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Hepatic ischemia/reperfusion injury (IRI) remains a critical complication contributing to graft
dysfunction following liver surgery. As part of an ongoing search for hepatoprotective natural
products, five previously unreported homoadamantane-type polycyclic polyprenylated acyl-
phloroglucinols (PPAPs), named hyperhomanoons A-E (1-5), and one known analog, hyper-
sampsone O (6), were isolated from Hypericum patulum. Among these, compound 6 demon-
strated potent protective effects against CoCl,-induced hypoxic injury in hepatocytes. Further-
more, in a murine model of hepatic IRI induced by vascular occlusion, pretreatment with 6
markedly alleviated liver damage and reduced hepatocyte apoptosis. This study is the first to
identify PPAPs as promising scaffolds for the development of therapeutic agents targeting
hepatic IRI, underscoring their potential as lead compounds in drug discovery efforts for
ischemic liver diseases.

1. Introduction

Hepatic ischemia/reperfusion injury (IRI) is a major clinical
challenge encountered during liver transplantation and hepatic
surgeries. It occurs when the blood supply to the liver is tempor-
arily interrupted and then restored, triggering a cascade of patho-
physiological events that can lead to severe liver dysfunction, in-
trahepatic cholestasis, systemicinflammatory response syn-
drome, and multiple organ failure "*. Despite intensive research,
the mechanisms underlying IRI remain incompletely elucidated.
Current evidence implicates a complex interplay of anaerobic
metabolism, immune activation, mitochondrial injury, regulated
cell death pathways, oxidative stress, and the dysregulated pro-
duction of cytokines and chemokines “'’. This mechanistic com-
plexity has hampered the development of effective therapeutic
strategies. Currently used interventions, such as glutathione sup-
plementation aimed at reducing oxidative stress, often yield lim-
ited clinical benefit due to issues like rapid metabolism and low
bioavailability """, Consequently, there is a pressing need for
novel compounds with robust and multi-targeted hepatoprotect-
ive effects.

* Corresponding author.
E-mail addresses: txs900416@163.com (X. Tan); gchen@tjh.tjmu.edu.cn (G.
Chen); gichangxing@hust.edu.cn (C. Qi); zhangyh@mails.tjmu.edu.cn (Y. Zhang)
® These authors contributed equally to this work.
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Natural products continue to be a rich source of pharmacolo-
gically active lead compounds for liver diseases. Several natural
agents, such as baicalin, 5a-stigmast-3,6-dione, notoamide Q, an-
ethole, and plumbagin, have demonstrated protective effects in
murine models of hepatic IRI Among these, polycyclic
polyprenylated acylphloroglucinols (PPAPs) have emerged as
structurally unique secondary metabolites with diverse bioactiv-
ities, including anti-inflammatory, antioxidant, immunosuppress-
ive, and neuroprotective properties '***, In pursuit of hepatopro-
tective natural products “**’, five homadamantane-type PPAPs,
hyperhomanoons A-E (1-5), and one known PPAP hyper-
sampsone O (6) ** were isolated from Hypericum patulum (Fig. 1).
Preliminary biological evaluation revealed that hypersampsone O
(6) exhibited potent cytoprotective activity against CoCl,-in-
duced hypoxic injury in hepatocytes. Furthermore, in a murine
model of hepatic IRI, pretreatment with compound 6 signific-
antly mitigated liver tissue injury and reduced hepatocyte apop-
tosis. In this study, we report detailed information on the extrac-
tion, isolation, structure elucidation, and hepatoprotective bio-
activity profiles of 1-6.

2. Result and discussion
Hyperhomanoon A (1) was obtained as a colorless crystal. Its

molecular formula was determined as C3;H,;,05 based on high-
resolution electrospray ionization mass spectrometry (HR-ESI-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Fig.1 Chemical structures of compounds 1-6.

