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Asplactones A-E (1-5), five unique diphenyl ether hybrids, along with two rare spiro-diphenyl ethers,
aspviolaceols A (6) and B (7), were isolated and characterized from Aspergillus sp. F1-8A, an endophytic
fungus associated with the parotoid glands of Bufo gargarizans Cantor. Compounds 1-5 represent the first
examples of diphenyl ether hybrids fused with unusual moieties, including conjugated y-butyrolactone
and cyclopentenone. Compounds 6 and 7 are the first known natural spiro-diphenyl ethers, with 6 featur-
ing an uncommon 6/6/6/6-membered carbon skeleton, and 7 possessing a distinct 6/6/6/6/6/6-membered
diphenyl ether spiro-heterodimer carbon framework. Structural elucidation was performed using a combi-
nation of spectroscopic techniques, X-ray crystallography, and quantum-chemical calculations, and plausi-
ble biosynthetic pathways were proposed. Biologically, compounds 1, 2, 4, 6, and 7 exhibited antioxidant
activity comparable to or surpassing that of vitamin C in 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), and ferric reducing power assays. They also signifi-
cantly improved cell viability in H,0,-induced oxidative injury assays using A549 cells.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diphenyl ethers (DPEs) are well-documented in microorgan-
isms and plants, exhibiting a wide range of bioactive properties,
including antibacterial, antioxidant, antitumor, antihemolytic,
neuroprotective, and anti-Alzheimer effects [1-3]. Among these,
gerfelin, a notable diphenyl ether, has been identified as a novel
inhibitor of geranylgeranyl diphosphate synthase, isolated from
Beauveria felina QN22047 [4]. Similarly, y-butyrolactone, a five-
membered heterocycle with ester functionality, has garnered
significant attention in drug discovery due to its presence in
numerous biologically active molecules [5]. Several Food and Drug
Administration (FDA)-approved drugs containing y -butyrolactone
serve diverse purposes, including as diuretics, anticancer agents,
contraceptives, and treatments for heart disease and glaucoma [6].
The conjugated cyclopentenone (CP) moiety, another important
pharmacophore, plays a pivotal role in anticancer agents such
as cyclopentenone prostaglandins (CyPGs) and clavulones [7,8].
Despite the growing discoveries of both natural and synthetic
DPEs [3,9], y-butyrolactones [10], and CP derivatives [11], hybrids
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of DPEs fused with conjugated y-butyrolactones and CPs, as well
as spiro-DPEs, remain undescribed.

Aspergillus is a genus of ubiquitous fungi with both signifi-
cant pathological and therapeutic importance [12,13]. Recent stud-
ies have identified 361 new secondary metabolites from Aspergillus
species between 1915 and 2020 [14]. The search for novel bioac-
tive structures in endophytic fungi has become a major research
focus, with Aspergillus serving as a valuable reservoir of bioac-
tive secondary metabolites [15,16]. These species produce a wide
range of metabolites, including polyketides, alkaloids, terpenoids,
and sterols, with over half exhibiting notable bioactivities [17,18].
Although DPEs, y-butyrolactones, and CPs have been identified in
Aspergillus species [3,9-11], significant breakthroughs in the dis-
covery of their hybrids or spiro-diphenyl ethers have yet to be
achieved.

As part of our ongoing study on the endophytic fungi associated
with Bufo gargarizans [19,20], Aspergillus sp. F1-8A was isolated
from the parotoid gland secretions of Bufo gargarizans. Screening
of various culture media (Fig. S1 in Supporting information) led
to the isolation of five previously undescribed diphenyl ethers hy-
brids (1-5) and two spiro-diphenyl ethers (6, 7) (Fig. 1). To the
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Fig. 2. Key 'H-'H COSY and HMBC correlations of compounds 1-7.

best of our knowledge, asplactones A-E (1-5) represent the first
naturally occurring hybrids composed of diphenyl ethers, conju-
gated y-butyrolactones, and CPs. Aspviolaceol A (6) and B (7) are
the first known natural spiro-diphenyl ethers. Compounds 1, 2, 4,
6, and 7 exhibited strong antioxidant activity both in vitro and in
vivo. This report details the isolation, structural characterization,
proposed biosynthetic pathways, and antioxidant activities of these
novel diphenyl ether derivatives.

