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Parkinson’s disease (PD) is the second most common neurodegenerative disease in the world; however,
it lacks effective and safe treatments. Ginkgo biloba dropping pill (GBDP), a unique Chinese G. biloba leaf
extract preparation, exhibits antioxidant and neuroprotective effects and has a potential as an alternative
therapy for PD. Thus, the aims of this study were to evaluate the effects of GBDP in in vitro and in vivo PD
models and to compare the chemical constituents and pharmacological activities of GBDP and the
G. biloba extract EGb 761. Using liquid chromatography tandem-mass spectrometry, 46 GBDP constitu-
ents were identified. Principal component analysis identified differences in the chemical profiles of GBDP
and EGb 761. A quantitative analysis of 12 constituents showed that GBDP had higher levels of several
flavonoids and terpene trilactones than EGb 761, whereas EGb 761 had higher levels of organic acids.
Moreover, we found that GBDP prevented 6-hydroxydopamine-induced dopaminergic neuron loss in
zebrafish and improved cognitive impairment and neuronal damage in methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced PD mice. Although similar effects were observed after EGb 761 treatment,
the neuroprotective effects were greater after GBDP treatment on several endpoints. In addition, in vitro
results suggested that the Akt/GSK3 pathway may be involved in the neuroprotective effects of GBDP.
These findings demonstrated that GBDP have potential neuroprotective effects in the treatment of PD.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Parkinson’s disease (PD) is the second most common neurode-
generative disease globally and it leads to severe behavioral and
cognitive consequences [1]. The global incidence of PD is approxi-
mately 10—18 per 100,000 persons per year, and the number of in-
dividuals over the age of 50 with PD is expected to double between
2005 and 2030 [2]. Prominent death of dopaminergic neurons in
substantia nigra pars compacta with Lewy bodies containing o-
synuclein, ubiquitin, and neurofilament aggregation are the main
pathological features of PD. This leads to a movement disorder
characterized by classical Parkinsonian motor symptoms (tremor,
rigidity, slowness, balance problems) and numerous non-motor
symptoms, including cognitive impairment, psychiatric symptoms,
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and sleep disorders [3]. Although the exact pathogenetic mecha-
nisms of PD remain unknown, recent studies have shown that PD
results from the complicated combination of genetic and environ-
mental factors [4]. Mutations in genes like SNCA, LRRK2, GBA, and
VPS35 are known to cause PD in an autosomal dominant manner, and
mutations in genes like Parkin, PINK1, DJ-1, and VPS13C are known to
cause PD in an autosomal recessive manner. Meanwhile, environ-
mental toxins, such as 6-hydroxy-dopamine (6-OHDA) and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), impair mito-
chondrial function and cause oxidative stress, leading to PD [5].

As the pathogenesis of PD is complex, current therapies mainly
focus on two methods of slowing or stopping the underlying
neurodegenerative process. One method enhances the function of
dopaminergic neurons by increasing dopamine (DA) concentration,
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stimulating DA receptors, or inhibiting DA uptake [1]. The other
method decreases the excitability of cholinergic nerves by blocking
striatal cholinergic receptors [6]. However, the currently-used
drugs employing these methods have many adverse reactions. For
instance, DA agonists and levodopa induce nausea, daytime som-
nolence, and edema [1]. DA agonists are also commonly associated
with hallucinations [7] and the long-term use of levodopa can
result in motor complications and dyskinesias [8]. Clozapine is the
most effective drug for treating psychosis in PD, but it can lead to
potentially life-threatening agranulocytosis [9]. Moreover, non-
motor symptoms often have limited treatment options [10]. Thus,
there is increasing interest in the development of PD treatments
with higher efficacy and fewer side effects.

Noticeably, several herbal medicines, such as Ginkgo biloba L.,
Panax ginseng C.A.Mey., and Valeriana officinalis L., have neuro-
protective and antioxidant effects; thus, they may be alternative
therapies for PD with higher efficiency and fewer side effects [6,11].
G. biloba is one of the most universally used herbal supplements in
the world [12]. A standardized G. biloba leaf extract, EGb 761, has
been used as an antioxidant and a neuroprotective agent to treat
various conditions, such as cerebrovascular insufficiency, degen-
erative dementia, and neurosensory disorders [13]. Recent studies
in rodent PD models have demonstrated the possible application of
EGb 761 in the treatment of PD, since it attenuates the loss of
striatal DA levels and prevents neurodegeneration of the nigros-
triatal pathway [14]. A decrease in levodopa toxicity has also been
observed after EGb 761 treatment [15].

Various commercial G. biloba preparations are available, with a
standard content of 24% flavonoids and 6% terpene trilactones.
However, differences in the preclinical and clinical efficacy of these
preparations have been demonstrated [16]. One reason for this
phenomenon is that these commercial G. biloba preparations have
different contents and proportions of active constituents [16].
G. biloba dropping pill (GBDP) is a unique G. biloba leaf extract
preparation produced in China, with antioxidative and neuro-
protective effects in various conditions [17]. A previous study
identified 21 constituents that differ between EGb 761 and GBDP,
mostly belonging to the organic acid and flavonol families [18].
Moreover, quantitative analysis of these constituents shows that
EGb 761 has higher levels of organic acids compared with GBDP,
whereas GBDP has higher levels of flavonoids [18]. Nevertheless,
the chemical constituents of GBDP have not yet been determined,
and little is known about whether GBDP is an effective PD therapy
and whether it differs from EGb 761 with respect to the mechanism
and treatment effect.

The aims of this study were to identify the chemical constituents
of GBDP and to explore the effects and mechanisms of GBDP in the
treatment of PD using in vitro and in vivo experiments. We
compared the chemical constituents of GBDP and EGb 761 and their
protective effects against PD. Forty-six constituents were identified
in GBDP, including terpene trilactones, flavonoids, bioflavonoids,
and organic acids. Using principal component analysis (PCA) and
partial least squares-discriminate analysis (PLS-DA), differences in
the chemical profiles of GBDP and EGb 761 were detected. Quan-
titative analysis showed that the levels of 12 constituents
(including ginkgolide A, ginkgolide B, ginkgolide C, and bilobalide)
differed between GBDP and EGb 761. Moreover, GBDP significantly
increased the viability of 1-methyl-4-phenyl-pyridinium (MPP*)-
treated SH-SY5Y cells and showed neuroprotective effects in both a
6-OHDA-induced PD model in zebrafish and an MPTP-induced PD
model in mice. Although similar effects were observed with EGb
761 treatment, GBDP showed greater protective effects on several
endpoints, such as cognitive function improvement, compared
with EGb 761. Additionally, the effects of GBDP on PD may be partly
mediated by the inhibition of apoptosis by the Akt/GSK3p signaling
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pathway. The findings from this study may contribute to the
application of GBDP in the treatment of PD.

