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21

Abstract

22

An imbalanced redox status is a hallmark of the aging process. Caloric restriction mimetics

23

(CRMs) are compounds that produce caloric restriction benefits at molecular, cellular and

24

physiological levels translating into health-promoting effects. Fisetin is the least explored

25

CRM and its role in modulation of oxidative stress during aging is not clearly known. The

26

present study aims to investigate the anti-oxidative and protective potential of fisetin in D-

27

galactose (D-gal)-induced accelerated senescence model rat and in naturally aged rat

28

erythrocytes. Young rats (4 months), D-gal induced (500 mg/kg b.w., subcutaneously) aging

29

and naturally aged (24 months) rats were supplemented with fisetin (15 mg/kg b.w., orally)

30

for 6 weeks. The data indicated that the supplementation of fisetin suppresses the aging-

31

induced elevation in levels of reactive oxygen species, eryptosis, lipid peroxidation and

32

protein oxidation. Our data also demonstrated that fisetin significantly increases the levels of

33

antioxidants and activates plasma membrane redox system. Taken together, the findings show

34

that fisetin rich diet might be a potential anti-aging intervention strategy.

35
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44

Introduction

45

Aging is characterized by different molecular hallmarks at the cellular and organismal level

46

(López-Otín et al. 2013). Several evidence prevail which indicate disturbed redox

47

homeostasis resulting from an imbalance between pro-oxidants/antioxidants as being

48

associated with aging and age-related diseases (Jones 2015).

49

Erythrocytes are enucleated cells specialised for transport of oxygen to the tissues, however

50

high polyunsaturated fatty acid content of their membrane along with oxygen load in

51

presence of high level of iron make them vulnerable towards exogenous and endogenous

52

oxidative stressors. Erythrocytes are also well equipped with antioxidant defense mechanisms

53

to provide protection against oxidative stress at a certain extent (Nagababu et al. 2003). In

54

addition, erythrocytes have been found to respond against age-associated changes via altering

55

the activities of a number of biomarkers such as plasma membrane redox system, membrane-

56

bound enzymes and ion transporters (Garg et al. 2017; Singh et al. 2018a). These distinct

57

properties and several other unique cellular and physiological functions of erythrocytes such

58

as anaerobic glycolysis, cellular signalling, eryptosis, and well-defined redox homeostasis

59

make them a reliable model to study the interplay between oxidative stress and aging (Stier et

60

al. 2015; Kaestner and Minetti 2017).

61

Although caloric restriction (CR) is a widely accepted anti-oxidative and anti-aging strategy

62

(Sohal and Weindruch 1996), it has several disadvantages for implementation on humans

63

involving accurate regimen and length of caloric restriction without causing malnutrition.

64

The CR implementation handicap on humans led to the advent of compounds classified as

65

caloric restriction mimetics (CRMs) which exert similar molecular, cellular, biochemical and

66

physiological effects similar to CR (Ingram and Roth 2015). A large number of plant-derived

67

compounds are known to act as potential CRMs (Weindruch et al. 2001) and several
3
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68

polyphenols, such as fisetin, have been identified as anti-aging agents in human and animal

69

models (Weindruch et al. 2001; Naeimi and Alizadeh 2017). Fisetin, a bioactive flavonol, is

70

widely found in fruits and vegetables such as strawberry, apple, persimmon, onion and

71

cucumber with the highest concentration (160 μg/g) in strawberries (Naeimi and Alizadeh

72

2017). Fisetin is a highly lipid-soluble compound that easily travels across the membrane and

73

assembles inside the cells (Ishige et al. 2001) which enables fisetin to elicit several beneficial

74

activities including anti-inflammatory, neuroprotective, anticancer and anti-diabetic (Naeimi

75

and Alizadeh 2017). The anti-aging effect of fisetin is not clearly known. Thus, the aim of

76

this study is to determine the protective potential of fisetin against oxidative stress in induced

77

senescence model as well as a natural aging model of rat erythrocytes. Furthermore, the study

78

also deals with the possible impact of fisetin on age-associated biological markers including

79

antioxidant defense markers.

80

Materials and methods

81

Chemicals:

82

disulfonicacid disodium salt (DPI), reduced glutathione (GSH), 2,4-dinitrophenylhydrazine

83

(DNPH), dithiobis nitro benzoic acid (DTNB) and D-galactose were procured from Sigma

84

Aldrich, St. Louis, MA, USA. Fisetin was procured from TCI chemicals (India) Pvt. Ltd. All

85

other chemicals were of analytical grade available from Merck, Germany and SRL, India.

