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Abstract
Pachymic acid, a well-known natural lanostane-type triterpenoid, exhibits various pharmacological properties. In this study,
18 derivatives of pachymic acid were synthesized by modifying their molecular structures and evaluated for their anticancer
activity against two human cancer cell lines using the CCK-8 assay. Structure-activity relationship studies according to the
in vitro cytotoxicity unexpectedly found one promising derivative A17 (namely tumulosic acid, also found in Poria cocos),
which had stronger anti-proliferative activity than the positive drug cisplatin against HepG2 and HSC-2 cell lines with IC50

values of 7.36 ± 0.98 and 2.50 ± 0.15 μM, respectively. Further pharmacological analysis demonstrated that A17 induced
HSC-2 cell cycle arrest at the S phase, cell apoptosis, and autophagy. Western blotting confirmed the regulatory effects of
A17 on cell cycle arrest-, apoptosis-, and autophagy-related proteins expression. In addition, A17 regulated the AKT and
AMPK pathways in HSC-2 cells. These results demonstrated that A17 possesses great potential as an anticancer agent.
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Introduction

To date, cancer remains a global problem to human life and
health [1]. Cancer is considered the leading cause of death
worldwide. By 2030, 15 million deaths due to cancer have
been estimated by the World Health Organization [2].
Although extensive efforts have been made over the last 20
years in cancer therapy, such as conventional medications,
targeted treatments and combination therapies, the methods
for high-grade and metastatic malignancies remain limited
[3]. In pharmaceutical research, there is an urgent need to
search for novel, effective, and safe chemotherapeutic drugs
for cancer treatment [4].

Pachymic acid (PA, Fig. 1) is an important natural
lanostane-type triterpenoid isolated from the wood‑rotting
fungus Poria cocos [5]. The sclerotium of Poria cocos,
known as fu‑ling or hoelen, has been widely used in various
traditional Chinese medicines and health foods for hundreds
of years [6, 7]. Several studies have shown that PA has sig-
nificant biological activities, such as anticancer, anti-inflam-
matory, antibacterial, sedative-hypnotic, antihyperglycemic,
and anti-ischemia/reperfusion effects [8–12]. Among these,
the cytotoxic effects of PA in vitro and in vivo have attracted
significant attention. PA has been shown to inhibit various
cancer cells [13–18], including leukemia and cancers of the
prostate, bladder, gastric, colon, and breast. In addition, PA
also showed significant anticancer activities in animal models
[19–21] by inhibiting the growth of NCI‑H23, SGC‑7901,
and MIA PaCa‑2 xenograft tumors. In a review of the phar-
macological profiles and therapeutic applications of PA, we
systematically summarized the anticancer potential of PA and
its underlying molecular mechanisms in vitro and in vivo
[22]. However, to date, there is limited knowledge regarding
the modification on the structure of PA to improve its antic-
ancer activity [23]. As part of our ongoing efforts to inves-
tigate natural products [24–28], 18 derivatives of PA were
synthesized and evaluated for their in vitro cytotoxicity in two
human cancer cell lines using the CCK-8 assay. In particular,

the preliminary structure-activity relationship (SAR) and
underlying molecular mechanisms were also examined.

Results and discussion

Chemistry

The synthetic routes of derivatives A1-A10, A11-A16, and
A17-A18 are shown in Schemes 1–3, respectively, with PA
as the precursor. PA was esterified with alkyl bromides to
give the corresponding 21-COOH ester products A1-A6.
NaBH4 has been reported to reduce esters [29]; therefore,
we attempted to obtain diol A7 using NaBH4. Treatment of
compound A1 with NaBH4 in alcohol under reflux condi-
tions afforded compound A7 via selective disintegration of
the 3-acetate ester group, which might be related to the large
steric hindrance of the 21-ester group. Diol A7 was further
oxidized in the presence of Dess-Martin periodinane to
obtain diketone A8. Compound A9 was generated by the
oxidation of A1 using Dess-Martin periodinane as the oxi-
dizing agent. To synthesize compound A10, a hydrogen
reduction reaction of benzyl ester in A9 in the presence of
Pd/C was conducted. To obtain the carbohydrate derivatives

