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Abstract: Tricrilactones A–H (1–8), a new family of
oligomeric 10-membered macrolides featuring collec-
tively five unique ring skeletons, were isolated from a
hitherto unexplored fungus, Trichocladium crispatum.
Compounds 1 and 7 contain two unconventional bridged
(aza)tricyclic core skeletons, 2, 3, 5, and 6 share an
undescribed tetracyclic 9/5/6/6 ring system, 4 bears an
uncommon 9/5/6/10/3-fused pentacyclic architecture, and
8 is a dimer bridged by an unexpected C� C linkage.
Their structures, including absolute configurations, were
elucidated by spectroscopic analysis, quantum chemical
calculations, and X-ray diffraction analysis. Importantly,
the absolute configuration of the highly flexible side
chain of 1 was resolved by the asymmetric synthesis of
its four stereoisomers. The intermediate-trapping and
isotope labeling experiments facilitated the proposal of
the biosynthetic pathway for these macrolides. In
addition, their antiosteoporosis effects were evaluated in
vivo (zebrafish).

Introduction

Osteoporosis is a systemic skeletal disease featured by
diminished bone mass and microarchitectural deterioration
in bone tissue, leading to an increased risk of bone fragility
and fracture.[1] With the growing aging population, osteopo-
rosis has become one of the most serious and prevalent
health problems worldwide.[2] It has been estimated that
approximately 200 million people are living with
osteoporosis,[3] which causes an overwhelming social burden
arising from the high costs of osteoporosis care.[4] Current
strategies for osteoporosis therapy include calcium admin-

istration, vitamin supplement, and estrogen receptor modu-
lation, as well as medical treatments (e.g. bisphosphonates
and denosumab).[5] Nevertheless, most of the targeted
therapies have limitations due to their serious adverse
effects, such as stroke, musculoskeletal pain, nausea, hyper-
calcemia, and so forth.[2,5] Therefore, exploring a new
generation of antiosteoporosis drugs with high efficacy but
few side effects remains an urgent need.

Macrolides, especially the medium-sized-ring lactones
(8- to 11-membered) have attracted continuous attentions of
pharmacologists and chemists due to their synthetic chal-
lenges and promising bioactivities.[6] Among them, the 10-
membered macrocyclic lactones represent a large group of
secondary metabolites mainly originating from fungi, as
exemplified by the family of decarestrictines.[7] The chemical
dimerization is frequently encountered in microbial natural
products capable of generating high structural complexity or
significant bioactivities.[8] However, dimers derived from the
10-membered lactones have hitherto remained rarely discov-
ered, except for the only two cases of thiobiscephalospor-
olide A[9] and cordycicadins A–D.[10] The medicinal value of
some dimeric natural products has been showcased by the
marketed drugs, such as antiviral podophyllotoxin, antineo-
plastic himastatin, and antidepressant hypericin.[8]

Encouraged by these observations, we have recently
identified several structurally intriguing homo- and hetero-
dimers from fungi.[11] To continue our pursuit of these
interesting architectures, we investigated a previously unex-
plored fungal species, Trichocladium crispatum associated
with the Alpine moss, by using the molecular networking
guided separation (Figure S1). The investigation resulted in
the characterization of eight undescribed oligomeric 10-
membered macrolides, named tricrilactones A–H (1–8)
(Figure 1). The compounds feature five new types of ring
skeletons. Notably, compound 1 represents the first example
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of 10-membered macrolide (pseudo)trimers bearing a
bridged tricyclic core skeleton. The heterodimers 2, 3 and 5,
6 share an undescribed tetracyclic 9/5/6/6 skeleton harboring
an unusual 1,5-dioxonan-2-one motif, whereas the structur-
ally related homodimer 4 possesses a 9/5/6/10/3-fused
pentacyclic ring skeleton. Moreover, the polyketide-alkaloid
hybrid scaffold 7 represents a new class of bridged
azatricyclic architectures characterized by an unconventional
pyrrolidine nucleus, and compound 8 is constructed by two
individual nonanolide units through an unexpected C6� C19
linkage.

