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Objective: Artesunate can inhibit the proliferation of various tumor cells and has practical value in developing anti-tumor drugs.
However, its biological activity against hepatocellular carcinoma is weak. The efficacy of its anti-tumor effect needs to be improved.
Methods: 11 compounds of three types were designed and synthesized. Their antitumor activity was detected by MTT assay in vitro
and subcutaneous xenograft model in vivo. Then, DCFH-DA probe detection and NAC intervention experiments were used to detect
ROS levels. The ferroptosis inhibitor (Liproxstatin-1) was used to study the effect of compound 6¢ in inducing ferroptosis. Western
blot was used to observe the expression of apoptosis-related proteins. The ability of 6¢ to induce apoptosis was detected by Annexin
V-FITC/PI double staining and Hoechst 33342 staining experiment. The effect of 6¢ on cycle arrest was detected by flow cytometry.
Molecular simulations of several hybrids with vascular endothelial growth factor receptor 2 (VEGFR-2) and Transferrin receptor
protein 1 (TFR1) were performed using MOE molecular docking software.

Results: A series of new artemisinin-4-(4-substituted phenoxy) pyridine derivatives were synthesized and their anticancer activities were
tested in three lines of hepatocellular carcinoma (HCC) cells. Among the hybrid hits with anticancer activity, a representative 6¢ compound
increased the reactive oxygen species (ROS) level in hepatocellular carcinoma cells and activated mitochondrial apoptosis and ferroptosis,
leading to cell cycle arrest at G2/M phase. Molecular docking shows the binding of 6¢c compound to oncogenic vascular endothelial growth
factor receptor 2 (VEGFR-2) and Transferrin receptor protein 1 (7FR1) that are overexpressed in malignant epithelial tumors.
Conclusion: Taken together, our identification of the promising compound 6¢ may hold developmental potential for therapy of
hepatocellular carcinoma.
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Introduction
Hepatocellular carcinoma (HCC) has been ranked as the seventh most common cancer in the world, with more than
20 million new cases and more than 9.7 million in 2022." Currently, the common molecular targeted drugs for treating
HCC on the market, such as sorafenib and regorafenib, are difficult to improve the 5-year survival rate of patients.” These
drugs have some obvious disadvantages, such as limited efficacy, significant toxic side effects, and lack of selectivity.
Therefore, it is urgent to find new and more effective anti-HCC drugs. Modifying existing clinical anti-HCC drugs is one
of the feasible methods to find new chemotherapy candidate drugs.

Artesunate is a water-soluble derivative of artemisinin, a monomer isolated from the traditional Chinese medicinal
herb plant Artemisia annua for effective treatment of malaria with very low host toxicity (Figure 1).* Artesunate is the
first-line drug for treating severe malaria in children or adults.* Compared with artemisinin, artesunate has better

biological activity, absorption, solubility, and pharmacokinetic characteristics™® (

Figure S1). Numerous studies have
shown that artesunate is effective against malaria and has anti-tumor activity.” Considerable in vitro and in vivo studies
have shown that artesunate and its derivatives exhibit therapeutic potential against cancer with radio sensitizing effect,

less drug resistance and also low toxicity to normal cells.* ' It is reported that the 1,2 4-trioxane moiety of artesunate is
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Figure | Artesunate and its derivatives.

=14 and the accumulation of ROS

critical in generating reactive oxygen species (ROS) by cleaving peroxide bridges,
induces apoptosis, ferroptosis, autophagy, and other programmed death pathways.'>"'® These observations suggest that

chemical modifications of artesunate may improve its anti-tumor activity with less toxicity.
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Molecular hybridization serves as a medicinal chemistry strategy that combines two active pharmacophore groups
through linkers for generation of novel hybrid compounds for improvement of bioactivity.'”>* It has been shown that
introduction of 4-(arylamino) quinazoline pharmacophore to artemisinin skeleton through different linkers can generate
artemisinin analogs with robust antiproliferative activities against human colorectal cancer cells, melanoma cells and
inhibition of xenograft tumor growth.'” Combination of artesunate with sorafenib, artesunate can also synergistically
increase the antitumor activity of sorafenib and reverse the resistance of tumors to sorafenib.”> > These observations
suggest that combining two distinct chemical entities may lead to synergistic improvement in their activity with reduced
side effects of both compounds.

In this study, we utilized the molecular hybridization approach by combining the artesunate 1,2,4-trioxane group
critical for anti-tumor activity with the core pharmacophore of tyrosine kinase inhibitors gefitinib and sorafenib. Here, we
report the synthesis of a series of artesunate hybrids using phenyl-substituted pyridines as linker. The biological activity
of these hybrid compounds was tested in Hep3B, HepG2, and Huh7 cells as well as the cytotoxicity in human normal
liver cells (LO2). A representative compound 6¢ exhibits robust anti-HCC activity and low cytotoxicity to normal cells.
Mechanistically, 6¢ causes an increased level of intracellular reactive oxygen species and induces cell ferroptosis, cell
cycle arrest, and apoptosis.

