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ABSTRACT: Ginkgolides are the most important components of Ginkgo biloba extracts, whose lactone can be hydrolyzed in the
aqueous environment. Although the hydrolyzed products have complex structures and their functions are not well-understood,
opening the lactone ring is an important strategy in producing novel derivatives of ginkgolide. The preparation of a single pure
aminolyzed ginkgolide for the study of its bioactivity and understanding of the process of aminolysis are challenging. To obtain
stable aminolyzed products, four amide derivatives (2—5) of ginkgolide B (GB, 1) were prepared via the ring-opening reaction of its
lactone with propylamine. These products were purified and fully identified by high-resolution mass spectrometry (HRMS) and
nuclear magnetic resonance (NMR) spectroscopy and were further evaluated for their ability to inhibit the PAF-induced platelet
aggregation of rabbit platelets in vitro. Compound 2, which was obtained by selective aminolysis of the lactone ring C of GB, showed
a much better inhibitory activity of platelet aggregation (ICsy, 1S nM) than the parent compound GB (ICgy, 442 nM). The other
three products (3—5), which were obtained by the aminolysis of lactone rings C and F of GB, did not show platelet aggregation
inhibitory activity. The results greatly extended our understanding of the chemistry of GB and provided important structural
information for the exploration and development of new drugs based on ginkgolides in G. biloba.

1. INTRODUCTION

The extracts of leaves of Ginkgo biloba are being used
worldwide to promote blood circulation, improve various
cognitive functions, and reduce inflammation.” Ginkgolides are
the key bioactive components of G. biloba extracts that have a
caged skeleton consisting of six five-membered rings, a
spiro[4,4]-nonane carbocyclic ring (A, B), a tetrahydrofuran
ring (D), three lactones (C, E, F), and a unique t-Bu group Figure 1. Structures of ginkgolides.
(Figure 1).2’3

Lactone aminolysis is a common transformation that allows
the direct conversion of lactones into the corresponding
amides that are more stable and show better bioactivity than
the corresponding acids or esters.”” Hu et al. prepared amide
derivatives of 10-oxaginkgolide A via opening ring C with the
amine.’ Vogensen et al also observed the C ring opening
during modification at the 7-position of ginkgolide C.” Besides,
aminolysis of the lactone ring has the potential to significantly
improve the solubility and bioactivity, which is an important
way to discover drug candidates with better activity. Therefore,

Ginkgolide A H H OH
Ginkgolide B OH H OH
Ginkgolide C OH OH OH
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lactone aminolysis is a crucial aspect of the chemical study of
ginkgolides.
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Scheme 1. The Reaction of GB (1) with Propylamine at 50 °C

A~ NH;
DMAP-HCI
—
MeOH
50 °C

Table 1. '"H NMR Spectroscopic Data (§ in ppm, J in Hz) of Compounds 1—5 in CD;0D

position GB (1) 2

la 4.19 (d, 7.8) 4.56 (d, 7.8)

15

2 4.58 (d, 7.8) 4.49 (d, 7.8)

3

6 5.40 (d, 4.2) 5.34 (d, 5.4)

Ta 2.12 (dt, 13.8, 5.1) 2.34 (dt, 13.8, 5.3)
7B 227 (dd, 13.8, 4.8) 1.91(dd, 13.8, 4.8)
8 1.92 (dd, 13.8, 4.8) 1.78 (dd, 13.8, 4.8)
10 5.10 (s) 4.83 (s)

12 6.08 (s) 5.89 (s)

14 3.04 (m) 391 (m)

16 1.23 (d, 7.2) 1.22 (d,7.2)
18-20 1.11 (s) 1.08 (s)

1 3.18 (m)

2/ 1.54 (m)

3’ 0.93 (t, 7.2)

1

2

3

3 4 5
4.44 (s) 2.67 (d, 16.2) 4.51 (s)
2.74 (dd, 16.2, 4.8)
4.01 (s) 4.01 (d, 4.8)
2.35 (d, 9.6)
5.54 (d, 6.0) 4.70 (d, 5.4) 5.35 (d, 5.4)

2.39 (dt, 13.8, 6.0)
1.90 (dd, 13.8, 6.0)
1.84 (dd, 6.0, 1.0)

2.44 (dt, 13.8, 5.5)
1.86 (dd, 13.8, 6.0)
1.86 (dd, 13.8, 6.0)

2.28 (dt, 13.8, 5.3)
1.86 (dd, 13.8, 4.8)
1.81 (dd, 13.8, 4.8)

