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Abstract 18 

Our previous study showed that ethanol exposure inhibited embryonic angiogenesis 19 

mainly due to the excessive stimulation of reactive oxygen species (ROS) production. 20 

In this study, we investigated whether sulforaphane (SFN), a known dietary bioactive 21 

compound, could ameliorate the ethanol-suppressed angiogenesis using chick embryo 22 

angiogenesis models. Using chick YSM (yolk sac membrane) and CAM 23 

(chorioallantoic membrane) models, we demonstrated that low concentrations of SFN 24 

(2.5-10 µM) administration alone increased angiogenesis, but high concentrations of 25 

SFN (20-40 µM) inhibited angiogenesis. SFN administration alleviated 26 

ethanol-suppressed angiogenesis and angiogenesis-related gene expressions in both 27 

angiogenesis models. Ethanol exposure caused cell apoptosis in chick CAM, and the 28 

cells apoptosis could be remitted by administration of SFN. Subsequently, we 29 

demonstrated that ethanol-induced increase of ROS and antioxidant enzymes activity 30 

reduction were rescued partially by SFN. Similar results were obtained in ER stress 31 

determination indicated by ATF6 and GRP78 expression or thapsigargin-induced ER 32 

stress in the presence or absence of SFN. Taken together, our experiments show that 33 

SFN administration can ameliorate - ethanol-suppressed embryonic angiogenesis, and 34 

this is mainly achieved by alleviating excessive ROS production and ER stress. This 35 

study suggested that SFN, in appropriate concentrations, could be a potential 36 

candidate compound for preventing negative impact of alcohol on angiogenesis. 37 

Key words: Sulforaphane, ethanol, embryonic angiogenesis, chick CAM/YSM, 38 

oxidative stress, ER stress 39 
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Introduction 40 

Fetal alcohol spectrum disorder (FASD) is exhibited as birth defects induced by 41 

alcohol consumption by pregnant women during pregnancy. The physical 42 

developmental disorders include facial deformities, skeletal defects and 43 

cardiovascular irregularities 
1-2

, in which the severe cardiovascular deformation can be 44 

lethal to the embryo, so that it instead appears more in neonates 
3
. A functional 45 

cardiovascular system is firstly developed during embryogenesis, because of the 46 

crucial role of the vasculature and heart in developing embryos 
4
. Both vasculogenesis 47 

and angiogenesis will be completed before the prenatal period. Angiogenesis involves 48 

the expansion and remodeling of the vascular plexus via endothelial sprouting and 49 

intussusceptive microvascular growth 
5
, which is a complex process and regulated by 50 

a significant number of modulators. Among them is vascular endothelial growth factor 51 

(VEGF), which is a specific mitogen, stimulates vasculogenesis and angiogenesis 52 

through binding to VEGF receptors 
6
. Fibroblast growth factor 2 (FGF2), known for 53 

its angiogenic potential, is also of great importance in angiogenesis, because it can 54 

promote endothelial cell proliferation and the physical organization of endothelial 55 

cells into tube-like structures 
7
. Hypoxia is considered as an indispensable factor in 56 

pathological angiogenesis, since hypoxia can activate the vital angiogenesis mediators 57 

such as transcription factors hypoxia-inducible factor (HIF) and VEGF 
8-9

. Alcohol 58 

can pass through the placenta and damage the developing embryos and fetus. Our 59 

previous work revealed that maternal ethanol exposure inhibited embryonic 60 

angiogenesis through promoting superfluous reactive oxygen species (ROS) 61 
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production during chick embryo development 
10

. Therefore, a novel approach for 62 

prevention of fetal alcohol spectrum is certainly in demand. 63 

As a component of oxidative phosphorylation, ROS play an important role in the 64 

redox control of various signaling pathways 
11-13

. ROS could function as primary or 65 

secondary messengers to influence embryonic development through promoting cell 66 

growth or death, and positive or negative feedback. However, excessive ROS 67 

generation is associated with the pathogenesis of many diseases 
11-13

, since ROS 68 

accumulation would interfere with normal cellular functions through the deleterious 69 

oxidization on proteins, lipids, DNA and signal transduction 
14

. Furthermore, 70 

accumulated data show that oxidative stress is closely associated with endoplasmic 71 

reticulum (ER) stress, and that ROS could be generated as by product during protein 72 

folding 
15

. Therefore, a fine balance between ROS production and degradation is 73 

indispensable for maintaining physiological functions 
16-17

. 74 

Sulforaphane ([1-isothiocyanato-4-(methyl-sulfinyl) butane], SFN), is the most 75 

extensively studied isothiocyanate (ITC). ITCs are derived from their precursors 76 

glucosinolates under the action of myrosinase. SFN is found at high levels in 77 

cruciferous vegetables such as broccoli and cauliflower, and has been reported to 78 

exert a variety of bio-active effects including anti-oxidation, anti-inflammation, 79 

cytotoxicity and cytoprotection and anti-angiogenesis 
18-19

. SFN is an organosulfur 80 

compound in cruciferous vegetables, and SFN’s anticarcinogenic properties have been 81 

well documented, which acts through the induction of phase II detoxifying enzymes 
20

. 82 

SFN could exert anticarcinogenic effects through its antioxidant or electrophile 83 
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response element-regulated phase 2 enzyme and antioxidant genes activating the 84 

signaling pathway of nuclear factor-E2-related factor 2 (Nrf2)-Kelch-like 85 

ECH-associated protein 1 (Keap1) 
21-22

. The induction of Nrf2 protects normal cells 86 

from free-radical mediated oxidative stress via upregulation of chemoprotective genes 87 

and phase II enzymes, and induction of apoptosis 
23-24

. Whether or not SFN is able to 88 

enhance endogenous antioxidative capacity against free-radical damage in embryonic 89 

angiogenesis has not been fully investigated 
1
.  90 

Thus, the hypothesis that SFN ameliorates ethanol exposure-induced repression of 91 

embryonic angiogenesis is explored and corresponding mechanisms are studied using 92 

in vivo chick yolk sac membrane (YSM) and chorioallantoic membrane (CAM) 93 

models, which have been proved to be the effective models for this type of study 
10, 

