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Abstract: Neovascular retinal degenerative diseases are the leading causes of blindness in
developed countries. Anti-vascular endothelial growth factor (VEGF) therapy is commonly used to
treat these diseases currently. However, recent reports indicate that long term suppression of VEGF
in the eye is associated with chorioretinal atrophy. Therefore, a physiological amount of VEGF is
required for retinal homeostasis. Hypoxia-inducible factor (HIF) is a transcriptional factor upstream
of VEGF. We previously reported that HIF regulated pathological angiogenesis in the retina of
murine models of oxygen-induced retinopathy and laser-induced choroidal neovascularization.
Most of the known HIF inhibitors are anti-cancer agents which may have systemic adverse effects
in for clinical use; thus, there is a need for safer and less invasive HIF inhibitors. In this study, we
screened marine products, especially fish ingredients, and found that six species of fish had HIF
inhibitory effects. Among them, administration of Decapterus tabl ingredients significantly
suppressed retinal neovascular tufts by inhibiting HIF expression in a murine oxygen-induced
retinopathy model. These results indicate that particular fish ingredients can act as anti-angiogenic
agents in retinal neovascularization diseases.

Keywords: HIF; marine products; retinal neovascularization; oxygen-induced retinopathy

1. Introduction

Pathological retinal angiogenesis is a major pathology of various eye diseases such as diabetic
retinopathy (DR), which is one of the most common complications of diabetes, and retinopathy of
prematurity (ROP), which is a complication in low birth-weight infants [1-3]. These diseases are
leading causes of blindness worldwide [4,5]. Neovascular retinopathy has two pathological phases;
the first phase is vessel loss leading to tissue ischemia and hypoxia, followed by upregulation of
angiogenic factors including vascular endothelial growth factor (VEGF), which stimulates
pathological neovascularization in the second phase [2,6-8]. Abnormal neovascularization can result
in vision loss caused by edema, hemorrhage, retinal fibrosis, scarring, and retinal detachment. Anti-
VEGF therapy has been established and is now commonly employed to treat this pathological
angiogenesis [9]. However, local or systemic adverse events such as chorioretinal atrophy and renal
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injury have recently been reported as resulting from potent long-term pharmacological VEGF
antagonism [10-12]. This is supported by the biological evidence that VEGEF is required to maintain
physiological vascular homeostasis [13]. Therefore, there is a need to establish a novel therapy for
suppressing pathological amount of VEGF without affecting the physiological amount.

We have focused on hypoxia-inducible factors (HIFs), which are transcriptional factors that
regulate various genes to adapt to cellular hypoxia [14]. Under normoxic conditions, the subunit of
HIFs (HIF-as) is immediately hydroxylated by prolyl hydroxylase (PHD) and ubiquitinated by von
Hippel-Lindau protein (VHL) to be degraded in a proteasome-dependent manner [15]. Under
hypoxic conditions, the activity of PHD decreases, resulting in HIF-as stabilization, then HIF-as
translocate to the nucleus to bind to the hypoxia response element (HRE) in target genes such as
VEGEF, B-cell lymphoma 2 (BCL2) interacting protein 3 (BNIP3), and phosphoinositide-dependent
kinase 1 (PDK1) [16]. We previously reported that pharmacological inhibition of HIFs suppressed
retinal neovascularization in murine models of oxygen-induced retinopathy (OIR), known as a retinal
neovascular degeneration model [17], and laser-induced choroidal neovascularization (CNV), known
as an exudative age-related macular degeneration model [18]. On the other hand, most of the existing
HIF inhibitors are anticancer agents [19] which may have systemic side effects in clinical use. Thus,
we also need to develop safer and less invasive HIF inhibitors.

Recently, we examined 238 natural products to discover novel HIF inhibitors, and reported that
halofuginone extracted from hydrangea has a retinal neuroprotective effect in a murine ischemia—
reperfusion model [20]. In the study, fish ingredients such as fish protein from Spratelloides gracilis
and bio-active shark cartilage powder were also found to suppress HIF activity. There have been
some reports about the usefulness of fish ingredients to prevent various diseases. Omega-3 (w-3)
polyunsaturated fatty acids (PUFA) from fish oil known as eicosapentaenoic acid (EPA) or
docosahexaenoic acid (DHA) are reported to suppress cardiovascular events [21], and these fatty acids
also decreased the risk of sight loss in diabetic retinopathy in clinical research [22]. On the other hand,
there has been no report about the effect of water-soluble components of fish on ophthalmic diseases.

In this study, we explored water-soluble ingredients from 68 marine species showing HIF
inhibitory effects. We also evaluated the therapeutic effects of HIF inhibitors derived from fish on
pathological angiogenesis in a murine retinal neovascular degeneration model.

2. Materials and Methods

2.1. Marine Product Preparation

The material extraction was performed by referring to the protocol previously described [23].
The materials used in this study are shown in Table Al and A2. Almost all marine product samples
were obtained in Shizuoka prefecture, Japan, except S. gracilis, which was obtained in Kagoshima
prefecture, Japan. All samples were stocked in a freezer (40 °C) until extraction. Samples were
excised from the dorsal part, fillet, the headless body, and other parts described in Tables A1 and A2.
Each muscle was minced using a knife, and two grams of mince were homogenized with 20 mL cold
ultrapure water (generated from Direct-Q3UV, Merck KGaA, Darmstadt, Germany) using a blender
(NS-50 and NS-10, Microtec co. Itd, Chiba, Japan) for 2 min. The homogenate was incubated for 30
min in boiling water. After cooling on ice, the homogenate was centrifuged at 1650x g for 20 min at
4 °C. The precipitate was homogenized with 10 mL ultrapure water using a glass rod and centrifuged as
described above. These supernatants were filtered using a paper filter (Advantec No. 5A, Toyo Roshi, Itd,
Tokyo, Japan) under reduced-pressure conditions, and then a small volume of the oil layer was removed
from the filtrate with 10 ml n-Hexane. The filtrate was frozen and then dried in a vacuum.

