v; 68-80 min, 0:100 v/v). The gradient elution was performed as follows: the flow

rate was 9 mL/min, and the injection volume was 2 mL. Detection was performed at 230 nm.

1.2.3. Extraction and isolation of DPHC

DPHC isolation was performed as previously described [13]. In brief, 1O leaves were collected
from Jeju Island, South Korea. 10 specimens were washed with running water to remove salt,
sand, and epiphytes attached to the surface. Next, 10 specimens were lyophilized and ground
to obtain a dry powder. Dried 10 powder was extracted in 50% ethanol under refluxing
conditions. The extract was concentrated and freeze-dried. Centrifugal partition
chromatography (CPC) (CPC240, Tokyo, Japan) was performed with a portion of the extract.
The CPC solvent system was composed of a mixture of n-hexane, EtOAc, MeOH, and H20.
Further purification was performed using an HPLC system (Milford, Massachusetts, USA)
equipped with a YMC-Pack ODS-A column (YMC Co., Ltd., Kyoto, Japan). The sample was

eluted using an isocratic solvent system.

1.2.4. EA.hy926 cells culture and cytotoxicity analysis
Human cardiovascular endothelial cell line EA.hy926 was acquired from the American

Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in DMEM supplemented
with 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10% FBS. Cells were grown in a
humidified incubator at 37 °C, in an atmosphere with 5% (v/v) CO.. Cells at 2-5 passages were
used for all experiments. An MTT assay assessed EA.hy926 cell viability. A total of 1 x 10°
cells/well (180 uL of cell suspension) were seeded in a 96-well plate and incubated at 37 °C
for 24 h. Cells were treated with different concentrations (6, 20, and 60 uM) of DPHC for
another 24 h. Then, 100 pL (concentration: 2 mg/mL) of MTT was added to the wells, and cells
were incubated for 2 h. After 2 h, the medium was replaced with 150 pL of DMSO. The

5



supernatant was collected, and the absorbance was measured using a microplate reader at 540

nm (Synergy HT, BioTek Instruments, Winooski, VT, USA).

1.2.5. Evaluation of the intracellular NO production
DAF-FM DA is a fluorescent probe used to detect intracellular NO. DAF-FM DA is a cell-

permeable deacetylated form of DAF-FM and is hydrolyzed by intracellular esterases to form
a cell-impermeable DAF-FM reacts with NO. Therefore, the fluorescence intensity in cells was
used to evaluate intracellular NO levels [45]. EA.hy926 cells were pre-incubated with 10 uM
of DAF-FM DA reagent for 30 min in the dark. The mean fluorescence intensity was then

measured using a spectrofluorometer (Synergy HT, BioTek Instruments, Italy).

1.2.6. Measurement of the intracellular H2S levels
The isolated were incubated in Krebs-HEPES solution (in mM: 119 NaCl, 4.6 KClI, 1.2

CaCl2-2H;0; 0.4 KH2PO4, 1 MgSO4-7H20, 5 NaHCOs3, 5.5 glucose, 20 HEPES, and 0.15
NaH2POs4, pH =74, at 37 °C) containing 50 uM Washington State Probe-5 (WSP-5, Cayman
Chemical, Ann Arbor, MI, USA), a fluorescence sensor for H»S. After a 30-minute incubation,
the samples were treated into cells. The fluorescence was quantified by a blinded investigator

calculating the integrated density using a spectrofluorometer (Synergy HT, BioTek Instruments,

Italy).

1.2.7. Quantification of the cytosolic calcium levels

By definition, cytosolic Ca?* levels refer to the concentration of calcium ions in the cytosol
([Ca?*]eytol). Physiological salt solution (PSS) (140 mM NaCl, 5.9 mM KCI, 1.4 mM
MgCl;-6H20,, 10 mM HEPES, 11.5 mM glucose, 1.2 mM NaH2PO4, 5 mM NaHCOg, and 1.8
mM CacCly, at pH 7.4 with NaOH) was used as the basal reagent. To measure [Ca®*lyo levels,

6



the Ca?* -sensitive Fluo-4 probe was dissolved in PSS. EA.hy926 cells were seeded in 96-well
plates overnight when they reached approximately 80% confluence. Next, 1x Fluo-4 was added,
and cells were incubated for 30 min at 37 °C in the dark. The cells were rinsed twice with 1x
phosphate-buffered saline (PBS), and 50 uL of 1x PBS was added to the wells. Fluorescence
intensity was measured for 10 s at 1-s intervals. The cells were then treated with 1x PSS
(Control); ECE (3, 10, 30, and 100 pg/ml); 10E (3, 10, 30, and 100 ug/ml); DK (4, 13, 40, and
134 uM); DPHC (6, 20, 60, and 100 uM). All the samples were dissolved in 0.1% bovine serum
albumin (BSA). After the treatment, fluorescence was detected for another 50 s at 1-s intervals.

To investigate the relationship between samples (DK and DPHC) and AchR, VEGFR2,
and voltage-dependent calcium channel activation, cells were pre-treated for 30 min with 100
UM of atropine, an AchR antagonist, and 100 uM SU5416, a VEGFR?2 antagonist, and 100 pM
of nifedipine, the L-type calcium channel blocker. The 1x Fluo-4 fluorescent dye was added,
and cells were incubated for another 30 min at 37 °C in the dark. Calcium levels were then
measured as described earlier. The box plot data represent the mean value of the AUC

calculated from 0 to 60 s. The error bars indicate the maximum and minimum values.

1.2.8. Western blot analysis
EA.hy926 cells were treated with different concentrations (0, 6, 20, and 60 uM) of DPHC.

After 24 h, cells were washed and harvested with ice-cold PBS and lysed with a lysis buffer on
ice for 1 h. Lysates were centrifuged at 12,000 rpm for 20 min, and the protein concentration
in the supernatant was evaluated with a BSA protein assay kit (Bio-Rad, Hercules, CA, USA).
Next, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
with 10% gel. Proteins were transferred onto a nitrocellulose membrane. Membranes were
incubated at 4 °C overnight with the following primary antibodies added separately: anti-f3-

actin (sc-47778, Santa Cruz Bio-technology, CA, USA; 1:1000), anti-p-AKT (sc-377556,

7



Santa Cruz Biotechnology; 1:1000), anti-p-eNOS (#9571S, Cell Signalling Technology,
Danvers, Massachusetts, USA; 1:1000), and anti-p-PI3K (#17366S, Cell Signalling
Technology; 1:1000) dissolved in 5% skim milk. Immunoblots were incubated for another 2 h
at room temperature with specific secondary antibodies (1:3000). Protein bands were
ultimately developed and photographed using the FUSION SOLO Vilber Lourmat system,
Paris, France. The Image J 1.50i software (NIH, USA) was used for quantifying the band

intensities.

1.2.9. Statistical analysis

All experiments were conducted in triplicates, and data are shown as mean * standard
deviation. Statistical analysis was performed using the one-way analysis of variance (ANOVA)
with Dunnett’s post hoc test with the Prism 5.0 software (Graph Pad Software, La Jolla, CA,
USA). The following p-values were considered statistically significant, and they have been

illustrated with asterisks in all figures: * p < 0.05, ** p < 0.01, and *** p < 0.001.



1.3.Results

1.3.1. Evaluation of cytotoxicity and intracellular NO concentrations under the ECE,
DK, IOE, and DPHC treatments

The cytotoxicity was shown in Figure 1-3. We found that there were not toxic when used
ECE, IOE, and DK. However, in DPHC treatments, the 100 uM was slightly decreased. NO
production is dynamically correlated with concentrations of the stimulatory agent and the
incubation time. Our previous study used the DPHC (60 uM) to investigate the optimal time
for NO formation in EA.hy926 cells. The NO production levels were significantly increased
starting from 30 min. The peak was observed at 24 h [14]. Therefore, a 24-h incubation period
was selected as the optimal incubation time for further experiments. Next, we investigated the
levels of dose-dependent NO production in EA.hy926 cells treated with different
concentrations of all the samples (ECE, DK, IOE, and DPHC). We observed that 30 and 100
ug/ml of ECE and IOE could significantly increase the NO levels (Figure 1-4A and 4C).
Compared to the DPHC (Figure 1-4D), the DK demonstrated a higher ability to induce NO

levels in EC (Figure 1-4B).
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Figure 1- 1 Extraction and fractionation of E.Cava. (A) The E.Cava powder was extracted with 50% ethanol and
fractionated with Hexan, Chloroform, Ethyl acetate, and n-butanol. (B) and (C) The BUCHI pure chromatography
system was used for DK separation. Chromatography was performed on a reverse-phase YMC Pack ODS-A column
(250 x 20 mm i.d. and 5um particle size). DK was obtained from ethyl acetate solvent fraction of 50% ethanol extract
of brown seaweed E.Cava after though FlashPrep system purification.
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Figure 1- 2 Extraction and fractionation of I. okamurae. (A) The |. okamurae powder was extracted with 50% ethanol
and fractionated with Hexan, Chloroform, Ethyl acetate, and n-butanol. (B) and (C) Liquid chromatography — Mass
Spectrometry (LC-MS/MS) analysis of DPHC, DPHC was obtained from ethyl acetate solvent fraction of 50%
ethanol extract of brown seaweed |. okamurae after though FlashPrep system purification.
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Figure 1- 3 Measurements of cytotoxicity under the sample treatments. Cells were treated with different
concentrations of (A) ECE, (B) DK, (C) IOE, and (D) DPHC. Each column and bar represent the mean + standard
deviation (S.D.). * p < 0.05, significant difference com-pared to the control group. DPHC:

diphlorethohydroxycarmalol; ns: not significant.
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Figure 1- 4 The levels of intracellular NO. The EA.hy926 cells were treated with different concentrations of (A)
ECE, (B) DK, (C) IOE, and (D) DPHC. Experiments were performed in triplicates. Each column and bar represent
the mean + standard deviation (S.D.). * p < 0.05, ** p < 0.01. *** p < 0.001, significant difference compared to

the control group.
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1.3.2. Intracellular H2S levels induced by DK and DPHC treatments

Hydrogen sulfide (H2S) is an important endogenous physiological signaling molecule and
exerts protective properties in the cardiovascular system, such as vasodilation [27]. We sought
to determine whether DK and DPHC improve the intracellular H2S levels in EC. Indeed, DK
and DPHC treatments promoted the H.S levels in time-dependent and dose-dependent trends
compared to control. Within 35 min, we observed that a significant difference was detected

from 10 min, and DK induced higher concentrations compared to DPHC (Figure 1-5).
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Figure 1- 5 The intracellular H2S levels induced by different concentrations of DK and DPHC treatments. (A)

different concentration of DK. (B) different concentrations of DPHC. For statistical significance, each time-point

was compared to the 0 min of each concerntractions. Experiments were performed in triplicates. “ p < 0.05, ™ p <

0.01, and ™ p < 0.001. ns: not significant
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1.3.3. ECE, DK, IOE, DPHC promoted phosphorylation of the PI3K/Akt/eNOS
pathway in E.A.hy926 cells