94 

25-26
. 95 

96 
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Materials and methods 97 

Avian embryos and treatments 98 

Fertilized chick eggs were obtained from the Avian Farm of the South China 99 

Agriculture University. To administer DMSO (control), SFN (Sulforaphane, 100 

Sigma-Aldrich, MO, USA) or ethanol to chick embryos YSM, 40 µl DMSO (0.018%, 101 

Sigma-Aldrich, MO, USA), SFN (2.5, 5, 10, 20, and 40 µM) and/or ethanol (15%) 102 

were directly added into plastic rings every 12 hours as shown in Fig. 1A. The treated 103 

embryos were incubated at 38 °C for the desired times based on the experimental 104 

requirement. To administer DMSO (control), SFN, ethanol or thapsigargin to chick 105 

embryos CAM, 200 µl DMSO, various concentrations of SFN (2.5 µM, 5 µM, 10 µM), 106 

ethanol (15%) or thapsigargin (1 µM, Sigma-Aldrich, MO, USA) were directly 107 

injected into the air chamber at the blunt end of the fertilized egg every three days as 108 

shown in Fig. 2A. The eggs were sealed and incubated at 38 °C until day 9 (E9.0) for 109 

harvest. All of the harvested YSM and CAM were photographed using a 110 

stereomicroscope (Olympus MVX10, Tokyo, Japan) before they were fixed with 4% 111 

paraformaldehyde for analysis of morphology and gene expression. Only the 112 

surviving embryos were used for the further research.  113 

 114 

Cell culture and tube formation assay 115 

Human umbilical vascular endothelial cells (HUVECs) were a kindly gift from 116 

Zhi Huang’s lab, and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 117 

medium (Gibco, Shanghai, China) supplemented with 10% fetal bovine serum (FBS), 118 

Page 6 of 47

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



 

 7

and incubated at 37 °C and 5% CO2. The tube formation assay was performed as 119 

follows. Each well of 24-well plates were coated with 300 µL Matrigel (BD 120 

Bioscience, NJ, USA) and incubated at 37 °C for 30 min to promote gelling. 121 

HUVECs were resuspended in DMEM medium (serum concentration 10%) and 122 

simultaneously seeded with DMSO or SFN (1.25 µM) and/or ethanol (1%) in matrigel 123 

coated plates in a final volume of 1 ml (2.5 × 10
5
 cells per well). Then the images 124 

were taken using an inverted microscope (Nikon Eclipse Ti-U, Tokyo, Japan) at the 125 

middle version of the each well at 4 h and 8 h. After 8 h, the plates were fixed with 126 

4% paraformaldehyde, immunofluorescent stained with CD31 (1:200, Abcam, MA, 127 

USA) and counterstained with DAPI. Each well was tested in triplicate and each 128 

experiment was repeated at least 3 times. The total length of tube was calculated from 129 

examinations of 6 separate microscopic fields.  130 

 131 

Histological analysis and immunofluorescent staining 132 

For the histological analysis, the CAM or YSM were dehydrated, embedded in 133 

paraffin wax and serially sectioned at 5 µm using a microtome (Leica RM2126RT, 134 

Wetzlar, Germany). The sections were de-waxed in xylene, rehydrated and stained 135 

with either hematoxylin and eosin dye or immunofluorescent staining. The sections 136 

were photographed using a fluorescent microscope (Olympus IX50, Tokyo, Japan) 137 

with the NIS-Elements F3.2 software package. 138 

Immunofluorescent staining was performed on some sections of the CAM and 139 

HUVECs, using a monoclonal primary antibody against caveolin 1 (Cav1, 1:200, 140 
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Santa Cruz, TX, USA), GRP78 (1:100, Abcam, MA, USA) or ATP6 (1:200, Abcam, 141 

MA, USA) at 4 °C overnight and treated with the Alexa Fluor 555 anti-rabbit IgG 142 

(1:500, Invitrogen, CA, USA) secondary antibody. The sections were counterstained 143 

with 4′-6-Diamidino-2-phenylindole (DAPI, 5 µg/mL; Life Tech, CA, USA) 20 min at 144 

37 °C to reveal the nuclei and finally photographed by an Olympus IX51 microscope 145 

(Tokyo, Japan) or inverted microscope (Nikon Eclipse Ti-U, Tokyo, Japan). 146 

 147 

Assessment of angiogenesis using chick CAM 148 

As described previously 
26

, the CAM and accompanying blood vessels from the 149 

treated embryos were photographed using a Sony SLT-A55 camera (16.2M Pixels) 150 

with a Tamron 90mm F2.8 Macro lens. Ten embryos in each experimental group were 151 

examined. The CAM tissues from eight embryos in each group were embedded, 152 

sectioned and stained with hematoxylin & eosin. The blood vessel density (BVD) 153 

were quantified and analyzed. The areas occupied by the blood vessel plexus were 154 

quantified using an IPP 5.0 image analysis program. The blood vessel density was 155 

expressed as the percentage of area occupied by the blood vessel over the whole area 156 

under the microscopic field as described previously 
25

. 157 

 158 

Western blotting  159 

Western blotting was performed in accordance with standard procedures using 160 

antibodies which specifically recognized GRP78 (1:1000, Abcam, MA, USA). The 161 

protein was isolated from DMSO (control), SFN, ethanol and SFN+ethanol CAM 162 
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(E9.0 day) using a radio-immuno-precipitation assay (RIPA, Sigma-Aldrich, MO, 163 

