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Guided by molecular networking, HSQC-based DeepSAT, and SMART analyses, a chemical in-
vestigation of the coral-derived fungus Talaromyces sp. T]403-AL05 led to the isolation and
identification of taladipyrones A-I (1-9), a series of new a-pyrone dimers with four distinct
skeletons. Among these, compounds 1 and 9 represented two unprecedented classes of re-
arranged a-pyrone dimers, and compounds 5-7 were the first talarolactone-type dimers ob-
tained as racemates. Extensive spectroscopic analysis, quantum chemical calculations, and X-
ray diffraction analysis were used to determine their structures, including each enantiomer of
racemic compounds 5-8 after chiral HPLC resolution. In human cardiomyocytes (AC16), com-
pounds 1-6 and 8-9 attenuated injury caused by 24 h cold ischemia (CI) at 40 pmol-L™.
Moreover, compound 2 could improve Cl-induced disruption of redox homeostasis via activa-
tion of the PI3K/AKT signaling pathway, representing the first fungal polyketide with such
cardioprotective activity.

1. Introduction

The exceptional chemical diversity of natural products un-
derpins their capacity to interact with a wide range of biological
targets, making them a crucial source of first-in-class drugs . In
this context, microorganisms stand as a premier reservoir for
drug discovery, providing structurally complex and synthetically
challenging scaffolds *°. Among filamentous fungi, the genus
Talaromyces, which was established to accommodate the teleo-
morphic forms of certain Penicillium species *, is particularly
noteworthy. Similar to Penicillium, Talaromyces possesses abund-
ant biosynthetic gene clusters that produce a remarkable array of
secondary metabolites, including alkaloids > °, terpenes ”°, and
polyketides ” '’. Notably, recent studies have increasingly high-
lighted the ability of Talaromyces to yield metabolites with excep-
tional structural novelty and potent bioactivities, suchas hy-
poglycemic activity ' '*, anti-inflammatory "> ', and antican-
cer ' activities, thereby establishing its status as a valuable
source of lead compounds.

As the important secondary metabolites of Talaromyces spe-

* Corresponding author.
E-mail addresses: chijiangyang@163.com (J. Chi); zhangyh@mails.tjmu.edu.cn
(Y. Zhang); hzx616@126.com (Z. Hu)
“ These authors contributed equally to this work.
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cies, a-pyrone derivatives displayed diverse bioactivities, includ-
ing immunosuppressive activity, anti-inflammatory activity, and
inhibitory activity against xanthine oxidase '**’. Motivated by the
widespread bioactivities of pyrone derivatives, Global Natural
Products Social Molecular Networking (GNPSMN) was applied to
rapidly screen a panel of fungal isolates *, leading to identifica-
tion of an a-pyrone-producing strain, Talaromyces sp. T]403-
ALO5. The molecular network of this strain featured a cluster
containing one node annotated as a known a-pyrone monomer
(annularin A **) based on matches in both the GNPS spectral lib-
rary and our in-house MS/MS library, whereas the remaining
nodes in that cluster lacked annotations as shown in Fig. 1A, sug-
gesting previously undescribed pyrone derivatives *. Although
MN facilitates targeted isolation of novel natural products and en-
abled rapid dereplication of known ones *, the approach suffered
from inherent limitations. For instance, LC-MS/MS-based net-
working could generate spurious nodes and edges due to chro-
matographic coelution, chimeric spectra or background noise *’.
Moreover, even within closely related congeneric series, subtle
structural variations such as glycosides and their aglycones
would produce significant deviations in clustering and edge con-
nectivity *’. These effects could be partially mitigated by feature-
based molecular networking (FBMN) *’, building block-based mo-
lecular networking (BBMN) *>*’, and simulated MS/MS-guided
molecular networking (SMMN) *', which emphasize MS' feature

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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alignment, building-block diagnostics, or in silico predicted spec-
tra, yet precise selection of diagnostic product ions and neutral
losses for targeted isolation remains challenging given the di-
versity and complexity of natural product scaffolds **

To overcome these limitations, NMR-based approaches have
been increasingly adopted in recent years to provide orthogonal
evidence for natural products targeted discovery ***°. In this
study, pre-fractionated crude extracts were analyzed using HSQC
spectroscopy, and the data were interpreted using two HSQC-
based annotators: DeepSAT *” and SMART **. Because these tools
were trained in different ways for structure prediction, running
both was expected to be insightful and to provide complement-
ary results *°. This integrated approach guided the targeted isola-
tion of a series of a-pyrone dimers, designated taladipyrones A-I
(1-9). Among them, compound 1 possessed an unprecedented
skeleton featuring a congested 6/6/5/6 ring system, and com-
pound 9 was its biosynthetically related C-8-C-13 cleavage deriv-
ative. Herein, the isolation, structural elucidation, and cardiopro-
tective activity against cold ischemia injury of these compounds
(Fig. 2) were described.

2. Results and discussion

The required HSQC data were extracted and uploaded into
the DeepSAT platform (https://deepsatucsd.edu/) and the
SMART 2.1 platform (http://smart.ucsd.edu/classic) in the CSV
file. The DeepSAT analysis of Fr. E3 (Fig. 1B) yielded only two low-
confidence candidates, as expected for novel scaffolds, yet con-
sistently classified the major constituents as cyclic polyketides.
Complementarily, the result of SMART analysis (Fig. 1C) pro-
posed structurally diverse candidates, six out of the top eight
compounds contained an a-pyrone substructure. Similar annota-
tion patterns were also observed in Fr. E4. This convergent evid-
ence supported the presence of cyclic polyketides featuring a-
pyrone moiety, prompting the prioritization of subfractions E3
and E4 for targeted isolation to obtain novel derivatives.

Compound 1 was isolated as a colorless crystal with a mo-
lecular formula of C;gH,,0¢ as inferred from the HR-ESI-MS data,
suggesting eight degrees of unsaturation. The '"H NMR data (Ta-
ble 1) disclosed the characteristic signals attributed to two
methyl doublets at 6y 1.14 (d, J = 6.6 Hz, H3-12), 6y 1.34 (d, ] =
6.0 Hz, H3-18); two methyl singlets at 6y 1.37 (H3-14) and 3.79
(H3-20); two oxygenated methines at 6y 4.92 (dq, / = 9.7, 6.6 Hz,
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H-11) and 3.79 (m, H-17); and one olefinic proton at 6y 5.39 (s, H-
3). Interpretation of the *C NMR (Table 1) and HSQC data re-
vealed a total of 18 carbon signals, which were attributable to
one ketone carbonyl carbon, one ester carbonyl carbon, four ol-
efinic carbons (including one protonated), two sp*® non-proton-
ated carbons, three sp® methine carbons, three sp* methylene car-
bons and four methyl carbons (including one oxygenated). Com-
bined with the above data analyses, two carbon-carbon double
bonds and two carbonyl groups accounted for four of the eight
unsaturation units, illustrating the presence of a tetracyclic ring
system for 1.