Since phosphorylation of PI3K and Akt promotes eNOS activity and further enhances NO
production [14], we evaluated whether the enhancement of NO production was related to this
pathway; protein expression levels of p-PI3K, p-Akt, and p-eNOS were examined by Western
blotting of EA.hy926 cells treated with different concentrations of ECE, DK, IOE, and DPHC.
The relative levels of p-PI3K showed a significant increment only at 100 pg/ml of ECE and
IOE (Figure 1-6B and 6F). However, compared to DK (only the group of 134 uM), DPHC
showed a significant increase at 20, 60, and 100 uM (Figure 1-6B and 6F). Besides, compared
to the control group, the ECE treatments (30 and 100 pg/ml) and IOE (100 pg/ml) enhanced p-
Akt expression (Figure 1-6C and 6G). Then, the remarkably increments of ,-Akt were observed
at different dosages of DK treatments (Figure 1-7B). However, only 100 uM of DPHC
treatment demonstrated a significant increment compared to control (Figure 1-7G). eNOS, the
most important protein directly related to NO formation. The expression of p-eNOS showed a
significant increment at 100 pg/ml of ECE and (30 and 100 pg/ml) of IOE compared to control
(Figure 1-7D and 7H). On the other hand, the DK and DPHC could effectively enhance the p-
eNOS expression in a concentrations-dependent manner in Figures 1-7D and 7H. Based on
these results, we knew that all the samples could promote the expressions of PI3K/Akt/eNOS
at appropriate dosages. Thus, we hypothesized that DPHC might stimulate the endothelial-

dependent NO formation through the PI3K/Akt/eNOS signaling pathway.
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Figure 1- 6 Evaluation of vasodilation-associated proteins expression under ECE and I0E treatments. (A)(E)
Representatives Western blot analysis. Quantification of phosphorylated (B) p-PI13K (C) p-Akt (D) p-eNOS (d)
in EA.hy926 cells treated with different concentrations of ECE; and the quantification of phosphorylated (F) p-
PI3K (G) p-Akt (H) p-eNOS in EA.hy926 cells treated with different concentrations of IOE. The protein bands
were ultimately developed and photographed with the FUSION Solo Vilber Lourmat system. Quantitative data
were analysed using Image J 1.50i soft-ware (NIH, USA). Results are expressed as the mean + standard deviation
(S.D.) of three independent experiments. *“ p < 0.05, *p < 0.01. ™ p < 0.001, significant difference com-pared to
the control group. DPHC: diphlorethohydroxycarmalol; PI3K: phosphoinositide 3-kinase; Akt: protein kinase B;

eNOS: endothelial nitric oxide synthase.
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Figure 1- 7 Evaluation of vasodilation-associated proteins expression under DK and DPHC treatments. (A)(E)
Representatives Western blot analysis. Quantification of phosphorylated (B) p-PI13K (C) p-Akt (D) p-eNOS (d)
in EA.hy926 cells treated with different concentrations of DK; and the quantification of phosphorylated (F) p-
PI3K (G) p-Akt (H) p-eNOS in EA.hy926 cells treated with different concentrations of DPHC. The protein bands
were ultimately developed and photographed with the FUSION Solo Vilber Lourmat system. Quantitative data
were analysed using Image J 1.50i soft-ware (NIH, USA). Results are expressed as the mean + standard deviation
(S.D.) of three independent experiments. “ p < 0.05, ™ p < 0.01. ™ p < 0.001, significant difference com-pared to
the control group. DPHC: diphlorethohydroxycarmalol; PI3K: phosphoinositide 3-kinase; Akt: protein kinase B;
eNOS: endothelial nitric oxide synthase.
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1.3.4. Regulatory effects of ECE, IOE, DK, and DPHC on the [Ca?*]cytor levels

In the present study, the [Ca?*]cytol level represented the calcium levels in the cytosol, which
can be influenced by the activation of specific receptors such as vascular endothelial growth
factor 2 (VEGFR2) and acetylcholine receptors (AchR). To investigate the calcium prompted
effect of ECE, I0OE, DK, and DPHC in endothelial cells, [Ca**]cytol levels were measured
separately. After treating the cells with different concentrations of ECE and IOE at 10 s, the
[Ca?*]eytol levels were elevated after 20 s (Figure 1-8A and 8C). We quantified the increase in
[Ca?*]eytol levels by measuring the area under the curve (AUC). We found that 30 and 100 uM
of ECE and IOE significantly raised [Ca?*]cytor levels in EA.ny926 cells (Figure 1-8B and 8D,
p < 0.001). Moreover, [Ca?*]cytor levels were dramatically increased starting from 20 s after the
treatment, with a gradually decreasing peak detected around 60 s. The results of AUC showed
that all the samples strongly stimulated the [Ca?*]cytol transit by a concentrations-dependent

trend compared to the untreated group.

Furthermore, we evaluated the ability of DK and DPHC to detect cytosolic levels. The DK
treatment resulted in a significant increase in cytosolic calcium levels, with an AUC value
approximately two times higher in calcium level at 134 uM DK than control (Figure 1-9B). On
the other hand, a similar increasing trend was observed at DPHC treatments. And the effective
dosage was found at the 20 uM of DPHC, and the optimal concentration was 100 uM (Figure
1-9D). However, compared to the AUC of DK and DPHC treatments, we can see that DK

showed more high potential to induce calcium transit.

19



(A) (B)

2.01 F ok
Sample - ook
2.0+
c treatment — Control % - "
5 1.54 ECE 3 ng/ml — ns
. B o a
I — ECE 10 pg/ml < 5 Lo
S 1.04 — ECE 30 pg/ml 25 ==
E N — ECE 100 ug/ml = )
% os 3 05
£ %% Z
g 0.0 T y T r T
0.0
0 10 20 10 40 50 60 ECE (pg/ml) - 3 10 30 100
Time (s)
(©) (D)
o Sample 5 0- ook
o | treatment — Control o e
S Ls — IOE3 ug/ml s ok
= — IOE 10 pg/ml <
+ ) e ns
o — IOE 30 pg/ml 8 &
o 1.0 , O U 1.0 —e—— —
= — IOE 100 ug/ml # =
- o
3 g
£ 0.59 z 0.5
0.0 T T T T T ) 0.0 T T T T T
0 10 20 30 40 50 60
Time (sec) IOE (ng/ml) _ 3 10 30 100

Figure 1- 8 Quantification of the [Ca?*]cyw0 levels stimulated by different concentrations of ECE and IOE in
EA.hy926 cells. The traces (A, C) and box plots (B, D) indicating the levels of [Ca?"]¢. For statistical
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calcium level in the cytosol; PSS: physiological salt solution.
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EA.hy926 cells. The traces (A, C) and box plots (B, D) indicating the levels of [Ca®*]e. For statistical
significance, each sample treatment group was compared to the control group. Experiments were performed in
triplicates. * p < 0.05, ** p < 0.01, and *** p < 0.001. ns: not significant; AUC: area under the curve; [Ca®*]eytol:

calcium level in the cytosol; PSS: physiological salt solution.
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1.3.5. Computational prediction of the AchR/VEGFR2 and docking stimulation with
DK/DPHC

After demonstrating that ECE, IOE, DK, and DK markedly increased [Ca?*]cytol levels, we
further investigated the DK and DPHC structure based on a computational analysis of the role
of DK and DPHC in the transit of vasodilatory [Ca?*]cytl in EA.hy926 cells. The binding ability
was determined via molecular docking studies to confirm the interaction between DK/DPHC
and AchR; and DK/DPHC with AchR and VEGFR2. Computational prediction of AchR
residues interacting with DK/DPHC and the 3D structure of the complex is shown in Figure 1-
10A and 10D, respectively. The 2D diagram of the interaction between DK and the amino acid
residues of nearby active sites is shown in Figures 1-10B and 10E. The docking model revealed
electrostatic interactions and a network of hydrogen bonds in the complex [25]. DK docking
results with AchR generated hydrogen bond interactions with Asp347, Asn A507, and Cys
A532. Moreover, van der Waals contacts were observed with Try529, Ser120, ser151, Try533,
lle116, Ala238, Ala235, Trpl199, Thr231, Val510, 1le222, Leul44, and Cys220, resulting in
unfavorable bump interactions with Tyr506. On the other hand, the strong conventional
hydrogen bond was only observed at Ser518 in the DPHC-AchR complex. Additionally, the
lower the energy value, the higher the docking score. The CDOCK interaction energy was -
104.221 kcal/mol, and the binding energy was -138.507 kcal/mol for DK-AchR (Figure 1-10C);
the CDOCK interaction energy was -24.399 kcal/mol, and the binding energy was -99.389
kcal/mol for DPHC-AchR (Figure 1-8F). Compared to the two complexes (DK-AchR and
DPHC-AchR), DK showed a more stable binding status compared with DPHC.

Furthermore, the interaction of DK/DPHC with VEGFR2 was performed in Figure 1-11.
The computational prediction of VEGFR2 residues interacting with DK/DPHC and the 3D
structure of the complex is shown in Figure 1-11A and 11D, respectively. Surprisingly,
compared to the AchR, the higher the CDOCK interaction energy and the binding energy were

found while the DK/DPHC docked into the VEGFR2 (Figure 1-11C and 11F), and the
22



interaction bond between DK-VEGFR2 and DPHC-VEGFR2 were shown in Figure 1-11B and
11E. The CDOCKER interaction energy was -97.7618 for the DK-VEGFR2 complex, and the
-54.2495 was observed at the DPHC-VEGFR2 complex. Also, the binding energy of DK-
VEGFR2 was -356.952 and -419.232 in DPHC-VEGFR2, respectively Figure 1-11C and 11F.
Briefly sum up the results, we observed that DK and DPHC could bind more stable with
VEGFR2 them AchR. Thus, based on the results, we assumed that DK and DPHC would affect
calcium transits by stimulated these two receptors. To prove our hypothesis, the specific

antagonists would be employed for further experiments.

23



B)

SEL
A120
e e
211 = e 455
;.:slis'l o
i o i5x \ 53
1
& = o/ o B %
isu \ "
g, L@ 4
&5 o — "'/. = N o)
\ Lo
PHE
™R a221
AL Al
e % sl0 ask
(L
A2S ™
g A
AL A:199
ABS
Interactions
DK and AchR complex ] van der Waals I Unfavorable Negative-Negative
- Unfavorable Bump [ ] Pi-Cation
CDOCKER-interaction —~104.221 Salt Bridge [ Pi-Lone Pair
energy (Kcal/mol) ] Atractive Charge | Pi-PiStacked
Binding Energy i J Conventional Hydrogen Bond I J Pi-Pi T-shaped
(Kcal/mol) - —138.507 [ | Carben Hydrogen Bond [ Pi-Alkyl
(E)
PRO
A:228
[}
TRP
LYS A:525
o A:522
SER b i
A:518 i !
8] ¢ (4] ]
0 ¢
0
PHE
DPHC and AchR complex A221
CDOCKER—mt]/eracltlon —24.399 Interactions
energy (Kcal/mol) 1 Salt Bridge Pi-Pi T-shaped
Binding Enersv Bl Conventional Hydrogen Bond Pi-Alkyl
g Lnergy - 99.389 e
(Kcal/mol) Pi-Pi Stacked

Figure 1- 10 Computational prediction of the AchR and docking stimulation with DK/DPHC. (A) Specific
interaction between the DK and the ligand. (B) Two-dimensional (2D) diagram of ligand-AchR and DK and DK
complex (C) The results of interaction energy and binding energy of DK-AchR complex. (D) Specific interaction
between the DPHC and the ligand. (B) Two-dimensional (2D) diagram of ligand-AchR and DPHC complex (C)
The results of interaction energy and binding energy of DPHC-AchR complex



SER
ANTS

ALA
ABa2

DK and VEGFR2 complex

Interactions

CDOCKER-interaction
energy (Kcal/mol)

