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Abstract Hyperimonates A (1) and B (2), two minor polycyclic polyprenylated acylphloroglucinols

(PPAPs) with unprecedented hexahydro-1H-cyclopenta[c]furan-1-one and 2-oxabicyclo[2.2.1]heptane

ring system were isolated from Hypericum monogynum. To obtain adequate materials for biological

research, the asymmetric total syntheses of 1 and 2 were completed from commercially available geraniol

via a bioinspired strategy that features an Au(I)-catalyzed carbometallic cascade cyclization and a Mn

(III)/Cu(II) mediated oxidative radical cyclization as vital steps. Biological study implied that compound

1 showed excellent lipid-lowering activity in vitro via inhibiting two signaling pathways, Notch and

PPAR, further verified by non-alcoholic fatty liver disease (NAFLD) zebrafish model. These findings pro-

vide a new structural template for the treatment of NAFLD and asymmetric synthetic approaches could

also facilitate further evaluation for drug development.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), characterized by

excessive fat accumulation in hepatocytes, has emerged as a

leading cause of chronic liver disease worldwide1. The global

prevalence of NAFLD in adults is estimated at 30.2%, rising to

70% among patients with type II diabetes mellitus1,2. Clinically,

various lipid-lowering drugs, such as resmetirom, atorvastatin, and

pioglitazone, are used to treat NAFLD2,3. However, these drugs

are often associated with side effects, including diarrhea, stomach

pain, constipation, and nausea. Natural products (NPs) have long

been recognized as valuable sources of inspiration for drug dis-

covery4. Consequently, identifying new anti-NAFLD lead com-

pounds from natural sources with minimal or no side effects

presents a promising approach. A significant challenge, however,

is that many bioactive NPs are isolated in small quantities,

limiting their potential for further in vitro and in vivo mechanistic

studies. To address this issue, the “Iso-

lation—Synthesis—Functionality” strategy has been developed5—7,

offering a new pathway to accelerate the discovery of anti-

NAFLD lead compounds.

Polycyclic polyprenylated acylphloroglucinols (PPAPs) are

biogenetically derived from acylphloroglucinol cores extensively

modified with prenyl, geranyl, or more complex side chains8—9. To

date, over 600 PPAP derivatives have been identified from the

Guttiferae family8—9. These compounds exhibit unique structures

and remarkable bioactivities, including antidepressant, anti-

inflammatory, AChE inhibitory, Cav3.1 agonist, lipid-lowering,

and anti-Alzheimer’s properties10—15. Notably, hyperforin

(Fig. 1), the most well-known PPAP, is recognized as the primary

antidepressive component in St. John’s wort (Hypericum perfo-

ratum) and GNC St. John’s Wort Extract Capsules8. Due to their

structural complexity and potential as pharmaceutical leads,

PPAPs are highly attractive in the areas of NPs, medical chemistry,

and total synthesis16—21.

Mining novel types of NPs from traditional Chinese Medicine

is a promising way to develop new lead compound for the

treatment of NAFLD. Hypericum monogynum Linn., a medicinal

plant, was applied to cure hepatitis, conjunctivitis, and acute lar-

yngopharyngitis13. Thus, as part of our ongoing research, this

plant was applied for our study, which obtained a pair of rare

polycyclic polyprenylated acylphloroglucinols (PPAPs). Structur-

ally, compounds 1 and 2 feature rare hexahydro-1H-cyclopenta[c]

furan-1-one and 2-oxabicyclo[2.2.1]heptane ring systems

(Fig. 1A). However, due to the limited quantities obtained, further

evaluation of their anti-NAFLD activity was hindered. To address

this, we report the isolation, structural elucidation, asymmetric

total synthesis, and in vitro and in vivo anti-NAFLD activity of

these compounds.

2. Results and discussion

2.1. The structure elucidation of compounds 1 and 2

Hyperimonate A (1) has a molecular formula of C20H30O4 with

six indices of hydrogen deficiency (IHDs) according to the pro-

tonated ion peak at m/z 335.2219 ([M + H]+ Calcd. for C20H31O4:

335.2217) in the high-resolution electrospray ionization mass

spectroscopy (HR-ESI-MS). Detailed analysis of the 1H and 13C

NMR data (Supporting Information Table S1) implied that com-

pound 1 was a PPAP with a tetracyclic structure. According to the
1H-1H COSY spectrum, the following two partial structures with

bold bonds were constructed: C-4—C-8 and C-13—C-17 (Fig. 1B).

In the HMBC spectrum, the key correlations of Me-10 with C-3,

C-4, and C-7; gem-dimethyl (Me-11 and Me-12) with C-8 and

C-9; and H2-13 with C-1, C-2, C-3, and C-8 were observed.

