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Costunolide, a natural germacranolide sesquiterpenoid, exhibits only moderate anti-HCC
activity. To enhance its efficacy and tumor selectivity, a series of 37 dimeric costunolide-1,2,3-
triazole conjugates was designed and synthesized by integrating dimerization and molecular
hybridization strategies. Evaluation of their antiproliferative effects on HepG2, Huh-7, and SK-
Hep-1 cells suggested that 25 compounds were more potent than either costunolide or soraf-
enib. The most active dimer 19 exhibited significant activity with ICs, values of 1.6, 1.3, and
0.7 umol-L™", which were 13.1, 14.2, and 34.9-fold greater than those of costunolide. Com-
pound 19 showed favorable selectivity against human normal liver cells (THLE-2) and
markedly inhibited colony formation. Through a combination of bioinformatics, docking, and
molecular dynamics (MD) simulations, glucose-6-phosphate dehydrogenase (G6PD) was iden-
tified as a target of compound 19, which was subsequently validated by DARTS and SPR as-
says. Functional studies revealed that compound 19 arrested the HCC cell cycle at the G,/M
phase, suppressed migration and invasion by inhibiting epithelial-mesenchymal transition,
and triggered both apoptosis and ferroptosis. These findings establish triazole-linked costun-
olide dimer 19 as a promising lead candidate for the development of novel anti-HCC ther-

apies.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common form of
primary liver cancer and a leading cause of cancer-related mor-
tality globally . The applicability of surgical resection is limited to
approximately 15% of patients, and the majority of patients with
advanced disease rely on interventional, radiological, or system-
ic therapies. However, the efficacy of standard drug treatments --
such as tyrosine kinase inhibitors and immune checkpoint inhib-
itors -- is frequently limited by the development of chemoresist-
ance °. Thus, there is an urgent need to develop new anti-HCC
agents with novel structures and mechanisms of action.

Natural products represent a valuable resource for antican-
cer drug discovery *. Among them, costunolide, a germacranolide
sesquiterpenoid isolated from Saussurea costus, has dem-
onstrated antiproliferative effects in various cancer cell lines *. Its
mechanisms include the induction of apoptosis, the suppression
of telomerase activity, the blockade of angiogenesis, and the pre-
vention of tumor metastasis °. Nevertheless, the clinical potential
of costunolide is constrained by its moderate potency, off-target
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toxicity, and poor chemical and metabolic stability. Despite ef-
forts to synthesize costunolide derivatives by modifying the a-
methylene-y-butyrolactone moiety °°, their antiproliferative
activity remains modest.

Previous work from our group indicated that certain natural
sesquiterpenoid dimers isolated from Artemisia species **, along
with their synthetic analogs '* '°, exhibited significant antihep-
atoma activity by inhibiting cell migration and invasion, inducing
apoptosis, and arresting the cell cycle. Dimerization is a recog-
nized strategy to enhance the bioactivity of sesquiterpenoids via
dual-target engagement or improved binding affinity. Indeed, di-
meric sesquiterpenoids linked by esters """, carbamates, carbon-
ates *° and all carbon linkers *' have been synthesized and dis-
played potent antitumor properties. Molecular hybridization, the
combination of two pharmacophores into one molecule, is anoth-
er effective approach to optimize natural lead compounds *. In
this context, the 1,2,3-triazole ring, which is easily accessible via
copper-catalyzed azide-alkyne cycloaddition (CuAAC), serves as a
privileged scaffold that can improve solubility and facilitate key
biointeractions with target proteins ** **. Previous studies have
confirmed that hybrids of 1,2,3-triazole and sesquiterpenoids ex-
hibit superb anticancer activity ***".