Detailed dissections of the 1D NMR data and HMBC spec-
trum (Fig. 3) revealed that 1 possessed one a-pyrone moiety
(ring A), as evidenced by the diagnostic HMBC correlations from
H3-20 to C-4 and from H-3 to C-2, C-4 and C-5, as well as the
typical chemical shift values of C-2 (6: 163.9) and C-10 (6¢
154.3) ***'. Other fragments and their connections were further
clarified by the remaining 'H-'"H COSY and HMBC correlations
(Fig. 3). Analysis of the "H-"H COSY spectrum revealed three con-
tinuous spin-spin coupling systems: H,-6/H,-7, H-9/H-11/H3-12
and H,-16/H-17/H3-18. A cyclohexane ring (ring B) connected
with ring A through the shared C-5-C-10 bond was inferred by
the HMBC correlations from H,-6 to C-5, C-8 and C-10, from H,-7
to C-8 and C-9, and from H-9 to C-10. Additionally, in the HMBC
spectrum, correlations observed from H,-16 to C-8 and C-15,
from H-17 to C-13 and C-15, and from H,-7 to C-15 and C-13 es-
tablished that ring B and a y-pyrone ring (ring C) bearing a
methyl linked to C-13 were spiro-fused at C-8. Furthermore, the
remaining ring was assigned to be a tetrahydrofuran ring (ring D)
fused to rings B and C via C-8-C-9 and C-8-C-13, respectively.
This assignment was supported by comprehensive analysis of the
molecular formula, the key chemical shift value of the quaternary
carbon at C-13 (6; 111.1), and the HMBC correlations from H-11
to C-8 and C-10. The methyl groups 12-CH; and 18-CH3; were
placed at C-11 and C-17, respectively, based on the 'H-'H COSY
data described above. Therefore, the planar structure of 1 was
defined.

The partial relative configuration of 1 was assigned by ana-
lysis of its NOESY data (Fig. 4), of which the correlation between
H3-14 and H,-7 revealed that C-7-C-8 bond and 14-CH; were
placed on the same side. However, the unambiguous assignment
of the remaining stereocenters by NOESY spectrum alone was
challenging due to the presence of the consecutive quaternary

B Fr.E3
0
G NPS o5 e @@ep SAT
0. .0 Coumarins 7.64% l =
| 40 o Sesquiterpenoids 4.90% .
| Glycoside 19.44%
N 8.185 ;g ]
1970 8 4 o
o / o £ 1 ] Cyclic polyketides ~ 73.79%
0 B-
£ 120
AnnularinA );;_g/q/w S Coumarins 7.64%
Cal. [M + HJ": 199.096
419.168 160
. . o
419277 180 Sesquiterpenoids 4.90%
473 326 200 A X
479335 ) 220 A OH Glycoside 19.44%
397 186 341 1 4 240 +—T—T T T T T T T T T 0.61
l‘)]ll 1211109 8 7 6 5 4 3 21 0
476. 31‘/4) \\ 77 32. .112 ‘H/ppm
477 35 27 1‘3 &
7 357 U
’99 m @
v: 12 % g- ©
24“ 3xsvz| C Fr.E3 (1, |

5'°~‘“ |3 186

755.196 297095\283081 0
/ 20
K% 739181 319154 / \ / 404
481206 oo )

271.063 6
7141 0 115 098
80

g_' 5 498379 n '00 1
522.3 9 £ 120
/ 435. JIK 140

800.254

758.243

507.331

719335 160 -

180 4

477.322
200

SMART 2.0 query

OH (
Ox,.0.
OH \T\J:l(\r
0O
05,0 <
)
OH
N

L e e e s e
1211109 8 7 6543
"Hippm

T (>\ OH
10

w4

0.76 0.76

Fig. 1 GNPS molecular networking, DeepSAT and SMART analysis of the rice fermentation products of Talaromyces sp. T]403-AL05. (A) Molecular networking analysis of
the ethyl acetate (EtOAc) crude. (B) DeepSAT-based analysis of the HSQC spectrum of Fr. E3 and identification of all cosine-similarity compounds. (C) SMART-based analysis
of the HSQC spectrum of Fr. E3 and planar structures of top eight compounds based on the cosine similarity score.
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Fig. 2 Chemical structures of taladipyrones A-I (1-9).

Table 1 'H NMR and *°C NMR data of compounds 1-3 (J in Hz).

1 2 3
No.
8¢ B 8¢ B S B
2 163.9C 164.0 C 166.4C
3 88.4 CH 5.39s 87.3 CH 5.42s 89.1 CH 5.62 s
4 169.7 C 169.9C 171.8C
5 110.1C 108.4C 111.7C
o memn  RUEESILGLLS aaon omaen
7 22.0 CH, 2.12 ddt (13.5, 6.1, 1.6); 1.41 m 278CH,  2.05m;1.89 ddd (13.5,11.3,7.5) 248CH,  2.00m; 1.61ddd (14.5,11.3,7.4)
8 61.2C 473C 51.6C
9 46.7 CH 3.79 m 46.0 CH 3.66 br d (7.9) 49.7 CH 3.54d (10.0)
10 154.3C 156.3C 155.6C
11 76.5 CH 4.92 dq (9.7, 6.6) 73.3 CH 4.60 m 78.2 CH 481m
12 18.2 CH, 1.14.d (6.6) 17.8 CH, 1.24 d (6.6) 18.1 CH; 1.17 d (6.6)
13 111.1¢C 108.5C 113.9C
14 17.5 CHy 1.37s 126.3 CH 5.63dq (15.2, 1.6) 124.3 CH 5.62 dq (15.4, 1.8)
15 208.3C 132.4 CH 6.10 dq (15.2, 6.6) 133.2 CH 6.08 dq (154, 6.6)
16 45.2CH,  2.63dd (14.4,11.5); 2.26 dd (14.4, 2.7) 17.4 CH, 1.78 dd (6.6, 1.6) 17.8 CH; 1.76 dd (6.7, 1.8)
17 67.3 CH 3.79 m 175.1C 178.8 C
18 22.2 CH; 1.34d (6.0) 91.7 CH 5.28's 89.5 CH 5.23s
19 164.0 C 167.2 C
20 56.2 CH; 3.79s
21 56.2 CHs 3.81s 57.3 CHs 391s
22 56.2 CHs 3.60's 57.7 CHs 3.74s

*In CDCly; °in CD;0D; € recorded at 400 MHz; ¢ recorded at 100 MHz; “m” means overlapped or multiplet with other signals.

carbons (like C-8 and C-13) and the oxygen atoms. Finally, a suit-
able single crystal was obtained and then subjected to single-
crystal X-ray diffraction analysis with Cu Ka (Fig. 5), which con-
firmed the absolute configuration to be 85,9R,11R,13S,17R.
Compound 2, isolated as a colorless crystal, had a molecular
formula of CyoH,,0; based on its HR-ESI-MS data, requiring ten
degrees of unsaturation. Its *C NMR data (Table 1), combined
with HSQC spectrum, exhibited the presence of signals for four ol-
efinic methine protons, two sp® methine protons (including one

1112

oxygenated), and four methyl (including two oxygenated) pro-
tons. In addition, eight non-protonated carbons (six sp’ carbons
and two sp® carbons) and two methylene carbons were observed
in the *C NMR spectrum. Comparison of the NMR data of 2 with
those of talarolactone A showed high similarity **, suggesting that
they possessed the identical carbocyclic core. The only difference
between their planar structures was that the hydroxy group at
C-15 in talarolactone A was eliminated to the A**"® double bond
in compound 2, which could be confirmed by the molecular for-
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Fig.3 Key 'H-'H COSY (blue lines) and HMBC (red arrows) correlations of 1-9.

mula and the HMBC correlations (Fig. 3) from H-14 and H-15 to C-
13. The E-configuration of A'"® was determined based on the
large coupling constant between H-14 and H-15 (¥ = 15.1 Hz).
The NOESY correlations (Fig. 4) of H-9/H-11, H,-7/H-14, and H-
9/H-7a suggested that H-9, H-11, C-7-C-8 bond and C-13-C-14
bond were established as a-oriented. Furthermore, the assign-
ment of an 8R,9R,11R,13S absolute configuration of 2 was cor-
roborated by a single-crystal X-ray diffraction analysis (Fig. 5)
with a Flack parameter of 0.00(3).