Furthermore, a γ-lactone ring was deduced based on two char-

acteristic chemical shifts, C-9 (δC 83.5) and C-1 (δC 172.1), and

the gross structure of unit A was constructed. Similarly, the

HMBC correlations from Me-22 to C-14, C-17, and C-18 and

from gem-dimethyl (Me-20 and Me-21) to C-15 and C-19, along

with the downfield-shifted signals at C-18 (δC 85.4) and C-19 (δC
79.7), established unit B. Thus, the planar structure of 1 was

Figure 1 Structures of hyperimonates A (1) and B (2) and their structural elucidation.
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established. However, we could not determine its relative

configuration due to the lack of sufficient key NOESY correla-

tions. Fortunately, suitable crystals of 1 were obtained from

MeOH and analyzed via single-crystal X-ray diffraction

(Supporting Information Fig. S1), which further confirmed its

planar structure and absolute configuration (Fig. 1B). The struc-

ture elucidation of compound 2 is described in the Supporting

Information (Supporting Information Figs. S2 and S3).

To ascertain whether the two novel compounds (1 and 2) were
inherent components of the plant, liquid chromatography-mass

spectrometry (LC—MS) analysis was conducted for the crude

extract and two compounds (Supporting Information Figs.

S4—S6). The results implied that these two compounds were

indeed present in the crude extract of the plant. Interestingly,

compounds 1 and 2 were interconvertible slowly when stored in

methanol (MeOH) at room temperature. In order to investigate the

transformative conditions, compound 1 was submitted to ther-

modynamic, acidic (TsOH) and basic (Et3N) conditions. As a

result, temperature was found to be the main factor, and the

mutual transformation rate of compounds 1 and 2 increased when

one of the two compounds was stirred in MeOH at higher tem-

peratures (Supporting Information Fig. S7-1—S7-2).

2.2. Asymmetric hypothesis and retrosynthetic analysis

Compounds 1 and 2 were identified as a new class of PPAPs, featuring

an unprecedented 5/5-5/5 ring system. Based on PPAPs analysis, a

plausible biogenetic pathway for these compounds is proposed in

Scheme 1A. Initially, similar to other PPAPs, intermediate i could
be biosynthesized from acylphloroglucinol through the action of

Scheme 1 Plausible biosynthetic pathways and retrosynthetic analysis of hyperimonates A (1) and B (2).

Scheme 2 Asymmetric synthesis of intermediate 3 via a carbometallative formal (3 + 2) cyclization.
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isopentenyl and methyl transferases, as well as oxidase8,9. This inter-

mediate could undergo epoxide opening and intramolecular

etherification cyclization to generate intermediate ii, followed by

Baeyer-Villiger oxidation to obtain lactone iii. After undergoing ring

cleavage via saponification and retro-Aldol-type fragmentation, the 7-

membered lactone experiences alkene epoxidation to form interme-

diate iv. The epoxide opening-induced cyclization of iv and subsequent
lactonization could generate compounds 1 and 2 as the final products.

Given that the isolated amounts of 1 (4.2 mg) and 2 (3.5 mg) are

not sufficient for further bioassay studies, we initiated a project to

develop an efficient synthetic strategy for these NPs. Our synthetic

strategy features two bioinspired formal (3 + 2) annulations for the

rapid construction of two bicyclic systems (Scheme 1B). In retro-

synthesis, the γ-lactone ring was first disassembled in a retro

(3 + 2) manner, mimicking the process in which ß-keto ester (iv)
could be converted to 1 and 2 in the biosynthesis pathway (Scheme

Table 1 Oxidative radical cascade cyclization.

Entry Conditions Yielda (%)

1 16 2

1 Fe(ClO4)3, CH3CN, 50
◦C —b

2 Mn(OAc)3, AcOH 80 ◦C —b

3 Mn(OAc)3, Cu(OAc)2, AcOH, 40
◦C —b

4 Mn(OAc)3, Cu(OAc)2, EtOH, 80
◦C —b

5 Mn(OAc)3, Cu(OAc)2, CH3CN, rt —b

6 Mn(OAc)3, Yb(OTf)3, TFE, rt 14 4 0

7 Mn(OAc)3, Cu(OTf)2, TFE, 80
◦C 10 0 0

8 Mn(OAc)3, Cu(OTf)2, CH3CN, 80
◦C 37 18 4

9 Mn(OAc)3, Cu(OTf)2, CH3CN, 40
◦C 55 20 5

aIsolated yield of the indicated products.
bDecomposition of the substrate.

