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ABSTRACT: Three architecturally novel cadinane sesquiterpenoid dimers,
distahlianins A−C (1−3), were isolated from Stahlianthus involucratus. Compounds
1 and 2 are characterized by an unusual 5,6-spirocyclic scaffold annulated with
oxygenated heterocycles to form intricate 6/6/5/6/6/6 and 6/6/5/5/6/6
hexacyclic frameworks, respectively. Compound 3 features a unique dimeric
skeleton formed by two monomeric units bridged through a cyclopentane ring.
Intriguingly, structural analysis revealed a unique C14 methyl migration (C-9→C-8)
in the left monomer unit of 3, representing a new cadinane skeletal feature.
Compound 3 exhibited potent lipid-lowering activity, with mechanistic evidence
pointing to lipogenesis suppression.

Cadinane-type sesquiterpenoid dimers (CSDs) represent
structurally rare natural products,1,2 with a limited

number reported to date from higher plants�primarily within
the families Asteraceae (Artemisia3−6), Malvaceae (Gossypium2

and Hibiscus7,8), Zingiberaceae (Curcuma9−12 and Stahlian-
thus13−15), Schisandraceae (Schisandra16), and Meliaceae
(Dysoxylum17). Gossypol, the most extensively studied CSD,
exhibits diverse pharmacological properties, including anti-
fertility, antitumor, anti-HIV, and antimalarial activities.18

Stahlianthus involucratus (“Wan Gai Pie” in Dai medicine), a
traditional herb from Xishuangbanna Dai Autonomous
Prefecture (Yunnan, China), is used to treat traumatic injuries,
rheumatic pain, bleeding disorders, and venomous bites.19

Previous studies have demonstrated that its extracts are rich in
cadinane sesquiterpenoids,13−15,20 exhibiting anti-inflamma-
tory, analgesic, antipyretic, and antioxidant activities.21,22

Building upon our previous work on Zingiberaceae-derived
bioactive compounds,23−25 phytochemical investigation of S.
involucratus led to the identification of three novel CSDs,
distahlianins A−C (1−3) (Figure 1), displaying structurally

unique and diverse carbon skeleton topologies. Compounds 1
and 2 feature a unique 5,6-spirocyclic core fused with different
oxygenated heterocycles, forming complex 6/6/5/6/6/6 and
6/6/5/5/6/6 hexacyclic systems, respectively. Compound 3
displays an unprecedented dimeric architecture, where two
monomeric subunits are interconnected via a central cyclo-
pentane ring. Notably, another distinctive structural feature of
3 is the migration of the C14 methyl from C-9 to C-8 in the
left monomer unit, establishing a structurally unique monomer
motif. The putative biosynthetic pathways underlying the
formation of 1−3 were also deduced. Bioassay revealed that 3
exhibited potent antiadipogenic activity with an EC50 value of
5.27 ± 0.75 μM, showing significant inhibition of triglyceride
accumulation in differentiated 3T3-L1 adipocytes. Mechanistic
studies revealed that 3 exerted its antiadipogenic effects
through dose-dependent suppression of adipogenic regulators
(SREBP1, PPARγ) and lipogenic enzymes (FASN, ACC),
without affecting PGC1α/UCP1-mediated thermogenesis.

Distahlianin A (1) was isolated as colorless crystals from
methanol with a specific rotation of [α]28

D +170.7 (c 0.11 in
MeOH). The HRESI-MS spectrum displayed an ion peak at
m/z 461.2689 [M+H]+ (calcd 461.2686), corresponding to the
molecular formula C30H36O4 with 13 degrees of unsaturation
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Figure 1. Structures of distahlianins A−C (1−3).
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(DOUs). The IR data revealed the absorption bands for
hydroxy (3406 cm−1) and keto (1709 cm−1) groups. The 1H
NMR spectrum (Table S1, Supporting Information) showed
the characteristic proton signals for six methyls (including four
secondary and two tertiary) and four aromatic methines. The
13C NMR data (Table S1) and DEPT spectrum confirmed 30
carbon resonances, comprising one keto carbonyl, six methyls,
three methylenes, ten methines (including one oxygenated and
four aromatic), one oxygenated tertiary carbon, and nine
quaternary carbons (including eight aromatic). Given the
abundance of sesquiterpenoids in this plant,13−15,20 compound
1 was hypothesized to be a sesquiterpenoid dimer.