Compounds 3 and 4 were both purified as white, amorphous
powders and shared the same molecular formula, planar struc-
ture and E-configuration of A" double bond with compound 2
by analysis of the HR-ESI-MS and 1D/2D NMR data. As far as com-
pound 3 was concerned, the coupling constant between H-9 and
H-11 in CD;0D (] = 10.0 Hz in 3, and ¥ = 9.9 Hz in talarolactone
A), the NOESY correlations of H-78/H3-12 and H,-7/H-14, as well
as the experimental ECD data were consistent with talarolactone
A (Fig. $28) *, which enabled the assignment of the absolute con-
figuration in 3 to be 8S,9R,11R,13R. Likewise, the observed
NOESY signals between H,-7 and H-14, and between H-11 and H-
7B in compound 4 indicated the same orientation of H-11, C-7-C-
8 bond and C-13-C-14 bond, which enabled to establish the par-

tial configuration as 85,115",13R". To further determine the com-
plete relative configuration of 4, the calculation of NMR data was
applied. Consequently, both DP4 + probability analysis and the
correlation coefficient (R%) (Fig. 6A and Table S1) showed that the
3C NMR data of (85,9R",11S,13R")-4 matched well with the ex-
perimental data. Finally, the absolute configuration of 4 was de-
termined as 8R,9S5,11R,13S by the ECD calculation (Fig. 7).
Compound 5, obtained as a colorless crystal, possessed the
molecular formula C,;H,c0; by its HR-ESI-MS data, requiring
nine degrees of unsaturation. Detailed analyses of its NMR data
(Table 2) suggested that 5 was structurally similar to 2, except
for the absence of the furan ring and the presence of an addition-
al methoxy group attached to C-13. The inference was verified by
the HMBC correlations from H3-23 to C-13, the chemical shifts of
C-11 (6; 24.6), together with one less degree of unsaturation
compared to 2. The coupling constant between H-14 and H-15
(%] = 15.4 Hz) supported the E-configuration of the A"**® double
bond. Further relative configuration was identified as 8R,95,
13R" according to the ROESY correlations of H,-7/H-14, H-9/H-
14 (H-15, H3-16). This conclusion was validated by the single-
crystal X-ray diffraction analysis (Fig. 5), which also revealed that
5 was a racemic mixture, with its crystal structure possessing the

Fig.4 Key ROESY/NOESY (blue arrows) correlations of 1-7.
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Fig. 5 X-Ray ORTEP drawings of compounds 1, 2, and 5-7 (displacement ellips-
oids were drawn at the 30% probability level).

centrosymmetric space group P-1. Thereafter, 5 was separated
into two optically pure enantiomers, 5a and 5b, on a Chiralpack
IG column (Fig. S1). The absolute configurations of 5a and 5b
were defined to be 8R,95,13R and 8S,9R,13S, respectively,
through comparison of their experimental ECD curves with the
calculated curves (Fig. 7).

Compounds 6 and 7 were both obtained as colorless crystals
with the identical molecular formula C,yH,,0¢ on the basis of its
HR-ESI-MS data. The NMR data (Tables 2 and 3) of both 6 and 7
resembled those of talarolactone C *°, suggesting that they pos-
sessed the same carbon framework. The only difference was the
disappearance of hydroxy group at C-15 in 6 and 7, as verified by
the "H-"H COSY correlation between H,-15 and H3-16. Therefore,
the planar structures of compounds 6 and 7 were identified as
the 15-dehydroxy analogues of talarolactone C. Their geometries
of the A double bond were both concluded to be E based on
the ROESY correlation between H-9 and H-14 in 6, and between
H,-11 and H-14 in 7, respectively. Regarding the relative config-
uration between the chiral carbons, an 8R’,9S" configuration in 6
was assigned due to the ROESY correlations of H-9/H-7a, H-
11/H;-22 and H-14/H-7a, while an 85',95" configuration in 7 was
established, as evidenced by the ROESY correlation between H-9
and Hs;-22. Subsequently, single crystals of compounds 6 and 7
were also successfully obtained, and single-crystal X-ray crystal-
lographic analysis (Fig. 5) revealed that both compounds were ra-
cemic mixtures, with crystal structures belonging to the
centrosymmetric space groups P2;/n and P-1, respectively. Then,
chiral HPLC resolved racemates (*)-6 and (%)-7 into optically
pure enantiomers 6a/6b and 7a/7b (Fig. S1). Finally, their abso-
lute configurations were established by comparison of the experi-
mental and calculated ECD spectra (Fig. 7): 6a (8S,9R), 6b
(8R,95), 7a (85,9S), and 7b (8R,9R).

Compound 8 was afforded as a colorless oil with the molecu-
lar formula C;9H,(0 based on its HR-ESI-MS data, indicating ten
degrees of unsaturation. The *C NMR data (Table 3) and HSQC
spectrum displayed 19 carbon signals, consisting of three
methyls (including one oxygenated), five methylenes (including
one oxygenated), one olefinic methines, and ten non-protonated
carbons (including one oxygenated, five olefinic, two ester car-
bonyl groups, and one ketone carbonyl group). The above signals
suggested that 8 was an a-pyrone derivative ***". Its 1D NMR
data were closely related to those of talapyrone D *, except for
the absence of hydroxy group at C-18, as confirmed by the "H-'H
COSY correlations (Fig. 3) of H,-17/H,-18/H3-19 and the methyl-
ene carbon signal of C-18 (¢ 20.8). Thus, the planar structure of
8 was constructed. The presence of butyrolactone moiety resul-
ted in the caged structure of 8, which locked the C-8-C-11 and C-
7-C-20 bonds in the same orientation “. Subsequently, 8 was
subjected to chiral separation due to the undetectable Cotton ef-
fects in its ECD spectrum. Finally, the racemic mixtures of 8 were
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successfully separated into 8a and 8b on a Chiralpak IG column
(Fig. S1). The absolute configurations were assigned as 7S5,8S for
8a and 7R,8R for 8b, based on the agreement between the experi-
mental and calculated ECD curves (Fig. 7).

