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Abstract

23

Adequate invasion and complete remodelling of the maternal spiral arteries by the invading

24

extravillous trophoblasts are the major determinants of a successful pregnancy. Increase in

25

oxidative stress during pregnancy has been linked to the reduction in trophoblast invasion and

26

incomplete conversion of the maternal spiral arteries, resulting in pregnancy complications

27

such as pre-eclampsia, intrauterine growth restriction, and spontaneous miscarriages resulting

28

in foetal/maternal mortality. The use of antioxidant therapy (vitamin C and E) and other

29

preventative treatments (such as low dose aspirin) have been ineffective in preventing pre-

30

eclampsia. Also, as the majority of antihypertensive drugs pose side effects, choosing an

31

appropriate treatment would depend upon the efficacy and safety of mother/foetus. Since pre-

32

eclampsia is mainly linked to placental oxidative stress, new diet-based antioxidants can be of

33

use to prevent this condition. The antioxidant properties of flavonoids (naturally occurring

34

phenolic compounds which are ubiquitously distributed in fruits and vegetables) have been

35

well documented in non-trophoblast cells. Therefore, this study aimed to investigate the effects

36

of flavonoids (quercetin, hesperidin) and their metabolites (Quercetin 3-O-β-glucuronide and

37

hesperetin), either alone or in combination, on first trimester trophoblast cell line HTR-

38

8/SVneo during oxidative stress. The data obtained from this study indicate that selected

39

flavonoids, their respective metabolites significantly reduced the levels of reduced glutathione

40

(p<0.0001) during HR-induced oxidative stress. These flavonoids also inhibited the activation

41

of pro-apoptotic kinases (p38 MAPK and c-Jun N-terminal kinase) during HR-induced

42

phosphorylation. In addition, they enhanced spheroid stem-like cell generation from

43

HTR8/SVneo cells, aiding their invasion. Our data suggest that dietary intake of food rich in

44

quercetin or hesperidin during early pregnancy can significantly improve trophoblast (placenta)

45

health and function against oxidative stress.
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1. Introduction

59

The placenta is a highly specialised multifunctional organ that is responsible for maintaining

60

the development and growth of the foetus, by acting as a medium of exchange between the

61

mother and developing foetus [1–3]. Therefore, the proper development and function of the

62

placenta is crucial to the health of the mother and developing foetus [1]. During early gestation,

63

normal placental development and function is dependent on the coordinated differentiation of

64

the cytotrophoblast (which gives rise to the extravillous trophoblast) [4,5]. First trimester

65

trophoblast cells, are known to maintain their highly invasive and proliferative phenotype [5].

66

Amongst these, first trimester extravillous trophoblast (EVT) cells are the highly invasive,

67

proliferative and migratory subtype of the cytotrophoblast. They are mainly responsible for the

68

physiological remodelling of the maternal spiral arteries into a high flow, low resistance system

69

[6,7] which is essential for placental development/function and to support the well-being of

70

the mother and foetus during gestation. However, defects in these processes, such as the

71

reduced/shallow invasion of the extravillous trophoblast cells, will result in insufficient spiral

72

artery remodelling. These defects (i.e. insufficient invasion and incomplete maternal spiral

73

artery remodelling) have been linked to placental oxidative stress that leads to several maternal

74

complications [8].

75

Oxidative stress can be defined as the imbalance in the generation and accumulation of reactive

76

oxygen species (ROS) in cells/tissues, and the ability of antioxidants to detoxify them. It mainly

77

results from increased production of ROS and/or decreased capacity of the antioxidant defence

78

system to tackle normal ROS production [9,10]. Considerable evidence has linked oxidative

79

stress to the pathophysiology of several chronic illnesses including cardiovascular disorders,

80

neurological complications, cancers, respiratory disease, rheumatoid arthritis as well

81

pregnancy-related disorders [10,11].
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82

Interestingly, pregnancy can be considered as a state of oxidative stress due to the increased

83

placental mitochondrial activity and production of ROS as low/moderate levels of oxidative

84

stress is essential for the normal development of foetal growth [12,13]. Increased placental

85

oxidative stress has been linked to the pathophysiology of pregnancy complications such as

86

foetal growth restriction, pre-eclampsia (PE), maternal/foetal immune disturbance, and

87

miscarriage [1,14]. PE is a major disease of human pregnancy, characterised by hypertension

88

(160/110 mmHg) and proteinuria (>300 mg/24 h) mainly developing after 20 weeks of

89

gestation [8]. It is estimated to affect about 3 – 14 % of pregnant women worldwide and the

90

incidence varies according to geographical location, nutrition, and race/ethnicity [8]. It is the

91

leading cause of perinatal and maternal mortality and morbidity worldwide [15].

92

Although the exact cause of PE is still unknown, considerable evidence has shown that an

93

increase in placental oxidative stress as a result of severe hypoxia, especially hypoxia

94

reoxygenation (HR), plays a major role in the pathogenesis of PE [3,16]. To date, the only

95

effective solution to PE is preterm delivery or termination of pregnancy. Therefore, prevention

96

and treatment are of major clinical importance. Research to date has focused on reducing and/or

97

preventing placental oxidative stress using antioxidant (non-enzymatic) therapy such as

98

vitamin C and E, either alone or in combination [8,17]. It is notable that the craving of fruits

99

and vegetable that are rich in flavonoids (naturally occurring phenolic compounds with

100

significant antioxidant and chelating properties) has been reported during pregnancy [18–20].

101

Although, it is possible for researchers to study the effects of naturally occurring edible plant

102

products and dietary supplementations as a preventive measure against PE [8,17], due to ethical

103

constraints, it is impossible to study their direct effects on the developing placenta or early

104

trimester trophoblast cells. Therefore, the cellular effects of these known chemicals from edible

105

sources can only be studied in vitro using transformed trophoblast cell lines. Especially,

106

multicellular spheroids have been proposed to be a suitable in vivo model for investigating the
6
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107

effects of drugs [21]. Three dimensional (3D) spheroidal culture offers many physiological

108

advantages for the testing of drug delivery and toxicity such as cell-cell interactions, cell-matrix

109

contacts and 3D shape similar to that of tissue [21,22]. We previously reported that flavonoids

110

(quercetin and hesperidin), their metabolites (Quercetin 3-O-β-glucuronide {Q3G} and

111

hesperetin) alone or in combination significantly triggered protective effects in the human first

112

trimester trophoblast cell line (HTR-8/SVneo) against HR-induced oxidative stress/apoptosis

113

[19]. In the present study, we investigated the effects of quercetin, hesperidin, and their

114

respective metabolites alone or in combination on HR-induced glutathione (GSH) levels, p38

115

mitogen-activation protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) activation. We

116

also looked at their effects on invasion of normal HTR-8/SVneo cells and their ability to

117

transform spheroidal stem cell formation/invasion. We found that pre-treatment with the

118

indicated flavonoids and their metabolites, alone or in combination, prior to HR insult

119

significantly increased glutathione levels, inhibited JNK and p38 MAPK activation, increased

120

HTR-8/SVneo invasive capacity and enhanced spheroidal stem cell growth/invasion.

121

Understanding the relationship between placental development, increased oxidative stress and

122

the cytoprotective effects of dietary flavonoids during early gestation may contribute to the

123

advancement of new concepts in preventing pregnancy related complications.

