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Abstract. Oxidative stress is an upsurge in reactive oxygen/nitrogen species (ROS/RNS), which aggravates damage to cellular
components viz. lipids, proteins, and nucleic acids resulting in impaired cellular functions and neurological pathologies
including Alzheimer’s disease (AD). In the present study, we have examined amyloid-� (A�)-induced oxidative stress
responses, a major cause for AD, in the undifferentiated and differentiated human neuroblastoma SH-SY5Y cells. A�1-42-
induced oxidative damage was evaluated on lipids by lipid peroxidation; proteins by protein carbonyls; antioxidant status
by SOD and GSH enzyme activities; and DNA and RNA damage levels by evaluating the number of AP sites and 8-oxo-
G base damages produced. In addition, the neuro-protective role of the phytochemical ginkgolide B (GB) in countering
A�1-42-induced oxidative stress was assessed. We report that the differentiated cells are highly vulnerable to A�1-42-induced
oxidative stress events as exerted by the deposition of A� in AD. Results of the current study suggest that the pre-treatment of
GB, followed by A�1-42 treatment for 24 h, displayed neuro-protective potential, which countered A�1-42-induced oxidative
stress responses in both undifferentiated and differentiated SH-SY5Y neuronal cells by: 1) hampering production of ROS and
RNS; 2) reducing lipid peroxidation; 3) decreasing protein carbonyl content; 4) restoring antioxidant activities of SOD and
GSH enzymes; and 5) maintaining genome integrity by reducing the oxidative DNA and RNA base damages. In conclusion,
A�1-42 induces oxidative damage to the cellular biomolecules, which are associated with AD pathology, and are protected
by the pre-treatment of GB against A�-toxicity. Taken together, this study advocates for phytochemical-based therapeutic
interventions against AD.
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INTRODUCTION28

The human brain is highly vulnerable to oxida-29

tive damage as it utilizes 20% of total oxygen (O2)30
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consumption of the whole body. The high consump- 31

tion of oxygen increases chances of over production 32

of reactive oxygen and nitrogen species (ROS/RNS), 33

which ultimately causes damage to the neurons. 34

Being post-mitotic/replication deficient, the antiox- 35

idant defense system of neurons can be easily 36

weakened by the overload of ROS/RNS, i.e., oxida- 37

tive stress [1, 2]. 38

Production and accumulation of amyloid-� (A�), 39

the leading cause of oxidative stress in the neurons, 40
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is one of the important hallmarks of Alzheimer’s41

