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a b s t r a c t

Hymoins A–C (1–3), three unusual polycyclic polyprenylated acylphloroglucinols (PPAPs) were isolated

from the flowers of Hypericum monogynum. Hymoin A features the first intriguing 6/5/5/5/7 penta-

cyclic caged PPAP. Hymoin B is characterized by an unprecedented rearranged 5/6/8 tricyclic ring system,

while hymoin C represents the first rearranged PPAP with a fantastic spirocyclic 5/6/7 ring system. Their

structures were established by extensive spectroscopic analysis, X-ray crystallography, and computational

methods. The plausible biosynthetic routes for the compounds were also proposed. In oleic acid (OA)-

induced HepG2 cells, all compounds exhibited significant lipid-lowering activity at the concentrations of

2–8 μmol/L. Further mechanistic study implied that compound 1 exhibited excellent lipid-lowering activ-

ity in OA-induced HepG2 cells through inhibiting the proteins of free fatty acids synthesis and improving

lipidolysis.

© 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 type of hybrid natural products, biosynthesized from

acylphloroglucinol decorated with prenyl and other prenyl deriva-

tives [1,2]. The structures of PPAPs are characterized by highly

modified ring system formed between different types of prenyl and

acylphloroglucinol core [1,2]. Their fantastic structures and excel-

lent bioactivity engaged the interests of biologists and chemists [3–

9]. It is noted that hyperforin (PPAP) is the main antidepressant ac-

tive ingredient in GNC St. John’s Wort Extract Capsules and Swisse

Mood Tablets, which is widely used as dietary supplements in Eu-

rope and the United States [10,11]. PPAPs are widely discovered in

the plants of the family Guttiferae, and more than 700 PPAPs have

been identified up to now [1,2]. During our continue study for ac-

tive PPAPs from the plants of Guttiferae [12–14], three unprece-
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dented PPAPs (Fig. 1), hymoins A–C (1–3), were identified from the

flowers of Hypericum monogynum.

To the best our knowledge, hymoin A represents the first in-

triguing 6/5/5/5/7 pentacyclic caged PPAP; hymoin B is character-

ized by an unprecedented rearranged 5/6/8 tricyclic ring system;

hymoin C is reported to be the first rearranged PPAP with a fantas-

tic spirocyclic 5/6/7 ring system. The plausible biosynthesis path-

way was also supposed. Those compounds exhibited good lipid-

lowering activity in oleic acid (OA)-induced HepG2 cells and the

mechanistic study of 1 was also investigated.

Hymoin A (1) was isolated as colorless crystal and its molecular

formula C26H36O5 was established by the positive high resolution

electrospray ionization mass spectroscopy (HRESIMS) ([M+Na]+

m/z 451.2447; calcd. 451.2455), indicating nine indices of hydro-

gen deficiency (IHDs). The 1H and 13C nuclear magnetic resonance

spectroscopy (NMR) spectra (Table S1 in Supporting information)

combined with heteronuclear single quantum coherence (HSQC)

spectrum exhibited the existence of 26 carbons, consisted of seven

methyls, five methylenes, four aliphatic and one olefinic methines,

and nine quaternary carbons (three carbonyls, δC 205.4, 207.6, and
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Fig. 1. Structures of compounds 1–3.

211.4). The aforementioned functional moieties accounted for four

IHDs, and the remaining five IHDs manifested 1 to be a pentacyclic

ring system.

The planar structure of 1 could be established by comprehen-

sive analysis of 2D NMR spectra (Fig. 2). Three segments in bold

bonds were shown in Fig. 2 from 1H–1H heteronuclear singular

quantum correlation (COSY) correlations. Obviously, HMBC corre-

lations from H-2 to C-1, C-3, and C-4, from H2–7 to C-3, C-4, and

C-5, and from H3–17 to C-1, C-5, C-6, and C-18, established ring A

with a methyl at C-6. Furthermore, a 2-methylpropanoyl group and

a prenyl group could be easily placed at C-2 and C-6, respectively

(Fig. 2), verified from HMBC correlations of H-24 to C-2 and C-23,

H3–22 to C-19 and C-20, and H2–18 to C-1, C-5, and C-6. What is

more, the HMBC correlations from H-12 to C-3, C-4, C-7, and C-8,

and from H3–16 to C-8, C-9, and C-10 could identify the fused rings

B and C. Therefore, three rings A–C were assembled, as shown in

Unit A. What’s more, the linkages of C-4 and C-14 through C-13

could be assigned from the HMBC correlations from H3–15 to C-

13 and C-14, and from H2–7 to C-4 and C-13, as shown in Unit B.

