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Hyperforatone A (1), the 1,8-seco rearranged polycyclic polyprenylated acylphloroglucinol, possessed an
unusual bicyclo[5.4.0]lundecane skeleton bearing a 5/7/6/5 ring system, and two known biosynthetically
related precursors (2 and 3) were isolated from Hypericum perforatum (St. John’s wort). The structure
and absolute configuration were unambiguously confirmed by a combination of comprehensive spectro-
scopic data, computational methods including residual dipolar couplings (RDCs), and X-ray crystallogra-
phy. Density functional theory (DFT) calculations revealed that the cationic cyclization reaction was key
to proposed formation mechanism for hyperforatone A. Furthermore, in vitro and in vivo experiments
demonstrated that compound 1 was a potential anti-neuroinflammatory agent.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polycyclic polyprenylated acylphloroglucinols (PPAPs) are
a special secondary metabolites from the genus Hypericum.
Acylphloroglucinol core decorated with prenyl and isoprenyl
groups can further be oxidized and cyclized to build the com-
plexity and diversity of PPAPs [1,2]. So far >1000 members of the
PPAPs have been reported, of which the majority is the typical
[3,3,1]nonane-2,4,9-trione core PPAPs [3]. Biosynthetically, bicyclic
PPAPs can be further cyclized to caged PPAPs or be oxidized to
open the ring to generate seco-PPAPs [2]. The seco-PPAPs were
considered to be formed by the cleavage of chemical bonds
at different positions, including 1,2-seco, 2,3-seco, 3,4-seco, 1,9-
seco, 1,2;4,5-diseco [2,4-6]. Around 40 intriguing architectures of
seco-PPAPs were characterized [7].

Recently, diverse carbon skeletons of PPAPs were continuously
reported from H. perforatum (St John’s wort), an antidepressive
traditional chinese medicine, and other hypericum plants, such
as hyperfol A, hyperforen A, hymoins A-C and monosescinol A
[8-13]. As part of our continuing search for novel bioactive sub-
stances from Hypericum plants [14-18], chemical investigation on
the EtOH extract of the aerial parts of H. perforatum led to the
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discovery of hyperforatone A (1), as well as two known precur-
sors, 3-hydroxyhyperforin-3,9-hemiketal (2) [19] and hyphenrone
A (3) [20]. Compound 1 was a 1,8-seco rearranged PPAP bearing
a rare bicyclo[5.4.0]lundecane carbon skeleton (Fig. 1). In prepar-
ing process for this paper, we found that hyperforatone A (1) was
the same structure as hyperlanin A [21], a PPAP originally isolated
from a distinct plant, Hypericum lancasteri. Noteworthily, we per-
formed an accurate identification of the relative and absolute con-
figurations using residual dipolar couplings (RDCs), nuclear mag-
netic resonance spectroscopy (NMR) and electronic circular dichro-
ism (ECD) calculations due to the presence of multiple quaternary
stereocenters in compound 1. Moreover, density functional the-
ory (DFT) calculations were used to reveal a reasonable forma-
tion mechanism for carbocation process of 1 compared to the rad-
ical reaction. In addition, neuroinflammation is one of the crucial
factors in the development of depression. Compound 1 displayed
a significant anti-neuroinflammatory effect in lipopolysaccharide
(LPS)-induced BV-2 microglial cells and zebrafish model, thereby
providing new additional evidence for the antidepressant effect of
H. perforatum. Herein, we describe the structural elucidation, hy-
pothetical biogenetic pathway, and biological activity of the isola-
tion (1).

Hyperforatone A (1) was isolated as colorless crystals. Its molec-
ular formula was assigned as C35Hs,05 according to pseudomolec-
ular ion peak at m/z 553.3884 [M+H]|* (calcd. for C35Hs30s,
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Fig. 1. Chemical structure of 1.