Scheme 3 Possible reaction process of the formal (3 + 2) radical cyclization.
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1). In the forward direction, we envisioned that metal-mediated

oxidative radical formation could initiate a cascade cyclization to

construct the cyclopenta[c]furanone in one step22. We expected that

C-4 chirality plays an important role in controlling the stereo-

chemistry at C-2 and C-8 in this process. ß-Keto ester 3 was divided

into three fragments, methyl acetate, chiral enal 4 (with both R- and

S-configurations), and hypermonone G (5), a natural product also

isolated from H. monogynum by our group. Fragment coupling

could be achieved by sequential Aldol reaction and α-alkylation of

methyl acetate. The key fragment, hypermonone G (5), could then

Figure 2 Effects of compounds 1 and 2 on lipid accumulation in OA/Fr-induced HepG2 cells. (A—D) Effects of compounds 1 and 2 on the

accumulation of TG in OA/Fr-induced HepG2 cells and their toxicity. (E, F) Lipid accumulation was observed for com. 1 with ORO staining.

Results are expressed as the mean ± standard deviations (SD) (n � 3), scale bar � 100 μm ##P < 0.01 and ###P < 0.001 compared with the

control group; **P < 0.01 and ***P < 0.001 compared with the model group.

Figure 3 The mechanistic study of compound 1 on the lipid accumulation in HepG2 cells. (A—F) Proteomic study when treated with 1. (A)

Principal component analysis (PCA). (B) Model (M) vs. control (CN) differentially expressed proteins (DEPs) volcano diagram. (C) Com. 1 vs. M

DEPs volcano diagram. (D) DEPs between M and CN group, as well as com. 1 and M. group. (E) Clustering heat map of differential protein

expression in the three groups. (F) KEGG pathway enrichment analysis.
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be traced back to alkene 6 via diastereoselective hydroboration-

oxidation. Bicycle 6 may arise from a carbometallative formal

(3 + 2) annulation from precursor 723—26 (Supporting Information

Table S2), which is inspired by the biosynthetic process from i to ii.

Intermediate 7, a known material, can be prepared from geraniol.

2.3. Total synthesis of hyperimonates A and B

Our synthesis of hyperimonate A (1) commenced with the enan-

tioselective synthesis of enynol 7 (Scheme 2)27, which was readily

prepared in decagram scales from genraniol by Sharpless asym-

metric epoxidation, chlorination, and then BuLi-promoted double

elimination (3 steps, 58% yield, er � 94:6)12. To realize the first

bioinspired formal (3 + 2) design, enyol 7 was subjected to

several Au(I) conditions to carry out carbometallic cascade

cyclization28. Gratifyingly, after treatment with PPh3AuCl/AgBF4,

bridged oxabicycle 6 was successfully obtained in 85% yield. The

key to producing this high yield was using toluene as the solvent.

The reaction mechanism may involve a cationic Au(I)-induced

carbometallic addition of the terminal alkyne by the trisubsti-

tuted alkene, followed by interception of the newly formed tertiary

carbocation with the hydroxyl group. With the oxabicyclic system

established, a hydroboration-oxidation procedure provided

hypermonone G (5) as a single diastereoisomer. This stereo-

chemical outcome could be attributed to the steric effect of the

C-20 methyl group, which forces the boration reagent to access

from the opposite side.

With key fragment 5 in hand, we explored the installation of

the remaining atoms to construct cyclopenta[c]furanone (Scheme

2). We initially attempted to realize alkylation between methyl

acetate or its ß-keto ester derivative and iodinated or sulfonylated

5. However, these fragment couplings were unsuccessful, pre-

sumably due to the strict requirement of orbital overlap in SN2

reactions as well as the steric effect of the bulky bicycle moiety.

As a solution, the primary alcohol was oxidized to the corre-

sponding aldehyde 9, which was then subjected to nucleophilic

addition and condensation. Although direct Knoevenagel

condensation with ß-keto esters failed to yield the desired

coupling product, 9 reacted well with Wittig reagent 10 in refluxed

benzene to provide olefination product 11 as an E/Z mixture. After

the double bond was hydrogenated, methyl ester 12 was depro-

tonated by LDA to participate in an Aldol reaction with chiral

Figure 4 Effect of compound 1 on the expression levels of proteins in OA/Fro-induced HepG2 cells. (A, G) The expression levels of proteins were

analyzed by Western blot in OA/Fro-induced HepG2 cells after treatment with compound 1 for 48 h. (B—F, H—M) Schematic diagram showing the

mechanism of the protective effect of compound 1 on lipid metabolism disorder. Results are expressed as the mean ± SD (n � 3). #P < 0.05,
##P < 0.01 and ###P < 0.001 compared with the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the model group.
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aldehyde 4, which could be readily prepared in 2 steps from

propionyl chiral oxazolidinone. A subsequent Dess-Martin

oxidation then furnished ß-keto ester 3 in good yield.