MS) at m/z 519.3074 [M + Na] (Calcd. for 519.3086), indicating
ten degrees of unsaturation. The "H NMR spectrum of 1 showed
characteristic signals of two olefinic protons (6y 5.35, d, J = 9.0;
5.21,t,J = 7.4) and 10 methyl singlets (6, 1.73, s; 1.72, s; 1.64, s;
1.62,s;1.37,s; 1.27,s; 1.26, s; 1.24, 5; 1.10, d, ] = 6.4; 0.76, t, ] =
7.4) (Table 1). The **C nuclear magnetic resonance (NMR) and
distortionless enhancement by polarization transfer (DEPT) spec-
tra of 1 showed the presence of ten methyls (6. 31.1, 26.3, 26.2,
25.2, 24.6, 22.1, 18.8, 18.2, 17.2, 11.8), four methylenes (6. 34.9,
28.7, 26.4, 25.6), six methines (6. 120.1, 118.7, 74.7, 55.0, 51.5,
42.5), and eleven quaternary carbons (8; 207.7, 204.1, 202.5,
199.7, 139.5, 135.8, 86.6, 83.1, 77.0, 67.9, 46.7) (Table 2). The
above data suggested that 1 isa PPAP featuring a homoadam-
antane skeleton.

The planar structure of 1 was determined through extensive
2D NMR analysis. Key heteronuclear multiple bond correlations
(HMBCs) from H-17 to C-3 and C-4; from H,-22 to C-4, C-5, C-6,
and C-9; from H-28 to C-2 and C-3; from H3-32/H3-33 to C-1, C-7,
and C-8, coupled with the 'H-"H correlation spectroscopy (COSY)
correlations of H,-6/H-7/H,-27 /H-28 suggested 1 possessa ri-
gid homoadamantane framework (Fig. 2). The downfield chemic-
al shifts of C-17 (6 74.4) and C-29 (6¢ 83.1) combined with the
molecular unsaturation count, suggested the incorporation of a
fused furan ring (C-3-C-17-0-C-29-C-28) (Fig. 2). This structur-
al motif was unequivocally confirmed by single-crystal X-ray dif-
fraction analysis (Fig. 3).

Based on the conformation of the highly rigid homoadam-
antane architecture, the relative configurations at C-1, C-3, C-5,
and C-7 of 1 were set up as the former literature reported **, and
the relative configurations of C-17 and C-28 were identified by its
NOESY spectrum. In the NOESY data, the correlations of H-17/H-
28/H-6b indicated that H-17 and H-28 were on the same side and
assigned to be B-orientated (Fig. S1). Finally, the single-crystal X-
ray diffraction experiment definitely confirmed the relative con-
figuration of 1 and also confirmed its absolute configuration
[Flack parameter —0.05 (4); CCDC number 2279825] (Fig. 3).

Hyperhomanoon B (2) was obtained as a colorless oil. Its mo-
lecular formula, C3oH,,0s5, was determined via HR-ESI-MS (m/z
505.2926 [M + Na]’, Calcd. for 505.2930), suggesting ten degrees
of unsaturation. Comparison of its NMR spectra with those of 1
indicated a highly similar structural framework, except for the
substitution of a sec-butyl group (6 51.5, 26.4, 11.8, 17.2) at C-10
in 1 with an isopropyl group (6 44.3, 21.1, 20.7) in 2. This modi-
fication was confirmed by "H-'H COSY correlations of H;-11/H;-
12/H3-13 (Fig. 2). Consistent NOESY correlations and the pre-
served homoadamantane core further supported that 2 shared
the same relative configuration as 1 (Fig. S1). The absolute con-
figuration of 2 was determined by comparing its experimental
electronic circular dichroism (ECD) spectrum with that of 1,
showing excellent agreement (Fig. 4).

1105

Chinese Journal of Natural Medicines 23 (2025) 1104-1110

Hyperhomanoon C (3) was assigned the molecular formula
C37H4604 based on HR-ESI-MS, which showed a molecular ion
peak consistent with the calculated value. Comparative NMR ana-
lysis revealed a close structural similarity to the known com-
pound hyphenrone *’. However, detailed HMBC and '"H-"H COSY
spectra suggested the presence of a propan-2-one group (6. 44.0,
206.6,30.7) at C-17 in 3, replacing the 2-methylprop-1-ene group
in hyphenrone O (6. 121.3, 139.1, 26.8, 18.5). This assignment
was corroborated by HMBCs from H3-20 to C-18 and C-19 and the
"H-"H COSY correlation of H-17/H,-18 (Fig. 2). The relative con-
figuration was established via nuclear Overhauser effect spectro-
scopy (NOESY) correlations of H,-6/H3-32, H-17/H-28, and H-
28/H;3-33 (Fig. S1). The absolute configuration was subsequently
confirmed by single-crystal X-ray diffraction [Flack parameter
0.11 (5); CCDC number 2280661] (Fig. 3).