disease (AD) [3], which leads to the production of42

increased ROS and death of neurons. All through43

these years, advancements have been made to under-44

stand the cellular and molecular alterations occurring45

during the pathogenesis of AD, especially in regard46

to disruption of the antioxidant defense system of the47

cells. One study in this direction showed that intra-48

cellular A� interacts with superoxide dismutase 149

(SOD1), resulting in impairment of the enzymatic50

activity of SOD1 [4]. Further, it has been demon-51

strated that the loss of copper chaperone for SOD52

(a metalloprotein required for proper functioning of53

SOD) causes increased A� production accompanied54

by increased processing of amyloid-� protein pre-55

cursor (A�PP) at the �-secretase 1 (BACE1) site56

[5]. This study indirectly suggested the poor activity57

of SOD resulting in the AD pathogenesis. Another58

important antioxidant enzyme of the brain viz. glu-59

tathione (GSH), known as the redox buffer of the cell,60

is protective against oxidative stress and serves an61

important role in neurodegenerative diseases [6]. It62

has been demonstrated that the loss of GSH from63

neurons results in increased production of ROS/RNS64

[7] and also causes apoptotic death of the neurons [8].65

Accretion of nucleic acid oxidation results in66

decreased capacity to repair the nucleic acid dam-67

age leading to neurodegeneration and aging [9]. Free68

radicals like ROS/RNS, produced by intrinsic and69

extrinsic factors, induce a variety of lesions includ-70

ing DNA stand breaks and oxidized bases including71

8-hydroxydeoxyguanosine, 8-hydroxyguanosine (8-72

OHG), and AP-sites [10, 11]. It is estimated that 105
73

DNA base lesions are produced in a mammalian cell74

genome each day; out of which 104 lesions are oxi-75

dized bases and single-strand breaks as reviewed by76

Hegde et al. [11]. Base excision repair (BER) is the77

predominant pathway in the nucleus as well as mito-78

chondria that removes these oxidized base lesions.79

Among the BER enzymes, apurinic/apyrimidinic80

endonuclease (APE1) is known to be a multifunc-81

tional enzyme involved in DNA repair and redox82

regulation of various transcription factors. Defects83

in repairing oxidative DNA insults cause accumu-84

lation of damaged bases, resulting in a number of85

neurodegenerative disorders like AD and Parkinson’s86

disease [12]. Oxidative DNA damage is increased87

both in nuclear DNA (nDNA) and mitochondrial88

DNA (mtDNA), the latter being more prone to89

oxidation due to its close proximity to ROS/RNS.90

The mtDNA also lacks shielding histones and have91

limited repair mechanisms against oxidative insults92

[13, 14]. Damage to mtDNA could potentially result 93

in bioenergetic dysfunction and, consequently, to 94

aberrant nerve functions. Without efficient repair 95

ability in the brain, mutations in nDNA and mtDNA 96

may result in neuronal cell death through defects in 97

oxidative phosphorylation [15]. Keeping this in mind, 98

recently our group has shown that over expression 99

of APE1 rescued human neuroblastoma SH-SY5Y 100

cells against A�-induced oxidative stress responses 101

and also restored the OXPHOS capacity of SH-SY5Y 102

cells. Further phytochemical ginkgolide B (GB) treat- 103

ment enhanced the neuroprotective role of APE1 [16]. 104

Being a single-stranded molecule and lacking his- 105

tones, oxidative insults occur more frequently in RNA 106

as compared to DNA [17]. The oxidized mRNA 107

causes production of abnormal proteins due to errors 108

in translation, leading to neurological disorders such 109

as AD, Parkinson’s disease, dementia with Lewy bod- 110

ies, and xeroderma pigmentosum [18, 19]. Highly 111

reactive hydroxyl radicals, produced in close prox- 112

imity to the RNA, are responsible for a number of 113

base damages. Most common is the formation of 114

8-OHG, an ubiquitous marker of oxidative stress 115

[20]. To overcome the damage caused by oxida- 116

tive stress, many recent studies have demonstrated 117

that various plant secondary metabolites show a vast 118

potential for the treatment of AD-like neurodegen- 119

erative diseases [21, 22]. These phytochemicals have 120

antioxidant, anti-amyloidogenic, and neuroprotective 121

properties [23–25]. The antioxidant properties of 122

these plant-based products increase the levels of var- 123

ious antioxidants viz. catalase, SOD, and GSH and 124

play a key role in cell survival [26–28]. 125

The proliferative cell line SH-SY5Y is the most 126

commonly used cell line to study the patho- 127

mechanisms of AD; with different protocols being 128

optimized for the differentiation of these cells into 129

neuronal-like cells mimicking the internal environ- 130

ment of the neurons. A study by Forster et al. 131

demonstrated that differentiation initiates the transi- 132

tion from an oxidative stress-resistant cell state to a 133

neuronal cell state with elevated energetic stress and 134

oxidative vulnerability. However, undifferentiated 135

cells have a low metabolic rate and are more resistant 136

to oxidative insults [29]. In the present study, A�1-42- 137

induced oxidative stress responses in undifferentiated 138

and differentiated SH-SY5Y neurons were studied. 139

This study also focusses on the use of GB, a terpenoid 140

found in Chinese plant Ginkgo biloba, to quench the 141

damaging effects of A�1-42, indicating the neuro- 142

protective potential of GB in regulating oxidative 143

damage to cellular entities, including the DNA and 144
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RNA; and stimulating the neuronal cells to overcome145

the oxidative stress induced by A�1-42 as observed in146

AD toward maintenance of cellular functionality.147

MATERIALS AND METHODS148

Cell culture and differentiation149

Human neuroblastoma SH-SY5Y cells gifted by150

Prof. Pankaj Seth, National Brain Research Cen-151

tre, Manesar were cultured in complete medium152

containing Dulbecco’s Modified Eagle’s Medium153

(DMEM)/Ham’s F-12 (1:1) supplemented with 10%154

fetal bovine serum (FBS)/10% horse serum and 1%155

penicillin-streptomycin. The SH-SY5Y cells were156

maintained in an incubator under 5% CO2 at 37◦C157

[30]. To induce differentiation, SH-SY5Y cells were158

plated at a density of 5 × 103 cells/cm2 in a 60-159

mm dish. From the day one after plating, cells were160

given sequential treatment with 10 �M all-trans-161

retinoic acid (RA; Sigma) in dark for five days in162

DMEM/Ham’s F-12 (1:1) media supplemented with163

1% FBS [31]. Differentiation of SH-SY5Y cells was164

documented by morphological examination by phase165

contrast microscope.166

Cell treatments167

The SH-SY5Y cells were seeded in culture dishes168

of 60 mm diameter at a density of 5 × 103 cells/cm2
169

in a 60 mm dish as described elsewhere [30] for treat-170

ment with oxidant A�1-42 and the phytochemical171

(GB; Sigma).172

Preparation and treatment of Aβ1 -42 peptide173

A�1-42 peptide (GenScript) stock solution was174

freshly prepared before each treatment at 1 mM in175

double-distilled deionized H2O, considered as the176

soluble form [30]. Cells were treated with 10 �M177

A�1-42 for 24 h in different assays.178

Preparation and treatment of GB179

The phytochemical GB treatment was given to the180

SH-SY5Y cells at two concentrations, i.e., 10 �M181

and 20 �M in a humidified atmosphere containing182

5% CO2 at 37◦C for 24 h. SH-SY5Y cells were also183

pre-treated with GB for 3 h before the treatment with184

10 �M A�1-42 in further experiments [16].185

Measurement of intracellular reactive oxygen 186

species 187

Cells were seeded overnight in a 96-well plate at 188

a density of 1 × 105 cells/well and given appropri- 189

ate treatments. Then, the cells were equilibrated in 190

phosphate-buffered saline (PBS) and incubated in the 191

dark for 30 min with 100 �M of H2DCFDA (Invit- 192

rogen). After washing twice with PBS, fluorescence 193

intensity was then read at the excitation wavelength 194

of 478 nm and emission wavelength 518 nm using 195

BioTek (Winooski, VT) microplate reader as per the 196

protocol described [16, 32]. 197

Measurement of intracellular reactive nitrogen 198

species 199

To measure the intracellular RNS levels, cells were 200

seeded in a 96-well plate at a seeding density of 201

1 × 105 cells/well, grown overnight, and given appro- 202

priate treatments. Then, the cells were equilibrated 203

in PBS and incubated in the dark for 30 min with 204

20 �M of DAF-FM (Invitrogen). After washing twice 205

with PBS, fluorescence intensity was then read at an 206

excitation wavelength of 478 nm and at an emission 207

wavelength of 515 nm using the BioTek microplate 208

reader as per the protocol described [16, 33]. 209

Nitric oxide release assay 210

Griess assay is used to determine the amount of 211

nitric oxide (NO) produced by the cells as nitrite 212

accumulation in the cell supernatants. The first step 213

is conversion of nitrate to nitrite utilizing nitrate 214

reductase, followed by the second step involving 215

addition of Griess Reagent (1% sulphanilic acid and 216

0.1% N-(1-Naphthyl) ethylenediamine) which con- 217

verts nitrite into deep purple azo compound. Briefly, 218

Griess reagent and the cell culture supernatants were 219

added in 1:1 ratio to each well of a 96-well plate and 220

mixed thoroughly. After 5 min, the absorbance of the 221

colorimetric product formed was read at 540 nm using 222

BioTek microplate reader. The nitrite content of each 223

sample was evaluated from a standard curve obtained 224

using sodium nitrite and was expressed in �M [34]. 225

Preparation of total cell lysates 226

Briefly, SH-SY5Y cells were harvested and cen- 227

trifuged at 2000 rpm at 4◦C for 10 min. Following 228

centrifugation, the pellet was re-suspended in the 229

lysis buffer containing 20 mM Tris-Cl (pH 7.5), 230
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150 mM NaCl, 1 mM EDTA, 0.1% NP-40, and pro-231