Results

Chemistry

Synthesis of Artesunate Hybrids with 5-Substituted Phenylpyridine Linker

We initiated the synthesis of the first series of artesunate hybrids 6a-e featured with 5-substituted phenylpyridine linkers
from starting 4-(4-aminophenoxy)-N-methyl-2-pyridinecarboxamide 1 and 5-bromopicolinic acid 2 for generation of
compound 3 by amide bond-forming reaction catalyzed by oxalyl chloride. Subsequently, compounds Sa-¢ were
synthesized from compound 3 and phenylboronic acid 4a-e by Suzuki coupling reaction using bis (triphenylphosphine)
palladium(II) dichloride as a catalyst under alkaline conditions in water and 1,4-dioxane with a strong yield. In the
presence of EDCl and DMAP, artesunate (AS) 7 is combined with alcohol 5a-e to produce 6a-e, respectively (Scheme 1).

Synthesis of Artesunate Hybrids with 4-Substituted Phenylpyridine Linker

4-(4-aminophenoxy)-n-methyl-2-pyridinecarboxylic acid 1 and 4-bromoquinolinic acid 8 were converted to compound 9
through an acylation reaction under the catalysis of oxalyl chloride. Compound 9 took place via Suzuki coupling reaction
with corresponding phenylboronic acid 4a-e to generate compounds 10a-e under alkaline conditions in water and
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Scheme | Synthesis of artesunate hybrids with 5-substituted phenylpyridine linker.
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1,4-dioxane with a high yield. Artesunate (AS) 7 coupled with compounds 10a-e led to generation of compounds 11a-e,
respectively (Scheme 2).

Synthesis of Artesunate Hybrid with No Linker
Artesunate hybrid 12 was synthesized by the amidation reaction of artesunate (AS) 7 and 4-(4-amino phenoxy)-
N-methyl-2-pyridinecarboxylic acid amide 1 under the catalysis of EDCl, DMAP, and HoBt (Scheme 3).

Pharmacology

In vitro Anti-HCC Activity

We tested the effect of synthesized hybrids on cell viability of human hepatocellular carcinoma cells from three cell lines
of HepG2, Hep3B, Huh7, and also a human normal liver cell line LO2 in MTT assay. We started evaluating the effects of
S-substituted phenylpyridine linkers (6a-¢) at different substitution positions of the benzene ring (A) on HepG2, Hep3B,
Huh7, and LO2 cells. Compounds 6a and 6¢ showed potent anti-proliferative effects on three hepatocellular carcinoma
(HCC) cell lines with their IC5o values about 10-20 times smaller than lead compound artesunate (Table 1), which is
equivalent to the ICsy, of Sorafenib, a clinically positive drug for the treatment of hepatocellular carcinoma. The
cytotoxicity of 6¢ was 12 times less than that of sorafenib on human normal liver cells LO2 and 2 times less than
artesunate (AS). As far as the preliminary structure-activity relationship is concerned, the activity of compounds in which
the phenolic hydroxyl group was substituted to the meta of the benzene ring (A) showed higher than para or ortho which

o
’ 1 Oxalyl chloride, DIPEA 4a-c © | N
+ N
Br DCM, DMF, RT, 90% NaHCO3, Palladium(ll)bis(triphenylphosphine) y
° dichloride, 1,4-Dioxane, Water, 95°C 10a. R=3-OH. 57%

10b, R=4-OH, 52%
10c, R=2-OH, 61%
10d, R=3-CH;0H, 58%
10¢, R=4-CH;OH, 44%

EDCL DMAP
/O/ DCM, RT
o
0 10a-¢
7 E/
11a, R=3-OH, 60%
11b, R=4-OH, 58%
11c, R=2-OH, 49%
11d, R=3-CH30H, 65%
11e, R=4-CH3O0H, 67%
Scheme 2 Synthesis of artesunate hybrids with 4-substituted phenylpyridine linker.
o
y—  EDCL DMAP, HOBt o
H -
~

DCM, RT, 29%

Scheme 3 Synthesis of artesunate hybrid with no linker.
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Table | The ICsq Values of Artesunate derivatives Against Human Hepatocarcinoma Cell Lines and
Selectivity Index