At this stage, the remaining task is to construct the cyclopenta

[c]furanone by the second formal (3 + 2) design. To realize the

radical cyclization-lactonization cascade, we initially employed

Fe(ClO4)3 as the oxidant, which was reported to participate in a

similar ring construction process by Yang and coworkers (Table 1,

entry 1)29. However, these conditions and the other Fe(III) oxi-

dants only led to decomposition of our substrate30,31. Then, we

shifted the reaction conditions to the well-studied Mn(III) sys-

tem32. Typical Mn(III) oxidative conditions, such as heating with

Mn(OAc)3 or adding Cu(OAc)2 as the co-oxidant, caused the

substrate to decompose33,34; while the usage of Mn(OAc)3 and Yb

(OTf)3 was a fruitful effort (Table 1, entries 2—5; Supporting

Information Table S3)35,36. Under these conditions, the desired

natural product 1 was obtained in 14% yield, and a monocyclized

side product 16 was obtained in 4% yield (Table 1, entry 6).

Encouraged by these findings, we investigated the use of different

additives. Although changing the additive to Cu(OTf)2 decreased

the reaction efficiency (entry 7), further study on different solvents

demonstrated that Burton’s conditions (Mn(OAc)3, Cu(OTf)2,

CH3CN, 80 ◦C) could significantly improve the yield of 1 to 37%

(Table 1, entry 8)37,38. Furthermore, when a lower reaction tem-

perature was used (40 ◦C), hyperimonate A was obtained in 55%

yield, together with 20% yield of 16 (entry 9). With these con-

ditions, we also isolated small amounts of hyperimonate B (2),

which may be generated from 1 via epimerization during the

heating process (entries 8, 9). Additionally, monocyclized product

16 was found to be easily transformed to 1 by Mukaiyama hy-

dration39,40. The NMR spectral data of synthesized 1 and 2 were

in good accordance with those of the isolated compounds

(Supporting Information Tables S4 and S5), and the structure of

our synthetic material 1 was unambiguously determined via X-ray

crystallography.

The mechanism of this formal (3 + 2) cyclization presumably

involves initial Mn(III) oxidation of the ß-keto ester to generate

radical 12 (Scheme 3), which likely undergoes cyclization with

the trisubstituted alkene to tertiary radical 13. This radical can

then be oxidized by Cu(II) to carbocation 14, which can be

sequentially intercepted by the spatially adjacent ester group,

yielding NPs 1 and 2. Otherwise, radical 13 or carbocation 14 can

also undergo direct ß-H elimination to generate side product 16.

Notably, the reaction is highly diastereoselective, and no other

stereochemical isomer was isolated from the reaction mixture.

This stereochemistry may result from the bulky oxabicyclo[2.2.1]

heptane moiety, which may play an important role in securing the

pseudo-equatorial position of the C-10 methyl group and forcing

the alkenyl group to adopt an s-trans conformation in 12. As a

result, the isopropyl group and the methyl ester in intermediate 13

exhibited a cis configuration.

2.4. Lipid-lowering activity of hyperimonates A and B

With adequate amounts of 1 and 2 available, they were evaluated

for their lipid-lowering effects on a hepatic steatosis model

induced by oleic acid (OA) and fructose (Fro) in HepG2 cells41-43.

As shown in Fig. 2A and C, both compounds 1 and 2 (Com. 1 and

2) did not exhibit toxicity on HepG2 cells at concentrations from

1.25 to 10 μmol/L. At the same time, compounds 1 and 2

exhibited concentration-dependent inhibition of triglyceride (TG)

production caused by OA/Fro at three different concentrations

(2.5, 5, and 10 μmol/L) (Fig. 2B and D), higher than the lipid-

lowering drug atorvastatin (Ato). Further oil red O (ORO) stain-

ing experiment was conducted in HepG2 cells, and the results

were consistent with the TG inhibition of compound 1 (Fig. 2E

and F).

To further investigate the mechanism of compound 1, we

conducted proteomics to find the protein expression profile of

model cells (OA/Fr-induced HepG2 cells) closely related to the

Figure 5 Schematic diagram showing the mechanism of the protective effect of Com. 1 on lipid metabolism disorder.
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lipid-lowering activity. Results show that the principal component

analysis (PCA) plot exhibited a clear separation among the three

groups where compound 1 group was located much closer to the

control group (CN.) than the model group (M.) alongside PC1,

indicating compound 1 group has a higher similarity to the CN.

group, rather than the M. group (Fig. 3A). Differentially expressed

proteins (DEPs) were filtered (M. vs. CN., Com. 1 vs. M.) by the

P-adjusted value (P < 0.05), and fold change (absolute FC > 1.2)