Asplactone A (1) was isolated as a light yellow powder with
a molecular formula of CygHy5019, deduced from high-resolution
electrospray ionization mass spectrometry (HR-ESI-MS) analysis.
The molecular ion peak at m/z 523.1594 [M+H]* (calcd. for
CygHy701g, 523.1599) indicated 16 degrees of unsaturation, con-
sistent with the carbon-13 nuclear magnetic resonance (1C NMR)
data. The infrared (IR) spectrum displayed absorption bands corre-
sponding to hydroxyl (3731 cm~!) and y-lactone (1744 cm™) func-
tional groups (Fig. S2 in Supporting information). The '"H NMR (Ta-
ble S2 in Supporting information) and 3C NMR (Table S3 in Sup-
porting information) spectra displayed characteristic signals for a
C-8 substituted gerfelin moiety, including 8y 6.16 (1H, d, J=2.5Hz,
H-1), 6.06 (1H, d, J=2.5Hz, H-5), 6.68 (1H, s, H-10), 2.04 (3H, s,
Me-26), 2.34 (3H, s, Me-27), and 8¢ 141.7 (C-2), 108.6 (C-3), 160.9
(C-4), 162.9 (C-6), 142.8 (C-7), 114.6 (C-8), 127.6 (C-9), 147.7 (C-
11), 136.2 (C-12), and 172.6 (C-28). Key 'H-'H COSY correlations
(Fig. S8 in Supporting information) revealed two independent spin
systems [Me-27/H-1 and Me-26/H-10] (Fig. 2). Heteronuclear mul-
tiple bond correlation (HMBC) analysis (Fig. S10 in Supporting in-
formation) revealed correlations from Me-27 to C-1 and C-2, and
from Me-26 to C-10 and C-8, which aided in establishing the pla-
nar structure of the diphenyl ether core (rings A and B) (Figs. 1
and 2) [21].

Additional NMR signals included two methyl singlets [y 1.97
(s, 3H, Me-24) and 1.66 (s, 3H, Me-25)], one methyl doublet [dy
0.96 (3H, d, J=7.0Hz), Me-23], two methine protons [§y 2.21 (1H,
dq, J=15.0, 7.0Hz, H-22) and 3.33 (1H, d, J=7.0Hz, H-18)], and

Chinese Chemical Letters 37 (2026) 111121

Fig. 3. X-ray crystal structures of 1 and 6.

an olefinic proton (8y 5.88, s, H-20) (Table S2). The 3C NMR data
revealed the presence of a ketone carbonyl (§¢ 206.0, C-19), an es-
ter carbonyl (8¢ 163.6, C-15)], six olefinic carbons [6¢ 119.4 (C-13),
139.5 (C-14), 144.7 (C-16), 116.5 (C-17), 129.0 (C-20), and 182.7 (C-
21)], and two methine carbons [§¢ 51.0 (C-18) and 43.6 (C-22)] (Ta-
ble S3). TH-'H correlation spectroscopy (COSY) correlations indi-
cated an independent spin system connecting H-20, Me-24, H-22,
Me-23, and H-18 (Fig. 2). Moreover, HMBC correlations from Me-25
to C-16, C-17, C-18, and C-22; from Me-24 to C-19, C-20, and C-22;
from Me-23 to C-18 and C-21; and from H-22 to C-19 and C-20
(Fig. 2), along with the remaining 7 degrees of unsaturation, sup-
ported the structural assignment of a conjugated y-butyrolactone
(ring C) and a CP (ring D) moiety. The connectivity of the diphenyl
ether core with the conjugated y-butyrolactone and CP units was
further established by HMBC correlations from Me-26 to C-13 and
from Me-25 to C-16 and C-18 (Fig. 2).