- van der Waals
-9 : 618 Salt Bridge

1 Atractive Charge

Binding Energy (Kcal/mol) -356.952

(E)
CYs
A:917
PHE [T)
A:916
"‘l/
PHE
VAL A:1045 LEU
DPHC and VEGFR2 complex A:846 A:1033
CDOCKER interaction energy (kcal/mol) -54.2495
Interactions

van der Waals

-

Binging energy (kcal/mol) -419.232 Salt Bridge

Figure 1- 11 Computational prediction of the VEGFR2 and docking stimulation with DK/DPHC. (A) Specific
interaction between the DK and the ligand. (B) Two-dimensional (2D) diagram of ligand-VEGFR2 and DK (C)
the results of interaction energy and binding energy of DK-VEGFR2 complex. (D) Specific interaction between
the DPHC and the ligand. (B) Two-dimensional (2D) diagram of ligand- VEGFR2 and DPHC complex (C) The

Attractive Charge

[ Conventional Hydrogen Bond

ALA

A:918

A1063
ASP
A1026
PRO ARG s
A1066 Agoss Naoes
ARG
PHE ASP A2030
4 ASN
As43 b A203)
]
\ ILE / \
), A:1051 } PHE
A1045
\ / :
Gy
Ad04d
\ /
LEU ‘ARG
A104%3049
AlA
\ A1048
| Conventionsl Hydrogen Bond
Carbon Hydrogen Bond
Pi-Alkyl
LEU
5 ASP
A8 A:1054
GLY
A920
9
AN AN A A
o v No
| |
p Q
Ys
ARG A:1053
A:1049 3
ASN GLY ARG
4:921 THR A:839 A:840
A924 &
ASP
A:1062

] Carbon Hydrogen Bond

results of interaction energy and binding energy of DPHC- VEGFR2 complex

25

Pi-Cation

1 Pi-Alkyl



1.3.6. DK and DPHC modulated [Ca*]eytol levels by activating AchR, VEGFR2, and
VDCC

[Ca?*] levels can be influenced by the activation of VEGFR2 and AchR [15, 16]. Moreover,
the voltage-dependent calcium channel (VDCC), another important role in modulating the
calcium in endothelial cells. Thus, to investigate whether DK and DPHC-induced NO
formation was related to AchR, VEGFR2, VDCC activation, the respective specific antagonists,
atropine (AT), SU5416 (SU), and nifedipine (NI) were used. We tested different concentrations
of atropine and SU5416 to attain the optimal inhibition conditions. Accordingly, a 2-h
incubation with 100 uM of AT, 100 uM of SU, and 100 uM of NI showed the strongest
inhibitory activity when administered separately. Therefore, the above concentrations were
used in subsequent experiments.

An increase in [Ca?*]eytol levels was only observed in the DK and DPHC treatment group,
with a maximal calcium concentration observed at about 20 s after treatment, followed by a
gradual decline (Figure 1-12A and 1-13A). As expected, [Ca?*]eytol levels were remarkably
decreased when cells were treated with AT, SU, and NI compared to cells treated with DK only
(Figure 1-12B, p < 0.001). Additionally, a similar trend was also observed in DPHC treatments
(Figure 1-13B). Thus, these findings indicate that the modulation of [Ca?*]cytl levels by DK
and DPHC were closely related to AchR, VEGFR2, and VDCC activation.

Having found that AchR, VEGFR2, and VDCC activation could regulate [Ca®*]cytol levels,
we further hypothesized that [Ca?*] levels would deeply influence NO production. To prove
our hypothesis, cells were pre-treated with AT, SU, and NI and incubated for 30 h, followed
by the addition of 134 uM of DK and 100 uM of DPHC. After 24 h, intracellular NO
concentrations were measured using the DAF-FM DA assay. We observed that both
antagonists significantly suppressed NO formation upon DK and DPHC stimulation (Figure 1-
12C and Figure 1-13C, respectively). Taken together, our results showed that the modulation
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of [Ca?*]eytor levels by AchR, VEGFR2, and VDCC activation was sufficient and necessary for

NO formation in EC.
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cytosol.
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1.4.Discussion

Several polyphenols extracted from terrestrial plants have been reported for their
antihypertensive effects caused by increasing NO bioavailability and alleviation of
vasoconstriction [28, 29]. Marine algae are also a potentially rich resource of substances with
beneficial health effects, but the molecular mechanisms underlying their effect on blood pressure
are seldom known. Previous in vitro studies have reported that marine polyphenols isolated from
increasing the blood flow rate.

E. cava and 10 are famous for the different biological activities, including antioxidant,
anti-inflammatory, attenuation of endothelial cell dysfunction, and anti-hypertension, in
numerous studies [8-11]. Son et al. have indicated that ECE significantly alleviates BP in a
mouse model of HTN. Furthermore, DK, a polyphenolic compound present in ECE, has been
suggested as one of the bioactive components responsible for the potential ACE inhibitory
activity [12, 13]. Notably, IOE and its bioactive substances, DPHC, have shown the remarkable
ability to regulate endothelial-dependent vasodilation [14]. However, the molecular signaling
pathways were rarely mentioned.

A concentration-dependent increase in NO production was observed in the DK and DPHC
treatment groups. It has been reported that multiple mechanisms control NO production via
eNOS activation. First, the PI3K pathway members, including its downstream molecule, Akt,
are essential regulators; activated Akt directly phosphorylates ser1177 on eNOS, enhancing the
binding activity of [Ca?*]/calmodulin [30]. Based on these aspects, we systematically examined
protein expression in the PI3K/Akt/eNOS axis and measured calcium transit. Indeed, dose-
dependent increments in PI13K, Akt, and eNOS were observed under DK and DPHC treatment.
Thus, we confirmed that DK and DPHC-induced activation of the PI3K/Akt/eNOS pathway is

essential in promoting NO formation in endothelial cells.
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Furthermore, activated eNOS promotes the binding of calcium ions to calmodulin, a
multifunctional intermediate calcium-binding messenger protein. Once [Ca?*] is bound to
calmodulin, the [Ca?*] signal transduction pathway is activated [31]. As such, calcium transit
is also considered critical in NO generation [32]. Kida et al. indicated that increasing the
[Ca?*]er level would activate the calmodulin-bound domain of eNOS, resulting in NO
production [33]. Additionally, higher [Ca?*]eytol levels led to NO formation, shown in human
umbilical vein endothelial cells [34]. In this study, we investigated the role of [Ca?*] signaling
under DK and DPHC administration. After adding 134 uM of DK and 100 uM of DPHC, it
was possible to detect a remarkable increase in [Ca?*]eytol levels after 30 s, characterized by a
60 s oscillation peak phase. This increase was completely prevented by different antagonists
(AT, SU, and NI). Theoretically, after the peak phase, a stabilization declining phase, also
characterized by less intense and less frequent oscillations, would follow [35]. Nevertheless,
within 60 s, we did not observe any decreasing trend in [Ca?*]cytol levels.

When the cells are stimulated, such as during membrane depolarization, extracellular
signaling molecules or intracellular messengers enhance [Ca?*]eytor levels. This increment
results from either an influx of [Ca?*] from the outside of the cell via ion channels on the plasma
membrane or the release of [Ca?*] from internal stores (such as the ER). The increase in
[Ca®*]eytor level is precipitous and is followed by a decline in [Ca?*] levels, maintained by the
homeostatic regulation of [Ca?*] concentration [36]. Accordingly, having found that DK and
DPHC can effectively raise [Ca?*]cytol levels, we further focused on investigating the possible
pathway that DK and DPHC affect calcium regulation via cell membrane receptors (VEGFR2,
AchR, and VDCC).

The muscarinic AchR family is divided into 5 subtypes: M1, M2, M3, M4, and M5 [37].
The activation of M3 receptors in vascular endothelial cells induces potent vasodilatation, and

this process occurs via the release of an endothelium-derived relaxing factor, such as NO [38].
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Ren et al. showed that acetylcholine induces vasodilatation by activating M3 receptors on
endothelial and smooth muscle cells [39]. Moreover, AchR activation can induce a downstream
pathway involved in the conversion of phosphatidylinositol biphosphate (PIP2) into the two
secondary messengers, inositol-1, 4,5-trisphosphate (IP3) and diacylglycerol (DAG), by
phospholipase-C (PLC). IPs diffuses into the cytosol and binds to its receptor (IP3R) on the
ER, triggering the release of Ca?* ions [40]. The rise of free Ca?* ions mediates activation of
NO generation via the phosphorylation of proteins, such as Akt and eNOS [41]. As we expected,
the pre-treatment of cells with atropine, a specific antagonist of AchR, completely blocked DK
or DPHC-induced rise in [Ca?*]eyol. Also, we observed that the level of NO was suppressed by
atropine. Therefore, we concluded that DK and DPHC-induced rise in [Ca?*]eytal and NO
formation could proceed with AchR activation in EA.hy926 cells.

Another potential regulator of vasodilation is VEGFR2, mainly expressed in the vascular
endothelium [42]. When VEGF binds to VEGFR2, the receptor undergoes dimerization and
phosphorylation of its tyrosine residues, triggering a downstream phosphorylation cascade
targeting pro-angiogenic mediators [43]. Among the activated mediators are the PLCy1/calcium
and P13K/Akt/eNOS pathways [44]. Both pathways are associated with eNOS activation and NO
synthesis. VEGFR2 data demonstrated a similar trend with the AchR results. Treatment with 134
uM of DK and 100 pM of DPHC could not raise [Ca?*]cytol levels or NO production in EA.hy926
cells pre-treated with SU. Therefore, we hypothesize that DK and DPHC triggered an increase

in [Ca?*]cytol levels by regulating AchR and VEGFR?2 activation, resulting in NO production.
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1.5.Conclusion

Herein, we revealed that ECE, 10E, DK, and DPHC effectively promoted endothelial-
dependent NO production by activating the PI3K/Akt/eNOS pathway and [Ca?*]eytol regulation.
[Ca®*]eytol levels are closely associated with the activation of AchM3R, VEGFR2, and VDCC in
EA.hy926 cells. Furthermore, the intracellular HaS levels were significantly induced by DK and
DPHC treatments. We suggest that the ECE, IOE, DK, and DPHC possess superior vasodilatory

effects and can be developed as suitable therapeutic agents.

33



Part 11

Bioactive compounds isolated from Ecklonia cava and Ishige okamurae
promote vasodilation in endothelial-smooth muscle cell co-culture system
via down-regulation of CaM and p-MLC expression
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2.1.Introduction

Vascular endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) are the
essential components of a typical vessel wall. Its functions are contraction and relaxation to
modulate the diameter of vessels. ECs secrete many kinds of physiologically active substances
such as nitric oxide (NO) and hydrogen sulfate (H2S), which play a well-known, influential
factor in promoting vasodilation. There are two mechanisms associated with the NO production
in the vascular endothelial cell: i) calcium-independent pathway and ii) calcium-dependent
pathway. The previous study has mentioned vascular endothelial growth factor receptor 2
(VEGFR2), one of the main receptors that influenced the NO generation [14]. Once the
VEGFR?2 is activated by agonists such as VEGF-A or acetylcholine, the downstream proteins
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) would promote the phosphorylation
of eNOS, resulting in the NO generation.

On the other hand, the calcium transit was influenced by the dynamic balance of cytosolic
and sarcoplasmic reticulum (SR) [Ca?*] levels. Calmodulin (CaM) is a multifunctional
intermediate calcium-binding messenger protein. Once bound to the [Ca?*], CaM would act as
part of a calcium signalling transduction pathway by modifying its interactions with target
kinase or phosphatases. Moreover, the interactions between eNOS and CaM have been
extensively characterized in endothelial cells [45]. A previous study indicated a high binding
affinity of eNOS for CaM, increasing NO synthesis and further promoting vasodilation [46].
Besides regulating vascular tension, NO released from endothelial cells can further inhibit the
proliferation of VSMC [47]. Therefore, the [Ca?*] levels are the critical connection between
EC and VSMC regulating the tone.