was displayed in Fig. 3B and C. And 103 up-regulated proteins

and 173 down-regulated proteins were observed in the OA/Fro-

induced HepG2 cells after compound 1 treatment compared

with the model group (Fig. 3D). Among them, 60 proteins were

commonly altered. Heatmap analysis showed that intervention

with compound 1 reversed the abnormal expression levels of 60

proteins in metabolism disorder cells caused by OA/Fro, returning

them to near normal levels (Fig. 3E). Then, a KEGG pathway

enrichment analysis of DEPs was performed. The results

demonstrated that the therapeutic mechanism of compound 1 in

OA/Fro-induced HepG2 cells primarily involves modulation of

multiple signaling pathways, such as the regulation of hemato-

poietic cell lineage, hypertrophic cardiomyopathy, dilated car-

diomyopathy, PPAR signaling pathway, Notch signaling pathway,

arrhythmogenic right ventricular cardiomyopathy, TNF signaling

pathway, adipocytokine signaling pathway, cytosolic DNA-

sensing pathway, ECM-receptor interaction, and apelin signaling

pathway (P < 0.05, Fig. 3F). Among these, the PPAR and Notch

signaling pathways―known to play critical roles in lipid meta-

bolism and NAFLD progression44,45―were selected for further

mechanistic investigation.

On the one hand, branched-chain ketoacid dehydrogenase ki-

nase (Bckdk), a key upstream regulator in the PPAR signaling

pathway under NAFLD conditions, was significantly upregulated.

What’s more, Bckdk was considered to be a potential target for the

treatment of NAFLD, and several inhibitors were designed and

synthesized46. Its upregulation enhanced the expression of lipo-

genic proteins (Acly and Srebp-1c) while concurrently inhibiting

the expression of key fatty acid oxidation regulators (Pparα and

Cpt-1)47. In our study, OA/Fro-induced hepatic steatosis

Figure 6 Effects of compound 1 on NAFLD induced by fructose and egg yolk in zebrafish. (A) Representative images of the lateral view were

obtained from vehicle (0.1% DMSO) or drug-exposed zebrafish larvae (Com. 1: 2.5—10 μmol/L or Ato: 10 μmol/L). Green and red dotted lines

indicate the outer margins of the liver and yolk sac, respectively. (B—D) Liver and yolk sizes obtained from com. 1 and Ato exposed zebrafish

larvae were quantitated. (E, F) Oil Red O staining was performed to observe changes in lipid accumulation in the tail vasculature of zebrafish.

Results are expressed as the mean ± SD (n � 10). ##P < 0.01 and ###P < 0.001 compared with the CN group; *P < 0.05, **P < 0.01, and

***P < 0.001 compared with the M group.
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significantly upregulated the expression of lipogenic proteins, with

Bckdk, Acly, and Srebp-1c increasing by 92.01%, 49.17%, and

55.30%, respectively, compared to the control group (Fig. 4).

Conversely, several fatty acid oxidative proteins (Pgc-1α, Pparα,

and Cpt-1) were significantly downregulated in the steatosis group

(Fig. 4). When treated with compound 1, the expression of Bckdk

and Acly were reduced in a dose-dependent manner, and subse-

quently down-regulated the proteins of Pgc-1, Pparα, and Cpt-1.

Moreover, Srebp-1c, a key transcription factor for de novo fatty

acid synthesis48, was increased when treated with compound 1

(Fig. 4). Notably, the lipid-lowering efficacy of compound 1 was

comparable to, or superior to, that of the positive control ator-

vastatin (Ato), demonstrating its significant therapeutic potential

against OA/Fro-induced hepatic steatosis.

On the other hand, the Notch signaling pathway begins with

the interaction between delta-like protein receptor or Jag1 receptor

and Notch receptors 1—4, promoting de novo lipogenesis via

mTOR/Srebp-1c, which leads to lipid accumulation in the liver

and the occurrence of NAFLD44,48. Among these, Notch 3 is

significantly upregulated due to glucolipid metabolism disorders,

and thus the lipid synthesis related proteins (Srebp-1c, Acaca, and

Scd-1) were also increased49. Consistent with previous reports,

our study found that the expression of Notch 3 and p-mTOR

proteins was higher by 59.54% and 42.10%, and the expressions

of Srebp-1c, Acaca, and Scd-1 were down-regulated by 55.30%,

41.04%, and 39.61%, respectively, in the OA/Fro-induced hepatic

steatosis group compared with that in the control group (Fig. 4).

When treated with compound 1, the expressions of Notch 3 and p-

mTOR were significantly decreased, prohibiting the lipid

synthesis-related proteins (Srebp-1c, Acaca, and Scd-1) (Fig. 4).

In summary, compound 1 exhibited good inhibitory effects on

PPAR and Notch signaling pathways via prohibiting two vital

proteins, Bckdk and Notch 3, and induced subsequent changes of

fatty acid oxidative and lipid synthesis related proteins (Fig. 5).

Zebrafish have emerged as an important model for studying

lipid metabolism disorders and NAFLD pathogenesis50—53. To

evaluate the lipid-lowering activity of compound 1 in vivo, the

nonalcoholic fatty liver disease (NAFLD) zebrafish (Tg: cy3-

EGFP) model was established by feeding fructose and egg yolk.