The cis-configuration of H-18 and H-22 was evidenced by nu-
clear Overhauser effect spectroscopy (NOESY) correlations between
H-22 (6y 2.21) and H-18 (§y 3.33), as well as between Me-25 (§y
1.66) and Me-23 (8y 0.96) (Figs. S11, S12, and S64 in Supporting
information). Finally, the 18S, 22S configurations of 1, along with
the E-geomtry of the A1617 double bond, were unequivocally de-
termined through single-crystal X-ray diffraction (Fig. 3).

Asplactone B (2) was isolated as a light yellow powder. Its
molecular formula was determined to be CygH,5079 based on HR-
ESI-MS (m/z 545.1411 [M + Na]*, calcd. for CogH,6019Na, 545.1418).
The IR spectrum indicated the presence of hydroxyl (3731 cm™1)
and y-lactone (1746 cm~1) functional groups (Fig. S15 in Support-
ing information). High performance liquid chromatography (HPLC)
analysis baseline-separated of compounds 1 and 2 were on an RP-
18 column (Fig. S2A in Supporting information), with similar ul-
traviolet (UV) spectra (Figs. S2B and C in Supporting information).
Analysis of the 1D (Tables S2 and S3) and 2D NMR (Fig. 2 and
Figs. S20-S24 in Supporting information) spectra revealed that the
NMR spectra for 2 were similar to those of 1. However, the upfield
shift of H-18 (§y 3.03), the downfield shift of H-22 (64 2.66), and
H3-23 (8y 1.12) in the 'H NMR (Table S2), as well as upfield chem-
ical shifts of C-23 (compound 1: §c 14.1; compound 2: §¢ 13.3)
in the 13C NMR (Table S3), compared to compound 1 [H-18 (8y
3.33), H-22 (6y 2.21), and H3-23 (§y 0.96)], along with the op-
posite specific optical rotation values (1: —73.30, 2: +51.67), sug-
gest that compound 2 is a C-22 epimer of 1 and adopts a 22R-
configuration. The trans-configuration of H-18 and H-22 was fur-
ther supported by the NOESY correlations (Fig. S23 in Supporting
information) between H3-23 (§y 1.12) and H-18 (8y 3.03), and be-
tween H3-25 (g 1.60) and H-22 (84 2.66) (Figs. S24 and S64 in
Supporting information). The stereochemistry of 2 was ultimately
determined to be 18S, 22R by comparing electronic circular dichro-
ism (ECD) calculations with experimental circular dichroism (CD)
data (Fig. 4A and Table S4 in Supporting information).

Asplactone C (3) was obtained as a light yellow powder with
a molecular formula of Cy;H,60g, corresponding to 15 degrees of
unsaturation and a molecular weight 44 Da less than that of com-
pound 2 (vide supra). This was corroborated by its HR-ESI-MS ion
at m/z 4771559 [M-H]" (calcd. for Co7H,50g, 477.1555). Analysis of
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Fig. 4. Stereochemical assignments of compounds 1-5 through comparative analy-
sis of experimental CD spectra and computed spectra of potential stereoisomers.

the 1D and 2D NMR data revealed that the structure of 3 closely
resembled that of 2, except for the absence of a carboxyl group
(8¢ 172.5), which was further supported by the appearance of an
additional proton at H-3 (g 6.00) and the upfield shift of H3-27
(8y 2.09) (Tables S2 and S3). In the HPLC analysis, the retention
time of compound 3 was adjacent to that of compounds 1 and 2
(Fig. S2A), with a slightly different UV profile (Fig. S2B). Addition-
ally, the ECD profile of 3 closely matched that of compound 2, and
its stereochemistry was confirmed as 18S, 22R by comparing ECD
calculations with the experimental CD data (Fig. 4A and Table S5
in Supporting information).