tease inhibitor cocktail with vortexing every 5 min for232

20 min at 4◦C. Then, the mixture was centrifuged at233

20,000 g for 15 min at 4◦C. The supernatant was col-234

lected and stored at –20◦C for further experiments,235

followed by protein estimation by the Bradford236

Method [30].237

Measurement of SOD activity238

SOD activity was measured using a simple method239

based on the ability of SOD to inhibit the auto-240

oxidation of pyrogallol. The final assay mixture241

contained 0.1 mM sodium phosphate buffer (pH 8),242

3 mM EDTA, and 8.1 mM pyrogallol with the pro-243

tein sample. Initially, protein samples with the assay244

mixture were added except pyrogallol. The reaction245

was started by adding pyrogallol and the change246

in absorbance was measured for 3 min at 420 nm247

using Shimadzu double-beam spectrophotometer.248

SOD activity was expressed as U/mg of protein. One249

unit of SOD activity being defined as the amount250

of enzyme that causes half- maximal inhibition of251

auto-oxidation of pyrogallol [35].252

Measurement of total glutathione content253

The assay is used for determining total GSH in the254

samples using Ellman’s reagent (DTNB). It is based255

on the reaction between DTNB and GSH producing a256

yellow colored product. Briefly, proteins were precip-257

itated with 25% trichloroacetic acid (TCA), followed258

by centrifugation at 6,000 rpm for 10 min. The super-259

natant obtained was then mixed with DTNB and260

incubated in dark for 15 min. Change in absorbance261

was measured for 3 min at 412 nm using BioTek262

microplate reader. The GSH content was determined263

from a standard curve made using GSH [36].264

Protein oxidation assay265

This assay is used for detecting protein carbonyls266

involving derivatization of the carbonyl group with267

DNPH, which leads to the formation of a stable hydra-268

zone product. Firstly, proteins were precipitated with269

20% TCA, followed by centrifugation at 6,000 rpm270

for 10 min. The pellets obtained were then mixed with271

a solution of 10 mM DNPH in 2 N HCl and allowed272

to stand in the dark for 90 min with vortexing every273

15 min. Again, the samples were precipitated with274

10% TCA and washed 3 times with ethanol/ethyl275

acetate (1:1, v/v) to remove any free DNPH. Finally,276

the pellets were re-suspended in 6 M guanidium 277

hydrochloride and centrifuged at 6,000 rpm for 3 min; 278

carbonyl content was determined from the change 279

in optical density measured at 385 nm using molar 280

absorption coefficient of 22,000 M−1 cm−1 using 281

BioTek microplate reader [37]. 282

Lipid peroxidation assay 283

The measurement of thiobarbituric acid reactive 284

substances (TBARS) is a method for screening lipid 285

peroxidation; with malondialdehyde (MDA) being 286

one of the products of lipid peroxidation. Starting 287

with, the protein samples were mixed with 15% TCA, 288

0.375% thiobarbituric acid and 0.25 mol/l HCl and 289

heated to 95◦C for 45 min. After boiling, the sam- 290

ples were allowed to cool at 4◦C for 30 min and 291

centrifuged at 1000 rpm for 10 min. The optical den- 292

sity of supernatants was measured at 532 nm and 293

the MDA content was calculated using 1.56 × 105
294

M−1 cm−1 as molar absorption coefficient using 295

BioTek microplate reader. Results were expressed as 296

nmol/mg of protein [38]. 297

Quantification of number of AP sites in the 298

genome 299

Genomic DNA was isolated from the undiffer- 300

entiated and differentiated SH-SY5Y cells, which 301

were treated with A�1-42, GB, and their combina- 302

tions, and the amount and purity of isolated DNA 303

was determined using Nanodrop reader (Thermo Sci- 304

entific). DNA oxidation (AP-sites) was determined 305

in the samples with OxiSelect™ Oxidative DNA 306

Damage Quantitation Kit (Cell Biolabs, San Diego, 307

USA) following the manufacturer’s protocol using 308

BioTek microplate reader. Results are expressed as 309

AP sites/105bp. 310

Quantification of number of 8-OHG sites in the 311

RNA 312

Firstly, RNA was isolated from the samples using 313

TRIzol (Invitrogen) as per manufacturer’s instruc- 314

tions, followed by an additional phenol chloroform 315

extraction and ethanol precipitation. The concentra- 316

tion and integrity of RNA was measured by using 317

Nanodrop reader (Thermo Scientific) and stored at 318

–20◦C for further use. 8-OHG was quantified in RNA 319

samples using the OxiSelect Oxidative RNA Dam- 320

age ELISA kit (Cell Biolabs, San Diego, USA) with 321

minor modifications. Beforehand, the extracted RNA 322
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was digested using Nuclease S1, followed by treat-323

ment with alkaline phosphatase at 37◦C for 1 h. The324

reaction mixture was then centrifuged at 6,000 g for325

5 min at 4◦C, and the supernatant obtained was used326

for 8-OHG quantification using BioTek microplate327

reader.328

Statistical analysis329

All the data were analyzed using Student’s t-test330

and represented as mean ± standard deviation (n = 3331

or more). The data was considered statistically sig-332

nificant when p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001.333

RESULTS334

Retinoic acid induced differentiation of human335

neuroblastoma SH-SY5Y cells336

Exposure of all-trans-RA resulted in differentia-337

tion of SH-SY5Y cells into more characteristically338

neuronal morphology. Cells seeded on day 0 exhib- 339

ited compact morphology, which changed over 3–5 340

days on exposure to 10 �M RA with the formation of 341

axon and dendrite-like projections and shrinkage of 342

the cytoplasm. RA treatment was extended up to day 343

8 to observe the morphological difference between 344

differentiated and undifferentiated SH-SY5Y cells. 345

Confirmation of morphologically differentiation of 346

SH-SY5Y cells was documented using phase contrast 347

microscopy (Fig. 1). 348

Assessment of Aβ1-42-induced oxidative stress 349

and phytochemical modulation by the 350

pretreatment of ginkgolide B in undifferentiated 351

and differentiated SH-SY5Y cells 352

Measurement of intracellular ROS levels 353

Intracellular ROS levels were measured using 354

H2DCFDA fluorescent dye as a result of oxidative 355

stress induced by 100 �M H2O2 (positive control) 356

and 10 �M of A�1-42, and further modulation by 357

phytochemical GB at two concentrations, i.e., 10 �M 358

Fig. 1. Effect of all-trans-retinoic acid-induced differentiation on morphological appearance of SH-SY5Y cells. a) Phase contrast images
of SH-SY5Y cells after retinoic acid (10 �M) treatment for 0, 2, 3, and 8 days. b) Neurite extensions were evident in 2nd and 3rd day
cells (arrows). The above pictures (a-c) were taken with FSX 100 fluorescence microscope (Olympus); and (d) day 8, the neuritic processes
forming a mesh-like network in differentiated SH-SY5Y cells.
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and 20 �M. ROS levels were found to be increased359

