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Trinorlabdane diterpenoid alkaloids featuring an
unprecedented skeleton with anti-inflammatory
and anti-viral activities from Forsythia suspensa+
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Two unique trinorlabdane diterpenoid alkaloids, forsyginlingines A (1) and B (2), were isolated from the ripe
fruits of Forsythia suspensa. Their structures, including absolute stereochemical configurations, were fully
elucidated from extensive spectroscopy experiments, single-crystal X-ray diffraction, and electronic
circular dichroism (ECD). In addition, a plausible biosynthetic pathway for the formation of compounds 1
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Introduction

Forsythia suspensa is widely distributed in China, Japan, Korea,
and many European countries as an ornamental plant for its
lovely flowers in spring. But, more importantly, the dried fruit of
F. suspensa, named Fructus forsythiae, is a well-known TCM, and
is documented in every edition of the Chinese Pharmacopoeia
and many classical medical books." Modern pharmacological
studies also indicated its anti-inflammatory, anti-oxidant, anti-
bacterial, anti-cancer, anti-virus, anti-allergy, and neuro-
protective effects.”” Recently, we isolated thirteen labdane
diterpenoids from the ripe fruits of F. suspensa that demon-
strated a myriad of different anti-inflammatory and antiviral
activities.*® Using this as an impetus to isolate and identify
more biologically active compounds from plant extracts, we
further focused our phytochemical investigations on the alka-
loid fraction of the EtOH extract of F. suspensa plants grown in
the Qinling District, Shanxi, Province, China. From the EtOH
extract, two novel Cj,-labdane diterpenoid alkaloids, named
forsyqinlingine A (1) and forsyqinlingine B (2), were isolated,
and their chemical structures, including absolute stereochem-
ical configurations, were determined through extensive
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anti-infammatory activities by

inhibiting the release of B-glucuronidase in rat

polymorphonuclear leukocytes (PMNs), and antiviral activities against influenza A (HIN1) virus and

spectroscopic experiments, single-crystal X-ray diffraction, and
electronic circular dichroism (ECD). The two trinorlabdane
diterpenoid alkaloids were screened in vitro for their anti-
inflammatory activities and their antiviral activities against
the influenza A (H1N1) virus and respiratory syncytial virus
(RSV).

Results and discussion

The air-dried ripe fruits of Forsythia suspensa were refluxed in
95% EtOH, and the corresponding crude extract was washed
with 2% HCI (aq). The pH of the aqueous solution was then
adjusted with to ~10, after which the aqueous phase was
extracted with CHCI; three times. The combined organic frac-
tions were concentrated under reduced pressure to afford the
crude alkaloid concentrate, which was successively subjected to
column chromatography and preparative high-performance
thin layer chromatography (HPTLC) to afford the pure for-
syqinlingines A (1) and B (2) (Fig. 1).

Forsyqinlingine A (1) was obtained as colorless, crystalline
needles and showed a positive response to Dragendoff's reagent

Fig. 1 Chemical structures of compounds 1 and 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The key H-'H COSY (==) and HMBC (—) correlations of
compounds 1 and 2.