Compound 9 was purified as a white amorphous powder. Its
molecular formula was determined to be C;gH;,04 according to
its HR-ESI-MS data, requiring eight degrees of unsaturation. The
"H NMR spectrum of 9 presented the diagnostic signals of three
olefinic hydrogens, one methoxy group and three methyl groups
as showed in Table 3. The *C NMR and DEPT spectroscopic data
(provided in Table 3) displayed 18 carbon signals, which were as-
signable to four methyls (one methoxy), two methylenes, six
methines (one oxygenated and three olefinic), and six non-pro-
tonated carbons (two olefinic, one ketone carbonyls, two ester,
and one oxygenated). The characteristic chemical shift values of
the a-pyrone moiety (C-2, §; 166.7; C-3, 6. 88.7; C-4, §; 172.5; C-
5, 6¢c 111.8; C-10, ¢ 158.9), similar to those in compounds 1-8,
confirmed its presence in 9 as well. Taken together, the afore-
mentioned moieties, comprising one a-pyrone, one ketone car-
bonyl, one additional double bond, and one extra ester group, ac-
counted for seven of the eight degrees of unsaturation, which
demonstrated 9 to be a bicyclic a-pyrone derivative.

Detailed analysis of the 'H-'H COSY spectrum revealed two
spin coupling systems as shown in Fig. 3. Based on the H,-6/H,-
7/H-8/H-9/H-11/H3-12 spin system, the remaining ring in the bi-
cyclic system of 9 was constructed as a cyclohexane ring fused
with the pyrone ring via the C-5-C-10 bond, supported by the
HMBC correlations (Fig. 3) from H,-6, H,-7 and H-9 to C-5, and
from H,-6, H-8, and H-9 to C-10. Additionally, the HMBC correla-
tions from H-11 and H3-14 to C-13 confirmed the presence of an
acetyl group located at C-11. Meanwhile, the spin coupling sys-
tem of H-16/H-17/H3-18 together with the HMBC correlations
from H-8, H-9, H-16 and H-17 to C-15 indicated that an a,$-unsat-
urated ketone moiety was connected to C-8. Thus, the planar
structure of 9 was constructed.

Comprehensive analysis of the coupling constant and NOESY
spectrum allowed to assign the relative configuration of com-
pound 9. A large coupling constant (J = 15.6 Hz) between H-16
and H-17 suggested the A**"” double bond to be E-geometry. Ad-
ditionally, the Newman projection along the C-9-C-11 bond (Fig.
6C) supported the 9R’,11R -configuration, as supported by the
observed ROESY correlations of H,-7/H-11 and H-8/H3-12/H-9.
Subsequent NMR chemical shift calculations of (85 ,9R",11R)-9
and (8R',9R",11R")-9 were applied to assign the configuration of C-
8. Both DP4 + probability analysis and the correlation coefficient
(R*) (Fig. 6B and Table S2) showed that the NMR data of
(85",9R",11R")-9 match well with the experimental data. Finally,
the absolute configuration of 9 was determined to be 85,9R,11R
by comparing its experimental ECD spectrum with the computa-
tional ECD curves (Fig. 7).

Compounds 1 and 9 were two novel a-pyrone dimers charac-
terized by different reconstructions of the C/D-ring system. Al-
though their frameworks differed from those of the co-isolated
compounds 2-8, they hypothetically originated from the similar
pyrone monomers (Scheme 1).Based on the previously pro-
posed biosynthetic pathway “***, the monomers dimerized either
through a [4 + 2] Diels-Alder (DA) cycloaddition to furnish type II
dimers (2-7) or via a Michael addition to give the type III dimer
(8). Notably, some of the type II dimers (5-7) were obtained as
racemic mixtures for the first time, which could be attributed to
the non-stereoselective DA reaction. The type II skeleton was
considered to be the biosynthetic precursor of 1 and 9 because of
their shared structural moieties. Initially, hydrolytic opening of
one a-pyrone ring in the tricyclic type II dimer, followed by
keto-enol tautomerization and oxidation reactions, gave inter-
mediate i. Subsequently, the intermediate i, with a typical -keto-
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Fig. 6 (A) Theoretical calculations and DP4 + probability analyses of two candidate structures of 4 (the graphs present the linear correlation between the experimental and
calculated °C NMR chemical shifts). (B) Theoretical calculations and DP4 + probability analyses of two candidate structures of 9 (the graphs present the linear correlation
between the experimental and calculated *C NMR chemical shifts). (C) Newman projection analyses of all staggered rotamers viewed along the C-9-C-11 bond for com-

pound 9 and selected ROESY correlations (double blue arrows).

acid moiety, readily underwent decarboxylation to afford inter-
mediate ii. Finally, the 5/6 fused ring system in compound 1 was
constructed by further intramolecular acetalization and cycliza-
tion of intermediate ii. Subsequent hydrolysis of the y-pyrone
ring and retro-aldol cleavage of the C-8-C-13 bond in compound
1 provided intermediate iii, and dehydration then afforded 9. In
summary, compounds 1 and 9 represented the first a-pyrone di-
mers with remodeled C/D rings, plausibly originating from re-
arrangement of a decarboxylation intermediate derived from the
tricyclic type Il dimer.

To date, only our research group has reported on natural
products isolated from microbiology with protective activity
against cold ischemic (CI) injury of the heart, with the previously
identified active compounds being exclusively terpenoids and al-
kaloids ***/, none of which belonged to the polyketide class.
Based on a refined version of previously established method (Fig.
8A) 44
protective activity against CI to explore more natural cardiopro-
tectants. As a result, compounds 1-6 and 8-9 demonstrated the
ability to attenuate Cl-induced damage in AC16 cardiomyocytes
at a concentration of 40 pumol-L™" after 24 h (Fig. 8B). Compound
2, selected for further pharmacological investigation due to its
yield and potency, exerted dose-dependent protective effects at
both 24 and 48 h post CI (Figs. 8C and 8D). Apoptosis analysis via

, compounds 1-9 were evaluated for the cardiomyocyte
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Annexin V/PI staining demonstrated that compound 2 dose-de-
pendently prevented Cl-induced apoptosis in AC16 cells (Fig. 8E).
Moreover, compound 2 also increased the cell viability after CI
following reperfusion (Fig. 8F), further confirmed the protective
effect of compound 2 on CI. It has been established that CI upset
the balance of redox systems, disturbing mitochondrial function
and causing damage to lipids ***’. In this study, pretreatment
with compound 2 resulted in a marked increase in ATP levels
(Fig. 8G) and significantly reduced the release of LDH (Fig. 8H),
the level of MDA (Fig. 81), and ROS generation in a concentration-
dependent manner compared to the CI + Vehicle group (Fig. 8]),
demonstrating that compound 2 pretreatment alleviated oxidat-
ive stress and mitochondrial damage induced by CI. The
PI3K/AKT signaling pathway has been proved to play a protect-
ive role in ischemia reperfusion injury (IRI) across the heart,
brain, lungs, liver, and kidneys, and impart the cardioprotective
effects of many drugs in IRI *"*°. Here, compound 2 increased
phosphorylation of PI3K and AKT at 3, 6, and 12 h post CI (Fig.
8K). Consistent with these findings, recent studies have high-
lighted the broad potential of natural products in treating inflam-
matory and degenerative diseases by targeting key signaling
pathways °**’. In conclusion, compound 2 might improve the CI-
induced disruption of redox homeostasis by activating PI3K/AKT
signal pathway.
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Fig. 7 Experimental and calculated ECD curves of compounds 4-9.