Hyperhomanoon D (4), a colorless oil, was determined to
have the molecular formula C3,H3304 based on its HR-ESI-MS
data (m/z 541.2552 [M + Na]", Calcd. for 541.2566). NMR ana-
lyses indicated a planar structure similar to that of compound 3,
with the key difference being the substitution of a geranyl group
at C-5 in 3 with an isopentenyl unit 6; 29.6, 119.5, 134.4, 26.2,
18.2) in 4. This modification was confirmed by HMBCs from Hj-
25/H3-26 to C-24 and C-23, from H,-22 to C-4, C-5 and C-9, as
well as the H,-22/H-23 COSY spin system (Fig. 2). The NOESY
correlations observed at H-17/H-28/H3-33 and H3-32/H-6a sug-
gested suggested a-orientations for both H-17 and H-28 (Fig. S1).
The absolute configuration was determined as 1R,3S,5S,7S,
17R,28S and TDDFT-calculated ECD spectra (Fig. 4).

Hyperhomanoon E (5) shared an identical planar structure
with 4, as evidenced by its HR-ESI-MS and NMR spectral data.
Key NOESY correlations of H-17/H-28/H-6a and H-6b/Hs-32 in-
dicated that H-17 and H-28 were on the same f-face of the mo-
lecule (Fig. S1). The absolute configuration was validated by com-
parison of experimental and calculated ECD spectra, further con-
firming the stereostructure (Fig. 4).

To evaluate their hepatoprotective potential, compounds
1-6 were screened for anti-hypoxic activity using a CoCl,-in-
duced damage model in AML-12 mouse hepatocytes ***. T cell vi-
ability was assessed by the CCK-8 assay. Among the six com-
pounds, only hypersampsone O (6) exhibited notable cytopro-
tective activity, significantly improving cell survival in a dose-de-
pendent manner at concentrations ranging from 0.39 to 25
pumol-L™ (Figs. 5A and 5B). In addition, compound 6 displayed no
observable cytotoxicity in normal AML-12 cells within the same
concentration range (Fig. 5C).

The hepatic vessel-interrupted mice model is an effective an-
imal model for studying HIRI, which can effectively simulate the
pathogenesis of human HIRI and evaluate a new therapeutic drug
for this disease ***’. To quantitatively evaluate liver injury, ser-
um levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and lactate dehydrogenase (LDH) were meas-
ured, as these enzymes are clinically recognized biomarkers of
hepatocellular damage. As shown in Fig. 6A, pretreatment with
compound 6 resulted in a significant reduction in ALT, AST, and
LDH levels compared to the untreated HIRI group.

The hematoxylin and eosin (H&E) staining was a classical
method for evaluating the liver tissue damage ***’, while TUNEL
staining and cleaved caspase-3 immunohistochemistry were em-
ployed to detect apoptotic cells, reflecting key biochemical and
morphological features of programmed cell death “**, As shown
in Figs. 6B and 6C, the untreated IRI group exhibited extensive
hepatic necrosis and a high degree of apoptosis. In contrast, mice
pretreated with compound 6 demonstrated markedly reduced
tissue damage and apoptotic activity, indicating a substantial pro-
tective effect. As shown in Figs. 6D and 6E, pretreatment with
compound 6 significantly reduced the number of MPO-positive
cells compared to the IRI group, suggesting that 6 also mitigated
hepatic inflammation.
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Table 1 'H NMR data for compounds 1-5 (J in Hz).
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No. 1° 2° 3° 4° 5°
6a 2.44,dd (14.7,6.9) 2.45, dd (15.0, 6.6) 2.56, m 2.53,m 211, m
6b 191, m 1.92,d (15.0) 1.76, m 1.75,m 2.54,m
7 195, m 197, m 212, m 213, m 2.09,m
11 1.47, m 1.78, m
12a 1.89,m 1.10,d (6.4) 7.50, m 7.52,d(7.3) 7.14,m
12b 1.32,m
13 0.76,t(7.4) 1.09,d (6.4) 7.27,t(8.1) 7.28,t(7.9) 7.29,t(8.2)
14 1.10,d (6.4) 7.38,t(7.5) 7.39,t(7.4) 7.41,t(7.4)
15 7.27,t(8.1) 7.28,t(7.9) 7.29,t(8.2)
16 7.50,t(7.5) 7.52,d (7.3) 7.14, m
17 5.58,d (9.0) 5.57,d (9.0) 5.05,dd (7.7, 6.4) 5.06,t(7.1) 5.11,dd (9.6, 3.0)
18a 5.35,d (9.0) 5.35,d (9.0) 3.16,dd (17.0,7.7) 3.15,dd (17.0, 7.4) 2.55, m
18b 2.78,dd (17.0, 6.4) 2.81,dd (17.0, 6.6) 212, m
20 1.62,s 1.63,s 2.07,s 2.08,s 2.00,s
21 1.73,s 1.75,s
22a 2.51,d(7.4) 2.51,d (7.5) 2.60, m 2.58, m 2.64,dd (15.1,7.5)
22b 2.51,d(7.4) 2.51,d(7.5) 2.58,m 2.59,dd (15.1,7.5)
23 5.21,t(7.4) 5.22,t(7.5) 5.08, m 5.03, m 5.26,t(6.1)
25 1.72,s 1.73,s 1.68,s 1.67,s 1.75,s
26 1.64,s 1.64,s 1.95, m 1.67,s 1.68,s
27a 2.11,dd (15.2,12.4) 2.12,dd (15.1,11.7) 2.33,dt(16.4,8.4) 233, m 2.18,m
27b 1.77, m 1.76, m 1.58, m 1.59, m 1.84, dd (8.6, 6.5)
28 2.38,dd (11.1,8.1) 2.38,dd (11.9, 8.4) 2.51,dd (11.1,9.5) 2.50,m 2.42,dd (11.7,8.6)
30 1.37,s 1.37,s 1.32,s 1.31,s 1.34,s
31 1.26,s 1.26,s 1.15,s 1.16,s 1.15,s
32 1.24,s 1.24,s 145,s 1.45,s 1.43,s
33 1.27,s 1.28,s 1.51,s 1.52,s 1.38,s
34 2.04, m
35 5.07, m
37 1.58,s
38 1.66, s