4.74 (s) 4.73 (s) 4.82 (s)
5.67 (s) 5.67 (s) 5.88 (s)
3.10 (m) 3.10 (m) 3.42 (m)
1.44 (d, 7.2) 1.4S (d, 7.2) 1.22 (d, 7.8)
108 (s) 1.09 (s) 1.09 (s)
321 (m) 3.20 (m) 325 (m)
1.57 (m) 1.56 (m) 1.67 (m)
0.93(t, 7.2) 0.96(t, 7.8) 0.93(t, 7.2)
3.18 (m) 3.10 (m) 3.15 (m)
1.53 (m) 1.54 (m) 1.50 (m)
091 (t, 7.2) 0.94 (t, 7.8) 0.88 (t, 7.2)

On the other hand, diterpene ginkgolides meglumine
injection has been approved for clinical application in China.
It is mainly composed of a series of ring-opening mixtures
formed by the aminolysis reaction of ginkgolides A, B, C, and
K and methylglucamine (data unpublished). More importantly,
the ring-opening compounds possess good solubility and
clinical effects. Therefore, to find compounds with better
biological activity, it is important to carry out a research on the
ring-opening products of ginkgolides.

Platelet-activating factor (PAF) is a phospholipid that was
originally discovered as an IgE-sensitized rabbit basophil-
derived substance responsible for platelet aggregation. The
cellular effects of PAF are mediated by a specific G-protein-
coupled receptor (PAFR). PAF and PAFR have been
implicated in a wide range of diseases and disorders.®
Currently, PAFR is a well-established therapeutic target, and
an array of structurally diverse PAFR antagonists has been
identified with diverse pharmaceutical activities including
treatment of inflammatory diseases, anti-platelet aggregation

activity, inhibition of human bronchial smooth muscle
activation, and regulation of pulmonary inflammation.”™"" It
is known that ginkgolides, particularly ginkgolide B (GB), are
strong antagonists of the PAFR.”

In this study, GB was chosen as the research target for the
ring-opening reaction. Although previous studies have revealed
that GB (1) is a superior antagonist of platelet activating
factors and extensive studies have already been performed for
GB (1) and its analogs,”'*™** the structures and bioactivities
of GB (1) ring-opening products have not been reported.
Herein, we designed and synthesized a series of stable ring-
opening products of GB (1) with amine via amide formation
and evaluated their ability to inhibit the PAF-induced platelet
aggregation of rabbit platelets.

2. RESULTS AND DISCUSSION

We chose propylamine and DMAP'HCI as catalysts and carried
out the reaction with GB (1) in methanol at 50 °C. The
reaction was monitored by liquid chromatography—mass

https://doi.org/10.1021/acsomega.1c01682
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spectrometry (LC—MS) (Scheme 1). Four main peaks were
observed at the m/z values of 541, 482, 523, and 525 (Figure
S1, Supporting Information). All of the products (2—5) were
isolated using the high-performance liquid chromatography
coupled with a diode-array detector and an evaporative light
scattering detector method (HPLC-DAD-ELSD). Compound
2 is a white powder and gave an [M — H]™ ion peak at m/z
482.2056 (caled for Cp3H;,NO , 482.2081) in its negative-ion
HRESIMS, suggesting that one molecule of propylamine was
introduced into GB (1). The IR spectrum of 2 showed the
presence of ester (1774 cm™") and amide (1641 cm™") groups.
Compared to GB (1), the '"H NMR and "*C NMR spectra of 2
showed additional signals attributed to propylamine at dy/dc
3.18/42.3, 1.54/23.3, and 0.93/11.8 (Table 1). Based on the
HMBC spectrum, the long-range correlation from the proton
of propylamine (8 3.18) to a carbonyl group (5¢ 177.3) that
can be assigned to C-11 according to its correlation with H-10
(6y 4.82) indicated that ring C was opened and formed an
amide with propylamine. The carbonyl signals at - 176.8 and
180.2 were assigned to C-13 and C-18, respectively, according
to the HMBC correlations between &, 180.2 and &y 1.22 (H-
16), 449 (H-2), and between &; 176.8 and &y 5.34 (H-6)
(Figure 2). A key NOESY correlation was observed between
H-12 and H-18, indicating that H-12 and the ¢-Bu group are in
the cis orientation, which is the same as that of GB.

5 Y9
QU OH OH
HO 14 60 17 )3)\6
O o (0)
4 5
"H-"H cosy

Figure 2. Key '"H—'H COSY and HMBC correlations of compounds
2-S.