124

We were particularly interested in quercetin and hesperidin, and their metabolites because these

125

two chemicals are found in fruits and vegetables that are been craved by many pregnant women

126

worldwide [17,18].

127

2. Materials and Methods

128

2.1. Cell Culture and hypoxia reoxygenation insult

129

Transformed human first trimester trophoblast cell line (HTR-8/SVneo) was kindly gifted by

130

Dr Charles Graham, Queen’s University, Canada (passages used ranged between 33-50). The
7
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131

cells were grown and maintained in RPMI-1640 with L-glutamine (Lonza, UK) supplemented

132

with 10% (v/v) foetal bovine serum (FBS; Gibco®, UK), penicillin (100 U/ml) (Lonza, UK)

133

and streptomycin (100 µg/ml) (Lonza, UK) and cultured in a humidified incubator (5% CO2 at

134

37 ºC) until 80–90% confluent. Cells were passaged and further sub-cultured as described

135

previously [19].

136

Flavonoids/metabolites used in this study were purchased from (Sigma-Aldrich®, UK) and

137

their purity was as follows: quercetin (≥95%), hesperidin (≥80%), hesperetin (≥98%) and

138

quercetin 3-glucuronide (≥90%). All experiments were carried out using the same batch

139

numbers. Stock solutions (10 mM) of flavonoids (quercetin and hesperidin) and their

140

metabolites (Q3G and hesperetin) were freshly prepared in dimethyl sulfoxide (DMSO; Fisher

141

Scientific, UK). Final flavonoid/metabolite concentrations ranged between 1 and 3 µM in

142

RPMI-1640 growth media [with a final DMSO concentration of 0.1% (v/v)]. Vehicle control

143

studies using DMSO did not reveal an effect of DMSO on MTT cell viability assays.

144

HR-induced oxidative stress was achieved as described previously [19], by exposing HTR-

145

8/SVneo cells to 2 h hypoxia followed by 6 h reoxygenation in serum- and glucose free RPMI-

146

1640 media (Gibco, UK) in a modular incubator chamber was purchased from Billups-

147

Rothenberg Inc. (San Diego, USA). A gas mixture of 0.2% O2, 5% CO2 and 94.8% N2 was

148

bought from BOC Limited (Nottingham, UK) and certified by HiQ® (Nottingham, UK). HTR-

149

8/SVneo cells were routinely checked for mycoplasma using PCR. The authenticity and the

150

identity of this cell line was verified by the curator (Dr Charles Graham) and the European

151

Collection of Authenticated Cell Cultures (ECACC, Porton Down, UK)

152
153

2.2.Measurement of GSH
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154

GSH detection and quantification were carried out using a GSG/GSSG-Glo™ assay (Promega,

155

UK). HTR-8/SVneo cells were cultured in a 96-well black with clear bottom tissue culture

156

plate (Flacon®; Fisher Scientific, UK) at a density of 2 x 104 cells/well and incubated overnight

157

before treating with quercetin or hesperidin (3 µM), their metabolites (Q3G or hesperetin) (1

158

µM) alone or in combination (3 + 1 µM) for 24 h before exposure to HR-induced oxidative

159

stress. Afterwards, the media was aspirated and replaced with either total glutathione lysis

160

reagent or oxidized glutathione lysis reagent, after which cells were agitated at room

161

temperature for 5 min. The plate was then incubated at room temperature for 30 min before the

162

addition of luciferin generation reagent. Luminescence was measure using a FLUIstar Omega

163

plate reader (BMG LABTECH, UK) and GSH quantification was calculated according to

164

manufacturer’s guidelines.

165

2.3. Western blot analysis

166

To determine the effect of flavonoid pre-treatment on the activation/inhibition of SAPK/JNK

167

and p38 MAPK, western blot analysis was performed using protein extracts prepared from

168

HTR-8/SVneo cells following HR-induced oxidative stress. HTR-8/SVneo cells were cultured

169

in T75 flasks to a confluency of 70-80% before treating with flavonoids prior to HR-induced

170

oxidative stress. Total cell lystates were extracted in Pierce® RIPA buffer (ThermoScientific,

171

UK) supplemented with Roche cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail

172

(Sigma-Aldrich, UK) and phosphatase inhibitor cocktail (Roche PhosSTOP™; Sigma-Aldrich,

173

UK) according to manufacturer’s guidelines. Protein concentration was determined using the

174

Bicinchoninic Acid (BCA; Sigma-Aldrich, UK) assay. Afterwards, equal amounts (30 µg

175

protein) of samples were loaded onto 12.5% sodium dodecyl sulphate polyacrylamide

176

electrophoresis gels (ProtoGel®, National Diagnostics, UK). The gels were then electro-blotted

177

onto 0.45 µm nitrocellulose membrane (Bio-Rad Laboratories Ltd, UK) by wet-transfer using

178

Mini-PROTEAN® Tetra electrophoresis system (Bio-Rad Laboratories Ltd, UK). Following
9
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179

transfer, the membranes were blocked for 1 h in tris-buffered saline (pH 7.5) containing 3%

180

w/v bovine serum albumin (BSA) and 0.1% v/v Tween 20. After blocking, the membranes

181

were incubated with the following primary antibodies (1:1000 dilutions unless otherwise

182

indicated): rabbit monoclonal anti-JNK1/2/3; ab179461 (Abcam, UK), rabbit monoclonal

183

phospho SAPK/JNK; 4668S (Cell Signalling Technology, UK), rabbit monoclonal p38

184

MAPK; 8690S and phospho p38 MAPK; 4511s (Cell Signalling Technology, UK) overnight

185

at 4 ºC. After incubation, the membranes were washed and incubated for 1 h at room

186

temperature with horseradish peroxidase conjugated secondary antibody; ab6721 (Goat Anti-

187

rabbit (1:2000; Abcam, UK). Protein bands were detected by EZ-chemiluminescence detection

188

kit (Geneflow Ltd, UK) and the chemiluminescence signal was obtained using a FijuFilm LAS

189

4000 imager. Images of the bands were digitized, and densitometry performed using Li-Cor

190

image studio™ lite (Li-Cor®, UK). To confirm equal loading of samples on the gel, the

191

membranes were stripped and re-probed with either β-actin; ab8227 (1:3000; Abcam, UK) or

192

β-tubulin; 2128s (1:1000; Cell Signalling Technology, UK) as a loading control.

193

2.4. In Vitro cell invasion assay

194

Corning® BioCoat™ (UK) tumour invasion system was used to assess the effects of flavonoids,

195

their metabolites or combinations on HTR-8/SVneo cells prior to HR-induced oxidative stress

196

following manufacturer’s guidelines. Briefly, suspensions of HTR-8/SVneo cells (in serum-

197

free RPMI-1640 media) obtained following HR-induced oxidative stress were labelled with 5

198

µM CellTrace™ CFSE dye (Molecular Probe®, UK) according to the manufacturer’s

199

instructions. Pre-labelled HTR-8/SVneo cell suspensions (1.25 x 104 cells/well) were placed in

200

each well of the apical chamber of both the coated (invasion plate) and uncoated (migration

201

plate) 96-multiwell plates (Corning, UK) Serum-free RPMI 1640 and growth media containing

202

5% (v/v) FBS were added to the basal chamber of both plates, serving as the chemoattractant.