By comparing the configurations of compounds 1-3 with their
corresponding CD spectra, it can be concluded that the positive
Cotton effect observed in the 220-280 nm range, coupled with the
negative Cotton effect in the 280-310 nm range, suggests the 22R-
configuration. In contrast, the 22S-configuration is implied in the
opposite scenario. Additionally, the positive Cotton effect observed
in the 310-350nm range is indicative of the 18S-configuration
(Fig. 4A).

Asplactone D (4) was isolated as a light yellow powder, and its
molecular formula was determined to be the same as that of com-
pounds 1 and 2, based on the HR-ESI-MS ions at m/z 523.1593
[M+H]* (caled. for CygHy70q9, 523.1599). The IR spectral data
(Fig. S39 in Supporting information) and UV profile of 4 (Figs. S2B
and C) closely resembled those of compounds 1 and 2. HPLC anal-
ysis over an Eclipse XDB-C18 column indicated that compounds 1,
2, and 4 could be baseline-separated (Fig. S2A). However, the slight
upfield shift of H-18 (g 3.26) and the significant upfield shift of
H;-25 (8y 1.08) in the TH NMR (Table S2), compared to compound
1 [H-18 (§y 3.33) and H3-25 (§y 1.66)], suggest that compound 4
is a C-18 epimer of 1 and likely adopts an 18R-configuration. This
hypothesis is further supported by the notable downfield shift of
C-18 (compound 1: §¢ 51.0; compound 4: §¢ 56.7) and the up-
field shift of C-25 (compound 1: §¢ 16.2; compound 4: §c 10.7)
in the 13C NMR (Table S3). Additionally, the opposite configuration
of 4 compared to 3 was confirmed by the reversed specific optical
rotation values (3: +20.00, 4: —28.00). The negative Cotton effect
observed around 220-250nm and 310-350nm, couple with the
positive Cotton effect in the 250-300 nm range, indicates the 225-
configuration for compound 4 (Fig. 4B). Ultimately, the 18R, 22S
configuration of 4 was established through ECD calculations for the
18R, 22S and 18S, 22R stereoisomers (Fig. 4B). However, compared
to compounds 1-3, the geometry of the A1617 double bond in 4
remained uncertain and required further confirmation (Table S3).
To address this, the 3C NMR chemical shifts for both the 4Z and
4E diastereomers of 4 were calculated at the B3LYP/6-31+G (d, p)
level in polarizable continuum model (PCM) dimethylsulfoxide. The
4E configuration was determined by the 100% DP4+ probability
and the excellent correlation coefficient (R?) between the experi-
mental 3C NMR for 4 and the calculated data for 4E diastereomer
(Fig. S51 and Tables S6 and S7 in Supporting information).

Asplactone D (5) was isolated as a light yellow powder with a
molecular formula of Co7H,60g (15 degrees of unsaturation), which
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is 44 Da less than that of compound 4 (vide supra). This was con-
firmed by its HR-ESI-MS ion at m/z 4771559 [M —H]~ (calcd. for
Cy7H,50g, 477.1555). Comparisons of the 1D and 2D NMR spectra
(Tables S2 and S3) suggest that compound 5 is a 3-deacetyl deriva-
tive of 4. This was further supported by the disappearance of the
Sc 172.7 signal (Table S3) and the appearance of an extra proton
at H-3 (8y 5.94) in 5 (Table S2), as well as a significant upfield
shift of Me-27 signal from §y 2.37 (s) to 2.08 (s) in comparison to
4. The absolute configuration of 5 was established as 18R, 22S by
comparing its experimental ECD profiles with those of 4 and with
the ECD spectra calculated for 18R, 22S and 18S, 22R stereoisomers
(Fig. 4B)