Fig. 1 The structure of pachymic acid

Scheme 1 Synthetic route of compounds A1-A10. Reagents and conditions: a R1Br, K2CO3, DMF, room temperature; b NaBH4, EtOH, reflux; c
Dess-Martin periodinane, DCM, room temperature; d H2, Pd/C, MeOH, room temperature
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of PA, PA was esterified by two glycosyl bromides in the
presence of potassium carbonate to give the corresponding
carbohydrate derivatives A11-A12. The dimers of PA (A13-
A16) were formed similarly to compound A11 under the
same conditions but using excess dibromoalkanes as start-
ing materials. PA was hydrolyzed using LiOH in THF/
MeOH/H2O to obtain compound A17, which is also called
tumulosic acid and is found in Poria cocos [8, 17]. PA was
reduced by H2/Pt-C in methanol to yield compound A18.
The structures of the synthesized PA derivatives A1-A18
were then characterized using 1H NMR, 13C NMR, and
High-resolution mass spectrometry (HRMS).

Pharmacology

In vitro cytotoxicity

First, 18 PA derivatives were tested against two human tumor
cell lines (HepG2 and HSC-2) to evaluate their in vitro
cytotoxicity using the CCK-8 assay. PA and cisplatin were
used as positive controls. The IC50 values of these compounds
are listed in Table 1. The results of activity test showed that
natural PA did not exhibit cytotoxicity against these two cell
lines. Compared with the precursor PA, 8 out of 18 derivatives
showed remarkable improvement in anticancer activity. These
eight compounds showed better activity against HSC-2 cells
than against HepG2 cells. Among them, derivatives A5 and
A6 exhibited remarkable activity against HSC-2 cell line with
IC50 values of 6.79 ± 0.23 μM and 9.69 ± 0.38 μM, respec-
tively. Interestingly, compound A11, which contains a glucose
group, showed good activity; however, A12, which contains a
galactose group, showed no activity. Compound A17 was the

most potent molecule in cytotoxicity against HepG2 (IC50:
7.36 ± 0.98 μM) and HSC-2 cell lines (IC50: 2.50 ± 0.15 μM),
showing better activities than positive control cisplatin.

Structure-activity relationship

The SAR of the PA derivatives was mined according to
their in vitro cytotoxicity potential. Among the 21-COOH
ester derivatives, benzyl compound A1 displayed mod-
erate cytotoxicity (HepG2 IC50: 67.29 ± 2.48 μM; HSC-2
IC50: 28.20 ± 1.70 μM), and compound A11 containing a

Scheme 3 Synthetic route of
compounds A17-A18. Reagents
and conditions: a LiOH,
THF:MeOH:H2O, 50 °C; b H2,
Pt/C, MeOH, room temperature

Table 1 IC50 values of the tested compounds against HepG2 and HSC-
2 cellsa

compound IC50 (μM)b

HepG2 HSC-2

A1 67.29 ± 2.48 28.20 ± 1.70

A5 19.17 ± 0.75 6.79 ± 0.23

A6 20.19 ± 0.53 9.69 ± 0.38

A7 22.15 ± 1.18 18.83 ± 8.89

A9 >100 73.55 ± 10.79

A11 30.31 ± 1.82 13.80 ± 6.36

A17 7.36 ± 0.98 2.50 ± 0.15

A18 28.16 ± 1.46 24.19 ± 12.09

PA >100 >100

Cisplatin 9.44 ± 1.08 8.50 ± 0.94

aData represent the mean of three experiments and are expressed as the
mean ± SD
bIC50 value was defined as the concentration at which 50% cell
survival was observed

Scheme 2 Synthetic route of compounds A11-A16. Reagents and conditions: a K2CO3, DMF, room temperature