USA) buffer supplemented with protease and phosphatase inhibitors. Protein 164 

concentrations were quantified with the BCA assay. The loading control was a β-actin 165 

antibody (1:3000, Proteintech, IL, USA). Quantity One (BIO-RAD, CA, USA) was 166 

used to capture the chemiluminescent signals and analyze the data. All samples were 167 

performed in triplicate. 168 

 169 

RNA isolation and quantitative PCR 170 

Total RNA was isolated from DMSO (control), SFN, ethanol, thapsigargin, 171 

SFN+ethanol and SFN+thapsigargin CAM (E9.0 day) using a Trizol kit (Invitrogen, 172 

CA, USA) according to the manufacturer’s instructions. First-strand cDNA was 173 

synthesized to a final volume of 20 µl using iScript
TM 

cDNA Synthesis Kit (BIO-RAD, 174 

CA, USA). Following reverse transcription, PCR amplification of the cDNA was 175 

performed as described previously 
27-28

. SYBR® Green qPCR assays were then 176 

performed using a PrimeScript
TM 

RT reagent kit (Takara, Shiga-ken, Japan). All 177 

specific primers used are shown in Supplementary Fig. 1. Reverse transcription and 178 

amplification reactions were performed in Bio-Rad S1000
TM

 (Bio-Rad, CA, USA) 179 

and ABI 7000 thermal cyclers, respectively. The expression of a non-variant 180 

housekeeping gene GAPDH was determined in parallel to confirm that equal amounts 181 

of RNA were used in each reaction. The ratio between the intensities of the 182 

fluorescently-stained bands corresponding to genes and GAPDH was calculated to 183 

quantify the level of the transcripts for those genes mRNAs. 184 
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 185 

TUNEL staining 186 

The chick CAM (E9.0 day) were fixed in Bouin’s solution and paraffin-embedded. 187 

Sections (5 µm) were deparaffinized and stained with in situ cell death detection kit 188 

(Roche, Basel, Switzerland) according to the manufacturer’s instructions. The extent 189 

of cell death was quantified by counting TUNEL
+
 cells on consecutive transverse 190 

sections of treated and untreated CAM. The proliferation index was calculated 191 

through counting TUNEL positive cells relative to the total cell numbers 192 

(TUNEL-positive cells/total cell numbers). 193 

 194 

Measurement of oxidative stress  195 

Intracellular ROS was determined using a non-fluorescent dye DCFH-DA 196 

(2′7′-dichlorodihydrofluorescein diacetate) (Sigma-Aldrich, MO, USA), which is 197 

oxidized by ROS to the fluorescent dye DCF (2′,7′-dichlorofluorescin). The YSM 198 

tissues were collected from the plastic rings, minced with sterile scissors and digested 199 

with trypsin eliminate obvious tissue mass. An equal volume of cell culture medium 200 

was added to stop the digestion, the filtrate was collected after sieving (pore size 0.2 201 

µm), and centrifuged and the medium discarded. The cells were resuspended in 202 

medium, counted and the volume adjusted to give approximately 1 × 10
6
 cells/ml. All 203 

the above operations are performed at 4 °C. The control, ethanol and/or SFN groups 204 

were incubated in 10 µM DCFH-DA at 37 °C for 20 minutes. Fluorescence was 205 

measured with a Gallios flow cytometer under 488nm excitation wavelength 206 
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(Beckman Coulter, CA, USA).  207 

 208 

Quantitation of apoptotic cells 209 

Annexin V-FITC (BD Bioscience, NJ, USA) and PI double staining were used to 210 

identify and quantify apoptotic cells present in the control, ethanol and/or SFN groups. 211 

The YSM tissues were collected from the plastic rings and then cell samples were 212 

prepared as above for the detection of intracellular ROS by the DCFH-DA method. 213 

Briefly, the cells were collected and resuspended in cold PBS at a density of 1 × 10
6
 214 

cells/ml and then introduced into 200 µl of the Annexin V-binding buffer. The samples 215 

were then incubated with 2.5 µl FITC-labeled Annexin V and 2.5 µl PI at room 216 

temperature for 15 min in the dark and immediately analyzed by a Gallios flow 217 

cytometer (Beckman Coulter, CA, USA). The acquired data were evaluated using 218 

FCS-Express software version 3.0 (De Novo). 219 

 220 

Measurement of T-SOD, GSH, GSSG, MDA, ADH and ALDH 221 

For measuring the levels of T-SOD (total superoxide dismutase), GSH 222 

(glutathione)， GSSG (glutathione disulfide), MDA (malondialdehyde), ADH (alcohol 223 

dehydrogenase) and ALDH (aldehyde dehydrogenase) activity in tissue homogenate 224 

of the chick CAM (E9.0 day), corresponding commercial determination kits were 225 

conducted according to the standard procedures in the manufacturer’s instructions. 226 

Detection kits for T-SOD activity and GSH, GSSG, MDA levels were provided from 227 

Jiancheng Corp (Nanjing, China) and detection kits for ADH and ALDH activities 228 
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were provided from Cominbio (Suzhou, China). Results of GSH, GSSG and MDA 229 

levels were expressed as µmol/g or nmol/g tissue, result of T-SOD activity was 230 

expressed as U/mg protein, and results of ADH and ALDH activities were expressed 231 

as nmol/min/mg protein. Protein concentrations were quantified with the BCA assay. 232 

 233 

Data analysis 234 

Statistical analysis for all the experimental data generated was performed using a 235 

Graphpad prism 5 statistical package program for Windows. The data were presented 236 

as average ± SD. Statistical significance were determined using paired t-tests, 237 

independent samples t-test or one-way analysis of variance (ANOVA). *p<0.05, 238 

**p<0.01 and ***p<0.001 indicate significant difference between control and ethanol 239 

and/or SFN treated specimens. 240 

241 
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Results 242 

SFN administration bilaterally affects the chick embryonic angiogenesis. 243 

An embryonic angiogenesis model, chick YSM (yolk sac membrane) 
10

 was used 244 

to determine the effect of various concentrations of SFN administration alone on 245 

angiogenesis since it is straightforward to observe the angiogenesis through 246 

quantitatively measuring the blood vessel density of vascular plexuses in the plastic 247 

rings as shown in Fig. 1A. The photographs for each group were taken after 248 

incubation for 0 (Fig. 1B-G), 12 (Fig. 1B1-G1), 24 (Fig. 1B2-G2) and 36 (Fig. 249 