2. Material and methods
2.1. Chemicals and reagents

GBDPs (batch numbers: A01J180506, A01J150717, A01J151244,
A01J151245, A01J151246, A01J151247, A01J151248, A01J151249,
and A01J150931) were provided by Wanbangde Pharmaceutical
Group Co., Ltd (Wenling, China). Ginaton® (EGb 761®) tablets
(batch numbers: 9970716, 7890715, 7990815, 0820617, 7710615,
6631014, and 7930715) were purchased from Dr. Willmar Schwabe
GmbH & Co. KG (Karlsruhe, Germany). Each uncoated GBDP
weighed approximately 60 mg and consisted of 16 mg of G. biloba
leaf extract and 44 mg of polyethylene glycol 4000, whereas each
EGb 761 tablet contained 40 mg of G. biloba leaf extract and ex-
cipients, including croscarmellose sodium, silica, hypromellose,
lactose monohydrate, and polyethylene glycol 1500. Moreover,
GBDP was prepared as the solid dispersions with polyethylene
glycol 4000 by melting method. Solid dispersion is an efficient
technology to improve solubilization and bioavailability of insol-
uble drugs including G. biloba leaf extract [19], whereas PEG 4000 is
a commonly used carrier matrix for solid dispersion [20,21]. It has
been demonstrated that G. biloba extract solid dispersions have
higher dissolution and faster dissolution rate than natural extract
[22]. EGb 761 were removed from the film, and then EGb 761 and
GBDP were pulverized to homogeneous powders for the following
experiments. Detailed information of the other chemicals and re-
agents is described in the Supplementary Material.

2.2. Qualitative liquid chromatography tandem-mass spectrometry
(LC-MS) analysis

2.2.1. Sample preparation

Sample preparation was performed as previously described [16].
A brief description of the method is included in the Supplementary
Material.

2.2.2. IC conditions

An Agilent 1200 high performance liquid chromatography
(HPLC) system (Agilent Technologies, Santa Clara, CA, USA) with an
Agilent Zorbax SB-Cig column (1.8 pum, 4.6 mm x 100 mm) was
used for chromatographic separation. The mobile phase was
composed of 0.01% formic acid-water (A) and acetonitrile (B), with
a gradient elution as detailed in Table S1. The flow rate of the mobile
phase was 0.6 mL/min. The column temperature was maintained at
30 °C and sample injection volume was 10 pL. The diode array
detector scan wavelength was set from 190 to 400 nm.

2.2.3. MS parameters and analysis

Qualitative analysis of the GBDP solution was performed by
liquid chromatography-ion trap mass spectrometry (LC-IT-MS)
using a Finnigan LCQ DECA XPP'"S mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), with positive and negative
electrospray ionization sources. Analysis was performed as previ-
ously described [16,23]. The procedure is described in the Supple-
mentary Material.

2.2.4. Multivariate statistical analysis of the chemical profiles of
GBDP and EGb 761

The chemical profiles of eight batches of GBDP and six batches of
EGb 761 were compared based on the relative intensity of the 46
identified constituents. The peaks were aligned to generate a 2-
dimensional data table, in which rows and columns represent the
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Table 1
Details of the 46 constituents of GBDP.
No. Retention Molecular Detected MS" Tolerance Identification
time (min)  formula m/z (ppm)
1* 9.698 CioH7NO4  204.0312 159.0323 [M-H-COOH] 4.7 6-hydroxykynurenic acid

160.0405 [M-H-CO,|
131.0380 [M-H-COOH-CH,N]|
90.0361 [M-H-C,HO-CO,-CH,N|
2 11736 Ci9H28017  431.1552 269.1035 [M-H-CgH100s] -1.6 Zizybeoside |
161.0450 [M-H-CgH1¢05-C7HgO]"
101.0230 [M-H-CgH1¢05-C7HgO-
CoH40,]
3 13.625 C11H1206  239.0568 195.0667 [M-H-CO,] 2.9 (2R)-2-(p-hydroxybenzyl)malic acid
177.0555 [M-H-CO»-H,0]
149.0608 [M-H-CO,-H,0-CO]
107.0511 [M-H-CO,-H,0-CO-C,H40]"
4  14.879 C33Hg0020 755.205 301.0345 [M-H-C1gH30013]" 1.3 Quercetin 3-0-2",6"”-dirhamnosylglucoside
151.0035 [M-H-CgH1004-C12H200s-
CgHeO3]
5 15212 C4oHa6023  917.2367 755.1913 [M-H-CH1005] 1.1 Quercetin 3-0-[2-0"-(E)-p-coumaroyl][b-D-glucopyranosyl(1->3)-a-L-
609.1508 [M-H-CgH1005-CsH1004]" rhamnopyranosyl(1->6)]-b-D-glucoside
462.0813 [M-H-CgH1005-CgH1004-
CoH702]
299.0203 [M-H-CgH1005-CgH1004-
CoH70,-CgH110s]

6 15.578 C27H30017 625.141 317.0318 [M—H-C6H1004—C5H1005]_ 0 Sinocrassoside D2
151.0036 [M-H-CgH1004-CeH1005-
C7H,0s]
7 16.097 C34H42020 769.2206 605.1590 [M-H-CgH120s5] 1.2 Isorhamnetin 3-0-2”,6”-dirhamnosylglucoside

314.0446 [M-H-CgH1205-2CsH1004-]
151.0036 [M-H-CgH1205-2CsH1004-
CoH70s3]
8 16.097 C33Hg0019  739.2102 285.0413 [M-H-CgH1¢05-2CgH1004- 15 Kaempferol 3-0-2”,6”-dirhamnosylglucoside
CH,0]
284.033 [M-H-CgH1005-2CsH1004-CH,0-
H|
255.0309 [M-H-CgH1005-2CsH1004-
CH,0-H
9" 16.84 Cy7H30016  609.1468 300.0282 [M-H-C;2H2000] 1.1 Rutin
151.0032 [M-H-C12H2009-CsHgO2]
10 17.615 Cy7H30016  609.1468 301.0362 [M-H-Cq3H5000] 1.1 Quercetin 3-O-p-neohesperidoside
151.005 [M-H-C;2H5009-CgHgO3]"
11 17.891 CsH320¢7  639.1574 331.0464 [M-H-C12H2009]" 1.1 4'-0-methylmyricetin 3-0-(6-0-a-L-rhamnopyranosyl)-3-D-
315.0129 [M-H-Cy3H2009-CH4J glucopyranoside
127 18.721 Co1Hz0012  463.0881 301.0351 [M-H-CgH1005] -0.2 Quercetin-3-glucoside
151.0031 [M-H-CgH1005-CgHgO3]"
13 19.16 C21H0012  463.0885 301.0360 [M-H-CsH1005] 0.6 Quercetin-7-O-glucoside
243.0301 [M-H-CgH1¢05-CoH40,]
151.0037 [M-H-CgH1005-C,H404-
CgHgOJ"
135.0121 [M-H-CgH1005-C2H40,-CsHgO-
H,0]
14 19.51 Co7H30016  609.1469 447.092 [M-H-CgH100s5] 13 Quercetin 3-0-Glc 7-0-Rha
301.0364 [M-H-CgH1005-CsH1004]
151.0040 [M-H-CgH1005-CgH1004-
CgHgOs]
15 19.864 Cy7H30015  593.1522 447.0973 [M-H-CgH1004] 1.7 Kaempferol 3-O-rutinoside
285.0413 [M-H-CgH1004-CsH1005]
227.0335 [M-H-CgH1004-CsH1005-
CoHg02]
151.0029 [M-H-CgH1004-CeH1005-
C3Hg02-CeHs]
16 20.19 CygH32016  623.1627 477.1170 [M-H-CgH1004] 15 Isorhamnetin 3-O-rutinoside
315.0514 [M-H-CgH1004-CsH1005]
243.0295 [M-H-CgH1004-CsH1005-
C3Hg0,]
151.003 [M-H-CgH1004-CsH1005-
C3Hg0,-CgHgO]
17 20.776 Cy5H150g 325.0932 193.1231 [M-H-CsHgO4] 0.9 2-0O-(trans-feruloyl)-L-arabinopyranose
175.1126 [M-H—CsHg04—H,0]["
135.0448 [M-H—CsHg04—H,0-C,H,0]
99.0344 [M-H—CsHg04—H,0-C,H,0-
C3Hal