344 Medicinal Chemistry Research (2023) 32:342–354



glucose group resulted in good activity in tested cell lines,
whereas alkyl compounds did not increase the activity of
PA. In addition, alkyl compounds (A5 and A6) containing
a terminal OH group showed potent cytotoxicity against
the two cancer cell lines. Moreover, no anticancer activity
was observed for the PA dimers. Compound A7 with a
3-OH group displayed moderate cytotoxicity against
HepG2 and HSC-2 cell lines with IC50 values of
22.15 ± 1.18 μM and 18.83 ± 8.89 μM, respectively. For
compounds A8 and A9, the oxidation of hydroxyl to
ketone considerably decreased their activity against the
two cancer cell lines. To our surprise, compound A17,
from the hydrolysis of a 3-acetoxy group in PA, showed
the strongest cytotoxic activity against HepG2 and HSC-2
cells with IC50 values of 7.36 ± 0.98 μM and
2.50 ± 0.15 μM, respectively. In addition, compound A18,
generated from the reduction of 31-alkene in PA, also
demonstrated moderate anti-proliferative activity (HepG2
IC50: 28.16 ± 1.46 μM; HSC-2 IC50: 24.19 ± 12.09 μM).

Cell cycle analysis

To determine whether the cytotoxic potency of compound
A17 resulted from cell cycle arrest, the effects of A17 on
cell cycle distribution in HSC-2 cells were investigated by
flow cytometry after labeling with propidium iodide (PI).
The cells were treated with the vehicle and A17 (2.5, 5, and
10 µM) for 48 h. As shown in Fig. 2, compared with the

control group, treatment of HSC-2 cells with A17 (2.5, 5,
and 10 µM) induced cell cycle arrest at the S phase in a
dose-dependent manner. These data suggest that cell cycle
arrest by compound A17 might be responsible for its anti-
proliferative effect.

Apoptosis analysis

To further study the effects of the compound A17 on oral
HSC-2 cell apoptosis, flow cytometry was performed
using an Annexin V-FITC/PI staining assay. The cells
were treated with the vehicle and A17 (2.5, 5, and 10 µM)
for 48 h. As shown in Fig. 3, A17 induced apoptosis of
HSC-2 cells in a dose-dependent manner. After incubation
with 2.5, 5, and 10 µM A17, the percentage of apoptotic
cells was significantly higher than that in the control
group. These data indicate that A17 displays the anti-
proliferative activity, probably through the induction of
cell apoptosis.

Acridine orange/ethidium bromide (AO/EB) staining

Subsequently, AO/EB staining was used to confirm the
apoptotic effect of compound A17. The HSC-2 cells were
treated with vehicle and A17 (2.5, 5, and 10 µM) for 48 h,
then stained with AO/EB, after which images were taken
using a fluorescent microscope (Fig. 4). The results revealed
that, while cells in the control group maintained normal

Fig. 2 Effects of A17 on cell cycle distribution of HSC-2 cells. A Cell cycle distribution analysis of HSC-2 cells treated with 2.5, 5 and 10 µM A17
for 48 h, following staining with PI by flow cytometry. B Quantification analysis. *p < 0.05, ***p < 0.001 compared to control
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morphology and displayed bright green fluorescence,
apoptotic morphological hallmarks, including cell shrinkage
and condensed chromatin, were observed in 5 and 10 µM
A17-treated cells. These data highlight the apoptotic effects
of A17 on HSC-2 cells.

Western blot analysis of proteins involved in cell cycle and
apoptosis

To further investigate the mechanisms underlying cycle
arrest and apoptosis induced by A17, we determined the
expression levels of CDK1, cyclinB1, Cleaved caspase 3,
and Cleaved PARP1 in A17-treated HSC-2 cancer cells.
The cells were treated with vehicle and A17 (2.5, 5, and
10 µM) for 48 h, and then detected by western blotting.
As shown in Fig. 5, our findings demonstrated that A17
induced the up-regulation of CDK1 and cyclinB1 pro-
teins expression in a dose-dependent manner. In addition,
the cleaved forms of caspase 3 and PARP1 were
increased in a dose-dependent manner in HSC-2 cells
following treatment with compound A17. These results
suggest that the cycle arrest and apoptosis induced by
A17 were at least partially mediated through the

inhibition of CDKs and activation of the caspase cascade,
respectively.