553.3887) in positive high resolution electrospray ionization mass
spectroscopy (HR-ESI-MS) spectrum, corresponding to 10 degrees
of unsaturation. Three olefinic protons [§y 4.96 (1H, overlap), 4.93
(1H, overlap) and 4.77 (1H, t, J=7.8Hz)], two characteristic dou-
blet methyls of isopropyl [y 1.16 (d, J=6.6 Hz), 1.13 (d, J=6.6 Hz)],
and nine singlet methyls (§y 1.68-1.04) were presented in the 'H
NMR spectrum. In the 13C NMR and distortionless enhancement
by polarization transfer (DEPT) 135 spectra, 35 carbon signals were
assigned, including 11 methyls, 6 methylenes, 6 methines, and 12
quaternary carbons. Among them, a ketone (6c 205.8), an ester
carbonyl (¢ 174.3), three isoprenyl groups (5c 138.0, 136.2, 133.3,
123.3, 117.8, 115.9, 31.2, 31.2, 29.3, 26.4, 26.2, 26.0, 18.1, 18.1, 18.0),
two olefinic carbons (§c 148.5, 110.0), three oxygenated carbons
(8¢ 93.2, 90.0, 81.3), and an isopropyl group (§¢c 31.8, 20.5, 20.4)
were distinguished (Table 1). Since 1 had 10 degrees of unsatu-
ration, while a ketone, an ester carbonyl, and four olefinic bonds
simply accounted for 6 degrees of unsaturation, 1 should bear an-
other four rings. The above analysis showed that 1 was a tetracyclic
PPAP-derivative.

The completed assignment for protons and carbons of 1 was ad-
dressed by 2D NMR experiments (Fig. 2). From 'H-H correlation
spectroscopy (COSY) experiment, five fragments, a (H,-27/H-28),
b (Hy,-22/H-23), ¢ (Hy-17/H-18), d (H3-12/H-11/H3-13) and
e (H,-33/H,-34/H-35), were observed. The heteronuclear multi-
ple bond correlation (HMBC) correlations from H,-17 to C-3/C-4,
from H,-22 to C-4/C-5/C-6, from H,-27 to C-6/C-7, and from
H,-6 to C-4/C-5/C-7/C-8 undoubtedly confirmed that the con-
nectivity of C-3/C-4/C-5/C-6/C-7/C-8. The 2-hydroxyl-3-methyl-1,1-
disubstuted-1-butenyl group at C-1 position was confirmed by the
HMBC correlations from the proton of 10-OH to C-1/C-10/C-11 and

Table 1

TH (500 MHz) and *C NMR (125 MHz) data of 1 in CDCls.
No. Sy (J in Hz) Sc No. Sy (J in Hz) Sc
1 110.0 22a 2.47 dd (14.6, 7.5) 31.2
2 90.0 22b 2.40 dd (14.6, 7.5)
3 93.2 23 4.93 overlap 117.8
4 205.8 24 136.2
5 53.2 25 1.66 s 18.0
6 a181,b1.61 m 37.5 26 1.65 s 26.2
7 1.72 m 41.8 27 a2.15,b1.62 m 29.3
8 49.3 28 4.96 overlap 1233
9 174.3 29 1333
10 148.5 30 1.53s 18.1
11 2.72 m 31.8 31 1.68 s 26.0
12 1.16 d (6.6) 20.5 32 1.04 s 16.3
13 1.13 d (6.6) 20.4 33 a181,b 126 m 37.5
17a 3.00 dd (14.7, 6.8) 31.2 34 a1.82,b 1.65 m 27.7
17b 2.64 dd (14.7, 8.5) 35 2.53 overlap 49.6
18 4.77 t (7.8) 115.9 36 81.3
19 138.0 37 1.22's 30.4
20 1.63 s 18.1 38 132s 222
21 1.63 s 26.4 OH 6.98
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Fig. 2. Key 2D NMR correlations for 1.

H-11 to C-1/C-10. The two methyls (§c 30.4, 22.2; 6y 1.22, 1.32)
were located at oxygenated C-36 by the HMBC correlations of H3-
38 to C-36/C-37 and H3-37 to C-35. The HMBC correlations from
H3-32 to C-33, from H,-33 to C-2, and from H-35 to C-1/C-2/C-
10/C-33/C-34 conclusively indicated that the connections of C-1/C-
2/C-8/C-33/C-34/C-35. The fused two rings A and C through the
bridge of C-2/C-8 bond were confirmed by critical the HMBC cor-
relations from Hy,-17 to C-2 and H3-32 to C-2/C-7/C-8. An inter-
nal ester bridge between C-3 and C-5 (ring B) was deduced by the
HMBC correlation from H,-22 to C-9, along with the characteristic
downfield chemical shifts of C-3 at ¢ 93.2 and C-5 at §¢c 53.2. In
addition, ring D was formed via an ether bond which connected
C-2 at 6¢ 90.0 with C-36 at §¢ 81.3.