in MeOH, confirming that it was, indeed, an alkaloid. The
molecular formula was determined to be C;-H,s;NO based on
the parent quasi-molecular ion peak at m/z 260.2004 ((M + HJ',
caled for C;7H,6NO, 260.2014) in the HRMS (ESI positive-ion)
spectrum. Based on the molecular formula, 1 contained six
degrees of unsaturation. The IR spectrum of 1 featured
absorption bands at 3425, 1634, 1575, and 1463 cm ™', which
corresponded to the hydroxyl and aromatic ring in the mole-
cule. In the "H NMR spectrum, four tertiary methyl groups at dy
2.33 (s, 3H, H-16), 0.98 (s, 3H, H-18), 0.77 (s, 3H, H-19), and 1.07
(s, 3H, H-20), one oxygenated methine group at 6y 3.08 (brt,J =
7.2 Hz, 1H, H-3), one hydroxy group at dy; 4.45 (br s, 1H, C;-OH),
and two adjacent aromatic protons at 6y 7.48 (d, J = 8.1 Hz, 1H,
H-11) and 6.94 (d, J = 8.1 Hz, 1H, H-12). The **C NMR displayed
17 carbon resonances, and the HMQC spectrum indicated the
existence of four methyl, four methylene (sp® hybridized), four
methine (two sp” hybridized and two sp® hybridized), and five
quaternary (three sp> hybridized and two sp® hybridized)
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carbons. After detailed analyses of the "H and *C NMR spectra,
five sp> hybridized carbons and two aromatic protons were
assigned to a 2,3,6-trisubstituted pyridine ring moiety. Addi-
tionally, based not only on the number of carbon resonances in
the "*C NMR but also on the spectral information of previously
isolated labdane diterpenoid,®® it was suspected that
compound 1 was a trinorlabdane diterpenoid. As shown in
Fig. 2, the "H-"H COSY spectrum of 1 was consistent with two
structural fragments coupled together. The first spin system
was traced from a methine group (6y 1.18, dd, J = 2.2, 12.4 Hz,
1H, H-5) and two methylene groups (6y 1.84, m, 1H, H-6a; 1.87,
m, 1H, H-6b; 2.77, m, 1H, H-7a; 2.89, dd, J = 5.6, 18.2 Hz, 1H, H-
7b), which resulted in the identification of the C5-C6-C7
subunit. The second spin system also included a methine group
(01 3.08, brt, /= 7.2 Hz, 1H, H-3) and two methylene groups (0y
1.70, m, 1H, H-1a; 2.21, m, 1H, H-1b; 1.28, m, 1H, H-2a; 1.62, m,
1H, H-2b), from which the C1-C2-C3 moiety was identified. In
the HMBC spectrum of 1, "H-">C long-range correlations from
H,-1 (64 1.70 and 2.21) to C-10 (¢ 37.1) and C-5 (6¢ 49.7); from
H-5 (0 1.18) to C-10 (8¢ 37.1), C-1 (6¢ 36.6), C-4 (6¢ 39.1), and C-
3 (6¢c 77.0); and from H-3 (63 3.08) to C-4 (¢ 39.1) and C-5 (¢
49.7) confirmed that the two fragments (C1-C2-C3 and C5-C6-
C7) were connected at C-4 and C-10. Furthermore, the HMBC
cross peaks observed from H,-7 (dy 2.77 and 2.89) to C-8 (d¢
154.6) and C-9 (¢ 141.5) and from H,-1 (65 1.70 and 2.21) to C-9
(6c 141.5) indicated that the C5-C6-C7 and C1-C2-C3 struc-
tural units were connected to the pyridine ring at C-10 and C-7,
respectively; therefore, these observations led to the identifica-
tion of an octahydrobenzo[f]quinoline skeleton. Moreover, the

Table 1 NMR data for compounds 1 and 2 (400 MHz for 'H, and 100 MHz for 1C)**

1 (DMSO-d,) 2 (DMSO-ds)
No. % oc On oc
1 1.70 (m, H-1a) 36.6 1.76 (m, H-1a) 36.8
2.21 (m, H-1b) 2.52 (m, H-1b)
2 1.28 (m, H-2a) 28.2 2.43 (m, H-2a) 34.6
1.62 (m, H-2b) 2.67 (m, H-2b)
3 3.08 (br t, 7.2) 77.0 216.1
4 39.1 47.1
5 1.18 (dd, 2.2, 12.4) 49.7 1.86 (dd, 2.0, 12.4) 49.7
6 1.84 (m, H-6a) 18.8 1.72 (m, H-6a) 19.8
1.87 (m, H-6b) 1.82 (m, H-6b)
7 2.77 (m, H-7a) 33.7 2.81 (m, H-7a) 33.5
2.89 (dd, 5.6, 18.2, H-7b) 2.93 (dd, 5.6, 18.0, H-7b)
8 154.6 154.1
9 141.5 140.0
10 37.1 36.6
11 7.48 (d, 8.1) 133.2 7.62 (d, 8.2) 147.0
12 6.94 (d, 8.1) 121.0 7.03 (d, 8.2) 121.5
13 154.6 154.9
16 2.33 (s, 3H) 24.0 2.37 (s, 3H) 23.7
18 0.98 (s, 3H) 28.7 1.08 (s, 3H) 26.8
19 0.77 (s, 3H) 16.3 1.03 (s, 3H) 21.3
20 1.07 (s, 3H) 25.1 1.19 (s, 3H) 24.4
3-OH 4.45 (br s)

“ Chemical shift values were in ppm and J values (in Hz) were presented in parentheses. ” The assignments were based on HMQC, HMBC, and
'H-"H COSY experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The key NOESY («>) correlations of compounds 1 and 2.