VSMC displays a multifunctional and high degree of plasticity. They can switch their
phenotype from contractile to a non-contractile or proliferative or synthetic state with

considerable change in intracellular calcium signaling [47]. Normally, VSMC expresses genes
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and proteins important contraction and dilation, which allows them to control blood flow and
blood pressure via regulation of the vascular tone. Calcium homeostasis is the most important
point to regulate the cell-cycle initiation/progression of VSMC effectively. When the protein
expression involved in influx [Ca?*] from the extracellular space, and a further increase in the
[Ca?*] release from SR stores ([Ca®*]sr)[48], the expression of specific protein such as myosin
light chains kinase (MLCK) would be stimulated and phosphorylated the myosin light chains
(MLC) enabling interaction with actin and thereby contraction [21]. Furthermore, Garland et
al. indicated that the [Ca?*] entered VSMCs through voltage-dependent calcium channels,
subsequently passed through gap junctions into ECs, and initiated vasodilation mediated by
ECs [49].

Based on the viewpoints mentioned above, the present study demonstrated the co-culture
model of ECs and VSMCs, mimicking the cellular interactions appearing in vivo and focused

on the calcium signaling transduction.
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2.2.Material and methods

2.2.1. Chemicals and reagents

Dulbecco's modified Eagle's medium (DMEM), penicillin/streptomycin (p/s) were
purchased from GIBCO (Grand Island, NY, USA), fetal bovine serum (FBS) was obtained
from Merck (Sacramento, CA, USA); Dimethyl sulfoxide (DMSO), 3-(4-5-dimethyl-2yl)-2-5-
diphynyltetrasolium bromide (MTT) were purchased from Sigma Co. (St. Louis, MO, USA);
NO production was measured by Griess assay (Promega Corporation, Madison, WI); The
calcium levels were detected by using Fluo-4-AM dye (1-[2-amino-5-(2,7-difluoro-6-hydroxy-
3-0x0-9-xanthenyl)phenoxyl]-2-(2-amino-5-methylphenoxy) ethane-N, N, N’, N'-tetraacetic

acid, pentaacetoxymethyl ester) (ThermoFischer® ).

2.2.2. Human coronary artery endothelial cells (HCAECs) monoculture

Cryopreserved, second passage, single donor HCAECs were purchased from PromoCell
GmbH (Heidelberg, Germany). Cells were routinely grown in the 75T flask contained
endothelial cell growth medium MV enriched with Endothelial Cell Growth Supplement Mix
(Promocell GmbH, Heidelberg, Germany). Cells were sub-culture using 0.04 % trypsin and
0.03% EDTA (Promocell GmbH, Heidelberg, Germany) and keep an incubator with 37°C and

humidified 5% CO». Passage 3-6, were used for experiments.

2.2.3. Measurement of cytotoxicity and NO production in HCAEC
HCAEC were seeded at 1x10* cells per well in 96 well plates with 100 ul culture medium.

After 24 h, cells were exposed to 6, 20, 60, and 100 uM of DPHC; 4, 13, 40, and 134 uM of
DK. Cytotoxicity was assessed by MTT assay. 2mg/ml MTT was added into the 96-well plate
and incubated at 37°C in the dark for 3h. Subsequently, removed MTT solution, the DMSO

(200ul/well) was added into the well to dissolve formazan crystals. The cytotoxicity was
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calculated by reading absorbance at 540 nm via a micro plate reader (BioTech, Winooski, VT,
USA).

3-amino, 4-aminomethyl-2’, 7'-difluorescein, and diacetate (DAF-FM-DA) assay
(Sigma). A fluorescent probe is used to detect intracellular NO. DAF-FM DA is a cell-
permeable deacetylated form of DAF-FM and is hydrolyzed by intracellular esterases to form
a cell-impermeable DAF-FM reacts with NO. Therefore, the fluorescence intensity in cells was
used to evaluate intracellular NO levels. HCAECs were seeded at 96 well culture plate for 24hr
at 37°C in the dark. After 24hr, the sample was treated and incubated for another 24hr.
Further, the 10uM of DAF-FM-DA solution was treated and incubated with the cell for 30 min
at 37°C. The medium contained DAF-FM-DA was removed and washed by PBS three times.
Subsequently, 100ul of PBS was added well, then evaluated by a fluorescent micro plate reader
(Synergy HT, BioTek Instruments, Italy). The fluorescent intensity was determined at an

excitation wavelength of 488 nm and an emission wavelength of 525 nm.

2.2.4. Evaluation of intracellular H2S levels
The isolated were incubated in Krebs-HEPES solution (in mM: 119 NaCl, 4.6 KClI, 1.2

CaCl>-2H20; 0.4 KH2PO4, 1 MgS04-7H20, 5 NaHCOs, 5.5 glucose, 20 HEPES, and 0.15
NaH2POs4, pH =7.4, at 37 °C) containing 50 uM Washington State Probe-5 (WSP-5, Cayman
Chemical, Ann Arbor, MI, USA), a fluorescence sensor for H.S. After a 30-minute incubation,
the samples were treated in to cells. The fluorescence was quantified by a blinded investigator

calculating the integrated density using a spectrofluorometer (Synergy HT, BioTek Instruments,

Italy).
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2.2.5. Quantitative of cytosolic calcium levels in HCAEC

By definition, the cytosolic [Ca?*] levels refer to the concentration of calcium ions in the
cytosol ([Ca?*]eytol). T detect the [Ca?*]eytor leVels, the sensitive probe Fluo-4 was dissolved in
the physiological salt solution (PSS) consisted of 140 mM NacCl, 5.9 mM KCI, 1.4 mM
MgCl;-6H202, 10 mM HEPES, 11.5 mM glucose, 1.2 mM NaH2POs, 5mM NaHCO3, and 1.8
mM CaCly, at pH 7.4 with NaOH. HCAECs were seeded in 96 well plates overnight until cells
grow over 80% confluence. Then added 1xFluo-4 and incubated for 30 minutes at 37°C in the
dark. Afterward, cells were rinsed twice with 1xPBS two times and added another 1x PBS
50uL in the well. After measuring the intensity of fluorescence for 10 seconds at the interval
time of 1 second, cells were directly treated 1xPSS and different concentrations of samples
dissolved in 0.1% BSA. After another 50 seconds at interval time 1-second fluorescent

detection, the [Ca?*] levels were reflected in the microscope.
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2.2.6. Human coronary artery smooth muscle cells (HCASMCs) monoculture
HCASMCs were purchased from PromoCell GmbH (Heidelberg, Germany). Cells were

routinely grown in the 75T flask contained Smooth muscle cell growth medium 2 containing
0.05 ml/ml fetal calf serum supplemented with basic fibroblast growth factor (2 ng/ml),
epidermal growth factor (0.5 ng/ml), and insulin (5 pg/ml; all Promocell). Cells were routinely
sub-cultured at 70-80% confluency by using 0.04 % trypsin and 0.03% EDTA (Promocell) and

keep an incubator with 37°C and humidified 5% CO.. Passage 3-6, were used for experiments.

2.2.7. Measurement of cytotoxicity and intracellular NO production in HCASMC
HCASMC were seeded at 1x10% cells per well in 96 well plates with 190 pl culture

medium. After 24 hr, cells were exposed to 10, 20, 100, and 200 pg/ml of ECE and IOE; 4, 13,
40, and 134 uM of DK; 6, 20, 60, and 100 pM of DPHC. Cytotoxicity was assessed by MTT
assay. 2mg/ml MTT was added into the 96-well plate and incubated at 37°C in the dark for 3hr.
Subsequently, removed MTT solution, the DMSO (200 pl/well) was added into the well to
dissolve formazan crystals. The cytotoxicity was calculated by reading absorbance at 540 nm

via a microplate reader (BioTech, Winooski, VT, USA).

2.2.8. The protocol for conditional medium preparation
Both HCAECs and HCASMCs were and changed the specific medium every two days.

Once the HCAEC reaches 75-80% of confluence, the supplement-Mix free HCAEC medium
was replaced and added into the well; simultaneously, the HCASMC medium was replaced by
supplement-Mix free HCASMC medium. After 24 h (Dayl), samples were treated in the
HCAEC and incubated another 24 h. On Day 2, the HCAEC medium was collected and
centrifuged at 500xg for 5 min, and the supernatant was termed as the conditioned medium and

ready to be applied to HCASMC. The experimental graphic was provided in Figure 2-1.
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Figure 2- 1 The experimental protocol of conditional media transfer experiments.
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2.2.9. The protocol of conditional medium transferred from HCAEC to HCASMC
Due to the culture medium of HACEC and HCASMC are different, the cytotoxicity of

HCASMC exposed to the HCAEC medium containing NO was checked. Before starting the
medium transferred experiments, the HACEC was first treated within 24hr (Day1) after seeding
and incubated for another 24hr. The HCASMC culture medium was replaced by the conditional
medium (Day 2), transferred from HCAEC. To exanimated the cytotoxic effect on the time-
dependent model, the highest concentrations of samples (Control (PBS only), IOE 100 ug/ml,
DPHC 100 uM, ECE 100 ug/ml, and DK 134 uM) were employed in this experiment. The
experimental groups were divided into five groups, and six-time points (Omin, 30min, 1hr, 3hr,
12hr, and 24hr) were evaluated. All the results were compared with the control group at each

time point. The experimental graphic was provided in Figure 2-2.
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/ N 4
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' HCAEC
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e - Checked the cell viability and NO levels at different time
N 4

points showed below

Conditional media
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Figure 2- 2 The experimental graphic of conditional media transfer experiments
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2.2.10. Western blotting analysis

For western blot examination, the conditional media transfer procedure and sample
treatments are the same as section 2.8 (The protocol of conditional medium transferred from
HCAEC to HCASMC). Further, the HCASMC were harvested and lysed for western blot
analysis. After centrifugation of cells at 12000 rpm for 20 min, the protein content of
supernatants was evaluated using a BSA protein assay kit (Bio-Red, USA). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10 %) and proteins were transferred
onto a nitrocellulose membrane. The membranes were incubated overnight at 4°C with the
following primary antibodies: anti-a-smooth muscle cell actin (a-SMA) (sc-53015, Santa Cruz
Biotechnology, USA,; 1:1000), anti-CaM Antibody (G-3) (sc-137079, Santa Cruz
Biotechnology, USA; 1:1000), anti-myosin light chain 2 antibody (#3672, Cell Signalling
Technology, USA; 1:1000), anti-phosphorylation -myosin light chain 2 (Thr18/Ser19) (#3674,
Cell Signalling Technology, USA; 1:1000), and dissolved in 5% skim milk. The Immunoblots
were incubated for another 2 h at room temperature with specific secondary antibodies. The
bands were detected using a chemiluminescent substrate (Cyanogen Sri, Bologna, Italy) and
visualized on a film using a FUSION SOLO Vilber Lourmat system (FUSION, Paris, France).

The band intensity was calculated using Image J software 1.50i software (NIH, USA).
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2.2.11. The methodology of the HCAEC-HCASMC co-culture model

For contact co-culture experiments, both cells were cultured on the opposite sides of the
insert. The HCASMC has first seeded 5x10% cells on the bottom side of the 6-well Trans-well
insert comprising translucent membranes with 0.4 uM pore and 10 pum thick translucent
polycarbonate membrane (Corning Inc., Corning, NY) coated with fibronectin. After 48 h
culturing (Day 0), HCAEC were seeded at the upper side of the inserts with the same density
and incubated for another 48 h (Day 2). The samples can be treated until the cell density reached

70-80% confluence (Day 3). The experimental graphic was provided in Figure 2-3.