Aspviolaceol A (6) was isolated as a yellow powder, with a
molecular formula of CygH10g, determined by HR-ESI-MS at m/z
385.0920 [M+H]* (caled. for CygH170g, 385.0918), indicating 13
degrees of unsaturation. The 3C NMR spectrum (Fig. S68 in Sup-
porting information) displayed 13 carbon signals, suggesting partial
symmetry in the structure of 6. Compared to violaceol I [22], the
TH NMR (Fig. S67 in Supporting information) of 6 exhibits an addi-
tional methyl signal at 6y 2.29 (3H, s, H3-20) and an olefinic pro-
ton (8y 6.13, s, H-18) (Table S2). Furthermore, the 13C NMR spec-
trum of 6 showed six extra carbon signals compared to violaceol I,
including one ester carbonyl (6¢ 172.5, C-16), one ketone carbonyl
(8¢ 194.4, C-19), two olefinic carbons [C-17 (§¢ 170.1) and C-18 (8¢
109.9)], one sp3 quaternary carbon (8¢ 58.2, C-8), and one methyl
group (8¢ 20.4, C-20) attached to the A'18 double bond (Table
S3). A 6-methyl-pyran-2,4-dione structure was proposed based on
the HMBC correlations (Fig. S72 in Supporting information) from
Me-20 to C-17/C-18 and H-18 to C-8/C-17/C-19/C-20. Moreover, the
pyranone moiety was fused with violaceol I through C-8 spiro-
cyclization, as established by the key HMBC correlations of H-18
(8y 6.13, s) and H-3 (§y 6.40, s) to C-8 (§¢c 58.2) (Fig. 2). The
proposed structure for compound 6 was eventually confirmed by
single-crystal X-ray diffraction (Fig. 3), and the P-1 space group in-
dicates that 6 is archiral.

Aspviolaceol A (7) was obtained as a reddish-brown pow-
der with a molecular formula of CygH,,019, indicating 18 de-
grees of unsaturation, as determined by HR-ESI-MS at m/z 517.1156
[M —H]~ (calcd. for CygH1 019, 517.1140). Further analysis of the 'H
(Fig. S76 in Supporting information) and 13C NMR (Fig. S77 in Sup-
porting information) data revealed that rings A to C in compound
7 closely resembled those of violaceol I [22], while the remaining
moiety of 7 closely resembled gibellulin A [23]. However, the C-1
and C-9 positions of the violaceol I moiety in 7 were fused with
gibellulin A via a C-8 spirocyclization [23], as evidenced by the ab-
sence of two aromatic protons at 8y 6.15 (m) [22], the significant
upfield shift of C-8 from §c 111.5 to §c 59.1, and the absence of
a singlet aromatic proton at §y 6.33 compared to violaceol I and
gibellulin A, respectively [23]. Furthermore, the hydroxy group in
gibellulin A was oxidized into a ketone carbonyl, as indicated by
the notable downfield shift of C-20 from &¢ 145.0 to 8¢ 195.2 in 7.
Finally, the unprecedented heterodimer 7, constructed via a spiro-
cyclization reaction between violaceol I and the oxidized gibellulin
A, was confirmed by the four spin-coupling fragments in its 'H-
TH COSY spectrum (Fig. 2 and Fig. S79 in Supporting information),
along with the HMBC correlations from Me-28 to C-8/C-16/C-17,
and from H-17 to C-8/C-19 (Fig. 2).

Interestingly, the metabolites of Aspergillus sp. F1-8A, associ-
ated with toad venom, are completely different from the chemical
components of toad venom itself, suggesting that the presence
of the endophytic fungus introduces additional compounds and
potential bioactivities to the medicinal material. Biogenetically, the
precursor of compounds 1-5 originate from malonyl-CoA, which,
under the catalysis of polyketide sythase (PKS), is converted to
orsellinic acid [24]. This intermediate undergoes dehydration
with 5-methyl-benzene-1,2,3-triol to form gerfelin, which is sub-
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Gibellulin A