Moreover, two unconnected oxygenated quaternary carbon [δC 92.8

(C-3); δC 85.9 (C-9)] and a typical ketal carbon [δC 106.4 (C-14)],

coupled with two remaining IHDs implied that two O-bridges be-

tween C-3/C-14 and C-9/C-14 formed to assign rings D and E. Ac-

cordingly, this planar structure, featuring the intriguing 6/5/5/5/7

pentacyclic caged ring system, was defined.

The relative configuration of 1 was deduced by nuclear over-

hauser effect spectroscopy (NOESY) experiment (Fig. 2), in which

correlations of H-8/H3–16/H-10β and H-2/H-12/H3–17 implied that

these groups were cofacial and randomly assigned as β-oriented.

Inversely, the NOESY cross-peaks of H-10α/H3–15 disclosed the

α-orientations of these protons. Herein, the relative configuration

of 1 was determined in Fig. 2. Finally, the structure and absolute

configuration of 1 was confirmed by single crystal X-ray diffraction

with Cu Kα radiation in Fig. 2 (CCDC 2327212) [14].

The molecular formula of hymoin B (2), C26H38O5, with eight

IHDs, was established by the positive HRESIMS ion at m/z 453.2608

[M+Na]+ (calcd. for C26H38O5, 453.2611). The
1H NMR data dis-

played the presence of seven methyls and one olefinic proton. The
13C NMR data together with heteronuclear single quantum coher-

ence (HSQC) spectrum showed the existence of 26 carbon sig-

nals, including seven methyls, five methylenes, six methines (one

olefinic carbon), and eight quaternary carbons (one olefinic and

four carbonyl carbons). The above-mentioned functionalities ac-

counted for five IHDs, and three additional rings were required to

satisfy the remaining IHDs.

The 1H–1H COSY cross-peaks of H2–10/H2–9/H-8/H-12/H2–

13/H-1, H-5/H2–6, and H2–19/H-20 revealed that 2 features three

fragments in bonds (blue bold, Fig. 2). In the HMBC spectrum, 1H–
13C long-range correlation signals from (Fig. 2) H3–26 to C-10, C-11,

and C-12; from H2–13 to C-1 and C-14; and from H3–25 to C-6,

C-7, C-8, and C-14, revealed the presence of the 1–hydroxy-1,4-

dimethyloctahydro-5H-inden-5-one motif (rings A and B). More-

over, the HMBC correlations from H3–24 to C-2, C-3, C-4, and C-19,

and from H-5 to C-3 and C-4, together with the above established

fragments generated an eight-membered ring C. Besides, a prenyl

side chain was attached at C-3, which was verified through the

HMBC corrections from H3–22 and H3–23 to C-20 (δC 117.3) and C-

21 (δC 135.3) and from H2–19 to C-3 and C-4. A 2-methylpropanoyl

group was placed at C-5 by the HMBC corrections of H3–17 and

H3–18 to C-15 and C-16, and from H-5 to C-15 and C-16. Hence,

this structure, named hymoin B, was defined.

The relative configuration of 2 was deduced by a NOESY exper-

iment (Fig. 2). The correlations of H-9/H-1/H3–24 indicated that

these groups were cofacial and assigned as β-oriented, whereas

the correlations of 11-OH/H-8/H3–25/H-5/H-19a established the α-

orientations of these protons. The absolute configuration of this

compound was elucidated by quantum chemistry calculation. The

calculated electronic circular dichroism (ECD) spectrum matched

well with the experimental one (Fig. S2 in Supporting information)

[14]. To the best of our knowledge, this compound was the first

rearranged 5/6/8 tricyclic PPAP. The structure elucidation of com-

pound 3 was shown in Supporting information.

A plausible biosynthesis pathway for compounds 1–3 was pro-

posed (Scheme 1). Generally, the 2-methylpropanoyl was consid-

ered to be the initial precursor for these novel PPAPs [1–2]. This

Fig. 2. The key 2D NMR correlations of compounds 1 and 2 and X-ray crystallographic structure of compound 1.
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Scheme 1. The biosynthesis pathway for compounds 1–3.

could undergo different types of prenyltransferase, methyltrans-

ferase, and cyclization to get three critical intermediates, i, iv, and

vi, which could generate different PPAP skeletons (1–3). As for

compound 1, the intermediate i, underwent oxidative cleavage of a
11,14� double bond to get intermediate ii, followed by Adol reaction

between C-12 and C-3, and reduction of a ketone of C-11 to ob-

tain iii with a rare fused 5/5/6 ring system. This intermediate with

two hydroxyl groups could undergo intramolecular etherification

reaction to yield compound 1. What is more, The phloroglucinol

meroterpene intermediate iv could be oxidated and changed to a

radical intermediate v under light, followed by cyclization between

C-6 and C-7 to get compound 2. In addition, the vital intermediate

vi could undergo a series of oxidation and reduction to get inter-

mediate vii, followed by Wagner-Meerwein rearrangement to get

intermediate ix. Baeyr-Villiger oxidation occurred for this interme-

diate, followed by hydrolysis to get a polyhydroxy intermediate xi.