Results and Discussion

Tricrilactone A (1), a colorless oil, has a molecular formula
of C31H40O13 according to its Na+-liganded molecular ion at
m/z 643.2364 (calcd for C31H40O13Na, 643.2361) in its high-
resolution electrospray ionization mass spectrometry (HR-
ESI-MS). The molecular formula was substantiated by its 1H
and 13C NMR spectra, which highlighted the presence of one
methoxy, three methyl, seven methylene, and 11 methine
groups, one quaternary carbon atom, two olefinic carbon
atoms, four ester motifs and two ketones (Table S2). These
substructures directly accounted for 7 of 12 double-bond
equivalents, indicating that 1 was pentacyclic. Subsequently,
a suite of COSY correlations of H3-1/H-2/H2-3/H-4/H-5/H-6/
H2-7, as well as the HMBC correlations of H-2 with C10, of
H-6 with C8, of H-7 with C9, and of H2-9 with C10 indicated
a 10-membered lactone core (C1–C10), which was decorated
by a cis-oriented 4,5-epoxide according to the large vicinal
coupling constant (4.0 Hz) between H-4 and H-5.[12] (Fig-

ure 2A, substructure 1a). In the COSY spectrum, an addi-
tional continuous spin-system involving the correlations of
H3-11/H-12/H2-13/H-14/H-15/H-16/H2-17, together with the
HMBC correlations of H-14 with C16 and C20, of H-15 with
C20, of H-16 with C18 and C30, and of H2-17 with C15, C19
and C29 identified an unusual tetrahydro-1H-cyclopenta-
[c]furan-1,6(3H)-dione nucleus (C14–C20), which was ac-
tually edited by an isopropanol group at C14, and an acetate
motif at C16, respectively (Figure 2A, substructure 1b). In
addition, a pair of mutually coupling multiplets at δH 3.33
(dt, J=7.7, 4.5 Hz) and 4.45 (ddd, J=7.5, 4.5, 0.9 Hz)
unveiled a cis-1,2-disubstituted epoxy unit, which was
assumed to be tethered by a 2-oxygenated propane residue
and a 3-substituted methyl acrylate moiety, respectively,
leading to the construction of a methyl (Z)-3-(3-propyloxir-
an-2-yl)acrylate fragment (C21–C28, JH26,H27=11.7 Hz),
which was next elucidated by the COSY correlations of H3-
21/H-22/H2-23/H-24/H-25/H-26/H-27, in combination with
the HMBC correlations of H3-21 with C23, of H-22 with
C24, of H-24 with C26, of H-25 with C27, of H-26 with C28,
and of H3-31 with C28 (Figure 2A, substructure 1c). Scrutiny
of the HMBC correlations of H-5 with C19, of H-6 with
C15, C18 (δ 208.2) and C20 (δ 171.2), and of H2-7 to C19,

Figure 1. Chemical structures of tricrilactones A–H (1–8).

Figure 2. Structure elucidation of 1. A) Substructures 1a–1c. B) COSY,
HMBC and NOE correlations. C) J-based configuration analysis of C12
and C22.
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coupled with the HMBC correlations of H-16 with C30, of
H-15 with C29, and of H-22 with C30 (δ 170.9), unambigu-
ously established the gross structure of 1 (Figure 2B),
representing a new type of „trimer-like“ macrolides harbor-
ing a unique bridged tricyclic core skeleton flanked by an
embellished methyl (Z)-2-octenoate motif.

The relative configuration of tricrilactone A (1) was
determined by interpretation of NMR data, including NOE
correlations and J-based configuration analysis. The NOE
interactions of H-2 with H-4, and H-4 with H-5 indicated
that H-2, H-4 and H-5 were on the same side (Figure 2B),
while H-6 was on the opposite side of the nonanolide ring,
owing to a large coupling constant (9.6 Hz) between H-5
and H-6 (Table S2). The observed NOE correlations of H-6
with H-15, and of H-15 with H2-13 and H2-29 positioned
three residues containing nonanolide, isopropanol and
acetate on the same side of the hexahydro-1H-cyclopenta-
[c]furan ring system (Figure 2B). Nevertheless, the NOESY
spectrum of 1 failed to confirm the relative configuration at
C12 and C22, because each of them was located on a flexible
side chain. Therefore, the long-range 13C� 1H coupling
constants were measured by NMR spectroscopy based on
heteronuclear couplings from aSSCI-domain experiments
with e.COSY-type cross-peaks (HECADE).[13] The small
3JH12,H13a (2.5 Hz),

3JC11,H13a (2.0 Hz),
3JC11,H13b (2.7 Hz) values

indicated gauche relationships for H-12 and H-13a, for H-
13a and H3-11, and for H3-11 and H-13b, whereas the large
2JC12,H13b (� 6.8 Hz) value revealed the gauche orientation
between H-13b and 12-OH. Moreover, the 2JC14,H12 (2.9 Hz)
value and the NOE correlation of H-12 with H-14, as well as
the correlations of H-12 with H-13a, of H3-11 with H-13a,
and of H3-11 with H-13b led to the selective rotamer
depicted in Figure 2C, thus proposing 12R* configuration.
Next, the 22R* configuration was also verified by a similar
analysis (Figure 2C).