" Recorded at 400 MHz in CDCly; " Recorded at 600 MHz in CDCls.

3. Experimental

3.1. General experimental procedures

The dried leaves of H. patulum (20 kg) were extracted with
95% ethanol at room temperature. The ethanol extract was con-
centrated under reduced pressure to afford a crude residue,
which was suspended in water and subsequently partitioned
with dichloromethane. The dichloromethane-soluble portion (1.5
kg) was subjected to silica gel column chromatography (CC)
(100-200 mesh) using a petroleum ether/ethyl acetate gradient
(70:1to 1:1, V/V), yielding seven main fractions (Fr. 1-Fr. 7). Fr.
5 (100 g) was rechromatographed on silica gel (200-300 mesh)
with the same eluent system (100:1 to 1:1, V/V), affording five
subfractions (Fr. 5.1-Fr. 5.5). Fr. 5.2 was separated via Sephadex
LH-20 CC (CH,Cl,-MeOH), resulting in six further subfractions
(Fr. 5.2.1-Fr. 5.2.6). Fr. 5.2.4 was further purified by repeated
semipreparative HPLC (CH;0H-H,0, V/V, 85:15, 3 mL-min™") to
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yield 1 (tg 32 min, 15.03 mg), 2 (tg 28 min, 26.45 mg) and 6 (ty
23 min, 10.75 mg). Similarly, Fr. 6 (150.0 g) was subjected to
silica gel CC (200-300 mesh) and eluted with petroleum ether
ethyl acetate (100:1-1:1), and divided into eight fractions (Fr.
6.1-Fr. 6.8). Fr. 6.5 was further separated using Sephadex LH-20
281 (CH,Cl,-MeOH) to obtain three fractions (Fr. 6.5.1-Fr. 6.5.3).
Fr. 6.5.3 was further separated on an ODS column (MeOH-H,0,
V/V, 20:80-100:0) to yield ten fractions (Fr. 6.5.3.1-Fr.
6.5.3.10). Fr. 6.5.3.2 was further purified by repeated semiprepar-
ative HPLC (MeOH-H,0, V/V, 80:20, 3 mL-min™") separations to
yield 3 (tz 42 min, 4.55 mg), 4 (tz 35 min, 7.84 mg) and 5 (tz 37
min, 4.25 mg).

