Chinese Chemical Letters 35 (2024) 109682

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Holotrichones A and B, potent anti-leukemic lindenane-type ®)
sesquiterpene trimers with unprecedented complex carbon skeletons =

from a rare Chloranthus species

Xue-Jiao Wang?P, Jun-Li XinP, Hong Xiang®, Ze-Yu Zhao??, Yu-Hang HeP, Haibo Wang¢,
Guangyao Mei®¢, Yi-Cheng Mao®*, Juan Xiong®*, Jin-Feng Hu?b*

3 Institute of Natural Medicine and Health Products, School of Pharmaceutical Sciences, Zhejiang Provincial Key Laboratory of Plant Evolutionary Ecology

and Conservation, Taizhou University, Taizhou 318000, China
b School of Pharmacy, Fudan University, Shanghai 201203, China
¢ Zhejiang Hongyuan Pharmaceutical Co., Ltd., Linhai 317016, China

ARTICLE INFO ABSTRACT

Article history:

Received 13 January 2024
Revised 19 February 2024
Accepted 20 February 2024
Available online 1 March 2024

Keywords:

Chloranthus holostegius var. trichoneurus
Holotrichones

Lindenane-type sesquiterpene trimers
Acute myeloid leukemia

Cell apoptosis

Two lindenane-type sesquiterpene (LDS) trimers with unprecedented carbon skeletons, holotrichones A
(1) and B (2), were obtained from the whole plant of Chloranthus holostegius var. trichoneurus by a ul-
tra performance liquid chromatography-photodiode array detector-mass spectrometry (UPLC-PDA-MS)-
guided isolation strategy. Compound 1 represents the first LDS trimer incorporating a unique 3/5/6/6-
fused framework, in which a lindenane-type monomer and the 2-methylbutyryl substituent of an LDS
dimer is bridged by a six-membered ring system. Compound 2 is the first hetero-trimer fused by an LDS
dimer with a p-benzoquinone-meroterpenoid, featuring an unusual 3/5/6/6/3/5/6/6/6 nonacyclic system
fused by the sesquiterpenoid unit and a 2-geranyl-6-methyl-2,5-cyclohexadien-1,4-dione moiety. In com-
pound 2, the dimeric LDS moiety is equipped with a rare oxaspiro[4.5]decane system. Their structures,
including absolute configurations, were established by spectroscopic methods, GIAO NMR calculations
and DP4-+ probability analyses, electronic circular dichroism (ECD) calculations, and single-crystal X-ray
diffraction analysis. The plausible biogenetic pathway speculation indicated that hetero- and homo-Diels-
Alder additions may dominate the formation of these highly fused polycyclic frameworks. Both com-
pounds 1 and 2 induced the human acute myeloid leukemia MV-4-11 cell death via apoptosis induction,
which deserves further investigation on this new chemical class of LDS oligomers for their anti-leukemic

potential.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Acute myeloid leukemia (AML) is the most common adult acute
leukemia, which is a heterogeneous hematopoietic malignancy that
arises from the dysregulation of cell differentiation, proliferation,
and cell death [1,2]. The risk factors associated with the onset of
AML include long-term exposure to radiation and chemicals such
as benzene, smoking, genetic disorders, blood disorders, and oth-
ers [3]. AML accounts for over 80,000 deaths globally per an-
num, with this number expected to double over the next two
decades [1]. It is one of the worst survival rates of all cancers.
The estimated 5-year overall survival is 31.7%, but only 9.4% for
patients 65 years and older at diagnosis [1,4]. Strategies to treat
AML, including a refinement of the conventional chemotherapy
regimens, hypomethylating agents, and molecular targeted drugs
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(e.g., venetoclax®, midostaurin®, enasidenib®, and mylotarg®),
have been developed in recent years. The advent of various small-
molecule inhibitors and immune-targeted drugs has brought hope
to patients who cannot tolerate intensive chemotherapy or with
relapsed/refractory AML [5-7]. Nevertheless, AML remains a ma-
jor area of unmet medical need among hematologic malignancies.
Nature has been an important source of anti-cancer therapeutics,
and nearly half of the currently marketed cancer drugs are derived
from natural products (NPs) [8]. The management of AML with NPs
remains a viable option.