2.2. Luciferase Assay for Fish Screening

The luciferase assay was performed as previously described [20]. Human retinal pigment
epithelium cell line ARPE19 and murine cone photoreceptor cell line 661W were transfected with a
HIF-luciferase reporter gene construct (Cignal Lenti HIF Reporter, Qiagen, Venlo, The Netherlands).
The HIF-luciferase construct encodes firefly luciferase gene under the control of a hypoxia response
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element which binds HIFs. These cells were also co-transfected with a cytomegalovirus (CMV)-renilla
luciferase construct as an internal control. These cells were seeded at 1.0 x 10* cells/well/70 mL
(ARPE19) or 0.8 x 104 cells/well/70 mL (661W) in an HTS Transwell®-96 Receiver Plate, White, tissue-
culture (TC)-Treated, Sterile (Corning, NY, USA). At 24 h after seeding, CoCl> (200 mM, cobalt (II)
chloride hexahydrate, Wako, Japan) or dimethyloxalylglycine (DMOG) (1 mM, N-(2-Methoxy-2-
oxoacetyl) glycine methyl ester, Merck, Darmstadt, Germany) was administered to the cells in order
to induce normoxic HIF activation. To evaluate the suppressive effect of fish ingredients against HIF
activation, fish ingredients from 69 species were administered at the same time when CoCl. or DMOG
was added. After incubation for 24 h at 37 °C in a 5% CQOz incubator, the luminescence was measured
using the Dual-Luciferase® Reporter Assay System (Promega, Madison, WI, USA). Additionally,
1mM of topotecan (Cayman Chemical, Ann Arbor, MI, USA) or doxorubicin (Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan) was used as a positive control as known HIF inhibitors.

2.3. Real-Time PCR

Total RNA was isolated from the ARPE19 cell line using TRI reagent® (MRC Global, Cincinnati,
OH, USA) and an Econospin column for RNA (GeneDesign, Osaka, Japan). The columns were
washed with Buffer RPE and RWT (Qiagen, Hilden, Netherlands). RT-PCR was performed using
ReverTra Ace® qPCR RT Master Mix with gDNA remover (TOYOBO, Osaka, Japan). Real-time PCR
was performed using THUNDERBIRD® SYBR® qPCR Mix (TOYOBO, Osaka, Japan) with the
StepOnePlus Real-Time PCR system (Applied Biosystems, Waltham, MS, USA). The primer
sequences were as follows: HIF-la forward TTCACCTGAGCCTAATAGTCC, HIF-la reverse
CAAGTCTAAATCTGTGTCCTG, HIF-2a forward CGGAGGTGTTCTATGAGCTGG, HIF-2a reverse
AGCTTGTGTGTTCGCAGGAA, VEGF forward TCTACCTCCACCATGCCAAGT, VEGF reverse
GATGATTCTGCCCTCCTCCTT, APO2 forward TCATTAGCCACTGAGTGTTGTTT, APO2 reverse
CTCGAATACGATGACTCGGTG, EPO forward CCCTGCCAGACTTCTACGG, EPO reverse
GGAGGCCGAGAATATCACGAC, BNIP3 forward GGACAGAGTAGTTCCAGAGGCAGTTC,
BNIP3 reverse GGTGTGCATTTCCACATCAAACAT, PDK1 forward
ACAAGGAGAGCTTCGGGGTGGATC, PDK1 reverse CCACGTCGCAGTTTGGATTITATGC,
GLUT1 forward CGGGCCAAGAGTGTGCTAAA, GLUT1 reverse TGACGATACCGGAGCCAATG,
GAPDH forward TCCCTGAGCTGAACGGGAAG, GAPDH reverse
GGAGGAGTGGGTGTCGCTGT.

2.4. Western Blotting

661W or ARPE19 cells were collected in radioimmunoprecipitation (RIPA) Buffer (Thermo
Fisher Scientific, Waltham MA, USA) containing protease inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland). Each sample was fractionated by 10% SDS-PAGE and transferred to a
polyvinylidene fluoride (PVDF) membrane, then blocked with 5% nonfat dry milk for 1 h at room
temperature. The membranes were incubated with primary antibodies: rabbit monoclonal antibodies
against HIF-1a (1:1000, Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal antibodies
against HIF-2a (1:1000, NOVUS Biologicals, Centennial, CO, USA) over two nights or mouse
monoclonal antibodies against b-actin (1:10,0000, Sigma-Aldrich, St Louis, MO, USA) overnight at
4°C. After washing with tris buffered saline and Tween 20 (TBS-T), the membranes were incubated
with horseradish peroxidase-conjugated secondary antibody goat anti-rabbit IgG (1:5000, GE
Healthcare, Princeton, NJ, USA) for HIF-1a and HIF-2a or with sheep anti-mouse IgG (1:10,000, GE
Healthcare, USA) for b-actin for 1 h at room temperature. The signals were detected using
EzWestLumi plus (Atto, Tokyo, Japan). Protein bands were visualized via chemiluminescence
(ImageQuant LAS 4000 mini, GE Healthcare, Chicago, IL, USA).

2.5. Animals

All procedures related to animal experiments were performed in accordance with the National
Institutes of Health (NIH) guidelines for work with laboratory animals, the Association for Research
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in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision
Research and Animal Research: Reporting In Vivo Experiments (ARRVIVE) guidelines, and were
approved by the Institutional Animal Care and Use Committee of Keio University. C57BL/6] mice
were obtained from CLEA Japan (Tokyo, Japan).

2.6. Oxygen-Induced Retinopathy Model and Administration of Fish Gradients

The OIR model was produced as previously described [17,24]. Postnatal day 8 (P8) mice were
exposed to 85% Oz for 72 h in an oxygen supply chamber with their nursing mothers. After oxygen
exposure, mice were placed back in room air until P17. Pups received oral administration of S. gracilis
(1.2 g/kg/day), D. tabl (3 g/kg/day), or ultrapure water as vehicle once a day from P12 to P16. At P17,
the mice were sacrificed, and the eyes were enucleated. The eyes were fixed for 15 min in 4% PFA
(paraformaldehyde) solution. Retinal wholemounts were post-fixed in 4% PFA for 1 h. After washing,
the tissues were stained with isolectin GS-IB4 from Griffonia simplicifolia conjugated to Alexa Fluor
594 (Invitrogen, Carlsbad, CA, USA) at 4 °C for 3 days. After encapsulation, retinal vessels were
observed with a fluorescence microscope (BZ-9000, KEYENCE, Osaka, Japan). We measured the
number of pixels in neovascular tufts and vaso-obliteration using the lasso tool and the magic wand
tool of Photoshop (Adobe, San Jose, CA, USA), respectively [25].

2.7. Statistical Analysis

We used a two-tailed Student’s ¢-test for comparison of two groups and ANOVA-Turkey for the
comparison of three or more groups, respectively. We considered p < 0.05 as being statistically
significant. All results in this paper are expressed as the mean + standard deviation.