HMBC correlations between H;-16 (65 2.33) and C-13 (d¢ 154.6),
H3-18 (63 0.98) and C-4 (¢ 39.1), H5-19 (6 0.77) and C-4 (6
39.1), H3-20 (g 1.07) and C-10 (6¢ 37.1), and between H-3 (x4
3.08) and C-2 (¢ 28.2) and C-4 (6¢ 39.1) alluded to four methyl
groups and one hydroxyl group at C-13, C-4, C-4, C-10, and C-3,
respectively. Based on the aforementioned data and compre-
hensive 2D NMR experiments ("H-'H COSY, HMQC and
HMBC), the structure of 1 was ultimately determined to be 3-
hydroxyl-4,4,10,13-tetramethyl-1(2),3(4),5(10),6(7)-octahy-
drobenzo[f]quinolin, belonging to a unique class of planar tri-
norlabdane diterpenoid alkaloids.

The relative stereochemical configuration of 1 was deduced
from the 'H-'H coupling constants (Table 1) and NOESY
spectrum (Fig. 3). The coupling constants between H-5 and H-
6a/H-6b were calculated to be 2.2 and 12.4 Hz, respectively,
which suggested that the cyclohexane and cyclohexene rings
were fused together in the trans-configuration, and H-5 was in
the axial position. In the NOESY spectrum, H-3/H-5, H-3/H;-18,
and H;-19/H3-20 cross peaks indicated that H-3 and H-5 were
co-facial and a-oriented, while H;-20 was on the opposite side of
the molecular plane and, therefore, B-oriented. Furthermore,
the structure of 1 was verified by single-crystal X-ray crystal-
lography using Cu Ko radiation (Fig. 4), which not only
confirmed the structural assignment mentioned above but also
unambiguously established the absolute configuration of 1 as
(3S,5R,10S). Taken together, the complete chemical structure of
1 is shown in Fig. 1.

Forsyqinlingine B (2), obtained as colorless, crystalline nee-
dles after purification of the EtOH extract, also demonstrated
a positive response to Dragendoff's reagent in MeOH, con-
firming that it was, indeed, an alkaloid. Based on the [M + H]"
ion peak at m/z 258.1848 (calcd for C;,H,,NO, 258.1858) in the
HRMS (ESI positive-ion mode) spectrum of 2, a molecular
formula of C;;H,3;NO was determined. Detailed comparison of
its "H and "C NMR spectral data (Table 1) to those of 1

Fig. 4 X-ray crystal structure of compound 1.
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Fig. 5 ECD spectrum of compound 2.

indicated that 2 shared a great deal of structural similarities to
1. The notable differences in the NMR spectra between the two
compounds was the absence of the hydroxyl group at C-3 (dy
3.08, t, ] = 7.2 Hz, 1H; 6c 77.0) in 1 and the presence of one
carbonyl group at C-3 (6¢ 216.1) in 2, which was further sup-
ported by the HMBC correlations between H3-19 (04 1.03, s, 3H)
and H3;-18 (04 1.08, s, 3H) and between H-5 (64 1.86, dd, J = 2.0,
12.4 Hz, 1H) and C-3 (¢ 216.1) (Fig. 2). The relative configura-
tion of 2 was elucidated by NOESY experiments in combination
with the coupling constants in the '"H-"H COSY spectrum. The
coupling constants of Jys6, = 12.4 Hz and Jyse, = 2.0 Hz
implied that H-5 was axially oriented, while the two six-
membered rings were fused together in the ¢rans-configura-
tion. Furthermore, the H-5/CH;-18 and CH3-19/CH3-20 NOESY
correlations indicated that CH3-20 was in the B-orientation,
while H-5 was in the o-orientation (Fig. 3). We attempted to
obtain single crystals of 2 that were suitable for determining its
absolute configuration by X-ray diffraction, but we were not
successful. Therefore, the absolute configuration of 2 was
elucidated by comparing the experimental ECD spectrum with
the calculated ECD spectra of the enantiomers. As shown in
Fig. 5, the measured ECD spectrum of 2 was markedly different
from the calculated ECD spectrum of (5S,10R)-2b but was well-
fitted to the calculated ECD spectrum of (5R,10S)-2a. Thus, the
absolute configurations of the two stereogenic centers in 2 were
defined as 5R,10S, providing the complete chemical structure of
2 shown in Fig. 1.