HCSMC : HCAEC
Bottom side
KJ /l Upper side

- _ 70-80%
VSMC pre-culture period CH"”“'R period Confluence
Days | : | ! + !
) I 1 1 I I I
-2 -1 0 1 2 3
@ ® |
K D \
= < Sample
freatment

Immunostaining

Figure 2- 3 The methodology of the HCAEC-HCASMC co-culture model
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2.2.12. Quantitative of CaM and p-MLC expression in HCASMC by
immunofluorescence

The co-culture insert was wash by ice PBST and fixed in 4% PFA at room temperature for
10 min. The cells were permeabilized with Triton X-100 in PBST for 10min. After washing
three times by PBST, the 10% Donkey serum was used for blocking. The specific primary
antibodies such as calmodulin (CaM) and phosphorylation of myosin light chain (p-MLC) were
diluted 1:500 and incubated overnight at 4°C. The cells were conjugated to secondary
antibodies Goat Anti-mouse 1gG H&L (Alexa Fluor 488) (an150113) purchased from Abcam
for 2hr at room temperature.

For immunostaining purposes, the HCAECs and HCASMCs cells were seeded at six well
plated with 0.4 um pore insert. Before immunofluorescence staining started, the cells were
washed by ice PBST (PBS + 0.1% Tween20) and fixed in 4% paraformaldehyde (PFA) at room
temperature for 10 min. The cells were permeabilized with Triton X-100 in PBST for 10min.
After washing three times by PBST, the 10% Donkey serum was used for blocking. The
specific primary antibodies such as calmodulin (CaM), phosphorylation of myosin light chain
(p-MLC) were diluted 1:100 and incubated overnight at 4°C. The cells incubated with CaM
would further conjugate to secondary antibody goat anti-mouse 1gG H&L (Alexa Fluor 488)
(ab150113), and the cells which incubated with p-MLC would further conjugate with
secondary antibody goat anti-rabbit 1gG H&L (Alexa Fluor 647) purchased from Abcam

(ab150079) for 2 h at room temperature.
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2.2.13. Statistical analysis

All data were carried out in triplicate, and the results were expressed as a mean * standard
deviation. Statistical analysis was used one-way ANOV A with Dunnett’s post hoc test in Prism
5.0 Graph Pad software (La Jolla, CA, USA) for significant differences from the blank, with *

p <0.05, ™ p<0.01, and ™ p < 0.001 were considered as significant.
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2.3.Results

2.3.1. Measurement of cell viability and intracellular NO production in HCAEC
Figures 2-4 and 2-5 exhibit the behavior of HCAEC react under the IOE, DPHC, ECE, and

DK stimulated condition. According to the results, all the sample concentrations were non-
toxicity and could be used for further experiments (Figure 2-4). To ensure the human coronary
endothelial cell could demonstrate the similar effect of endothelial cell-dependent NO
generation, we evaluated the intracellular NO production induced I0E, DPHC, ECE, and DK.
The comprehension between two types of extract in HCAEC. As the results have shown, under
the same concentration, IOE treatment could significantly induce much higher NO production
than ECE in Figures 2-4A and C. In the comprehension of DK and DPHC treatments, we
observed that DPHC could induce higher levels of intracellular NO compared to DK (Figure

2-4B and D).
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Figure 2- 4 Evaluation of cell viability treated with different concentrations of (A) IOE, (B) DPHC, (C) ECE,

and (D) DK. Experiments were performed in triplicates. Each column and bar represent the mean + standard

deviation (S.D.). " p < 0.05, ™ p < 0.01. ™ p < 0.001, significant difference compared to the control group.
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2.3.2. The levels of intracellular H.S induced by DK and DPHC in HCAEC

Physiologically, endogenous H.S exerts a wide variety of biological effects. Regarding the
cardiovascular system, H,S is known to induce vasodilation [50, 51]. Previously, we have
confirmed that DK and DPHC can induce intracellular HzS in EA.hy926 cells. Thus, we have
to ensure the endothelial-dependent vasodilation effect of DK and DPHC could be repeated in
HCAEC. As a result, shown in Figure 2-6, we observed that the H>S levels were increased in
a dose- and time-dependent manner. The significant difference was first measured under DK
(40 and 134 uM) and DPHC (100 uM) treatments at 10 min. Within 35 min, the DK (40 and
134 uM) and DPHC (60 and 100 uM) groups dramatically increased compared to the control
group (p <0.001). Hence, we confirm that whether EA.hy926 cells or HCAEC can successfully

induce the endogenous H»S by DK and DPHC treatments.
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Figure 2- 6 Evaluation of the level of intracellular H,S concentrations induced by different concentrations of
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2.3.3. Evaluation of [Ca?*]¢twl under the IOE. DPHC, ECE, and DK treatments in
HCAEC

Another critical factor we need to confirm is whether the IOE, DPHC, ECE, and DK can
promote [Ca?*]eytol cONcentration in HCAEC. To do so, we have examined all samples at the
highest concentration (100 pug/ml of ECE and IOE; 134 uM of DK; 100 Mm of DPHC)
compared to the positive control - BAY K8644 10 uM (a specific agonist of L-type calcium
channel). As the results demonstrated in Figure 2-7, the BAY K8644 significantly increased
the [Ca?*]cytol levels COmpared to control (about 2.4 fold higher than control). Soon after
treatments, we have observed that all the samples significantly increased compared to the
control (Figure 2-7B). We have noticed that the HCAEC raised the calcium levels much earlier
soon after sample treatments than the EA.hy926 cell. It indicated that HCAEC was much
sensitive to calcium transit (Figure 2-7A). Also, the DK and DPHC group showed a similar
fold compared to BAY K8644. Thus, we knew that DK and DPHC were the powerful calcium
promoter in HCAEC. The stimulated cells under the samples treatments were taken the photo

at 60s, which showed at Figure 2-7C.

52



(A) B)

2.54 2.5+ ek
= — Control = ok Fekke
= =
= 2.04 Sample — BayK8644 10 uM = 201 .
= treatment IOE 100 pg/ml - < ok e
+ £ .
5 1.59 — DPHC 100 uM S L5
= , &9
< 1.0- ECE 100 pg/ml = 2 1.0 - e
= — DK 134 uM =
S ) &
S 0.5 S 0.5
6’ 0.5 E

0.0 T T T 1

n
24
=
=]

T
0 10 20 30 40
Time (s)

Control : BAY K8644 10 uM IOE 100 pg/mg DPHC 100 uyM 4 ECE 100 pg/mg DK 100 pM

Figure 2- 7 Quantification of the [Ca®*]cytol levels stimulated by different samples in HCAECs. (A) The traces (B)
box plots the levels of [Ca?*]eytor. (C) The images represented the expression of fluorescence under the sample
treatments. For statistical significance, each sample treatment group was compared to the control group.
Experiments were performed in triplicates. ™™ p < 0.001; AUC: area under the curve; [Ca*]eyto: calcium level in
the cytosol.

53



2.3.4. Measurement of cytotoxicity under the IOE, DPHC, ECE, and DK treatments in
HCASMC

In order to ensure the cytotoxicity of the samples in HCASMC, the cells were treated with
IOE and ECE (3,10, 30, and 100 pg/ml), and also DPHC (6, 20, 60, 100 uM) and DK (4, 13,
40, 134 uM) for 24 h and cell viability were assessed by using MTT assay. As shown in Figure
2-8, cells treated with I0E, ECE, and DK did not show a significant difference compared to
those of the control group. However, a slightly decreasing trend was observed in the DPHC

100 uM group compared with the control (Figure 2-8B).
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2.3.5. Measurement of cell viability and NO production of HCASMC exposured under
conditional medium

Initially, to verify whether the conditional media would cause HCASMC damage, we have
evaluated the cell viability of the HCASMC exposed under the conditional media at 0, 0.5, 1,3,
12, and 24 h time points. The conditional media here implied to the media which contained the
highest concentrations of samples (IOE 100 pug/ml, DPHC 100 uM, ECE 100 pg/ml, and DK
134 uM) in our previous results. Compared to the control group (PBS only) in each time point,
no toxicity was observed within 24 h (Figure 2-9).

Interestingly, excepted for the DPHC and DK treatment groups, the IOE and ECE groups
did not significantly increment NO production within the experimental period (24h) compared
with 0 min. The increasing NO levels were only observed at 24 h time-point under the DPHC

and DK treatment (Figure 2-10).
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2.3.6. DK and DPHC suppressed the contractile effect by down-regulating the CaM
and p-MLC expression in HCASMC

According to all mechanisms correlated to the endothelial cell that we have done in
previous studies [14, 52], we have known that the appropriate concentrations of DK and DPHC
can induce endothelial-dependent NO formation and further affected VSMC resulting in
vasorelaxations. Our next approach was to examine the expression of vasodilation correlated
proteins such as calmodulin (CaM), myosin light chain (MLC), p-myosin light chain (p-MLC)
in the HCASMC which exposure in the conditional media. Earlier, we have demonstrated NO
can be effectively induced by the endothelial cell under the appropriate concentrations of DK
and DPHC. According to our hypothesis, we assumed that the conditional media which
contained NO could effectively suppress the levels of CaM and p-MLC resulting in promoting
vasodilation. Thus, we first examined the behavior of the CaM and p-MLC, the most important
protein which major in regulating the contraction of the VSMC. As the results demonstrated in
Figure 2-11B and 11C, except the 4 uM, other DK concentrations showed the potential to
suppress the CaM and p-MLC expression.

Moreover, similar dose-dependent down regulation trends were observed under DPHC
treatments and Figures 2-12B and 12C. However, compared to the inhibited effect of DK and
DPHC, we noticed that DK performed higher potential in regulated the vasodilatory proteins
in HCASMC.

Briefly sum up, in the media retransfer experiments, both DK and DPHC showed the
vasodilation property via down-regulation the CaM and suppressed the phosphorylation of

MLC in the HCASMC.
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Figure 2- 11 Expression of CaM and phosphorylated myosin light chain (p-MLC) in HCASMC treated under
different concentrations of DK. (A) The examples of the western blot (B) The relative level of CaM/a-SMA (C)
The relative level of p-MLC/ MLC. Experiments were performed in triplicates. Each column and bar represent
the mean + standard deviation (S.D.). " p < 0.05, ™" p < 0.001 significant difference compared to the control group.

n.s: non-significant different; CaM: Calmodulin.
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Figure 2- 12 Expression of CaM and phosphorylated myosin light chain (p-MLC) in HCASMC treated with
different concentrations of DPHC. (A) The examples of the western blot (B) The relative level of CaM/a-SMA
(C) The relative level of p-MLC/ MLC. Experiments were performed in triplicates. Each column and bar represent
the mean = standard deviation (S.D.). " p < 0.05, ™ p < 0.01, and ™™ p < 0.001 significant difference compared

to the control group. n.s: non-significant different; CaM: Calmodulin.
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2.3.7. Detection of CaM and p-MLC expression by immunofluorescence staining in the
co-culture system

Based on the media transfer experiments, we have known that DK (13, 40, and 134uM)
and DPHC (20, 60, 100 uM) were the effective dosages to induce endothelium-derived relaxing
factor (EDRF) such as NO and H>S, and also promote the vasodilatory effect via reduced CaM
and suppressed the phosphorylation of MLC. Thereupon, our next goal was to mimic the real
environment of the human vessel and study the EC-SMC interaction related to vasorelaxation
mechanisms. To do so, we have used the co-culture system to investigate whether DK and
DPHC would show similar effects under this EC-VSMC co-culture system.