3. Results

3.1. In Vitro Screening for Hypoxia-Inducible Factor (HIF) Inhibitors from Marine Products

We prepared 68 types of marine products for screening. All the marine products were water
soluble and were dissolved in ultrapure water for use in the experiment. As the first screening, the
murine retinal cone cell line (661W) was used to evaluate suppression of HIF activity via HIF
luciferase dual assay as previously reported [20]. Cobalt chloride (CoClz) was used to inhibit prolyl
hydroxylase (PHD), resulting in an induction of HIF activity, and the suppressive effects of these
marine products were then evaluated (Tables Al, A2). In the first screening, 27 species showed HIF
suppressive effects when compared to vehicle administration under CoCl2 exposure (Table Al).
These marine products were further examined at the second screening (Tables 1,A3). Since it was
possible that sequestration of cobaltous ions by chelation with fish ingredients was the cause of HIF
inhibition [26], we used dimethyloxalylglycine (DMOG) as another PHD inhibitor in the second
screening. Through the second screening, four species of fishes, Selar crumenophthalmus, Spratelloides
gracilis, Seriola dumerili, and Decapterus macarellus showed significant HIF inhibitory effects when
compared with vehicle administration under DMOG stimulation (Figure 1A). The human retinal
pigment epithelium cell line (ARPE19) was also used to evaluate the effects of these fish and
genealogically related species of fish, Decapterus muroadsi and Decapterus tabl (Figure 1B). As a result,
the screened four and related two species of fish ingredients significantly inhibited HIF activity
induced by DMOG. We also evaluated the HIF inhibitory effects of S. gracillis at various concentration
using the murine embryo fibroblast cell line (NIH-3T3) (Figure A1). S. gracilis inhibited HIF activity
induced by 1% oxygen in a dose-dependent manner. Further, S. gracilis showed a significant HIF
inhibitory effect only at a concentration of 1 mg/mL.
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Table 1. The list of fishes showing hypoxia-inducible factor (HIF) inhibitory effects in the second
screening with statistical analysis and the rate of change of HIF activity compared with

4

dimethyloxalylglycine (DMOG)-administrated controls (1 = 3). (*Positive control chemicals) *** p <
0.001, t p <0.0001, { p <0.00001 compared with DMOG.
Species of fish Japanese name Sampling parts Rate of change (%)  p value
Topotecan' - - -54.4 0.0000000%
Doxorubicin’ - - -54.4 0.0000000F
Selar crumenophthalmus Meaji skinless fillet —-47.2 0.0000001f
Seriola dumerili Kanpachi white muscle, dorsal -29.0 0.00003+
Spratelloides gracilis Kibinago headless -27.9 0.0003***
Decapterus macarellus Kusayamoro skinless fillet -24.4 0.0007***
Panulirus japonicus Ise-ebi muscle, abdomen -17.2 0.069
Sulculus diversicolo supertexta Tokobushi Muscle, foot -12.2 0.283
Trachurus japonicus Maaji skinless fillet -8.8 0.127
Dried bonito Ara-bushi - -3.8 0.999
Scomberoides lysan Ikekatsuo skinless fillet -2.9 0.999
Rhabdosargus sarba Hedai white muscle, dorsal -14 0.999
DMOG - - 0 -
A B
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Figure 1. Fish ingredients show inhibitory effects on hypoxia-inducible factor (HIF) activation in vitro.
HIF-reporter luciferase assay was performed using the murine retinal cone cell line (661W) (A) and
the human retinal pigment epithelium cell line (ARPE19) (B) cell lines (1 = 3). Topotecan, doxorubicin,
and fish ingredients were administrated in dimethyloxalylglycine (DMOG)-induced culture
conditions. Note that six species of fish ingredients significantly inhibited HIF activity induced by
DMOG. ** p < 0.01, ** p < 0.001, t p <0.0001,  p < 0.00001 compared with DMOG-Veh. Error bars
indicate mean plus SD. Veh., Vehicle; Topo, topotecan; DXR, doxorubicin.

3.2. Screened Fish Ingredients Inhibit HIF and HIF Target Genes In Vitro

In order to determine how the fish ingredients affect HIF and HIF target genes, ARPE19 cells
incubated in 1% oxygen conditions and four species of fish ingredients were added simultaneously.
In the ARPE19 cells, the gene expression level of hif-1a, decreased by hypoxia (possibly due to a
negative feedback [27]), and hif-2a was suppressed by fish ingredients (Figure 2A). Expression of HIF
target genes such as vegf, epo, and pdk1 was upregulated under 1% O: conditions and was significantly
suppressed by fish ingredient administration (Figure 2B). Western blotting showed that the protein
levels of HIF-1o and HIF-2a. in ARPE19 cells, increased by CoClz (Figure 3A-C), were suppressed by
fish ingredient administration. The protein level of HIF-1a in ARPE19 cells, increased by 1% O:
(Figure 3D,E), or in 661W cells, increased by CoCl: (Figure 3F,G) or 1% oxygen (Figure 3H,I), was also
suppressed by fish ingredient administration. These results indicated that the screened fish
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ingredients had inhibitory effects on the stabilized HIF expression in pseudo and real hypoxic

conditions.
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Figure 2. Fish ingredients suppress HIFs and their target genes associated with angiogenesis in vitro.
Real-time PCR was performed for hif-1a and hif-2a (A) and their target genes, including vegf, epo, and
pdk1, under 1% Oz conditions in ARPE19 cells (B). Note that gene expression of hif-2a was suppressed
by fish ingredients. Vegf, epo, and pdkl were upregulated under 1% O2 conditions and significantly
suppressed by fish ingredients administration. Fish ingredients were added at 1 mg/ml and the
hypoxic conditions were maintained for 12 h. n = 6/group. * p < 0.05, ** p < 0.01, ** p <0.001, t p <
0.0001, t p < 0.00001 compared with 1% O2/vehicle. Error bars indicate mean plus SD. Veh., vehicle;
Topo, topotecan; epo, erythropoietin.
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Figure 3. Fish ingredients suppress HIF-1a protein expression in vitro. Western blotting for HIF-1a.
and HIF-2a was performed under CoCl2 condition in ARPE19 cells (A), and for HIF-1a under 1% Oz
condition in ARPE19 cells (D), under CoCl2 (F) or 1% O2 conditions (H) in 661W cells. Quantification
of the blots showed that the administration of fish ingredients suppressed increased HIF-1a protein
expression under CoClz (B) or 1% O: conditions (E) in ARPE19 cells and under CoCl2 (G) or 1% O2
conditions (I) in 661W cells (1 = 3). Quantification of the blots also showed that the administration of
fish ingredients suppressed the increased HIF-2a protein expression under CoClz in ARPE19 cells (C)
(n=3). CoCl2 was administered at a concentration of 200 mM, fish ingredients were added at 1 mg/ml
simultaneously, and cells were incubated for 24 h. The hypoxic conditions were maintained for 48 h.
Note that the fish ingredients inhibited HIF-1a. and HIF-2a expression induced by CoClz or hypoxia.
*p <0.05, **p < 0.01, ***p < 0.001 compared with 1% Oz/vehicle or CoClz/vehicle. Error bars indicate
mean plus SD. Veh., vehicle; Topo, topotecan; DXR, Doxorubicin.
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3.3. Fish Ingredients Suppressed Neovascularization in a Murine Oxygen-Induced Retinopathy (OIR) Model