In our earlier investigation, costunolide showed moderate in-
hibitory effects on human HCC cell lines with IC5, values of 19.7
(HepG2), 16.5 (Huh-7), and 26.2 pmol-L™* (SK -Hep-1) °. By in-
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tegrating molecular hybridization and dimerization strategies,
we hypothesized that tethering two costunolide units via a
triazole-based linker could yield novel dimers with improved anti-
HCC efficacy (Fig. 1). Compared with other linkers—such as es-
ters, amides, or electrophilic groups—the 1,2,3-triazole linker of-
fers distinct advantages, including more accessible synthesis and
greater stability than traditional ester or amide bonds. In this
study, we designed and synthesized a series of triazole-linked
costunolide dimers from azide- and alkyne-functionalized pre-
cursors using a bis-click chemistry approach. Herein, we report
the synthesis, antihepatoma activity, and mechanism investiga-
tion of these dimeric costunolide-1,2,3-triazole conjugates.

Linker

Molecular hybridization

Costunolide

R, Dimerization

N__N
R~

1,2,3-Triazole

Fig. 1 Design of dimeric costunolide-1,2,3-triazole conjugates.

2. Results and discussion

2.1. Chemistry

Costunolide was obtained from Saussurea costus and conver-
ted to azide A1 through a two-step sequence involving allylic ox-
idation and azidation using the DPPA-DBU method in 48% yield.
Treatment of azide A1 with various aromatic, heteroaromatic,
and aliphatic diacetylenic compounds in the presence of
CuS0,:5H,0 and sodium ascorbate in THF-H,0 (5:1) at room
temperature afforded the corresponding dimeric costunolide-
1,2,3-triazole conjugates 1-31 and 34-37 (Scheme 1). The vari-
ation in the oxidation state at the sulfur atom of compound 31 us-
ing m-CPBA at different temperatures selectively provided sulfox-
ide 32 or sulfone 33. The structures of the dimers were unam-
biguously characterized by 'H NMR, **C NMR, and high-resolu-
tion mass spectrometry.

2.2. In vitro antihepatoma activity of the dimers

The antihepatoma activity of dimeric costunolide-1,2,3-
triazole conjugates was evaluated in HepG2, Huh-7, and SK-Hep-1
cell lines via an MTT assay with sorafenib as a positive control. As
summarized in Table 1, 25 compounds outperformed sorafenib
and costunolide in inhibiting HepG2 cells, 27 dimers were more
potent against Huh-7 cells, and 29 dimers showed enhanced
activity against SK-Hep-1 cells. Notably, compounds 1-3, 9, 12,
14, 15, 17-22, 24-31, 34, 35, and 37 consistently demon-
strated stronger inhibition across all three cell lines than costun-
olide and sorafenib.

A comparison of phenyl-substituted compounds 1-3 and
24-26 revealed that ortho-substituted derivatives 3 and 26 con-
sistently exhibited better activity than their meta- and para-sub-
stituted counterparts. The introduction of fluorine, chlorine,
bromine, methyl, methoxy, ethynyl, or ester groups at the C-5'
position of compound 2 yielded compounds 5-11, which resul-
ted in a significant decrease in activity. The position of the methyl
substituent on the benzene ring significantly influenced the po-
tency, as the C-2'-substituted derivative 12 was more active than
its C-5'-substituted isomer 8.

The replacement of the phenyl ring with thiophene moieties
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identified 3,4-disubstituted derivative 14 as the most potent
among analogs 13-15, with ICs, values of 2.4 (HepG2), 2.3 (Huh-
7), and 3.1 umol-L™" (SK-Hep-1). Pyridine-based analogues 17-20
universally demonstrated stronger inhibition than sorafenib, and
2,5-disubstituted compound 19 was the most active in the series
with ICsq values of 1.6 (HepG2), 1.3 (Huh-7), and 0.7 ymol-L™" (SK-
Hep-1). Further expansion to the pyrazine ring afforded com-
pounds 21 and 22 with comparable activities.