(continued on next page)
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Table 1 (continued)
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No.

Retention
time (min)

Molecular
formula

Detected
m/z

Mms”

Tolerance
(ppm)

Identification

18

19

21

22

23¢

24

25%

26

27

28

29

30°

31

32

20.776

21.042
21.232

21.546

21.623

22

22.031

22.292

23.222

23415

23.675

24431

25.297

25.848

26.187

C20H26010

Co9H34017
Co7H30014

C20H24010

C21H20011

Co0H24011

C7H30015

C21H20010

C20H2809

C21H22010

Ci5H2009

C36H36018

Ci5H180s

Ci5H100s

C22H32011

425.1454

653.1734
577.157

423.1294

447.0934

439.1248

593.1519

431.0986

411.1662

433.1138

343.1036

755.1851

325.0935

317.0307

471.1874

351.1415 [M-H-C3Hs0,]"

333.1327 [M-H-C5Hg02-H,0]"
245.1534 [M-H-C3HgO5-H,0-C4Hg05]"
177.056 [M-H-C3HgO5-H,0-C4HgO,-
C302]

149.0607 [M-H-C3HgO,-Ho0-C4HgOn-
C30,-COJ"

72.9962 [M-H-Cq7H200s-2H]
345.063 [M-H-C;2H3000]"

431.0997 [M-H-CgH1004]"

269.0451 [M-H-CgH1004-CsH160s]
176.009 [M-H-CgH1004-CcH1005-
CeHsO"

353.1604 [M-H-C3H,05]"

243.1298 [M-H-C3H,0,-CsHgO2]"
285.0403 [M-H-CsH;0s]"

227.0344 [M-H-CsH105-CoH05]
151.0028 [M-H—CsH;¢p05—C,H,0,-
CeHal

383.1358 [M-H-C4Hs]"

365.1252 [M-H—C4Hg—H,0]"
321.1354 [M-H—C4Hg—H,0-CO, |
303.1231 [M-H—C4Hg—H,0-C0O,-H,0]
259.1338 [M-H—C,4Hg—H,0-CO,-H,0-
COo, I

141.0187 [M-H—C4Hg—H,0-CO5-H,0-
C02-C7H20,]

125.0247 [M-H—C4Hg—H;0-C0O,-H,0-
C0,-C;H,0,-0]

72.9961 [M-H—C4Hg—H,0-CO5-H,0-
C0O,-C7H,0,2-0-CH,0,]

431.0999 [M-H-CgH,,06]

284.0321 [M-H—CgH1206—CeH1003]"
151.0031 [M-H—CgH1506—CoH1005-
CsH10,]

269.0453 [M-H-CgHy60s]"

211.039 [M-H—CgH1005—CoH,05]"
132.021 [M-H—CgH1005—C2H20,-
CsHsO0-H[™~

337.1670 [M-H-CsHs0,]"

319.157 [M-H—C5HgO,—H,0]
275.1294 [M-H—C3Hg0,—H,0-CO, |
163.0752 [M-H—C3Hg05—H,0-CO5-
CeHgO2]

72.9964 [M-H—C3HgO,—H,0-CO--
CeHgO,-C7Hg|

271.0611 [M-H-CgH100s]"

177.0185 [M-H—CgH005—CgHsO]

0.2

0.5

1.2

0.5

0.3

-0.5

151.0025 [M-H—CgH1005—CgHgO-CoHa |

181.1227 [M-H-CeH100s]

135.0437 [M-H—CgH1005—CH0,]"
72.7969 [M-H—CgH1905—CH»0,-CsHy|"
609.1512 [M-H-CoHeOs]

301.0365 [M-H—CoHgOr—C12Hz000]"
151.0029 [M-H—CgHgO2—C12H2009-
CgHeOs]

251.0921 [M-H-CoH,05]"

165.1313 [M-H—C,H,05—CsH100]"
163.1121 [M-H—C,H,05—CsH00-2H]"
119.0876 [M-H—C>H,03—CsH,00-2H-
CO|

101.0639 [M-H—C,H,05—CsH100-2H-
CO,-H,0["

151.0007 [M-H-CgHgO4]"

178.9977 [M-H-C;HeO7 ]

137.0242 [M-H-CgH4Os]"

245.1186 [M-H-C; 1H;405]"

179.0562 [M-H—C;1H1405—CsHg]”
89.0262 [M-H—C;1H1405—CsHg-
C3He0s]

29

1.9

13

0.5

4-0-(4-hydroxyprenyl)-caffeic acid 4’-0-B-D-glucopyranoside

Syringetin-3-O-rutinosid
Genistein 4'-0-a-rhamnopyranosyl(1->2)-p-glucopyranoside

Ginkgolide |

Luteolin 3’-0-B-D-glucoside

Ginkgolide C

Kaempferol 3-0-o-L-(B-D-glucopyranosyl)-(1 — 2)-rhamnopyranoside

Apigenin 7-0-glucoside

Yadanziolide S

Prunin

3-(2-0-B-D-glucopyranosyl-4-hydroxyphenyl)propanoic acid

Quercetin 3-0-2"-(6"-P-coumaroyl)-glucosyl-rhamnoside

Bilobalide

Myricetin

1-(4-B-D-glucopyranosyloxybenzyl) 4-methyl (2R)-2-isobutylmalate
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Molecular
formula

No. Retention
time (min)