As shown in Fig. 6A—D, the liver size of NAFLD zebrafish was

gradually decreased when treated with concentrations of com-

pound 1 ranging from 2.5 to 10 μmol/L, as indicated by the liver

area, liver/yolk sac ratio, and green fluorescent intensity analysis.

Additionally, ORO staining showed that the optical density of the

NAFLD zebrafish tail in the compound 1 group was obviously

reduced in a dose-dependent manner compared to the model group

(Fig. 6 E and F). These results suggest that compound 1 can

decrease the lipid content and liver size of NAFLD zebrafish

induced by fructose and egg yolk, which was comparable to the

positive drug atorvastatin (10 μmol/L).

3. Conclusions

In summary, hyperimonates A and B (1 and 2), the first PPAP

featuring a rare 5/5-5/5 ring system, were isolated and charac-

terized in low quantities from the flowers of H. monogynum. Due

to the presence of two bicyclic systems connected by a methylene

group, compounds 1 and 2 were interconvertible at elevated

temperatures. Inspired by their biosynthetic pathway, an asym-

metric total synthesis of 1 and 2 was achieved in 11 steps from

commercially available geraniol. The key oxabicyclo[2.2.1]

heptane system was constructed through a formal carbometallic

(3 + 2) cascade cyclization in one step, while the cyclopenta[c]

furanone ring was formed via an oxidative formal (3 + 2) radical

cascade. Compound 1 demonstrated significant suppression of

lipid accumulation by inhibiting the Notch and PPAR signaling

pathways in vitro, outperforming atorvastatin. This effect was

further validated using a NAFLD zebrafish model. To the best of

our knowledge, this is the first report of PPAPs with potential anti-

NAFLD activity through the inhibition of two critical proteins,

Notch 3 and Bckdk. In future work, the HFD-induced NAFLD

mouse model will be applied to further validate efficacy, phar-

macokinetics, and long-term safety. This study exemplifies the

“Isolation—Synthesis—Functionality” strategy in natural product

research. Compounds 1 and 2 represent novel structural templates

for the development of anti-NAFLD drugs. The bioinspired total

synthesis of these unprecedented PPAPs enables further evaluation

for drug development.

4. Experimental

4.1. General experimental procedures

See Supporting Information

4.2. Plant materials

The flowers of H. monogynum were collected in June 2018, in

Guiyang, Guizhou Province of China, which were identified by

Dr. Wei Gu. A voucher specimen (H20180601) was deposited at

the Natural Products Research Center of Guizhou Province.

4.3. Extraction and isolation

The air-dried flowers of H. monogynum (9 kg) were extracted with

MeOH at room temperature to obtain 1.2 kg of crude residue,

which was subjected to silica gel chromatography eluted with

petroleum ether/EtOAc (100:0 → 0:100, v/v) and then CHCl3/

MeOH to yield seven major fractions (A—G). Fraction D (220 g)

was fractionated by a RP-C18 column chromatography eluted

with a gradient of MeOH/H2O (40:60 → 100:0) to give five

subfractions (D1—D5). Fraction D3 (26 g) was loaded on a silica

gel column (petroleum ether/acetone, 100:0 → 0:100, v/v) to

afford six fractions (D1a—D1f). Subsequently, fraction D1e (1.6 g)

was repeatedly chromatographed over silica gel and Sephadex

LH-20 column to afford a major component, which was further

purified by semi-preparative HPLC (MeOH-H2O, 58:42, v/v) to

afford 1 (4.2 mg) and 2 (3.5 mg), respectively.

4.3.1. Hyperimonate A (1)

Colorless crystals; m.p. 131—132 ◦C; [α]
25
D +34.00 (c 0.20,

MeOH); UV (MeOH) λmax 203 and 273 nm; IR (KBr) vmax 1764,

1729, 1455, 1378, 1267, 1168, 948, 906 cm− 1; CD (MeOH) λ (Δε)

221 (+30.50), 262 (+1.11), 280 (+2.19), 309 (− 4.16); for 1H

NMR and 13C NMR data, see Table S1; HR-ESI-MS m/z 335.2219

([M+H]+, Calcd. for C20H31O4: 335.2217).

4.3.2. Hyperimonate B (2)

White amorphous solid; [α]
25
D —10.00 (c 0.20, MeOH); UV

(MeOH) λmax 203 and 278 nm; IR (KBr) vmax 1770, 1729, 1459,

1378, 1268, 1154, 958, 909 cm− 1; CD (MeOH) λ (Δε) 221

(− 0.87), 239 (− 2.11), 304 (+57.08); for 1H NMR and 13C NMR
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data, see Table S1; HR-ESI-MS m/z 357.2037 ([M + Na]+, Calcd.

for C20H30O4Na: 357.2036).

4.4. X-ray crystallographic analyses

Crystals of compound 1 were obtained by using the solvent vapor

diffusion method. The single-crystal X-ray diffraction data were

recorded on a Bruker D8 QUEST instrument (Cu Kα radiation).