Compound R ICs5o (uM)? Selectivity Index
HepG2 Huh? Hep3B LO2" sl 19| s12¢ | s13f
6a 3-OH 4.49+0.26 1.65+0.16 | 4.06+0.24 | 30.65+2.55 | 6.8 18.6 7.5
6b 4-OH 8.33+0.18 | 3.18+0.23 | 7.28+0.5| | 45.97+3.53 5.5 14.5 6.3
éc 3-CH30H | 85+0.98 2.25£0.21 5.35%0.57 >100 >11.8 | >444 | >187
6d 4-CH3OH | [1.14£0.77 | 7.79+2.39 | 9.88+0.32 >100 >89 | >128 | >10.1
be 2-OH 16.28+1.3 | 5.83+0.51 8.67+0.69 >100 >6.1 | >17.1 | >11.5
I'la 3-OH 12.28%1.17 | 7.97£0.42 | 8.20+0.31 | 44.05+3.23 3.6 5.5 5.3
Ilb 4-OH 1531144 | 12.22+1.07 | 6.19+1.85 | 37.75%1.16 | 2.5 3.1 6.1
Ilc 2-OH 7.23+0.74 | 4.35+038 | 6.15+0.41 | 42.70£3.57 | 59 9.8 6.9
Ild 3-CH3OH | 9.93+0.77 | 10.78+0.95 | 8.73+0.75 | 64.47+3.57 | 6.5 5.9 74
Ile 4-CH3OH | 19.16£1.61 | 12.79£0.85 | 10.87+1.03 | 48.08+1.27 | 25 38 4.4
12 - NT® 12.64+1.52 | 24.55£1.89 | 50.8+1.48 | ND® 4 2.1
| - NT® >100 >100 NT® ND® | ND® | ND#
AS - 42.82+1.44 | 47.54£1.39 | 44.17£2.16 | 72.31£1.37 1.7 1.5 1.6
Sorafenib - 6.45+0.32 | 3.09+0.08 | 4.33+0.36 | 8.63+0.12 1.3 28 2

Notes: “The IC 5, values were calculated from three independent experiments and represented the mean +SD (n= 3). The incubation
time of cells was 72h. ® LO2 cell line of normal human hepatocytes. © NT: not tested. 94511 =1Cs0 LO,/ICso HepG2. © SI2 = ICso LO,/ICso
Huh7. fSI3 = 1Cso LO,/ICs Hep3B. & ND: not determined.

had the worst activity. The activity of hybrids that were linked via phenolic hydroxyl with carboxylic acid is higher than
that of hybrids linked by benzyl alcohol with carboxylic acid. But in this case, these hybrids exerted tiny differences in
the bioactivities. However, for normal cells, LO2, the cytotoxicity of the latter is much lower than that of the former, and
the cytotoxicity of hybrids linked to the 2-position of the benzene ring (A) is inferior to that of 3-position and 4-position
hybrids.

The activities of hybrids (11a-e) with the 4-substituted phenylpyridine linker were also evaluated on the three cancer
cell lines, and its overall activity was not as good as that of the hybrids with the 5-substituted phenylpyridine linker.
Interestingly, in contrast to the hybrids using 5-substituted phenylpyridine linkers, the activities of the hybrids forming
ester bond via benzyl alcohol groups in 11d-e were lower than that through phenolic hydroxyl groups (1la-c). The
activity of the hybrids substituted at ortho was higher than that of the hybrids substituted at meta and para on the benzene
ring (A). There was little difference in the cytotoxicity of these hybrids in normal cell line LO2.

When no linker was used, the anti-proliferation ability of the hybrid (12) against hepatocellular carcinoma cells was
significantly reduced as compared to the previous hybrids 6a-e and 1la-e with phenylpyridine linkers. Its cytotoxicity
was almost the same as its precursor compound artesunate. In addition, artesunate or compound 1 (4-(aminophenoxy)-
N-methylpicolinamide) showed weak biological activity in these cancer cell lines, and the hybrids with 5-substituted
phenylpyridine linker exhibited the best biological activity.

Compound Selection Index

We further analyzed the selection index of these series of hybrids against normal liver cells over hepatocellular
carcinoma cells. As shown in Table 1, the series of hybrids achieved a relatively excellent selection index, as compared
to artesunate (AS) or sorafenib. Among them, 6¢ had the highest selection index, indicating that the cytotoxicity of
compound 6c¢ to cancer cells is greater than normal cells.

Concentration- and Time-Dependent Inhibition of Hepatocellular Carcinoma Proliferation by Compound 6c
We further tested the concentration- and time-dependent effect of a promising compound 6¢ on proliferation of Hep3B
and Huh7 cells using MTT assay. We treated the cells with a series concentration of 6¢ and 24 h, 48 h, and 72 h. Cell
Viability decreased with concentration and time (Figure 2A and B). These results indicated that 6¢ inhibit HCC cells
growth with a time- and concentration-dependent manner.
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Figure 2 Compound éc inhibits the proliferation of hepatocellular carcinoma cells in MTT assay. (A) Hep3B and (B) Huh7 cells were treated with éc for 24, 48h, 72h. The
compound éc inhibited cell proliferation in a concentration-dependent and time-dependent manner (n=3).