The antihepatoma activity of aliphatic derivatives 27-29 was
correlated with chain length, and the four-carbon analogue 28
emerged as the most potent across all three cell lines. Among het-
eroatom-linked derivatives 30-33, 36 and 37, p-toluenesulfon-
amide-containing compound 37 was the most potent (ICsy: 1.8
umol-L™ for HepG2, 1.6 ymol-L™" for Huh-7, 1.1 pmol-L™" for SK-
Hep-1). In contrast, the urea-linked derivative 36 showed
markedly reduced activity. Compound 31 featuring a thioether
linker was more potent than its ether-containing analog 30, but
oxidation of the sulfur in 31 to sulfone (32) or sulfoxide (33) led
to a significant loss of activity. Finally, diester- and dicyano-sub-
stituted compounds 34 and 35 with ICs, values ranging from 1.3
to 5.6 umol-L™" displayed activities similar to those of compound
27.

Compound 19 (KGA-1034) emerged as the most potent di-
mer with ICs values of 1.6, 1.3, and 0.7 umol-L™" against HepG2,
Huh-7, and SK-Hep-1 cells, respectively, which were 13.1, 14.2,
and 34.9-fold higher than those of costunolide and 7.3, 6.1 and
20.6-fold more potent than those of sorafenib. The selectivity of
compound 19, costunolide and sorafenib against HCC cells over
normal cells was studied by evaluating their cytotoxicity on the
normal human liver cell line THLE-2. Costunolide showed equi-
valent toxicity to cancerous and normal cells (CCsy: 20.8
pmol-L™"). While compound 19 demonstrated lower cytotoxicity
on THLE2 (CCso: 3.2 umol-L™), indicating selectivity indices of
2.0, 2.5, and 4.6 against HepG2, Huh-7, and SK-Hep-1 cell lines,
respectively. Sorafenib showed cytotoxic activity with a CCs,
value of 20.6 pmol-L™" with selectivity indices of 1.8, 2.6 and 1.4,
respectively. These results indicated that the dimerization of cos-
tunolide via the triazole linker not only significantly increased its
anti-HCC activity, but also improved tumor selectivity. Owing to
its promising anti-HCC activity and favorable safety profile, com-
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Table 1 Inhibitory activity of compounds 1-37 on HepG2, Huh-7 and SK-Hep-1 cells.
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ICs0 (pmol-L™") ICs0 (pmol-L ™)
Compd. Compd.

HepG2 Huh-7 SK-Hep-1 HepG2 Huh-7 SK-Hep-1
1 8.2 35 2.3 21 19 1.9 1.8
2 5.4 29 13 22 35 1.8 1.1
3 2.4 2.0 1.4 23 >20 >20 >20
4 13.1 2.2 1.7 24 3.1 2.6 1.4
5 14.0 16.8 13.0 25 5.8 2.4 31
6 16.5 6.6 4.4 26 29 2.5 1.2
7 >20 >20 >20 27 3.7 35 2.9
8 >20 13.1 10.8 28 2.7 2.8 2.0
9 6.4 41 2.1 29 5.2 3.4 4.3
10 >20 11.6 >20 30 6.3 7.3 4.6
11 6.6 2.0 >20 31 4.0 43 29
12 3.7 39 2.2 32 >20 >20 >20
13 11.8 14.3 4.2 33 >20 >20 9.2
14 2.4 23 31 34 2.8 1.6 13
15 3.2 4.0 4.3 35 39 5.6 1.7
16 >20 >20 >20 36 >20 >20 >20
17 6.2 4.7 1.6 37 1.8 1.6 1.1
18 3.2 15 0.8 Costunolide 20.9 18.5 24.4
19 1.6 13 0.7 Sorafenib 11.7 8.0 14.4
20 1.8 1.2 13

pound 19 was selected for further investigation of its prelimin-
ary mechanism of action.

2.3. Compound 19 inhibited the colony formation of SK-Hep-1 and
Huh-7 cells

The antiproliferative potential of compound 19 was further
evaluated through a colony formation assay. Over a 10-day peri-
od at different dosages, compound 19 obviously suppressed the
colony-forming ability of SK-Hep-1 and Huh-7 cells in a concen-
tration-dependent manner (Fig. 2). At concentrations of 0.3, 0.6,
and 0.9 pmol-L™, the inhibitory ratios were 17.2%, 62.8%, and
92.9% for SK-Hep-1 cells, and 19.1%, 47.5%, and 81.6% for Huh-
7 cells, respectively.