203

After incubation for 24 h in a humidified tissue culture incubator (37 ºC, 5% CO2), the Matrigel
10
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204

coated and uncoated membranes were detached, and the invaded/migrated cells were imaged

205

using an EVOS FL microscope (ThermoFisher Scientific, UK). For quantification and analysis,

206

cell counting was carried out by WimCounting (Wimasis Image Analysis, Germany) and

207

percentage invasion was calculated by dividing the number of invaded cells by the number of

208

migrated cells multiplied by 100.

209

2.5. Spheroid growth and invasion

210

The effects of HR-induced oxidative stress on the ability of HTR-8/SVneo cells to generate

211

spheroidal stem cells and their invasive capabilities were investigated using soft-agar colony

212

formation and Cultrex® 3D spheroid base membrane extract (BME) cell invasion system (UK)

213

For spheroid growth, a soft-agar colony formation assay was carried out by dispensing a

214

mixture (1:1) of 1% (w/v) Difco™ Noble Agar (BD Biosciences, USA) and RPMI-160 growth

215

media containing 20% (v/v) FBS into a 6-well plate to form the basal layer. The upper layer

216

was made up with a mixture (1:1) of 0.7% (w/v) Agarose (Sigma-Aldrich, UK) and HTR-

217

8/SVneo cell suspension (2.5 x 103 cells with or without flavonoid treatment prior to HR-

218

induced oxidative stress). The plate was kept in the humidified tissue culture incubator and

219

medium was replaced twice a week. Spheroid morphology and growth was observed using an

220

inverted microscope (Nikon Eclipse, TS100, UK) attached with a Nikon DS-Fi2 camera.

221

Spheroid growth area (µm) was measured by WimColony (Wimasis Image Analysis,

222

Germany).

223

For spheroid invasion, HTR-8/SVneo cells were cultured in T75 flasks, treated and exposed to

224

oxidative stress as described previously in section 2.4. The assay was carried out following the

225

manufacturer’s guidelines (Cultrex® 3D spheroid cell invasion assay Amsbio, UK). HTR-

226

8/SVneo cell suspension (3 x103 cells) after HR insult was prepared in 1X spheroid formation

227

extracellular matrix cocktail (AMS Biotechnology, UK) before adding to a 3D culture qualified
11
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228

96-well spheroid formation plate. After 72 h of incubation (37 ºC, 5% CO2), spheroid invasion

229

matrix was added to the 3D culture qualified 96-well spheroid formation plate and the first

230

image was taken using a confocal microscope (LAS AF, Leica Microsystems, UK). ImageJ

231

(NIH Image, uk) was used to measure the area of invasion after 72 h.

232

2.6. Statistical analysis

233

All experiments were carried out at least three separate and distinct experiments times, each in

234

triplicate. Data are expressed as means ± SEM (standard error of mean) calculated using

235

GraphPad® Prism-7 Software. For each variable tested, one-way analysis of variance

236

(ANOVA) was performed followed by Dunnett’s/Turkey’s multiple comparisons test to

237

determine any differences between the means. A significant effect was indicated by P < 0.05.

12
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238

3.

239

3.1. Effects of flavonoids/metabolites on cellular GSH levels.

240

Data from our previous study showed that HR significantly elevated the oxidised glutathione

241

(GSSG) levels whilst the introduction of either quercetin, hesperetin or their metabolites

242

significantly reduced GSSG levels [19]. Therefore, it was crucial to assess the GSH level in

243

order to understand the effects of HR in the presence or absence of flavonoids on GSH:GSSG

244

ratio (a major indicator of oxidative stress). HR-induced oxidative stress significantly lowered

245

the levels of GSH in HTR-8/SVneo cells (Fig. 1). Our results demonstrate that 24 h pre-

246

treatment with either 3 µM quercetin or 3 µM hesperidin were associated with significant

247

increase in the levels of GSH when compared to untreated (normoxic) cells (Fig. 1A and 1D).

248

Similarly, their metabolites, Q3G (1 µM) and hesperetin (1 µM), were also associated with

249

significant elevation in GSH levels when compared to both HR untreated and control cells as

250

shown in Fig. 1B and 1E respectively. In addition, the combination of flavonoids and their

251

respective metabolites (quercetin/Q3G and hesperidin/hesperetin) were also associated with

252

statistically significant increase in GSH levels (Fig. 1C and 1F). Overall these data indicate that

253

flavonoids play an important role in the restoration of HR-induced GSH:GSSG ratio imbalance

254

and hence may reduce oxidative stress during early trophoblast implantation.

255

3.2. The effect of quercetin and its metabolite Q3G on HR-induced p38 MAPK and JNK

256

Results

activation

257

We previously reported that flavonoids significantly reduced the activities of caspase 3/7 in the

258

presence of HR [19]. Therefore, in this study we assessed the effect of flavonoids on MAPK

259

pro-apoptotic pathways. We examined the activation of p38 MAPK and JNK pathways that are

260

associated with pro-apoptosis by measuring the levels of activated p38 MAPK and JNK using

261

phospho-specific antibodies. As shown in Fig. 2, HR-induced oxidative stress markedly
13
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262

activated p38 MAPK and JNK phosphorylation in HTR-8/SVneo cells. We found that 24 h

263

pre-treatment with quercetin (3 µM) was associated with significant inhibition of p38 MAPK

264

phosphorylation when compared to HR cells (Fig. 2A). Similarly, pre-treatment with quercetin

265

also markedly inhibited HR-induced JNK phosphorylation when compared to HR cells (Fig.

266

2D). We also found that HTR-8/SVneo cells pre-treated with Q3G was associated in significant

267

inhibition of p38 MAPK (Fig. 2B) and JNK (Fig. 2E) phosphorylation. Further investigation

268

with the combination of quercetin and Q3G (Fig. 2C) were associated with complete inhibition

269

of p38 MAPK phosphorylation as opposed to quercetin alone. Similarly, this combination also

270

inhibited JNK phosphorylation (Fig. 2F). Finally, the data from Fig 2, showed that there was

271

no significant modulation of total p38 MAPK or JNK expression by HR, quercetin, Q3G or in

272

combination. Overall these results indicate that the involvement of quercetin and its metabolite

273

Q3G in the inhibition of p38 MAPK and JNK phosphorylation could be one of many

274

mechanisms in flavonoid-mediated cytoprotection.

275

3.3. The effect of hesperidin and its metabolite hesperetin on p38 MAPK and JNK

276

phosphorylation

277

We next investigated the effects of pre-treatment with hesperidin, its metabolite hesperetin

278

alone or in combination on HR-induced p38 MAPK and JNK activation in HTR-8/SVneo cells.

279

Pre-treatment (24 h) with 3 µM hesperidin was involved in the inhibition of p38 MAPK

280

phosphorylation (Fig. 3A) and JNK phosphorylation (Fig. 3D) when compared to HR cells. In

281

addition, we found that 1 µM hesperetin markedly inhibited the activation of p38 MAPK (Fig.

282

3B) and JNK (Fig. 3E). The combination of hesperidin and hesperetin was also associated in

283

attenuating the activation of p38 MAPK and JNK (Fig. 3C and Fig 3F, respectively). These

284

data may indicate that hesperidin, hesperetin or hesperdin and hesperitin in combination are

285

involved in the inhibition of pro-apoptotic JNK and p38 MAPK pathways in HTR-8/SVneo

14
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286

cells. Hence, suggesting that flavonoids may prevent oxidative stress-induced apoptosis during

287

early pregnancy and therefore prevent shallow trophoblast invasion.