Crystals were kept at 100.(2) K during data collection. The

crystallographic data of those compounds in standard CIF format

were deposited at the Cambridge Crystallographic Data Centre.

The data can be accessed free of charge at http://www.ccdc.cam.

ac.uk/.

Crystal data for compound 1: C20H30O4, M � 334.44,

a � 10.6243(3) Å, b � 11.7624(3) Å, c � 15.5372(4) Å,

α � 90◦, ß � 108.1470(10)◦, γ � 90◦, V � 1845.07(9) Å3,

T � 100.(2) K, space group P1211, Z � 4, μ(Cu

Kα) � 0.658 mm− 1, 46654 reflections measured, 7127 indepen-

dent reflections (Rint � 0.0226). The final R1 values were 0.0284

(I > 2σ(I )). The final wR(F2) values were 0.0967 (I > 2σ(I )). The

final R1 values were 0.0285 (all data). The final wR(F2) values

were 0.0967 (all data). The goodness of fit on F2 was 0.966. Flack

parameter � 0.07(2). CCDC: 2015561.

4.5. Syntheses

The synthesis procedure and NMR data (Supporting Information

Figs. S8—S82) are shown in the Supporting Information

4.6. Cell culture and viability

The human liver-derived cell line HepG2 was obtained from the

Procell Life Science & Technology Co., Ltd. (Wuhan, China).

HepG2 were maintained in DMEM supplemented with 10% ultra-

low endotoxin fetal bovine serum, 100 IU/mL penicillin, and 100

IU/mL streptomycin. Cells were incubated at 37 ◦C in a 5% CO2

humidified atmosphere. Cell viability was measured using the

MTT assay. HepG2 cells were seeded in 96-well plates

(1 × 104 cells per well) for 12 h, and the culture was removed and

washed with PBS. Subsequently, each well was added the fresh

cell culture medium (10% FBS) with oleic acid (0.5 mmol/L) and

fructose (2 mmol/L), and then with or without different concen-

trations of compound 1 and 2 (1.25, 2.5, 5, and 10 μmol/L) for

48 h. The cell viability was determined by colorimetry with

100 μL of DMEM containing 5 mg/mL MTT at 37 ◦C for 4 h.

After 150 μL DMSO was added for 10 min, the optical density

was measured at 490 nm using a microplate reader; complete

medium was used as a blank control. Each assay was replicated in

five wells, and each experiment was repeated three times.

4.7. Analysis of lipids in cells

HepG2 cells in the logarithmic growth phase were seeded in 6-well

plates at a density of 2.5 × 105 cells per well. After 12 h, the cells in

the 6-well culture plates were washed with PBS, and the medium

(10% FBS) was added, containing oleic acid (0.5 mmol/L)-bovine

serum albumin (OA-BSA) and fructose (2 mmol/L) complex in the

presence or absence of compounds 1 (2.5, 5, and 10 μmol/L) and

positive drug (Atorvastatin, 10 μmol/L) for 48 h. The medium with

BSA only was selected as the control. The triglyceride (TG) levels

in HepG2 cells were determined in accordance with the instructions

of the kits. To analyze the intracellular lipid accumulation, HepG2

cells were stained using oil red O (ORO). Briefly, the cells were

washed two or three times with PBS and fixed with 4% para-

formaldehyde for 25 min at room temperature. Then, the cells were

stained for 40 min in a freshly filtered 0.5% ORO solution at

room temperature. The cells were washed using a 60% isopropanol

solution for 15—20 s to remove the background staining. The

lipid droplet accumulation in HepG2 cells was detected under a

microscope. To quantify intracellular lipid accumulation in HepG2

cells, isopropanol (300 μL) was added to each group followed by

shaking at room temperature for 15 min. The extracted dye was

collected, and a microplate reader monitored its absorbance at

510 nm.

4.8. Protein extraction

Total protein was extracted from cells by using lysis buffer (PTM

Bio, Hangzhou, China), which consists of 8 mol/L urea and 1%

protease inhibitor cocktail. Briefly, the sample was ground with

liquid nitrogen into cell powder and then transferred to a centri-

fuge tube. After that, four volumes of lysis buffer were added to

the cell powder, followed by sonication for 3 min on ice using a

high-intensity ultrasonic processor (Scientz). The remaining

debris was removed by centrifugation at 12,000×g at 4 ◦C for

10 min. Finally, the supernatant was collected and the protein

concentration was determined with BCA kit according to the

manufacturer’s instructions. The protein sample was added with 1

volume of pre-cooled acetone, vortexed to mix, and then added

with 4 volumes of pre-cooled acetone, precipitated at − 20 ◦C for

2 h. The precipitate was washed 2 to 3 times with the pre-cooled

acetone. The protein sample was then redissolved in 200 mmol/L

TEAB and ultrasonically dispersed. Trypsin was added at a 1:50

trypsin-to-protein mass ratio for the first digestion overnight. The

sample was reduced with 5 mmol/L dithiothreitol for 30 min at

56 ◦C and alkylated with 11 mmol/L iodoacetamide for 15 min at

room temperature in darkness. Finally, the peptides were desalted

by Strata X C18 SPE column (Phenomenex, CA, USA) and vac-

uum-dried.