86

Animal model and study protocol: Male Wistar rats (body weight 150-370g) were used in

87

the study. Rats were bred and maintained in the animal house of our department. Before and

88

during the study, rats were housed in cages and kept on a 12/12-h light/dark cycle at a

89

temperature of 23±2˚C, with free access to drinking water and standard nutrient-rich pellets.

90

Rats (n= 6) were randomly divided into six groups as follows;

2,4,6-Tri(2-pyridyl)-s-triazine

(TPTZ),

4,7-diphenyl-1,10-phenanthroline

4
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91

Group 1: Young control (4 months, b.w. = 150±20g), were administered with vehicle (0.9%

92

physiological saline with 0.5% dimethyl sulfoxide).

93

Group 2: Young fisetin (4 months, b.w. = 150±20g) were administered fisetin (15 mg/kg

94

b.w., dissolved in 10% DMSO) orally once daily for 6 weeks (Singh et al. 2018b).

95

Group 3: D-galactose (4 months, b.w. = 150±20g) were administered with D-Gal (500

96

mg/kg b.w., subcutaneous) once daily for 6 weeks to induce aging (Park and Choi 2012).

97

Group 4: D-galactose + fisetin (4 months, b.w. = 150±20g) were administered with D-

98

galactose (500 mg/kg b.w., subcutaneous) and fisetin (15 mg/kg b.w., orally) once daily for 6

99

weeks.

100

Group 5: Old control (24 months, b.w. = 350±20g), naturally aged rats were administered

101

with the same volume of vehicle.

102

Group 6: Old fisetin (24 months, b.w. = 350±20g) were administered with fisetin (15 mg/kg

103

b.w., orally) once daily for 6 weeks.

104

All animal care and experimental procedures were approved by the Committee for the

105

Purpose of Control and Supervision of Experiments on Animals (CPCSEA) and Institutional

106

Animal Ethics Committee (IAEC), University of Allahabad, India in accordance with the

107

Guide for the Care and Use of Laboratory Animals (National Research Council Committee

108

for the Update of the Guide for the Care and Use of Laboratory Animals, Washington, DC,

109

USA): National Academies Press (US); 2011.

110

Isolation of blood and separation of packed red blood cells (PRBCs): After the end of the

111

scheduled treatment, rats were sacrificed under light anaesthesia. Blood was drawn by cardiac

112

puncture into heparinized syringes and subjected to centrifugation at 800×g for 10 minutes,

113

4ºC. After removal of plasma, the red blood cells (RBCs) were washed twice with cold
5
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114

phosphate buffer saline (PBS) at physiological pH. The remaining packed RBCs (PRBCs)

115

were resuspended in PBS containing 0.09% glucose. The protein content in blood plasma was

116

measured following the method of Lowry et al and plasma was stored at ‐80ºC for further

117

experimentation.

118

Measurement of reactive oxygen species (ROS): To determine the effect of fisetin on

119

oxidative

120

7’‐dichlorodihydrofluorescein diacetate (DCFH‐DA) dye following the protocol described

121

earlier by us (Garg et al. 2017). In brief, 50 µL PRBCs were diluted in a ratio of 1:1 with PBS

122

containing 0.09% glucose and incubated with DCFH-DA dye (20 µmol/L) for 30 min at 37°C

123

in dark followed by 3 times washing with PBS. The stained PRBCs were then smeared and

124

mounted on slides for microscopic analysis. Images were captured by using an Olympus

125

fluorescent microscope (model CX21iTR-LED) equipped with Magnus UHCCD-USB 21.4

126

megapixel camera.

127

For fluorimeter analysis, 100 µL of isolated PRBCs from all the experimental groups were

128

washed in PBS and allowed to stain with DCFH-DA dye (20 µmol/L) for 30 min at 37°C in

129

dark followed by 3 times washing with PBS. Further, the DCFH-DA-stained PRBCs were

130

finally resuspended in 1.0 mL PBS, and fluorescence intensity was measured using an

131

excitation wavelength at 485 nm and emission wavelength at 528 nm using a Cary Eclipse

132

fluorescence spectrophotometer (Agilent Technologies, USA). The result of ROS generation

133

in the entire experimental groups was calculated with respect to the control group, and the

134

data are expressed in percent change of the control group that was set as 100%.