Intermolecular etherification and esterification happened for inter-

mediate xi to get compound 3 with the unusual spirocyclic 5/6/7

ring system.

Dysregulation of lipid metabolism contributed to the occurrence

of non-alcoholic fatty liver disease (NAFLD) [12]. In the develop-

ment of this disease, triglyceride (TG) is an important indicator of

the accumulation of free fatty acids (FFAs) and lipid. Thus, the OA-

induced HepG2 cell is applied as an anti-NAFLD model to screen

the TG concentration of those isolates [12]. As a result, all iso-

lates could inhibit the TG accumulation in OA-induced HepG2 cells

without cytotoxicity in Fig. 3A and Fig. S31 (Supporting informa-

tion) at three different concentrations (2, 4, and 8 μmol/L). Among

them, compound 1 showed the best inhibitory effect on TG accu-

mulation at the concentration of 4 μmol/L, better than the posi-

tive control atorvastatin (10 μmol/L). What is more, compound 1

also could prohibit the lipid droplet accumulation in OA-induced

HepG2 cells using oil red O (ORO) staining in a concentration-

dependent manner [15], better than the positive control (atorvas-

tatin 10 μmol/L) (Fig. 3B and Fig. S31). Therefore, compound 1 was

chosen for further mechanistic study.

FFAs synthesis and metabolism play a vital role in the occur-

rence and development of NAFLD. Thus, a series of related pro-

teins were investigated for compound 1. Three critical FFAs synthe-

sis proteins [15,16], ATP citrate lyase (Acly), acetyl-CoA carboxylase

(Acaca), and fatty acid synthase (Fasn) were checked by Western

blot, and these proteins were significantly downregulated in OA-

induced HepG2 cells treated with compound 1 for 24h. Moreover,

the AMP-activated protein kinase (Ampk) signal pathway is closely

related to FFAs synthesis and TG metabolism, and thus, was ap-

plied for our investigation. As shown in Fig. 3C and Fig. S32 (Sup-

porting information), the ratio of p-Ampkα/Ampkα was obviously

downregulated by compound 1 in OA-induced HepG2 cells. Perox-

isome proliferator-activated receptor-gamma coactivator (Pgc)−1α
and the peroxisome proliferator activated receptor α (Ppar-α) are

two vital FFAs metabolism proteins. Pgc-1α can bind to Ppar-α in

mitochondrial and indirectly contribute to fatty acid (FA) transport

and utilization, which are potential targets for the treatment of

NAFLD. Interestingly, these two proteins could be upregulated by

compound 1 (Fig. 3C and Fig. S32). In summary, compound 1 could

exhibit excellent lipid-lowering activity in OA-induced HepG2 cells

through inhibiting the proteins of FFAs synthesis and improving

lipidolysis, as shown in Fig. 3D.

In conclusion, three unusual fantastic PPAPs, hymoins A–C (1–

3), were isolated and identified from the flowers of Hypericum

monogynum. Hymoin A (1) is discovered to be the first intrigu-

ing 6/5/5/5/7 pentacyclic caged PPAP. Hymoin B is characterized by

an unprecedented rearranged 5/6/8 tricyclic ring system, while hy-

moin C features the first spirocyclic 5/6/7 ring system. Their possi-

ble biosynthetic pathways are proposed. The isolates could signif-

icantly suppress the TG concentration in OA-induced HepG2 cells

at the concentrations of 2–8 μmol/L. Compound 1 not only could

suppress the FFAs synthesis proteins, such as Acly, Acaca, and Fasn,
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Fig. 3. Effects of compounds 1–3 on lipid accumulation in OA-induced HepG2 cells and mechanistic study of 1. (A) Effects of three compounds 1–3 on the accumulation of

TG in OA-induced HepG2 cells. (B) Lipid accumulation was observed for compound 1 with ORO staining under light microscopy. (C) OA-induced HepG2 cells were incubated

with compound 1 (2, 4, and 8 μmol/L) for 24h followed by Western blot for these proteins, Acly, Acaca, Fasn, Ampkα, p-Ampkα, Pgc-1α, and Ppar-α. C., Con., or Cn, DMSO

group without adding OA; M. or Mod., DMSO group in OA-induced HepG2 cells; A. or Ato., positive control, atorvastatin (10 μmol/L). (D) Diagram of the pharmacological

mechanism of compound 1. Data were obtained as the mean ± standard deviations (n=3). ##P<0.01 vs. the control group (C.); ∗P<0.05, ∗∗P<0.01 vs. the OA group (M.).

but also could upregulate vital lipolysis proteins, Pgc-1α and Ppar-

α. Compound 1, an unprecedented PPAP, was a potential lipid-

lowering lead compound due to its excellent lipid-lowering activ-

ity.
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