1B3-G3) hours. The results showed that density of vascular plexuses increased in a 250 

dose-dependent manner within the SFN concentrations of 2.5 - 10 µM, but the 251 

densities of vascular plexuses dropped when SFN concentration was over 20 µM (Fig. 252 

1). This tendency is similar for each time point (Fig. 1H).  253 

Another angiogenesis model, chick CAM (chorioallantoic membrane), which has 254 

been widely employed as an in vivo angiogenesis model, was then used to confirm the 255 

role of 2.5 – 10 µM SFN on the promotion of angiogenesis 
25

. Using the chick CAM 256 

as shown in Fig. 2A, we investigated the effect of different concentrations of SFN 257 

administration alone on angiogenesis. The body weight of embryos increased in a 258 

dose-dependent manner in the SFN groups (Fig. 2B), and 2.5 - 10.0 µM SFN did not 259 

induce embryo death (Fig. 2C). As shown in Fig. 1D, the vascular plexus densities 260 

increased with SFN concentration, particularly when SFN concentration reached 10 261 

µM (Fig. 2E).  262 

We have also investigated the effect of SFN on ethanol-repressed endothelial tube 263 
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formation in a 3-D angiogenesis assay (Fig S2). SFN at 1.25 µM promoted tube 264 

formation and 1% ethanol administration reduced it in compassion to control. 265 

Co-application of SFN could significantly rescued ethanol-reduced tube formation. 266 

The aforementioned data imply that SFN administration time- and dose-dependently 267 

rescued ethanol-repressed embryonic angiogenesis. 268 

 269 

SFN administration time- and dose-dependently rescued ethanol-repressed 270 

embryonic angiogenesis. 271 

Using the same strategy, the chick YSM angiogenesis model was employed to test 272 

what would happen when SFN was administrated together with ethanol as shown in 273 

Fig. 3A. The results revealed that SFN (5.0 µM and 10.0 µM) administration alone 274 

increased the vascular plexus densities in a time- and dose-dependent manner; ethanol 275 

administration alone decreased the vascular plexus densities in a time-dependent 276 

manner; the ethanol-induced reduction of vascular plexus densities was rescued by 277 

co-administration with SFN in a time- and dose-dependent manner (Fig. 3B-G, 278 

3B1-G1, 3B2-G2, 3B3-G3, 3H).  279 

Using the chick CAM model again, SFN was administrated together with ethanol 280 

(Fig. 4). The results showed that ethanol administrated alone decreased the vascular 281 

plexus densities on chick CAM and body weight compared to control, but this 282 

ethanol-induced reduction was dramatically rescued by co-administration of 10 µM 283 

SFN (Fig. 4A-E). Ethanol treatment resulted in the deaths of 55.70% of chick 284 

embryos, but this was reduced to 37.10% of chick embryo deaths on addition of 10 285 
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µM SFN after ethanol exposure (Fig. 4F). Likewise, we found that the 286 

ethanol-induced reduction of vascular plexus densities was rescued by the 287 

co-administration with SFN (Fig. 4G). The high magnification images which focused 288 

on the principal blood vessels on CAM showed that SFN administration raised 289 

vascular diameters in compassion to control; ethanol administration reduced the 290 

diameters of blood vessels; co-application of SFN could significantly rescued 291 

ethanol-reduced vascular diameters (Fig. 4A1-D1, H-K and P). This effect could be 292 

more distinctly observed in the Cav1 immunofluorescent staining (Fig. 4L-O). 293 

Quantitative PCR for VEGFa (Fig. 4Q), FGF2 (Fig. 4R) and HIF1ɑ (Fig. 4S) 294 

determination showed that the expression of these genes in chick CAM likewise 295 

underwent similar alterations with combinational application of SFN significantly 296 

rescuing the ethanol-induced inhibition of gene expressions. The aforementioned data 297 

imply that SFN administration time- and dose-dependently rescued ethanol-repressed 298 

embryonic angiogenesis. 299 

 300 

SFN administration retrieved the ethanol-induced cell apoptosis on chick CAM. 301 

Using TUNEL assay kit, the cell apoptosis was determined on chick CAM 302 

exposed to SFN (10 µM), ethanol or in combination (Fig. 5). Histochemical staining 303 

showed that the TUNEL staining was enhanced by ethanol administration alone, but 304 

dropped when applied with SFN compared to ethanol administration alone (Fig. 5A-D 305 

and E), which could be reflected through counting the TUNEL positive individual cell 306 

numbers in the high magnification images (Fig. 5A1-D1). Moreover, flow cytometry 307 
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analysis (stained with Annexin V/PI) was employed to detect the cell apoptosis. The 308 

results showed that ethanol administration alone increased the apoptotic positive 309 

necrotic cells, but dropped significantly when combined with 5 µM and 10 µM SFN 310 

(Fig. 5F-G). 311 

 312 

SFN administration alleviated the ethanol-induced oxidative stress and 313 

endoplasmic reticulum stress on chick CAM. 314 

SFN at 5 µM or 10 µM or 15% ethanol administration alone lead to an increase of 315 

intercellular ROS production in chick CAM, but ROS production significantly 316 

dropped when SFN and ethanol were applied together (Fig. 6A-B). To further 317 

investigate the mechanisms of the antioxidative actions exerted by SFN, we measured 318 

the antioxidant defense system. Quantitative PCR analysis demonstrated that ethanol 319 

administration alone inhibited both Nrf2, Keap1, NQO-1, GPX1, SOD1 and SOD2 320 

expression, but they were significantly increased in co-application of SFN and ethanol 321 

(Fig. 6C-H). The level of MDA was increased in ethanol treatment group, however 322 

co-application of SFN significantly reduced it compared with ethanol treatment alone 323 