135

Estimation of eryptosis in PRBCs: PRBCs (100 µl) were washed in Ringer solution and

136

stained with Annexin V-PE (5 μl) for 1 h at 37°C in the dark. Finally, the eryptosis in

137

erythrocytes was quantified using FACS Calibur flow cytometer (BD Biosciences, USA).

stress,

reactive

oxygen

species

(ROS)

was

measured

using

2’,

6

Biochem. Cell Biol.
Downloaded from www.nrcresearchpress.com by EAST CAROLINA UNIV on 01/10/19. For personal use only.

Page 7 of 31

138

Measurement of Biomarkers of Oxidative Stress in Erythrocytes

139

Measurement of lipid peroxidation (LPO): Malondialdehyde (MDA) was measured in

140

erythrocytes following the protocol of Esterbauer and Cheeseman (Esterbauer and

141

Cheeseman 1990) with slight modifications as described in our earlier published report (Garg

142

et al. 2017). Packed erythrocytes (0.2 mL) were suspended in 3 mL PBS containing 0.5 mM

143

glucose, pH 7.4. The suspension (0.2 mL) was added to 1 mL of 10% trichloroacetic acid

144

(TCA) and 2 mL of 0.67% (TBA), boiled for 20 minutes at 90ºC–100ºC, and then cooled.

145

Subsequently, the mixture was centrifuged at 1000x g for 5 minutes and the absorbance of

146

supernatant was read at 532 nm. The concentration of MDA was calculated using extinction

147

coefficient (ε = 153,000 M‐1cm‐1). The value of MDA is expressed as nmol/mL PRBCs.

148

Determination of reduced glutathione (GSH): The GSH was measured following the

149

earlier described standard protocol (Garg et al. 2017). The method was based on the ability of

150

the ‐SH groups to reduce 5, 5’‐dithiobis, 2‐nitrobenzoic acid (DTNB) into a yellow coloured

151

product whose absorbance was measured at 412 nm. The GSH concentration is expressed in

152

mg/mL PRBCs and was calculated using standard plot.

153

Measurement of plasma membrane redox system (PMRS) activity: The erythrocyte

154

PMRS activity was measured by the reduction of ferricyanide as described by earlier

155

published report (Chaudhary et al. 2017). Briefly, PRBCs (0.2 mL) from all the experimental

156

groups were suspended in PBS containing 5 mM glucose and 1 mM freshly prepared

157

potassium ferricyanide to a final volume of 2.0 ml. The suspensions were incubated for 30

158

min at 37ºC and then centrifuged at 800×g for 10 min at 4ºC. Then, the ferrocyanide content

159

in supernatant was measured by using 4,7‐diphenyl‐1,10‐phenanthroline disulfonic acid

160

disodium salt and taking absorbance at 535 nm (ε = 20,500 M‐1cm‐1). The PMRS activity is

161

expressed in µmol ferrocyanide/mL PRBCs/30 min.
7
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162

Measurement of intracellular calcium [Ca2+]i ion: Intracellular calcium ion in PRBCs of

163

all experimental groups was assayed by fluorimetric quantification of hydrolyzed

164

acetylmethyl ester of quinoline tetracarboxylic acid (Quin-2AM) following the protocol of

165

Lipton and Rosenberg (1994) with slight modifications as described in our earlier report

166

(Singh et al. 2016). PRBCs were incubated in 3.0 mL of assay buffer (120 mmol/L NaCl, 5

167

mmol/L KCl, 1.2 mmol/L MgCl2, 5 mmol/L NaHCO3, 6 mmol/L glucose, 5 mmol/L CaCl2,

168

25 mmol/L Hepes, pH 7.4) along with Quin-2AM at final concentration of 25 µmol/L for 1 h

169

in the dark. The cells in assay mixtures were centrifuged at 800x g for 10 min, and the pellets

170

were washed thrice to remove excess Quin-2AM. Further, the pellets were resuspended in 1.0

171

mL of assay buffer. The fluorescence “R” was measured on a spectrofluorimeter (Agilent

172

Technologies, USA) at excitation–emission wavelengths of 330 and 492 nm respectively.