The gross structure of 1 was unequivocally established by
detailed elucidation of its 2D NMR correlations (Figure 2).

The 1H−1H COSY correlations of H-8/H-7/H-6 (OH-7)/H-
11/H3-12 (H3-13) and the key HMBC cross peaks of OH-1/
C-1, C-2 and C-10; H-2/C-1 and C-10; H3-15/C-2, C-3 and
C-4; H-6/C-4, C-5 and C-10; H-8/C-9 (δC 87.9) and C-14;
and H2-14/C-9 (Figure 2A) identified the presence of a 1,7,9-
trioxygenated cadinane sesquiterpenoid moiety (fragment a) in
compound 1. Similarly, fragment b (8′-oxocadinane sesqui-
terpenoid unit) was also deduced by the 1H−1H COSY
correlations of H-7′/H-6′/H-11′/H3-12′ (H3-13′) and the
HMBC correlations from H-2′ to C-1′ and C-10′; from H3-15′
to C-2′, C-3′ and C-4′; from H-4′ to C-10′; from H-6′ to C-4′,
C-5′ and C-10′; from H2-7′ to C-8′ (δC 211.5) and C-9′; and
from H2-14′ to C-8′ and C-9′. The connectivity between
fragments a and b was then fixed by the 1H−1H COSY
correlation (H-8/H2-14′) and HMBC correlation networks
(H2-14/C-9′, C-10′ and C-14′; and H2-14′/C-7 and C-9),
constructing a distinctive spiro[4.5]decane core via C14−C9′
and C14′−C8 carbon bridges (fragment c). The two
monomeric units and the spirocyclic system accounted for
12 of the 13 DOUs, indicating the presence of an additional
ring in compound 1. The formation of an oxygen-containing
heterocycle (ring C) via a C9−O−C1′ ether linkage was
established by the diagnostic downfield shifts of C-9 and C-1′
(δC 153.9). Therefore, the complete structure of 1 was
established as a novel CSD, featuring an unprecedented 5,6-
spirocyclic core annulated with an oxygenated heterocycle to
form a complex 6/6/5/6/6/6 ring system.

The relative configuration of compound 1 was primarily
determined by ROESY experiment (Figure 2B). Key ROESY
correlations of H-6/H-7, H-7/H-14α and H-14′α, H-14α/H-
14′α, H-7′α/H3-12′ arbitrarily defined their α-orientation,
while the ROESY cross-peaks of H-8/H-11 and H3-12, H-6′/

H-7′α and H-7′β established the β-direction for H-8 and H-6′.
The configurations at C-9 and C-9′ remained unassigned due
to limited evidence. Single crystals of 1 suitable for X-ray
diffraction were successfully obtained in methanol. The X-ray
crystallographic analysis (CCDC number 2470166) unambig-
uously determined the absolute configuration of 1 to be 6S, 7S,
8R, 9S, 6′S, 9′R (Flack parameter = 0.15(9); Figure 3).