Compound 3 is a white powder and gave an [M — H]™ ion
peak at m/z 541.2766 (caled for CysH, N,O,4, 541.2767) in
the negative-ion HRESIMS, suggesting that two molecules of
propylamine were introduced into GB (1). In the 1D and 2D
NMR spectra of 3, propylamine group signals were observed at
5./5c 3.18/42.0, 41.9; 1.54/23.6, 23.5; and 0.93/11.8, 11.7.
One propylamine molecule was attached to C-11 (5¢ 174.7)
on the basis of the HMBC correlation between o 174.7 and
Sy 4.76 (H-10), and another propylamine group was attached
to C-15 (8¢ 179.5) assigned by the correlation between &
179.5 and &y 1.45 (H-16) in the HMBC spectra. Another
carbonyl signal at ¢ 176.2 (C-13) was correlated with &y 5.56
(H-6) in the HMBC spectra, suggesting that 3’s lactone ring E
remained. The formation of 3 can be explained by the plausible
mechanism proposed in Scheme 2 in which the amide formed

from the nitrogen of propylamine attacked the carbonyl groups
of the lactone rings C and F.

Similarly, compound 4 was obtained as a white powder and
gave an [M — H]™ ion peak at m/z 525.2820 (caled for
Cy6H4N,0,, 525.2818) in the negative-ion HRESIMS, with
one fewer oxygen atom than that of 3. The 1D and 2D NMR
spectra of 4 are similar to those of 3, except that the
oxygenated methine (C-1) in 3 was replaced by a methylene
group at §¢ 43.6 (C-1) and 6y 2.67 (1H, d, J = 16.6 Hz, H-
la), and 2.74 (1H, dd, | = 16.6, 4.9 Hz, H-14) in 4. '"H-'H
COSY correlations of H-1/H-2 as well as HMBC correlations
from H-1a to C-1, C-3, C-4, C-§, and C-9; from H-1p to C-S,
C-6, and C-9; and from H-2 to C-3, C-4, and C-S confirmed
these assignments. NOESY correlation of H-2/H-16 indicated
that the hydroxyl group at C-2 is in f-orientation, which is the
same with that of compound 3. Two propylamine units were
attached to C-11 and C-15 on the basis of HMBC correlations
from H-1' to C-11 and H-1" to C-15, respectively. Thus, the
structure of 4 was elucidated as shown.

Compound § is a white powder and gave an [M — H] ion
peak at m/z 523.2669 (calcd for C,qH3oN,O,, 523.2661) in
the negative-ion HRESIMS. Similar to 3, two propylamine
molecules in § were observed in the NMR spectra of 5. The
tertiary hydroxyl group at C-3 in 3 was replaced by a proton in
5 that was assigned to H-3 (6y 233, d, ] = 9.6 Hz),
corresponding to the carbon signal at ¢ 60.5, on the basis of
the '"H—"H COSY correlations of H-3/H-14 (5 3.42, q)/H-
16 (6 1.21, d, J = 7.2 Hz). Another major change in the NMR
spectra was the replacement of the secondary hydroxyl group
at C-2 (8¢ 88.4) in 3 by a tertiary hydroxyl at C-2 (5¢ 98.7) in
5. The HMBC correlations from H-1" to C-2 and C-15
indicated that the lactone ring F in GB (1) was replaced by a
lactam ring in 5. The formation of 5 can be explained by the
plausible mechanism proposed in Scheme 2. Here, the C2-C3
dehydration of 3 is different from the common C3-Cl4
dehydration in ginkgolides and may lead to form keto-enol
tautomers.””*> Subsequently, the nitrogen of amide attacked
the ketone to obtain 5 (Scheme 2).

Each compound was tested for the PAF receptor binding
inhibitory activity at a concentration of 20 uM according to
Koch’s experimental method.”® One derivative (2) showed a
much better inhibitory activity than GB (1), while the other
three compounds (3—5) exhibited lower activities. The
concentrations required to half-maximally inhibit PAF-induced
aggregation were calculated based on the results of the
concentration dependence experiments (Figure 3). The ICq,
value of GB (1) and 2 is 441.93 + 37.89 and 15.10 + 3.50 nM,
respectively (Table 3). These results indicated that the lactone
ring F is very important for the platelet aggregation inhibitory
activity of GB derivatives. Meanwhile, in the presence of
lactone ring F, the opening of lactone ring C is beneficial for
increasing the activity.