To our knowledge, although norlabdane diterpenoids have
previously been isolated as secondary metabolites from various
plant sources,'*** this study was the first to report the isolation
of norlabdane diterpene alkaloids. Given the unique and
intriguing structures of the two trinorlabdane diterpenoid
alkaloids, a plausible biogenetic pathway for biosynthesis of
compounds 1 and 2 was proposed (Scheme 1). In this biosyn-
thetic pathway, the precursor to both 1 and 2 was traced back to
(E, E, E)-geranylgeranyl diphosphate (GGPP). First, GGPP was
converted into the general labdane-type diterpenoid i by an
acid-base catalyzed bicyclization reaction,'>** which was then
transformed into ii via the epoxidation of the A*!”) and A**(9)
double bonds. After opening of the epoxide ring, oxidative
cleavage (C13-C14 and C8-C17), and decarboxylation at C-14
and C-17, iii was transformed into v."*>* Through the use of
a selective aminotransferase and imine reductase, v was
transformed into v via the condensation of ammonia with the
methyl further underwent

ketone.'*'” Intermediate v

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed biogenetic pathway of compounds 1 and 2.

Table 2 Inhibitory activities of compounds 1 and 2 to the release of B-
glucuronidase®

Compounds Inhibition rate (%)
Ginkgolide B? 54.1 + 2.35
1 56.7 + 2.42
2 58.6 + 3.01

“ The inhibitory rates of two novel trinorlabdane diterpenoid alkaloids
gl and 2) and ginkgolide B were tested at a concentration of 10 uM.
Positive control substance.

Table 3 Anti-viral activities of compounds 1 and 2 against influenza A
(HIN1) virus and respiratory syncytial virus (RSV)

ICsp (1M, ECso (1M,
Compounds against HIN1) against RSV)
1 6.9 5.0
2 7.7 4.8

nucleophilic addition onto another ketone, followed by dehy-
dration to yield vi. Through oxidative hydroxylation of C-11 in vi
produced vii, which then generated viii by dehydration. Finally,
viii was oxidized by hydroxylase into compound 1, which was
further oxidized into compound 2.

The effects of compounds 1 and 2 and ginkgolide B (positive
control) on the release of B-glucuronidase in rat poly-
morphonuclear leukocytes (PMNs) induced by platelet

© 2021 The Author(s). Published by the Royal Society of Chemistry
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activating-factor (PAF) were measured, and the corresponding
results are shown in Table 2. Based on the bioassay results, it
was concluded that two novel trinorlabdane diterpenoid alka-
loids possessed slightly higher anti-inflammatory activities
compared to the positive control.

In vitro, compounds 1 and 2 were evaluated for their anti-
viral activities against the HIN1 virus. Two trinorlabdane
diterpenoid alkaloids showed activities; their ICs, values are
shown in Table 3. In addition, the anti-viral activities against
the RSV of compounds 1 and 2 were also tested. As a result, two
trinorlabdane diterpenoid alkaloids showed activities, as shown
in Table 3. The first isolated norlabdane diterpene alkaloids
showed better anti-viral activities against the H1N1 virus and
RSV compared with the previously isolated labdane diterpe-
noids from this plant.*®

120
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Fig. 6 Cell viability of different concentrations of compounds 1 and 2
on MDCK cells.
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Conclusions

Herein, two trinorlabdane diterpenoid alkaloids (forsyqinlingines
A-B, 1 and 2) featuring an unprecedented structural framework
were isolated and identified from the ripe fruits of Forsythia sus-
pensa. These compounds enrich the structural diversity of not only
labdane diterpenoid but also alkaloids. Furthermore, for-
syqinlingines A-B showed significant anti-inflammatory activities
by inhibiting the release of p-glucuronidase from poly-
morphonuclear leukocytes of rats, with inhibition rates in the
range 56.7-58.6%, as well as antiviral activities against influenza A
(H1N1) virus and RSV, with ICs, values in the range 6.9-7.7 pM and
ECsg values in the range 4.8-5.0 uM, respectively. The identification
of the chemical structures of these two C;,-labdane diterpenoid
alkaloids and their potentially important biological activities aim
to inspire the further development of research related to phyto-
chemicals, organic synthesis, biosynthesis, and pharmacology.