Distahlianin B (2) was assigned the molecular formula
C30H36O5, exhibiting a specific rotation of [α]20

D −24.0 (c 0.07
in MeOH). The observed 16 mass unit increment relative to 1
suggests the introduction of an additional oxygen atom in its
structure. Comprehensive analysis of the 1D NMR data (Table
S1) and 2D NMR correlations (Figure S1) confirmed that 2
retains the characteristic 5,6-spirocyclic CSD framework
present in 1, but incorporates a modified oxygenated
heterocyclic system. The diagnostic hydroxyl signal for OH-9
(δH 5.66, s), combined with the conclusive HMBC correlations
from OH-9 to C-9, C-10 and C-14, established the presence of
a free hydroxy group at C-9. Comprehensive analysis of the
molecular formula, degrees of unsaturation, and the chemical
shifts of C-14 (δC 98.3) and C-1′ (δC 158.1) confirmed the
formation of an oxygen-containing five-membered heterocycle
(ring C) through a C14−O−C1′ ether linkage. The gross
structure of compound 2 was thus established as a spiro CSD
incorporating a 6/6/5/5/6/6 polycyclic skeleton.

The relative configuration of 2 was determined by ROESY
analysis (Figure S1). Key correlations of H-8/H-11, H3-13 and
H-14′β; OH-9/H-8, H-14 and H-14′β; H-6′/H-7′α and H-
7′β; H-7′α/H3-12′; and H-7/H-6 and H-14′α indicated the β-
orientation for H-8, OH-9, H-14 and H-6′, and α-orientation
for H-6 and H-7, respectively. The ROESY cross peaks of H-
11′/H-14′α and H-14′β implied an R*-configuration at C9′ in
2. Apart from the oxygen-containing ring difference, the
distinct C-9 configuration in compounds 1 and 2 likely
accounts for their opposite optical rotations ([α]28

D +170.7 for
1 and [α]20

D −24.0 for 2) and inverted Cotton effects (205−
287 nm, Figures 4 and S2). The absolute configuration of 2
was finally established as 6S, 7S, 8R, 9S, 14R, 6′S, 9′R through
TDDFT-based ECD calculations (Figure 4), which exhibited
good agreement with the experimental spectrum.

Figure 2. Selected 1H−1H COSY, HMBC (A), and ROESY (B)
correlations of 1.

Figure 3. Single-crystal X-ray structure of 1 (displacement ellipsoids
were drawn at the 35% probability level).
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Distahlianin C (3) was assigned the molecular formula
C30H34O5 with 14 DOUs as determined by HRESI-MS
analysis (ion peak observed at 497.2294 [M+Na]+, calcd
497.2298) and 13C NMR data. 1D NMR data (Table S1) and
DEPT analysis identified a 30 carbon sesquiterpenoid dimer
skeleton13−15,20 comprising seven methyls (4 secondary, 3
tertiary), two keto carbonyls, one methylene, eight methines
(including four olefinic), two oxygenated tertiary carbons, and
ten olefinic quaternary carbons. The identified functional
groups accounted for 9 of the 14 DOUs, with the remaining
ones establishing a pentacyclic ring system for compound 3.

The planar structure of 3 was elucidated through
comprehensive 2D NMR spectroscopic analysis (Figure 5).

The left sesquiterpenoid monomeric unit (fragment a) was
deduced from the 1H−1H COSY correlations of H-7/H-6/H-
11/H3-12 (H3-13) and the HMBC networks of OH-1/C-1, C-
2 and C-10, H-2/C-10, H3-15/C-2, C-3 and C-4, H-4/C-5 and
C-10, H-6/C-4, C-5 and C-10, H-7/C-8 and C-9, OH-8/C-7,
C-8 and C-9, and H2-14/C-7 and C-8. Remarkably, fragment a
undergoes an unprecedented C9→C8 migration of C-14
methyl relative to canonical cadinane framework, generating a
novel carbon skeleton. In addition, the sesquiterpenoid
fragment b (right side) was confirmed by the 1H−1H COSY
cross peaks of H-7′/H-8′ and H3-12′/H-11′/H3-13′ and the
HMBC correlations of OH-1′/C-1′, C-2′ and C-10′, H3-15′/
C-2′, C-3′ and C-4′, H-11′/C-5′, C-6′ and C-7′, H-7′/C-5′,
H-8′/C-10′, and H3-14′/C-8′, C-9′ and C-10′. The two units
were ultimately linked via a cyclopentane ring (ring C) through
key HMBC correlations of H-7/C-1′, H2−14/C-1′/C-2′, and
OH-1′/C-7′, forming an unprecedented 6/6/5/6/6 pentacy-
clic CSD skeleton for 3. The ROESY correlations of H-7/H-6,
H-11, H3-12 and H3-14′; and H-6/H3-14′ indicated that H-6
and H-7 were α- and β-directed, respectively. Furthermore, the
coupling constant between H-6 and H-7 is 1.6 Hz, and the
dihedral angle between them is approximately 70°, which is
consistent with the Karplus equation. The β-configurations of