To assess the effect of the fish ingredients on retinal neovascularization, we orally administrated
them to OIR mice and analyzed neovascular tufts and vaso-obliteration via retinal wholemount
staining. Firstly, S. gracilis was assessed as a candidate screened in the previous study [20]. Vehicle
(n=6) or S. gracilis ingredient (1.2 g/kg/day, n =5) was orally administered according to the schedule
shown in Figure 4A. There was no significant difference in body weight between the two groups
throughout the administration period (Figure 4B). Administration of S. gracilis showed little change
in neovascular tufts compared to the control (p = 0.2) (Figure 4C,4D), probably due to technical
limitations to increasing the dose of the active ingredient in the crude sample. Thus, in the following
experiment, we analyzed D. tabl, which was screened in the current study and showed a more potent
inhibitory effect on HIF1-a. Vehicle (n = 4) or D. tabl ingredient (3 g/kg/day, n = 4) was orally
administered according to the schedule shown in Figure 5A. There was no significant difference in
body weight between the two groups throughout the administration period (Figure 5B).
Administration of D.tabl significantly (p < 0.05) suppressed neovascular tufts compared to the control,
while no significant difference was observed in vaso-obliteration (Figure 5C,5D).

A wholemount
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D Neovascular tufts Vaso-obliteration
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Figure 4. Oral administration of Spratelloides gracilis ingredients show a tendency to suppress retinal
neovascularization in a murine oxygen-induced retinopathy (OIR) model. (A) A schematic illustration
of the oxygen-induced retinopathy (OIR) procedure. Vehicle (n = 6) or S. gracilis (n = 5) was orally
administered from P12 to P16. (B) Mean body weight change of mice. The average body weight of the
S. gracilis group did not differ from that of the vehicle group through the administration period. (C)
Representative images of retinal vasculature staining with isolectin B4. Areas of neovascular tufts
(red) or vaso-obliteration (yellow) are highlighted. (D) Quantification of neovascular tufts and vaso-
obliteration (right) in OIR as a percentage of the total retinal area. Note that S. gracilis tended to
suppress neovascular tufts while no significant difference was observed in vaso-obliteration. n.s., not
significant. Error bars indicate mean plus SD.
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Figure 5. Oral administration of Decapterus tabl ingredient suppress retinal neovascularization in a
murine oxygen-induced retinopathy (OIR) model. (A) Schematic illustration of the OIR procedure.
Vehicle or D. tabl was orally administered from P12 to P16. (B) Mean body weight change of mice.
The average body weight of the D. tabl group did not differ from that of the vehicle group throughout
the administration period. (C) Representative images of retinal vasculature staining with isolectin B4.
Areas of neovascular tufts (red) or vaso-obliteration (yellow) are highlighted. (D) Quantification of
neovascular tufts (left) and vaso-obliteration (right) in OIR as a percent of the total retinal areas. Note
that D. tabl significantly (p < 0.05) suppressed neovascular tufts, while no significant difference was
observed in vaso-obliteration. n = 4/group. * p < 0.05; n.s., not significant. Error bars indicate mean
plus SD.

4. Discussion

In this study, among marine products from 68 species, we found fish ingredients from four
species which had HIF inhibitory effects by luciferase assay (Tables 1,A1-A3, Figure 1A).
Additionally, two species of fish genealogically related to the four species also had HIF inhibitory
effects (Figure 1B). These fish ingredients suppressed gene expression of hif-2a, followed by
suppression of their downstream angiogenic factors and others in vitro (Figure 2A,2B), and the fish
ingredients also inhibited HIF-la and HIF-2a protein expression induced by CoCl: or hypoxia
(Figure 3). The activity of HIF-as can be inhibited at the levels of transcription, translation,
translocation to the nucleus, and DNA binding [16]. In this study, we found that the fish ingredients
suppressed mRNA expression of hif-2a. In contrast, the gene expression of hif-1a had already been
decreased by hypoxia possibly due to a negative feedback [27], and the suppression of hif-1a mRNA
expression by the fish ingredients could not been seen. At this point, we could confirm that the fish
ingredients inhibited HIF-1a and HIF-2a protein expression; however, further mechanism should be
investigated in the future studies.

The in vivo experiment revealed that administration of D. tabl in an OIR model had a significant
suppressive effect on pathological retinal neovascularization (Figure 5). On the other hand, S. gracilis
showed little change in neovascular tufts and none in vaso-obliteration (Figure 4). In this study, oral
administration of ingredients from S. gracilis and D. tabl was performed at the highest concentration
and volume as much as possible according to the procedure previously described [28]. These fish
ingredients were crude, and the dosage of S. gracilis may not have been sufficient for this model.
VEGEF is the primary factor driving the formation of neovascular tufts in the OIR model. Although
these fish products showed vegf suppressive effects in vitro concomitantly with HIF inhibition as well
as topotecan which showed a significant suppression of upregulated vegf in OIR retinas [17], the
changes of VEGF expression level in vivo need to be investigated in the future studies.

The six species of fish are classified into two families: Spratelloides gracilis belongs to the Herring
family, and Selar crumenophthalmus, Seriola dumerili, Decapterus macarellus, Decapterus muroadsi, and
Decapterus tabl belong to the Carandiae family. Since the fish have similar properties in the same
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families, it is possible that any characteristic compounds contained in these fishes inhibit HIF activity.
There are some reports regarding the disease-preventive effects of w-3 PUFAs derived from fish oil
by inhibiting HIF-1a and its downstream pathway. For instance, in a murine model of lung carcinoma,
DHA suppressed expression of the HIF-1a/VEGF axis and decreased tumor size with cisplatin
treatment [29]. Another report suggested that DHA and EPA attenuated HIF-dependent
inflammation and reduced neuronal damage in stroke [30]. In this study, the fish ingredients were
incubated in boiled water, then oil in the fish was removed by hexane extraction. We examined HIF
activity of each ingredient from some of fishes with or without degreasing with n-Hexane using the
HIF-reporter luciferase assay, and confirmed that the ingredients containing oil component showed
no change in HIF inhibitory effect compared with the oil-free ingredients (Figure A2). Therefore, it is
inferred that oil components excluded by this extraction methods have no HIF inhibitory effect,
whereas oil-free and water-soluble components contain the biologically active substances.
Additionally, the active ingredients contained in these fishes are considered to be small molecules
such as dipeptides, amino acids, nucleic acids, and minerals. Further purification of these fish
ingredients will be needed. It is also suggested that these water-soluble components do not affect the
postnatal growth in OIR mice, as indicated that no change in body weight was observed with
administration of either fish ingredients (Figures 4B,5B). Further studies are needed in order to assess
the other physiological responds to these ingredients.