sequently decarboxylated to yield cordyol C [25]. Both gerfelin
and cordyol C can undergo a Michael addition reaction with 5-
acetylfuran-2(3H)-one, resulting in the formation of intermediates
iii and iv, respectively. These intermediates then undergo aldol re-
actions with (S or R)-3,4-dimethylcyclopent-2-en-1-one to produce
compounds 1, 2, 4 and compounds 3, 5, respectively (Scheme 1).
For the biosynthesis of spiro-diphenyl ethers 6 and 7, two
5-methyl-benzene-1,2,3-triol units [26] act as the upstream pre-
cursor, undergoing dehydration to form violaceol I [22]. Violaceol
I then undergoes spirocyclization with triketone B [24] to yield as-
pviolaceol A (6). Additionally, gibellulin A undergoes keto-enol tau-
tomerism to form intermediate C, which then undergoes spirocy-
clization with violaceol I to produce aspviolaceol B (7) (Scheme 2).

Compounds 1-7 were evaluated for their in vitro antioxidant
ability and cytoprotective effects, with the exception of 3 and
5, which were not tested due to insufficient quantities. Antioxi-
dant ability was assessed using the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) and  2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS) radical scavenging assays, and the ferric reducing antiox-
idant power (FRAP) method [27]. Compounds 1, 2, 4, 6, and 7
exhibited significant DPPH"* (Fig. 5A and Table S8 in Supporting
information) and ABTS'* scavenging abilities (Fig. 5B and Table
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Fig. 5. Antioxidant ability and cytoprotective effects of the tested compounds.
DPPH (A) and ABTS (B) free radical scavenging ability, expressed as scavenging rate
(%), with VC used as the control. (C) Ferric reducing ability, expressed as optical
density (OD) at 700 nm, with VC as the control. (D) Effects of H,O, at various con-
centrations (0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4mmol/L) on the viability of A549
cells. (E) Cytotoxicity of the tested compounds and VC (all at 20 pmol/L) on A549
cells, with DMSO as the negative control (ns, no significance). (F) Protective effects
of the tested compounds (20 pumol/L) against H,0,-induced oxidative damage in
A549 cells, with 0.9 mmol/L H,0, treatment as the model group. Results are ex-
pressed as mean £ SD (n=3). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the DMSO
control or the model group.

S8), as well as strong ferric reducing power (Fig. 5C), comparable
to or exceeding the positive control (ascorbic acid or vitamin C
(VQ)) (Fig. 5 and Table S8). A549 cells treated with 0.9 mmol/L
H,0, showed a viability of 50% + 0.44% (Fig. 5D), establishing
this concentration as suitable for subsequent experiments. Further
investigation revealed that pretreatment with compounds 1, 2, 4,
6, and 7 (all at 20 yumol/L) had no significant effect on A549 cell
viability (Fig. 5E), but significantly improved the viability of A549
cells damaged by 0.9 mmol/L H,0,, matching or surpassing the
effects of vitamin C (Fig. 5F) [28]. These findings suggest that com-
pounds 1, 2, 4, 6, and 7 exhibit excellent in vitro antioxidant ability
and cytoprotective effects against H,0,-induced cellular damage.
In summary, this study marks the first discovery of asplactones
A-E (1-5), which represent the first examples of diphenyl ethers
fused with unusual conjugated y-butyrolactone and CP moieties,
implying that 1-5 are representatives of a new subclass within the
diphenyl ether family. Furthermore, these are the first documented
natural products with a hybrid structure that integrates both CP
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and y -butyrolactone moieties. Additionally, aspviolaceols A (6) and
B (7) represent the only two examples of spiro-diphenyl ethers
found in nature to date. This work marks a significant milestone
in decades of research on Aspergillus, showcasing the remarkable
chemical ingenuity of this genus. The discovery of these unique
diphenyl ether hybrids and spiro-diphenyl ethers has expanded
the structural diversity of the natural product library and their
excellent antioxidant properties and cytoprotective effects provide
promising insights for further pharmacological investigation.
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