abled the targeted discovery of a series of new a-pyrone dimers
from the coral-derived Talaromyces sp. TJ403-AL05. Among
them, compounds 1 and 9 represented unprecedented structural

In summary, a multimethod workflow integrating GNPS mo-
lecular networking with HSQC-based DeepSAT and SMART en-

Table 2 '"H NMR and *°C NMR data of compounds 4-6 (J in Hz).

classes derived from biosynthetic rearrangement, while com-

4 5 6
No.
5 Pax 5 PR PR Sy
2 1664 C 1643C 164.4C
3 89.2 CH 562 87.6 CH 5385 87.9 CH 5455
4 1722¢C 169.7C 169.8C
5 1093 C 1083C 106.7C
6 21.1 CH, 2'79;6‘1;3 d%?fi.é,l';;f}nl'ﬂ; 183CH,  2.48ddd (147,105,7.5); 235m 18.0 CH, 2_229'5;3 t(87447722)20)
7 238CH,  1.96ddt(14.5,6.7, 1.4); 1.69 m 20.9 CH2 2.35m;1.94m 27.8 CH, 2'4‘;_‘;‘;ddgl(‘i:f;_’zg's)‘
8 52.6C 50.9C 473¢C
9 54.1CH 3.05d (7.9) 42.8CH 2.62.dd (7.4, 5.3) 442 CH 283m
10 1569C 1615¢C 160.6 C
11 83.5 CH 435 dq (8.0,6.2) 24.6 CH, 1.57 m; 1.47 dt (14.4, 7.4) 235CH,  1.69m; 154 dqd (149,7.5,3.1)
12 22.7 CH, 1.57d(6.2) 12.6 CH, 0,88t (7.4) 14.6 CH, 1.13t(7.5)
13 1152¢C 107.0C 1484C
14 124.6 CH 5.57 dq (153, 1.6) 1253 CH 5.03 dq (154, 1.8) 113.7 CH 491t(7.5)
15 133.1CH 6.07 dq (15.3,6.7) 1341 CH 6.19 dq (154, 6.6) 18.2 CH, 221p(7.5)
16 17.7 CH, 1.76 dd (6.7, 1.6) 17.7 CH, 1,57 dd (6.6, 1.8) 14.0 CH, 0,94t (7.5)
17 1782¢C 1756C 176.0C
18 90.0 CH 5255 90.2 CH 5225 90.1 CH 5165
19 1668C 164.6C 1633C
20
21 57.3 CH, 390s 56.2 CH, 382s 56.2 CH, 3825
22 57.7 CHs 3.74s 56.3 CH 3.75s 56.6 CH, 3695
23 51.3 CH, 3225

*In CDCly; ®in CD50D; “ recorded at 400 MHz; 4 recorded at 600 MHz; © recorded at 100 MHz;  recorded at 150 MHz; “m” means overlapped or multiplet with other signals.
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Table 3 'H NMR and *C NMR data of compounds 7-9 (J in Hz).

Chinese Journal of Natural Medicines 24 (2026) 1110-1122

7 8 9
No.
JC:!. d 6Ha. b 6Ca. e 6Ha. c 5Ca. e 6Ha, c
2 1644C 165.9C 1667 C
3 87.8 CH 5455 89.0 CH 560 88.7 CH 561s
4 1698C 1712¢C 1725¢C
5 1071C 106.8C 1118C
6 185CH, 257 dddd (17.2,5.5, 3.8, 1.4); 2.35 m 237CH,  3.73dt(17.5, 1.9); 257 dt (17.5, 2.6) 20.2 CH, 22"‘;2‘;?1‘;‘; ((1177‘;3;‘217 1125))
7 293 CH, 2.02m; 1.90 m 534C 213 CH, 203m;1.92m
8 477¢C 86.0C 47.8CH 329m
9 43.4CH 322m 30.8CH, 3.15dd (19.0, 1.9); 3.04 dd (19.0, 2.6) 44,4 CH 3.25 t (4.4)
10 1598C 155.2¢C 1589C
11 232 CH, 1.86 m; 1.48 dqd (14.8, 7.5, 3.2) 74.6 CH, 463 d (10.4); 450 d (10.4) 712 CH 5.13 qd (6.6, 4.4)
12 15.0 CH; 1.10t(7.5) 19.8 CH; 1.26 d (6.6)
13 1440C 1721¢ 1717¢C
14 1163CH 470t (7.5) 1102¢C 21.2 CH, 1955
15 182 CH, 220m 1845C 2015¢C
16 14.0 CH, 0.91t(7.5) 9.7 CH, 176 1311 CH 6.37 dq (15.6,1.7)
17 1770C 353 CH, 241m 145.7 CH 7.04 dq (15.6, 6.9)
18 89.8 CH 517s 20.8 CH, 1.64m 18.4 CH, 1.94 dd (6.9, 1.6)
19 163.3C 14.0 CH, 0.98t(7.5)
20 1735C 57.2 CHs 389s
21 56.2 CH, 381s 57.5 CH, 392s
22 56.8 CH, 3755

*In CDCly; ° recorded at 400 MHz; © recorded at 600 MHz; ¢

pounds 5-7 were the first report of racemic talarolactone-type
dimers. Biological assay revealed that most of these compounds
exhibited protective effects against cold ischemia injury in hu-
man cardiomyocytes at 40 pmol-L™", with compound 2 notably
ameliorating oxidative stress and mitochondrial dysfunction,
possibly through the PI3K/AKT signaling pathway. This work not
only enriches the structural diversity of fungal a-pyrone dimers
but also reports the first polyketide-type fungal natural product
with cardioprotective potential against cold ischemia injury, un-
derscoring the potential of fungal secondary metabolites as

Nllt.h’ld

Al
Addmon
Acenhzmon

recorded at 100 MHz; ® recorded at 150 MHz; “m” means overlapped or multiplet with other signals.

promising lead compounds for cardioprotection.

4. Experimental

4.1. General experimental procedures

Optical rotations, UV spectra, and ECD data were recorded in
MeOH using a PerkinElmer 341 spectropolarimeter (Waltham,
MA, USA), a Lambda 35 instrument (PerkinElmer, Waltham, MA,

Hydrolysis

Keto-enol Tautomerism

Intramolecular

Acetalization

Intramolecular

Cyclization

Scheme 1 Plausible biosynthetic pathway of compounds 1-9.