Detected
m/z

Mms”

Tolerance Identification

(ppm)

33 26.745 C36H36017

34 28975 C20H2809

35 30.088 C21H20010

36 30.846 C12H1405

377 32.217
387 32.232

C20H2409
C20H24010

397 32.696 Ci5H1007

40 39.124 Ci5H1005

41° 40.468 C15H1006

42° 4142 C16H1207

43 58.274
44 59.676

Ci6H1205
C17H1602

45 60.234 C3H22040

46 60.53 C32H22010

739.1907

411.1665

431.0988

237.0778

407.1347
423.13

301.036

269.0463

285.0413

315.0519

283.0622
251.1087

565.1142

565.1142

593.1564 [M-H-CoHsOs]

575.1453 [M-H—CgHgO0,—H,0]"
413.0885 [M-H—CoHgO»—H,0-CgH100s]"
285.0407 [M-H—CoHgO5—H,0-CeH1005-
CsHgO3]

151.0028 [M-H—CoHgOz—H20-CoH1o0s-
CeHg03-CgHg02]

337.1666 [M-H-CsHsOx]

319.1564 [M-H—C3HgO0,—H,0]
291.1616 [M-H—C3Hg0,—H,0-CHO'|
275.1636 [M-H—C35HgO,—H,0-CHO-O']
257.1541 [M-H—C3HgO,—H;0-CHO-O -
H,0T

193.1223 [M-H—-C5Hg0,—H,0-CHO-O-
H,0-C4H,0]"

125.0244 [M-H—C3HgO0,—H,0-CHO-O-
H,0-C4H,0-CsHg]"

72.9961 [M-H—C3HgO,—H,0-CHO-O -
H,0-C4H,0-CsHg-C4Heg |

285.0410 [M-H-CgH;004]"

213.0526 [M-H—CgH1004—C3H40;]"
151.0036 [M-H—CgH1904—C3H405-
CsHa]

193.0803 [M-H-CO,|"

175.0785 [M-H—CO,—H,0]"

157.0657 [M-H—CO,—H,0-H,0]
131.0489 [M-H—CO»—H,0-H,0-CoHa |
106.0445 [M-H—CO,—H,0-H,0-C;H;-
CHy-HJ

351.1387 [M-H-C4Hg]

367.1412 [M-H-C Hs]

349.13 [M-H—C,Hg—H,0]"

305.1392 [M-H—C4Hg—H,0-CO5]"
287.1298 [M-H—C4Hg—H,0-CO,-H,0]"
243.1387 [M-H—C4Hg—H,0-CO,-H,0-
CoyJ

215.1415 [M-H—C,4Hg—H,0-CO,-H,0-
CO2-CoH4J

143.0356 [M-H—C4Hg—H;0-CO,-H,0-
C02-CoH4-C05]

125.0247 [M-H—C4Hg—H,0-CO,-H,0-
C0,-CoH4-C,05-Ho0]"

72.9961 [M-H—C4Hg—H,0-CO,-H,0-
C0,-CoH4-Cy0HgO
178.9977[M-H-CsHo03]"
151.0027[M-H-CgHgO3]"

201.0552 [M-H-C4H40]

135.0453 [M-H—C4H40—C4H,0]
107.0149 [M-H-C4H40—C4H,0-COJ
229.0499 [M-H-C,0,]"

211.0417 [M-H—C20,—H,0]"

185.0602 [M-H—C,0,—H,0-CoH, ]
159.0452 [M-H—C;0,—H,0-CoHz-CoHo |
117.0365 [M-H—C,0,—H,0-C,H,-CoH,-
CoH,0J

300.0283 [M-H-CH3]"

271.0235 [M-H-CH3-CH50°]

243.0254 [M-H-CH3-CH50-COJ”
151.0035 [M-H-CH3-CH30-CO-CgH40]"
107.0146 [M-H-CH5-CH30-CO-CgH4O-
CO|

268.0387 [M-H-CHs]"

157.0677 [M-H-CsHsO]"

119.0521 [M-H—CeHsO—CsHa ]
93.0362 [M-H—CgHgO—C3H,-CoHo |
533.0915 [M-H-CH4O0]"

415.0464 [M-H—CH,0—C,H,0,]
533.0915 [M-H-CH.OJ

415.0464 [M-H—CH40—C7H,0-,]

3.7 Kaempferol 3-0-2"-(6"-p-coumaroyl)-glucosyl-rhamnoside

1.1 Picrodendrin E

1 Kaempferol 3-rhamnoside

4 Epi-radicinol

-0.1 Ginkgolide A

Ginkgolide B

2.1 Quercetin

2.8 Apigenin

29 Kaempferol

2.8 Isorhamnetin

35 Genkwanin

GA-1

0.3 Ginkgetin

03 Isoginkgetin

2 Indicates that it has been compared with the reference standard.
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samples and the relative peak areas of the 46 constituents,
respectively. The resulting data table was imported into SIMCA-P
software (version 12.0, Umetrics AB, Malmo, Sweden) for multi-
variate analysis, using both the unsupervised and supervised
pattern recognition methods, i.e., PCA and PLS-DA. Variable
importance plots in PLS-DA were also constructed.

2.3. Quantitative LC-MS analysis

2.3.1. Sample preparation and LC conditions

The sample preparation and chromatographic separation con-
ditions were the same as described in subsections 2.2.1 and 2.2.2,
respectively. The reference solution containing ginkgolide A, gink-
golide B, ginkgolide C, bilobalide, quercetin, kaempferol, iso-
rhamnetin, 6-hydroxykynurenic acid, quercetin-3-O-glucoside,
kaempferol 3-O-rutinoside, apigenin 7-O-glucoside, and rutin was
prepared in 70% methanol.

2.3.2. MS parameters and analysis

Electrospray ionization and an API 4000 triple quadrupole mass
spectrometer (AB Sciex Pte. Ltd., Redwood City, CA, USA) were used
for MS analysis in negative ion detection mode with multiple re-
action monitoring scan. The ionization source conditions were set
at: CAD, 6; CUR, 35; IS, —4500V; TEM, 500 °C; GS1, 55; GS2, 60. The
optimized parameters of parent ion, daughter ion, declustering
potential, entrance potential, collision energy, and collision cell exit
potential are shown in Table S2.

2.3.3. Method validation
The method was validated as previously described [16]. The
procedure is described in the Supplementary Material.

2.4. Zebrafish culture

Zebrafish husbandry was based on a previous study [24]. Wild-
type AB and melanin allele-mutant albino zebrafish, provided by
Hunter Biotechnology Co., Ltd (Hangzhou, China), were raised in
water (200 mg instant sea salt/1 L of reverse osmosis water; con-
ductivity, 480—510 ps/cm; pH 6.9—7.2; hardness, 53.7—71.6 mg/L
CaCO0s) at 28 °C with a 14 h light/10 h dark cycle, and fed dry flakes
once a day and live brine shrimp twice daily. Feeding management
met the requirements of the Association for Assessment and
Accreditation of Laboratory Animal Care International Certification.