Residual dipolar couplings (RDCs) provide not only
global character but also local spatial information about the
orientation of internuclear vectors (e.g., CH bonds), which
encode the relative configuration of the structures.[14] In our

previous study, we successfully employed RDC-based NMR
spectroscopy for establishing the relative configuration of
various natural products including herpotrichones A and
B.[11a] To further confirm the relative configuration of 1, one-
bond carbon-proton RDCs (1DCH) were measured using
[1H-13C]-CLIP-HSQC spectroscopy[15] under isotropic con-
ditions and in AAKVLFF anisotropic medium
(Table S11).[16] For the sake of simplicity of fitting, a divide
and conquer strategy was performed to fit segments 1a, 1b,
and their combinations, respectively (see the Supporting
Information). As a consequence, the fitting of 17 experimen-
tal RDCs extracted from 1a and 1b (C1� H-1 to C29� H-29;
Figures S9–S11, Table S11) to the DFT-optimized structures,
led to possible relative configurations, of which the
2R*,4S*,5R*,6R*,12R*,14R*,15S*,16S*,19S* configuration
had the best fitting, showing the lowest Q factor of 0.053
(Figure S10), which agreed with the J-couplings and NOE
NMR-based configurational analyses. The absolute config-
uration of 1 (substructures 1a and 1b) was determined by
the modified Mosher method. Treatment of 1 with (R)- and
(S)-MTPA chloride in anhydrous pyridine provided the
corresponding (S)- and (R)-MTPA esters 1d and 1e (Fig-
ure S12, Table S14), which unequivocally pinpointed the
2R,4S,5R,6R,12R,14R,15S,16S,19S configuration of 1. How-
ever, determining the absolute configurations of the stereo-
centers in substructure 1c was challenging, owing to the
deficiency of a functionalizable group (e.g., hydroxy group)
in this flexible chain, as well as their remote location from
the core structure. This problem was successfully circum-
vented by the liberation of methyl (Z)-3-(3-(2-
hydroxypropyl)oxiran-2-yl)acrylate (1 f) upon the alkaline
hydrolysis of 1 as detailed in the Supporting Information. To
the best of our knowledge, the releasable 1f remained a new
chemical entity, which motivated us to synthesize all four
possible stereoisomers, including (22R,24R,25S)-1g,
(22R,24S,25R)-1h, (22S,24R,25S)-1 i, and (22S,24S,25R)-1j
(Figure 3; for details, see the Supporting Information). With
the authentic samples in hand, their 1H NMR spectra
comparison and HPLC analysis on a chiral stationary phase

Figure 3. Chemical synthesis of four stereoisomers of the new entity 1 f: a) TBDPSCl, imidazole, DMF, 0 °C!rt; b) DIBAL-H, � 78 °C;
c) (CF3CH2O)2P(O)CH2CO2Me, KHMDS, 18-crown-6; d) DIBAL-H, � 78 °C; e) Ti(Oi-Pr)4, TBHP, L-(+)-DIPT; f) DMP, NaHCO3; g) Ti(Oi-Pr)4, TBHP,
D-(� )-DIPT; h) TBAF, HOAc, room temperature. DIBAL-H=diisobutylaluminum hydride, DIBT=diisopropyl tartrate, DMF=N,N-dimeth-
ylformamide, DMP=Dess–Martin periodinane, KHMDS=potassium bis(trimethylsilyl)amide, TBAF= tetrabutylammonium fluoride, TBDPS= tert-
butyldiphenylsilyl, TBHP= tert-butyl hydroperoxide.
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with that of 1f liberated from 1, demonstrated that the
stereoisomer (22R,24S,25R)-1h exactly matched 1f (Fig-
ure S15). Taken together, the absolute configuration of 1
was ultimately established as
2R,4S,5R,6R,12R,14R,15S,16S,19S,22R,24S,25R.

Tricrilactone B (2) was demonstrated to possess a
molecular formula of C21H28O8 from the Na+-liganded
molecular ion at m/z 431.1676 (calcd for C21H28O8Na,
431.1676) in its HR-ESI-MS. The 1 H and 13C NMR spectra
of 2 revealed two olefins and two ester carbonyls accounting
four of its eight degrees of unsaturation. Scrutinizing its 1D
and 2D NMR spectra (COSY, HMQC and HMBC) of 2
disclosed the existence of a 10-membered macrolide moiety
(C1–C10) identical to that in 1 (Table S3). However, the
obvious difference was that a pair of 1,2-disubstituted
double bond resonances at δH 6.28 (dd, J=6.0, 1.5 Hz) and
5.96 (dd, J=6.0, 2.2 Hz). The small coupling constant
(JH6,H7=6.0 Hz), coupled with two downfield shifted carbon
signals resonating at δC 91.5 and 126.2, suggested the
existence of an ether bridge between C5 and C8, thus
leading to the formation of a dihydrofuran ring. Moreover, a
pair of mutually coupled proton signals at δH 2.40 and 2.64
ascribable to a methylene group exhibited the HMBC
correlations with C8, C10, C18, and C20 (Figure S16), which
unraveled a 10-membered macrolide-derived homodimer
featuring a methylene-tethered linkage. The structural
proposal was substantiated by the single-crystal X-ray
diffraction (Cu Kα),[17] which facilitated the establishment of
an unconventional 9/5/6/6-fused tetracyclic macrolide with a
rare 1,5-dioxonan-2-one nucleus, simultaneously pinpointing
its 2R,4S,5S,8S,9R,12R,16R configuration (Figure 4).