4.9. Western blotting

This section was performed in accordance with the former reports.

Briefly, total proteins from liver tissues were extracted with RIPA

lysis buffer (Beyotime, China) containing 1% PMSF (Roche,

Switzerland). After centrifugation at 16,099 × g at 4 ◦C for

15 min, the supernatant of the lysate was collected and the protein

concentration was detected by BCA method (Solarbio, China).

The proteins of samples were released by boiling in SDS loading

buffer, separated on SDS—PAGE gels and transferred onto the

PVDF membrane (0.22 μm, Merck KGaA, Germany). After

blocked with 5% nonfat-milk for 2 h at room temperature, the

membranes were incubated with primary antibodies overnight at

4 ◦C, including Bckdk (ab128935, Abcam), Cpt-1 (ab234111,

Abcam), Ppar-α (ab178865, Abcam), Acaca (ab45174, Abcam),

Scd-1 (#2438, CST), Srebp-1c (AF6283, Affinity), Notch3

(AF7548, Affinity), Pgc-1 (AF5395, Affinity), and ß-actin

(AF7018, Affinity). After washing by TBST three times (10 min

each), the membrane was developed with a secondary antibody.

The antibodies were diluted according to the manufacturer’s in-

structions. Finally, immunoreactive protein signals were spotted

by the Odyssey Infrared Imaging System. ß-actin served as an

internal loading control.
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4.10. Zebrafish maintenance

The transgenic zebrafish line Tg (cy3: EGFP) was sourced from

Zebrafish Drug Screening Platform of Shandong Academy of

Sciences (Jinan, China). The adult zebrafish were housed in an

aquaculture facility with 14 h light and 10 h darkness photoperiod

at 28 ◦C. Before mating, adult male and female zebrafish were

separated in a breeding tank at a ratio of 2:1. After the light on the

next morning, embryos were generated by natural mating. The

embryos were collected within 1 h of spawning and rinsed thrice

with fresh water. The clean embryos were maintained in medium

(5 mmol/L NaCl, 0.17 mmol/L KCl, 0.4 mmol/L CaCl2, and

0.16 mmol/L MgSO4) within the incubator at the same tempera-

ture and photoperiod. All the experimental procedures were car-

ried out under the approval of the Biology Institute, Guizhou

Medical University Animal Ethics Committee (Approval number:

SYXK 2023-0002).

4.11. Hepatoprotective activity assay

The well-developed zebrafish larvae at 5 days post-fertilization

(dpf) were randomly transferred to a 6-well plate with 20 larvae

per well. To test the hepatoprotective activity of compound 1,

zebrafish were treated with egg yolk and fructose (1:1) at a con-

centration of 0.1 g/100 mL for 48 h. Following the treatment, the

medium was removed and the zebrafish were washed with fresh

water. Subsequently, the zebrafish larvae at 7 dpf were added to

the fresh medium with different concentrations of compound 1

(2.5, 5, and 10 μmol/L) and positive drug (Atorvastatin, 10 μmol/

L) for 24 h. Those exposed solely to egg yolk and fructose were

served as the model group. The zebrafish maintained in fresh fish

water without any treatment were utilized as the blank control. At

8 dpf, the larvae were anesthetized with tricaine (Sigma) and

immobilized in 3% methylcellulose (Beyotime, Shanghai, China),

and then were observed and photographed under a fluorescence

microscope (SZX16; Olympus, Tokyo, Japan).

4.12. Oil red O staining

To prepare the oil red O working solution, 0.5 g of oil red O

powder (Sigma) is fully dissolved in 100 mL of isopropanol and

stored at 4 ◦C in the dark. Before use, the stock solution was

diluted with distilled water at a ratio of 3:2 (v/v), and then was

thoroughly filtered through the 0.22 mm micropore filter to obtain

the working solution without sediment. After treatment, zebrafish

larvae were fixed in 4% paraformaldehyde at 4 ◦C overnight,

followed by dehydration in a sequential gradient of 25%, 50%,

75%, and 100% propylene glycol/phosphate-buffered saline (PBS)

for 10 min, respectively. The larvae were then stained with the oil

red O working solution overnight at room temperature, and

rehydrated in 100%, 75%, 50%, and 25% propylene glycol/PBS.

The pathological changes were observed using the stereomicro-

scope. The staining of lipid drops by oil red O was quantified

using ImageJ to obtain the integrated optical density (IOD).
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