2.5. Zebrafish locomotion behavioral assay

Three hundred thirty wild-type AB zebrafish larvae at 4 days
post fertilization (dpf) were randomly divided into 9 experimental
groups: vehicle control (10% dimethyl sulfoxide (DMSO), n = 60);
model (n = 60); positive control (1.5 pg/mL nomifensine, n = 30);
GBDP-treated (125, 250, and 500 pg/mL; n = 30); and EGb 761-
treated (125, 250, and 500 pg/mL; n = 30) groups. The 500 ug/mL
dose was the maximum nonlethal concentration for both GBDP and
EGb 761. Both GBDP and EGb 761 were dissolved in 10% DMSO.
Zebrafish larvae in the GBDP- and EGb 761-treated groups were co-
treated with 250 puM 6-OHDA and various concentrations of GBDP
or EGb 761 for 48 h. Positive control zebrafish larvae were treated
with 250 puM 6-OHDA and 1.5 pg/mL nomifensine. At 6 dpf, 10
zebrafish were randomly selected in each group for behavioral
monitoring using a digital video tracking system (Zebralab V3,
Viewpoint Life Sciences, Civrieux, France) in a 96-well plate. The
swimming pattern and total distance travelled were recorded over
a period of 30 min.
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2.6. Tyrosine hydroxylase (TH) immunostaining of zebrafish

The TH immunostaining procedure is described in the Supple-
mentary Material.

2.7. Mouse model

Animal experiments were approved by the Animal Care and Use
Committee of Zhejiang University School of Medicine. Male C57BL/
6 mice (6—8 weeks old, 18—20 g) were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd (Shanghai, China) and housed
under a 12 h light/dark cycle in a controlled environment with food
and water provided ad libitum. After 3 days of acclimation, mice
were randomly divided into four groups according to body weight,
i.e., vehicle control, model, EGb 761, and GBDP groups (n = 5). Mice
in the model, GBDP, and EGb 761 groups were intraperitoneally
administered MPTP (30 mg/kg/day) for 5 consecutive days, while
mice in the vehicle control group were administered the same
volume of saline. From day 6 to day 19, mice in the GBDP and EGb
761 groups received oral administration of GBDP or EGb 761 at
50 mg/kg daily (the equivalent dose of G. biloba leaf extract one
person receives, i.e., 240 mg daily). Mice in the other groups
received carboxymethyl cellulose sodium at 0.1 mL/10 g body
weight/day for 14 days. On day 19, a pole test was used to measure
motor coordination. From day 20 to day 24, the morris water maze
(MWM) test was performed to determine the learning and recall
capacity of the mice after 4 days of training, which is a typical
timeframe for mice to reach asymptotic performance [25]. The pole
and MWM tests are described in detail in the Supplementary Ma-
terial. After the MWM test, three mouse brains from each group
were randomly selected, dissected, and fixed in 10% neutral-
buffered formalin. Hematoxylin and eosin (HE) staining was per-
formed on the brain sections after embedding in paraffin.

2.8. Cell culture

Human neuroblastoma SH-SY5Y cells (Cell Bank of Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences,
Shanghai, China) were cultured in Dulbecco’s modified eagle me-
dium supplemented with 10% (V/V) heat-inactivated fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin in a hu-
midified atmosphere incubator at 37 °C with 95% air and 5% CO,.
When cells reached 90% confluency, they were detached from the
flasks using 0.25% trypsin-EDTA. The subcultivation ratio was set at
1:4.

2.9. Cell viability assay

SH-SY5Y cells were seeded into 96-well plates at a density of 4 x
102 cells/well. Firstly, cells were exposed to different concentrations
of GBDP or EGb 761 for 24 h to evaluate their cytotoxicities. The
dosages of the two preparations were set at the equivalent dose of
15, 30, 60, 90, 120, and 150 pg/mL G. biloba leaf extract. Cells were
then incubated with 2 mM MPP* and EGb 761, 2 mM MPP* and
GBDP, or 2 mM MPP" alone for 24 h. The protective effects of
different concentrations of GBDP and EGb 761 (60, 90, and 120 pg/
mL G. biloba leaf extract) were determined. After 24 h of incubation,
100 pL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT) solution was added to each well, to a final
concentration of 0.5 mg/mL. After 4 h, the medium was removed
and formazan crystals in the viable cells were dissolved with 100 puL
of DMSO. The absorbance of the solution was measured at 580 nm
using Infinite M1000 Pro microplate reader (Tecan, Zurich,
Switzerland). Cell viability in the treatment groups was quantified
as a percentage of the vehicle control. For the inhibitor experiment,
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Fig. 1. The 12 main constituents of Ginkgo biloba dropping pill (GBDP) and EGb 761. Data were analyzed using Student’s t-test, *P < 0.05.

SH-SY5Y cells were pretreated with a GSK3B-specific inhibitor
(CHIR-99021, 10 pM) for 2 h.

2.10. Western blot analysis

Cells were seeded into 6-well plates at a density of 3 x
10# cells/well. After treating with 2 mM MPP* and GBDP or EGb
761 (90 pg/mL G. biloba leaf extract) for 24 h, the Western blot
analysis was performed, as described in detail in the Supple-
mentary Material.

2.11. Statistical analysis

Data are expressed as means + standard deviation and were
analyzed using Prism 6.0 (GraphPad, San Diego, CA, USA). Multiple
groups were analyzed by one-way analysis of variance (ANOVA),
followed by Dunnett’s multiple comparison test. A Student’s t-test
was used to analyze two groups. P < 0.05 was considered
significant.