Lindenane sesquiterpenoids (LDSs) and their oligomers, being
the characteristic metabolites of the plants in the Chloranthaceae
family (comprising the genera Chloranthus, Sarcandra, and Hedyos-
mum), have attracted considerable attention in recent decades due
to their fascinating structures and interesting bioactivities [9-12].
So far, more than 230 LDS oligomers have been isolated and iden-
tified. Among them, only a dozen trimers have been reported hith-
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Fig. 1. Chemical structures of holotrichones A (1) and B (2).

erto, and the others were dimers [13-17]. Chloranthus holostegius
var. trichoneurus is a rare Chloranthus species only distributed in
Yunnan and Guizhou Provinces of China [18]. To date, only two
LDS dimers have been reported from this plant [19]. In this study,
as part of our ongoing search for novel bioactive compounds from
the Chloranthus plants endemic to China [20-25], two LDS trimers
[holotrichones A (1) and B (2)] equipped with intriguing skele-
tons were identified from the whole plant of C. holostegius var. tri-
choneurus.

An ultra performance liquid chromatography-photodiode ar-
ray detector-mass spectrometry (UPLC-PDA-MS)-guided isolation
strategy was introduced to investigate the potential novel LDS
oligomers in our research. This, in combination with the applica-
tion of selected databases and previously purified LDS oligomers
on hand as authentic samples was employed for the dereplication
in the crude fractions. In general, the EtOAc portion of the 90%
MeOH extract of the whole plant of C. holostegius var. trichoneu-
rus was subjected to silica gel column chromatography to yield ten
fractions (Fr.1-Fr.10). Then all fractions were profiled by UPLC-PDA-
MS (positive-ion mode) with a full scan and this analysis revealed
that Fr.6 was rich in LDS oligomers (Fig. S1 in Supporting infor-
mation). Fr. 6 was then further split into 10 subfractions by chro-
matography on middle chromatogram isolated (MCI) gel followed
by extensive UPLC-PDA-MS analyses. As a result, two peaks re-
lated to the LDS trimers featuring previously undescribed molecu-
lar weights (MWs) (i.e., MW =950 and 806) were recognized. Sub-
sequently, target purification of the aforementioned peaks afforded
compounds 1 (41mg) and 2 (5.0 mg), respectively (Fig. 1). This
is Part XXXII of the “Phytochemical and biological studies on rare
and endangered plants endemic to China” series; for Part XXXI and
XXX, see Zhou et al, 2024 [26] and Chen et al., 2024 [27], respec-
tively.

Holotrichone A (1), colorless crystals, possesses a molecular
formula Cs4Hgy015 as determined by its 3C nuclear magnetic
resonance spectroscopy (NMR) data and high resolution electro-
spray ionization mass spectroscopy (HRESIMS) at m/z 973.3988
[M+Na]* (calcd. 973.3981), requiring 24 indices of hydrogen de-
ficiency (IHDs). The 3C NMR spectrum resolved 54 carbon res-
onances corresponding to two ketocarbonyls, five ester carbonyls,
ten olefinic carbons, six sp3 quaternary carbons, 13 sp® methines,
eight sp3 methylenes, and ten methyls (two methoxys) (Table S1 in
Supporting information) as distinguished by the distortionless en-
hancement by polarization transfer (DEPT) and heteronuclear sin-
gular quantum correlation (HSQC) NMR experiments. In the up-
field region of its 'H NMR spectrum, three pairs of cyclopropane
methylenes [§y 0.27 (ddd, J=4.4, 4.3, 3.7Hz, H-28), 1.01 (ddd,
J=8.0, 7.7, 43 Hz, H-2«); 0.70 (ddd, J=8.5, 8.3, 5.6 Hz, H-2'«x), 1.18
(ddd, J=5.6, 5.4, 5.3Hz, H-2'8); 011 (ddd, J=4.4, 4.2, 3.9Hz, H-
2'""8), 0.88 (ddd, J=8.0, 7.7, 4.2 Hz, H-2""«)] characteristic for the
LDS [13] were observed. This, combining analysis of the molecular
formula and 13C NMR data, showed that 1 is an LDS trimer, com-
prising three lindenane units (units A-C, Fig. 2).