by 28% (p ≤ 0.01) and 33% (p ≤ 0.01) on treatment360

with 10 �M GB in undifferentiated and differen-361

tiated SH-SY5Y cells, respectively, as compared362

to the respective untreated control SH-SY5Y cells.363

Treatment with A�1-42 increased the ROS levels364

significantly (p ≤ 0.01) by two times in undiffer-365

entiated SH-SY5Y cells and by a fold change of366

1.6 (p ≤ 0.001) in A�1-42-treated differentiated SH-367

SY5Y cells as compared to their respective control368

cells. Interestingly, treatment with H2O2 at a physio-369

logical concentration (100 �M) did not increase the370

ROS levels to an extent as in the differentiated neu-371

rons, suggesting a balance between the free radical372

generating, H2O2- generating and H2O2- metaboliz-373

ing enzymes in these two type of cells. In comparison374

with A�1-42-treated cells, pre-treatment with GB375

(10 �M) followed by treatment with A�1-42 led to376

a decrease in ROS levels by 25% (p ≤ 0.05) and 16%377

in undifferentiated and differentiated SH-SY5Y cells,378

respectively (Fig. 2). This points toward the atten-379

uation of ROS levels in both undifferentiated and380

differentiated SH-SY5Y cells on pre-treatment of GB381

(10 �M) prior to A�1-42 treatment.382

Fig. 2. Measurement of intracellular ROS production after A�1-42-
induced oxidative stress in undifferentiated and differentiated
SH-SY5Y cells by H2DCFDA and phytochemical modulation
by the pre-treatment of ginkgolide B (GB). Student’s t-test was
performed to evaluate the significance of the results. Data was
statistically significant at ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, GB/A� treated
cells compared with control; #p ≤ 0.05, GB + A� treated cells
compared with A�-treated cells; $p ≤ 0.05, GB + A� treated
cells compared with GB-treated cells. Results are presented as
mean ± SD (n = 3).

Measurement of intracellular RNS levels 383

The fluorescence-based DAF-FM assay was used 384

to measure intracellular RNS levels in undifferenti- 385

ated and differentiated SH-SY5Y cells after 24 h of 386

treatment with GB and A�1-42 and their combina- 387

tions. A 14% rise in RNS levels was observed when 388

undifferentiated SH-SY5Y cells were treated with 389

GB (10 �M) as compared with the untreated control. 390

When the differentiated SH-SY5Y cells were treated 391

with 10 �M GB, there was a significant (p ≤ 0.01) 392

decrease in RNS levels by 39% as compared to 393

the respective RA-induced differentiated SH-SY5Y 394

control cells. Treatment with A�1-42 increased the 395

RNS levels significantly, by more than 2 folds in 396

both undifferentiated (p ≤ 0.001) and differentiated 397

(p ≤ 0.01) SH-SY5Y cells. A similar trend in the RNS 398

levels after H2O2 treatment was seen as in the ROS 399

levels. But, treatment with A�1-42 did not increase 400

the levels of RNS in the differentiated neurons as 401

compared to normal SH-SY5Y cells. This could be 402

due the balance between the free radical generating 403

and free radical metabolizing enzymes in counter- 404

ing this nitrosative stress in the neuronal cells. It 405

might be the scenario that the role of peroxisomal 406

antioxidant defense in the neuronal cells could also 407

be a factor leading to this differential effect; which 408

needs further investigation. The pretreatment of GB 409

(10 �M) followed by A�1-42 treatment of SH-SY5Y 410

cells showed a decrease in RNS levels by two times 411

in both undifferentiated (p ≤ 0.01) and differentiated 412

(p ≤ 0.01) SH-SY5Y cells as compared to respec- 413

tive A�1-42-treated cells (Fig. 3), pointing toward the 414

attenuating potential of GB by reducing the levels 415

of RNS in the presence of A�1-42-induced oxidative 416

stress. 417

Measurement of extracellular NO levels 418

This assay was performed to measure the extracel- 419

lular NO levels in SH-SY5Y cells in the presence 420

of oxidative stress induced by A�1-42. On treat- 421

ment with 10 �M GB, the extracellular NO levels 422

were found to rise by 1.8 folds in undifferen- 423

tiated SH-SY5Y cells; whereas an increase by 424

18% was seen in differentiated cells as com- 425

pared to their respective untreated control cells. 426

Treatment with A�1-42 increased the NO levels 427

significantly by 24% (p ≤ 0.01) in undifferentiated 428

SH-SY5Y cells and by a fold change (p ≤ 0.01) 429

in differentiated SH-SY5Y cells, respectively, as 430

compared to their respective control SH-SY5Y 431

cells. In comparison with A�1-42-treated cells, 432

the 10 �M [GB + �1-42]-treated undifferentiated 433

Navrattan
Sticky Note
Add: "those in" after 'to'

Navrattan
Highlight

Navrattan
Highlight

Navrattan
Sticky Note
Replace the highlighted text with 
"Aβ1-42"


anilmantha
Highlight



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

I. Gill et al. / Phytochemical Ginkgolide B Attenuates-�1-42 7

Fig. 3. Measurement of intracellular RNS produced after A�1-42-
induced oxidative stress in undifferentiated SH-SY5Y cells by
DAF-FM and phytochemical modulation by GB. Student’s t-test
was performed to evaluate the significance of the results. Data was
statistically significant at ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, GB/A� treated
cells compared with control; ##p ≤ 0.01, GB+A� treated cells
compared with A�-treated cells; $p ≤ 0.05, $$$p ≤ 0.001 GB+A�
treated cells compared with GB-treated cells. Results are presented
as mean ± SD (n = 3).