3. CONCLUSIONS

In summary, four GB (1) amide derivatives (2—5) were
synthesized, characterized, and evaluated on platelet aggrega-
tion activity. The biological screening results indicated that
compound 2, a GB derivative by selective aminolysis of lactone
ring C, showed a much better inhibitory activity for platelet
aggregation than the parent compound GB (1). The
nanomolar level of the ICg, value of 2 (15.1 + 3.5 nM)
suggested that 2 is a very potent inhibitor of platelet
aggregation and can serve as a new candidate for the
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Scheme 2. Proposed Reaction Pathway for the Synthesis of 2, 3, and §

compound 1
1C50=441.9 + 37.9 nM

Inhibition ratio (%)

N3 Concentration (nM)

Inhibition ratio (%)

compound 2

IC50=15.1£ 3.5nM
120+

1004
804
60
40

20+

@
o°°\ 0\{’ & & S & & LN
0 A9 O I 1
o N 1

Concentration (nM)

Figure 3. Effect of compounds 1 and 2 on PAF-induced aggregation of rabbit platelets in PRP. Data represented as mean values & S.D. of three

independent experiments.

development of a drug for the treatment of platelet
aggregation. Compounds 3—5 were obtained by di-aminolysis
of lactone rings C and F with the various modes and did not
show platelet aggregation inhibitory activities. Thus, our results
provide a powerful tool for the understanding of GB (1) amide
derivatives as well as important structural information for the
exploration and development of new drugs based on
ginkgolides in G. biloba. More bioactive amide derivatives of
GB will be synthesized via opening lactone rings C and E using
different primary or secondary amines and aliphatic or
aromatic amines in future studies.

4. EXPERIMENTAL SECTION

4.1. Materials. Ginkgolide B (GB) was kindly provided by
Livzon Pharmaceutical Group Inc. (Zhuhai, China). It was
extracted from natural sources and has a purity of 91.2%.
Platelet activating factor (PAF, 1-O-octadecyl-2-O-acetyl-sn-
glycero-3-phosphoryl-choline) was purchased from Bachem
(Heidelberg, Germany), and heparin (5000 IU/mL) was
obtained from Braun AG (Melsungen, Germany). DMSO,
bovine serum albumin (BSA) fraction V, and sodium citrate
solution were acquired from Sigma (Deisenhofer, Germany).
All other chemicals were obtained from Merck (Darmstadt,
Germany).

22500

PAF was diluted in DMSO (2 mg/mL) and stored at 20 °C.
Stocks of buffer salt solutions were kept at 4 °C and stored for
up to 1 month. Working dilutions of buffers were prepared at
weekly intervals with the exception of albumin, glucose, and
NaHCO; that were added at the day of use. The final
composition of the buffer (pH 7.4) used for the dilution of
platelet-rich plasma (PRP) was as follows: NaCl (137 mM),
MgClL, (2.1 mM), CaCl, (136 mM), KCl (2.7 mM),
NaH,PO, (0.42 mM), NaHCO; (15.6 mM), p-glucose (1 g/
L), and heparin (2 IU/mL). For the dilution of the PAF stock,
the above buffer was supplemented with 2.5 g/L BSA but did
not contain heparin.

The 1D and 2D NMR experiments were performed using a
Bruker Ascend 600 NMR spectrometer (600 MHz for 'H and
150 MHz for "*C, Bruker, Germany) with the residual solvent
signal as the internal reference. High-resolution mass spectra
(HRMS) were obtained using an Agilent 6230 electrospray
ionization (ESI, Agilent, USA) time-of-flight (TOF) mass
spectrometer. Optical rotations were measured using a
Rudolph Research Autopol I automatic polarimeter. IR spectra
were measured on a Bruker Alpha II series FT-IR spectrometer
(KBr). All of the chemicals were purchased from 9dingchem
Co., Ltd. (Shanghai, China), unless otherwise specified.

4.2. Chemistry. GB (1) derivatives were synthesized
following the procedure described below. Propylamine (30

https://doi.org/10.1021/acsomega.1c01682
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uL, 0.3661 mmol) and DMAPHCI (8.0 mg, 0.0505 mmol)
were added to a solution of GB (1, 100 mg, 0.2356 mmol) in
methanol (2 mL). The mixture was stirred at 50 °C for 6 h, the
solvent was removed under reduced pressure, and the residue
was purified by the high-performance liquid chromatography
coupled with a diode-array detector and an evaporative light
scattering detector method (HPLC-DAD-ELSD) to obtain 2
(40 mg, 35%), 3 (22 mg, 17%), 4 (12 mg, 9.7%), and § (9 mg,
7.3%).

2, white solid. [a]**; —67.1 (¢ = 0.39, MeOH); IR (KBr)
Vi 3401, 2960, 1774, 1641 cm™';'H and '3C NMR data, see
Tables 1 and 2; HRMS (ESI-TOF) m/z [M — H]~ calcd for
C,3H,,NO,,, 482.2081, found 482.2056.