Western blot analysis of proteins involved in autophagy

Autophagy plays a crucial role in programmed cell death.
Therefore, we investigated whether autophagy was
involved in A17-reduced HSC-2 cell death. The cells were
treated with vehicle and A17 (2.5, 5, and 10 µM) for 48 h,
and western blotting was used to determine the relative
levels of the autophagy-related proteins Beclin1 and LC3.
As shown in Fig. 6, after treatment with A17, the Beclin1
levels and ratio of LC3 II/I significantly increased in a
dose-dependent manner, indicating autophagy. In addition,
it was found that A17 slightly affected total LC3 (I/II)
protein expression at low concentrations. These results
indicated that A17 induces autophagy in oral HSC-2
cancer cells.

Western blot analysis of proteins involved in AKT and
AMPK signaling

Many signaling pathways, such as AKT and AMPK, play
vital roles in regulating cellular homeostasis and survival.

Fig. 3 A17 induces apoptosis in HSC-2 cells. A Apoptosis analysis of HSC-2 cells treated with 2.5, 5, and 10 µM A17 for 48 h, followed by
staining with an Annexin V-FITC/PI by flow cytometry. B Quantification. ***p < 0.001 compared to control
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In this study, we further explored the effects of A17 on
AKT and AMPK signaling in HSC-2 cells. The cells were
treated with vehicle and A17 (2.5, 5, and 10 µM) for 48 h,
and western blotting was performed to determine the
relative levels of p-AKT and p-AMPK. As shown in
Fig. 7, the expression levels of p-AKT and p-AMPK were
significantly upregulated by A17 in a dose-dependent
manner. These results indicate that A17 exhibits cyto-
toxicity, probably by activating AKT and AMPK signal-
ing in HSC-2 cells.

Conclusions

In conclusion, eighteen derivatives of PA were success-
fully synthesized, characterized, and evaluated for cyto-
toxicity against two human cancer cell lines using the
CCK-8 assay. Preliminary in vitro anticancer study pre-
sented compound A17, namely tumulosic acid, as the
most potent derivative against HepG2 and HSC-2 cells,
with IC50 values of 7.36 ± 0.98 and 2.50 ± 0.15 μM,
respectively, whereas the parent PA showed no anticancer

Fig. 4 AO/EB staining of HSC-
2 cells treated with 2.5, 5 and
10 µM A17 for 48 h. Scale bars
100 μm

Fig. 5 Expression of CDK1, cyclinB1, Cleaved caspase 3, Cleaved
PARP1 were evaluated by western blot in HSC-2 cells treated with
compound A17 for 48 h at different concentrations with GAPDH used
as a reference. A Western blot analyses of the relative levels of CDK1,

cyclinB1, Cleaved caspase 3, Cleaved PARP1. B Western blotting
quantification. *p < 0.05, **p < 0.01, ***p < 0.001 compared to
control
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activity against above cell lines. Additionally, A17 dis-
played superior cytotoxic potency compared to cisplatin.
Corroboration of the SAR was achieved based on cyto-
toxicity results. Flow cytometry analysis revealed that
A17 efficiently induced HSC-2 cell cycle arrest at the S
phase and cell apoptosis. AO/EB staining further con-
firmed the apoptotic effect of A17. Western blotting
analysis demonstrated that the apoptotic mechanism of
compound A17 was mediated by changes in Cleaved
caspase 3 and Cleaved PARP1 levels, while the cell cycle
arrest mechanism involved changes in CDK1 and
cyclinB1. Beclin1 and the LC3 II/I ratio were involved in
the regulation of HSC-2 cell autophagy by compound
A17. Our findings revealed that A17 also affected the
AKT and AMPK pathways. Several previous studies have
reported that A17 showed moderate anti-proliferative
activity against three leukemic cell lines (MOLT-4,
CCRF-CEM, and HL-60) [8], exhibited moderate cyto-
toxicity against HT-29 cancer cells via inhibition of
topoisomerase I/II [17], and induced apoptosis via the
mitochondria-mediated pathway in lung A549 cancer cells
[30]. To the best of our knowledge, our study is the first to
report the structural modification of PA, SARs, and
underlying anticancer molecular mechanisms against
human oral HSC-2 cells, including cell cycle arrest,
apoptosis, autophagy, and signaling pathways. In addi-
tion, A17 showed significant anticancer activity against
HSC-2 cells, suggesting that it may be a potential che-
motherapeutic candidate for oral cancer treatment.