First of all, we evaluated the levels of CaM in the HCAEC of the co-culture model. As
shown in Figure 2-13 and 2-14, except for 20 uM of DPHC, the DK and DPHC successfully
promoted the CaM expression in HCAEC

On the other hand, the dramatic down-regulation of CaM and p-MLC were observed at the
DK treatments in HACSMC (Figure 2-15B). Nevertheless, under the DPHC treatment (20 uM),
the expression of CaM and p-MLC was no significantly different than control in HCASMC
Figure 2-16B and 16C. While the concentration of DPHC increased to 100 puM, the
significantly decreasing which observed in Figure 2-16B and 16C. From the co-culture system,
we demonstrated that DK and DPHC were successfully decreased the CaM and p-MLC protein
expression. Compared to DPHC, the DK treatments showed the better potential to suppress the

CaM and p-MLC protein expression in HCASMC.
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Figure 2- 13 Immunofluorescence analysis of HCAEC under the DK treatments. (A) The images were
represented the CaM expression (B) The analysis of fluorescence intensity under the treatment of different
concentrations of DK. Experiments were performed in triplicates. Each column and bar represent the mean +
standard deviation (S.D.). "p <0.05, ™ p <0.01, and ™ p < 0.001 significant difference compared to the control
group. n.s: non-significant different; CaM: Calmodulin.

63



(A)

100 uM

DPHC
60 uM

Control

(B) 200+
180
. 160-
140
120
1004 ——
80-
60-
40-
20-
01—
DPHC (uM) - 20 60 100

y (%)

Fluorescent intensit

Figure 2- 14 Immunofluorescence analysis of HCAEC under DPHC treatments. (A) The images were represented
the CaM expression (B) The analysis of fluorescence intensity under the treatment of different concentrations of
DPHC. Experiments were performed in triplicates. Each column and bar represent the mean + standard deviation
(S.D.)."p<0.05, "™ p < 0.001 significant difference compared to the control group. n.s: non-significant different;
CaM: Calmodulin.
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Figure 2- 15 Double-label immunofluorescence analysis of HCASMC under the DK treatments. (A) The images
were represented the CaM and p-MLC expression (B) The analysis of fluorescence intensity under the treatment
of different concentrations of DK. Experiments were performed in triplicates. Each column and bar represent the

mean + standard deviation (S.D.). " p < 0.05, ™" p < 0.001 significant difference compared to the control group.
n.s: non-significant different; CaM: Calmodulin.
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Figure 2- 16 Immunofluorescence analysis of HCASMC under the DPHC treatments. (A) The images were
represented the CaM and p-MLC expression (B) The analysis of fluorescence intensity under the treatment
of different concentrations of DPHC. Experiments were performed in triplicates. Each column and bar
represent the mean + standard deviation (S.D.). "p < 0.05, ™ p < 0.001 significant difference compared to

the control group. n.s: non-significant different; CaM: Calmodulin.
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2.3.8. DK and DPHC down-regulated the expression of CaM and p-MLC in the co-
culture system

As shown in Figure 2-17B, a significant decrease was noticed at DK treatments (except 4
uM), and the dose-dependent down-regulation of CaM was observed in the DK treatments
compared to control (Figure 2-17B). Furthermore, the phosphorylation of MLC was
remarkably suppressed by DK treatments (Figure 2-17C).

On the other hand, a similar dose-dependent decreasing pattern was demonstrated in the
CaM expression, which was affected by different concentrations of DPHC (Figure 2-18B).
Unexpectedly, in Figure 2-18C, DPHC treatments gradually reduced the expression of p-MLC.
However, the 100 uM of DPHC suddenly enhanced the protein expression. We need to do a
further experiment to investigate whether other factors influenced the pathway under this

concentration.
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Figure 2- 17 Expression of CaM and phosphorylated myosin light chain (p-MLC) in HCASMC treated under
different concentrations of DK. (A) The examples of the western blot (B) The relative level of CaM/a-SMA
(C) The relative level of p-MLC/ MLC. Experiments were performed in triplicates. Each column and bar
represent the mean + standard deviation (S.D.). "p < 0.05, ™ p < 0.001 significant difference compared to the

control group. n.s: non-significant different; CaM: Calmodulin.
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Figure 2- 18 Expression of CaM and phosphorylated myosin light chain (p-MLC) in HCASMC treated under
different concentrations of DPHC. (A) The examples of the western blot (B) The relative level of CaM/a-SMA
(C) The relative level of p-MLC/ MLC. Experiments were performed in triplicates. Each column and bar represent
the mean + standard deviation (S.D.). " p < 0.05, ™ p < 0.001 significant difference compared to the control

group. n.s: non-significant different; CaM: Calmodulin.
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2.4. Discussion

Well communication between EC and VSMC is an essential component of vascular
functions. The vascular tone is closely maintained by an appropriate balance of vasodilation
and vasoconstriction. It is well recognized that NO and H>S, the effective EDRF, would lead
to VSMC relaxation [53]. Recently, many potential therapies for cardiovascular disorders
(especially in hypertension) are designed to activate the endothelium relaxing factor in the EC
[21, 54] and inhibit the specific signaling pathway in the VSMC [55, 56]. Our previous studies
showed that DK and DPHC could promote the vasodilatory effect via calcium-dependent and
calcium-independent pathways [14, 52]. However, the well-regulation of vessel tone also
depends on the contribution of the VSMC. Thus, the mechanisms of the relaxation in VSMC
are the next aim to investigate.

The cyclic guanine monophosphate (cGMP)-protein kinase G (PKG) pathway is the
primary mechanism responsible for a broad range of the biological actions of endothelial-
dependent NO (EDNO) [57]. EDNO may cause vasculature to relax by decreasing the
[Ca?*]eytor level resulting from PKG-dependent stimulation of [Ca?*]-activated potassium
channels, which leads to membrane hyperpolarization and [Ca?'] influx suppression [58].
EDNO may also cause vasodilatation by reducing the sensitivity of myofilaments to [Ca?*] via
the PKG-dependent phosphorylation of the regulatory subunit of myosin light chain
phosphatase at threonine-695 and -852 (Thr-695 and Thr-852, respectively, human sequence),
which leads to increased dephosphorylation of the myosin light chain and reduced contractility
[59]. In contrast, while the [Ca®*] binds to CaM ([Ca®**]-CaM) complex), causing
conformational changes, which allow the interaction of the [Ca?*]-CaM complex with the
MLC. These events subsequently lead to activation of MLC kinase and phosphorylation of the
regulatory MLC. Protein kinase C (PKC) phosphorylates specific target proteins (e.g.,

contractile proteins, regulatory proteins, channels, pumps, etc.) and has contraction-promoting
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effects [60]. It has been reported that dysfunctional EDNO- (soluble guanylyl cyclase) sGC-
cGMP-PKG signaling pathway constitutes one of the most fundamental and initial changes in
the development of hypertension [61], resulting from aberrant expression of eNOS, reduced
NO production caused by eNOS uncoupling [62, 63], diminished NO bioavailability caused by
oxidative stress [64], diminished activities of sGC and PKG, and augmented activity of
phosphodiesterase type 5 [65]. Based on this evidence, we first focused on how the EDRF (NO
and H2S) induced by DK and DPHC in endothelial cells influences the VSMC.

To examine it, we have used the co-culture system to demonstrate our experiments. Briefly,
there are direct-contact and indirect-contact co-culture models, and there are several types of
the model included in the indirect-contact methods [66-68]. The media transferred and inserted
the trans-well used in the present study also belongs to indirect contact methods. Especially,
advantages of using inserted trans-well are that first, the membrane separating the cells is
transparent and allows continued observation of both cell layers throughout an experiment.
Second, the separating membrane is very thin and contained a tiny pore (0.4um), potentially
allows for a physical interaction between the two cellular layers. Thus, we can mimic the vessel
environment and observe the EC-VSMC model's interaction under the treatment of samples.
According to our hypothesis, we assumed that EC would produce plenty amount of NO, HS,
and other EDRFs and further affected VSMC by diffusion, transportation, or other specific
mechanisms. To better understand the mechanisms, we first used the media transfer methods
to investigate whether the DK and DPHC and successfully induced the NO and H>S levels in
HCAECs, further transferring this conditional media to HCASMC

Before starting the media transfer experiment, to ensure the conditional media can
successfully be prepared, we have confirmed the vasodilatory effect of DK and DPHC in
HCAEC by checking the NO concentration, H,S, and [Ca?*]cytol levels. Interestingly, at the

initial data, we found that after transferred the conditional media, the NO concentration did not
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significantly increase within 24 h. Indeed, it has been indicated that VSMC tended to receive
the NO from EC rather than produce by itself to activate the downstream pathways [69, 70].
Further, the levels of endogenous H2S and the [Ca?"]eyiol Were also effectively induced by
sample treatments. Therefore, we confirmed that DK and DPHC could stable promote the
EDREF in EC. Soon after the conditional media was added into the VSMC and incubated for 24
h, the CaM and p-MLK were significantly reduced by DK and DPHC treatments.

Moreover, DK showed a higher potential to regulate vasodilatory protein expression. Many
reports have indicated that intact endothelium protects VSMC from the superoxide attack
resulting in maintaining the NO bioactivity and NO bioavailability [71, 72]. Due to these
concepts, we were interested that if we shorted the distance of EC-SMC via a co-culture system,
whether the DK and DPHC could more highly potentially desensitize the VSMC contractile
apparatus. In other words, if we can make the VSMC receive the NO or H2S diffused from the
EC soon after the sample treatments, the results might have some differences. As expected, the
levels of CaM and p-MLC evaluated by immunostaining and western blot in the co-culture
model have demonstrated the more highly regulation effect under DK and DPHC treatment
compared to media transfer experiments. The possible reasons might be considered as
bellowed: first, NO reacts with soluble guanylate cyclase SMC to produce cGMP, which, in
turn, activates myosin light chain phosphatase that then removes phosphates from myosin,
causing relaxation. The EDRFs diffuse rapidly between the two types of cells.

Especially, NO is a highly reactive substance, and reactive oxygen species (ROS) can
decrease its concentration. Thus, short diffusion distances between the endothelium and VSMC
are needed for NO to affect SMC [73]. Second, the co-culture model showed a higher
desensitize contractile effect due to the short distance of two cell lines. The trans-well provides
a thin layer (10 um thick) to let EC-SMC communicate well (i.e., Diffusion NO). Third, one

of the most important points related to vascular tone regulation, the myoendothelial gap
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junction (MEGJ) between EC and VSMC [74]. These junctional structures are described to
derive from endothelial cells and transverse a break in the continuity of the basal lamina to
make contact with the smooth muscle membrane [75]. The functional coordination of cells
within the vascular wall is believed to be dependent on signal transduction through gap
junctions, and it is dependent on calcium ions and other signaling molecules (IPz and CAMP)
exchanges [76]. This implies that MEGJ would serve as a feedback mechanism to limit
vasoconstriction [77]. Pogoda K. et al. have indicated that Cx37 plays a critical role in the NO
effect on calcium signal propagation in the MEGJ region. The signal would lead the VSMC
contractile [78]. Therefore, based on these pieces of evidence, we can reasonably assume that
DK and DPHC might promote the specific role of MEGJ in the EC-SMC co-culture system.
However, the limitation of the present study is that we need further detailed experiments to

prove these points.