Tricrilactone C (3) displayed the same molecular for-
mula (C21H28O8) as that of 2 according to the Na+-liganded
molecular ion at m/z 431.1676 (calcd for C21H28O8Na,
431.1676) in its HR-ESI-MS. The 1H and 13C NMR data of 3
(Table S3) bore a close resemblance to those of 2, indicating
that 3 could be a stereoisomer of 2. This proposal was
confirmed by its 1D and 2D NMR spectra, which allowed

the unambiguous assignment of all the 1H and 13C NMR
signals. However, the upfield shift of C7 (Δδ up to
� 5.0 ppm), arising from the γ-steric compression effect of
the methylene group,[18] suggested that 3 was the 9-epimer of
2. This assumption was supported by the single crystal X-ray
diffraction (Cu Kα), which revealed that 3 possessed a
2R,4S,5S,8S,9S,12R,16R configuration (Figure 5).

Tricrilactone D (4) was analyzed to have a molecular
formula of C21H24O8 by its HR-ESI-MS giving the Na+

-liganded molecular ion at m/z 427.1363 (calcd for
C21H24O8Na, 431.1363). In other words, it possessed two
extra degrees of unsaturation in comparison to that of 2.
The 1H and 13C NMR spectra of 4 were very similar to those
of 2, the signals attributable to a cis-1,2-disubstituted double
bond at δH 5.66/δC 133.9 and δH 5.94/δC 126.1 were excluded
(Table S4). This observation, along with a set of COSY
correlations of CH3-1/H-2/H2-3/H-4/H-5/H-6/H-7 and CH3-
11/H-12/H-13/H-14/H-15/H-16/H-17 (Figure S16), suggested
that 4 might share an identical framework with that of 2 and
3. However, the clear HMBC correlations of H-12 with C20,
H-16 with C18, and H-17 with C19 highlighted that an
additional 10-membered macrocycle instead of a δ-lactone
was incorporated in 4. Surprisingly, a cis-14,15-epoxide ring
was confirmed by the HMBC correlations of H-14 with C16
and H-15 with C17, leading to the construction of an
undescribed 9/5/6/10/3-fused pentacyclic ring skeleton (Fig-
ure 1). Despite our efforts, we could grow no crystals
suitable for X-ray analyses of 4. However, the NOE
correlations of H3-1/H-3a/H-6/H-7/H-9 and H-2/H-4/H-3b/
H-5 observed from 4 are very similar to those of 2 and 3
(Figure S17), whose configurations were confirmed by the
single-crystal X-ray diffraction (Figures 2 and 3). This
observation indicated that they might share the same
(2R*,4S*,5S*,8S*,9R*)-configuration. Meanwhile, the NOE
correlations of H-12/H-14/H-15 allowed for the assignment
of its (12R*,14S*,15R*)-configuration, which was compatible
with that of 1 (Figure 2). The above assumptions were
supported by the 13C NMR chemical-shift calculations of 4
(Table S15), based on a high correlation coefficient (R2) of
0.999 (Figure S18, Table S16). The absolute configuration of
4 was determined by the modified Mosher method (Fig-
ure S12, Table S17), which was independently validated by
the calculated electronic circular dichroism (ECD) spectrum
of 4 (Figure S19), collectively establishing its
(2R,4S,5S,8S,9R,12R,14S,15R)-configuration.

Tricrilactone E (5) was found to have a molecular
formula of C22H30O8 corresponding to its Na+-liganded
molecular ion at m/z 445.1833 in its HR-ESI-MS (calcd for
C22H30O8Na, 445.1833). In other words, it might be com-
pound 2 with an extra methyl group. The assumption was
further evidenced by the 1H NMR spectrum of 5 (Table S5),
where a doublet at δH 1.25 (d, J=6.6 Hz) showed HSQC
correlation with the carbon signal at δC 19.7. The unchal-
lengeable designation of all 1H and 13C NMR data of 5 was
substantiated by 2D NMR experiments (HSQC, COSY, and
HMBC), leading to the construction of its planar structure
edited by a methyl group on the 3,4-dihydro-2H-pyran ring
(Figure 1). In this molecule, the key HMBC correlation
indicating the δ-lactone could not be observed between H-

Figure 4. X-ray structure of 2.