(Fig. 6I). Furthermore, we examined the antioxidant enzymes in chick CAM. The 324 

level of GSH was increased and GSSG was decreased in ethanol treatment group, but 325 

co-application of SFN significantly increased GSH compared with ethanol treatment 326 

alone (Fig. 6J-K). Besides, the level of T-SOD was similar with the mRNA level of 327 

SOD1 and SOD2. This indicates that SFN administration can counteract 328 

ethanol-induced excessive ROS production in chick CAM.  329 
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We also detected the activities of ADH and ALDH, the key ethanol metabolism 330 

enzymes, in chick CAM and embryos. The results showed that ethanol increased the 331 

activity of ADH and decreased activity of ALDH compared with control group in 332 

chick embryos, and co-administration of SFN recovered their levels compared to 333 

normal control group. In chick CAM, SFN co-administration increased the activity of 334 

both ADH and ALDH (Fig. S3A-D). 335 

 Immunofluorescent staining of ATF6 and GRP78, the markers for endoplasmic 336 

reticulum (ER) stress 
29

, were carried out on the transverse sections of chick CAM 337 

exposed to SFN alone, ethanol alone or combination of both (Fig. 7A-H). The results 338 

showed that ethanol administration alone increased the expressions of GRP78 and 339 

ATP6 compared to control (arrows in C2 and G2), but this increase was not observed 340 

when SFN and ethanol were applied together (Fig. 7A1-D1, 7A2-D2, 7E1-H1, 341 

7E2-H2). In order to quantify changes in protein and mRNA levels, Western blot (Fig. 342 

7I) and quantitative PCR (Fig. 7J-K) were used to detect the expressions of GRP78 343 

and IRE1 in chick CAM, and the results indicated that ethanol administration alone 344 

increased GRP78 (both protein and mRNA) and IRE1 (mRNA) expressions. The 345 

combinational application of SFN and ethanol significantly reduced ethanol-induced 346 

GRP78 and IRE1 expressions (Fig. 7I-K). 347 

 In order to further confirm the ER stress involvement, thapsigargin, a specific 348 

endoplasmic reticulum (ER) membrane Ca
2+

-ATPase inhibitor 
30

, was applied to the 349 

chick CAM angiogenesis model (Fig. 8A-C). The results showed that the blood vessel 350 

density in CAM were reduced in the presence of thapsigargin, but recovered when 351 

Page 17 of 47

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



 

 18

thapsigargin was applied with SFN (Fig. 8A1-C1). Likewise, we found that 352 

thapsigargin administration alone reduced vascular plexus densities and 353 

combinational application with SFN could recover this reduction of vascular plexus 354 

densities (Fig. 8D). Quantitative PCR data showed that thapsigargin administration 355 

alone increased the expressions of GRP78, ATF6 and IRE1 in chick CAM, and the 356 

increased expressions of these genes significantly dropped when thapsigargin was 357 

applied with SFN (Fig. 8E-G). These data suggest that ethanol exposure induces ER 358 

stress, and SFN is able to remove the ER stress induced by ethanol exposure to some 359 

extent.  360 

361 
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Discussion 362 

The fundamental function of embryonic yolk sac membrane (YSM), the extra 363 

embryonic membrane, is to absorb nutrition from yolk for developing embryos. YSM 364 

derive from blood islands and are full of vascular plexuses. They are also the sites of 365 

primary vessel growth, blood cell formation, lymphatic and germ cell proliferation. 366 

Chick chorioallantoic membrane (CAM) assays have been extensively employed to 367 

study the effects of chemical/compounds or detrimental factors on angiogenesis 
26, 31

. 368 

Hence, both of the embryonic angiogenesis models were used here to study if SFN 369 

administration could reduce the teratogenic impact of alcohol on angiogenesis. First 370 

of all, the effect of SFN administration alone on angiogenesis was checked in both of 371 

models that lower concentration (less than 10 µM) of SFN stimulating angiogenesis 372 

and higher concentrations (more than 20 µM) inhibiting angiogenesis (Fig. 1-2). 373 

HUVECs tube formation model confirmed that the lower concentration SFN could 374 

reduce the negative impact of ethanol (Fig. S2). The concentrations of the SFN, which 375 

stimulating angiogenesis in chick YSM and CAM, were higher than the ones used in 376 

our in vitro experiments
18-19, 32

. This might be due to the diversity and absorptivity 377 

between in vivo and in vitro approaches, since the in vivo microenvironment of YSM 378 

and CAM are certainly more complicated than one at incubated one layer of cells in 379 

vitro. Even the same concentration of SFN presented some different effects on 380 

stimulating angiogenesis or anti-angiogenesis when the different endothelial cell lines 381 

are employed. For instance, Bertl et al. demonstrated that even 0.1 µM SFN (lower 382 

concentrations compared other applications) could suppress the formation of novel 383 
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micro-capillaries using an in vitro anti-angiogenesis model (Human microvascular 384 

endothelial cells)
33

. However, most studies showed more than 10µM SFN could 385 

suppress angiogenesis in vitro (HUVECs and Bovine aortic endothelial cells)
18-19, 32-36

 386 

and in vivo (Balb/C mice implanted with VEGF-impregnated Matrigel plugs)
34

 387 

experiments. Our observations are generally similar to the experimental results in 388 

those literatures. 389 

Based on the aforementioned data and our previous results, 5 or 10 µM SFN with 390 

ethanol were administered together in chick YSM and CAM angiogenesis models, in 391 

which the ethanol-repressed angiogenesis in both of the models were restored by 392 

addition of SFN in a dose- and time-dependent manner (Fig. 3-4). In a previous study, 393 

ethanol and ethanol-induced ROS were demonstrated to negatively affect the 394 

expression of angiogenesis-related genes during chick embryo development, including 395 