H. Zeng et al.

USA), and a JASCO J-1700 spectrometer (Tokyo, Japan), respect-
ively. HR-ESI-MS data were collected in the positive-ion mode on
a MicrOTOF II spectrometer (Bruker Daltonik, Bremen,
Germany). The NMR spectroscopy were tested on the AM-400 or
AM-600 spectrometer (Bruker Biospin, Fallanden, Switzerland).
UHPLC MS/MS analysis was performed using an Agilent 1290
Infinity II coupled with a 6545 Q-TOF mass spectrometer (Wilm-
ington, DE, USA). The chemical shifts (§) were expressed with
reference to the solvent signals for CD;0D (6y 3.31 and 6. 49.0)
and CDCl; (6y 7.26 and &8¢ 77.2). Column chromatography (CC)
was carried out on silica gel (200-300, 100-200, and 80-120
meshes; Qingdao Marine Chemical Inc., Qingdao, China), ODS
(50 um), and Sephadex LH-20 (40-70 pm, Amersham Pharm-
acia Biotech AB, Uppsala, Sweden). Fractions were monitored
by TLC and spots were visualized by heating silica gel plates
sprayed with 10% H,SO, in EtOH. Preparative HPLC was conduc-

A 2 ACI6 cells

! Normal
medium
Normal cultured cells

AC16 (CI 48 h)

100 1
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ted on Sanotac instrument China with a UV detector (Shanghai,
China) and a YMC C;g column (250 mm x 20 mm). Semipreparat-
ive HPLC was performed on an Hitachi HPLC system with a
UV detector and a reversed-phase (RP) C;g column (10 mm x
250 mm).

4.2. Fungal material

The fungus Talaromyces sp. TJ]403-AL05 was isolated from an
inner part of the coral Acanthastrea lordhowensis, which was col-
lected from Xisha Island, China. This strain was authenticated
based on the morphology and sequence analysis of the ITS region
of rDNA (GenBank Accession No. MK450741.1) and is currently
preserved in the culture collection of the College of Pharmacy,
Tongji Medical College, Huazhong University of Science and Tech-
nology.
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Fig. 8 Compounds protected cold ischemic injury of cardiomyocytes. (A) Schematic diagram of cell cold ischemic (CI) model. (B) Cell counting kit-8 (CCK-8) assay of AC16
cells stored in 0 °C UW solution with or without compounds 1-9 was performed at 24 h post cold ischemia. (C and D) Compound 2 acted in a concentration-dependent man-
ner at 24 (C) and 48 (D) h post CI. (E) Annexin V/PI staining kit followed by flow cytometer. (F) CCK-8 assay of AC16 cells stored in 0 °C UW solution with or without com-
pound 2 was performed at 24 h post CI followed by 24 h reperfusion. (G-]) Concentration-dependent effects of compound 2 on oxidative stress and energy metabolism in
AC16 cells under CI conditions. The contents of ATP (G), LDH (H), MDA (I) and ROS (J) in AC16 cells. (K) Western blotting analysis of PI3K/AKT signaling pathway expres-
sion in AC16 cells stored under CI conditions with or without compound 2 at 3, 6, and 12 h. The results were presented as mean * SD (n = 3). ‘P < 0.05, "P<0.01, "P<0.001
vs the model group. CI, cold ischemic; Re, reperfusion; Non-CI, non-cold ischemic; SD, standard deviation.
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4.3. Molecular networking-based analysis

The LC-MS/MS analysis of crude extract was conducted on an
Agilent 1290 Infinity II coupled with a 6545 Q-TOF mass spectro-
meter (Agilent, USA). The mobile phase was composed of 0.01%
TFA in water (V/V) and acetonitrile using a gradient elution of 5%
acetonitrile at 0 min and then linearly increased to 100% at
17 min, and the flow rate was set as 0.4 mL-min™". Chromato-
graphic separation was performed on an ZARBOX SB-C;g column
(4.6 mm x 250 mm, 5-Micron Agilent). The electrospray ioniza-
tion (ESI) source and positive ion mode were employed. The
parameters were as follows: spray voltage, 3000 V; sheath gas
pressure, 35 arbitrary units; aux gas pressure, 15 arbitrary units;
heater temperature, 300 °C; capillary temperature, 350 °C; S-
lens, 60 eV; scan mode, full MS (resolution 70 000) and MS/MS
(resolution 17 500); scan range: m/z 100-800.

The obtained LC-MS/MS data of the crude extract were con-
verted to mzML format by the ProteoWizard software. The mzML
files were then uploaded to the GNPS (https://gnps.ucsd.edu) for
classical molecular networking. The product ion and fragment ion
mass tolerances were set to 2 Da. After filtering edges to have a
cosine score above 0.7 and more than six matched peaks, a net-
work was created. The visualization of the network was achieved
using Cytoscape 3.10.3.

4.4. Fermentation, extraction and isolation

Talaromyces sp. TJ403-AL05 was cultured on potato dex-
trose agar (PDA) at 28 °C for 6 days to prepare the seed cultures.
Agar plugs were cut into small pieces and inoculated into 100 Er-
lenmeyer flasks (1 L), each containing 250 g of rice, 7.5 g sea salt
and 250 mL of distilled water, which had been sterilized by auto-
clave beforehand. After incubating at room temperature for 40 d,
fungal growth was stopped by adding 95% EtOH to each flask,
and the rice culture was homogenized. The resulting suspension
was extracted five times with 95% aqueous EtOH. Afterwards, the
solvent was removed under reduced pressure to give an extract,
which was suspended in H,0 and repeatedly partitioned with
EtOAc. The total extract (520 g) was subjected to silica gel column
chromatography (CC) and eluted with a stepwise gradient of pet-
roleum ether (PE)-EtOAc (10:1, 5:1, 3:1,1:1,and 0:1, V/V) to
yield five main fractions (A-E). Fraction E (38 g) was chromato-
graphed on an ODS column with a MeOH-H,0 gradient
(20:80-80:20, V/V), yielding six subfractions (E1-E6). Subfrac-
tion E3 was further separated by silica gel CC (PE-EtOAc,
5:1-1:1) to afford five fractions (E3.1-E3.5). Purification of frac-
tion E3.3 by semipreparative HPLC (MeCN-H,0, 55:45, V/V; 2.0
mL-min™") directly afforded compound 1 (30.5 mg, tz 18 min).
Fraction E4 was fractionated by silica gel CC (PE-EtOAc,
5:1-1:1) to give six subfractions (E4.1-E4.6). Fraction E4.3 was
applied to Sephadex LH-20 CC (CH,Cl,-MeOH, 1:1), yielding four
fractions (E4.3.1-E4.3.4). Further separation of fraction E4.3.1 on
an ODS column with a MeOH-H,0 gradient (40:60-70:30) af-
forded four subfractions (E4.3.1.1-E4.3.1.4). Purification of frac-
tion E4.3.1.1 by semipreparative HPLC (MeCN-H,0, 49:51; 2.0
mL-min~") yielded compounds 9 (1.9 mg, t; 31 min) and ()-8
(2.2 mg, tg 53 min). Fraction E4.3.1.3 was purified by preparative
HPLC (MeCN-H,0, 60:40; 8.0 mL-min ") to yield compounds (*)-
5 (4.6 mg, tg 27 min), (+)-6 (4.0 mg, tg 30 min), and (*)-7 (4.8 mg,
tg 32 min). Fraction E4.4 was chromatographed on Sephadex LH-
20 (CH,Cl,-MeOH, 1:1) to yield three fractions (E4.4.1-
E4.4.3). Fraction E4.4.1 was further fractionated on an ODS
column with a MeOH-H,0 gradient (20:80-80:20) to give five
subfractions (E4.4.1.1-E4.4.1.5). Purification of fraction E4.4.1.1
by semipreparative HPLC (MeCN-H,0, 45:55; 2.0 mL-min ") yiel-
ded compound 2 (11.8 mg, tz 38 min). Final purification of frac-
tion E4.4.1.2 by semipreparative HPLC (MeCN-H,0, 49:51; 2.0
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mL-min™") afforded compounds 3 (18.2 mg, t; 34 min) and 4
(14.8 mg, tg 31 min).