Although anti-VEGF drugs are the main pharmacological approach for macular edema and
neovascularization in DR and retinal vein occlusion, and for exudative age-related macular
degeneration, long-term VEGF antagonism may induce photoreceptor and Retinal pigment
epithelium (RPE) cell atrophy [10,11]. Furthermore, VEGF gene deletion in RPE was shown to induce
photoreceptor and choroidal degeneration [18,31]. On the other hand, HIF gene deletion in the retina
in adult mice showed no phenotypic change [18], while HIF-as gene deletion in RPE suppressed laser-
induced CNV in mice [18]. These data suggest that anti-VEGF drugs may suppress the physiological
amount of VEGF required to maintain normal vasculatures and metabolism of cells in the retina and
choroid, and that inhibition of HIFs prevents only pathological angiogenesis. Moreover, frequent
intravitreal injection of anti-VEGF agents is invasive and of high cost for patients. Therefore, fish
ingredients and their active components are readily accepted because of their safety and accessibility
for oral intake, and they can be used as a preventive medicine or supplement for proliferative
retinopathy.

5. Conclusions

We found six types of fish ingredients as novel HIF inhibitors. D. tabl had a suppressive effect
against pathological retinal neovascularization in a murine OIR model. In conclusion, our results
indicate that administration of these fish ingredients may be a possible approach to cure retinal
angiogenic diseases by inhibiting HIFs in the retina.

6. Patents

The current data includes patents applied for Keio University for a therapeutic or prophylactic
agent for ischemic disease, glaucoma, optic nerve disease, retinal degenerative disease, angiogenic
retinal disease, cancer, neurodegenerative or autoimmune disease, and a hypoxia inducing factor
inhibitor (application no. PCT/JP2017/040884) and by Keio University and Shizuoka Prefectural
Research Institute of Fishery for control of hypoxic response by components from marine products
(application no. PCT/JP2019/68141, PCT/JP2019/145435).
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Appendix

Table Al. The list of fishes showing HIF inhibitory effects in the first screening and the rate of change
of HIF activity compared with CoCl-administrated controls. (*Positive control chemicals).

Species of fish Japanese name Sampling parts Rate of change (%)
Scomber australasicus Gomasaba white muscle, dorsal -75.0
Fermented dried bonito Honkare-bushi - -70.9
Dried bonito Ara-bushi - -70.9
Katsuwonus pelamis Katsuo white muscle, dorsal -68.0
Scomber japonicus Masaba white muscle, dorsal -68.0
Thunnus obesus Mebachi white muscle, dorsal —65.0
Etrumeus teres Urumeiwashi skinless fillet -56.5
Cypselurus agoo Tobiuo white muscle, dorsal -55.8
Dried mackerel Saba-bushi - -50.5
Spratelloides gracilis Kibinago headless -49.5
Thunnus obesus Mebachi head muscle -49.5
Trachurus japonicus Maaji skinless fillet -47.6
Topotecan’ - - —40.0
Thunnus obesus Mebachi Pectoral fin muscle -39.8
Scomberomorus niphonius Sawara white muscle, dorsal -38.8
Doxorubicin’ - - -37.5
Selar crumenophthalmus Meaji skinless fillet -35.5
Sardinops melanostictus Maiwasi whole -33.3
Decapterus macarellus Kusayamoro skinless fillet -31.0
Seriola dumerili Kanpachi white muscle, dorsal -26.5
Coryphaena hippurus Siira white muscle, dorsal -25.0
Pagrus major Madai white muscle, dorsal -24.3
Dried sardine Iwashi-bushi - -24.3
Rhabdosargus sarba Hedai white muscle, dorsal -23.7
Panulirus japonicus Ise-ebi muscle, abdomen -14.5
Seriola quinqueradiata Buri white muscle, dorsal -11.5
Haliotis diversicolor aquatilis Tokobushi muscle, foot -10.0
Scomberoides lysan Ikekatsuo skinless fillet -4.9
Marsupenaeus japonicus Kuruma-ebi muscle, abdomen -0.0

CoClz - - 0

Table A2. The list of fishes showing no HIF inhibitory effect in the first screening and the rate of

change of HIF activity compared with CoCl-administrated controls.

Rate of ch
Species of fish Japanese name Sampling parts are (: o /C) ange
o
CoCl, - - 0
Oncorhynchus mykiss Nijimasu white muscle, dorsal 1.9
Lateolabrax latus Hirasuzuki white muscle, skinless fillet 4.4
Crassostrea gigas Magaki edible part 8.0
Haliotis gigantea Megai-awabi muscle, foot 9.5
Gerres equulus Kurosagi white muscle, skinless fillet 125
Caranx sexfasciatus Gingameaji skinless fillet 16.9
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Plecoglossus altivelis altivelis
Dasyatis akajei
Caranx ignobilis
Charonia lampas sauliae
Oplegnathus  punctatus
Plectorhinchus cinctus

Guinusia dentipes

Girella punctata
Stephanolepis cirrhifer
Lateolabrax japonicus

Scombrops boops
Paralichthys olivaceus

Turbo sazae
Meretrix lusoria
Sphyraena japonica
Oncorhynchus masou
ishikawae
Ruditapes philippinarum
Anguilla japonica
Sphyraena pinguis
Siganus fuscescens
Heteropriacanthus cruentatus
Trichiurus japonicus
Prionurus scalprum
Diaphus suborbitalis
Stichopus japonica
Beryx splendens
Chelidonichthys spinosus
Siganus fuscescens
Parapristipoma trilineatum
Goniistius zonatus
Calotomus japonicus

Engraulis japonica

Konosirus punctatus
Lucensosergia lucens
Sphyraena pinguis

Ayu
Akaei
Rounin-aji
Boushu-bora
Ishigakidai
Koshodai

Shojin-kani
Mejina
Kawahagi
Suzuki
Mutu
Hirame
Sazae

Hamaguri
Yamatokamasu

Amago

Asari
Nihon-unagi
Akakamasu
Aigo

Gomabhirekintoki

Tachiuo
Nizadai
Senhadaka
Manamako
Kinmedai
Houbou
Aigo
Isaki
Takanohadai
Budai
Katakuchi-
iwashi
Konoshiro
Sakura-ebi
Akakamasu

skinless fillet
white muscle, dorsal
skinless fillet
muscle, foot
white muscle, dorsal
white muscle, skinless fillet

muscle, cheliped and ambulatory

leg
white muscle, dorsal
white muscle, skinless fillet
white muscle, skinless fillet
headless
white muscle, skinless fillet
muscle, foot
edible part
white muscle, dorsal

skinless fillet

edible part
skinless fillet
white muscle, dorsal
white muscle, dorsal
white muscle, skinless fillet
white muscle, skinless fillet
white muscle, dorsal
headless
muscle
white muscle, dorsal
white muscle, skinless fillet
ovary
white muscle, skinless fillet
white muscle, dorsal
white muscle, dorsal

whole (larva)

white muscle, skinless fillet
whole
testis

174
24.5
29.9
30.5
36.5
39.5

39.5

44.0
47.0
53.0
75.0
77.0
80.0
83.0
87.5

88.5

96.5
98.1
104.2
104.2
105.5
108.5
117.5
127.7
129.5
133.0
134.0
142.5
147.5
147.5
149.0