3.2. Spectroscopic data

Hyperhomanoon A (1): colorless crystal; mp: 170-172 °C;
(@] +6.2 (c 0.3, MeOH); UV (MeOH) A, (log €) 203 (4.14) nm;
ECD (MeOH) A, (Ag) 204 (-4.01), 208 (-1.82), 216 (-1.36), 221
(-2.92) 234 (-0.062), 259 (-2.99), 288 (+0.46), 294 (+0.26), 302
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Table 2 "°C NMR data for compounds 1-5 (J in Hz).
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No. 1° 2° 3° 4° 5°

1 86.6, C 86.5,C 82.9,C 82.8,C 83.2,C

2 199.7,C 199.6,C 202.5,C 202.5,C 200.0,C

3 77.0,C 77.0,C 74.3,C 74.3,C 75.1,C

4 202.5,C 202.4,C 202.5,C 202.6,C 202.6,C

5 67.9,C 67.9,C 68.4,C 68.4,C 68.4,C

6 34.9, CH, 34.9, CH, 46.2, CH, 46.4 CH, 35.7, CH,
7 42.5,CH 42.4,CH 44.2,CH 44.1CH 42.5,CH
8 46.7,C 46.7,C 52.1,C 52.2,C 483,C

9 204.1,C 204.1,C 204.3,C 204.4,C 203.8,C
10 207.7,C 207.9,C 194.4,C 194.5,C 194.1,C
11 51.5, CH 44.3,CH 136.9,C 136.8,C 137.1,C
12 26.4, CH, 21.1, CH; 129.6, CH 129.7, CH 128.3, CH
13 11.8, CH, 20.7, CH; 127.7,CH 127.7,CH 128.6, CH
14 17.2, CH, 131.9, CH 131.9, CH 132.1, CH
15 127.7,CH 127.7,CH 128.6, CH
16 129.6, CH 129.7, CH 128.3, CH
17 74.7, CH 74.7,CH 749, CH 749, CH 73.5,CH
18 120.2,C 119.8, CH 44.0, CH, 44.1,CH, 43.5, CH,
19 139.5,C 140.0, C 206.6, C 206.6, C 205.7,C
20 26.3, CH; 26.3, CH; 30.7, CH, 30.6, CH; 30.7, CH;
21 18.8, CH, 18.8, CH;

22 28.7,CH, 28.7,CH, 29.5, CH, 29.6, CH, 29.1, CH,
23 118.8, CH 118.7,CH 119.2, CH 119.5, CH 118.6, CH
24 135.8,C 135.8,C 138.2,C 134.4,C 135.8,C
25 26.2, CH; 26.2,CH; 16.6, CH, 26.2, CH, 26.3, CHs
26 18.2, CH, 18.2, CH, 40.2, CH, 18.2, CH; 18.3, CH,
27 25.6, CH, 25.6, CH, 29.9, CH, 29.9, CH, 25.4, CH,
28 55.0, CH 54.8, CH 54.7,CH 54.7,CH 53.5, CH
29 83.1,C 83.0,C 83.6,C 83.6,C 82.9,C
30 31.1,CH; 31.1,CH; 31.2, CH, 31.2,CHj 30.5, CHs
31 25.2,CH; 25.3,CH; 24.0, CH; 23.9, CH, 25.2, CH,
32 24.6, CH; 24.6, CH; 26.5, CH; 26.5, CH; 25.3, CH;
33 22.1,CH; 22.2,CH, 23.0, CH, 23.0, CH; 22.7,CH;
34 26.9, CH,

35 124.4, CH

36 131.6,C

37 17.9, CH,

38 25.9, CH;

Recorded at 100 MHz in CDCly; ” Recorded at 150 MHz in CDCl,

(+0.91), 306 (+0.80) and 314 (+2.12) nm; IR (KBr) v, 2967,
2921, 2851, 1728, 1697, 1454, 1382, 1235, 1219 and 1066 cm™;
the data of 'H and *C NMR (Tables 1 and 2); HR-ESI-MS m/z
519.3074 ([M + Na]", Calcd. for C3;H,,05Na’, 519.3086).
Hyperhomanoon B (2): colorless oil; [a]% +45.0 (c 0.1,

1107

MeOH); UV (MeOH) A, (log €) 202 (4.23) nm; ECD (MeOH) A«
(Ag) 202 (-4.47), 213 (-0.48), 221 (-1.45), 237 (+0.34), 259
(-1.45), 274 (-0.55), 293 (~1.83) and 316 (+3.07) nm; IR (KBr)
Viax 2968, 2922, 2852, 1728, 1691, 1660, 1632, 1469, 1451,
1380, 1236, 1217 and 1066 cm™; the data of 'H and “C NMR
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— COSY ~~—~ HMBC

Fig. 2 Key 2D correlations of 1-5.

nm; IR (KBr) vy, 2968, 2922, 2852, 1733, 1697, 1468, 1449,
1248, 1226 and 1074 cm™; the data of 'H and *C NMR (Tables 1
and 2); HR-ESI-MS m/z 5412552 ([M + Na]’, Calcd. for
C3,H330¢Na’, 541.2566).