Figure 5. X-ray structure of 3.
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16 and C20 identical to that in 2, probably due to the highly
deshielded C20 ester carbon atom. Nevertheless, the ester
bond was next reinforced by the 13C NMR experiments for 5
in CD3OD and a CD3OD/CD3OH mixture (1 :1) (Figure 6),
because its single crystals could not be obtained after many
attempts. The results showed that the carbon peak of C12
instead of C16 was broadened (Figure 6), owing to the
carbon signals located at the β-position of an exchangeable
protons being doubled or broadened in a mixture of
CD3OD/CD3OH (1 :1) by a β-isotope effect.[19] This outcome
consolidated our elucidated structure of 5. The relative
configuration of 5 was accommodated by the interpretation
of its NOESY spectrum (Figure S17). The NOE correlations
of H3-22/H-9/H-7/H-6/H-3a/H3-1 and H-2/H-4/H-3b/H-5 of 5
bear close resemblance to those of 2–4, whose configurations
were assigned by single-crystal X-ray diffraction (Figures 4
and 5) and 13C NMR calculations (Figure S18). This
information, along with the similar chemical shifts of 5 (for
C1–C10) to those of 2–4, suggested that it might possess the
2R*,4S*,5S*,8S*,9R*21R* configuration, which was sup-
ported by the 13C NMR calculation (Figure S20). The
2R,4S,5S,8S,9R,21R configuration was determined by the
modified Mosher method, simultaneously assigning the
stereochemical configuration of C12 as R (Figure S12,
Table S18). However, the only missing information was the
configuration at C16. To settle this problem, the 13C NMR
calculation method was utilized to discriminate two possible
truncated models, namely (2R,4S,5S,8S,9R,16R,21R)-5A
and (2R,4S,5S,8S,9R,16S,21R)-5B (Figure S20, Tables S19–
S21), which was examined by the customizable DP4+

method (Table S22).[20] The results showed a 99.82%
probability for 5A and 0.18% probability for 5B on the
basis of the 1 H and 13C NMR data, which was underpinned
by the calculated ECD spectrum of 5 (Figure S21), allowing

its absolute configuration to be explicitly assigned as
2R,4S,5S,8S,9R,12R,16R,21R.

Tricrilactone F (6) was evidenced to have a molecular
formula of C22H30O9 from the Na+-liganded molecular ion at
m/z 461.1782 in its HR-ESI-MS (calcd for C22H30O9Na,
461.1782), allowing one extra O to be added in comparison
to that of 5 (Table S6). In the 13C NMR spectrum, the signal
at δC 34.4 in 5 was replaced by an oxygenated signal at δC
72.3 in 6. The observation indicated that compound 6 was a
15-hydroxylated derivative of 5. This assumption was
confirmed by its 2D NMR spectra (COSY, HSQC and
HMBC), which allowed the ascription of all 1H and 13C
NMR signals. Specifically, validating the existence of a δ-
lactone moiety seemed to be challenging, owing to the
absence of the HMBC correlation from H-16 to C20. Hence,
the following 13C NMR experiments for 6 in CD3OD and a
CD3OD/CD3OH mixture (1 :1) (Figure S22) were performed
to tackle this problem. The results revealed that both the
C12 and C15 signals were broadened, whereas the C16 peak
was not affected, suggesting that C12 and C15 were
individually connected to the free OH groups. Interpretation
of the NOE correlations and coupling constants (Figure S17,
Table S6), in combination with the analysis of its (S)- and
(R)-tris-Mosher esters, assigned a
2R,4S,5S,8S,9R,12R,15S,21R configuration by the signs of
ΔδSR values proposed for the 1,4-diol systems (Figure S12,
Table S23).[21] The remaining stereocenter of C16 was
subjected to the 13C NMR calculation by discriminating two
truncated models, (2R,4S,5S,8S,9R,15S,16R,21R)-6A and
(2R,4S,5S,8S,9R,15S,16S,21R)-6B (Figure S23, Tables S24–
S26), followed by examination by the customizable DP4+

method (Table S27). The results showed a 100% probability
for 6A based on the 1H and 13C NMR data, which was
further verified by the ECD calculation (Figure S24),
unequivocally pinpointing its
2R,4S,5S,8S,9R,12R,15S,16R,21R configuration.