173

The fluorescence “R minimum” (Rmin) was measured following the addition of 0.1% sodium

174

dodecyl sulphate with 10 mmol/L EGTA, while “R maximum” (Rmax) was measured

175

following the addition of 7 mmol/L CaCl2. Finally, intracellular Ca2+ level was calculated

176

employing the formula [Ca2+]i = Kd(R – Rmin)/(Rmax – R), where Kd (dissociation constant of

177

Quin-2AM–Ca2+ complex) is equivalent to 115 nm.

178

Measurement of Biomarkers of Oxidative Stress in Blood Plasma

179

Total antioxidant activity by ferric reducing ability of plasma (FRAP) assay: The total

180

antioxidant potential of the plasma was determined using well known endpoint FRAP assay

181

(Benzie and Strain 1996).The FRAP reagent (3.0 mL) was added to 100 µl of plasma and the

182

contents were mixed thoroughly. Then, the absorbance was read at 593 nm at the interval of

183

30 seconds for 4 min. FRAP value (µmol Fe (II)/L of plasma) was calculated using the

184

standard calibration curve.

8
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185

Determination of protein carbonyl (PC) level: The protein carbonyl (PC) level in plasma

186

was measured following the standard procedure of Levine et al (Levine et al. 1990) and with

187

slight modifications as reported earlier by us (Garg et al. 2017). In brief, plasma samples

188

were taken in two tubes as test and control. 4.0 mL of 10 mM 2,4-dinitrophenylhydrazine

189

(DNPH), prepared in 2 M HCl, was added to the test sample, and 4.0 mL of 2 M HCl alone

190

was added to the control sample. The contents were mixed thoroughly and incubated for 1

191

hour in the dark at 37ºC. The tubes were shaken intermittently every 10 minutes to facilitate

192

reactions with proteins. After shaking, 20% TCA (w/v) was added to both tubes, and the

193

mixture was left in ice for 10 minutes. The tubes were then centrifuged at 850x g for 20

194

minutes to obtain the protein pellets. The supernatant was carefully aspirated and discarded.

195

The protein pellets were washed thrice with ethanol–ethyl acetate (1:1, v/v) solution to

196

remove unreacted DNPH and lipid remnants. Finally, protein pellets were dissolved in 6 M

197

guanidine hydrochloride and incubated for 10 minutes at 37ºC. The insoluble materials were

198

removed by centrifugation. Carbonyl content was determined by taking the spectra of the

199

supernatant at 370 nm. Each sample was read against the control. The carbonyl content was

200

calculated using an absorption coefficient of 22,000 M‐1cm‐1 and the result is expressed as

201

nmol/mg protein.

202

Determination of lipid hydroperoxide (LHP): Plasma LHP level was determined

203

spectrophotometrically by the method that uses oxidation of ferrous ions with xylenol orange

204

FOX2 (Ferrous Oxidation with Xylenol orange) (Murtaza et al. 2012). Plasma (50 μl) was

205

added to FOX2 reagent (950 μL) in microcentrifuge reaction vials and mixed properly on

206

vortex. After incubation with FOX2 reagent at room temperature for 30 min, the samples

207

were centrifuged at 3000xg at 20°C for 10 min, the resulting supernatant was carefully

208

transferred into microplate wells, and absorbance was read at 560 nm against reagent blank.

9

Biochem. Cell Biol.
Downloaded from www.nrcresearchpress.com by EAST CAROLINA UNIV on 01/10/19. For personal use only.

Page 10 of 31

209

Measurement of Sialic acid: Sialic acid estimation in plasma was performed following the

210

standard method of Spyridaki et al (Spyridaki and Siskos 1996). Briefly, 0.10 mL of 0.04 M

211

periodic acid was added to a glass tube containing 500 mL diluted (20 times) sample solution,

212

mixed thoroughly and allowed to stand in ice bath for 30 min. Thereafter, 1.25 mL of

213

resorcinol working solution (5 mL of 6.0% resorcinol solution, 0.125 mL of 0.1 M copper

214

sulphate solution and 19.875 mL of distilled water, brought to a final volume of 50 ml with

215

10 M HCl) was added, mixed and heated at 98ºC for 5 min. Tubes were cooled in an ice bath

216

and 3.25 mL of n-butanol was added in each tubes. The solutions were mixed vigorously and

217

the tubes were placed in a water bath at 37ºC for 3 min to stabilize the color. Immediately

218

after removing the solutions from the water bath their absorbance were measured at 625 nm

219

against a reagent blank. A calibration graph was prepared with standard solutions of N-acetyl

220

neuraminic acid in the range of 20-200 μM and unknown concentrations of total sialic acid in

221

samples were calculated. The concentration of plasma sialic acid is expressed as μM.