SH-SY5Y cells shown decreased NO levels by 33%434

(p ≤ 0.05); whereas a decrease of 16% was observed435

in 10 �M [GB + A�1-42]-treated differentiated SH-436

SY5Y cells (Fig. 4). This shows the levels of NO are437

being regulated by GB in the presence of A�1-42-438

induced oxidative stress in AD.439

Estimation of SOD activity440

The activity of the free-radical scavenging enzyme441

SOD in the presence of oxidative stress by A�1-42442

and pre-treatment with GB was measured. Treatment443

with phytochemical GB (10 �M) led to an increase in444

SOD activity by 19% in undifferentiated SH-SY5Y445

cells whereas a 26% increase (p ≤ 0.01) in SOD activ-446

ity was observed in differentiated SH-SY5Y cells as447

compared to the respective untreated control. Upon448

A�1-42 treatment, an increase in SOD activity by 32%449

(p ≤ 0.01) in undifferentiated SH-SY5Y cells was450

observed on comparison with the untreated control451

cells. In contrast, A�1-42 treatment led to a signif-452

icant decrease in SOD activity by 44% (p ≤ 0.01)453

in differentiated SH-SY5Y cells as compared to the454

untreated control cells. When compared with A�1-42-455

treated differentiated cells, an increase by 1.2 folds456

Fig. 4. Measurement of extracellular NO produced after A�1-42-
induced oxidative stress in undifferentiated and differentiated
SH-SY5Y cells by Griess reagent and phytochemical modulation
by the pre-treatment with GB. Student’s t-test was performed to
evaluate the significance of the results. Data was statistically sig-
nificant at ∗∗p ≤ 0.01, GB/A� treated cells compared with control;
#p ≤ 0.05, GB + A� treated cells compared with A�-treated cells;
$p ≤ 0.05, GB + A� treated cells compared with GB-treated cells.
Results are presented as mean ± SD (n = 3).

(p ≤ 0.01) was seen in 10 �M [GB + A�1-42]-treated 457

differentiated SH-SY5Y cells (Fig. 5). This indicates 458

the role of GB in modifying the activity of SOD in 459

presence of A� stress. 460

Determination of total glutathione content 461

Content of GSH, which functions both as a free rad- 462

ical scavenger as well as a substrate for glutathione 463

peroxidase, was measured. A significant increase 464

in the GSH content by 1.2 folds (p ≤ 0.01) was 465

observed in GB (10 �M)-treated differentiated SH- 466

SY5Y cells in comparison to the untreated control 467

cells. In the presence of oxidative stress induced by 468

A�1-42, a decrease in GSH content by 39% (p ≤ 0.01) 469

and 43% was observed in undifferentiated and dif- 470

ferentiated cells, respectively, as compared to their 471

respective untreated control cells. Both undifferenti- 472

ated and differentiated SH-SY5Y cells, which were 473

treated with 10 �M [GB + A�1-42], were observed 474

to possess increased GSH content by 1.4 folds 475

(p ≤ 0.001) and 2.9 folds (p ≤ 0.001), respectively, 476

as compared to their respective A�1-42-treated SH- 477

SY5Y control cells (Fig. 6). This shows that oxidative 478

stress-like conditions, together with phytochemical 479
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Fig. 5. Measurement of SOD activity in undifferentiated and
differentiated SH-SY5Y cells after A�1-42-induced oxidative
stress and phytochemical modulation by the pre-treatment of GB
(expressed as U/�g of the protein). Student’s t-test was performed
to evaluate the significance of the results. Data was statistically
significant at ∗∗p ≤ 0.01, GB/A� treated cells compared with con-
trol; ##p ≤ 0.01, GB + A� treated cells compared with A�-treated
cells; $p ≤ 0.05, GB + A� treated cells compared with GB-treated
cells. Results are presented as mean ± SD (n = 3).

pre-treatment, stimulate and prepare the neuronal480

cell for protection from free radical damage dur-481

ing adverse cellular stress conditions as observed482

in AD.483

Fig. 6. Measurement of total glutathione (GSH) levels in undif-
ferentiated and differentiated SH-SY5Y after A�1-42-induced
oxidative stress and phytochemical modulation by the pre-
treatment of GB (expressed as concentration of glutathione, �M).
Student’s t-test was performed to evaluate the significance of the
results. Data was statistically significant at ∗∗p ≤ 0.01, GB/A�
treated cells compared with control; ###p ≤ 0.001, GB + A� treated
cells compared with A�-treated cells. Results are presented as
mean ± SD (n = 3).