VEGF and FGF2 
10

. In this study, the combinational application of ethanol and SFN 396 

dramatically increased expressions of VEGFa and FGF2 in chick CAM (Fig. 4).  397 

There are two possible mechanisms for the effect of SFN on angiogenesis by the 398 

combinational application of SFN with ethanol. Firstly, it is mainly because SFN 399 

directly influences on the expressions of angiogenesis-related genes. For instance, 400 

more than 5µM and 10µM SFN could inhibit HIF-1α and VEGF expression in cancer 401 

cells in vitro
37

. We also found that the treatment of SFN (lower than 5µM) could 402 

up-regulate thioredoxin reductase, and thioredoxin might contribute to facilitate the 403 

effect on angiogenesis at the low dose
38

. Up-regulation of TR-1 can promote VEGF 404 

expression
39

. Secondly, it also could due to SFN’s antioxidant activity, which 405 
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neutralizes the ethanol exposure-induced excessive ROS production or inhibits 406 

anti-oxidative gene expressions. The latter is more plausible since SFN has previously 407 

been reported as an antioxidant
1
. 408 

In both our previous and this study (Fig. 5), we discovered that ethanol-exposure 409 

could increase cell apoptosis in chick CAM, and additional administration of SFN 410 

significantly reversed ethanol-increased cell apoptosis/necrosis (Fig. 5). Furthermore, 411 

the possible pathological mechanisms of SFN were explored in protection against cell 412 

apoptosis/necrosis in chick CAM. Oxidative stress refers to the disruption of the 413 

balance between the production of reactive oxygen species (ROS) and antioxidant 414 

defenses. Interestingly, the production of ROS was dramatically increased when chick 415 

CAM were exposed to either SFN or ethanol, but decreased significantly when 416 

exposed to both SFN and ethanol together (Fig. 6A-B). In the nucleus, Nrf2 binds to 417 

the regulatory sequences (5’-G(/A)TGAC(/G)nnnGCA(/C)-3’), termed antioxidant 418 

responsive elements (AREs) located in the promoter region of genes encoding the 419 

antioxidant and phase II detoxifying enzymes. NRF2 regulates more than 100 genes 420 

including most antioxidant enzymes such as NQO-1, QR, UGTs, GCS, AKR, HO, 421 

TrxR1, GPX2, catalase and SODs 
23, 40

. Thus, the antioxygenation of SFN might 422 

through the Nrf2 signaling (Fig. 6C-L). Ethanol is eliminated from the body by 423 

various metabolic mechanisms, which including the aldehyde dehydrogenase (ALDH) 424 

and alcohol dehydrogenase (ADH). SFN co-administration increased the activity of 425 

both ADH and ALDH might be the other mechanisms of antioxygenation (Fig. S3). 426 

This supports the observation that the combinational application of SFN and ethanol 427 
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could rescue ethanol-induced cell apoptosis in chick CAM.  428 

ER misfolded protein accumulation causes an adaptive stress response, which is 429 

regulated by ER transmembrane protein kinase and endoribonuclease 430 

inositol-requiring enzyme-1alpha (IRE1ɑ) 
41

. The effect of ethanol induced cell death 431 

may be mediated by the interaction between oxidative stress and ER stress 
42

. It is 432 

suggested that ER stress might be another or secondary factor to lead to the 433 

aforementioned phenotype. In this study, ethanol exposure increased the expressions 434 

of ATF6, GRP78 and IRE1, the ER stress markers 
29, 43

, and combinational application 435 

of SFN and ethanol reduced their expressions in chick CAM (Fig. 7), implying that 436 

SFN could alleviate ethanol-induced ER stress. Thapsigargin, a blocker of 437 

endoplasmic reticulum Ca
2+

 pump 
30, 44

, was employed to further verify the 438 

involvement of ER stress in chick CAM since thapsigargin could induce ER stress 
45

. 439 

The results (Fig. 8) demonstrated that thapsigargin alone suppressed angiogenesis, 440 

which reflects in the reduction of vascular plexus densities in chick CAM, and 441 

up-regulated the expressions of ATF6, GRP78 and IRE1, and the experimental results 442 

were completely reversed when thapsigargin and SFN were applied together, thus 443 

reconfirming the importance of ER stress during the protection of SFN in 444 

ethanol-induced apoptosis. 445 

In summary, we found that appropriate concentrations of SFN could rescue 446 

ethanol-repressed embryonic angiogenesis. This may be achieved through alleviating 447 

the inhibition of angiogenesis-related gene expression induced by ethanol exposure. 448 

However, a potential more important defense mechanism is that SFN ameliorates 449 
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excessive ROS production and ER stress, thereby reducing the cell apoptosis in chick 450 

CAM, which will benefit embryo angiogenesis as a whole (Fig. 9). More studies 451 

should focus on the biphasic effects and individual differences of SFN on 452 

angiogenesis in the future. Anyway, our study suggested that SFN, in an appropriate 453 

concentration, could be a potential candidate compound for preventing the negative 454 

impact of alcohol on angiogenesis. 455 

 456 
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 605 

 606 

Figure legends  607 

Fig 1. Assessing angiogenesis on chick embryo YSM following the treatment with 608 

various concentrations of SFN. 609 

A:The embryo pattern diagram illustrate show to implement either SFN or 610 

DMSO (control) on chick embryo YSM (yolk sac membrane) and then quantitatively 611 

measure angiogenesis. B-G3:The representative bright-field images of the leading 612 

edges of vascular plexuses on chick embryo YSM were taken from control (B-B3), 613 