OH-8 and OH-1′ were proposed based on the ROESY
correlation of H3-15 and H3-12′ and spatial structure analysis.
Quantum chemical NMR calculations at the PCM/
mPW1PW91/6-31+G(d,p) level for all four diastereomers
(Figure S3) further confirmed the 8S*,1′S*-3 configuration
through both optimal linear regression parameters (13C: R2 =
0.9994; 1H: R2 = 0.9892) and definitive DP4+ analysis (100%
probability, Figures S5−S6). Finally, the absolute configuration
of 3 was established as 6R, 7S, 8S, 1′S through comparative
ECD analysis, demonstrating excellent agreement between
calculated and experimental spectra (Figure 4).

The proposed biosynthetic routes for 1−3 are outlined in
Schemes 1 and 2. Cadinane-type sesquiterpenoids, which are

prevalent constituents of S. involucratus,20 function as the
monomeric building blocks for the formation of 1−3.
Monomers a and b are likely derived from the known
compounds involucratusol G and D20, respectively, which are
characteristic constituents of Stahlianthus involucratus, and
were thus proposed as their plausible biosynthetic precursors.
Michael addition between a and b would afford intermediate i,
which would subsequently be oxidized to epoxy intermediate
ii. Epimeric intermediates iii and iv result from C-9′-initiated
epoxy ring opening of ii, with 1 deriving from iii dehydration
and 2 forming via C-14 oxidation of iv followed by C-1′−C-14
dehydration (Scheme 1). Regarding compound 3, we initially
postulated the C-14 methyl migration in its left fragment,
proposing that involucratusol D undergoes an α-ketol
rearrangement to generate the key intermediate vi.26 The
monomer vii, formed via dehydration of vi, undergoes Michael
addition with 2,3-dihydrocadalenequinone27 to yield dimeric
intermediate ix. Sequential oxidation and hydration of ix then

Figure 4. Experimental and calculated ECD spectra of 1−3.

Figure 5. Selected 1H−1H COSY, HMBC (A), and ROESY (B)
correlations of 3.

Scheme 1. Plausible Biosynthetic Pathways for 1 and 2

Scheme 2. Plausible Biosynthetic Pathways for 3
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produce intermediate x, which ultimately converts to 3 through
photoisomerization28 (Scheme 2).

Antiadipogenic effects of compounds 1−3 were assessed
using Oil Red O staining and triglyceride quantification in
3T3-L1 preadipocytes. All isolates reduced lipid accumulation
at 20 μM with 3 exhibiting the strongest, dose-dependent
inhibition (EC50 = 5.27 ± 0.75 μM, SI = 6.34) (Table S10 and
Figure S7). During 3T3-L1 preadipocyte differentiation, core
regulators peroxisome proliferator-activated receptor gamma
(PPARγ, essential for adipogenesis29−31) and sterol regulatory
element-binding protein (SREBP1, a master transcription
factor in de novo lipogenesis32) are activated, driving
triglyceride accumulation through enhanced activity of
lipogenic enzymes-notably fatty acid synthase (FASN) for
long-chain fatty acid synthesis and acetyl-CoA carboxylase
(ACC) catalyzing acetyl-CoA to malonyl-CoA conversion.
Parallelly, stimulation of adipose thermogenesis through the
proliferator-activated receptor-γ coactivator-1α (PGC-1α)/
uncoupling protein 1 (UCP1) signaling axis induces white
adipose tissue browning and promotes beige adipocyte
activation,33−36 providing a complementary approach. Mech-
anistic studies revealed that 3 suppressed adipogenesis via
downregulation of key adipogenic transcription factors
(PPARγ and SREBP-1) and lipogenic enzymes (FASN and
ACC), independent of PGC-1α mediated thermogenesis
(Figure 6).