UnitC (CDCly)

Unit C (CsDsN)

— COSY 77X HMBC ¥~ "< ROESY

Fig. 2. Key COSY, HMBC, and ROESY correlations of 1.

A comprehensive investigation of the 2D NMR spectra of 1 de-
lineated its planar structure (Fig. 2). The data attribution of HSQC
and heteronuclear multiple bond correlation (HMBC) unveiled that
the structures and linkage of units A and B were identical to those
of chlorahollide D, an LDS dimer often encountered from Chloran-
thus species [21,28-30]. The remaining 16 carbons (including one
methoxy group) were then assigned to the third LDS moiety in unit
C, which was fused with the 2-methylbutyryl chain (C-1" to C-5"")
of chlorahololide D. Based on the HMBC correlations from H-3" to
C-4'""|C-6"", from H3-4"" to C-15""|C-2""|C-3/’, and from H3-5" to
C-1"|C-2"7|C-3""|C-6'", the 2-methylbutyryl fragment was linked to
the third LDS moiety through the newly formed C-3"/-C-15""" and
C-2""-C-6"" bonds. A unique 3/5/6/6-fused unit C was thus con-
structed. Finally, the connection between units B and C was evi-
denced by the HMBC cross-peaks between H,-15" and C-1".

The relative configuration of 1 was resolved via the interpreta-
tion of its rotating frame Overhauser effect spectroscopy (ROESY)
spectrum (Fig. 2). For units A and B, the relative configuration was
congruent with that of chlorahololide D, as judged from the ROE
correlations of H-28/H;-14, H3-14/H-6, H-1/H-3, H-1/H-9, H-9/H-
5/, H-5'[H,-15', H-2/ 8/H;-14', H3-14//H-9'. As for unit C, the cor-
relations of H-1"//H-3""" and H-1""//H-9'" implied that these pro-
tons adopted «-orientations, whereas the ROE between H-2"'8
and Hs3-14"" designated their S-orientations. To distinguish the
overlapped proton signals (H3-14"": 8y 1.04 and H3-4": §y 1.05,
in CDCl3) by which the configuration at C-2”/, C-3", and C-6"" can-
not be determined, the TH NMR and ROESY spectra were thereby
re-acquired in pyridine-ds. As expected, the chemical shifts of H3-
14", H3-4", and H-6"" were downfield shifted to §y 1.44, 1.28,
and 3.57 ppm, respectively. Strong ROE correlations of H-6""" with
H;-4"", H3-5", and H3-14""" were then discerned, which identi-
fied these protons as co-facial and S-orientated. The Z-geometry
of A7) was confirmed by the ROE correlation between H-
6’"" and H3-13""". To further consolidate the relative configuration
assignments for the newly formed chiral carbons of C-2”7, C-3”
and C-6’"" in unit C, GIAO (the Gauge Independent Atomic Or-
bital method) 'H and 3C NMR chemical shift calculations were
performed using the corrected mean absolute error (CMAE) and
DP4+ probability analyses (Tables S6, S7, and S10 in Supporting
information) [31-34]. The PCM/mPW1PW91/6-311+G(d,p) level of
theory was used for the analysis. The results of DP4+ proba-
bility analysis indicated that, among the eight diastereoisomers,
(2”7R*,3”5*,6"'R*)—1a best matches with the experimental data of
1 with 100% probability (all DP4+ data, Table S4 in Supporting in-
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formation). The carbon- and proton-CMAE analysis was also con-
sistent with the DP4+ results.