222

Statistical analysis: The intergroup variations was measured by one-way analysis of

223

variance (ANOVA) using the Graph Pad Prism, version 5.0. Statistical comparisons were

224

made with ‘‘Tukey’s Multiple Comparison Test’’. The data are expressed as mean ± SD (n =

225

6). The values with p<0.05 were considered to be statistically significant (*p<0.05 when

226

compared with young control, $p<0.05 when compared with D-gal treated rats, and #p<0.05

227

when compared with naturally aged control).

228

Results

229

Fisetin lowers aging-induced reactive oxygen species (ROS) generation in rat

230

erythrocytes: A significant (p<0.05) increase in ROS level (80.75% and 73.75%) was found

231

in D-gal treated and naturally aged rats respectively as compared to young control rats.

232

Further, fisetin supplementation significantly reduced the level of ROS both in induced aging
10
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233

(34.02%) as well as naturally aged rats (24.31%) when compared with respective control

234

groups (Figure 1B). The microscopic images maintain the linearity with spectrofluorometric

235

data (Figure 1A).

236

Fisetin provides protection against aging-induced eryptosis in erythrocytes: Eryptosis, a

237

mechanism of cell death, in erythrocytes was studied during aging using Annexin V-PE

238

(Figure 2). The findings showed the increased percentage of eryptosis in D-gal induced aging

239

(28.80%) and naturally aged rats (27.89%). Furthermore, fisetin administration effectively

240

minimized the age-dependent eryptosis process. The supplementation of fisetin decreased the

241

age-dependent induction in eryptosis in D-gal induced aging rats (21.97%) and naturally aged

242

rats (16.57%) when compared with respective age-matched control groups.

243

Fisetin attenuates aging-induced alterations in redox biomarkers in erythrocytes: A

244

significant reduction in reduced glutathione (GSH) level (53.03% and 39.39%) was also

245

observed in erythrocytes of D-gal induced as well as natural aging rats respectively as

246

compared to young control (Figure 3A). Further, the supplementation of fisetin induced the

247

level of GSH (106.45% and 77.5% increase) in erythrocytes of D-gal induced as well as

248

natural aging rats respectively when compared with respective control groups. Moreover, the

249

supplementation of fisetin also increased the significant level of GSH (45.45%) in

250

erythrocytes of young rats.

251

The levels of malondialdehyde (MDA), plasma membrane redox system (PMRS) and

252

intracellular calcium ion [Ca2+]i were significantly (p<0.05) increased in erythrocytes of D-

253

gal induced aging (72.96% MDA, 125% PMRS and 278% [Ca2+]i ) and naturally aged

254

(56.29% MDA, 98.52% PMRS and 232% [Ca2+]i ) rats in comparison to young control rats

255

(Figure 3B, C and D). A significant (p<0.05) change in the levels of MDA and [Ca2+]i was

256

found both in D-gal induced (41.27% and 34.65% decrease respectively) as well as naturally
11
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257

aged (21.89% and 23.44 % decrease respectively) rats following the administration of fisetin

258

as compared to their respective control groups. On the other hand, PMRS activity was

259

significantly (p<0.05) increased even after the supplementation of fisetin in young (45.56%),

260

D-gal induced aging (33.33%) and naturally aged (25.92%) rats as compared to their

261

respective control groups.

262

Effects of fisetin on the redox biomarkers in blood plasma: Total antioxidant potential in

263

terms of ferric reducing ability of plasma (FRAP) was found to be decreased significantly

264

(p<0.05) in plasma of D-gal (33.98%) and naturally aged (29.45%) rats as compared to young

265

control rats. Further the supplementation of fisetin significantly restored the level of FRAP in

266

plasma of D-gal induced aging rats (79.67%) and naturally aged rats (29.02%) when

267

compared with their respective control groups (Figure 4). Our results also suggest that fisetin

268

treatment significantly increased the level of total antioxidant potential in young rats

269

(54.23%) when compared with the control (Figure 4A).

270

In D-gal induced aging and naturally aged rats, we found significantly (p<0.05) increased the

271

levels of protein carbonyl (PC; 44% and 57.33% respectively), lipid hydroperoxide (LHP;

272

13.11% and 77.04% respectively) and sialic acid (SA; 37.03% and 59.25% respectively).