Experimental section
General experimental procedures

Optical rotations were measured on a Perkin-Elmer 241 polarim-
eter. CD spectra were obtained on a JASCO J-815 spec-
tropolarimeter. UV spectra were obtained on a Shimadzu UV-160
spectrophotometer. IR spectra were recorded on a Perkin-Elmer
683 infrared spectrometer with KBr disks. HR-ESIMS were recor-
ded on a Bruker Daltonics on a Micromass LCT mass spectrom-
eter. NMR spectra were recorded on an ECZ400S spectrometer,
with TMS as the internal standard. Silica gel (200-300 mesh) for
column chromatography (CC) and silica gel GF254 for preparative
TLC were obtained from Qingdao Marine Chemical Factory,
Qingdao, People's Republic of China. Preparative HPTLC (high
performance thin layer chromatography) was conducted on Merck
precoated silica gel 60 F254 plates, and detected under UV light.

Plant material

The ripe fruits of Forsythia suspensa (Thunb) Vahl (Oleaceae),
were collected in Qinling District, Shanxi Province, People's
Republic of China, in October 2020, and identified by Professor
Yan-Yan Zhao, School of Pharmaceutical Science, Yantai
University. Fructus forsythiae was harvested and air-dried at
room temperature in the dark. A voucher specimen (YP201165)
has been deposited at the Herbarium of School of Pharmaceu-
tical Science, Yantai University.

Extraction and isolation

The air-dried ripe fruits (30.0 kg) of F. suspensa were extracted
three times with refluxing EtOH. The solvent was removed
under reduced pressure and the resulting extract was subjected
to extraction with 2% HCI. Following this, the aqueous solution
was adjusted with NH,OH to pH 10 and extracted with CHCI;.
The organic fractions were combined, and the solvent was
evaporated under vacuum to yield the alkaloid fraction (10.4 g).
The crude alkaloid was initially subjected to column chroma-
tography (4 x 100 cm) on silica gel (330 g), eluted with gradient
mixture of cyclohexane-acetone [95 : 5, 90 : 10, 85 : 15, 80 : 20,
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75 : 25, 70 : 30, 65 : 35, 60 : 40, 55 : 45, 50 : 50, v/v] to give ten
fractions on the basis of TLC. Fraction 6 (1.1 g) was separated
firstly by CC over silica gel (70 g, eluted by petroleum ether-
acetone, 95:5-70: 30, v/v) and preparative TLC and HPTLC
(cyclohexane-ethyl acetate, 60:40, v/v), and subsequently
purified on Sephadex LH-20 (150 g, eluting with CHCl;-CH30H,
50 : 50, v/v) to afford compound 2 (72 mg). Fraction 7 (1.6 g) was
separated by CC over silica gel (90 g, eluted by petroleum ether-
acetone, 90 : 10-65 : 35, v/v), and preparative TLC and HPTLC
(CHCI;-CH;30H, 95 : 5, v/v), and then purified on Sephadex LH-
20 (150 g, eluting with CHCI;-CH3OH, 50 : 50, v/v) to afford
compound 1 (69 mg).

Forsyqinlingine A (1). Colorless needle crystals (acetone); mp
172-173 °C; [a] + 51.4 (¢ 0.43, MeOH); IR (KBI) ¥pay: 3425,
3021, 2976, 2875, 1634, 1575, 1463, 1450, 1381, and 1022 cm ™ };
'H and *C NMR data, Table 1; HR-ESIMS m/z: 260.2004 [M + H]*
(caled for C;,H,6NO, 260.2014).