Lipid peroxidation: TBARS assay 484

TBARS assay was carried out to measure the lipid 485

peroxidation in the undifferentiated and differenti- 486

ated SH-SY5Y cells. This assay is based on the 487

reaction between MDA, the end product of lipid 488

peroxidation and thiobarbituric acid. On treatment 489

with the phytochemical GB (10 �M), the MDA con- 490

tent was found to be increased by a mere 36% 491

and 21% (non-significant) in undifferentiated and 492

differentiated SH-SY5Y cells, respectively, as com- 493

pared to their respective control SH-SY5Y cells. 494

In presence of A�1-42-induced oxidative stress, a 495

2-fold (p ≤ 0.05) and 6-fold increase (p ≤ 0.001) 496

in lipid peroxidation was observed in undiffer- 497

entiated cells and differentiated SH-SY5Y cells, 498

respectively, as compared to the respective untreated 499

SH-SY5Y control cells. Pre-treatment with GB fol- 500

lowed by A�1-42 stress led to a decrease in lipid 501

peroxidation (MDA content) significantly by 66% 502

(p ≤ 0.05) and 87% (p ≤ 0.001) in undifferentiated 503

and differentiated cells, respectively, when com- 504

pared to the respective A�1-42-treated SH-SY5Y 505

cells (Fig. 7), showing the damaging effects of 506

A�-induced oxidative stress on lipids and the 507

protective effect displayed by the phytochemical 508

GB. 509

Protein oxidation: Carbonyl content 510

As a marker of oxidative stress, the level of pro- 511

tein oxidation as a result of A�-induced oxidative 512

injury was measured. When the SH-SY5Y cells were 513

treated with GB at a concentration of 10 �M, a 514

decrease in protein carbonyl content was seen in both 515

undifferentiated and differentiated SH-SY5Y cells 516

after 24 h of time (not significant) as compared to 517

the control cells. In the presence of oxidative stress 518

induced by A�1-42, a rise in protein oxidation by 519

70% was seen in undifferentiated SH-SY5Y cells, 520

whereas, a significant increase in protein oxidation by 521

5-folds (p ≤ 0.01) was observed in differentiated SH- 522

SY5Y cells as compared to the respective untreated 523

control differentiated SH-SY5Y cells. Further, pre- 524

treatment with GB (10 �M) prior to A�1-42 treatment 525

led to a decrease in protein oxidation (carbonyl con- 526

tent) by 0.4-fold in undifferentiated SH-SY5Y cells 527

and by 1-fold (p ≤ 0.001) in differentiated SH-SY5Y 528

cells when compared with their respective A�1-42- 529

treated control SH-SY5Y cells (Fig. 8), showing 530

the protective role of GB in attenuating the A�- 531

induced protein oxidative damage in the neuronal 532

cells by which the normal cellular functionality can be 533

maintained. 534
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Measurement of AP-sites produced in the DNA535

The levels of DNA damage were quantified536

by measuring the number of AP sites produced537

per 105 base pairs. When the undifferentiated and538

Fig. 7. Measurement of MDA levels in undifferentiated and dif-
ferentiated SH-SY5Y cells after A�1-42-induced oxidative stress
and phytochemical modulation by the pre-treatment of GB. The
MDA levels were expressed as concentration of MDA content
(nmol/mg protein). Student’s t-test was performed to evaluate the
significance of the results. Data was statistically significant at
∗p ≤ 0.05, ∗∗∗p ≤ 0.001, GB/A� treated cells compared with con-
trol; #p ≤ 0.05, ###p ≤ 0.001, GB + A� treated cells compared with
A�-treated cells. Results are presented as mean ± SD (n = 3).

Fig. 8. Measurement of protein carbonyl content in undifferen-
tiated and differentiated SH-SY5Y cells after A�1-42-induced
oxidative stress and phytochemical modulation by the pre-
treatment of GB (expressed as concentration of protein
carbonyl/mg protein). Student’s t-test was performed to evaluate
the significance of the results. Data was statistically signifi-
cant at ∗∗p ≤ 0.01, GB/A� treated cells compared with control;
###p ≤ 0.001, GB + A� treated cells compared with A�-treated
cells. Results are presented as mean ± SD (n = 3).

Fig. 9. Measurement of number of AP-sites produced in DNA after
A�1-42-induced oxidative stress responses in undifferentiated and
differentiated SH-SY5Y cells; and phytochemical modulation by
the pre-treatment of GB. Student’s t-test was performed to evaluate
the significance of the results. Data was statistically significant at
∗∗p ≤ 0.01, GB/A� treated cells compared with control; #p ≤ 0.05,
GB + A� treated cells compared with A�-treated cells; $p ≤ 0.05,
GB + A� treated cells compared with GB-treated cells. Results are
presented as mean ± SD (n = 3).

differentiated SH-SY5Y cells were treated with 539

10 �M GB, a rise by 0.4-fold (p ≤ 0.01), was seen 540

in undifferentiated cells, whereas, a mere increase 541

in the AP-sites by 20% was seen in the differenti- 542

ated SH-SY5Y cells when compared to the respective 543

untreated control SH-SY5Y cells. Following, a treat- 544

ment with A�1-42 increased the DNA damage by 545

two times (p ≤ 0.01) in undifferentiated SH-SY5Y 546

cells, whereas A� stress led to an increase in AP- 547

sites by ≈0.5-fold in differentiated cells as compared 548

to the respective untreated control SH-SY5Y cells. 549

Pre-treatment with GB prior to A�1-42 treatment led 550

to lesser number of AP-sites produced in both undif- 551

ferentiated and differentiated SH-SY5Y cells by 36% 552

(p ≤ 0.05) and 18%, respectively, when compared to 553

the AP-sites produced in the cells which are treated 554

with 10 �M A�1-42 (Fig. 9), advocating for the extent 555

of DNA damage modulation by the phytochemical 556

pre-treatment in the presence of A�-induced oxida- 557

tive stress in AD. 558

Measurement of RNA damage via 8-OHG 559

content 560

Finally, the levels of RNA damage were quan- 561

tified by the number of 8-OHG sites produced in 562
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Fig. 10. Measurement of number of 8-OHG sites produced after
A�1-42-induced oxidative stress in undifferentiated and differ-
entiated SH-SY5Y cells and phytochemical modulation by the
pre-treatment of GB. Student’s t-test was performed to evaluate
the significance of the results. Data was statistically significant at
∗∗∗p ≤ 0.001, GB/A� treated cells compared with control. Results
are presented as mean ± SD (n = 3).