Experimental

Materials

PA was obtained from Chengdu Pufei De Biotech Co.
Ltd. (Chengdu, China). All other chemical reagents were
analytically pure, purchased from commercial suppliers,
and used without treatment unless otherwise noted. 1H
and 13C NMR spectra were tested using a 400-MHz
Agilent DD2400-MR instrument, and the chemical shifts
(δ) were recorded in ppm and coupling constants (J) in
Hz, using TMS as an internal standard. High-resolution
mass spectrometry (HRMS) was performed using a
Waters Xevo G2-S QTOF instrument. Melting points
(uncorrected) were measured using an SGWX-4 micro-
scope melting-point apparatus. Thin-layer chromato-
graphy (TLC) was performed on silica gel plates (Silica
Gel 60 GF254) and visualized under UV light (254 and
365 nm). Flash chromatography was performed using
silica gel (200–300 mesh).

Chemistry

General procedure for the synthesis of compounds A1-A6

To the solution of PA (0.09 mmol) in N,N-dimethylforma-
mide (2 mL) were added corresponding halogenated

Fig. 6 Compound A17 induced
HSC-2 cells autophagy.
A Expressions of Beclin1 and
LC3 (I/II) were evaluated by
western blot in HSC-2 cells
treated with compound A17 for
48 h at different concentrations
with GAPDH used as a
reference. B Western blotting
quantification. *p < 0.05,
**p < 0.01, ***p < 0.001
compared to control

Fig. 7 Compound A17 activated
AKT and AMPK signaling.
A Expression of p-AKT and
p-AMPK were evaluated by
western blotting in HSC-2 cells
treated with compound A17 for
48 h at different concentrations
with GAPDH as a reference.
B Western blotting
quantification. *p < 0.05,
**p < 0.01, ***p < 0.001
compared to control

348 Medicinal Chemistry Research (2023) 32:342–354



hydrocarbon (0.18 mmol) and potassium carbonate
(0.18 mmol). The mixture was then stirred at room tem-
perature for 2 h. The reaction was quenched with an
ammonium chloride solution and extracted with dichlor-
omethane. The combined organic layers were washed with
water and brine, dried over anhydrous sodium sulfate and
concentrated in a vacuum. The crude product was purified
by column chromatography to obtain the desired products
A1-A6.

3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic
acid-benzyl ester (A1)

White solid; m.p.: 169–170 °C; yield 78%; 1H (400MHz,
CDCl3): δ 7.38-7.29 (m, 5H), 5.16 (d, J= 12.2 Hz, 1H),
5.05 (d, J= 12.2 Hz, 1H), 4.71 (s, 1H), 4.63 (s, 1H), 4.48
(dd, J= 4.1, 11.5 Hz, 1H), 4.11-4.06 (m, 1H), 2.48 (dt,
J= 2.7, 11.0 Hz, 1H), 2.18-2.10 (m, 3H), 2.03 (s, 3H),
1.99-1.77 (m, 9H), 1.69-1.46 (m, 6H), 1.31-1.24 (m, 2H),
1.14-1.06 (m, 5H), 0.95-0.91 (m, 9H), 0.86 (s, 6H), 0.69 (s,
3H); 13C (100MHz, CDCl3): δ 175.60, 171.07, 155.04,
135.75, 134.24, 134.06, 128.59, 128.49, 128.21, 106.75,
80.78, 77.05, 65.98, 56.85, 50.37, 48.04, 47.07, 45.88,
42.71, 37.76, 36.83, 35.10, 33.64, 32.11, 30.66, 28.85,
27.87, 26.36, 25.14, 24.07, 21.81, 21.70, 21.34, 20.39,
19.10, 17.97, 17.39, 16.52; HRMS (ESI): calculated for
C40H58O5Na [M+Na]+ 641.4176, found 641.4173.