The absolute configuration of 1 was first corroborated by the
electronic circular dichroism (ECD) calculation (Fig. 3) using time-
dependent density functional theory (TDDFT) [35]. Finally, the
whole structure of 1 with its absolute configuration (1R,3S,6R,9R,
10S,1'R,3/5,4'S,5'R,8'5,9/5,10'S,2”"R,3”"S,1"/R,3/"’5,6'"'R,9"'R,10""'S) was
unequivocally established as shown by a single-crystal X-ray
diffraction study using Ga Ko radiation through a Flack parame-
ter of 0.00(6) (Fig. 4 and Table S3 in Supporting information, CCDC
2260115).

Holotrichone B (2) was obtained as a yellow oil and presented
a molecular formula of C49Hs501g, according to the protonated
HRESIMS ion at m/z 807.4104 (calcd. for C49H59019, 807.4103) and
13C NMR data (Table S2 in Supporting information), indicating 21
IHDs. The TH NMR spectrum showed signals for two sets of cyclo-
propane methylenes [§y 0.43 (ddd, J=6.3, 4.4, 42Hz, H-28), 0.78
(ddd, J=9.0, 8.8, 6.3Hz, H-2«); 0.24 (ddd, J=4.0, 3.9, 3.7Hz, H-
2'B), 0.83 (ddd, J=7.9, 7.8, 4.0Hz, H-2'«)], indicating the presence
of two LDS units (A and B, Fig. S2 in Supporting information) in
2. Comparison of the 'H and ¥C NMR data between 1 and 2 indi-
cated they both contain a similar LDS-type unit A (Tables S1 and
S2). Further analysis disclosed that the dimeric LDS moiety (i.e.,
units A and B) of 2, were closely related to spirolindemer A (an
LDS dimer obtained from C. Henryi, Fig. S2) [16]. Unlike the known
structure with a ketone at C-9’, a hydroxy substituent was attached
to C-9’ (8y 4.35 for H-9’ and 2.98 for OH-9/, &¢ 73.5 for C-9') in
2, which was evidenced by the HMBC correlations of H;-14’/C-9/,
H-9/C-7', and 9’-OH/C-8' (Fig. S2). Meanwhile, the HMBC correla-
tions from H,-15 to C-7//C-11//C-12’ and from H3-13’ to C-15/C-
7'/C-117/C-12/, confirmed the unique linkage of C-15-C-11'. This,
along with the similar chemical shifts of C-4 (6¢ ~84) and C-8'
(8¢ ~147) to those of spirolindemer A, suggesting that the units A
and B in 2 feature the same dimeric LDS skeleton equipped with
an oxaspiro[4,5]-decane unit.

Differing from spirolindemer A (Fig. S2), neither the exocyclic
double bond of A4(15) nor the vinyl methyl group of Me-15' was
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observed in the unit B of 2. This implied another polymeriza-
tion of unit C occurring here. The remaining 17 carbons (from
C-1" to C-17”, Table S2) ascribed to unit C comprises two keto-
carbonyls, six olefinic carbons, one sp? quaternary carbon, one sp>
methine, three sp? methylenes, and four vinyl methyls. The pres-
ence of a 2-methylcyclohex-2-en-1,4-dione unit [36] was then de-
lineated by 2D NMR data (Fig. S2). The successive 'H-'H correla-
tion spectroscopy (COSY) correlations of H,~8''-H-9"'-H3-15""-H,-
11""-H,-12""-H-13""-H3-16""[H3-17"/, and the HMBC correlations
of H3-17"" to C-13"|C-147/C-16" and H3-15" to C-9”/C-10"/C-
11", allowed the construction of the geranyl sidechain. Meanwhile,
the 2-methylcyclohex-2-en-1,4-dione moiety was substantiated by
the two carbonyls resonating at ¢ 200.0 and 202.0 typical for
enones, and the HMBC correlations from H;-7" to C-1"/C-2""|C-
3", from H-3" to C-1"7/C-5", and from H-5" to C-4"'/C-6"". The
geranyl sidechain was linked to C-6" as confirmed by the HMBC
cross-peaks from H,-8 to C-1" and C-6". The geranylated 1,4-
benzoquinone fragment was then connected to unit B by the two
linkage bonds of C-6’-C-5"" and C-15’-C-6"/, furnishing the forma-
tion of an additional hexene ring, based on the COSY correlation
of H-5"/H-6’ and the key HMBC correlations from H-15" to C-1"
and from H-5" to C-5//C-6’/C-15". Taken together, the structure
of 2 was established as a 3/5/6/6/3/5/6/6/6-fused nonacyclic con-
jugate of a unique spirocyclic LDS dimer and a geranylated 1,4-
benzoquinone derivative.