273

Furthermore, fisetin supplementation significantly reversed the levels of PC (28.81% and

274

19.44%), LHP (26.85% and 23.33%) and SA (21.96% and 15.31%) in D-gal induced aging

275

and naturally aged rats respectively as compared to the respective age-matched control

276

groups (Figure 4 B, C and D).

277

Discussion

278

The present study aims to investigate the potential therapeutic properties of fisetin in an

279

accelerated senescence model of rat (D-galactose induced aging) and natural aging rat

280

models. D-gal was used to develop pathophysiological features similar to those found in the
12
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281

natural aging of rats (Shwe et al. 2018). Here, we report the age-dependent induction in the

282

level of pro-oxidants and reduction in the level of anti-oxidants in erythrocytes of D-gal

283

induced as well as naturally aged rats that were significantly reversed upon the

284

supplementation of fisetin.

285

Diet-derived antioxidants are now being increasingly investigated for their health-promoting

286

effects. Several studies involve the use of fisetin for its anti-oxidative and anti-apoptotic

287

effects in animal models (Sahu et al. 2014; Pal et al. 2016). Fisetin has been found to increase

288

the total antioxidant status in various disease models and oxidatively challenged rats (Prakash

289

et al. 2013; Prasath and Subramanian 2013) which support our finding of increased ferric

290

reducing ability of plasma (FRAP) by fisetin in aged rats. Amongst the protective

291

mechanisms available to mitigate oxidative stress, reduced glutathione (GSH), and plasma

292

membrane redox system (PMRS) have been identified to neutralize the free radicals and also

293

provide protection against oxidative stress during aging (de Grey 2005; Hyun et al. 2006). In

294

addition, GSH level declines during the progression of age and age-associated diseases, that

295

also contributes to age-dependent impaired redox balance (Maher et al. 2006; Rizvi and

296

Maurya 2007; Bermejo et al. 2008; Prakash et al. 2013). Exogenous antioxidants may provide

297

electrons to PMRS to activate its activity that further improves erythrocyte’s defense

298

mechanism(s). In line, our results also show an increased level of GSH and PMRS activity

299

following the supplementation of fisetin in D-gal induced aging and naturally aged rats. It

300

might be possible that fisetin as a CRM also follows similar pathways to activate PMRS

301

during aging (López-Lluch and Navas 2016). Clinical significance of increased GSH after

302

fisetin supplementation has been reported in number of studies (Pal et al. 2016; Sandireddy et

303

al. 2016). Fisetin has been found to increase the level of GSH and provides protection against

304

oxidative stress induced neurotoxicity (Prakash et al. 2013). Similarly, fisetin also provides

13
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305

protection against hyperglycemia mediated liver damage in diabetic rats by normalizing the

306

altered level of GSH (Prasath and Subramanian 2013).

307

Oxidative stress refers to elevated intracellular level of ROS that results in oxidative damage

308

to biomolecules during aging (Finkel and Holbrook 2000). Lipids and proteins are the

309

primary targets of free radicals, once produced they play an important role in mediating some

310

aspects of the aging process. Lipid and protein damage represent an important part of ROS-

311

initiated reactions, affecting erythrocyte’s membrane fluidity and function. It is usually

312

characterized by the measurement of major aldehydic lipid peroxidation products such as

313

malondialdehyde (MDA) and lipid hydroperoxides (LHP) (Del Rio et al. 2005). An increased

314

level of MDA and LHP during induced and natural aging confirms our earlier results with a

315

positive correlation between lipid peroxidation and age of organism (Chaudhary et al. 2017;

316

Garg et al. 2017).

317

The formation of MDA results in the generation of oxidized protein products such as protein

318

carbonyls which might further contribute to the aging process (Höhn et al. 2013). Protein

319

aggregates impair the activity of cellular proteolytic systems, resulting in additional

320

accumulation of oxidized proteins, and finally to apoptotic cell death (Reeg and Grune 2015).

321

Fisetin has been reported to retards the lipid peroxidation and generation of oxidized protein

322

products in pancreatic β-cells tissue against oxidative stress in diabetic rats (Prasath and

323

Subramanian 2013). Our findings of decreased erythrocyte ROS, plasma LHP and protein

324

carbonyls subsequent to fisetin supplementation are in agreement with the previous reports of

325

an attenuation of intracellular ROS protecting γ-irradiated cells against membrane lipid

326

peroxidation, DNA damage and protein carbonylation (Maher et al. 2011; Piao et al. 2013).