Forsyqinlingine B (2). Colorless needle crystals (acetone); mp
164-166 °C; [a]p’ + 32.7 (¢ 0.49, MeOH); UV (MeOH) Apa: 196
and 272 nm; CD (MeOH) Apax (Ae): 215 (+5.94) and 251
(+1.56) nm; IR (KBI) vpmax: 3019, 2983, 2860, 1739, 1638, 1581,
1456, 1380 and 1024 cm™*; 'H and *C NMR data, Table 1; HR-
ESIMS m/z: 258.1848 [M + H]" (caled for Cy,H,,NO, 258.1858).

X-ray crystallographic analysis

Crystal data for compound 1: C;,H,;NO-2(H,0), M = 295.41, a =
9.7060 (9) A, b = 24.576 (2) A, ¢ = 14.6471 (17) A, a = 90°, 8 =
109.129 (4)°, y = 90°, V= 3300.9 (6) A>, T = 100 (2) K, space group
P1241, Z = 8, u (Cu Ka) = 0.638 mm ', 47 471 reflections
measured, 12 142 independent reflections (R, = 0.1023). The
final R, values were 0.1145 (I > 24(I)). The final wR (F) values were
0.3024 (I > 20(0)). The final R, values were 0.1218 (all data). The
final wR (F*) values were 0.3132 (all data). The goodness of fit on
F? was 1.371. Flack parameter = —0.24 (14). CCDC: 2095607.

Quantum chemical ECD calculation

The absolute configuration of compound 2 was determined by
comparing their experimental ECD spectra with the corre-
sponding quantum chemical calculated ones. One of the two
enantiomers for compound (5R,10S)-2 were arbitrary chosen for
theoretical studies. Conformational analyses were firstly carried
out via Monte Carlo searching using molecular mechanism with
MMEFF force field in the Spartan 18 program, and (5R,10S)-2
used SYBYL force field. The results showed 3 conformers for
(5R,105)-2 within an energy window of 10 kcal mol™'. The
conformers were then reoptimized using DFT at the B3LYP/6-
31G (d) level using the Gaussian 09 program. The B3LYP/6-
31G (d) harmonic vibrational frequencies were further calcu-
lated to confirm its stability.'® Three conformers of (5R,10S)-2
whose relative Gibbs free energies in the range of 0-
2 keal mol ™', were refined and considered for next step. The
energies, oscillator strengths, and rotational strengths of the
first 60 electronic excitations of (5R,10S)-2 was calculated in
methanol. The ECD spectra were simulated by the overlapping
Gaussian function (0.35 eV, +10 nm) in horizontal axis for
(5R,10S)-2, in which velocity rotatory strengths of the first 5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exited states for (5R,10S)-2 were adopted.” To get the final ECD
spectrum, the simulated spectra of the lowest energy
conformers were averaged according to the Boltzmann distri-
bution theory and their relative Gibbs free energy (G). The
theoretical ECD curve of (55,10R)-2 were obtained by directly
reverse that of (5R,10S5)-2.

Anti-inflammatory assay

The anti-inflammatory activities of two trinorlabdane diterpenoid
alkaloids (1 and 2) and ginkgolide B (as positive control) were
determined as previously described,* based on the inhibition of
the release of B-glucuronidase from rat polymorphonuclear
leukocytes (PMNs) induced by platelet activating-factor in vitro.

Anti-viral assay

Neuraminidase inhibition assay. Two trinorlabdane diter-
penoid alkaloids (1 and 2) were investigated for their inhibitory
effects on NAs from A/PR/8/34 (H1N1). This assay was per-
formed as previously described.*® The 50% inhibitory concen-
tration (ICs,) was determined by extrapolating the results from
various doses tested using a linear equation, with ribavirin as
the drug control.

Cytopathic effect reduction assay

Compounds 1 and 2 and ribavirin (as drug control) were tested
for their anti-viral activities against RSV using the cytopathic
effect (CPE) inhibition assay as described previously.*® The
concentration reducing CPE by 50% with respect to virus control
was estimated from graphic plots and was defined as ECs,.

Cytotoxicity assay. Compounds 1 and 2 were evaluated for
their cytotoxic activities using MTT assay as described previ-
ously.®® Each compound was tested in triplicate, and the
experiments were repeated three times. The results of MTT
assay of compounds 1 and 2 are shown in Fig. 6.
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