Compound 6c Exerts Anti-Proliferation Effect in HCC via ROS

As compound 6c¢ is a derivative of artemisinin, we hypothesize that 6c may also exert its anti-tumor effect by regulating
ROS levels in tumor cells. To verify the hypothesis that 6¢ can induce reactive oxygen species generated in HCC, we
treated the cells with 6¢ at 5 uM, 10 uM, and 20 uM for 4 h and detected the intracellular reactive oxygen species content
using a DCFH-DA probe. The results are shown in Figure 3A and B, where 6¢ induced the production of reactive oxygen
species with a concentration-dependent manner. Then, we used N-acetylcysteine (NAC), which is an antioxidant with
cell membrane permeability and can reduce the level of reactive oxygen species. Huh7 and Hep3B cells were co-treated
with 5 or 10 mm N-acetylcysteine and 10 uM 6¢ for 24, 48, and 72 h. As shown in Figure 3C-E, inhibition of ROS
production by N-acetylcysteine reversed the inhibitory effect of 6¢c on proliferation of Huh7 cells in time- and
concentration-dependent manner. These results demonstrate that the level of reactive oxygen species is critical for 6c¢-
mediated anti-HCC proliferation.

Compound 6c¢ Induced Ferroptosis in HCC

Ferroptosis is a novel discovered pathway of cell death. Studies have shown that iron-dependent accumulation of reactive
oxygen species (ROS) may trigger cell death in the form of ferroptosis.”® It has been previously demonstrated that
compound 6¢ exerts its anti-HCC effect through reactive oxygen species (ROS). Therefore, we hypothesized that 6¢
might exert its effect by inducing ferroptosis in HCC. As shown in Figure 4A, Huh7 cells were pretreated with 6¢ for
24h, 48h, and 72h, and treated with the ferroptosis inhibitor Liproxstatin-1, which had the effect of reversing cell death.
As shown in Figure 4B, during treatment of Huh7 cells with 10 uM compound 6c¢ for 72 h, Liproxstatin-1 reversed cell
death in a concentration-dependent manner. These results demonstrate that hybrid 6¢ induces ferroptosis in Huh7 cells.

Compound 6c Activates the Mitochondrial Apoptosis Pathway

A high level of reactive oxygen species (ROS) is known to suppress tumor growth through activation of apoptosis.”” We
examined the effect of 6¢ on expressions of Bax and Bcl-2 proteins in Huh7 cells. As shown in Figure 5A, the expression
of Bax protein in Huh7 cells was increased in response to increasing concentrations of 6¢, whereas the expression of Bcl-
2 protein was decreased. As a result, the ratio of Bcl-2/Bax was concentration-dependently decreased in response to
treatment of different concentrations of compound 6c¢ for 48 h (Figure 5B). These results demonstrate that 6¢ induces the
activation of mitochondrial apoptotic pathway in Huh7 cells.

Induction of Cell Apoptosis by Compound 6c
7To further examine whether the anti-tumor activity of compound 6¢ is related to cell apoptosis, early apoptosis was measured
by Annexin V-FITC assay. The cells were collected and stained with apoptosis kit and analyzed by flow cytometry after cells
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Figure 3 Inhibition of proliferation of HCC cells by compound 6c via ROS. (A) Huh7 cells and (B) Hep3B cells were treated with 6c for 4h. (C) Huh7 cells and (D) Hep3B
cells were treated with 6c alone or plus N-acetyl-L-cysteine (NAC) for 24, 48h, and 72 h. (E) Cells were co-treated with different concentrations of NAC and 10 yM éc
cultured for 72 h. *P <0.05; **P <0.01; **P <0.001; ****P <0.0001.

Abbreviations: ns, not significant.
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Figure 4 Induction of ferroptosis in Huh7 cells by compound 6éc. (A) Huh7 cells were treated with 6c alone or plus Liproxstatin-1 for 24, 48h, and 72 h. (B) Cells were co-
treated with different concentrations of Liproxstatin-1 and 10 uM éc cultured for 72 h. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001.
Abbreviations: ns, not significant.

were treated with different concentrations of 6¢ for 24 h. As shown in Figure 6A and B, the percentages of apoptotic cells were
6.9%, 9.2%, 17.2%, 18.7%, and 24.2%, which were higher than the control group (4.9%), suggesting that 6¢ induces cell
apoptosis in a concentration-dependent manner. To further verify that 6¢ causes apoptosis, cells were treated with different
concentrations of 6¢ for 24 h, stained with Hoechst 33342, and observed under an inverted fluorescence microscope. The
results of apoptosis measured by flow were consistent with the staining results of Hoechst 33342 observed by fluorescence
microscopy. As shown in Figure 7A and B, compound 6¢ induced obvious morphological changes of apoptosis, including cell
shrinkage and the formation of granular apoptotic bodies. In conclusion, compound 6¢ induces apoptosis in Huh7 cells.

Induction of Cell Cycle Block by Compound 6c

Previous studies have shown that artesunate can inhibit the proliferation of tumor cells by generating ROS to induce
tumor cell cycle arrest.”® In order to further study the specific mechanism of 6¢’s inhibitory effect on HCC proliferation
and apoptosis, propidium iodide (PI) staining was used to detect the effect of cell cycle with the treatment of 6¢. Different
concentrations of 6¢ were incubated for 24 h in Huh7 cells. The result showed that 6¢ reduced G1/GO phase cells from
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Figure 5 Compound 6c activates the mitochondrial apoptosis pathway. (A) Protein expression levels of Huh7 cells treated with different concentrations of 6c for 48 h in
Western blot assay. (B) Summary from Bcl-2/Bax expression ratio from (A). **P <0.01; ***P <0.0001.
Abbreviations: ns, not significant.