180.0

182.0
215.8
230.8

Table A3. The list of fishes showing no HIF inhibitory effect in the second screening with statistical

analysis and the rate of change of HIF activity compared with DMOG-administrated controls (1 = 3).
*p<0.05,** p<0.01, **p <0.001, + p <0.0001, f p <0.00001 compared with DMOG.

Rate of change

Species of fish Japanese name Sampling parts %) p value
DMOG - - 0 -

Fermented dried bonito Honkare-bushi - 1.0 0.999
Seriola quinqueradiata Buri white muscle, dorsal 3.8 0.871
Coryphaena hippurus Siira white muscle, dorsal 6.3 0.826
Thunnus obesus Mebachi white muscle, dorsal 7.7 0.919
Cypselurus agoo Tobiuo white muscle, dorsal 8.2 0.882
Dried sardine Iwashi-bushi - 10.9 0.039
Scomber australasicus Gomasaba white muscle, dorsal 11.1 0.529
Sardinops melanostictus Maiwasi whole 115 0.464
Katsuwonus pelamis Katsuo white muscle, dorsal 139 0.206
Pagrus major Madai white muscle, dorsal 15.9 0.011*
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Scomber japonicus Masaba white muscle, dorsal 21.6 0.004**
Dried mackel Saba-bushi - 26.9 0.0002***
Scomberomorus niphonius Sawara white muscle, dorsal 28.4 0.0007***
Etrumeus teres Urumeiwashi skinless fillet 69.0 0.00004t
Thunnus obesus Mebachi head muscle 70.4 0.00002t
Thunnus obesus Mebachi pectoral fin muscle 79.5 0.000005%
1.4

p=0.056

1.2
‘ 1
I I
0
Veh. DXR

0.1 mg/ml 0.3 mg/ml 0.6 mg/ml 1 mg/ml

Relative luciferase activity
(Ratioto 1% O,-Veh.)
o o
o o]

[}
>

o
N

S. gracilis

1% O,

Figure Al. S. gracilis ingredients show inhibitory effects on HIF activation in a dose-dependent
manner in vitro. HIF-reporter luciferase assay was performed using the murine embryo fibroblast cell
line (NIH-3T3). S. gracilis inhibited HIF activity induced by 1% oxygen in a dose-dependent manner.
Note that S. gracilis showed significant HIF inhibitory effect only at a concentration of 1 mg/ml. ** p <
0.01 compared with 1% O2-Veh. Error bars indicate mean plus SD. Veh., Vehicle; DXR, doxorubicin.

{Ratio to controf)
r w
Mo oW o

in

Relative kiciferase activity

=
n

(=]

Figure A2. Oil components of Fish ingredients show no effect on HIF activity in vitro. HIF-reporter
luciferase assay was performed using 661W (n = 3). C. agoo, S. australasicus, and S. melanostictus ingredients
were extracted with (fish-2) or without (fish-1) n-Hexane. Note that oil-free ingredients showed no change
in HIF inhibitory effect compared with the ingredients containing oil component. *** p <0.001, + p <0.0001,
1 <0.00001 compared with CoCl-Veh. Error bars indicate mean plus SD. Veh., Vehicle; Topo, topotecan;
DXR, doxorubicin. Fish-1, fish ingredient containing oil component; Fish-2, oil-free fish ingredient.
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Streptomyces alboniger 13k Puromycin MiiE&E a1 2 A3 2 (X 14) EWNEE= Y hr—L
CMV-Renilla-Luciferase (- N A A a7 4 L AD CMV 7 aE—H—FiiiZw oA X 7rHsk
Renillaluciferase B{s1. & F PGK 72 & —% —O il KIHE Bk O Hygromyecin (it P& s
T4 635X 1B)) ZILITHRFEAN LZERIMKAER L7z, 26 ofifalc PHD FHEHRIT
H DAL F(CoCl) ETIE P AT NAFH VL7 U 2 (DMOG) & ifINT 5 2 & Tl
& FCHIF 2L Ebd 5 L RIS, 68 OIS ZIRM LTz, 24 BRI 7 =) Uic X
HINERE LT, NPT 47 ar bu—E LTEEMO HIF BHERITHL FART U F2ER
XFYNEVUERMERLE,

Real time PCR : ARPE19 75 Total RNA % Hiff L7c, WG REFE %2 T cDNA A& 1T
VY, real time PCR #{T7->7-,

Vx AR Ty T 47 661W 721X ARPE19 k0 & LR il #4757z, EARUKENIC X
557 H, #55% ., HIFla., HIF2a . Bactin D& —RPUE, ZIRPUE E DIRE . (BFEFENIEC
TREZ T o T2,

iy FEHR - EEREN ORI IE BRI S 2 FE 2 DA N T A & LT o T,

OIR &7 /v & SR D 5 - C5TBLI6I ~ 7 A% HW T OIR £ 7 /V&FER L7z, 4% 8 H
HO~ U A% 86%miad NIZ 72 Rl ##E L, A% 11 HH N OENBFEER T CHE Lo, A%
12 HE2S 16 HE T 2(1.2g/kg/ ) £ 721347 h L1 (Bglkg/ H), RHHEEEE LTk
kOG- Lic, 1% 17 H BICIRERZ R L, MR — A~ T v MEfER LT, 74 Y L7 TF
B4 THRRGL 21TV, SOGBAMER CHAMBR BT A I 4F 3o K OV M A sEik DI 2 E L7z,

FEFHANT - 2 BERI ELBAZIZM R 7 =2 —F > b t E %, 3 BEM LA L0 Hefiziz i ANOVA-Turkey
BMEZTNETHHWZ, p<0.05 ZHHFCAEE L Lz,