Subsequently, the obtained racemates were subjected to
chiral separation. (+)-5 was separated on a Chiralpak IG column
(isocratic MeCN-H,0, 69:31; 2.0 mL-min™") to afford 5a (2.0 mg,
tg 22 min) and 5b (1.6 mg, tz 43 min). (+)-6 was separated on a
Chiralpak IA column (MeCN-H,0, 60:40; 0.5 mL-min™") to yield
6a (1.2 mg, tg 20 min) and 6b (1.1 mg, tz 29 min). (¥)-7 was sep-
arated on a Chiralpak IG column (MeCN-H,0, 71:29; 2.0
mL-min™") to give 7a (1.7 mg, t; 19.5 min) and 7b (1.8 mg, t; 24
min). ()-8 was separated on a Chiralpak IG column (isocratic
MeCN-H,0, 64:36; 2.0 mL-min™") to afford 8a (0.7 mg, ty 16.5
min) and 8b (0.8 mg, tg 20 min).

Taladipyrone A (1): colorless prismatic crystals; [a]g’: +93 (c
0.10, MeOH); UV (MeOH) A, (log €) = 205 (4.40), 285 (3.93) nm;
ECD (MeOH) A,,,, (A€) = 213 (+42.37), 246 (-5.58), 305 (-6.17)
nm; HR-ESI-MS m/z 357.1304 [M + Na]" (Calcd. for C;gH,,04Na’,
357.1309); 'H and "*C NMR data, see Table 1.

Taladipyrone B (2): colorless prismatic crystals; [aﬁf: +16 (c
0.10, MeOH); UV (MeOH) A, (log €) = 206 (4.55), 237 (4.27),
294 (4.10) nm; ECD (MeOH) A, (Ag) = 218 (-16.15), 247
(+3.58), 298 (+5.53) nm; HR-ESI-MS m/z 397.1261 [M + Na]"
(Calcd. for C,yH,,0,Na", 397.1258); 'H and **C NMR data, see Ta-
ble 1.

Taladipyrone C (3): white amorphous powders; [a]f)sz +234 (c
0.10, MeOH); UV (MeOH) A, (log €) = 202 (4.46), 238 (3.98),
284 (3.86) nm; ECD (MeOH) Aoy (A€) = 247 (+21.46) nm; HR-ESI-
MS m/z 397.1256 [M + Na]" (Calcd. for C,yH,,0,Na", 397.1258);
'H and *C NMR data, see Table 1.

Taladipyrone D (4): white amorphous powders; [a]zDS: -149
(c 0.10, MeOH); UV (MeOH) A, (log €) = 202 (4.42), 238 (3.92),
285 (3.82) nm; ECD (MeOH) A, (A€) = 217 (-8.21), 244
(-14.45) nm; HR-ESI-MS m/z 397.1264 [M + Na]® (Calcd. for
Cy0H,,0,Na", 397.1258); 'H and "*C NMR data, see Table 2.

Taladipyrone E (5): colorless needle crystals; UV (MeOH)
Amax (log €) = 203 (4.44), 238 (4.07), 288 (3.88) nm; HR-ESI-MS
m/z 413.1583 [M + Na]" (Calcd. for C,;H,40,Na", 413.1571); 'H
and "°C NMR data, see Table 2; 5b: [a]%: +123 (c 0.10, MeOH) ;
ECD (MeOH) Ay (A€) = 215 (-21.36), 285 (+13.01) nm; 5a: [a]*:
-159 (¢ 0.10, MeOH) ; ECD (MeOH) A, (Ag) = 216 (+14.71), 285
(-12.49) nm.

Taladipyrone F (6): colorless needle crystals; UV (MeOH)
Amax (log €) = 205 (4.37), 234 (4.10), 285 (3.92) nm; HR-ESI-MS
m/z 383.1462 [M + Na]" (Calcd. for CyoH,40¢Na’, 383.1465); 'H
and "*C NMR data, see Table 2; 6b: [a]és: +14 (c 0.10, MeOH); ECD
(MeOH) Ay (A€) = 241 (-15.58), 272 (+3.26) nm; 6a: [a]’: -20
(c 0.10, MeOH); ECD (MeOH) A, (Ag) = 242 (+19.54), 271
(-2.05) nm.

Taladipyrone G (7): colorless needle crystals; UV (MeOH)
Amay (log €) = 205 (4.45), 231 (4.16), 285 (3.96) nm; HR-ESI-MS
m/z 383.1465 [M + Na]" (Calcd. for CyoH,40Na’, 383.1465); 'H
and ’C NMR data, see Table 3; 7a: [a]>: +13 (c 0.10, MeOH); ECD
(MeOH) Aoy (Ae) = 241 (-31.64), 286 (+19.00) nm; 7b: [a]: ~14
(c 0.10, MeOH); ECD (MeOH) A, (Ae) = 242 (+45.56), 288
(-21.16) nm.

Taladipyrone H (8): colorless oils; UV (MeOH) A, (log €) =
202 (4.35), 281 (3.94) nm; HR-ESI-MS m/z 383.1108 [M + Na]"
(Calcd. for C;9H,,0,Na’, 383.1101); 'H and "*C NMR data, see Ta-
ble 3; 8a: [a]*: +82 (c 0.10, MeOH); ECD (MeOH) A, (A€) = 207
(+20.88), 243 (+0.77), 269 (+10.55), 296 (-12.11) nm; 8b: [a]>:
-76 (c 0.10, MeOH); ECD (MeOH) A, (Ag) = 207 (-27.00), 245
(-7.38), 270 (-16.94), 300 (+3.75) nm.

Taladipyrone I (9): white amorphous powders; [a]lzjsz +14 (c
0.10, MeOH); UV (MeOH) A, (log €) = 205 (4.14), 224 (3.80),
285 (3.52) nm; ECD (MeOH) A, (As) = 204 (-17.72), 233
(+3.13), 291 (+6.37) nm; HR-ESI-MS m/z 357.1305 [M + Na]"
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(Calcd. for C;gH,,04Na", 357.1309); 'H and **C NMR data, see Ta-
ble 3.

4.5. X-ray crystal structure analysis

Crystals of compounds 1, 2, 5, 6, and 7 were both obtained
from CH,Cl,-MeOH-H,0 (20:10:1) at 4 °C. Crystallographic Data
Center (CCDC) with deposition numbers CCDC 2482043 for 1,
CCDC 2482041 for 2, CCDC 2482044 for 5, CCDC 2482045 for 6,
and CCDC 2482042 for 7. Copies of the data can be obtained free
of charge from the CCDC, 12 Union Road, Cambridge CB 1EZ, UK
[fax: Int. +44(0)-(1223)-336 033); e-mail: deposit@ccdc.cam.ac.
uk].