3. Results
3.1. Qualitative LC-MS analysis of GBDP and EGb 761

To obtain accurate and comprehensive MS data for chemical
identification, LC-IT-MS was used to obtain multistage MS data and
liquid chromatography quadrupole time-of-flight mass spectrom-
etry (LC-Q-TOF-MS) was employed to acquire high resolution MS
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data. Figs. S1A and S1B show representative base peak chromato-
grams in negative and positive ion modes of LC-IT-MS, respectively.
The base peak chromatogram in LC-Q-TOF-MS negative ion mode is
shown in Fig. S1C. The main constituents of GBDP were primarily
deduced from molecular formulae generated by ultra-performance
liquid chromatography quadrupole time-of-flight mass spectrom-
etry, compound cleavage regularity analysis, and compound data-
base alignment. Moreover, the structures were further corroborated
and confirmed by MS" fragmentations on HPLC-IT-MS, which
allowed the establishment of neutral losses related to functional
groups and substitutions. Forty-six constituents, including 5 terpene
trilactones, 9 quercetin glycosides and their aglycones, 6 kaempferol
glycosides and their aglycones, 3 isorhamnetin glycosides and their
aglycones, 2 myricetin glycosides and their aglycones, 1 syringetin
glycoside, 2 apigenin glycosides and their aglycones, 1 luteolin-
glucoside, 1 genistein, 2 bioflavonoids, 4 organic acids, and 10
other classes were identified or tentatively characterized (Table 1).
The chemical profiles of GBDP and EGb 761 were further compared
based on the relative intensity of the 46 identified constituents using
PCA (Fig. S2A). For further comparison, PLS-DA was performed and
variable importance plots were constructed. Variable importance in
projection (VIP) is one of the most frequently used methods for
variable selection and the VIP plot indicates the most important
variables in the model as a whole [26]. Generally, a VIP value > 1 in
the first component of the PLS-DA model is used to select the can-
didates [27]. As the results, GBDP was clearly separated from EGb 761
in the PLS-DA plot (Fig. S2B). Moreover, based on VIP values > 1
(Fig. S2C), 23 variables were selected as the important constituents
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Fig. 2. GBDP rescued 6-hydroxy-dopamine (6-OHDA)-induced locomotor impairment
in zebrafish. (A) A Viewpoint Zebrabox system was used to test locomotive behavior.
The green plot and the red line represent the movement trajectories recorded by the
Viewpoint Zebrabox system. (B) Total distance travelled in 30 min. Data were analyzed
by one-way ANOVA followed by Dunnett’s test. **#*P < 0.0001, compared with the
control group; *P < 0.05, **P < 0.001, ***P < 0.0001, compared with the 6-OHDA
group. n = 10 per group. Nom indicates the positive control nomifensine-treated
group.

for clustering, including 6-hydroxykynurenic acid (1), epi-radicinol
(36), ginkgolide A (37), yadanziolide S (26), kaempferol (41), gink-
golide B (38), isorhamnetin (42), quercetin (39), zizybeoside I (2),
myricetin (31), quercetin 3-0-[2-0"-(E)-p-coumaroyl][b-D-gluco-
pyranosyl(1->3)-a-L-rhamnopyranosyl(1->6)]-b-D-glucoside  (5),
kaempferol 3-0-a-L~(3-D-glucopyranosyl)-(1 — 2)-rhamnopyrano-
side (24), prunin (27), quercetin 3-O-Glc 7-O-Rha (14), quercetin 3-
0-2"-(6"-p-coumaroyl)-glucosyl-rhamnoside (29), picrodendrin E
(34), bilobalide (30), apigenin 7-O-glucoside (25), ginkgolide C (23),
GA-1 (44), 4-0-(4-hydroxyprenyl)-caffeic acid 4’-O-B-D-glucopyr-
anoside (18), kaempferol 3-0-2"-(6"-p-coumaroyl)-glucosyl-rham-
noside (33), and luteolin 3’-O-B-D-glucoside (22). These were the
main constituents with the greatest differences between GBDP and
EGb 761.

3.2. Quantitative LC-MS analysis of GBDP

3.2.1. Method validation

Calibration curves of all compounds showed good linearity
within the test range (r* > 0.999, Table S3). Good injection precision
was obtained, with peak area RSDs of less than 6.0%. Furthermore,
intra- and inter-day variations were less than 6.0% for all analytes,
and the overall recovery ranged from 93.85% to 104.85% (Table S3),
indicating that the method was suitable for determining the con-
tents of the selected 12 constitutes.

3.2.2. Comparison of the contents of 12 constituents in GBDP and
EGb 761

Many studies have demonstrated that flavonoids and terpene
trilactones are the main active constituents of G. biloba leaf extract
preparations [28—31]. Thus, we chose the 11 flavonoids and
terpene trilactones present at high concentrations in the prepara-
tions for quantitative analysis. 6-hydroxykynurenic acid was also
quantified, as a previous report identified that organic acid content
may differ between EGb 761 and GBDP [18]. The concentrations of
these 12 constituents were determined in 8 batches of GBDP and 6
batches of EGb 761, according to the validated method. The con-
centrations of ginkgolide A, ginkgolide B, ginkgolide C, bilobalide,
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Fig. 3. GBDP protected against 6-OHDA-induced dopaminergic neuron loss in zebra-
fish. (A) Representative images of DA neurons in the zebrafish brain, indicated by
tyrosine hydroxylase immunostaining. Red arrow: dopaminergic neurons in the
zebrafish brain. (B) The area of the dopaminergic neurons calculated for each group.
Data were analyzed by one-way ANOVA followed by Dunnett’s test. **#*P < 0.0001,
compared with the control group; *P < 0.05, **P < 0.001 compared with the 6-OHDA
group. n = 10 per group.

quercetin, quercetin-3-O-glucoside, kaempferol, kaempferol 3-O-
rutinoside, and apigenin 7-O-glucoside were significantly higher in
GBDP than EGb 761, whereas the concentration of 6-
hydroxykynurenic acid was significantly lower in GBDP (Fig. 1).
However, there was no difference in concentrations of rutin or
isorhamnetin between GBDP and EGb 761.

3.3. GBDP rescued 6-OHDA-induced locomotor impairment in
zebrafish

According to the results of LC-MS analysis, differences in the
chemical constituents existed between GBDP and EGb 761; thus we
further explored whether GBDP could benefit PD therapy. The ef-
fects of GBDP on PD were first evaluated in the zebrafish model
using locomotor analysis with the parameters of swimming tra-
jectory and total distance travelled. A hydroxylated analogue of the
neurotransmitter DA, 6-OHDA, is toxic due to its high affinity for
dopaminergic plasma membrane transporters. Consistent with that
in previous studies [27], zebrafish locomotor activity was
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significantly reduced after 6-OHDA treatment, as evidenced by
decreases in the swimming trajectory area (Fig. 2A) and total dis-
tance travelled (Fig. 2B). In contrast, the swimming trajectory and
total distance travelled were markedly increased after the admin-
istration of GBDP, EGb 761, or the positive control, nomifensine, to
6-OHDA-treated zebrafish. Significant protective effects were
observed after treatment with either GBDP or EGb 761 at doses of
125 and 250 pg/mL. However, at 500 pg/mL, only GBDP significantly
increased the total distance travelled (Fig. 2B).

3.4. GBDP prevented 6-OHDA-induced dopaminergic neuron loss in
zebrafish

TH immunostaining was used to determine the viability of
dopaminergic neurons in zebrafish after GBDP and EGb 761 treat-
ments. Exposure to 400 uM 6-OHDA for 48 h resulted in a signifi-
cant loss of dopaminergic neurons in zebrafish (Fig. 3). However,
treatment with 250 or 500 pg/mL GBDP or 250 pug/mL EGb 761,
significantly ameliorated 6-OHDA-induced dopaminergic neuron
loss. Other doses of GBDP and EGb 761 showed no protection
(Figs. 3A and B).