288

3.4. Pre-treatment with flavonoids significantly promotes HTR-8/SVneo cell invasion

289

To validate the role of flavonoids on trophoblast cell invasion under oxidative stress conditions,

290

we pre-treated HTR-8/SVneo cells with flavonoids prior to HR-induced oxidative stress. As

291

expected, a significantly reduced number of cells invaded following hypoxia-reoxygenation

292

insult (Fig. 4A and Fig. 4C). Interestingly, pre-treatment with quercetin or Q3G alone were

293

associated with significant increase in HTR-8/SVneo cell invasion when compared to HR

294

conditions (Fig. 4A and Fig. 4C). We also found that the combination of quercetin and Q3G

295

was also associated with a significant increase in the number of cells invaded in comparison to

296

HR induced, as well as normoxic control cells (Fig 4A and Fig 4C).

297

Similarly, pre-treatment with 3 µM hesperidin and its metabolite, hesperetin (1 µM) were also

298

associated with markedly enhancing HTR-8/SVneo cell invasion as seen in Fig. 4B and Fig 4D

299

when compared to cells exposed to HR alone. Further investigation revealed that a combination

300

of hesperidin and hesperetin was associated with significant increase in HTR-8/SVneo cell

301

invasion when compared to HR condition as well as normoxic control cells (Fig. 4C and Fig.

302

4D). Overall, these data suggest that the involvement of flavonoids may play a crucial role in

303

promoting trophoblast cell invasion under conditions of oxidative stress. This is of scientific

304

relevance since shallow trophoblast invasion has been associated with pregnancy

305

complications [8].

306

3.5. Quercetin and its metabolite Q3G promote growth of spheroids derived from HTR-

307

8/SVneo cells

308

The beneficial effects of flavonoids/metabolites on HTR-8/SVneo invasion prompted us to

309

investigate their effects on spheroid formation/growth and invasion. To achieve this aim,
15
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310

spheroids were generated from HTR-8/SVneo cells (with and without flavonoid treatment prior

311

to HR) using the soft-agar colony methodology. The data from Fig. 5A and Fig 5B show that

312

HR insult significantly reduced spheroid formation as well as the growth area when compared

313

to normoxic control. However, pre-treatment with quercetin, Q3G or quercetin/Q3G

314

combination was significantly associated with an increase in spheroid formation/growth when

315

compared to HR cells (Fig. 5A and Fig. 5B). We did not find any significant difference between

316

flavonoid pre-treated cells and normoxic control cells. Herein, we have established that

317

quercetin, Q3G alone or in combination significantly enhanced HTR-8/SVneo derived

318

spheroidal stem cell generation and invasion.

319

3.6. Quercetin, hesperidin and their metabolites enhance HTR-8/SVneo cell spheroid

320

invasion

321

The effect of flavonoids on the invasiveness of the spheroids generated from HTR-8/SVneo

322

cells following HR-induced oxidative stress was also investigated. As shown in Fig. 6A and

323

Fig. 6C, HR insult significantly inhibited the spheroid invasion when compared to control cells.

324

Pre-treatment with quercetin and its metabolite Q3G was associated with a significant increase

325

in the invasion of spheroids (Fig. 6A and Fig. 6C). There was no statistical difference between

326

quercetin or Q3G pre-treated cells and their controls. Similar data were achieved following

327

pre-treatment with hesperidin and hesperetin alone, which were significantly associated with

328

an increase in the invasive capacity of spheroids generated from HTR-8/SVneo cells when

329

compared to the invasive capacity of spheroids produced under HR conditions (Fig. 6B and

330

Fig. 6D). Again, we showed that hesperidin or hesperetin play a significant role in HTR-