The relative configuration of 1 was determined by the anal-
ysis of its nuclear overhauser effect spectroscopy (NOESY) spec-
trum (Fig. 2). The correlations of H3-32/H,-27/H,-33, H,;-33/H,-
34/H-35, H;-27/H;-6 and H-35/H3-37 suggested that H,-27, H3-
32, Hy-33, Hz-34, H-35 and H3-37 were in the same orientation.
In addition, the Z configuration of A(10) double bond was deter-
mined by the NOE correlation of H-35/H-11. RDCs were a power-
ful tool for the relative configuration analysis of complicated natu-
ral products [22]. To further validate the above assignment for 1,
RDCs were successfully applied to determine its relative config-
uration. Total couplings (1Tcy), scalar couplings (!Jcy), and resid-
ual dipolar couplings (1Dcy) were calculated in a 2.9% oligopep-
tide amphiphile (OPA) aligned medium, and the corresponding Q
factors were used to evaluate the possibility of relative configu-
rations. The eight possible diastereomeric configurations were ob-
tained. The (2R*,3R*,55*,7R*,85%,355*)—1a had the best fitting with
the lowest Q factor of 0.012 (Fig. 3). Moreover, the calculated 3C
NMR chemical shifts of (2R*,3R*,55*,7R*,85*,355*)-truncation of 1
was quite consistent with the experimental chemical shifts, with a
good linear correlation coefficient (R2, 0.9983), a lower mean ab-
solute error (MAE, 1.7) and a lower corrected mean absolute error
(CMAE, 1.7) (Tables S4 and S5 in Supporting information).

The absolute configuration was further confirmed by the ECD
calculation. The calculated ECD spectrum of (2S,3S,5R,75,8R,35R)—1
was fully matched with the experimental ECD spectrum with pos-
itive Cotton effect around 200 and 225nm and negative Cotton

Q factor
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Fig. 3. Corresponding Q factors of the RDCs for the eight possible diastereomeric
configurations of 1.
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Fig. 5. Oak ridge thermal ellipsoid plot (ORTEP) drawing of 1.

effect around 310 nm (Fig. 4). Finally, the orthorhombic crystals of
1 were obtained from acetone, and the single-crystal X-ray diffrac-
tion analysis (Cu Ka) [Flack parameter=—0.06(6)] unequivocally
confirmed the structural assignments (Fig. 5). Thus, the absolute
configuration of 1 was clarified as 2S,3S,5R,7S,8R,35R.

To the best of our knowledge, two biosynthetic pathways,
cationic and radical cyclization, are involved in the carbon skele-
ton rearrangement of PPAPs [7,23-25]. To assess the feasibility of
5/7/6/5 ring system formation in the biosynthesis of 1, the chemi-
cal computation was performed.

Based on the calculated results of the cationic process
(Scheme 1 and Fig. 6), 1 might derive from hyperforin (HF), the

attack
from C35 to C1
-

attack
from O to C36
-

Scheme 1. Plausible biosynthetic pathway of 1.
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Fig. 6. The calculated energy profile (kcal/mol) with DFT for the carbocation pro-
cess of compound 1.

antidepressant constituent of St John’s wort, via a crucial interme-
diate hemiketal 2. Then, 2 cleaved the C-1/C-9 bond via a retro-
aldol mechanism to form a five-membered lactone fragment (B
ring) of 3 with free energy of —22.47 kcal/mol. The carbonyl car-
bon (C-2) occurred to protonation. Then the key intermediate (i) of
the seven-membered A ring was produced by the heterolytic cleav-
age of the C-1/C-8 bond and the formation of the C-2/C-8 bond
which the tert-alkyl anion of C-8 attacked to the carbonyl cation of
C-2 [26,27]. The process needed to overcome the activation barrier
(AG=32.78 kcal/mol). It was easier to form the C ring through the
pair of electrons of the olefinic bond at C-35 attacking to the cation
of C-1 to afford the intermediate ii by transition structure (TS_8)
with an activation free energy barrier of 1.97 kcal/mol. It tended to
form the D ring from intermediate ii to intermediate iii, because
of the distance (3.65A) between the oxygen at C-2 and the carbon
of C-36, a barrier-free and exergonic step (AG=—4.20kcal/mol).
Finally, 1 was obtained by the ketone/alcohol conversion, which
the process included protonation of the carbonyl O under acidic
condition (TS_9a with a free energy of —37.35kcal/mol) and depri-
vation of the proton at C-1 position (TS_9b with a free energy of
—7.68 kcal/mol).