RNA extracted from undifferentiated and differenti-563

ated SH-SY5Y cells. Treatment of undifferentiated564

SH-SY5Y cells with GB (10 �M) led to a mere565

increase of 8-OHG sites by 19% whereas in differen-566

tiated SH-SY5Y cells led to rise in 8-OHG sites by567

0.5-fold (p ≤ 0.001) when compared to the respective568

untreated SH-SY5Y control cells. There was a rise in569

RNA damage in terms of 8-OHG sites produced by570

1.8-fold in undifferentiated cells on treatment with571

10 �M A�1-42 as compared to the untreated control572

SH-SY5Y cells. An increase of 68% (p ≤ 0.001) was573

seen in 8-OHG sites produced in response to A�1-42574

stress in differentiated SH-SY5Y cells as compared to575

the untreated control cells. Pre-treatment with 10 �M576

GB in the presence of 10 �M A�1-42 stress led to577

a decrease in 8-OHG sites produced by ≈0.25-fold578

in both undifferentiated and differentiated SH-SY5Y579

cells when compared to the respective SH-SY5Y580

cells treated with 10 �M A�1-42 alone (Fig. 10).581

These observations point toward the damaging effects582

caused by the deposition of A� in AD; which may583

have a direct role on protein expression as well as584

functionality.585

DISCUSSION586

Through this study, our focus resides primarily587

on the A�-induced oxidative stress which is an588

important determinant in the etiology of neuronal589

death and AD pathogenesis. Our work seeks to pro-590

vide insight that A�1-42 induces oxidative stress, its591

pathomechanism, manifestation of proteins, lipids, 592

and nucleic acids and their oxidation as studied in 593

human neuroblastoma SH-SY5Y cells. The present 594

and previous studies from our laboratory and many 595

others show that A� has neurotoxic properties induc- 596

ing production of free radicals that attack brain 597

cell membrane and initiate cellular damage [39–41]. 598

As an experimental model for AD, SH-SY5Y cells 599

were firstly differentiated using all-trans-RA for 600

five days. Neurite extensions could be observed in 601

these differentiated SH-SY5Y cells after five days 602

of RA-treatment, which is an important feature of 603

morphological differentiation in comparison to undif- 604

ferentiated SH-SY5Y cells. Similar features were 605

observed in various studies on differentiation of SH- 606

SY5Y cells with 10 �M all-trans-RA along with the 607

expression of neuronal marker GAP-43 [31, 42]. 608

Following differentiation, oxidative damage 609

induced by A�1-42 was evaluated; several lines 610

of evidences have indicated that various forms of 611

A� interfere with the neuronal membrane, causing 612

oxidation of lipids and proteins, resulting in the gen- 613

eration of ROS and RNS in the AD brain [43]. The 614

current study has demonstrated that upon exposure 615

to A�1-42, a significant increase in intracellular ROS 616

and RNS levels was noted in both undifferentiated 617

and differentiated SH-SY5Y cells. These results 618

are in accordance with various studies that show 619

A�1-42 plays a role of neurotoxic agent leading 620

to production of ROS in SH-SY5Y cells [44, 45]. 621

A�1-42, as a neurotoxic NO stimulator, was also 622

observed when both undifferentiated and differenti- 623

ated SH-SY5Y cells were treated with A�1-42 for 24 624

hr. In the AD brain, this might be the scenario, which 625

activates microglia and astrocytes to produce toxic 626

inflammatory mediators such as cytokines, NO, and 627

ROS resulting in many neurodegenerative disorders 628

including AD [46–48]. 629

Ginkgo biloba, the living fossil, extracts have been 630

reported to exhibit neuroprotective role against oxida- 631

tive stress, testified to improve metabolic energy 632

pathways and stabilize mitochondria by inhibiting 633

the action of A�, but the underlying mechanism(s) 634

is/are not clearly understood [16, 49–51]. In the 635

present study, the phytochemical GB pretreatment 636

showed significant attenuation of both ROS and RNS 637

production in A�1-42-treated undifferentiated and 638

differentiated SH-SY5Y cells. Pretreatment of phy- 639

tochemical GB also attenuated the NO production 640

to a greater extent against A�1-42-induced response. 641

Our results are in accordance with the findings that 642

showed the neuroprotective effect of GB against 643
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A�1-42-induced cell apoptosis and ROS/RNS accu-644