331

8/SVneo spheroidal stem cell growth and invasion
Discussion
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Dietary flavonoids play a significant role in the reduction of oxidative stress in HTR-8/SVneo
cells by increasing cell viability, decreasing GSSG levels, reducing NADP/NADPH ratio,
inhibiting caspase 3/7 activity and directly scavenging H2O2 [19]. Flavonoids are a group of
naturally occurring phenolic compounds with significant antioxidant properties ubiquitously
distributed in plants [23,24]. Although, over 8000 flavonoids have been identified to date only
a relatively small number have a dietary contribution [23]. The present study aimed to
investigate the effects of pre-treating HTR-8/SVneo cells with flavonoids (quercetin and
hesperidin), their respective metabolites (Q3G and hesperetin) alone or in combination
(quercetin/Q3G or hesperidin/hesperetin) on HR-induced oxidative stress. Herein we
investigated GSH levels, activation of p38 MAPK and JNK, in vitro invasion and spheroid
growth/invasion.
As stated before in the introduction, we specifically selected quercetin and hesperidin (and their
metabolites) because their abundance in fruits and vegetables that are craved by pregnant
women (17, 18). Selection was also based on their chemical configurations such as the presence
or absence of functional group (hydroxyl) in the C-3 position of the C-ring (3-hydroxy and 3desoxyflavonoids respectively) [23]. Quercetin belongs to the 3-hydroxyflavonoid class and
flavonol subclass, it is the most common and studied flavonoid (over 3000 citations on
PubMed) while hesperidin is classified as the 3-desoxyflavonoid class and flavanones subclass,
which have not gained much interest like that of flavonols [25]. Flavonoid’s antioxidant
properties have been attributed to be highly dependent upon their structural configurations,
especially the availability of their hydroxyl group [26]. Another unique feature of this current
study is that fact that cytoprotection was achieved using concentrations that are within
physiological range and within the daily recommended intake. In contrast to other studies [27–
31], higher concentrations (20-500 µM) of flavonoids are used that cannot be achieved
physiologically by the daily intake of fruits and vegetables.
17
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We have demonstrated that flavonoids/metabolites significantly increase GSH levels against
HR-induced GSH depletion in HTR-8/SVneo cells. These data was are in agreement with other
studies that used non-trophoblast cells such as COS-1 fibroblast-like cells and HEp2 human
laryngeal carcinoma cells [32,33]. Comparable data have also observed from in vivo studies
stating that flavonoids significantly increase GSH levels as a protective mechanism against
oxidative stress [34–37]. A flavonoid-mediated increase in GSH levels can be attributed to their
ability to directly or indirectly scavenge free radicals by interacting/activating with other
antioxidants and/or inhibition of cellular oxidases [38]. It is also observed that decreased GSH
levels have been observed in patients with PE [39,40]. In fact, proteomic analysis of PE
placentae concluded that glutathione metabolism (decrease in GSH and increase in GSSG) in
placental tissues contributes to the pathogenesis [16]. However, to our knowledge, there are no
previous studies on the protective effects of flavonoids against oxidative stress-induced
reduction of GSH in placental tissue/cell lines.
The activation of MAPK signalling (p38 MAPK and JNK) has been observed in response to
several extracellular stimuli such as severe hypoxia or HR [41,42]. p38 MAPK and JNK are
pro-apoptotic members of the MAPK family that have been implicated in oxidative stressinduced cell death and DNA damage [43,44]. In this study, we investigated the effect of
flavonoids and their metabolites on HR-induced p38 MAPK and JNK activation. Herein, HRinduced p38 MAPK and JNK activation was assessed by Western blotting using phospho-specific
antibodies that recognise phosphorylated motifs within activated p38 MAPK (Thr180/Tyr182) and
JNK (Thr183/Tyr185). As expected, HR stimulated a robust increase in p38 MAPK and JNK
activation in HTR-8/SVneo cells. The data obtained from the western analysis suggest that
flavonoid-mediated cytoprotection is associated with inhibition of p38 MAPK and JNK. Other
studies have also found that quercetin significantly inhibits p38 MAPK and JNK activation
following high glucose-induced oxidative stress in retinal ganglion (RGC-5) cells [45,46].
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Likewise studies have shown that hesperidin attenuates apoptosis by inhibiting p38 MAPK and
JNK activation triggered by high glucose in RGC-5 cells and human umbilical vein endothelial
cells [47,48]. It was also notable that the activation of these signalling pathways during
placental oxidative stress results in shallow trophoblast invasion and placental insufficiency
[8,49,50]. Therefore, the data shown in this present study clearly shows these flavonoids inhibit
p38 MAPK and JNK activation. In future, it may be useful for clinicians/midwifes to formulate
a diet rich in these flavonoids during pregnancy to minimise the chances of oxidative stress.
A critical component for a successful pregnancy and healthy placental function is the proper
development of angiogenic (adequate trophoblast invasion) and vascular (maternal spiral artery
remodelling) networks [1,14]. Oxidative stress (such as hypoxia and/or hypoxia reoxygenation)
during gestation results in impairment of trophoblast invasion and abnormalities in human
placenta [14,49,51]. In this present study, we confirmed that exposure of HTR-8/SVneo cells
to HR-induced oxidative stress significantly reduced trophoblast cell invasion. These data are
in agreement with other studies using HR insult as a model to assess the invasiveness of HTR8/SVneo and trophoblast primary cells [52–56]. However, this is the first report to show that
pre-treatment with flavonoids/metabolites prior to oxidative stress insult significantly enhances
trophoblast (HTR-8/SVneo) cell invasion. Although the exact mechanism behind flavonoidmediated enhancement of invasion is still unknown, it may be possible that the antioxidative
properties of flavonoids such as their ability to interact with/activate other antioxidative
enzymes or the inhibition of JNK and p38 MAPK signalling contributes to this protection.
Flavonoids may also be able to interact with key trophoblast regulators such as Notch
signalling, WNT signalling, VEGF family and TGF-β superfamily to ensure adequate
trophoblast invasion and successful maternal spiral artery remodelling. Clearly further studies
are required to investigate the potential modulation of these key trophoblast regulators by
dietary flavonoids and their metabolites. In future, it may be possible to carry out knock-down
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experiments inhibiting this pathway would conform the role of these pathways in flavonoid
induced cytoprotection.
The ability of HTR-8/SVneo cells to develop spheroidal stem cells has already been established
in our group [57]. The use of spheroid cells embedded in matrix has been found to be an
invaluable tool in analysing cell invasion due to their resemblance to trophoblasts. Also, using
this methodology, the invasiveness of EVT cells can easily be measured to evaluate biological
or pharmaceutical effects [58]. Herein, we investigated the effects of oxidative stress on the
ability of HTR-8/SVneo cells to generate spheroidal stem cells and their subsequent invasive
capacity. Initial studies revealed that HR-induced oxidative stress attenuated the ability of
HTR-8/SVneo cells to generate spheroidal stem cells and their invasive capacity. The data
revealed that quercetin and Q3G (or in combination) significantly enhanced spheroid
generation and the growth area of spheroids, suggesting that flavonoids and their metabolites
play an important role in HTR-8/SVneo derived stem cell survival against oxidative stress.
During early gestation, the cytotrophoblast stem cells differentiate into the cytotrophoblast and
synctiotrophoblasts, with the former giving rise to the invasive extravillous trophoblast cells
that are responsible for maternal spiral conversion [6,59–61]. It has been reported that oxidative
stress markedly affects stem cell self-renewal and their ability to differentiate into multiple cell
types [62,63]. Our findings suggest that flavonoids and their metabolites may play a crucial
role in the prevention of oxidative stress-induced impairment of the differentiation of
cytotrophoblast stem cells into trophoblast lineage. Since impairment of cytotrophoblast
differentiation leads to poor placental development and pregnancy complications it is
conceivable that dietary flavonoids may be of clinical benefit.
We subsequently investigated the invasive ability of spheroids generated from HTR-8/SVneo
cells. Our data demonstrated that HR-induced oxidative stress significantly reduced spheroidal
stem cell invasiveness. To the best of our knowledge, this is the first study to report that pre20
Sensitivity: Confidential

treatment with quercetin, hesperidin and their metabolites (Q3G and hesperetin) significantly
increased the invasive area of these spheroids, suggesting that flavonoids and their metabolites
not only enhance spheroid generation and growth, but also enhance their invasiveness. The
exact mechanism behind the effect on spheroid invasion remains unknown but may be
attributed to the antioxidant properties of flavonoids as other antioxidant treatments have been
demonstrated to increase proliferation, enhance mitochondrial integrity and suppress oxidative
stress in human stem cells [64]. In addition, flavonoids have been proposed to enhance stem
cell function by upregulating OCT4 gene expression and peroxisome proliferator-activated
receptors (PPARs) [65,66]. Therefore, future studies should explore the effects of these
flavonoids on other intracellular pathways such as Notch and WNT signalling during HR
induced oxidative stress. It should be noted, that whilst the cytoprotective effects of quercetin
and hesperidin were observed in this study at concentrations achievable via dietary intake, it is
important to note that the beneficial effects observed in vitro may differ markedly from their
in vivo effects due to bioavailability. This is particularly relevant to polyphenolic compounds
such as flavonoids, which have poor bioavailability and as such may limit their therapeutic
potential. The overall bioavailability of dietary flavonoids is complex and affected by several
factors including chemical modifications via first-pass metabolism, low absorption in the
gastrointestinal tract, aqueous solubility, cell membrane permeability and in certain cases their
ability to cross the blood brain barrier [67, 68]. Hence, caution is needed when translating in
vitro effects into potential positive health benefits of dietary supplements.
It is also worth noting, in addition to causing apoptotic and necrotic cell death, oxidative stress
can also trigger cellular senescence [69]. Higher levels of senescent cells may alter the growth
properties and characteristics of HTR-8/SVneo cells due to the release of paracrine factors from
senescent cells [70]. Indeed, it is interesting to note that cellular senescence plays a critical role
in placental aging and abnormal senescence may play a role in pre-eclampsia [71].
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Furthermore, a recent study has demonstrated that flavonoids, including quercetin, inhibited
the expression of molecules associated with the development of the senescence-associated
secretory phenotype in BJ fibroblasts [72]. Hence, it would be of great interest in future studies
to explore in detail the effects of flavonoids on oxidative stress-induced cellular senescence in
HTR-8/SVneo cells.
Overall, our results indicate that quercetin, hesperidin, and their metabolites alone or in
combinations have a beneficial effect on trophoblast cell line against HR-induce oxidative
stress by significantly increasing GSH levels and inhibiting p38 MAPK and JNK activation.
Flavonoid treatment also enhanced trophoblast cell line invasion which is a major determinant
of a successful pregnancy. Finally, flavonoid treatment increased trophoblast spheroid stem
cell formation and invasion which are key factors in trophoblast differentiation during early
gestation. The data from this study suggest that consumption of fruits and vegetable that are
rich in quercetin or hesperidin may be beneficial to placental health during early gestation.
Author contribution
VJE has carried out the experiments and data analysis under the supervision of SDS and JMD.
RMB developed the protocol for spheroid generation and invasion using HTR-8/SVneo cells
and supervised VJE during spheroid growth/invasion experiments. Manuscript writing was
collectively performed by all authors.
Acknowledgement
The work was funded by Niger Delta Development Commission (NDDC), Nigeria (Grant
number: NDDC/DEHSS/2014PGFS/DEL/28) and Dr Ifeanyi Okowa, Governor of Delta State,
Nigeria. Thanks to Victor Ebegboni for providing financial support to VJE during this study.
Special appreciation to Michael Shaw, Jacqueline Greef and Gareth Williams for their technical
assistance throughout this study.
22
Sensitivity: Confidential