3. fER

3.1 f¥EM ORI ) —=2 7

B TORFEREMIIKEETH Y | BHKICEFLER L., 7 -RAZ UV —= 7T,
661W % AT CoClel#E Tl 278> 7z, ZORER, 27 FiDOMASFHT HIF FRER R 2R LTz, &
Ry & CoCle A A > D F L— MEAIC L D AT O HIF iR F 245720, “ kA7 Y
—=2712 DMOG ## F C{Tolz, TOFER, ATV, F&Fa, BoF /¥YEROD 47
WA E HIF AEZRE R LT, 4O bX T 242 SHITT7T VROMETH 7= Lo
5. ARPE19 ZfiWVWC, ZoMHixfm 2 (LuT7 Y, A7 hLanu) IZHRBEOENH 5 BN
WFAEEAT > 72, ZOFEE, 6 MOMEK YL, DMOG 12X > T sn 5 HIF HE2 A BICE
L7z, F£720 NIH-3T3 Z T, F B T OIRERAFR HIF ELR A7 L2 R, feh2
I3 1%MBHRIC L > THFESN D HIF EEZREKAICHE L, 1 mg/mL ORE TORAER



HIF PREDR 2R LT

3.2 fEhhtc X 5 HIF & HIF A& s o)

fER ) o HIF 36 X O HIF RS G T ~OR B2 J~<7-, ARPE19 |2, 4 fom¥EHHY
ZWRIMU 1%MFESEM F A % 2X— K L7, ARPE19 TiX, [K#EEIZ L > T HIFIA DEfsT
FEEL~VULBMETF L, AEEIC L0 EPASI OFENIH SNz, 2 2T, MR Ui
FAEICES L TWnWA Z Enmbiu (Watanabe D et al. N Engl J Med. 2005), OIR €5 /1~ 7 A
MBI CHREBUEMNT 5 Z L BRI TV D (STIRILT]D) epo &8, 1%MEHESM: FCHNL 7
HIF #0985 T(VEGFA., EPO. PDK1DOFHLL, MMM X0 A REISHE], F 7= T
MERDTz, Vo AXTayT 47Tk, ARPE19 B\ T, CoClaiZ L WML 7= HIF-1«
BLOHIF-2a 0X 37 F&N, SEEMEMIC L 0 GARICHD . E3E20a B 2T 20N
HLODORE Z R LTz, 72, 661W (28T, CoCla i X WM L7z HIF-1a DX > /87 E &
X, BV AR EREFE TN EZIER DD OO E R LT,
ARPE19 5 XN 661W & 12, 1%EEFESLM T T L7 HIF-1a O X7 B &), R
WX D EBIZED ., RN E BRI OOBIMER 2R Lz, 20D OFERND
feUREE TR iR K OVSERER O EE IR RE k“fﬁﬁ%thﬁ%ﬁAﬂi/6@®%%ﬂmﬂ
EEHTHZENRSNT,

3.3 ¥ U A OIR E 7 /VZHIT 2 aMEmHmIC ;5ﬁﬁrmm BT AE B2 R

AR ) 1 A8 T AR LS k9 B SRR Sy DB R A T T 2 72912, OIR ~ w7 A2kt L 2 FE o> fa sl
m%®ﬁu&5%ﬁoko:V/ﬂﬁﬁf%é%tfnﬁﬁﬁfm\ﬁ%ﬁkwﬁbfm Bt
WM A N2 inoT-, — ., TUVROBED S bAT B Aa e 5EETIE. XIREEE ik L C
BEIHAIAE LIS Lz, —F, BIEFERICIZED O b ABRRITEED biLeho T,

4. Btk

AWFZETIE, & 710 FEOKEDDOFE NN Y 7 2T —BT vEAI12k 5 HIF [REEHEZH T 5
6 O A KA LI, £/, 2 b oMW » EPAST © mRNA BB A2 MHT2 2 & & A
L7z, —F. HIFIA OBETRBUMEBREICLVBEE T LTBYADO T — Ky 7 HME
MLt EZOND), AEMEMC LD HIFIA DG L~ )L TOMENTR SR - 7-, FHH
HiE HIF-1a B8 KO HIF-2a % 7 BEOFRBE 2 M LTV D 2 & 23R T & 7z, HIF {5
OEHIRA > b E LT, 855, B, ¥ 27 05fif, #ABIT. HRE ~OfERR ERH 5 (X
fk[16]), AHfFE T Positive Control & L CfEH L7z, Topotecan, Doxorubicin X% ¥4 HIF
mRNA L)L, HRE ~OfEE%#HET L E SN TWS, LarL, AL TiE. Topotecan (2T
mRNA, % X7 BB EOK TN SV HIIERE « B8 544208 i 54, #1Z Doxorubicin (2T
KNy BB EOIK T 2R Lo ilafE - 858 &0n R oinic, Lo T, Topotecan MENBITR
HRE ~O#ESEEMZHH L THB Y, — 5T, Doxorubicin 7% mRNA °% /37 FEHL L~ )L
TOFEMNZ AL TND ZEPRREBEND, £/, NIH-3T3 1244 % Doxorubicin @ HIF
PN 2 O L TORW D ERAIERE R L VRSN TEY . M k-
T HIF ([ZXT 21EAR R 5 Z e sing, FERIC, #JEfHY S HIF {EPEORR < 2280
RA v MfiE, F2FEMINREIC L > TR D RN D 5, AIEHMEY S HIF- o OFERE
EORA Y FTHELTHDD, A=A LORFNREHOBETH D,

F o, SERH DI O BRI R REIC 5 2 D S B A TR T B 7=, CoCle X DMOG, &%



FARRE 2 E DART 2 G 2 72V T T, FSEIEIC K 5 HIF 5%, VEGF ORBLZ b % s
LILENRD D,

ARFFETIL OIR BT AA~DAT I L v OFRGIT L0 | HEREH AL BT 4E 2 B L 7o as,
F T A TIIAEERIENIRL G20 o 7o, BRI ATREZR IR Y SR - R TIT o 7228,
FAEBEIIRBRCHY . ZOTT AT T CE TN G880 BS54 TidZe VW aThE
PR DD, o, AT 0Ll K5 MEFHEMBIOREZ | BEfFOH VEGE 3 & i+ 2 4
ERbhHEEZD,

OIR £ 7 /v~ U A~DO MR 5RZIX, D. tabl, S. gracillis D58 EH 6 4 @R FE
BREZEVIIATF~ U A DEENFAD T HHMICH -7, OIR ET /MIZHIT 5 EIREEESE & & DR
LD FERRGAED B LT RTREMERS . B O S R AR IR O IR AL L2 TREE DS B 2
N,