2.4. Anti-HCC target analysis of compound 19

To identify the protein targets of compound 19 in hepatocel-
lular carcinoma, a multistep analysis was conducted. First, the
CIPHEN (compound-protein interactions prediction based on the
heterogeneous network) prediction model ** was employed to
identify the top 50 potential targets (Fig. 3A). Subsequent bioin-
formatic analysis of TCGA data revealed that 15 of these genes
were differentially expressed in HCC vs normal tissues and were
significantly correlated with patient survival (P-value < 0.05)
(Fig. 3B). Finally, molecular docking was performed on this short-
list, indicating that compound 19 exhibited the most potent bind-
ing affinity for glucose-6-phosphate dehydrogenase (G6PD), with
a docking score of -5.078 kcal-mol™ (Fig. 3C). Specifically, the C-
12 carbonyl group formed a hydrogen bond with Ser40, and the
nitrogen atoms in the triazole ring formed hydrogen bonds with
Asp-42 and Leu-43 (Fig. 3D).

Bioinformatics analysis revealed that G6PD expression was
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significantly upregulated in HCC tissues compared with adjacent
normal tissues (Fig. 3E). It demonstrated considerable diagnostic
value with an area under the ROC curve of approximately 0.95 for
discriminating tumors from nontumorous samples (Fig. 3F). Fur-
thermore, elevated G6PD expression was associated with ad-
vanced tumor stage and poorer overall survival (0S) (Figs. 3G
and 3H). Previous studies indicated that G6PD promoted the pro-
liferation, migration, and invasion of HCC cells * Taken together,
these findings establish G6PD as a clinically relevant therapeutic
target in HCC.

To evaluate the binding stability and dynamic behavior of
compound 19 with G6PD protein under simulated physiological
conditions, molecular dynamics (MD) simulations were conduc-
ted. The root-mean-square deviation (RMSD) analysis indicated
that the compound 19-G6PD complex quickly reached equilibri-
um and maintained stable conformational dynamics throughout
the simulation (Fig. 4A). Root-mean-square fluctuation (RMSF)
plot showed that the G6PD protein and the complex exhibited
similar flexibility for most residues (Fig. 4B). The radius of gyra-
tion (Rg) remained stable with only minor fluctuations, suggest-
ing that the protein retained its structural integrity and compact-
ness in both free and bound forms (Fig. 4C). Hydrogen bond ana-
lysis further confirmed intermolecular interactions between com-
pound 19 and key residues in the G6PD active site (Fig. 4D).
These findings demonstrated that G6PD and compound 19
formed a stable complex under physiological conditions.

To verify the interaction between compound 19 and G6PD,
drug affinity responsive target stability (DARTS) and surface
plasmon resonance (SPR) assays were performed. In both SK-Hep-
1 and Huh-7 cells, increasing concentrations of compound 19
(from 0.5 to 1000 pumol-L™) resulted in a dose-dependent in-
crease in the abundance of G6PD (Fig. 4E). This observation in-
dicated that the binding of compound 19 stabilized G6PD and
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Fig. 2 Inhibitory effect of compound 19 on colony formation in SK-Hep-1 and Huh-7 cells (n = 3). (A) SK-Hep-1 cells. (B) Huh-7 cells. Data are presented as mean * SD from

three independent experiments. P < 0.05; "P< 0.001;

protected it from pronase degradation. Subsequent SPR analysis
quantified this interaction to show that compound 19 had bind-

P<0.0001

ing affinity with G6PD with a Kp, value of 1.62 pmol-L™ (Fig. 4F).

These data collectively verify the direct binding between com-

pound 19 and G6PD.