Tricrilactone G (7), isolated as a colorless block, gave a
[M+H]+ ion peak at m/z 506.2385 in its HR-ESI-MS
spectrum, suggesting its molecular formula to be C26H35NO9

(calcd for C26H36NO9, 506.2385). Inspection of the 1H and
13C NMR spectra of 7 (Table S7) indicated that it harbored
two 10-membered macrolide subunits identical to that of 1.
This speculation was ascertained by two sets of sequential
COSY correlations of H3-1/H-2/H2-3/H-4/H-5/H-6/H-7 and
H3-11/H-12/H2-13/H-14/H-15/H-16/H2-17, as well as the key
HMBC correlations of H-2 with C10, and of H-12 with C20.
Additionally, the COSY correlations of H3-21/H-22/H-23,
and the HMBC correlations of H3-21 with C23, of H-22 with
C24, of H-23 with C25, and of H3-26 with C24 (Figure S16),
suggested the presence of a 2,3,3-trisubstituted (E)-hex-4-
ene residue. The three defined substructures were then
pieced together through the HMBC correlations of H-7 with
C25, of H-23 with C7, of H-6 with C24, and of H-16 with C6
and C25, leading to the construction of a new class of
pyrrolidine-containing macrolide-alkaloid hybrid incorporat-
ing an unparalleled bridged azatricyclic framework. Finally,
tricrilactone B (7) was crystallized from a n-hexane/ethanol/
water (10 :10 :1) solution at 4 °C. The architecture of 7 was
further confirmed by single-crystal X-ray diffraction (Cu

Figure 6. 13C NMR spectra of 5 in A) CD3OD and B) CD3OD/CD3OH
(1 :1).
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Kα), which underscored simultaneously its
2R,4S,5R,6S,7R,12R,14S,15R,16S,24S,25S configuration (Fig-
ure 7).

Tricrilactone H (8) has a molecular formula of C20H26O7

based on the Na+-liganded molecular ion at m/z 401.1576 in
its HR-ESI-MS (calcd for C20H26O7Na, 401.1576). The

1H
NMR spectrum displayed a pair of mutually coupled proton
signals at δH 5.78 (dd, J=12.5, 4.5 Hz) and 6.30 (dd, J=12.5,
2.4 Hz; Table S8), suggesting the presence of a cis-1,2-
disubstituted double bond.

In the 13C NMR spectrum, the signals at δC 198.0, 133.4
and 133.4 indicated an α,β-unsaturated ketone unit, while
the signals at δC167.4 and 166.3 highlighted the existence of
two ester motifs in the molecule. Detailed analysis of its 2D
NMR spectra (COSY, NOESY, HSQC and HMBC)
enabled the exact assignment of all 1H and 13C NMR data of
8, leading to the establishment of a unique bridged bicyclic
skeleton furnished by forming a unique C6� C19 linkage.
Compound 8 was ascertained to have a
2R,6R,12R,14S,15R,19R configuration by single-crystal X-
ray diffraction (Cu Kα; Figure 7).

The structural features of tricrilactones A–H (1–8)
facilitated our supposition that they might originate from a
new building block, (Z)-3-methyl-4,11-dioxabicyclo-
[8.1.0]undec-8-ene-5,7-dione. To validate the postulation,
LC–MS guided isolation resulted in the characterization of a
new compound, dubbed protrilactione A, from a 7 day
fermentation of the fungus. The structure of protrilactione
A was identified by its 1D (Table S9) and 2D NMR spectra,
as well as single-crystal X-ray diffraction (Cu Kα) of the
corresponding hydrazone (Figure S25). To our surprise, this
molecule was decorated with a cis double bond, which is a
rare phenomenon in the family of 10-membered
macrolides.[7] Concurrently, a crucial, but very unstable and
insoluble intermediate, named protrilactione B, was also
obtained. Its structure was discerned by the characteristic 1H
and 13C NMR resonances (Table S10) reminiscent of the
tricrilactone A (1) core scaffold. Subsequent analysis of its
2D NMR data confirmed our conjecture of the structure.
The formulated configuration of protrilactione B was
collectively assumed by its NOESY spectrum and the 13C

NMR calculation (Figure S26, Tables S28 and S29), as well
as the biogenetic consideration of the family of macrolides.
Nevertheless, crystals of protrilactione B failed to be
detected owing to the insolubility and instability of the
sample.