48% to 38%, and S phase cells from 45% to 39%. However, there was a significant increase in the G2/M phase, from 6%
to 22% (Figure 8A and B). These results indicate that compound 6¢ induces Huh7 cells cycle arrest in the G2/M phase.

Molecular Docking

Molecular simulation is considered to be an important tool to study the interaction of certain ligand molecules and
the corresponding protein-binding sites. This series of hybrids consist of the artesunate moiety and the fragment of
sorafenib, 4-(4-aminophenoxy)-n-methyl-2-pyridine, both of which are inhibitory to VEGFR-2 kinase. Therefore, as
shown in Figure 9A—C, the representative hybrid 6¢c was used as the ligand for this docking analysis, and the MOE
program was used to conduct a molecular docking study on the three-dimensional structure of VEGFR-2
(PDB:3IAI). The Molecular docking results showed that the artesunate part of compound 6¢ was in good agreement
with the hydrophobic entrance of VEGFR-2 and the 4-(4-aminophenoxy)-n-methyl-2-pyridine fragment could
interact with the active site of VEGFR-2. The cavities of the dots are tightly bound with a minimum binding
energy of (AG) —8.2 kcal/mol. At the active site of VRGFR-2, compound 6¢ forms 3 hydrogen bonds with ARG-
842, ARG-1051, and LYS-838. The artesunate moiety and the 4-(4-aminophenoxy)-N-methyl-2-pyridinecarboxamide
fragment are both involved in the interaction. Next, we selected the compound 6a, 6d, 11d, and 1le, as ligands to
conduct molecular docking studies on VEGFR-2 (PDB: 3IAI). The minimum binding energy of these hybrids is
shown in Table 2. It can be seen from the results that 6a and 6¢ have the best match with the active region of
VEGFR-2, while 6d, 11d, and 11e do not match well with the active region of VEGFR-2, so it can also explain why
they have worse activity. Compared with artesunate, the binding ability of these hybrids to VEGFR-2 protein is
significantly improved, and the minimum binding energies of 6a and 6¢ are similar to those of sorafenib, indicating
that these two hybrids have excellent binding ability to VEGFR-2. The different activities of this series of hybrids
may be due to the 4-(4-amino phenoxy) -N-Methyl-2-pyridinecarboxamide group and the artesunate group being
connected by different lengths and connection positions. Combined with the results of cell activity studies, VEGFR-
2 may be one of the drug targets of AS-4-(4-aminophenoxy) -N-methyl-2-pyridinecarboxamide hybrids.

Secondly, we have confirmed that these hybrids could induce intracellular ROS level increased, it recommends 6¢ and
other derivates participate in the ROS generation cascade pathway. TFRI1 (Transferrin receptor protein 1), a type II
transmembrane protein, is a crucial membrane protein that regulates the intracellular transport of iron. Under environment
homeostasis, TFR1 interacts with transferrin Tf to promote iron absorption. This binding form is the main form of iron present

in the plasma. TFR1 is a direct target of AS, and AS can improve intracellular ROS levels via moderating TFR1 expression.*’
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Figure 7 The introduction of cell apoptosis morphological changes in Huh7 cells by compound éc. (A) Cells were treated with different concentrations of compound 6c,
and then incubated with Hoechst 33342, and finally detected by fluorescence microscope. (B) Summary of fluorescent analysis for apoptosis ratio from (A). ***P <0.001;
*HEEP <0,0001.

Abbreviations: ns, not significant.

Hence, we used some hybrids to dock with TFR1 (Figure 9D-F). It can be seen that 6a and 6¢ have the best match scores with
the active region of TRF1 than 6d, 11d, and 1le (Table 2). All of these hybrids show better match scores than AS and
Sorafenib, this result recommends that these new compounds may work through the TRFC/Fe*" pathway. According to the
molecular interacting diagram, 6¢ can knob into the hole of TFR1, forming 4 hydrogen bonds with ARG-174, VAL-181, LY S-
177, and GLU-175.

In vivo Antitumor Activity

Finally, we tested the anti-HCC efficacy of 6¢ in Huh7 cells mouse xenograft model. Sorafenib, artesunate, and 6¢ were
administered in female BALB-c nude mice. 6¢c shows strong tumor inhibition effect than control group, 10 mg/kg
compound 6¢ treatment were used in test, 100 mg/kg artesunate and 10 mg/kg sorafenib treatment were used as control
(Figure 10A). Meanwhile, no obvious change in body weight were observed in this procedure (Figure 10B). It indicated
that compound 6¢ is safety. These results demonstrated that 6¢ have promising anti-HCC capability.