2.5. Compound 19 suppressed the migration and invasion of SK-Hep-
1 and Huh-7 cells

Given the documented role of G6PD in promoting HCC meta-

stasis through epithelial-mesenchymal transition (EMT) *', the ef-
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fects of compound 19 on the migratory and invasive capabilities
of SK-Hep-1 and Huh-7 cells were evaluated using a Transwell as-
say. As shown in Fig. 5A, compound 19 dose-dependently inhib-
ited cell migration over 48 h as the number of migrated cells de-
clining to 81.7%, 44.8%, and 9.1% of control in SK-Hep-1 cells
and to 77.8%, 22.3%, and 10.5% in Huh-7 cells at 0.3, 0.6, and 0.9
umol-L™", respectively. Similarly, the invasive capabilities of both
SK-Hep-1 and Huh-7 cells were also markedly suppressed, with
inhibitory ratios of 44.6% and 39.7% (0.3 umol-L™), 90.9% and
55.4% (0.6 umol-L™"), and 97.6% and 82.8% (0.9 pmol-L™"), re-
spectively. Mechanistically, this anti-metastatic effect was associ-
ated with a reversal of EMT, as evidenced by the upregulation of
E-cadherin and downregulation of N-cadherin and vimentin in SK-
Hep-1 and Huh-7 cells upon compound 19 treatment (Fig. 5B).

2.6. Compound 19 triggered G,/M phase arrest in SK-Hep-1 and
Huh-7 cells

To further investigate the growth-inhibitory mechanisms of
compound 19, its effect on the cell cycle was examined in SK-Hep-
1 and Huh-7 cells by flow cytometric analysis. Treatment with
compound 19 (0.3, 0.6, and 0.9 pmol-L™") induced a concentra-
tion-dependent accumulation of cells in the G,/M phase (Fig. 6A).
In SK-Hep-1 cells, the G,/M population was increased from 22.3%
to 31.3%, 34.1%, and 38.9%; a similar increasement was ob-
served in Huh-7 cells, from 19.4% to 22.6%, 29.4%, and 31.9%.
Western blot analysis of key regulatory proteins indicated that
the observed G,/M phase arrest was associated with upregulated
expression of Cyclin B1 and p21 (Fig. 6B).

2.7. Compound 19 induced apoptosis and ferroptosis

Given the known role of G6PD in regulating apoptosis *' and
ferroptosis **, the potential of compound 19 to trigger these two
forms of cell death was assessed. As shown in Fig 7A, treatment
with compound 19 (0.3, 0.6, 0.9 pmol-L™) led to a concentration-
dependent increase in the proportion of apoptotic/necrotic cells,
as measured by Annexin V/PI staining. In SK-Hep-1 cells, the per-
centage was increased from 6.4% to 22.0%, 35.9%, and 72.6%;
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similarly, in Huh-7 cells, it increased from 3.3% to 11.0%, 29.4%,
and 59.8%, indicating the induction of apoptosis in HCC cells. Giv-
en the pivotal roles of Bcl-2 (antiapoptotic) and Bax (proapoptot-
ic) in mitochondrial apoptosis, the effects of compound 19 on
their expression were examined. Western blot analysis revealed
that compound 19 progressively upregulated Bax and downregu-
lated Bcl-2 (Fig. 7B), demonstrating that it induced apoptosis
through a mitochondrial pathway.

As reactive oxygen species (ROS) are a hallmark of ferroptos-
is, we assessed whether compound 19 triggers ferroptosis by
measuring ROS levels via immunofluorescence (Fig. 7E). Com-
pound 19 dose-dependently increased ROS levels in SK-Hep-1
cells. Importantly, this effect could be suppressed by the ferrop-
tosis inhibitor ferrostatin-1 (Fer-1), suggesting that compound
19 could trigger ferroptosis in SK-Hep-1 cells.