2.5. Conclusions

DK and DPHC promoted endothelium-dependent relaxation through enhancing the
calcium transduction, which affected the EDRF releasing (NO and H»S) then diffused to
VSMC to desensitize the contractile effect by down-regulating the expression of CaM and

suppressed the phosphorylation of MLC.
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Part 111

Bioactive compounds isolated from Ecklonia cava and Ishige okamurae
promote vasodilation in the zebrafish model
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3.1. Introduction

It is well known that the imbalance between vasoconstriction and vasodilation is deeply
related to cardiovascular diseases, especially hypertension (HTN)[1, 2]. Recently, the zebrafish
was performed as a promising model for the study of metabolic disorders, such as obesity [79],
diabetes [80], and high blood pressure [81]. Owing to their outstanding advantages, such as the
optical clarity of zebrafish embryos, rapid development, and similar organ systems and gene
functions as humans, the zebrafish was considered a superior investigational model [14]. The
zebrafish model has previously revealed several essential insights into vascular structure
development and helped verify underlying molecular mechanisms [22]. Therefore, take all the
advantages of the zebrafish, we determined to use it as the in vivo model in the present study.
Moreover, the dorsal aorta (DA), a critical trunk artery, has been used to evaluate different
cardiovascular parameters, such as mean linear flow, arterial pulse, and vessel diameter [23].
The change of DA’s diameter in transgenic zebrafish was considered direct evidence when
assessing sample treatment due to its visibility [14]. Under these viewpoints, we have used the
DA as the main vessel to evaluate all the blood parameters.

Ecklonia cava (E. cava) and Ishige okamurae (10) are famous for the different biological
activities, including antioxidant, anti-inflammatory, attenuation of endothelial cell dysfunction,
and anti-hypertension, in numerous studies [8-11]. Son et al. have indicated that E. cava ethanol
extract (ECE) significantly alleviates BP in a mouse model of HTN. Furthermore, dieckol (DK),
a polyphenolic compound present in ECE, has been suggested as one of the bioactive
components responsible for the potential ACE inhibitory activity [12, 13]. Notably, 10 ethanol
extract (IOE) and its bioactive substances, diphlorethohydroxycarmalol (DPHC), have shown
the remarkable ability to regulate endothelial-dependent vasodilation [14]. Indeed, the

vasodilatory effect of the DK and DPHC has been performed in the endothelial - smooth muscle
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cell co-culture system (second part). Therefore, in the third part, we aim to investigate the

vasodilatory effect of DK and DPHC in vivo model.
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3.2. Material and methods

3.2.1. Zebrafish husbandry and fish strains
The transgenic zebrafish Tg(flk: EGFP) was used to perform an in vivo investigation [82].

Fish were housed in 3L tanks (aquatic habitats). The zebrafish facility contained buffered water
(pH 7.5) at 28.5°C. Fertilized eggs were collected from the bottom of the tank in an automatic
circulation culture system (ESEN, Beijing, China), maintained at 28.5°C, pH 7.5, and dissolved
oxygen 7.0, conductivity 800 uS, containing methylene blue. The eggs were placed in Petri
dishes after thorough washing in the system water and then transferred to the incubator. For
experiments, the larvae were first maintained in 12-well plates containing egg water (reverse
osmosis water containing 60 mg sea salt per liter of water [pH 7.5]). After sample treatment,
the number of larvae was checked daily. The zebrafish experiment received approval from the

Animal Care and Use Committee of Jeju National University (Approval No. 2017-0001).

3.2.2. Toxicity of DK and DPHC in zebrafish embryos

For DK and DPHC, the in vivo toxicity test was performed using the zebrafish model as
follows. The test was based on the exposure of newly fertilized zebrafish eggs to the test sample
for up to 120 h; 10 eggs per treatment (three replicates) were selected and distributed in 12-
well microplates. Before the study, the stock solution of the test compound was dissolved in an
E3 zebrafish embryo medium and then diluted to appropriate concentrations using this medium.
The test was initiated with newly fertilized eggs exposed to 4, 13, 40, and 134 uM of DK; 6,
20, 60, and 100 and puM of DPHC then run for 120 h. Embryos were observed for up to 120 h
under a stereomicroscope (magnification used in the stereomicroscope for observations was

4x).
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3.2.3. Toxicity of vasoconstriction drug - phenylephrine in zebrafish embryos

The chemical used in this experiment were purchased from Sigma. The (R)-(—)-
Phenylephrine hydrochloride (P6126) was dissolved in a fish medium. The toxicity of PE was
started evaluated from 4-hour post-fertilization (hpf), 15 embryos per well (12 well). Based on
the previous studies, 10 uM of PE has been demonstrated nontoxic in zebrafish experiments
and no significant heart rate effect [23, 83]. Thus, we have tested the PE concentrations from
10, 20, 30, 40, and 50 puM, and optimize the best concentration for further studies. Before the
study, the stock solution of the PE was dissolved in the E3 zebrafish embryo medium and then
diluted to appropriate concentrations using this medium. Each well contained 950 pL of
embryo media and 50 uL of PE. The survival rate was examined every 24 hours up to a total

of 120 hpf (0, 24, 48. 72, 96, 120 hpf). The protocol was briefly represented as bellowed.
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3.2.4. The vasoconstrictive zebrafish model set up

A dose-response curve was used to determine optimal drug concentrations. Heart rate
values of zebrafish embryos were counted by visual observation in 1 min under the
stereomicroscope and counted manually. Five zebrafish were exposed individually to either the
E3 fish medium or the vasoactive agent for each concentration of a vasoactive agent (Figure 3-

1).

Heart beat measuring

Pretrear PE | T |

I 1 1
48 hpf 72 hpf

l

(R)-(—)-Phenylephrine hydrochloride (PE)

- Adrenergic alA receptor agonist

- Vasocontraction

Figure 3- 1 The graphic represented the protocol of the vasoconstriction model in zebrafish

3.2.5. Assessment of whole-body fluorescence intensity in the Tg(flk: EGFP)
transgenic zebrafish

The images were photographed using a fluorescence microscope at 4x magnification to capture
blood vessels in the whole body. Fluorescence intensity signals of the whole body were
measured using the Gen5 3.04 software (Bioteck). Fluorescence images were imported into the
Image J software to calculate the corrected total object fluorescence (CTOF), according to the
following formula:

CTOF = Integrated density — (Area of selected object x mean background fluorescence)
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3.2.6. Evaluation of associated cardiovascular parameters in the zebrafish model

In the present study, the dorsal aorta (DA) was the main vessel to be evaluated. All the
images of vessel diameter were captured using a fluorescence microscope (Gen5 3.04 software,
BioTek Instruments), and the mean value was analyzed and calculated using Image J software.
Three measurements were obtained from each region and averaged to obtain a vessel diameter.
Moreover, the arterial pulse (beats per minute), mean blood flow velocity (um/s), and blood
flow (nL/s) were determined using a pre-recorded video at 120 frames per second (fps) for 1
min using the Gen5 3.04 software (BioTek Instruments). Then, the MicoZebralLab application
from ViewPoint (Version 3. 4. 4, Lyon, France) was used to evaluate and calculate the
cardiovascular parameters mentioned above. We have evaluated the associated cardiovascular

parameters showed as bellowed (Figure 3-2).

3.2.6.1. Diameter of DA (um)
The estimated diameter is determined from the region of pixel activity. Three measurements

were obtained from each region and averaged to obtain a vessel diameter.

3.2.6.2. Arterial pulse (beat per min)
Avrterial pulse is the heartbeat per min (bpm), and it is calculated from the average of time

durations between successive velocity peaks. The value is saved each second the user specifies

in the vessel diameter time bin (s).

3.2.6.3. Mean blood velocity (um/s)
The area of the targeted blood vessel was carefully selected, avoiding any of the neighboring

capillaries. Having multiple vessels and/or capillaries would interfere with the assessment of

the DA. The software detected the movement of erythrocytes within the selected tracking area
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to measure the blood flow parameter. This value refreshes every frame and is calculated by

considering the displacement in pixel of the blood cells and the scale specified in the general

settings.
DK /DPHC
treatment
. Pretreat PE T :
I ] 1
48 hpf 72 hpf 96 hpf

l Blood parameters measuring
(R)-(-)-Phenylephrine hydrochloride (PE) = Vessel diameter (um)
- Adrenergic alA receptor agonist * Arterial pulse (beats per minute)
- Vasocontraction * Mean blood flow velocity (um/s)

» Blood flow (nL/s)

Figure 3- 2 The protocol of evaluation of associated cardiovascular parameters in the zebrafish model

3.2.7. Statistical analysis

All experiments were conducted in triplicates, and data are shown as mean + standard
deviation. Statistical analysis was performed using the one-way analysis of variance (ANOVA)
with Dunnett’s post hoc test with the Prism 5.0 software (GraphPad Software, La Jolla, CA,
USA). The following p-values were considered statistically significant, and they have been

illustrated with asterisks in all figures: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3.3. Results

3.3.1. Toxicity of DK and DPHC in zebrafish embryos
The toxicity of different DK and DPHC concentrations was examined in zebrafish embryos.

A survival rate exceeding 80% in the zebrafish experiment was considered nontoxic, which
can be used for further investigations [84]. As shown in Figures 3-3A and 3B, the various DK

and DPHC concentrations showed no toxicity in zebrafish embryos at 120 hpf.
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Figure 3- 3 The survival rate of the zebrafish embryos under-sample treatments. The test was based on the
exposure of newly fertilized zebrafish eggs to different DK, DPHC, and PE concentrations for up to 120 h (n=15
per treatment, three replicates). Embryos were observed at each time point under the stereomicroscope
(magnification used in the stereomicroscope for observations was 4x). (A) different concentrations of DK

treatment (B) different concentrations of DPHC treatment. DK; diekol, DPHC: diphlorethohydroxycarmalol
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3.3.2. The vasoconstractive zebrafish model set up by using vasoconstrictor

In order to determine the vasodilatory effect of DK and DPHC, we first tested whether
blood vessels constrict under the stimulator treatment and further optimized the best dosage for
further experiments. The toxicity of PE was evaluated and showed in Figure 3-4A. The results
indicated that except for the 50uM of PE, others' concentrations (10, 20, 30, and 40uM) were
no toxic effects in the zebrafish model.