Conflict of interest
None.
References
[1]

R.D. Pereira, N.E. De Long, R.C. Wang, F.T. Yazdi, A.C. Holloway, S. Raha,
Angiogenesis in the placenta: The role of reactive oxygen species signaling, Biomed
Res. Int. 2015 (2015) 1–12. doi:10.1155/2015/814543.

[2]

R.S. Yoshizawa, Review: Public perspectives on the utilization of human placentas in
scientific research and medicine, Placenta. 34 (2013) 9–13.
doi:10.1016/j.placenta.2012.10.014.

[3]

L. Ji, J. Brkić, M. Liu, G. Fu, C. Peng, Y.L. Wang, Placental trophoblast cell
differentiation: Physiological regulation and pathological relevance to preeclampsia,
Mol. Aspects Med. 34 (2013) 981–1023. doi:10.1016/j.mam.2012.12.008.

[4]

B. Huppertz, The anatomy of the normal placenta, J. Clin. Pathol. 61 (2008) 1296–
1302. doi:10.1136/jcp.2008.055277.

[5]

T. Korff, T. Krauss, H.G. Augustin, Three-dimensional spheroidal culture of
cytotrophoblast cells mimics the phenotype and differentiation of cytotrophoblasts
from normal and preeclamptic pregnancies, Exp. Cell Res. 297 (2004) 415–423.
doi:10.1016/j.yexcr.2004.03.043.

[6]

G.J. Burton, A.W. Woods, E. Jauniaux, J.C.P. Kingdom, Rheological and
Physiological Consequences of Conversion of the Maternal Spiral Arteries for
Uteroplacental Blood Flow during Human Pregnancy, Placenta. 30 (2009) 473–482.
doi:10.1016/j.placenta.2009.02.009.

[7]

G.J. Burton, E. Jauniaux, D.S. Charnock-Jones, The influence of the intrauterine
23

Sensitivity: Confidential

environment on human placental development, Int. J. Dev. Biol. 54 (2010) 303–312.
doi:10.1387/ijdb.082764gb.
[8]

R. Aouache, L. Biquard, D. Vaiman, F. Miralles, Oxidative Stress in Preeclampsia and
Placental Diseases, Int. Journa Mol. Sci. 19 (2018) 1496. doi:10.3390/ijms19051496.

[9]

L. Myatt, X. Cui, Oxidative stress in the placenta, Histochem. Cell Biol. 122 (2004)
369–382. doi:10.1007/s00418-004-0677-x.

[10] G. Pizzino, N. Irrera, M. Cucinotta, G. Pallio, F. Mannino, V. Arcoraci, F. Squadrito,
D. Altavilla, A. Bitto, Oxidative Stress: Harms and Benefits for Human Health, Oxid.
Med. Cell. Longev. 2017 (2017) 1–13. doi:10.1155/2017/8416763.
[11] L. Lázár, The Role of Oxidative Stress in Female Reproduction and Pregnancy, in:
Oxidative Stress Dis., InTech, 2012. doi:10.5772/2535.
[12] A. Khera, J.J. Vanderlelie, A.V. Perkins, Selenium supplementation protects
trophoblast cells from mitochondrial oxidative stress, Placenta. 34 (2013) 594–598.
doi:10.1016/j.placenta.2013.04.010.
[13] D. Mannaerts, E. Faes, P. Cos, J.J. Briedé, W. Gyselaers, J. Cornette, Y. Gorbanev, A.
Bogaerts, M. Spaanderman, E. Van Craenenbroeck, Y. Jacquemyn, Oxidative stress in
healthy pregnancy and preeclampsia is linked to chronic inflammation, iron status and
vascular function, PLoS One. 13 (2018) e0202919. doi:10.1371/journal.pone.0202919.
[14] Y. qi Li, H. yi Liu, L. lan Cao, Y. yuan Wu, X. wei Shi, F. yuan Qiao, L. Feng, D. rui
Deng, X. Gong, Hypoxia downregulates the angiogenesis in human placenta via
Notch1 signaling pathway, J. Huazhong Univ. Sci. Technol. - Med. Sci. 37 (2017)
541–546. doi:10.1007/s11596-017-1770-4.
[15] A.M. Fayyad, K.F. Harrington, Prediction and prevention of preeclampsia and IUGR,
24
Sensitivity: Confidential

Early Hum. Dev. 81 (2005) 865–876. doi:10.1016/j.earlhumdev.2005.09.005.
[16] I. Irminger-Finger, N. Jastrow, O. Irion, Preeclampsia: A danger growing in disguise,
Int. J. Biochem. Cell Biol. 40 (2008) 1979–1983. doi:10.1016/j.biocel.2008.04.006.
[17] P. Kiondo, G. Wamuyu-Maina, J. Wandabwa, G.S. Bimenya, N.M. Tumwesigye, P.
Okong, The effects of vitamin C supplementation on pre-eclampsia in Mulago
Hospital, Kampala, Uganda: A randomized placebo controlled clinical trial, BMC
Pregnancy Childbirth. 14 (2014) 1–10. doi:10.1186/1471-2393-14-283.
[18] T.M. Bayley, L. Dye, S. Jones, M. DeBono, A.J. Hill, Food cravings and aversions
during pregnancy: Relationships with nausea and vomiting, Appetite. 38 (2002) 45–51.
doi:10.1006/appe.2002.0470.
[19] V.J. Ebegboni, J.M. Dickenson, S.D. Sivasubramaniam, Antioxidative effects of
flavonoids and their metabolites against hypoxia/reoxygenation-induced oxidative
stress in a human first trimester trophoblast cell line, Food Chem. 272 (2019) 117–125.
doi:10.1016/j.foodchem.2018.08.036.
[20] L.M. Belzer, J.C. Smulian, S.E. Lu, B.J. Tepper, Food cravings and intake of sweet
foods in healthy pregnancy and mild gestational diabetes mellitus. A prospective
study, Appetite. 55 (2010) 609–615. doi:10.1016/j.appet.2010.09.014.
[21] G. Mehta, A.Y. Hsiao, M. Ingram, G.D. Luker, S. Takayama, Opportunities and
challenges for use of tumor spheroids as models to test drug delivery and efficacy, J.
Control. Release. 164 (2012) 192–204. doi:10.1016/j.jconrel.2012.04.045.
[22] Y.T. Phung, D. Barbone, V.C. Broaddus, M. Ho, Rapid generation of in vitro
multicellular spheroids for the study of monoclonal antibody therapy, J. Cancer. 2
(2011) 507–514. doi:10.7150/jca.2.507.
25
Sensitivity: Confidential