Discussion

Currently, drug resistance and severe side effects are the main problems in the first-line treatment of hepatocellular
carcinoma.”® Artesunate, which has moderate anti-cancer activity and low toxicity, seems to be a perfect solution to this
problem. However, the anti-HCC activity of artesunate is not ideal, and they have poor selectivity for HCC, so its anti-
HCC efficacy needs to be significantly improved. Therefore, the structure of artesunate needs to be modified to improve
anti-HCC activity and retain low toxicity to normal cells so as to find promising new anti-HCC cancer candidate drugs.
So far, there is little relevant research in this field. This work used artesunate as the structural core and molecular
hybridization technology was used to assemble the 4-(4-substituted phenoxy) pyridine moiety. The biological activities of
6a, 6b, 6¢c, and 11c in three HCC cell lines are better than or similar to sorafenib and partially retain the low toxicity
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Figure 8 Induction of G2/ M-phase cell cycle arrest in Huh7 cells by compound éc. (A) Cells were treated with different concentrations of compound éc for 24 hours and
then treated with 0.25% trypsin. Cells were collected and washed with PBS, incubated with PI, and finally detected by FACS in flow cytometry. (B) Summary of FACS analysis
for the ratio of cell cycle from (A). *P <0.05; ****P <0.0001.

Abbreviations: ns, not significant.

properties. In particular, cytotoxicity of compound 6¢ was 12 times lower than that of sorafenib in normal human liver
cells. Ren et al reported several promising artesunate derivatives, such as 3e and 3f, whose ICsy in HepG2 cells were
8.85 uM and 8.38 pM, respectively, and their ICs, in human normal liver cells LO2 were more than 50 pM.>' Awasthi
et al reported that sorafenib derivatives 4 and 6 had ICs, of 5.29 uM and 4.77 uM in Huh7 cells, respectively, and their
ICso in H6c7 cells (human normal pancreatic duct epithelial cells) and CCD841 cells (human normal colon epithelial
cells) were more than 10 uM.3 % Sbenati et al reported that sorafenib derivative 1h had ICsy of 4.31 uM in Huh7 cells, and
its ICso in WI-38 cells (human embryonic lung fibroblasts) was more than 30 uM.** Our compound 6¢ had an ICs, of
8.5 uM in HepG2 cells and an ICsy of 2.25 uM in Huh7 cells, and its ICs, in LO2 cells (human normal liver cells) was
more than 100 uM. Compared with them, the safety of compound 6¢ has more significant potential.

We conducted biological and functional evaluations on compound 6¢ with a high selectivity index. Through MTT
experiments, we found that compound 6c¢ can inhibit the proliferation of HCC in a time- and concentration-dependent
manner. Due to the unique peroxide bridge structure of artesunate, the detection experiment of ROS level proved that 6¢
induced Huh7 and Hep3B cells to produce ROS in a concentration-dependent manner. After adding the ROS inhibitor
NAC, the inhibition of Huh7 and Hep3B cells induced by 6¢ was reversed in a time- and concentration-dependent
manner, indicating that 6¢ exerts its anti-HCC effect by regulating intracellular ROS. According to previous studies,
reactive oxygen species are a double-edged sword. Low levels of reactive oxygen species promote cell proliferation,
while high levels of reactive oxygen species accumulation can lead to cell apoptosis, necrosis, and ferroptosis. Western

blot results showed that 6¢ activated the mitochondrial apoptosis pathway, increased the expression of Bax, and reduced
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Table 2 Minimum Free Energy for Docking
of Compounds with Targets

Compound | VEGFR2/AG | TFRC/IAG
(kcal/mol) (kcal/mol)

Sora 8.1 —6.9

AS —6.5 -59

6a -82 -89

6c -82 -8.7

6d 8.1 -78

Ild -78 -79

Ile 7.3 -8.3

the expression of Bcl-2. The results of the PI/Annexin V-FITC double staining experiment showed that 6¢ induced Huh7
cell apoptosis in a concentration-dependent manner. In the Hoechst 33342 staining experiment, morphological changes
were observed in Huh7 cells caused by 6¢, which further verified that 6¢ can induce apoptosis of HCC. The above results
indicate that 6¢ can activate the mitochondrial-induced apoptosis pathway in a reactive oxygen species-dependent
manner. Then, by adding Liproxstatin-1 (ferroptosis inhibitor), it was found that Liproxstatin-1 reversed the inhibition
of Huh7 cells induced by 6c¢ in a time- and concentration-dependent manner, indicating that 6¢ can induce ferroptosis in
Huh7 cells by producing reactive oxygen species. The results of the cycle detection by PI staining showed that 6¢
blocked the cell cycle progression of Huh7 cells and kept them in the G2/M phase. Molecular docking results proved that
VEGFR2 and TFRC are the potential targets of 6¢, but further experimental confirmation is needed. Finally, the xenograft
tumor model confirmed the significant activity of 6¢ in vivo. Therefore, we preliminarily elucidated the anti-HCC
mechanism of compound 6¢ (Figure 11). In general, as a new type of anti-HCC lead drug, 6¢ has a promising research
background in the future.