327

Similarly,

fisetin

supplementation

decreases

ROS

production

and

ROS-induced
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328

neurotoxicity, hepatotoxicity, lung carcinogenesis and even chances of cell death

329

(Ravichandran et al. 2011; Lee et al. 2011; Sun et al. 2016; Yen et al. 2017).

330

Erythrocyte’s membrane has a net negative surface charge conferred by sialic acid (Cook et

331

al. 1961). Sialic acid plays a major physicochemical role in various molecular and cellular

332

interactions during aging (Murtaza et al. 2012; Varki and Gagneux 2012). The evidence of

333

decreased erythrocyte’s surface charge in aged rats indicated an increased risk of erythrocytes

334

to many pathological conditions (Sangeetha et al. 2005). This reduction in surface charge

335

with aging is due to membrane vesiculation, leading to depletion of the sialylated membrane

336

protein glycophorin (Lutz and Fehr 1979; Marikovsky and Marikovsky 2002). During aging,

337

externalization of phosphatidylserine and increase in intracellular calcium ion contributes

338

towards eryptosis, which further leads to removal of sialic acid from erythrocyte’s membrane

339

into plasma (Murtaza et al. 2012; Freikman et al. 2012). Eryptosis is characterized by

340

erythrocyte shrinkage, blebbing and phospholipid scrambling of the cell membrane. It may be

341

elicited by several cell stressors including osmotic shock, oxidative stress and energy

342

depletion (Lang et al. 2003; Barvitenko et al. 2005). Furthermore, oxidative stress elicits

343

eryptosis in part by stimulating Ca2+ entry via activation of the Ca2+ permeable cationic

344

channels, thereby increasing the intracellular calcium level (Damonte et al. 1992). An

345

increase in intracellular Ca2+ and plasma sialic acid during aging is in accordance with our

346

previous reports (Singh et al. 2016). The decrease in plasma sialic acid and intracellular Ca2+

347

after fisetin supplementation in old aged rats is due to the fact that antioxidants activate

348

adenosine monophosphate activated protein kinase (AMPK) (Giampieri et al. 2017) which in

349

turn participates in the regulation of eryptosis. AMPK influences the life span of circulating

350

erythrocytes and contributes to the cell survival.
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351

Collectively, the study suggested that the supplementation of fisetin maintains the age-

352

associated impaired redox balance in rat erythrocytes by decreasing the levels of pro-oxidants

353

and increasing the levels of anti-oxidant molecules. Moreover, fisetin also reduced the aging-

354

induced eryptosis process. Thus, these effects open the possibility for fisetin to be considered

355

as a potential anti-oxidant and anti-aging molecule. Similarly, several evidences suggested

356

that fisetin reduces oxidative stress, alleviates hyperglycemia, and improves kidney function

357

(Prasath and Subramanian 2013; Sahu et al. 2014). Studies also demonstrated that the

358

supplementation of fisetin is quite effective for the treatment of various types of cancers,

359

stroke and age-associated disorders (Khan et al. 2013; Currais et al. 2017).

360

Conclusion

361

Our findings suggested that fisetin, a promising caloric restriction mimetic, effectively

362

maintains the redox homeostasis during aging process in rat erythrocytes. In addition, fisetin

363

administration effectively minimized the aging-induced eryptosis process. Considering

364

oxidative stress and eryptosis as the main consequences of aging, our findings support the

365

hypothesis that fisetin could be considered as an anti-aging compound. Furthermore, regular

366

fisetin rich diet intake could be a viable intervention to maintain redox balance and slow

367

down aging process.
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553

Figure Legends:

554

Figure 1: Fisetin prevents changes in ROS production in young, D-gal induced and

555

naturally aged rats. (A) Fluorescence microscopic photographs showing intracellular ROS

556

in erythrocytes using 2’, 7’‐dichlorodihydrofluorescein diacetate (DCFH‐DA) dye and

557

Olympus

558

UHCCD‐USB 21.4 megapixel camera (B) Spectrofluorimetric analysis of intracellular ROS

559

in rat erythrocytes using 2’, 7’‐dichlorodihydrofluorescein diacetate (DCFH‐DA) dye (20

560

µmol/L) and fluorescence intensity was measured using an excitation wavelength at 485 nm

561

and emission wavelength at 528 nm (Cary eclipse fluorescence spectrophotometer, Agilent

562

Technologies, USA). Values are expressed as mean ± SD (n = 6). *p<0.05 when compared

563

with young control, $p<0.05 when compared with D-gal treated rats, and #p<0.05 when

564

compared with naturally aged control.