[23] I. Erlund, Review of the flavonoids quercetin, hesperetin, and naringenin. Dietary
sources, bioactivities, bioavailability, and epidemiology, Nutr. Res. 24 (2004) 851–
874. doi:10.1016/j.nutres.2004.07.005.
[24] A.N. Panche, A.D. Diwan, S.R. Chandra, Flavonoids: An overview, J. Nutr. Sci. 5
(2016) e47. doi:10.1017/jns.2016.41.
[25] L.H. Yao, Y.M. Jiang, J. Shi, F.A. Tomás-Barberán, N. Datta, R. Singanusong, S.S.
Chen, Flavonoids in food and their health benefits, Plant Foods Hum. Nutr. 59 (2004)
113–122. doi:10.1007/s11130-004-0049-7.
[26] A.J. Day, Y. Bao, M.R.A. Morgan, G. Williamson, Conjugation position of quercetin
glucuronides and effect on biological activity, Free Radic. Biol. Med. 29 (2000) 1234–
1243. doi:10.1016/S0891-5849(00)00416-0.
[27] J. Daubney, P.L. Bonner, A.J. Hargreaves, J.M. Dickenson, Cardioprotective and
cardiotoxic effects of quercetin and two of its in vivo metabolites on differentiated
H9c2 cardiomyocytes, Basic Clin. Pharmacol. Toxicol. 116 (2015) 96–109.
doi:10.1111/bcpt.12319.
[28] J.H. Ho, Y.L. Chang, Protective effects of quercetin and vitamin C against oxidative
stress-induced neurodegeneration, J. Agric. Food Chem. 52 (2004) 7514–7517.
doi:10.1021/jf049243r.
[29] M.H. Lee, H.J. Cha, E.O. Choi, M.H. Han, S.O. Kim, G.Y. Kim, S.H. Hong, C. Park,
S.K. Moon, S.J. Jeong, M.J. Jeong, W.J. Kim, Y.H. Choi, Antioxidant and
cytoprotective effects of morin against hydrogen peroxide-induced oxidative stress are
associated with the induction of Nrf-2-mediated HO-1 expression in V79-4 Chinese
hamster lung fibroblasts, Int. J. Mol. Med. 39 (2017) 672–680.
doi:10.3892/ijmm.2017.2871.
26
Sensitivity: Confidential

[30] M. Bacanli, A.A. Başaran, N. Başaran, The antioxidant and antigenotoxic properties of
citrus phenolics limonene and naringin, Food Chem. Toxicol. 81 (2015) 160–170.
doi:10.1016/j.fct.2015.04.015.
[31] S.-I. Kanno, A. Shouji, K. Asou, M. Ishikawa, Effects of naringin on hydrogen
peroxide-induced cytotoxicity and apoptosisin P388 cells, J. Pharmacol. Sci. 92 (2003)
166–170. http://www.scopus.com/inward/record.url?eid=2-s2.00037968844&partnerID=40&md5=e8cd8360591f6dd305476bed72d05a03 (accessed
May 29, 2018).
[32] M.C.W. Myhrstad, H. Carlsen, O. Nordström, R. Blomhoff, J.Ø. Moskaug, Flavonoids
increase the intracellular glutathione level by transactivation of the γ-glutamylcysteine
synthetase catalytical subunit promoter, Free Radic. Biol. Med. 32 (2002) 386–393.
doi:10.1016/S0891-5849(01)00812-7.
[33] Y.F. Fu, L.H. Jiang, W.D. Zhao, M. Xi-Nan, S.Q. Huang, J. Yang, T.J. Hu, H.L. Chen,
Immunomodulatory and antioxidant effects of total flavonoids of Spatholobus
suberectus Dunn on PCV2 infected mice, Sci. Rep. 7 (2017) 8676.
doi:10.1038/s41598-017-09340-9.
[34] S. Subash, P. Subramanian, Morin a flavonoid exerts antioxidant potential in chronic
hyperammonemic rats: A biochemical and histopathological study, Mol. Cell.
Biochem. 327 (2009) 153–161. doi:10.1007/s11010-009-0053-1.
[35] M. Golechha, U. Chaudhry, J. Bhatia, D. Saluja, D.S. Arya, Naringin Protects against
Kainic Acid-Induced Status Epilepticus in Rats: Evidence for an Antioxidant, Antiinflammatory and Neuroprotective Intervention, Biol. Pharm. Bull. 34 (2011) 360–
365. doi:10.1248/bpb.34.360.
[36] L. Pari, A. Karthikeyan, P. Karthika, A. Rathinam, Protective effects of hesperidin on
27
Sensitivity: Confidential

oxidative stress, dyslipidaemia and histological changes in iron-induced hepatic and
renal toxicity in rats, Toxicol. Reports. 2 (2015) 46–55.
doi:10.1016/j.toxrep.2014.11.003.
[37] G. Chandra Jagetia, Hesperidin, A Citrus Bioflavonoid Reduces the Oxidative Stress in
the Skin of Mouse Exposed to Partial Body γ-Radiation, Transcr. Open Access. 03
(2015). doi:10.4172/2329-8936.1000111.
[38] D. Procházková, I. Boušová, N. Wilhelmová, Antioxidant and prooxidant properties of
flavonoid, Fitoterapia. 82 (2011) 513–523. doi:10.1016/j.fitote.2011.01.01.
[39] T.S. Krishna, E.V. Rao, J.N. Naidu, Alterations of antioxidant enzymes in
preeclampsia, Int. J. Res. Med. Sci. 3 (2017) 2348–2351. doi:10.18203/23206012.ijrms20150629.
[40] J.E. Vaughan, S.W. Walsh, Oxidative stress reproduces placental abnormalities of
preeclampsia, Hypertens. Pregnancy. 21 (2002) 205–223. doi:10.1081/PRG120015848.
[41] T. Zarubin, J. Han, Activation and signaling of the p38 MAP kinase pathway, Cell
Res. 15 (2005) 11–18. doi:10.1038/sj.cr.7290257.
[42] D.N. Dhanasekaran, E.P. Reddy, JNK signaling in apoptosis, Oncogene. 27 (2008)
6245–6251. doi:10.1038/onc.2008.301.
[43] T. Wada, J.M. Penninger, Mitogen-activated protein kinases in apoptosis regulation,
Oncogene. 23 (2004) 2838–2849. doi:10.1038/sj.onc.1207556.
[44] K. Sinha, J. Das, P.B. Pal, P.C. Sil, Oxidative stress: The mitochondria-dependent and
mitochondria-independent pathways of apoptosis, Arch. Toxicol. 87 (2013) 1157–
1180. doi:10.1007/s00204-013-1034-4.
28
Sensitivity: Confidential