3. Conclusions

Dimerization and molecular hybridization are effective
strategies for enhancing the anticancer efficacy of sesquiterpen-
oids. In this work, a novel series of dimeric costunolide-1,2,3-
triazole conjugates were designed, synthesized via a bis-click re-
action, and assayed for their inhibitory effects on HepG2, Huh-7,
and SK-Hep-1 cells. In total, 25 synthetic dimers were more act-
ive than sorafenib and costunolide across the three cell lines.
Among them, compound 19 displayed excellent antiproliferative
activity with ICs, values of 1.6 (HepG2), 1.3 (Huh-7), and 0.7
umol-L™" (SK-Hep-1), favorable selectivity against normal hepato-
cytes, and a marked ability to inhibit colony formation. Another
significant finding of this work was the identification and experi-
mental validation of G6PD as a direct target of compound 19. This
target engagement drives its multifaceted effects, including the
inhibition of migration and invasion, cell cycle arrest, and the
simultaneous induction of apoptosis and ferroptosis. Collectively,
this research not only demonstrates the utility of combining di-
merization with molecular hybridization but also establishes
compound 19 as a promising lead for the development of novel
anti-HCC therapeutics.
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Fig. 5 Compound 19 inhibited the migration, invasion, and epithelial-mesenchymal transition (EMT) of SK-Hep-1 and Huh-7 cells. (A) Cell migration and invasion assays

P<0.0001.

4. Experimental

4.1. Chemistry

4.1.1. General procedure for the synthesis of compounds 1-31 and
34-37

Under an argon atmosphere, azide A1 (136 mg, 0.5 mmol, 2.5
eq), (+)-sodium L-ascorbate (40 mg, 0.2 mmol, 1 eq), and
CuS0,4-5H,0 (25 mg, 0.1 mmol, 0.5 eq) were dissolved in a mix-
ture of THF (2 mL) and water (0.4 mL). The corresponding al-
kyne (0.2 mmol, 1.0 eq) was added, and the mixture was stirred
at room temperature for 16 h. The reaction was quenched with
saturated Na,CO3 solution and extracted with ethyl acetate (10
mL x 3). The combined organic phase was washed with water
and saturated brine, then dried over anhydrous Na,SO,. The
solvent was removed under reduced pressure, and the crude was
purified by column chromatography (acetone-petroleum ether,
30:70) to afford compounds 1-31 and 34-37. Complete spectro-
scopic characterization data for compounds 1-31 and 34-37 are
provided in the Supporting information.

4.1.2. Synthesis of compound 32
A solution of compound 31 (13 mg, 0.02 mmol) in dichloro-
methane (0.5 mL) was treated with m-CPBA (85%, 3.8 mg, 0.02
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(n = 3). (B) Protein levels of E-cadherin, N-cadherin, and Vimentin. Data are presented as mean # SD from three independent experiments. ‘P < 0.05; "P < 0.01; P < 0.001;

mmol) at 0 °C. After stirring for 20 min, the reaction mixture was
quenched with 10% aqueous Na,S,05, extracted with dichloro-
methane (3 x 5 mL). The combined organic extract was washed
sequentially with saturated aqueous NaHCO; and brine, dried
over anhydrous Na,SO,, filtered, and concentrated under re-
duced pressure. The residue was purified by silica gel column
chromatography (acetone-petroleum ether, 30:70) to afford
compound 32 as a white solid (9 mg, 68% yield). (Spectral data of
compound 32 are included in the Supporting information)

4.1.3. Synthesis of compound 33

A solution of compound 31 (39 mg, 0.06 mmol) in dichloro-
methane (5 mL) was cooled to 0 2C and treated with m-CPBA
(85%, 20 mg, 0.12 mmol, 2.0 equiv). After stirring at 0 °C for 20
min, the reaction mixture was allowed to warm to room temper-
ature and stirred overnight. The reaction was quenched with 10%
aqueous Na,S,0; and extracted with dichloromethane (3 x 15
mL). The combined organic extract was washed with water and
brine, dried over anhydrous Na,SO,, filtered, and concentrated
under reduced pressure. The residue was purified by silica gel
column chromatography (acetone-petroleum ether, 30:70) to af-
ford compound 33 as a white solid (42 mg, 65% yield). Spectral
data of compound 33 are included in the Supporting information.