A radical process of 1 was also speculated and calculated with
the DFT (Scheme S1 and Fig. S17 in Supporting information). The
radical transition state (TS_13) might be produced under irradia-
tion conditions, which triggered the radical reaction chain. As we
all know, the radical intermediate might undergo S-fragmentation
(1,8-seco) to produce a tert-alkyl radical and an enol anion sub-
stituent [28]. Then, the tert-alkyl radical (C-8) might add to the
a-carbon radical (C-2) of the enol anion group to produce the
seven-membered A ring (intermediate iv) [29,30]. However, the
steps from 3 to intermediate iv proceed through overcoming
activation free energy of 78.34kcal/mol. The formation of the
C ring (intermediate v) could be produced by two steps of
the radical cyclization via transition structure (TS_14) with bar-
rier of 20.35kcal/mol. The formation of D ring (intermediate vi)
was a highly exergonic step (AG=-72.60kcal/mol). For the ke-
tone/alcohol conversion, the protonation of TS_9a was barrier-
free and exergonic, and the proton at C-1 position was deprived
through an activation barrier (AG = 45.03 kcal/mol). At this level of
calculation, it was concluded that the biosynthetic proposal for the
formation of 1 through the cationic cyclization reaction was feasi-
ble compared to the radical reaction.

We evaluated the anti-neuroinflammatory activities of com-
pounds 1-3 and HF using LPS-induced BV-2 microglial cells model
and S-methylisothiourea (SMT) as a positive control. The results
showed that compound 1 and HF exhibited moderate inhibition of
nitric oxide (NO) production with half maximal inhibitory concen-
tration (ICsg) values of 31.00 and 21.68 pmol/L, respectively. The
IC5q value of SMT was 5.93 pmol/L. Compounds 2 and 3 showed no
significant NO inhibition with ICsy values greater than 50 pmol/L
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Fig. 7. Effects of compound 1 on NO production and neuronal apoptosis in LPS-
induced zebrafish. (A, C) NO production and neuronal apoptosis were imaged us-
ing fluorescence microscopy. (B, D) Mean fluorescence intensity and the number
of apoptotic cells were quantified using Image ]. #*###P < 0.0001 vs. control (DMSO)
group; *P < 0.05, ****P < 0.0001 vs. LPS group (ns, no significance).

(Table S12 in Supporting information). None of these tested drugs
showed significant cytotoxicity against BV-2 cells at the tested con-
centrations (Fig. S20 in Supporting information). In addition, we
tested the effect of each drug at 40 pmol/L on LPS-induced NO
production and the number of apoptotic nerves in the head using
zebrafish larvae. The results showed that compound 1, HF and SMT
significantly inhibited LPS-induced NO production and markedly
reduced the number of neuronal apoptosis in the head of zebrafish
larvae. Compounds 2 and 3 did not show significant inhibitory ac-
tivity at this concentration (Figs. S22 and S23 in Supporting infor-
mation). This is basically consistent with the results of intracellular
activity.

Inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) play key roles in the production of pro-inflammatory me-
diators. Western blot analysis revealed that 1 downregulated the
expression of iNOS and COX-2 in LPS-stimulated BV-2 microglial
cells (Figs. S24B-D in Supporting information). In addition, we
measured NO production and neuronal apoptosis in LPS-induced
zebrafish. As shown in Figs. 7A and B, NO production was sig-
nificantly increased when zebrafish larvae were stimulated with
LPS. Conversely, NO level was notably reduced in a dose-dependent
manner after treatment with compound 1. Furthermore, 1 signif-
icantly reduced the neuronal apoptosis in the head of zebrafish
after LPS stimulation (Figs. 7C and D). The results in zebrafish
demonstrated that 1 exerted anti-neuroinflammatory effects by in-
hibiting NO production and neuronal apoptosis.

In summary, a novel PPAP, hyperforatone A (1) was isolated
from the aerial parts of H. perforatum. Compound 1 was a bi-
cyclo[5.4.0]undecane architecture by 1,8-seco rearranged reactions.
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The cationic cyclization was favored to construct rare carbon skele-
ton by DFT calculations. Its structure may attract particular atten-
tion of organic synthesis and phytochemists. In addition, 1 showed
a moderate anti-neuroinflammatory effect in LPS-induced BV-2 mi-
croglial cells and zebrafish.
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