While some of these compounds using artesunate as the structural core have achieved strong biological activity
similar to sorafenib, the results have not yet reached the desired nanomolar levels. This problem may be attributed to the
high polarity and large molecular weight of these compounds, which hinder their ability to penetrate cell membranes and
result in insufficient binding rates with target proteins. Meanwhile, safety has been confirmed in the cellular, but there is
a lack of research on animals. In subsequent experimental studies, we will conduct more in-depth research on 6¢, such as

pharmacokinetics, tissue distribution, safety pharmacology, and toxicology.

A B
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Figure 10 In vivo anti-HCC efficacy of éc in Huh7 cells mouse xenograft model. Female BALB/c nude mouse were treated by 100 mg/kg artesunate, |0 mg/kg sorafenib, and
10 mg/kg compound 6éc via intraperitoneal injection for 21 days (n=5). (A) Tumor volume of mouse was measured twice a week. (B) Body weight of mouse was measured
twice a week. *P <0.05.

Abbreviations: ns, not significant.
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Conclusions

Novel artesunate hybrids were designed and synthesized by hybridization of AS and 4-(4-substituted phenoxy) pyridine
pharmacophore via different types of linkers. Among these hybrids, compound 6¢ shows robust anti-proliferative activity
against HepG2, Hep3B, Huh7 cells lines with significant improvement against the anti-tumor growth than lead
compound. Although the ICso of 6¢ against three HCC cell lines is equivalent to sorafenib, its ICsq against normal
liver cells is much higher than sorafenib. Meanwhile, 6¢ shows excellent anti-HCC activity in Huh7 cells mouse
xenograft model. This promising result indicates that compound 6c¢ provides a new structural lead for the development
of new anti-HCC tumor drugs.

Mechanistically, 6¢ induces HCC cells ferroptosis and apoptosis through reactive oxygen species and reduction of
Bcl-2/Bax ratio, preventing the cell cycle process of HCC cells to stay in the G2/M phase. 6¢c acquires better match
scores than lead compound AS in Docking with TFR1 and VEGFR?2, it indicates that TFR1 and VEGFR2 may be the
direct targets of 6¢. Overall, compound 6¢ hold developmental potential for therapy of anti-HCC.

Experimental Section
Chemical Synthesis

All commercial reagents (Bide, Macklin, Aladin, China) were purchased with a purity above 95%. All reactions were
carried out under nitrogen atmosphere. All reaction products were purified by silica gel column chromatography.

General Procedure for Preparation of Intermediate 3
Details are in the Supplementary (Figure S2).

General Procedure for Preparation of Intermediates 5a-5e
Details are in the Supplementary (Figures S3—S7).

General Procedure for Preparation of Hybrids 6a-6e
Details are in the Supplementary (Figures S§8-S12).
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General Procedure for Preparation of Intermediate 9
Details are in the Supplementary (Figure S13).

General Procedure for Preparation of Intermediates |0a-10e
Details are in the Supplementary (Figures S14-S18).

General Procedure for Preparation of Hybrids | la-l1le
Details are in the Supplementary (Figures S19-S23).

General Procedure for Preparation of Hybrid 12
Details are in the Supplementary (Figure S24).

Biological Assay

Cell Culture

HCC cell lines, including Huh7, HepG2, and Hep3B, and normal human hepatocytes LO2 were obtained from the
National Infrastructure of Cell Line Resource (Beijing, China). Huh7, HepG2, and LO2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (Hyclone, Australia).
Hep3B cells were cultured in modified Eagle’s medium (MEM, Gibco, USA) supplemented with 10% fetal bovine serum
(Hyclone, Australia).

Cell Viability Assay

Cell viability assay was measured using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT,
Aladdin, China) assay. The cytotoxicity of compounds was tested in Hep3B, Huh7, HepG2, and LO2 cells. 5x10°
cells were plated in 96-well plates per well. After incubated overnight, old medium was discarded, and cells were treated
with all compounds at 0.1, 0.3, 1, 3, 10, 30, and 100 pM for 24, 48, and 72h. Then, 0.5 mg/mL of MTT 50uL was added
to each well and incubated for 4 h. The solution was removed, and 150 uM dimethyl sulfoxide was added to each well.
Finally, we measured the absorbance on microplate reader (Gen5, BioTek).

ROS Level Detection

Huh7 and Hep3B cells were plated in 96-well plates at a density of 5x10° per well. After incubated overnight, old
medium was discarded and cells were treated with 6¢ at 5, 10, 20 uM and incubated for 4 h. 1 pM DCFH-DA solution
were added and incubated at RT for 20 min in the dark. Fluorescence intensity was measured at 480 nm after washing
thrice with PBS.

Cell Cycle Analysis

Huh?7 cells were plated in six-well plates at a density of 1.5x10° cells per well and incubated overnight. Old medium was
discarded and cells were treated with 5 uM, 10 uM and 20 uM of compound 6¢ for 24 h. Then cells were digested,
washed thrice with PBS and resuspended in PBS. The cooled 75% ethanol at 4°C was added to fix the cells overnight.
The cells were concentrated by centrifugation and resuspended in PBS. Next, RNase A and Triton X-100 were added and
incubated at 37°C for 30 min. Finally, propidium iodide was added and the mixture was incubated for 10 min. Cell cycle
analysis was evaluated via PI fluorescence and flow cytometry (BD Accuri, C6). For each measurement, at least 10,000
cells were counted.