mulation in human neuroblastoma SH-SY5Y cells645

[16, 52]. In addition, the neuroprotective role of GB646

has been reported against NO-induced toxicity in rat647

hippocampal cultured cells and rat brain [53, 54].648

Thus, it is clear that GB has neuroprotective abil-649

ity which can protect the neuronal cells from the650

effect of A�-induced ROS/RNS by scavenging the651

free radicals.652

Increased level of oxidative damage is often653

accompanied by reduced levels of antioxidant654

defense mechanisms in the brain. In the present study,655

A�1-42 could be seen as an influential oxidant that656

decreases the SOD activity significantly in differ-657

entiated SH-SY5Y cells; while pretreatment of GB658

restores the SOD activity. These results were found659

to be consistent with previous existing reports show-660

ing that A�1-42 treatment in differentiated SH-SY5Y661

cells reduce the SOD activity and the pre-treatment of662

dicaffeoylqunic acid, a phytochemical, significantly663

increased the SOD activity [55]. Another study also664

demonstrated that the phytochemical Ginseng atten-665

uated the methamphetamine-induced oxidative stress666

and increased the SOD activity, providing protection667

against cytosolic and mitochondrial oxidative dam-668

age in SH-SY5Y cells [56].669

Further, the effect of another important antioxi-670

dant, i.e., GSH, was studied. Chen et al. [57] showed671

that there was a reduction in total GSH content in dif-672

ferentiated PC12 and IMR-32 cells upon treatment673

with A�. Additionally, they also showed that treat-674

ment of Centella asiatica increased the total GSH675

levels and pointed toward the decreased accumula-676

tion of A� during oxidative stress in the presence677

of the phytochemical [57]. Our study also reports678

that GSH levels were decreased significantly in the679

differentiated SH-SY5Y cells treated with A�1-42.680

Pretreatment with GB attenuated the action of A�1-42681

and restored the GSH levels in both differentiated and682

undifferentiated SH-SY5Y cells. Taken together, the683

previous studies and the present study suggest that684

A�-induced oxidative stress causes imbalance in the685

antioxidant defense system of the neurons. But, the686

effect of A� can be halted by using different plant687

secondary metabolites.688

Another drastic effect of oxidative stress is the per-689

oxidation of fatty acids, which alters the confirmation690

of the membrane and ultimately affects the signal691

transduction across neurons. MDA and 4-hydroxy-2-692

nonenal are the two main end-products of lipid perox-693

idation. In relation to this, Fallarini et al. studied the694

effect of clovamide and rosmarinic acid treatments695

on TBARS levels in Tert-butylhydroperoxide-treated 696

differentiated SH-SY5Y cells, and these treatments 697

were found to decrease the TBARS levels signif- 698

icantly [58]. Another study showed that with the 699

pretreatment of thymoquinone, a bioactive com- 700

pound, a significant decrease in TBARS content 701

in A�25-35-treated differentiated PC-12 cells occurs 702

[59]. In the present study, lipid peroxidation (MDA 703

content) was found to be increased significantly with 704

the treatment of A�1-42 in differentiated SH-SY5Y 705

cells. The pretreatment of GB and A�1-42 treatment 706

demonstrated an increase in the MDA levels in differ- 707

entiated SH-SY5Y cells. Increase in ROS/RNS levels 708

lead to oxidative stress, and which can be correlated 709

with the results of lipid peroxidation (MDA content), 710

i.e., increase in levels of ROS/RNS, directly related 711

to increase in MDA levels [60]. 712

Formation of protein carbonyls is the main marker 713

of protein oxidation in the neurons which modifies 714

the normal protein structure and alters their nor- 715

mal functioning [61–63]. Here, A�1-42 treatment in 716

differentiated SH-SY5Y cells recorded higher lev- 717

els of protein carbonyls. The present study also 718

found that the pretreatment of phytochemical GB, 719

followed by A�1-42 treatment in differentiated SH- 720

SY5Y cells, resulted in a decrease in the protein 721

carbonyl content. Similarly, other reports showed that 722

the pre-treatment of tocopherol, NAC, and Lycium 723

barbarum polysaccharides leads to decreased lev- 724

els of protein carbonyls in advanced glycation end 725

product-treated differentiated SH-SY5Y and PC-12 726

cells, respectively [63, 64]. 727

Because of the critical role of DNA in cellular 728

function, oxidative damage to DNA may be one 729

of the most important factors in neuronal degen- 730

eration in AD. Earlier investigations have shown 731

that various forms of A�, i.e., A�25-35 and A�1-42, 732

are capable of inducing oxidative DNA damage in 733

primary cortical culture by escalating the amount 734

of 8-OHG and number of AP sites, which can all 735

be attenuated upon co-incubation with nicotinamide 736

adenine dinucleotide [65]. In the present study, we 737

also report that the treatment with A�1-42 caused 738

significant augmentation in the ROS/RNS and NO 739

levels in the differentiated SH-SY5Y neuronal cells, 740

and further elevated the DNA damage. The number 741

of AP-sites/105 base pairs increased in both undif- 742

ferentiated and differentiated SH-SY5Y cells. While 743

pretreatment of GB reduced the number of AP-sites 744

produced as compared with that of A�1-42 treatment 745

in both undifferentiated and differentiated SH-SY5Y 746

cells. These results are consistent with various other 747
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Fig. 11. A model summarizing the phytochemical modulation against A�-induced oxidative stress by ginkgolide B on various cellular
processes studied and suggestive are: mitochondrial dysfunction, antioxidant defense mechanisms, oxidation of nucleic acids, protein
oxidation, lipid peroxidation and others in AD pathology.

reports that showed A�1-42 treatment stimulating748

ROS production, causing oxidation of DNA leading749

to the production of 8-oxo-G and AP-sites; which750

are linked to the pathogenesis of several age-related751

and chronic diseases [66]. A protective role of GB752

has also been reported against H2O2–induced DNA753

damage in yeast cells [67]. In addition, dietary sup-754

plementation of watermelon juice bestowed notable755

radioprotection against oxidative DNA damage by a756

mitigating number of AP sites in the brain, lung, and757

liver tissue of mice [68].758

Oxidative stress also results in oxidation of RNA 759

leading to the loss of normal levels of proteins, pro- 760

tein function, and production of defective proteins, 761

leading to protein aggregation, a common feature 762

of neurodegenerative disorders [14]. In the present 763

study, we also found that A�1-42 augmented RNA 764

damage (8-OHG) levels in both undifferentiated and 765

differentiated SH-SY5Y cells with the latter being 766

more susceptible. A number of studies suggest the 767

accumulation of A�1-42 in the cytosol [69, 70], trig- 768

gering oxidative stress, which ought to make the RNA 769
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in the cytoplasm more prone to oxidation than the770

nuclear DNA. This is thought to happen because of771

the single-stranded nature, absence of the protec-772

tive histones, and lack of hydrogen bonding in the773

bases of the RNA molecule. This is in line with a774

study which showed that RNA oxidation takes place775

in vulnerable neurons in the earliest stage of cogni-776

tive impairment in AD brain [71]. Thus, taking into777

consideration these studies and based on our data,778

there occurs a higher rate of oxidation of RNA in779

the neuronal SH-SY5Y cells. These results are sup-780

ported by the study of Ding et al., which showed781

that H2O2 treatment elevated the levels of RNA oxi-782

dation in primary neurons [72]. Whereas, with the783

pretreatment of GB, followed by A�1-42 treatment,784

the reduction in the 8-OHG levels was observed as785

compared to respective controls. In this regard, based786

on previous studies and the current study, GB acts to787

protect against oxidative DNA and RNA damage by788

restoring the antioxidant defense and modulating the789

ROS/RNS levels (current study), increasing endothe-790

lial SIRT-1 expression, reducing Nrf2 expression [73]791

and Akt phosphorylation [74]; inducing astrocytic792

erythropoeitin expression and upregulating HIF-1�793

expression [75]; reducing necrotic and apoptotic cell794

death [76]; and reducing the oxidation of DNA and795

RNA (current study) via checking the number of oxi-796

dized base lesions generated in the DNA (AP-sites)797

and RNA (8-oxo G sites), which could be attributed798

to its effect on the activity of BER-pathway enzymes799

viz. APE1 and its redox regulation toward repairing800

the damaged DNA and RNA. Further, GB has a pro-801

found effect on the mitochondria due to its effect in802

modulating the activities of the mitochondrial com-803

plexes (I, III, and IV) in the presence of A�-induced804

oxidative stress [16]. This is attributable to its effects805

leading to an increase in the level of APE1 as a cell806

survival strategy in the mitochondria. Taken together,807

along with our previous study [16)] and the current808

study, this points toward the therapeutic potential809

of GB in regulating the oxidative DNA and RNA810

damage with the involvement of APE1 toward neu-811

roprotection against A�-induced oxidative stress in812

AD from a new point of view.813

In conclusion, the experimental data presented814

here suggests that A�-induced oxidative stress ele-815

vates the oxidative damage of lipids, proteins and816

nucleic acids in differentiated human neuroblastoma817

SH-SY5Y cells. It is also concluded that the differen-818

tiated cells are highly vulnerable to oxidative damage819

exerted by the deposition of A� in AD. Additionally,820

this study demonstrates that the phytochemical GB821

can modulate A�-induced oxidative damage to cel- 822

lular biomolecules like proteins, lipids, DNA, and 823

RNA and also strengthen the antioxidant defense 824

system in differentiated neurons (Fig. 11). Further, 825

phytochemical GB based studies can be extended to 826

monitor A�-induced oxidative damage possibly via 827

inhibiting A� accumulation, modulation of tau phos- 828

phorylation, induction of growth factors, acting as an 829

anti-inflammatory agent and as a potential therapeu- 830

tic agent for slowing down the onset and progression 831

of AD. 832
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