The strong ROE correlations (Fig. S2) of H-1/H-3, H-1/H-9, H-
2/H3-14, OH-9/H3-14, H-158/H3-14, H-6/H5-13, H-1'/H-3/, and
H-2/B[H3-14' verified that the relative configuration of the spiro-
cyclic LDS moiety in 2 was generally coincident with spirolinde-
mer A. The 9’-OH group was assigned to be S-oriented based on
the ROE correlation of H-9” with H-1’. For unit C and the newly
formed chiral center C-6/, their relative configurations were re-
solved on account of ROESY data. The strong ROE correlations of
H-6’ with H3-14/, H-5", and H-8"’b denoted their S-orientations,
while that between H,-8” and Hs;-15" demonstrated that A"
adopted the E-geometry. Nevertheless, how to determine the stere-
ochemistry at C-11’ remained to be a challenge. Due to the flexi-
bility of the spiroring, the ROESY data could not afford convincible
evidence. After many attempts, the single crystal of 2 was still un-
available. Therefore, the quantum chemical calculations of 'H and
13C NMR chemical shifts [31-34] of 2 were applied to corrobo-
rate the configuration of C-11’. The calculation results confirmed
that the relative configuration at C-11’ in 2 as R* with a full DP4+
probability of 100% (Table S5 in Supporting information). Subse-
quently, the application of TDDFT-ECD [35] calculations (Fig. 3, Fig.
S4 and Table S12 in Supporting information) of compound 2 as-
signed the absolute configuration. The tendencies of the calculated
ECD curve of (1R,3S,4R,9R]10S,1'R,3/S,6'R,9'R,10'S,11'R,5"S5,6"R)—-2
roughly matched the experimental one (Fig. 3). It is worth to note
that C-9 and C-10 in the similar LDS-type unit A in both com-
pounds 1 and 2 have the same absolute configurations, which are
consistent with our previous findings from other Chloranthus plants
[20,21].

Notably, compound 1 is the first example of an LDS
trimer incorporating a unique 3/5/6/6-fused carbon skeleton.
Compound 2 is an unprecedented hybrid of an LDS dimer
and a p-benzoquinone-meroterpenoid, featuring an unusual
3/5/6/6/3/5/6/6/6 ring system. To our knowledge, so far only five
LDS hetero-trimers have been previously obtained from the Lindera
genus [9]. This is the first representative of LDS hetero-trimers
being isolated from the whole Chloranthaceae family. Also, com-
pound 2 features an unusual oxaspiro[4.5]decane core for the LDS
dimer moiety, and only two examples with the same unit were
previously reported from the Chloranthus genus [16].

A putative biogenetic pathway for 1 and 2 is proposed
(Scheme 1). Given the abundant sesquiterpenoid monomer in this
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genus, chloranthalactone A could serve as the monomeric precur-
sor [16,37]. The intermediate i, which was suggested to originate
from chloranthalactone A by oxidation, would give the vital inter-
mediate ii by lactone opening and olefination. The intermediate
chlorahololide D would be then produced by a homo-Diels-Alder
addition between ii and chloranthalactone A followed by diacy-
lation with a 2-methylbutyroxyl group attached to C-15’ and an
acetoxyl at C-13’. Subsequently, the homo-Diels-Alder addition
between the 2-methylbutyryl substituent of chlorahololide D and
the conjugated diene moiety of ii would furnish 1. Two molecules
of ii underwent a key hetero-Diels-Alder reaction to construct the
oxspiro[4.5]decane skeleton (iii). A further [4+ 2] addition of iii
with the geranylated 1,4-benzoquinone could afford the unique
hybrid 2.