Table 2. *C NMR Spectroscopic Data of Compounds 1-5
in CD;0D

position GB (1) 2 3 4 S
1 75.5 75.5 80.5 43.6 79.3
2 93.3 95.2 88.4 83.9 98.7
3 84.7 84.8 86.7 87.4 60.5
4 100.2 100.7 104.1 104.0 96.7
S 69.2 68.2 78.5 73.9 75.8
6 80.7 814 84.0 93.6 82.5
7 38.1 37.8 36.5 36.8 37.0
8 50.5 54.8 58.8 58.2 55.1
9 73.5 73.3 70.3 68.8 68.5
10 70.7 71.2 72.0 729 71.4
11 175.2 177.3 174.7 174.5 177.3
12 111.9 110.9 110.6 111.5 110.1
13 172.7 175.1 176.3 176.2 179.4
14 43.3 43.9 41.5 41.2 40.3
15 178.4 180.2 179.6 179.7 176.8
16 8.1 8.1 139 142 16.2
17 33.3 34.3 34.6 34.5 34.3
18—-20 29.5 30.6 30.5 30.5 30.7
1’ 42.3 42.0 41.9 42.3
2/ 23.3 23.6 23.6 23.3
3 11.8 11.8 11.8 11.8
1” 41.9 41.9 42.3
2" 23.5 23.5 23.0
3 11.7 11.7 11.8

Table 3. Anti-Platelet Aggregation Effects of Compounds
1-5

compounds ICy, (nM)
GB (1) 4419 + 379
2 15.1 £ 3.5
3 20,000
4 20,000
s 20,000

3, white solid. [a]**p +8.3 (¢ = 0.30, MeOH); IR (KBr) v,,,
3422, 1781, 1646, 1641 cm™', 'H and '3C NMR data, see
Tables 1 and 2; HRMS (ESI-TOF) m/z [M — H]~ calcd for
CycH,N,0,,, 5412767, found 541.2766.

4, white solid. [a]**, —14.4 (c = 0.79, MeOH); IR (KBr)
Vo 3419, 2961, 1775, 1639 cm™, 'H and '*C NMR data, see
Tables 1 and 2; HRMS (ESI-TOF) m/z [M — H]~ calcd for
CyH, N, Oy, 525.2818, found 525.2820.

5, white solid. [a]**, —35.9° (¢ = 0.27, MeOH); IR (KBr)
Vo 3738, 2964, 1771, 1645 cm™, 'H and '3C NMR data, see

Tables 1 and 2; HRMS (ESI-TOF) m/z [M — H]~ calcd for
C6H3oN, 0y, 523.2661, found $23.2669.

4.3. Bioassay. 4.3.1. Preparation of Platelet-Rich Plasma
(PRP) and Platelet-Poor Plasma (PPP). Blood was collected
from the central ear artery of female White New Zealand
rabbits (body weight between 3 and 4 kg). To improve blood
flow, the ear was slightly rubbed with a xylol-wetted cotton
pad. The artery was punctured with a hypodermic needle, and
the freely flowing blood was dispensed into a centrifuge tube
containing 1 mL of sodium citrate for each 9 mL of blood. The
citrated blood was mixed well by gentle inversion. A blood
sample (2 mL) was drawn into vacutainer tubes containing
3.2% sodium citrate (200 uL). Platelet-rich plasma (PRP) was
obtained as a supernatant after centrifuging the blood at 100g
for 15 min at room temperature. The remaining blood was
further centrifuged at 1600g for S min to obtain platelet-poor
plasma (PPP).

4.3.2. Assay of Platelet Aggregation. Platelet aggregation
in PRP was measured using AggRAM (Helena Platelet
aggregometer) by following the change of the light trans-
mission of a PRP sample (1 mL) in a plastic cuvette. The
platelets were continuously stirred (800 rpm) and maintained
at a temperature of 37 °C. The aggregation process was
recorded using a single-channel XY-recorder. Before each
measurement, 0 and 100% aggregations were standardized with
a cuvette containing 1 mL of PPP. Aggregation was triggered
using PAF (10 nM) after incubating platelets with each
compound with different concentrations. The maximum rate of
platelet aggregation (RPA%) within S min was acquired by
AggRAM. Inhibition of platelet aggregation versus a solvent
control was calculated in percent. Half-maximal inhibition
concentrations (ICs,) were determined by nonlinear regres-
sion analysis using the GraphPad Prism 6.0 software package
(GraphPad Software, San Diego, CA, USA).
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