Methylene-bridged dimers are infrequently encountered
in natural products. However, more than 100 natural
compounds with such a feature have been characterized
from plants and microorganisms.[22] Tricrilactones B–D (2–4)
comprise a bridging methylene carbon atom (C21), which is
unaccountable for in the monomeric unit, indicating that a
one-carbon (C1) building block is involved in the molecule.
To our knowledge, S-adenosyl methionine and
formaldehyde are the two most common C1 units in
nature.[22,23] Thus, it is likely that S-adenosyl methionine or
formaldehyde could be the source of methylene carbon
atom (C21) in compounds 2–4. To test this hypothesis, two
independent experiments were performed. Initially, Tricho-
cladium crispatum was regrown with the addition of [Me-
d3]-methionine. The fungal culture was extracted, followed
by LC-ESI-MS analysis. However, no [Me-d3]-methionine
could be introduced into any of the compounds 2–4. Given
that some fungi are capable of producing formaldehyde
through direct oxidation of sarcosine or methanol,[24] we
conducted the isotope-labeling experiment using [D4]-meth-
anol. To our surprise, the deuterated compounds 2–4 were
generated with the corresponding [M+H]+ ions at m/z 411
(2 and 3; Figures S27 and S28) and 407 (4; Figure S29),
respectively, showing a 2 Da increment from that of 2–4
without exposure to [D4]-methanol. This observation dem-
onstrated that the methylene carbon atoms (C21) of 2–4 are
derived from methanol, which would be oxidized to
formaldehyde and then triggered the dimerization of mono-
meric precursor 11 to generate tricrilactones B–D (2–4).
Since the formaldehyde-induced dimerization in natural
products is a non-enzymatic process in most cases,[22,25]

protrilactione A was therefore treated with formaldehyde
aqueous solution under the physiological conditions. A
methylene-bridged dimer was obtained (see the Supporting
Information), suggesting that the coupling between protri-
lactione A and formaldehyde could occur without an
enzyme during the biosynthesis of 2–4 in the fungal cells.
Formaldehyde is well-known for its toxicity against various
fungi;[24] hence, the formaldehyde-triggered dimerization
reactions could be a new strategy for self-detoxification of
fungi that needs further investigation. To the best of our
knowledge, this is the first report of formaldehyde-induced
macrolide dimers from nature.

With respect to tricrilactone G (7), the unusually fused
pyrrolidine motif might originate from (E)-2-aminohex-4-
en-3-one, whose nitrogen atom was predicted to be derived
from alanine. To reinforce this assumption, Trichocladium
crispatum was recultured in the presence of [1-15N]-alanine,
and the extract was subjected to LC-ESI-MS analysis, which
exhibited an obviously increased abundance of 15N corre-
sponding to its [M+H]+ ion peak at m/z 507 (Figure S30),
suggesting the incorporation of an alanine residue in the
biosynthesis of 7. Based on these intermediate-trapping and
isotopic labeling experiments, a putative biosynthetic path-Figure 7. X-ray structures of 7 (left) and 8 (right).
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way involving (Z)-3-methyl-4,11-dioxabicyclo[8.1.0]undec-8-
ene-5,7-dione, formaldehyde, and alanine was proposed for
1–4 and 7 (see the Supporting Information).

Zebrafish have emerged as a reliable vertebral model for
the evaluation of human disease, because of the high levels
of genetic and functional homology between zebrafish and
humans.[26] This observation, together with the medicative
macrodiolides for osteoporosis,[27] spurred us to evaluate 1–
7, but not 8 (owing to scarcity of the sample), for their
antiosteoporotic activity on dexamethasone-induced osteo-
porotic zebrafish.[28] All of the tested compounds were
shown to alleviate bone loss in osteoporotic zebrafish at 0.4,
2.0, and 10.0 μM, in a dose-dependent fashion (Figure S31),
and were thus more potent than the positive control,
alendronate, a clinically used antiosteoporosis drug.[29]

Notably, compounds 5 and 6 exhibited the most potent
therapeutic effects at 0.4 μM, bearing comparison with
alendronate at 10.0 μM (Figure S31).

As osteoporosis is characterized by an imbalance
between bone resorption and bone formation, current drugs
for osteoporosis either inhibit bone resorption, or stimulate
bone formation.[30] Alkaline phosphatase (ALP) and tartrate
resistant acid phosphatase (TRAP) are two biomarkers
during osteoporosis, with the former reflecting osteoblast
differentiation (bone formation), and the latter embodying
the activity of osteoclast (bone resorption).[31] To learn the
mechanism for the antiosteoporosis action of tricrilactones
on zebrafish, we assessed the quantities of these two
markers.