Moreover, Simple heart-rate measurement of zebrafish can provide predictive information
regarding the interaction of chemicals with the components of the cardiac functional regulatory
network [85]. According to the heartbeat results (Figure 3-4B), we observed that 10 uM of PE
would not affect the heartbeat rate; this is similar to the previous study [23]. Moreover, a
significant increment was found from 20 to 50 uM of PE treatments. However, heartbeat was
considered as a cardiotoxicity factor. Thus, we have considered 20 uM of PE maintained above
90% of survival rate after 120 hpf compared to 30 uM (around 90%), 40, and 50 uM (less than
80%). Based on these reasons, the 20 uM of the al-adrenoceptor agonists-PE was decided to

be applied for further experiments.
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Figure 3- 4 The toxicity and heartbeat rate of the zebrafish larva under different concentrations of PE treatments.
The test was based on the exposure of zebrafish larva to different concentrations of PE for 24 h (n=10 per
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treatment, three replicates). = p < 0.001 compared to the control group. Zebrafish larva was observed under the
stereomicroscope (magnification used in the stereomicroscope for observations was 10 x). PE: Phenylephrine

hydrochloride.
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3.3.3. Assessment of whole-body fluorescence intensity in the Tg(flk: EGFP)
transgenic zebrafish

To investigate whether DK and DPHC could exert a vasodilation effect in vivo, we used a
To(flk:eGFP) transgenic zebrafish model. The vascular endothelial cells are fluorescently
stained with the enhanced green fluorescent protein (eGFP). After the treatment of samples,
changes in the vessel structure such as diameter and the fluorescence intensity can be observed
easily using confocal microscopy (Figure 3-5A1 and 3-5B1). Zebrafish larvae were pre-treated
with 20 uM of PE at 48 dpf and incubated for 24 h. At the 72 dpf, different concentrations of
DK (4, 13, 40, 134 uM) and DPHC (0, 6, 20, 60, and 100 uM) were treated and incubated for
another 24 h. The whole-body fluorescence intensity was measured at 96 hpf (Figure 3-5A1
and 3-5B1). Treatment with 20 uM of PE significantly decreased the fluorescence intensity in
the whole body of zebrafish compared to control larvae. Moreover, we observed that the
fluorescence intensity of DK treatment groups (4, 13, 40, and 134 pM) was significantly
increased compared to the PE group, which is shown in Figure 3-5A2. However, the significant
increment of fluorescence intensity compared to the PE group was only found under the

treatment of 60 and 100 uM of DPHC shown in Figure 3-5B2.
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Figure 3- 5 DK and DPHC induce vasodilation in the whole-body vessle in a Tg(flk: EGFP) transgenic zebrafish
model. (Al) and (B1) Representative images of the Tg(flk: EGFP) transgenic zebrafish larva’s whole body under
the DK and DPHC treatments; all images were captured using a fluorescence microscope (4x). (A2) and (B2)
Quantification of the whole-body fluorescence intensity under the DK and DPHC treatments, respectively. Each
column and bar represent the mean + standard deviation (S.D.), n = 8 per group. #p < 0.05, #p < 0.01, ¥ p <
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0.001, significantly different between PE group and control group. * p < 0.05, ™ p < 0.001, significantly different
between the PE group and sample treatment groups; ns: not significant; DK; diekol, DPHC:

diphlorethohydroxycarmalol. PE: Phenylephrine hydrochloride.
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3.3.4. Evaluation of associated cardiovascular parameters in the zebrafish model

3.3.4.1. Dorsal aorta diameter (um)

The dorsal aorta (DA) is the major trunk axial artery and is one of the first vessels to
assemble in the early developmental stages in all vertebrates. A previous study demonstrated
that the DA of the zebrafish acquires a vascular smooth muscle cell-containing vascular wall
similar to that found in other vertebrates [86]. Therefore, evaluation of the DA diameter can be
considered direct evidence for vasodilation.

The images of Figure 3-6 (A1) and 6 (B1) have represented the vessel activity of transgenic
zebrafish under DK or DPHC treatments, respectively. The yellow box in each image has
represented the area which used for evaluation. We provided direct evidence by measuring the
DA diameter to confirm the transgenic model's vasodilatory effects induced by DK and DPHC
treatments. As shown in Figure 3-6 (A2), the diameter of the PE treatment group showed a
significantly decreased compared to the control group (* p < 0.05). Except for 4 and 13 uM
DK, the diameter of DA in DK treatment groups (40 and 134 uM) was significantly increased
when compared with the PE group. On the other hand, the DA diameter significantly increased
with DPHC treatment (60 and 100 uM) compared to the PE group, which showed in Figure 3-
6 (B2). Thus, we confirmed that pre-treated with PE would decrease the diameter of DA, and
the treatments of DK (40 and 134 uM) and DPHC (60 and 100 uM) were able to enlarge the

vessel diameter.
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Figure 3- 6 DK and DPHC promote the vasodilation by enlarging the vessel diameter in a Tg(flk: EGFP) transgenic
zebrafish model. (A1) and (B1) Images of the vessel were captured using a fluorescence microscope (20x). (a—f) were
represented the change of diameter under sample treatments. (A2) and (B2) Measurement of the DA diameter. Each
column and bar represent the mean + standard deviation (S.D.), n = 8 per group #p < 0.05, #p < 0.01, #* p < 0.001,
significantly different between PE group and control group. * p < 0.05, ™" p < 0.001, significantly different between
the PE group and sample treatment groups. DK; diekol, DPHC: diphlorethohydroxycarmalol. PE: Phenylephrine

hydrochloride.
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3.3.4.2. Arterial pulse

Other cardiovascular parameters were evaluated by ZebralLab software, as shown in Figure
3-7. The arterial pulse results were shown in Figures 3-8A and 8B. According to our results,
the 20 uM of PE successfully induced the vasoconstrictive behaviors in the DA of zebrafish

via increasing the arterial pulse, blood flow, and mean blood flow velocity the 4 dpf. Gradually

decreased were observed under DK and DPHC treatments.
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Figure 3- 7 The image was demonstrated by the MicoZebraLab software. The MicoZebralLab application from

ViewPoint (Version 3. 4. 4, Lyon, France) was used to evaluate and calculate the cardiovascular parameters.
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Figure 3- 8 Measurements of arterial pulse under the treatments of different concentrations of DK and DPHC.
The change of arterial pulse (bear per min) under DK (A) and DPHC (B) treatments. Each column and bar
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represent the mean + standard deviation (S.D.), n = 8 per group. * p < 0.05, ™ p < 0.001, significant difference
compared to the control group; # p < 0.05, # p < 0.01, ¥ p < 0.001, significant different compared to the PE

group. DK; diekol, DPHC: diphlorethohydroxycarmalol. PE: Phenylephrine hydrochloride.
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3.3.4.3. Blood flow and mean blood flow velocity

The results of blood flow were shown in Figures 3-9A and 9B. Also, the results of mean
blood flow velocity were demonstrated in Figures 3-9C and 9D. According to our results, the
20 uM of PE successfully induced the vasoconstrictive behaviors in the DA of zebrafish via
increasing the blood flow, and mean blood flow velocity the 4 dpf. A significantly decreasing
trend were noticed at 13, 40, and 134 uM of DK treatments. On the other hand, the effective
dosages to regulate the blood flow and mean flow velocity were found at 20, 60, and 100 uM

of DPHC treatments.
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Figure 3- 9 Measurements of blood flow and mean blood velocity under the treatments of different concentrations
of DK and DPHC. The change of blood flow (nL/min) under (A) DK and (B) DPHC treatments. The change of

mean blood velocity (LM/s) under (C) DK and (D) DPHC treatments. Each column and bar represent the mean +

standard deviation (S.D.), n = 8 per group. #p < 0.05, #p < 0.01, #* p < 0.001, significantly different between PE

group and control group. * p < 0.05, ™ p < 0.001, significantly different between the PE group and sample

treatment groups. DK; diekol, DPHC: diphlorethohydroxycarmalol. PE: Phenylephrine hydrochloride.
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3.4. Discussion

Over the last decade, the zebrafish (Danio rerio) has emerged as a model organism for
cardiovascular research. Embryos and larvae of zebrafish are transparent during a large portion
of the development. This characteristic makes them excellent models for studies of early
embryonic functions of the cardiovascular system [87]. For instance, the heart and vasculature
can easily be observed with a microscope without any physical disruption to the animal [88].
Many of the regulatory peptides involved in cardiovascular regulation in adult animals are
found in endocrine cells in embryonic tissue, which is interesting [89]. As a result, these
peptides are likely to play a role in controlling processes. Several vasoactive products produced
by endothelial cells, including prostacyclin, NO, ATP, hydrogen sulfate, and endothelin,
contribute significantly to vascular tone in adult animals [90]. These influences may play an
important role in vascular regulation in embryos and larvae since the endothelium is present in
all vessels as soon as they mature. It has been reported that interactions between endothelial
cells (EC) and vascular smooth muscle cells (VSMC) are thought to strengthen the maturing
vascular wall to increases flow and shear stress while helping to regulate vessel contractility
and tone in zebrafish [91]. The endothelium plays a recognized role in regulating vascular
resistance and blood flow distribution by producing vasoactive mediators and diffusion
between the vascular cavity and surrounding tissues [92].

In the G protein-coupled receptors (GPCR), adrenergic receptors (ARs) mediate the
functional effects of catecholamine, like epinephrine and norepinephrine [93]. There are nine
different subtypes of ARs were found, such as three § (B1, B2, B3), three al (ala, alb, and
ald), and three a2 (02A, a2B, and a2C) receptor subtypes [94]. Among them, the alA-
adrenoceptor was most closely related to the blood vessel and vessel contraction. It has become
increasingly evident that the variety of functional effects mediated by the al-ARs in different

organs must imply the activation of multiple signaling pathways beyond the activation of PLC
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via Gg/11, and further releases [Ca?*] from intracellular stores and activates protein kinase C
(PKC) [95]. The release [Ca?'] from intracellular stores and activates PKC resulted in
stimulating SMC contraction [96]. Additionally, it has been indicated that PE predominates in
resistance arteries, where its overexpression results in an increased sensitivity to
vasoconstriction [97]. The overexpression of PE was particularly relevant in the pathogenesis
of hypertension [98]. Thus, take the “vasocontraction property” of PE, we have used the PE, a
classic a1 A-adrenoceptors, to set up a vasocontraction model. Beekhuijzen et al. have indicated
that drug exposure usually begins around 5 hpf, corresponding to late blastula/early gastrula
stages, and ends at 96 hpf, where most organs are fully developed [99]. Therefore. We have
measured all the parameters at 96 dpf to exclude the unstable factors (ie. immature vessel
development). Our results indicated that the heart beat rate would significantly increase and
follow a dose-dependent manner under the treatments of different concentrations of PE.
However, at 10 uM of PE are unable to raise the heartbeat rate, which is the same as the study
performed by Nabila Bahrami and Sarah J. Childs [23]. The significant increments were
observed at 20 to 50 uM of PE.

Nevertheless, the heartbeat rate was considered as the cardiotoxicity factor in other studies
[100]. Thus, we considered the survival rate at the same time, as the results, only 20 and 30
uM of PE showed above 80% survival rate at 120 hpf. Based on these results, we decided to
use 20 uM of PE as the main concentration. Furthermore, this concentration can effectively
induce the change of the cardiovascular parameters in the present study. Further, the
vasodilation effect of DK and DPHC was confirmed via measuring the associated
cardiovascular parameters such as vessel diameter (uM), arterial pulse (beats per min), blood
flow (nL/s), and linear velocity (uM/s). As expected, compared with the PE group, the
treatment of DK (13, 40, and 134 uM) and DPHC (60 and 100 uM) significantly increased the

DA diameter. Determination of cell speed is important for evaluating flow rate for the vessels
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and estimating the shear stress levels acting on the endothelial cells lining the vessel wall (i.e.,
shear stress is the frictional force of the endothelial cells from the flowing blood). Levels of
red blood cell (RBC) velocities are about 300 pm/sec to 750 um/sec for 2-5 dpf embryos [101].
Indeed, the average mean blood flow velocity was approximately 600 um/sec in the control
group at 4 dpf. Moreover, the PE treatment stimulated the higher mean blood flow velocity
(about 700 pm/sec).

On the other hand, we observed that blood flow was significantly decreased in DK (13, 40,
and 134 uM) and DPHC (20, 60, and 100 uM). Reportedly, the velocity of blood flow is
inversely proportional to the total cross-sectional area of blood vessels. As the total cross-
sectional area of the vessel increases, the flow velocity decreases [102]. Sum up the in vivo
data. We suggested that the appropriate DK and DPHC have a vasodilation effect via increasing

the diameter and decreasing the blood flow rate in the zebrafish model.

3.5. Conclusions

Our results demonstrated that DK and DPHC treatment could promote vasodilation by
increasing the DA diameter, further regulating blood flow velocity in the zebrafish model. The
results strongly suggest that the DK and DPHC possess superior vasodilatory effects and can

be developed as suitable therapeutic agents.
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