4.2. Cell lines and cell culture

The detailed cell culture and MTT, CCK8 assay procedures
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Fig. 6 Compound 19 induced G,/M phase arrest in SK-Hep-1 and Huh-7 cells. (A, C) Flow cytometric analysis of the cell cycle in SK- Hep 1 and Huh7 (n = 3). (B, D) Expres-

sion levels of G,/M-related proteins Cyclin B1 and p21. Data are presented as mean # SD from three independent experiments. P < 0.01;

were performed as previously described .
4.3. Colony-formation assay

SK-Hep-1 and Huh-7 cells were plated in 6-well plates at a
density of 5 x 10° cells per well and maintained at 37 °C with 5%
CO,. After incubation 96 h, the cells were exposed to compound
19 at concentrations of 0.0, 0.3, 0.6, and 0.9 pmol-L™". The medi-
um was then removed and replaced with 2 mL of fresh medium
every three days. Following 6 days of culture, the cells were
washed twice with 1 mL PBS, fixed with 70% ethanol for 30 min,
and again washed twice with PBS. The fixed cells were stained
with 0.1% crystal violet (Solarbio, Cat. No. C8470, Beijing, China)
for 30 min, after which the plates were air-dried. Colony forma-
tion in the entire well was quantified by scanning the plates and
analyzing the images using Image] software (Version 1.53 t, Na-
tional Institutes of Health, Bethesda, USA).

4.4. Bioinformatic analysis

The Top 50 potential targets of compound 19 were first pre-
dicted by CIPHEN. From this set, HCC-associated genes were
identified by differential expression analysis (|log FC| > 1.2, ad-
justed P-value < 0.01) using the “limma” R package and
Kaplan-Meier survival analysis via the “survminer” R package.
This integrated approach revealed a subset of 15 predicted tar-
gets that were not only differentially expressed in HCC tissues but
also significantly correlated with patient survival.

Molecular docking of compound 19 with the 15 candidate
proteins was conducted with Schrodinger’s Maestro (Schrod-
inger, Version 12.8, NY, USA). Protein structures from the PDB
were optimized and energy-minimized using the Protein Prepara-
tion Wizard, while the ligand structure (SDF) was prepared with
LigPrep. Potential binding sites were identified with the SiteMap
tool. Docking simulations were then performed in standard preci-
sion (SP) mode to assess the binding interactions.
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“P<0.001.

4.5. Drug affinity responsive target stability assay

Total cellular proteins were isolated from SK-Hep-1 cells
with RIPA lysis buffer, and protein concentration was quantified
using a bicinchoninic acid (Ncmbio, Cat. No. WB6501, Suzhou,
China) assay kit. Aliquots of 250 pg protein were dispensed into
1.5 mL tubes and treated with either compound 19 (0-1000
pmol-L™") or DMSO as a control, followed by incubation at room
temperature for 1 h. Subsequently, pronase (Roche, Cat. No.
10165921001, Basel, Switzerland) was introduced at a pronase-
to-protein ratio of 1:1000 to digest the proteins. The processed
samples were then subjected to Western blot analysis.

4.6. Surface plasmon resonance (SPR) assay

The G6PD protein was purchased from Proteintech China
(Cat. No. 81299, Wuhan, China). G6PD was diluted in sodium
acetate buffer (pH 4.5) at 1 mg-mL™" and covalently immobilized
onto a CM5 sensor chip (Cytiva, Cat. No. 29104988, Marlborough,
USA) using an Amine Coupling Kit (Cytiva, Cat. No. BR100050,
Marlborough, USA). Compound 19 (ranging from 0.20 to 6.25
umol-L™" in PBS with 0.005% P20 and 5% DMSO) were injected
over the chip surface to monitor association and dissociation.
Sensorgram data were processed and analyzed using Biacore
S200 Surface Plasmon Resonance (SPR) System (Cytiva, Marlbor-
ough, USA).