6 FOAFEII=V B ETURNIET 5, RHC IV EUOWEEZET L2 b, SRlIOHH
AT B E AL DRI e b A S HIF BLEIEMEE RO B X b5, AR CER L7 fdEhhH
Pyo~F9 bt O HIF IEEE2 R ~7o & A M2 ST, Moz a RVt
L C HIF [EZDRACEALR 22030 72 2 LD AREEHER I AEBIE M E N E T D &SR
T& D, £lo, AR IV _TF R, T8, B, IXRTNVREDEDITTHLEEZD
oo BRI ORHR - FENMEE LD, o, RO OKEMERD T~ U ADMEICHEL b
ZTRNT L BER LI, MOABERSEOFM A MLETH D,

IR IRRE I I v - MR I, HIF 12 X 28k % e BB E T 5, B2 01X, HIF TR
+Td 5 glucose transporter 1{GLUT1)<° PDK1 O HEINIZ & 5 ATP pEA O#eEF(Majmundar Ad.
et al. Mol Cell. 2010, Kim JW. et al. Cell Metah. 2006)<°>, NADH dehydrogenase 1a. subcomplex,
4-like 2(NDUFA4L2)<° cytochrome C oxidase(COX)4-2 O #%EIZ L % ROS FEAEM(Tello D. et
al. Cell Metah. 2011, Fukuda R. et al. Cell 2007)23% 5, Z L5 OMIMaBLHEEERE & 135z, EPO
(2 X BARIMEREE N, VEGF <° platelet-derived growth factor B polypeptide(PDGFB)IZ & % M
HAFEIZ & 0 MR IC B 1T D IR R EREE 2 HERF L T 5 (Rey S. et al. Cardiovasc. 2010), — 5 C, BEjR
S B NEE <P NN 35 BE 28 2 D 1B MERR IR BT I T 20 & O SRR - O BE AN I O HEAT - T4
WCRELSHEET 2, MAENEMIROBREZERORT A4, Mt~ bV v 7 Z084ET,
AR RE ORI ERR 22 5 S 2 LAUERB ISR B2 KT T, Lo TZ D 2 20@BHRERICK
W, 2D OEGERE T A HfH92 HIF 28RN E 352 L 13%8TH D,

— 07 ARBRFE DI T2 HFRIEVEY A S WA k- T HIF 8551370+ 5, RIESMEIRG
Z 1 9 nuclear factor-kappa BINF-kB)X° IL-6 D% A bW A 2L > THE I D signal
transducer and activator of transcription(STAT3)!X HIFla Z##E T2 2 N5 TW5
(Rius J. et al. Nature. 2008, JE Jung. et al. FASEB J. 2005), KR EEEEZME I, s, Ot
PR, BRI XS A L RAIZ L o Tl Z S MR EEMIRRPE) O KIEMZ L
R—IK & HiE X TS (Anderson DH. et al. Am J Ophthalmol. 2002, Donoso LA. et al. Surv
Ophthalmol. 2005), = Z CTIIRIENEER G T2 L7z HIF OIEMHALDFET D LB 2 b, M
BEEBEAMEICR W T HIF MAEIER & 720 5 5,

BILE, BEIRIF HEIBAE >N e S B S M OREYEIRIF 1T VEGE #1ii| Th 573, E#Ieht VEGF 3
B 512 X D AR RPE Mild D ZEfE 13 iy ST\ D, £72 ilifk~ 7 2D RPE (2515 5 VEGF
B RIEIE, AP OZEMEZ T2 2L RmbnTingd, — THIEICK T % HIF



R KRBT R R 2R &2, RPE (08175 HIF #iaFXRENR~ T X L —F—FFH
CNV 2l L7z & W o i3 & 5, VEGFE #filI%, MRS IR D A BRE 70 i 487 18 5 M A fERr 3
D720 E 72 VEGE 2 0 S 5 raetEndH v . — 75T HIF #ifll3m80 72 VEGF O Z %
HEEDHZEERBLTND,

F7-., HElOPT VEGF 3 T AREFIREN TH Y | BEICE > TIEBERERAR D5, L
Tedo T, MBS L O ORI LEMENE R OBERMAEETH Y | & Hr A
BREBO T EIXIBRE L THERATE 2R H L5, —FH T, AR Ty RTELGEZ1T-
1A T T b v R R O A 60kg Db MHE L72SE IR T 1 HH Y 12 EEICHY
T2, Ak, W GEORE, A2aORE, BRPLETH S, /ARG EICEL T
BEtziTo TR bT, ABREBFERPLELEZ D,

%I, AW Limitation & LC, Invivo TO HIF BIREDERR 72 SN TWRNI ERH
Foh, SBMAEITHINETHD EEZ25, Invivo TiE, OIR ~ 7 ZAE5 /L ZERk LAsERH
WOEEZITO, FEED 5 O mRNA o4 > 37 iz £ Y HIF-as & HIF Rt 058
PACEMERT D22 N TE D, ZOB, 1RO~ U AHEENGERIUTE 5 mRNA, % /373
WETHLHZ LN, THEOIEEHETH20ENH D, Invitro TOMEFAEER L LT, M
BN RN A 72 Tube formation assay. Migration assay. Proliferation assay Z£73%6(F 5
. 2 S ORBR CREMEYEZRINT 2 2 L2 X 0 & ERZCOFHMEZIT 5 2 & A3 ATHE
Thod, LrL, METOREEZZET D &, MMM OIRBBERMPB T 7 74 A%
Ffo CMAEWRMIIG~E- 2 28N EETH Y | MG PRI 2 FI 72 5548 F25CR Clmig A8t
AR CERWATREMEN H D, ZDZ &b, Invivo BEBRRATO X X7 « B FRBE( & T
RIDVENRDD EEZD,

5. fEam

ARFZECIEETR HIF BREA & LT 6 MMEoMAIELZ AL, A7 hLaaid~7 A OIR €7 /LIC
FUNTHERLE L B AR 2 i Lz, 20 OB O 513, Mo HIF BEIZ X 0 EEYS
MM ERRBEIBR T DR H D 2 ERARBE I T,



Reporter gene
TATA%n! 9

RRE

pCignal Lenti-TRE-Reporter gene

Psi
RSV/S'LTR

AmpR

_ PuroR

SIN /3 LTR

B Reporter gene PP hpak
i
—— PuroR
CMV
SIN/FLTR
pCignal Lenti-CMV-Reporter gene
RRE
" 1 ot
Psi
RSV /S LTR

1 Transfer vector ##5X (Cignal Lenti Reporter Handbook, Qiagen, 2012 X 0 ##r) A)
Cignal Lenti-TRE-Reporter gene. $#EDHAELE T L A > MTRENZ HIF 2354563 2 IKEE F i
KL A FHRE)EF23FH24 3 5, B) Cignal Lenti-CMV-Reporter gene. CMV-Reporter gene
& LT Renilla V7 =7 —ERBIESZ 5T,



	主論文表紙.pdf
	学位主論文’
	nutrients-12-01055
	20201224和文要約・解説’