[45] S. Chuenkitiyanon, T. Pengsuparp, S. Jianmongkol, Protective effect of quercetin on
hydrogen peroxide-induced tight junction disruption, Int. J. Toxicol. 29 (2010) 418–
424. doi:10.1177/1091581810366487.
[46] M. Chen, H. Gu, Y. Ye, B. Lin, L. Sun, W. Deng, J. Zhang, J. Liu, Protective effects of
hesperidin against oxidative stress of tert-butyl hydroperoxide in human hepatocytes,
Food Chem. Toxicol. 48 (2010) 2980–2987. doi:10.1016/j.fct.2010.07.037.
[47] W. Liu, S.-S. Liou, T.-Y. Hong, I.-M. Liu, Hesperidin Prevents High Glucose-Induced
Damage of Retinal Pigment Epithelial Cells, Planta Med. (2018). doi:10.1055/a-06017020.
[48] S.W. Kim, C.E. Kim, M.H. Kim, Flavonoids inhibit high glucose-induced upregulation of ICAM-1 via the p38 MAPK pathway in human vein endothelial cells,
Biochem. Biophys. Res. Commun. 415 (2011) 602–607.
doi:10.1016/j.bbrc.2011.10.115.
[49] G.J. Burton, E. Jauniaux, Oxidative stress, Best Pract. Res. Clin. Obstet. Gynaecol. 25
(2011) 287–299. doi:10.1016/j.bpobgyn.2010.10.016.
[50]

and R.K.S. Ashok Agarwal, Sajal Gupta, Role of oxidative stress in female
reproduction, Reprod. Biol. Endocrinol. 2005,. 3:28 (2005) 1–21.

[51] S. Anin, G. Vince, S. Quenby, Trophoblast invasion, Hum. Fertil. 7 (2004) 169–174.
doi:10.1080/14647270400006911.
[52] R.E. Leach, B.A. Kilburn, A. Petkova, R. Romero, D.R. Armant, Diminished survival
of human cytotrophoblast cells exposed to hypoxia/reoxygenation injury and
associated reduction of heparin-binding epidermal growth factor-like growth factor,
Am. J. Obstet. Gynecol. 198 (2008) 471. e1-471. e8. doi:10.1016/j.ajog.2008.01.009.
29
Sensitivity: Confidential

[53] B.A. Kilburn, Extracellular Matrix Composition and Hypoxia Regulate the Expression
of HLA-G and Integrins in a Human Trophoblast Cell Line, Biol. Reprod. 62 (2000)
739–747. doi:10.1095/biolreprod62.3.739.
[54] Z. Yang, B. Bai, X. Luo, X. Xiao, X. Liu, Y. Ding, H. Zhang, L. Gao, J. Li, H. Qi,
Downregulated Krüppel-like factor 8 is involved in decreased trophoblast invasion
under hypoxia-reoxygenation conditions, Reprod. Sci. 21 (2014) 72–81.
doi:10.1177/1933719113488448.
[55] T.H. Hung, J.N. Skepper, D.S. Charnock-Jones, G.J. Burton, Hypoxia-reoxygenation:
A potent inducer of apoptotic changes in the human placenta and possible etiological
factor in preeclampsia, Circ. Res. 90 (2002) 1274–1281.
doi:10.1161/01.RES.0000024411.22110.AA.
[56] T.-H. Hung, G.J. Burton, 2006-Hypoxia and reoxygenation a possible mechanism for
placental oxidative stress in preeclampsia.pdf, Taiwan. J. Obstet. Gynecol. 45 (2006)
189–200.
[57] R.M. Balahmar, D.J. Boocock, C. Coveney, S. Ray, J. Vadakekolathu, T. Regad, S.
Ali, S. Sivasubramaniam, Identification and characterisation of NANOG+/ OCT4high/SOX2+ doxorubicin-resistant stem-like cells from transformed trophoblastic cell
lines., Oncotarget. 9 (2018) 7054–7065. doi:10.18632/oncotarget.24151.
[58] L.R.C. Castillo, A.D. Oancea, C. Stüllein, A. Régnier-Vigouroux, Evaluation of
Consistency in Spheroid Invasion Assays, Sci. Rep. 6 (2016) 28375.
doi:10.1038/srep28375.
[59] E. Staun-Ram, E. Shalev, Human trophoblast function during the implantation process,
Reprod. Biol. Endocrinol. 3 (2005) 56. doi:10.1186/1477-7827-3-56.

30
Sensitivity: Confidential

[60] J. Pollheimer, M. Knöfler, The role of the invasive, placental trophoblast in human
pregnancy, Wiener Medizinische Wochenschrift. 162 (2012) 187–190.
doi:10.1007/s10354-012-0071-6.
[61] M. Knöfler, J. Pollheimer, Human placental trophoblast invasion and differentiation: A
particular focus on Wnt signaling, Front. Genet. 4 (2013) 190.
doi:10.3389/fgene.2013.00190.
[62] J. Tower, Stress and stem cells, Wiley Interdiscip. Rev. Dev. Biol. 1 (2012) 789–802.
doi:10.1002/wdev.56.
[63] R.A. Denu, P. Hematti, Effects of Oxidative Stress on Mesenchymal Stem Cell
Biology, Oxid. Med. Cell. Longev. 2016 (2016) 1–9. doi:10.1155/2016/2989076.
[64] C.J. Li, P.K. Chen, L.Y. Sun, C.Y. Pang, Enhancement of Mitochondrial Transfer by
Antioxidants in Human Mesenchymal Stem Cells, Oxid. Med. Cell. Longev. 2017
(2017) 8510805. doi:10.1155/2017/8510805.
[65] J.S. Heo, S.G. Lee, H.O. Kim, The Flavonoid Glabridin Induces OCT4 to Enhance
Osteogenetic Potential in Mesenchymal Stem Cells, Stem Cells Int. 2017 (2017)
6921703. doi:10.1155/2017/6921703.
[66] Y. Mei, Z. Pan, W. Chen, M. Xu, D. Zhu, Y. Yu, Y. Lou, A Flavonoid Compound
Promotes Neuronal Differentiation of Embryonic Stem Cells via PPAR-β Modulating
Mitochondrial Energy Metabolism, PLoS One. 11 (2016) e0157747.
doi:10.1371/journal.pone.0157747.
[67] Squillaro, T., Cimini A., Peluso, G., Giordano, A., Melone, M.A.B. (2018) Nanodelivery systems for encapsulation of dietary polyphenol: an experimental approach
for neurodegenerative diseases and brain tumors. Biochem. Pharmacol. 154: 303-317.
31
Sensitivity: Confidential

[68] Squillaro, T., Schettino, C., Sampaolo, S., Galderisi, U., Di Iorio, G., Giordano, A.,
Melone, M.A.B. (2017) Adult-onset brain tumors and neurodegeneration: Are
polyphenols protective? J. Cell Physiol. 233: 3955-3967.
[69] Chen JH, Ozanne SE, Hales CN (2007) Methods of cellular senescence induction using
oxidative stress. Methods Mol. Biol. 371: 179-189.
[70] Herranz N and Gil J (2018) Mechanisms and functions of cellular senescence. J. Clin.
Invest. 128: 1238-1246.
[71] Cox LS and Redman C (2017) The role of cellular senescence in ageing of the placenta.
Placenta 53: 139-145.
[72] Lim H, Park H, Kim HP (2015) Effects of flavonoids on senescence-associated secretory
phenotype formation from bleomycin-induced senescence in BJ fibroblasts. Biochem.
Pharmacol. 96: 337-348.

32
Sensitivity: Confidential