3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic
acid-ethyl ester (A2)

White solid; mp: 147–148 °C; yield 82%; 1H (400MHz,
CDCl3): δ 4.73 (s, 1H), 4.68 (s, 1H), 4.47 (dd, J= 4.2,
11.5 Hz, 1H), 4.15–4.06 (m, 3H), 2.45–2.38 (m, 1H),
2.24–2.07 (m, 3H), 2.03–1.87 (m, 10H), 1.83–1.46 (m, 8H),
1.30–1.24 (m, 5H), 1.22–1.14 (m, 2H), 1.09 (s, 3H),
1.00–0.95 (m, 9H), 0.86 (s, 3H), 0.85 (s, 3H), 0.70 (s, 3H);
13C (100MHz, CDCl3): δ 175.81, 171.04, 155.11, 134.23,
134.10, 106.82, 80.77, 77.07, 59.99, 56.86, 50.36, 48.04,
47.01, 45.91, 42.65, 37.74, 36.84, 35.10, 33.63, 32.12,
30.66, 28.86, 27.86, 26.35, 25.15, 24.05, 21.81, 21.68,
21.32, 20.40, 19.09, 17.96, 17.39, 16.50, 14.23; HRMS
(ESI): calculated for C35H56O5Na [M+Na]+ 579.4019,
found 579.4022.

3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic
acid-propyl ester (A3)

White solid; mp: 135–136 °C; yield 83%; 1H (400MHz,
CDCl3): δ 4.73 (s, 1H), 4.68 (s, 1H), 4.47 (dd, J= 4.2,
11.5 Hz, 1H), 4.11–4.3.94 (m, 3H), 2.46–2.10 (m, 1H),
2.24–2.07 (m, 3H), 2.03–1.87 (m, 10H), 1.84–1.77 (m, 1H),
1.73–1.46 (m, 9H), 1.31–1.14 (m, 4H), 1.10 (s, 3H),

1.00–0.93 (m, 12H), 0.86 (s, 3H), 0.86 (s, 3H), 0.70 (s, 3H);
13C (100MHz, CDCl3): δ 175.93, 171.05, 155.12, 134.24,
134.10, 106.79, 80.77, 77.10, 65.77, 56.90, 50.37, 48.04,
47.10, 45.90, 42.66, 37.75, 36.84, 35.10, 33.67, 32.16,
30.67, 28.82, 27.86, 26.35, 25.14, 24.05, 21.86, 21.82,
21.69, 21.33, 20.40, 19.09, 17.96, 17.35, 16.50, 10.63;
HRMS (ESI): calculated for C36H58O5Na [M+Na]+

593.4176, found 593.4180.

3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic
acid-isopropyl ester (A4)

White solid; mp: 153–154 °C; yield 75%; 1H (400MHz,
CDCl3): δ 5.02 (septet, J= 6.2 Hz, 1H), 4.74 (s, 1H), 4.68
(s, 1H), 4.48 (dd, J= 4.2, 11.5 Hz, 1H), 4.09 (t, J= 7.0 Hz,
1H), 2.42–2.36 (m, 1H), 2.25–2.07 (m, 3H), 2.04–1.84 (m,
10H), 1.83–1.66 (m, 6H), 1.61–1.47 (m, 2H), 1.32–1.28 (m,
1H), 1.26–1.23 (m, 8H), 1.15–1.12 (m, 1H), 1.10 (s, 3H),
1.01–0.96 (m, 9H), 0.87 (s, 3H), 0.86 (s, 3H), 0.71 (s, 3H);
13C (100MHz, CDCl3): δ 175.29, 171.04, 155.22, 134.23,
134.16, 106.79, 80.77, 77.09, 67.36, 56.76, 50.37, 48.05,
47.15, 46.00, 42.60, 37.75, 36.85, 35.12, 33.71, 32.01,
30.85, 29.01, 27.87, 26.35, 25.20, 24.06, 21.93, 21.84,
21.70, 21.33, 20.40, 19.11, 17.97, 17.41, 16.52; HRMS
(ESI): calculated for C36H58O5Na [M+Na]+ 593.4176,
found 593.4177.