In summary, three unprecedented CSDs, distahlianins A−C
(1−3), were isolated from S. involucratus. Structurally,
compounds 1 and 2 contain a distinctive 5,6-spirocyclic
system that annulated with oxygenated heterocycles to
construct intricate 6/6/5/6/6/6 and 6/6/5/5/6/6 hexacyclic
frameworks, respectively. Compound 3 represents the first
reported cadinane dimer bridged by a cyclopentane ring.
Significantly, 3 demonstrated potent antiadipogenic effect via
selective lipogenesis suppression (PPARγ/SREBP1-FASN/
ACC axis), unveiling a novel class of potential lipid-modulating
natural products.
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(34) Yan, M.; Audet-Walsh, É.; Manteghi, S.; Dufour, C. R.; Walker,

B.; Baba, M.; St-Pierre, J.; Giguer̀e, V.; Pause, A. Chronic AMPK
activation via loss of FLCN induces functional beige adipose tissue
through PGC-1α/ERRα. Genes Dev. 2016, 30, 1034−1046.
(35) Ringholm, S.; Knudsen, J. G.; Leick, L.; Lundgaard, A.; Nielsen,

M. M.; Pilegaard, H. PGC-1α is required for exercise- and exercise
training-induced UCP1 up-regulation in mouse white adipose tissue.
PloS One 2013, 8, No. e64123.
(36) Chen, S.; Liu, X.; Peng, C.; Tan, C.; Sun, H.; Liu, H.; Zhang,

Y.; Wu, P.; Cui, C.; Liu, C.; Yang, D.; Li, Z.; Lu, J.; Guan, J.; Ke, X.;
Wang, R.; Bo, X.; Xu, X.; Han, J.; Liu, J. The phytochemical
hyperforin triggers thermogenesis in adipose tissue via a Dlat-AMPK
signaling axis to curb obesity. Cell Metab. 2021, 33, 565−580e7.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.5c03471
Org. Lett. 2025, 27, 10843−10848

10848

https://doi.org/10.1021/acs.jafc.1c08038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.1c08038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.1c08038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2022.132901
https://doi.org/10.1016/j.tet.2022.132901
https://doi.org/10.3762/bjoc.17.172
https://doi.org/10.3762/bjoc.17.172
https://doi.org/10.1039/c29690000380
https://doi.org/10.1039/c29690000380
https://doi.org/10.1038/sj.ijo.0802907
https://doi.org/10.1038/ncomms13683
https://doi.org/10.1038/ncomms13683
https://doi.org/10.1038/ncomms13683
https://doi.org/10.1038/s42003-024-06063-2
https://doi.org/10.1038/s42003-024-06063-2
https://doi.org/10.1016/j.molmet.2021.101428
https://doi.org/10.1016/j.molmet.2021.101428
https://doi.org/10.1016/j.molmet.2021.101428
https://doi.org/10.1016/j.ejphar.2020.173689
https://doi.org/10.1016/j.ejphar.2020.173689
https://doi.org/10.1016/j.ejphar.2020.173689
https://doi.org/10.1101/gad.281410.116
https://doi.org/10.1101/gad.281410.116
https://doi.org/10.1101/gad.281410.116
https://doi.org/10.1371/journal.pone.0064123
https://doi.org/10.1371/journal.pone.0064123
https://doi.org/10.1016/j.cmet.2021.02.007
https://doi.org/10.1016/j.cmet.2021.02.007
https://doi.org/10.1016/j.cmet.2021.02.007
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c03471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