565

Figure 2: Analysis of eryptosis in erythrocytes of (A) young rats, (B) young rats treated

566

with fisetin, (C) D-gal induced aging rats, (D) D-gal induced aging rats treated with fisetin,

567

(E) naturally aged rats, (F) naturally aged rats treated with fisetin. Eryptosis was evaluated by

568

flow cytometric analysis using Annexin V-PE.

569

Figure 3: Fisetin modulates biomarkers of oxidative stress in erythrocytes. (A) Reduced

570

GSH (mg/ml PRBCs) content as measure of antioxidant level, (B) Lipid peroxidation in

571

terms of MDA (nmol/ml PRBCs), (C) PMRS activity (µmole ferrocyanide/ml PRBC/30

572

min), and (D) Intracellular calcium ion [Ca2+]i. Values are expressed as mean ± SD (n = 6).

573

*p<0.05 when compared with young control, $p<0.05 when compared with D-gal treated rats,

574

and #p<0.05 when compared with naturally aged control.

575

Figure 4: Fisetin attenuates biomarkers of oxidative stress in blood plasma (A) FRAP

576

(µmol Fe (II)/l plasma) measured as total antioxidant potential of plasma, (B) Protein

fluorescent

microscope

(Model:CX21i‐TR‐LED)

equipped

with

Magnus
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577

oxidation marker measured as protein carbonyl (PC) level (nmol/mg protein), (C) Lipid

578

hydroperoxidation (LHP) (nmol/mg protein), and (D) Sialic acid level (mM). Values are
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Figure 1: Fisetin prevents changes in ROS production in young, D-gal induced and naturally aged rats. (A)
Fluorescence microscopic photographs showing intracellular ROS in erythrocytes using 2’,
7’‐dichlorodihydrofluorescein diacetate (DCFHDA) dye and Olympus fluorescent microscope
(Model:CX21iTRLED) equipped with Magnus UHCCDUSB 21.4 megapixel camera (B) Spectrofluorimetric
analysis of intracellular ROS in rat erythrocytes using 2’, 7’‐dichlorodihydrofluorescein diacetate (DCFHDA)
dye (20 µmol/L) and fluorescence intensity was measured using an excitation wavelength at 485 nm and
emission wavelength at 528 nm (Cary eclipse fluorescence spectrophotometer, Agilent Technologies, USA).
Values are expressed as mean ± SD (n = 6). *p<0.05 when compared with young control, $p<0.05 when
compared with D-gal treated rats, and #p<0.05 when compared with naturally aged control.
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Figure 2: Analysis of eryptosis in erythrocytes of (A) young rats, (B) young rats treated with fisetin, (C) Dgal induced aging rats, (D) D-gal induced aging rats treated with fisetin, (E) naturally aged rats, (F)
naturally aged rats treated with fisetin. Eryptosis was evaluated by flow cytometric analysis using Annexin
V-PE.
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Figure 3: Fisetin modulates biomarkers of oxidative stress in erythrocytes. (A) Reduced GSH (mg/ml PRBCs)
content as measure of antioxidant level, (B) Lipid peroxidation in terms of MDA (nmol/ml PRBCs), (C) PMRS
activity (µmole ferrocyanide/ml PRBC/30 min), and (D) Intracellular calcium ion [Ca2+]i. Values are
expressed as mean ± SD (n = 6). *p<0.05 when compared with young control, $p<0.05 when compared
with D-gal treated rats, and #p<0.05 when compared with naturally aged control.
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Figure 4: Fisetin attenuates biomarkers of oxidative stress in blood plasma (A) FRAP (µmol Fe (II)/l plasma)
measured as total antioxidant potential of plasma, (B) Protein oxidation marker measured as protein
carbonyl (PC) level (nmol/mg protein), (C) Lipid hydroperoxidation (LHP) (nmol/mg protein), and (D) Sialic
acid level (mM). Values are expressed as mean ± SD (n = 6). *p<0.05 when compared with young control,
$p<0.05 when compared with D-gal treated rats, and #p<0.05 when compared with naturally aged control.
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