Structurally diverse naturally occurring sesquiterpenes [3,38-
41] and their synthesized dimeric derivatives [42,43] have been
extensively reported to show cytotoxic activities against different
AML cell lines. Considering the complexity of AML, it is impos-
sible to identify a single cell line to establish an ideal screening
model [44]. Herein, the cytotoxic activities of compounds 1 and 2
against two human AML cell lines MV-4-11 and HL-60 were eval-
uated. MV-4-11 is a cell line established from the blast cells of a
10-year-old male with biphenotypic B-myelomonocytic leukemia,
while HL-60 is a leukemic promyelocytic cell line [44]. The well-
known anti-leukemia sesquiterpenoid, dimethylaminoparthenolide
(DMAPT) was used as the positive control [45]. Compounds 1 and
2 displayed noticeable cytotoxicities against the MV-4-11 cells,
with half-maximal inhibitory concentration (ICsq) values of 3.6
and 5.2 pmol/L, respectively (Fig. 5A), while DMAPT possessed an
IC59 vaule of 4.8 pumol/L. In contrast, they were judged inactive
on the HL-60 cell line (cell viability >50% at the concentration
of 10 pmol/L, data not shown). To investigate the potential cyto-
toxic mechanism, a cell apoptosis assay was performed with an
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
assay at 4 pmol/L. The results showed that both compounds 1 and
2 significantly induced apoptosis in MV-4-11 cells compared with
untreated cells (P <0.0001 and P <0.05vs. control, respectively),
while cell necrosis was rarely seen. Among them, the apoptosis
rate of compound 1 (with better apoptotic activity) was signifi-
cantly higher than that of compound 2 (Fig. 5B). The bars represent
the percentage of apoptotic and non-apoptotic cells as described

‘P2 Compound 2: P2

107

B 201-UL(1.70%)

PE-H
10° 1

10*

10°

150

log(C¢)
Compound 2

1C5,=5.2 + 0.2 pmol/L (n=3)

10?

Q1-UR(33.03%) J01-UL(2.88%) Q1-UR(4.14%)

0 10*
FITC-H

107

o
10°

Control : P2

301-UL(3.00%)

Q1-UR(2.25%) Frkk

-

Apoptotic cell

Cell propotion/%
g 8
1
|

log(C,)

40 Em Non-apoptotic cell
0

- c° N
Q1-LR{1.24%) &

.
101-LL(33.50%)
T T
10°
FITC-H

T
0 10%

T
16° 107

Fig. 5. Cytotoxicity ICso values (A) and cell apoptosis assays (B) for 1 and 2 in MV-4-11 cells. Each bar represents the mean 4 standard deviation (SD) (n=3). *P <0.05,
*##%P < 0,0001 compared with the control group.



X.-J. Wang, J.-L. Xin, H. Xiang et al.

above (n=3). The different responses of the two cell lines to the
holotrichones have provided hints of a potential unknown mecha-
nism which needs to be further explored.

In summary, two undescribed LDS trimers, holotrichones A (1)
and B (2), were isolated from the rare Chloranthus plant C. holoste-
gius var. trichoneurus. Compound 1 represents the first LDS trimer
incorporating a unique 3/5/6/6-fused carbon skeleton of an LDS
monomer and the 2-methylbutyryl substituent bridged by a six-
membered ring system. Compound 2, possessing an uncommon
oxaspiro[4.5]decane ring system, is the first hybrid of an LDS dimer
and a benzoquinone-meroterpenoid. Biogenetically, homo- and/or
hetero-Diels-Alder additional reactions were proposed to be in-
volved in the formation of the two unique LDS trimers. Com-
pounds 1 and 2 displayed potent cytotoxic effects against MV-4-11
leukemia cells, likely associated with inducing celluar apoptosis. In
this study, the chemically distinctive findings extend the diversity
of sesquiterpenoid oligomers and would provide remarkable poten-
tial for the further investigation of Chloranthus-originated LDS as
novel anti-leukemic agents.
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