2.5 µM SFN (C-C3), 5 µM SFN (D-D3), 10 µM SFN (E-E3), 20 µM SFN (F-F3) and 614 

40 µM SFN (G-G3) group at 0-hour (B-G), 12-hour (B1-G1), 24-hour (B2-G2) and 615 

36-hour (B3-G3) incubation. H:Bar chart showing the comparison of vascular plexus 616 

densities on YSM of the chick embryos incubated different time among control and 617 

various SFN concentrations groups. **p<0.01, ***p<0.001 compared with control 618 

group. Scale bars = 5 mm in A and 2 mm in B-G3. 619 

 620 

Fig 2. Assessing angiogenesis on CAM and chick embryo mortality following the 621 

treatment with various concentrations of SFN. 622 

A:The sketches illustrate how and when to implement either SFN or DMSO 623 

(control) injection and embryo harvests in fertilized eggs. B-C:Bar charts showing the 624 
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comparison of embryos’ weight (B) and mortalities (C) of the day 9 (E9.0) chick 625 

embryos among control and various SFN concentrations groups. D:The representative 626 

bright-field images of vascular plexuses on chick embryo CAM (chorioallantoic 627 

membrane) were taken from control, 2.5 µM SFN, 5 µM SFN, 10 µM SFN group. 628 

E:Bar charts showing the comparison of vascular plexus densities on chick CAM of 629 

the day 9 (E9.0) chick embryos among control and various SFN concentrations groups. 630 

*p<0.05, **p<0.01, ***p<0.001 compared with control group. Abbreviation: Ctrl, 631 

Control. Scale bars = 5 mm in D.  632 

 633 

Fig 3. Assessing angiogenesis on chick embryo YSM following the treatment with 634 

ethanol and various concentrations of SFN. 635 

A: The embryo pattern diagram illustrates how to implement either ethanol and 636 

SFN or DMSO (control) on chick embryo YSM (yolk sac membrane) and then 637 

quantitatively measure angiogenesis. B-G3:The representative bright-field images of 638 

the leading edges of vascular plexuses on chick embryo YSM were taken from control 639 

(B-B3), 5 µM SFN (C-C3), 10 µM SFN (D-D3), 15% ethanol (E-E3), 15% ethanol + 640 

5 µM SFN (F-F3) and 15% ethanol + 10 µM SFN (G-G3) group at 0-hour (B-G), 641 

12-hour (B1-G1), 24-hour (B2-G2) and 36-hour (B3-G3) incubation. H: Bar chart 642 

showing the comparison of vascular plexus densities on YSM of the chick embryos 643 

incubated different time among control, SFN only, ethanol only and SFN + ethanol 644 

groups. *p<0.05, **p<0.01, ***p<0.001 compared with control group; 
##

p<0.01, 645 

###
p<0.001 compared with ethanol group. Abbreviation: EtOH, Ethanol. Scale bars = 646 
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5 mm in A and 2 µm in B-G3. 647 

 648 

Fig 4. Assessing angiogenesis on chick embryo CAM following the treatment with 649 

ethanol and various concentrations of SFN. 650 

A-D, A1-D1:The representative bright-field images of the vascular plexuses on 651 

chick embryo CAM were taken from control (A-A1), 10 µM SFN (B-B1), 15% 652 

ethanol (C-C1) and 15% ethanol + 10 µM SFN (D-D1) group. A1-D1 are the high 653 

magnification images from the sites indicated by dotted squares in A-D respectively. 654 

E-G:Bar charts showing the comparison of embryos’ weight (E), mortalities (F) and 655 

vascular plexus densities (G) on chick embryo CAM among control, SFN or ethanol 656 

only, and SFN + ethanol groups. H-K:The representative H&E stained transverse 657 

sections from the sites indicated by dotted lines in A1-D1 respectively. L-O:Cav1 658 

immunofluorescent staining was implemented on the transverse sections from the 659 

sites indicated by dotted lines in A1-D1 respectively before applying the DAPI 660 

counterstain. P:Bar charts showing the comparison of blood vessel diameter on chick 661 

embryo CAM among control, SFN or ethanol only, and SFN + ethanol groups. 662 

Q-S:Bar charts showing the quantitative PCR data about the expressions of VEGFa 663 

(Q), FGF2 (R) and HIF1ɑ (S) in chick embryo CAM among control, SFN or ethanol 664 

only, and SFN + ethanol groups. *p<0.05, **p<0.01, ***p<0.001 compared with 665 

control group; 
##

p<0.01, 
###

p<0.001 compared with ethanol group. Abbreviations: 666 

EtOH, Ethanol. Scale bars = 5 mm in A-D; 2 mm in A1-D1; 50 µm in H-K and 100 667 

µm in L-O. 668 
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 669 

Fig 5. Determining cell apoptosis on chick embryo CAM following the treatment 670 

with ethanol and SFN. 671 

A-D:TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end 672 

labeling) staining was implemented on the transverse sections at the same orientation 673 

of chick CAM from control (A), 10 µM SFN only (B), 15% ethanol only (C), and 10 674 

µM SFN + 15% ethanol (D) group before applying the hematoxylin counterstain. 675 

A1-D1:The high magnification images from the sites indicated by dotted squares in 676 

A-D respectively. E:Bar chart showing the percentages of TUNEL-positive cells in 677 

chick embryo CAM among control, 10 µM SFN only, 15% ethanol only, and 10 µM 678 

SFN + 15% ethanol groups. F:The Annexin V/PI (propidium iodide) flowcytometric 679 

assay was implemented in mentioned-above groups. G:Bar charts showing the 680 

percentages of apoptotic positive necrotic cells revealed by flow cytometry analysis 681 

stained with Annexin V/PI in chick embryo CAM among mentioned-above groups. 682 

*p<0.05, **p<0.01, ***p<0.001 compared with control group; 
#
p<0.05, 

###
p<0.001 683 

compared with ethanol group. Abbreviations: EtOH, Ethanol. Scale bars = 50 µm in 684 

A-D and 20 µm in A1-D1. 685 

 686 

Fig 6. Determining ROS production on chick embryo CAM following the treatment 687 

with ethanol and various concentrations of SFN. 688 

A-B:Flow cytometry and bar charts showing the percentages of ROS production 689 

in chick embryo CAM among control, 5 µM SFN (A) or 10 µM SFN (B) only, 15% 690 
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ethanol only, and SFN + ethanol groups. C-H:Bar charts showing quantitative PCR 691 

data about the relative quantity of Nrf2 (C), Keap1 (D), NQO-1 (E), GPX1 (F), SOD1 692 