3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic
acid-hydroxyethyl ester (A5)

White solid; mp: 147–148 °C; yield 83%; 1H (400MHz,
CDCl3): δ 4.74 (s, 1H), 4.68 (s, 1H), 4.48–4.45 (m, 1H),
4.23–4.14 (m, 2H), 4.12–4.07 (m, 1H), 3.82 (t, J= 4.0 Hz,
2H), 2.50–2.45 (m, 1H), 2.27–2.09 (m, 4H), 2.03–1.90 (m,
11H), 1.84–1.46 (m, 7H), 1.29–1.22 (m, 2H), 1.19–1.14 (m,
2H), 1.09 (s, 3H), 1.01–0.95 (m, 9H), 0.85 (s, 6H), 0.70 (s,
3H); 13C (100MHz, CDCl3): δ 176.23, 171.14, 154.98,
134.25, 134.03, 106.93, 80.77, 76.92, 65.83, 61.07, 56.80,
50.34, 48.04, 46.88, 45.89, 42.67, 37.74, 36.84, 35.07,
33.62, 32.17, 30.52, 28.92, 27.86, 26.34, 25.16, 24.04,
21.82, 21.69, 21.35, 20.40, 19.10, 17.95, 17.49, 16.51;
HRMS (ESI): calculated for C35H56O6Na [M+Na]+

595.3969, found 595.3971.

3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic
acid-hydroxypropyl ester (A6)

Colorless viscous solid; mp: 61–62 °C; yield 87%; 1H
(400MHz, CDCl3): δ 4.74 (s, 1H), 4.67 (s, 1H), 4.47 (dd,
J= 4.2, 11.3 Hz, 1H), 4.26–4.13 (m, 2H), 4.11–4.07 (m,
1H), 3.72 (t, J= 5.9 Hz, 2H), 2.47–2.41 (m, 1H), 2.23–2.07
(m, 4H), 2.03 (s, 3H), 1.99–1.97 (m, 2H), 1.94–1.86 (m,
6H), 1.82–1.74 (m, 2H), 1.72–1.64 (m, 4H), 1.60–1.46 (m,
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2H), 1.29–1.22 (m, 3H), 1.19–1.14 (m, 2H), 1.09 (s, 3H),
1.00–0.95 (m, 9H), 0.85 (s, 6H), 0.69 (3H); 13C (100MHz,
CDCl3): δ 176.19, 171.13, 154.99, 134.23, 134.06, 106.91,
80.79, 61.21, 59.34, 56.85, 50.34, 48.04, 47.02, 45.86,
42.67, 37.74, 36.84, 35.08, 33.65, 32.20, 31.55, 30.57,
28.88, 27.87, 26.34, 25.15, 24.05, 21.83, 21.70, 21.35,
20.41, 19.11, 17.95, 17.40, 16.51; HRMS (ESI): calculated
for C36H58O6Na [M+Na]+ 609.4125, found 609.4125.

Procedure for the synthesis of compound A7

Compound A1 (0.08 mmol) and sodium borohydride
(0.8 mmol) were dissolved in anhydrous alcohol (3 mL).
The reaction mixture was refluxed for 4 h under an argon
atmosphere, followed by concentration in a vacuum. The
resulting residue was purified using flash column chroma-
tography to obtain compound A7.

3β,16α-Dihydroxy-lanosta-8,24(31)-diene-21-oic acid-
benzyl ester (A7)

White solid; mp: 172–174 °C; yield 58%; 1H (400MHz,
CDCl3): δ 7.39–7.31 (m, 5H), 5.16 (d, J= 12.2 Hz, 1H),
5.07 (d, J= 12.2 Hz, 1H), 4.72 (s, 1H), 4.63 (s, 1H),
4.16–4.07 (m, 2H), 3.22 (dd, J= 4.0 11.4 Hz, 1H),
2.51–2.45 (m, 1H), 2.20–2.10 (m, 3H), 2.04–1.79 (m, 9H),
1.69–1.64 (m, 3H), 1.61–1.54 (m, 2H), 1.52–1.41 (m, 2H),
1.30–1.22 (m, 3H), 1.09 (s, 3H), 0.99 (m, 3H), 0.96–0.92
(m, 9H), 0.79 (s, 3H), 0.69 (s, 3H); 13C (100MHz, CDCl3):
δ 175.65, 155.06, 135.72, 134.41, 133.95, 128.61, 128.52,
128.25, 106.77, 78.84, 77.16, 66.03, 56.96, 50.24, 48.04,
46.97, 45.92, 42.69, 38.85, 36.95, 35.42, 33.64, 32.10,
30.74, 28.87, 27.94, 27.71, 26.45, 25.14, 21.81, 21.69,
20.39, 19.07, 18.09, 17.41, 15.43; HRMS (ESI): calculated
for C38H56O4Na [M+Na]+ 599.4070, found 599.4069.