4.7. Western blot analysis

The expression levels of proteins associated with migration,
apoptosis, and cell cycle progression were assessed by Western
blot. SK-Hep-1 and Huh-7 cells were plated in 10 cm plates and
exposed to different concentrations of compound 19 for 12-48 h.
After treatment, cells were lysed with RIPA buffer to obtain total
protein extracts, and protein concentrations were determined us-
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Fig. 7 Compound 19 induced apoptosis and ferroptosis in HCC cells. (A, C) Flow cytometric analysis of apoptosis in Huh-7 and SK-Hep-1 cells (n = 3). (B, D) Expression
levels of apoptosis-related proteins Bax and Bcl-2. (E) Assessment of ROS production with or without Fer-1 pretreatment (n = 3). 'P < 0.05; P < 0.01; ~P < 0.001; ""P <

0.0001.

ing a BCA assay. Protein samples were separated by SDS-PAGE
and subsequently transferred onto PVDF membranes (Millipore,
Cat. No. IPV00010, Burlington, USA). The membranes were
blocked and then probed with specific primary antibodies at 4 °C
overnight, followed by incubation with an appropriate secondary
antibody for 2 h at room temperature. Protein bands were visual-
ized using an ECL solution (Tanon, Cat. No. 180-5001, Shanghai,
China) and imaged with a multispectral imaging system (Sage
Creation, Model No. SC680, Beijing, China).

4.8. Cell migration and invasion assay

Cell migration and invasion were evaluated using Transwell
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chambers. SK-Hep-1 and Huh-7 cells were seeded in the upper
chambers at densities of 1 x 10° cells/mL and 5 x 10" cells/mL,
respectively. For the migration assay, following adhesion, they
were incubated for 24 h in serum-free DMEM supplemented with
different concentrations of compound 19. Non-migrated cells on
the upper surface were then gently removed, while the migrated
cells on the lower membrane were fixed with 70% ethanol and
stained with 0.1% crystal violet for 30 min. Imaging was per-
formed using an Olympus IX73 microscope (Olympus Corpora-
tion, Model No. 1X73, Tokyo, Japan). For the invasion assay, the
upper chambers were pre-coated with Matrigel matrix (BD Bios-
ciences, Cat. No. 354234, Franklin Lakes, USA) diluted 1:50 in ice-
cold DMEM and allowed to solidify for 2 h before cell seeding. The
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remaining procedures were consistent with those described for
the migration assay.

4.9. Flow cytometry assay

The impact of compound 19 on cell cycle distribution and ap-
optosis of HCC cells was assessed by flow cytometry. SK-Hep-1
and Huh-7 cells were plated in 6 cm plates at 5 x 10° cells per
well and exposed to increasing concentrations (0.0, 0.3, 0.6, and
0.9 umol-L™) of compound 19 for 12 h (cell cycle analysis) or 48
h (apoptosis detection).

For cell cycle profiling, harvested cells were fixed in 70% eth-
anol at -20 °C overnight, then resuspended and stained in PBS
containing 100 pg-mL™ propidium iodide (BioFroxx, Cat. No.
1246MGO010, Einhorn, Germany) and 200 pg-mL™" RNase A (Sol-
arbio, Cat. No. R1030, Beijing, China). Apoptosis was measured
by resuspending cells in binding buffer and dual-staining with
Annexin V-FITC and PI for 15 min in the dark. Data acquisition
was performed using a BD Accuri C6 flow cytometer (BD Bios-
ciences, Cat. No. 650643, San Jose, CA, USA).

4.10. Reactive oxygen species assay kit

SK-Hep-1 cells in the logarithmic growth phase were trypsin-
ized and seeded into 96-well plates. A total of 100 uL of complete
medium was added to each well, and the cells were incubated in a
37 °C, 5% CO, incubator for 24 h to allow adhesion (reaching ap-
proximately 60%-70% confluence) before compound 19 treat-
ment. Compound 19 and ferrostatin-1 were diluted in complete
medium, Fer-1 was administered 1 h prior to compound 19 treat-
ment, and the cells were co-incubated for 12 h. According to the
instructions of the Reactive Oxygen Species Assay Kit (Beyotime,
Cat. No. S0033S, Shanghai, China), DCFH-DA was diluted at
1:1000 to a final concentration of 10 umol-L™". After removing
the culture medium, an appropriate volume of the diluted DCFH-
DA solution was added to each well. The plates were incubated at
37 °C for 30 min. Following three washes, the cells were ob-
served and imaged using a fluorescence microscope.
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