Crystal data for compound 1: C;gH;,04, M = 334.35, a =
12.738 10 (10) A, b = 15.211 30 (10) A, ¢ = 17.386 50 (10) A, a =
90°, B = 90°, y = 90°, V = 3368.86 (4) A% T = 293 (2) K, space
group P2,2,2, Z = 8, u(Cu Ka) = 0.821 mm™’, 42 288 reflections
measured, 6788 independent reflections (R;,, = 0.0294). The fi-
nal R, values were 0.0265 [I > 20(I)]. The final wR(F®) values
were 0.0685 [I > 20(1)]. The final R; values were 0.0267 (all data).
The final wR(F) values were 0.0687 (all data). The goodness of fit
on F* was 1.079. Flack parameter = -0.03 (2) (CCDC 2482043).

Crystal data for compound 2: C,yH,,0,, M =374.37, a = 7.988
41 (5) A, b =8.649 79 (6) A, c = 26.536 24 (15) A, V = 1833.602
(19) &3, a = 90°, B = 90°, y = 90°, T = 100.00 (10) K, space group
P2,2,24, Z = 4, u(Cu Ka) = 0.860 mm™, 25 237 reflections meas-
ured, 3685 independent reflections (R;, = 0.0230). The final R
values were 0.0234 [I > 20(I)]. The final wR(F?) values were
0.0617 [I > 20(1)]. The final R, values were 0.0235 (all data). The
final wR(F”) values were 0.0617 (all data). The goodness of fit on
F* was 1.054. Flack parameter was 0.00 (3) (CCDC 2482041).

Crystal data for compound 5: C;H,407,, M =390.42,a = 7.530
(2) A b =7995 (2) A, ¢ =18.020 (5) A, a =91500 (11)°, B =
93.925 (11)°, y = 116.649 (11)°, V = 965.3 (5) A°, T = 200 (2) K,
space group P-1,Z = 2, = 0.532 mm™, 65 999 reflections meas-
ured, 5771 independent reflections (R;,, = 0.0686). The final R,
values were 0.0494 [I > 20(I)]. The final wR(F*) values were
0.1344 [I > 20(I)]. The final R; values were 0.0552 (all data). The
final wR(F*) values were 0.1371 (all data). The goodness of fit on
F* was 1.130 (CCDC 2482044).

Crystal data for compound 6: Cy,H,,0s, M = 360.39, a
8.4067 (7) A, b = 14.3986 (13) A, ¢ = 30.036 (3) A, a = 90°, B
93.795 (2)°, y = 90°, V= 3627.7 (5) A%, T = 100 (1) K, space group
P2,/c,Z=8,u=0.511 mm™, 93 014 reflections measured, 8436
independent reflections (R;,; = 0.0496). The final R; values were
0.0421 [I > 20(1)]. The final wR(F?) values were 0.1099 [I > 20(1)].
The final R; values were 0.0461 (all data). The final wR(F®) val-
ues were 0.1113 (all data). The goodness of fit on F* was 1.082
(CCDC 2482045).

Crystal data for compound 7: Cy,H,,04, M = 360.39, a =
8.2726 (10) A, b= 9.6175 (11) A, c = 12.7615 (15) A, a = 109.627
(3)°, B = 92.267 (4)°, y = 99.416 (4)°, V = 938.56 (19) A’
T =100.00 K, space group P-1,Z = 2, u = 0.494 mm™, 25 199 re-
flections measured, 4394 independent reflections (R, = 0.0354).
The final R, values were 0.0362 [I > 2¢(I)]. The final wR(F?) val-
ues were 0.0964 [I > 20(1)]. The final R; values were 0.0394 (all
data). The final wR(F*) values were 0.0983 (all data). The good-
ness of fit on F* was 1.033 (CCDC 2482042).

4.6. Cell culture and reagents

Human derived AC16 cells were obtained from the Service-
bio (Wuhan, China). Commercially available kits to evaluate ad-
enosine-triphosphate (ATP), lactate dehydrogenase (LDH), and
malondialdehyde (MDA) content and content protein assay kit
were supplied by Beyotime (Shanghai, China). Antibodies against
PI3K (A4992), AKT (A18675), p-AKT (AP0637), B-actin (AC026),
and HRP-conjugated goat anti-rabbitIgG (AS014) were pur-
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chased from ABclonal (Wuhan, China), while the antibody against
p-PI3K (#4228S) was obtained from Cell Signaling Technology
(Danvers, MA, USA).

4.7. Cell counting kit-8 (CCK-8) assay

A commercial CCK-8 kit (Beyotime, Shanghai, China) was
used to detect cell viability of AC16 cells stored in 0 °C UW solu-
tion with or without compounds (40 pmol-L™") according to the
manufacturer’s protocol. The absorbance at 450 nm was recor-
ded.

4.8. Apoptosis analysis

The apoptotic induction effect of compound 2 was identified
via FITC-Annexin V/PI apoptosis detection Kit (Zoman, Beijing,
China). Briefly, AC16 cells were stored in 0 °C UW solution con-
taining DMSO (< 0.1%) or compound 2 (10, 20 or 40 pmol-L™) for
24 h. Afterward, cells were harvested and washed with PBS and
resuspended in binding buffer with Annexin V-FITC and PI. Cells
were subjected to flow cytometry analysis (Becton Dickinson, CA,
USA) after 15 min.

4.9. Determination of ATP, LDH, and MDA

The levels of adenosine triphosphate (ATP), lactate dehydro-
genase (LDH), and malondialdehyde (MDA) in AC16 cells were
measured using detection Kits (Bioyotime, Shanghai, China) in ac-
cordance with the manufacturer’s instructions. Briefly, the AC16
cells were lysed, and the supernatant was collected after centrifu-
gation. ATP levels were measured using a luminescence-based as-
say kit. LDH activity was determined by a colorimetric method at
340 nm. MDA levels were assessed using a colorimetric assay at
532 nm.

4.10. Detection of reactive oxygen species (ROS)

A commercial fluorescent probe DCFH-DA (Sigma-Aldrich, St.
Louis, MO, USA) was used to determine intracellular ROS content.
Briefly, AC16 cells stored in 0 °C UW solution with or without
compound 2 were washed and incubated with DCFH-DA for 25
min and then washed for imaging using a Carl Zeiss Microscopy
system.

4.11. Western blot analysis

Following treatment with either vehicle control (DMSO,
< 0.1%) or compound 2, cells were lysed using RIPA lysis buffer
(Beyotime, Shanghai, China). Protein concentration was determ-
ined with a bicinchoninic acid (BCA) assay kit. Equal amounts of
protein samples were separated by 4%-12% SDS-polyacrylam-
ide gel electrophoresis and transferred onto PVDF membranes.
The membranes were incubated with primary antibodies against
PI3K, p-PI3K, AKT, p-AKT, and B-actin, followed by appropriate
secondary antibodies. Protein band signals were visualized and
quantified using Image] software (National Institutes of Health),
as previously described *°.

4.12. Statistical analysis

Graph Pad Prism version 10.0 (GraphPad Software Inc., San
Diego, CA, USA) was used for data analysis. All data were repres-
ented as mean #* standard deviation (SD) from three independent
experiments. Multiple-group comparisons were evaluated by one-
way ANOVA with post hoc testing. P < 0.05 was considered stat-
istically significant (P < 0.05, "P < 0.01, ""P< 0.001).
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