3.5. GBDP improved MPTP-induced cognitive impairment and
ameliorated MPTP-induced neuronal damage in mice

Numerous cognitive impairments, including deficits in learning
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Fig. 4. GBDP improves 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
cognitive impairment in mice. (A) T-turn time in the pole test on day 19. (B) Site
crossings in the morris water maze (MWM) test. (C) GBDP protected dopaminergic
neurons in the MPTP-induced mouse model of Parkinson’s disease. Brain sections were
processed for HE staining. Black arrow: nerve fiber bundles are loose and lightly
stained and the fiber components are significantly reduced; yellow arrow: a large
number of neurons were atrophied and the nuclei were intensely stained; green ar-
row: glial cells show slight hyperplasia. **P < 0.001. Data were analyzed by unpaired,
two-tailed Student’s t-test. n = 5 per group.
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and memory, are common clinical symptoms of PD. Thus, the effect
of GBDP on MPTP-induced cognitive impairment in mice was
assessed using the MWM test. After 19 days of treatment, the four
groups demonstrated no differences in pole test results, indicating
that the athletic ability of the PD mice would not influence the
results of the MWM test (Fig. 4A). After 4 days of training, the GBDP
group showed significantly more site crossings than the MPTP
group in the probe trial (Fig. 4B), suggesting that GBDP improved
the spatial memory of PD mice. The EGb 761 group showed a
nonsignificant trend towards more site crossings than the MPTP
group.

Histopathological examinations were performed in PD mice
using HE staining (Fig. 4C). The control group exhibited normal
histology in the brain, while damage to striatal neurons and glial
cell hyperplasia was detected in the MPTP model group. Striatal
neurons in the GBDP group were intact and no glial cell hyperplasia
was observed, whereas only a small amount of nerve fiber bundle
loss was observed in the striatum of the EGb 761 group, suggesting
that these two preparations ameliorated MPTP-induced neuronal
damage.

3.6. GBDP protected SH-SY5Y cells from the MPP*-induced decrease
in cell viability

Human SH-SY5Y cells, which synthesize DA and noradrenaline
and express TH, have been broadly utilized in studies of PD and PD
drug mechanisms [32]. MPP™ is the toxic metabolite of MPTP which
causes severe Parkinsonism in humans when intravenously injec-
ted [33]. Therefore, MPP*-induced SH-SY5Y cell injury was used as
an in vitro PD model in this study. GBDP and EGb 761 exhibited no
cytotoxicity to SH-SY5Y cells at doses ranging from 15 to 150 pg/mL
(Fig. S3). MPP* (2 mM) significantly decreased SH-SH5Y cell
viability, while GBDP and EGb 761 protected cells from MPP"-
induced damage, at doses from 60 to 120 pg/mL (Fig. 5).

3.7. GBDP blocked MPP*-induced apoptosis via the Akt/GSK33
signaling pathway

The phosphorylation levels of Akt and GSK3 were significantly
decreased in SH-SY5Y cells after MPP* treatment, while 90 pg/mL
GBDP treatment induced a significant increase in the amount of
phosphorylated Akt Ser473 and GSK3p Ser9 (Fig. 6C and D). At the
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Fig. 5. GBDP protected SH-SY5Y cells against 1-methyl-4-phenyl-pyridinium (MPP™")-
induced toxicity. GBDP and EGb 761 protected SH-SY5Y cells against the MPP*-induced
decrease in cell viability. Data were analyzed by one-way ANOVA followed by Dun-
nett’s test. P < 0,0001, compared with the control group; **P < 0.001, ***P < 0.0001,
compared with the MPP* group. n = 3 per group.
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Fig. 6. GBDP treatment decreased the Bax/Bcl-2 ratio and increased Akt/GSK3p levels in MPP*-treated human SH-SY5Y cells. (A) Western blot assay of p-Akt, Akt, p-GSK3p, GSK3p,
Bax, and Bcl-2. (B—D) Ratio of p-Akt, Akt, p-GSK3p, GSK3p, Bax, and Bcl-2 band intensities. *P < 0.05, **P < 0.001. (E) SH-SY5Y cells were pre-treated with the GSK3 inhibitor, CHIR-
99021 (10 uM) for 2 h and subsequently exposed to 2 mM MPP" and different concentrations of GBDP or EGb 761. After 24 h, cells underwent an MTT assay. ***P < 0.0001, compared
with the control group. **#P < 0.0001, compared with the MPP* group. 2P < 0.05, 24P < 0,001, AAAP < 0,0001. Data were analyzed by one-way ANOVA followed by Dunnett’s

test. n = 3 per group. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

same dose, EGb 761 had similar effects, but the effect on phos-
phorylated GSK3p Ser9 levels was not significant. The Bax/Bcl-2
ratio was then determined to test whether GBDP provided neuro-
protection through an anti-apoptosis pathway downstream of the
GSK3p signaling pathway. The Bax/Bcl-2 ratio was elevated in
MPP*-treated SH-SY5Y cells, whereas a marked reduction in the
Bax/Bcl-2 ratio was detected in the GBDP group, but not in the EGb
761 group (Fig. 6B). To confirm the role of the Akt/GSK3f pathway
in the protective effects of GBDP against MPP"-induced SH-SY5Y
cell injury, the specific GSK3f inhibitor, CHIR-99021, was used.
CHIR-99021 significantly abolished the neuroprotective effects of
GBDP and EGb 761, while CHIR-99021 did not affect cell viability
(Fig. 6E), indicating that the Akt/GSK3p pathway played an
important role in protecting GBDP against MPP*-induced neuron
cell injury.

4. Discussion

Current treatments for PD usually induce serious adverse re-
actions, especially after long-term use. Thus, there is a growing
interest in developing alternative therapies with higher efficacy
and fewer side effects. This study focused on exploring the neu-
roprotective effect of GBDP, a unique G. biloba leaf extract prepa-
ration produced in China, on Parkinson’s toxin-induced
dopaminergic neurodegeneration. The chemical constituents and
protective effects against PD were also compared between GBDP
and EGb 761.