Hyperhomanoon E (5): colorless oil; [a]5¥ -2.90 (c 0.5,
MeOH); UV (MeOH) A, (log €) 246 (3.86) nm; ECD (MeOH) A«
(Ag) 210 (-1.62), 247 (+5.82) and 308 (-1.41) nm; IR (KBr) vy
2962, 2924, 2853, 1735, 1703, 1448, 1384 and 1236 cm™’; the
data of 'H and C NMR (Tables 1 and 2); HR-ESI-MS m/z
541.2569 ([M + Na]", Calcd. for C3,H3504Na", 541.2566).

3.3. X-ray crystallographic analysis

Fig. 3 X-ray crystal structure of 1 and 3.

Single crystals of 1 were obtained from methanol/water
(10:1) at 4 °C, with CCDC No. 2279825, and single crystals of 3
were obtained from methanol/water (10:2) at 4 °C, with CCDC
No. 2280661.

Crystal data for hyperhomanoon A (1): C3;H405, Mr =
496.66, a = 13.252 20 (10) A, b = 13.570 60 (10) &, c = 16.136 60
(10) &, = 90°, B =90°, y = 90°, V= 2902.01 (4) A% T =293 (2) K,
space group P 212 121, Z = 4, u(Cu Ka) = 0.598 mm™, 6., =
74.243, 34103 reflections measured, 5840 independent reflec-

(Tables 1 and 2); HR-ESI-MS m/z 505.2926 ([M + Na]", Calcd. for
C3oH4,05Na’, 505.2930).

Hyperhomanoon C (3): colorless crystal; mp: 128-129 °C;
[a]5 +26.2 (c 0.4, MeCN); UV (MeCN) A,y (log €) 246 (3.91) nm;
ECD (MeCN) A (A€) 205 (-3.06), 214 (+2.12), 240 (-0.45), 248
(+0.64), 261 (-0.84), 280 (+0.49) and 321 (-0.44) nm; IR (KBr)
Vimax 2972, 2928, 1698, 1449, 1376, 1248, 1226 and 1072 cm™;
the data of 'H and "*C NMR (Tables 1 and 2); HR-ESI-MS m/z

609.3170 ([M + Na]", Calcd. for C3,H,404Na’, 609.3190).

tions (Ry,; = 0.0326). The final R; values were 0.0448 [I > 20(])].

Hyperhomanoon D (4): colorless oil; [a]¥ +95.3 (c 0.4,
MeOH); UV (MeOH) A, (log &) 245 (3.85) nm; ECD (MeOH) A«
(Ag) 206 (+3.56), 220 (+0.06), 229 (+0.55), 236 (-0.06), 240

The final wR(F?) values were 0.1249 [I > 20([)]. The final R, val-
ues were 0.0454 (all data). The final wR(F?) values were 0.1255

(all data). The goodness

of fit on F* was 1.082. Flack parameter =

(+0.39), 261 (-1.24), 287 (+0.46), 306 (-0.62) and 327 (-0.63) -0.05 (4).
A B C
6r 2r 8r
— Exptl. ECD of 1 — Exptl. ECD of 4 — Exptl. ECD of 5

4r — Exptl. ECD of 2 e\ — Caled. ECD of 4 or — Caled. ECD of 5
&
5
=3
T
<

4 . L L L ,

200 250 300 350 400 200 250 300 350 400 200 250 300 350 400

A/mm Anm Alnm

Fig. 4 (A) Experimental ECD spectra of 1 and 2. (B) Experimental and calculated ECD data of 4; (C) Experimental and calculated ECD data of 5.
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Fig. 5 (A) Protective effects of 1-6 against CoCl,-induced hypoxic injury in AML-12 hepatocytes. (A) AML-12 cells were pretreated with compounds 1-6 (10 umol-L™) for
1 h, followed by exposure to CoCl, (500 pumol-L™) for 24 h. Cell viability was assessed using the CCK-8 assay. (B) Dose-dependent protective effects of compound 6 were
evaluated at concentration ranging from 0.19 to 25 pumol-L™ in CoCl,-treated AML-12 cells. (C) Cytotoxicity of compound 6 was assessed in untreated AML-12 cells at con-
centrations ranging from 0.19 to 25.0 pmol-L™" to confirm safety in normal conditions. Data were expressed as the mean * SEM (n = 4). *P < 0.05, "P < 0.01, P < 0.001 vs