As depicted in Figure 8, dexamethasone (DXM) could
induce an obvious decrease in ALP, and simultaneously an
apparent increase in TRAP as compared to the control
group, thus leading to osteoporosis (Figure 8B). To our
surprise, treatment with tricrilactone G (7) significantly
reversed the amounts of ALP and TRAP, with a comparable
moderating effect to that of alendronate, suggesting the
restoration of bone formation–resorption homeostasis (Fig-

Figure 8. Evaluation of antiosteoporosis effect of compound 7 in zebrafish. A) Representative images of zebrafish treated with 0.4, 2.0 and 10.0 μM
of 7. The yellow dotted box denotes the analyzed region. B) Effect of 7 on ALP and TRAP contents. C) Effect of 7 on relative mRNA expression level
corresponding to four genes mmp9, col2a1a, bmp2b, and bmp4. All values are expressed as means � SD. Compared with a control group (DMSO),
##P <0.01, ###P <0.001. Compared with the model group (DXM), *P <0.05, **P <0.01, ***P <0.001, NS: nonsignificant (P >0.05).
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ure 8B). Subsequently, we examined whether the expression
levels of genes specifically regulating bone development
were changed. We initially detected the expression of bone-
specific marker genes col2ala and mmp9. The former is a
type II collagen synthase related to periosteal ossification
and endochondral bone morphogenesis,[30] whereas the latter
is a member of the matrix metalloproteinase family that can
degrade collagens.[32] Quantitative PCR (qPCR) analysis
revealed that administration of 7 dramatically up-regulated
col2ala expression, which was comparable to the positive
control, alendronate. However, the transcriptional level of
mmp9 was clearly decreased as compared to dexametha-
sone-treated zebrafish (Figure 8C). Moreover, we also
detected the mRNA levels of bmp2b and bmp4, two
members of bone morphogenetic proteins that induce the
formation of bone and cartilage.[30,33] Results showed that
the expression levels of bmp2b and bmp4 were both
significantly enhanced in a roughly dose-dependent manner
after treatment of 7 (Figure 8C). The data showed that
tricrilactones may ameliorate osteoporosis by remolding the
balance between bone formation and bone resorption, and
simultaneously promoting cartilage and skeletal develop-
ment. Further investigation is still necessary to explore the
therapeutic effect on osteoporosis of tricrilactones.

Interestingly, we found that 6 was also cytotoxic against
the tested cancer cells (A549, SW480 and MDA-MB-231;
Table S30), with IC50 values of 5.39, 8.24, and 6.79 μM,
respectively. In addition, 6 could induce apoptosis of these
cancer cells (Figure S32), presumably by disrupting the
mitochondrial membrane potential (Figure S33). Thus, the
therapeutic window of 6 for osteoporosis might be very low,
due to its potential cytotoxicity. Meanwhile, none of the
remaining compounds showed cytotoxicity at 20.0 μM.
However, understanding the width of the therapeutic
window for these tricrilactones is still essential for develop-
ing safe and effective antiosteoporosis drugs.

Conclusion

In summary, we have described the full characterization of a
family of novel tricrilactone macrolides with potent anti-
osteoporotic activity from Trichocladium crispatum. The
study also provides evidence for the involvement of
formaldehyde, alanine, and (Z)-3-methyl-4,11-dioxabicyclo-
[8.1.0]undec-8-ene-5,7-dione in the biosynthesis of these
macrolides, as based on intermediate-trapping and isotope-
feeding experiments. Collectively, this family of tricrilac-
tones represents five distinctive ring skeletons and in
particular the first-time characterization of formaldehyde-
induced and pyrrolidine-containing microbial macrolide
dimers from nature. Interestingly, formaldehyde-triggered
non-enzymatic reactions could be a new strategy for self-
detoxification of fungi[24] and the construction of sophisti-
cated structures with remarkable bioactivities.[22] It is entic-
ing to use this type of dimeric reaction to access valuable
bioactive natural products due to its simplicity, eco-friend-
liness, and high efficiency.[34] Furthermore, these potent
antiosteoporosis architectures may not only play an impor-

tant role in the discovery of new lead compounds for the
treatment of osteoporosis, but may also inspire chemists to
synthesize medium-sized lactones,[6b] and they open the
interesting topic of the discovery and characterization of
more fungal macrocyclases involved in the formation of 10-
membered lactones.[35]
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Tricrilactones A–H, Potent Antiosteoporosis
Macrolides with Distinctive Ring Skeletons
from Trichocladium crispatum, an Alpine
Moss-Associated Fungus

A family of oligomeric 10-membered
macrolides, tricrilactones A–H, was iso-
lated from the moss-derived fungus
T. crispatum. Intermediate-trapping and
isotope labeling experiments provided
evidence for their proposed biosynthetic
pathway. The compounds were found to
be potent antiosteoporosis agents in
vivo, whereby tricrilactone G (top right-
hand structure) restored bone forma-
tion-resorption homeostasis and pro-
moted cartilage and skeletal develop-
ment.
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