(G) and SOD2 (H) expressions (normalized to GAPDH) in chick embryo CAM 693 

among control, 10 µM SFN only, 15% ethanol only and 10 µM SFN + 15% ethanol 694 

groups. I-L: The levels of MDA (I), GSH (J), GSSG (K) and the activity of T-SOD (L) 695 

in chick embryo CAM among control, 10 µM SFN only, 15% ethanol only and 10 µM 696 

SFN + 15% ethanol groups. *p<0.05, **p<0.01, ***p<0.001 compared with control 697 

group; 
##

p<0.01, 
###

p<0.001 compared with ethanol group. Abbreviations: EtOH, 698 

Ethanol. 699 

 700 

Fig 7. Determining GRP78 and ATF6 expressions on chick embryo CAM following 701 

the treatment with ethanol and SFN. 702 

A-D:GRP78 immunofluorescent staining was implemented on the transverse 703 

sections at the same orientation of chick CAM from control (A), 10 µM SFN only (B), 704 

15% ethanol only (C), and 10 µM SFN + 15% ethanol (D) group before applying the 705 

DAPI counterstain. A1-D1, A2-D2:A1-D1 are the high magnification images of 706 

GRP78 expression only from the sites indicated by dotted squares in A-D respectively. 707 

A2-D2 are the DAPI counterstain in A1-D1 respectively. E-H:ATF6 708 

immunofluorescent staining was implemented on the transverse sections at the same 709 

orientation of chick CAM from control (E), 10 µM SFN only (F), 15% ethanol only 710 

(G), and 10 µM SFN + 15% ethanol (H) group before applying the DAPI counterstain. 711 

E1-H1, E2-H2:E1-H1 are the high magnification images of ATF6 expression only 712 
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from the sites indicated by dotted squares in E-H respectively. E2-H2 are the DAPI 713 

counterstain in E1-H1 respectively. I:Western blot data show the GRP78 expressions 714 

(arbitrary unit: normalized to β-actin) in chick embryo CAM among control, 10 µM 715 

SFN only, 15% ethanol only and 10 µM SFN + 15% ethanol groups. J-K:Bar charts 716 

showing quantitative PCR data about the relative quantity of GRP78 (J) and IRE1 (K) 717 

expressions (normalized to GAPDH) in chick embryo CAM among control, 10 µM 718 

SFN only, 15% ethanol only and 10 µM SFN + 15% ethanol groups. *p<0.05, 719 

**p<0.01, ***p<0.001 compared with control group; 
#
p<0.05, 

###
p<0.001 compared 720 

with ethanol group. Abbreviations: EtOH, Ethanol. Scale bars = 50 µm in A-H and 20 721 

µm in A1-H1, A2-H2. 722 

 723 

Fig 8. Assessing angiogenesis on chick embryo CAM following the treatment with 724 

thapsigargin and SFN. 725 

A-C:The representative bright-field images of the vascular plexuses on chick 726 

embryo CAM were taken from control(A), 1 µM thapsigargin (B) and 1 µM 727 

thapsigargin + 10 µM SFN (C) group. A1-C1 are the high magnification images from 728 

the sites indicated by dotted squares in A-C respectively. D:Bar chart showing the 729 

comparison of relative vascular plexus densities (%) in chick embryo CAM among 730 

control, thapsigargin only, thapsigargin and SFN groups. E-G:Bar charts showing 731 

quantitative PCR data about the relative quantity of GRP78 (E), ATF6 (F) and IRE1 732 

(G) expressions (normalized to GAPDH) in chick embryo CAM among control, 733 

thapsigargin only, thapsigargin and SFN groups. *p<0.05, **p<0.01, ***p<0.001 734 
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compared with control group; 
#
p<0.05, 

##
p<0.01, 

###
p<0.001 compared with ethanol 735 

group. Abbreviations: TG, Thapsigargin. Scale bars = 5 mm in A-C and 2 mm in 736 

A1-C1. 737 

 738 

Fig 9. Proposed mechanism illustrating how SFN ameliorates the ethanol-induced 739 

pathological angiogenesis. 740 

 741 

Supplementary Fig 1. The sets of primers used for RT-PCR and quantitative PCR in 742 

this study. 743 

 744 

Supplementary Fig 2. Effects of ethanol and/or SFN on endothelial tube formation 745 

in a 3-D angiogenesis assay. A-H: Representative images of tube formation of 746 

Control, SFN, ethanol, ethanol + SFN groups in 4 h (A-D) and 8 h (E-H). I-L:CD31 747 

immunofluorescent staining was implemented on the HUVECs from Control, SFN, 748 

ethanol, ethanol + SFN before applying the DAPI counterstain. I1-L1 are the DAPI 749 

counterstain in I-L respectively. M: Bar chart represents cumulative tube length of 750 

3-D co-culture model exposed to ethanol and/or SFN. *p<0.05, ***p<0.001 compared 751 

with control group; 
###

p<0.001 compared with ethanol group. Abbreviations: EtOH, 752 

Ethanol. Scale bars = 200 µm in A-H and 200 µm in I-L, I1-L1. 753 

 754 

Supplementary Fig 3. Ethanol metabolism pathway modified by SFN co-treatment 755 

might be involved in the protective effects against ethanol exposure on chick 756 
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embryo CAM. 757 

A-B: The activities of ADH in chick embryo (A) and CAM (B) among control, 758 

10 µM SFN only, 15% ethanol only and 10 µM SFN + 15% ethanol groups. C-D: The 759 

activities of ALDH in chick embryo (C) and CAM (D) among control, 10 µM SFN 760 

only, 15% ethanol only and 10 µM SFN + 15% ethanol groups. *p<0.05, **p<0.01 761 

compared with control group; 
#
p<0.05,

 ###
p<0.001 compared with ethanol group. 762 

Abbreviations: Ctrl, Control; EtOH, Ethanol. 763 
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