Cell Apoptosis Assay

Huh?7 cells were plated in six-well plates at a density of 1.5x10° cells per well and incubated overnight. Old medium was
discarded and cells were treated with 1.25 uM, 2.5 uM, 5uM, 10 uM and 20 uM of 6c¢ for 24 h. Cells were then digested
and washed thrice with PBS. After resuspending cells with binding buffer, add Annexin V-FITC/PI and incubate at RT
for 15 min. Apoptotic cells were estimated in a flow cytometer (BD Accuri, C6). For each measurement, at least 10,000
cells were counted.

164 https: Journal of Hepatocellular Carcinoma 2025:12


https://www.dovepress.com/get_supplementary_file.php?f=490445.zip
https://www.dovepress.com/get_supplementary_file.php?f=490445.zip
https://www.dovepress.com/get_supplementary_file.php?f=490445.zip
https://www.dovepress.com/get_supplementary_file.php?f=490445.zip
https://www.dovepress.com/get_supplementary_file.php?f=490445.zip
https://www.dovepress.com/get_supplementary_file.php?f=490445.zip

Xiong

Hoechst 33342 Staining

Huh7 cells were plated in six-well plates at a density of 1.5%10° cells per well and incubated overnight. Old medium was
discarded, and cells were treated with 5 uM, 10 uM and 20 pM of 6¢ for 24 h. Add Hoechst 33342 staining solution and
incubate at RT for 30 min. Fluorescence detection was performed after washing twice with PBS.

Western Blot

Huh7 cells were plated (1.5x10° cells/well) in six-well plates and incubated overnight. The cells were treated with
1.25 uM, 2.5 uM, 5 uM and 10 pM, 20 uM of 6¢ for 48 h. Whole cells (attached and floating cells) were extracted with
cell lysis buffer and were boiled for 5 min at 95°C. The resultant proteins were separated using 12% SDS-PAGE and
transferred to PVDF membrane at 100 V for 45 min. After washing with TBST (0.1% Tween-20, TBS) for 5 min, the
membrane was blocked for 90 min at RT in blocking buffer (5% skim milk, 0.1% Tween-20, TBS) and then incubated
with primary antibody in blocking buffer at 4°C overnight. The blot was then washed with TBST three times for 5 min
and incubated with secondary antibody in blocking buffer for 1 h at RT. After being washed with TBST, the blot was
analyzed with the ECL Western blot detection system (Sigma, USA).

Molecular Docking

We obtained the experimental crystal structure of the VEGFR-2 complex (Protein ID: 31AI) and TFR1 complex (Protein
ID: 2NSU) from Protein Data Bank. The molecular model of ligand was built by Chem3D. The protein’s water molecules
and ligands are removed, and polar hydrogen atoms and partial charges are added on MOE (CCG). The energy of the
drug is then minimized. Using the all-atom docking method, the docked ligands will keep attacking the pockets on the
protein surface until the most stable docking complex is reached. Scoring energy is the average of trials using the London
AdG scoring function, upgraded with two uncorrelated refinements by the triangle Matcher method. Finally, the 2D
interact diagram, 3D interact diagram, and pocket diagram of the ligand-protein docking are obtained. All other
parameters are set to default unless otherwise specified.

Antitumor Activity Evaluation in vivo

Female BALB/c nude mice at 5 weeks of age, weighing between 16 g and 20 g were purchased (Vital River; Beijing).
5.0x10° tumor cells to be inoculated were suspended in 0.1 mL PBS and inoculated into the right scapula of nude mice
(P1). When the tumor grew to 500-800 mm?, the tumor-bearing mice were killed with CO,, the surrounding necrotic
tissue was removed, and the tumor in good condition was cut into small size of 20-30 mm? and inoculated into the right
scapula of a new batch of nude mice (P2). 7 days after tumor inoculation, when the average tumor volume reached about
150 mm?, mice with tumors that were too small or too large were eliminated, and the remaining mice were randomly
divided into groups according to tumor volume and began to be administrated.

Statistical Analysis

The experimental results are presented as the mean + standard deviation (SD) or standard error of mean (SEM) of
experiments repeated at least three times. For each significant treatment effect, ANOVA or #-test was used to compare the
multiple group’s means. The criterion for statistical significance was set as *P <0.05, **P <0.01, ***P <(.001,
*axEP <0.0001.

Abbreviations

AS, artesunate; Sora, sorafenib; HCC, Hepatocellular carcinoma; ROS, reactive oxygen species; DMAP,
4-Dimethylaminopyridine; EDCL,  1-Ethyl-3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride; NAC,
N-acetylcysteine; PI, propidium iodide, MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazoli um bromide.
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