control group.
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Fig. 6 Hepatoprotective and anti-apoptotic effects of compound 6 in a murine HIRI model. (A) Serum levels of ALT, AST, and LDH in the negative control group, HIRI group,
and 6-pretreated group (n = 4). (B) Representative histological images of liver sections stained with H&E, TUNEL, and cleaved caspase-3 staining to evaluate liver injury in
mice. Asterisks indicate regions of hepatic ecchymosis; triangles denote leukocyte infiltration. (C) Quantitative analysis of liver injury based on Suzuki’s histological score
and TUNEL-positive apoptotic cell percentages (n = 3). (D) Immunohistochemical analysis of MPO expression revealed reduced inflammatory infiltration in liver tissues of
mice pretreated with 6. (E) Quantification of MPO-positive cells per field of view. All data represent mean + SEM from at least three independent experiments. P <

0.01, ""P < 0.0001 vs the control group; *P < 0.01, **P < 0.001, and ****P < 0.0001 vs the IRI group.

Crystal data for hyperhomanoon C (3): C37Hy606, Mr = sequent analyses. Sham-operated animals underwent identical
586.74, a = 14.7130 (2) A, b = 27.8857 (3) &, c = 7.684 60 (10) A, surgical procedures except for vascular occlusion.
a=90° B =90°y=90° V=3152.86 (7) A°, T = 293 (2) K, space The plasma was collected from centrifuged blood specimens
group P 21 212, Z = 4, u(Cu Ka) = 0.657 mm ', 6,,,, = 73.867, at 8000 r-min”" for 10 min. The levels of ALT, AST, and LDH were
37693 reflections measured, 6318 independent reflections (R, = analyzed across an automatic analyzer (Mindray Auto AnalyzerBS-
0.0333). The final R; values were 0.0690 [I > 20([)]. The final 200).
WR(F) values were 0.1957 [I > 20()]. The final R; values Histopathological and immunohistochemical evaluations
were 0.0714 (all data). The final wR(F*) values were 0.1988 (all were performed following established protocols ' **. Liver tis-
data). The goodness of fit on F* was 1.076. Flack parameter = sues were fixed in 4% formalin, embedded in paraffin, and sec-
0.11 (5). tioned at 4 pm thickness. H&E staining was employed to assess
liver morphology, and injury severity was scored blindly using
3.4. In vivo activity evaluation Suzuki’s criteria on a 0-4 scale. Apoptotic cells were detected by
TUNEL staining, and cleaved caspase-3 expression was analyzed
Male C57BL/6] wild-type mice (6-8 weeks old) were housed to confirm apoptosis. MPO expression was evaluated via immuno-
under standard laboratory conditions (22 °C, 50% relative hu- histochemistry to assess inflammatory infiltration. For each
midity, 12-h light/dark cycle). All animal procedures were con- sample, three random microscopic fields were analyzed and used
ducted in accordance with institutional guidelines and approved for quantitative evaluation.
under ethical clearance number TJH-202208010. Compound 6
was administered intraperitoneally at a dose of 10 mg-kg™" once a Funding
day for three consecutive days. On the third day, hepatic
ischemia/reperfusion (I/R) surgery was performed 1 h after the This work was supported by the National Natural Science
final dose. Anesthesia was induced with sodium pentobarbital Foundation for Distinguished Young Scholars (No. 81725021)
(80 mg-kg™", i.p.; Sigma, MO, USA), followed by a midline laparo- and the National Natural Science Foundation of China (Nos.
tomy. Ischemia was induced by clamping the arterial and portal 82003633 and 82173705).
venous inflow to the left and median liver lobes using an atrau-
matic vascular clip under microscopic guidance. After 60 min, the Supplementary data
clip was removed to initiate reperfusion. Throughout the proced-
ure, body temperature was maintained at 32 °C using a warming Supplementary data for this study can be obtained by con-
pad. Liver tissues were collected 6 h post-reperfusion for sub- tacting the corresponding authors via E-mail.
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