Chemical analysis identified 46 constituents in GBDP, including
terpene trilactones, flavonoids, bioflavonoids, and organic acids.
Meanwhile, PCA and PLS-DA identified differences in the chemical
profiles of GBDP and EGb 761 (Fig. S2). Moreover, quantitative
analysis of 12 constituents revealed that although GBDP and EDb
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761 followed the same standard (>24% flavonoids and 6% terpene
trilactones), higher levels of several flavonoids and terpene tri-
lactones were detected in GBDP than in EGb 761, whereas EGb 761
had a higher concentration of 6-hydroxykynurenic acid (Fig. 1).
Previous studies have shown that oral administration of G. biloba
extract preparations results in high concentrations of ginkgo
flavonoid metabolites and terpene trilactones in the plasma of ro-
dents and humans, and several of these compounds can cross the
blood-brain barrier and enter the central nervous system of rats
[34—37], indicating their potential importance in mediating the
pharmacological effects of G. biloba extract preparations in the
brain. Specifically, Rangel-Ordénez et al. [35] observed that flavo-
noid metabolites (i.e., quercetin, kaempferol, and isorhamnetin
derivatives) could be detected in the plasma and brain after single
and repeated oral administration in rats. These flavonoids were
mainly observed in the hippocampus, frontal cortex, striatum, and
cerebellum. Ude et al. [36] found that the concentration of gink-
golide A, ginkgolide B, and bilobalide rapidly increased up to
40—-98 ng/g in the brain after oral administration, with no differ-
ence between the extract and the pure compounds. Furthermore,
Cao et al. [38] used G. biloba extract which is the same material and
from the same company as GBDP to identify the metabolites from
intestinal mucosa of G. biloba extract-treated rats; in this way, 53
metabolites were identified in intestinal mucosal samples
including terpene lactones, flavone glycosides and their degrada-
tion, and part of them could be found in the liver, plasma and brain,
indicating these ingredients may be responsible for the pharma-
cological effects of GBDP. In addition, the activities of the 12 con-
stituents studied here on neuroprotection have previously been
demonstrated [28—31,39—46]. For instance, ginkgolide homo-
logues have antagonistic effects on platelet-activating factor-
induced platelet aggregation and show neuroprotective effects
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[39]. Bilobalide protects against the a-synuclein-induced decrease
in cell viability associated with the pathogenesis of PD [40]. Anti-
inflammatory and neuroprotective effects of kaempferol, quer-
cetin, and isorhamnetin have also been previously demonstrated
[41—-43]. 6-Hydroxykynurenic acid is a central nervous system
amino acid antagonist that acts on N-methyl-D-aspartate to reduce
post-ischemic neuronal damage [44]. Rutin has been shown to
remove the inflammatory component of neurodegeneration [45].
Apigenin 7-O-glucoside has anti-inflammatory, antioxidant, and
anti-carcinogenic properties [46]. Together, these constituents may
contribute to the neuroprotective effects of G. biloba, while
different levels of these constituents between GBDP and EGb 761
may lead to differences in their efficacy. Future studies should
compare the dissolution profiles and pharmacokinetics of GBDP
and EGb 761.

The effects of GBDP and EGb 761 against neurodegeneration
were further compared in a 6-OHDA-induced zebrafish PD model.
6-OHDA treatment induced a locomotor deficit and neuronal loss in
zebrafish larvae, which was consistent with that in previous studies
[24]. Some doses of GBDP and EGb 761 markedly restored dopa-
minergic neuron loss and improved locomotor activity. However, at
500 pg/mlL, only GBDP significantly increased locomotor activity
and reduced dopaminergic neuron loss. These results indicated that
GBDP may have a greater efficacy than EGb 761 for PD treatment.

MPP*/MPTP-induced PD models were also used to assess the
neuroprotective effects of GBDP and EGb 761. MPP" significant
decreased SH-SY5Y cell survival, as previously reported [47], but
this was ameliorated by GBDP or EGb 761 treatment. Moreover,
consistent with former studies [48], our data confirmed that MPTP-
treated mice had dyskinesia and cognitive impairment. However,
GBDP ameliorated MPTP-induced neuronal damage in these mice.
By contrast, exposure to EGb 761 had no significant effect on
cognitive impairment, but it ameliorated MPTP-induced neuronal
damage. A previous study showed that EGb 761 attenuated the
decrease in striatal dopamine levels and prevented neuro-
degeneration of the nigrostriatal pathway in an MPTP mouse model
[49]. Another study found that EGb 761 improved the MPTP-
induced impairment of spontaneous locomotor activity [50].
There are some possible reasons for these discrepancies. Firstly, the
mice used in our study were 6—8 weeks old, but were 11—13 weeks
old in the previous study. Secondly, the EGb 761 dosages and
treatment time were different. Thirdly, MWM and HE staining were
used in our study, while spontaneous locomotor activity and TH
measurement were used in the previous study. Further in-
vestigations of the differences in protective effects against PD be-
tween GBDP and EGb 761 are needed.

The neuroprotective mechanisms of GBDP and EGb 761 were
further explored in MPP*-treated SH-SY5Y cells. The Akt/GSK3p
pathway plays a major role in neuronal cell apoptosis and survival
[51]. Akt directly phosphorylates GSK3 at Ser9 and subsequently
inhibits its activity, which then prevents apoptosis [52]. Previous
studies have suggested that the levels of p-Akt (Ser473) and p-GSK38
(Ser9) are markedly decreased in in vitro and in vivo PD models [53].
A similar phenomenon was observed in the current study, with
MPP*-treated SH-SY5Y cells showing a marked reduction in survival.
Interestingly, GBDP treatment prevented the down-regulation of p-
Akt (Serd73) and p-GSK3B (Ser9) and significantly increased cell
viability in MPP*-treated cells. GSK3p inhibitors have recently been
shown to be potential therapeutic agents in PD, indicating that GBDP
may be an alternative PD therapy. Moreover, the effect of GBDP on
GSK3p was further confirmed using the GSK3p inhibitor, CHIR-
99021. Similar effects were observed with EGb 761 treatment, but
the effect on p-GSK3f was not significant. Furthermore, previous
studies have shown that dysregulation of members of the Bcl-2
family, such as Bax, is involved in GSK3B-induced neuronal
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apoptosis [54]. Thus, we measured the Bax/Bcl-2 ratio in SH-SY5Y
cells after MPP* treatment. In line with previous studies [55],
MPP™ significantly increased the Bax/Bcl-2 ratio, resulting in a pro-
apoptotic trend in SH-SY5Y cells, but GBDP treatment reversed this
effect, suggesting an anti-apoptotic effect of GBDP. However, EGb 761
had no significant effect on the Bax/Bcl-2 ratio in MPP*-treated SH-
SY5Y cells. A previous study showed that EGb 761 prevented the
decrease in Bcl-2 levels and the increase in Bax levels in mice with
tardive dyskinesia [56]. Collectively, these results indicated that the
Akt/GSK3[ pathway may be involved in the anti-apoptotic effect of
GBDP in this in vitro PD model.

5. Conclusions

Taken together, this is the first study to comprehensively
analyze the chemical constituents of GBDP, investigate its efficacy
as a PD treatment, and compare it with EGb 761. We found that
GBDP protected dopaminergic neurons against 6-OHDA and MPTP/
MPP"-induced neurotoxicity, and the mechanism might be medi-
ated by the Akt/GSK3p signaling pathway. Moreover, the contents
of 12 main constituents differed between GBDP and EGb 761, and
GBDP showed better effects than EGb 761 against PD, especially in
an MPTP-induced mice PD model. The findings presented herein
provide novel insights into the potential use of GBDP for the
treatment of PD.
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