General procedure for the synthesis of compound A8

Compound A7 (0.11 mmol) was dissolved in dichlor-
omethane (3 mL). Dess-Martin periodinane (0.33 mmol)
was then added. The reaction mixture was stirred at room
temperature for 3 h under an argon atmosphere. The mixture
was quenched with saturated sodium sulfite and extracted
with dichloromethane. The combined organic layers were
washed with brine, dried over sodium sulfate, filtered, and
concentrated in a vacuum. The residue was purified by flash
column chromatography to yield compound A8.

3,16-Dione-lanosta-8,24(31)-diene-21-oic acid-benzyl ester
(A8)

White solid; mp: 102–104 °C; yield 60%; 1H (400MHz,
CDCl3): δ 7.39–7.31 (m, 5H), 5.20 (d, J= 12.2 Hz, 1H),

5.05 (d, J= 12.2 Hz, 1H), 4.72 (s, 1H), 4.66 (s, 1H),
2.69–2.53 (m, 4H), 2.44–2.38 (m, 1H), 2.33 (d,
J= 18.3 Hz, 1H), 2.21–2.04 (m, 2H), 1.98–1.88 (m, 6H),
1.86–1.81 (m, 1H), 1.71–1.64 (m, 2H), 1.66–1.59 (m, 2H),
1.44–1.32 (m, 1H), 1.28–1.23 (m, 2H), 1.11–1.05 (m,
12H), 0.97–0.93 (m, 6H), 0.79 (s, 3H); 13C (100MHz,
CDCl3): δ 217.59, 217.31, 174.40, 154.82, 135.45, 134.63,
132.29, 128.76, 128.55, 128.37, 106.88, 66.23, 57.27,
50.94, 47.36, 46.38, 44.06, 43.90, 43.42, 37.00, 35.71,
34.46, 33.54, 31.92, 29.78, 28.46, 26.70, 26.09, 24.97,
21.81, 21.72, 21.30, 20.11, 19.21, 18.59, 16.98; HRMS
(ESI): calculated for C38H52O4Na [M+Na]+ 595.3757,
found 595.3759.

General procedure for the synthesis of compound A9

Compound A1 (0.08mmol) was dissolved in dichloromethane
(3mL) to which Dess-Martin periodinane (0.15mmol) was
added. The reaction mixture was stirred at room temperature
for 3 h under an argon atmosphere. The mixture was quenched
with saturated sodium sulfite and extracted with dichlor-
omethane. The combined organic layers were washed with
brine (10mL), dried over sodium sulfate, filtered, and con-
centrated in a vacuum. The residue was purified by flash
column chromatography to yield compound A9.

3β-Acetoxy-16-one-lanosta-8,24(31)-diene-21-oic acid-
benzyl ester (A9)

White solid; mp: 142–144 °C; yield 100%; 1H (400 MHz,
CDCl3): δ 7.38–7.31 (m, 5H), 5.20 (d, J= 12.1 Hz, 1H),
5.04 (d, J= 12.1 Hz, 1H), 4.71 (s, 1H), 4.65 (s, 1H), 4.49
(dd, J= 4.1, 11.6 Hz, 1H), 2.69–2.62 (m, 1H), 2.58–2.51
(m, 2H), 2.30 (d, J= 18.2 Hz, 1H), 2.20–2.14 (m, 1H),
2.05 (s, 3H), 1.96–1.87 (m, 4H), 1.84–1.75 (m, 2H),
1.72–1.51 (m, 6H), 1.36–1.21 (m, 4H), 1.16–1.12 (m,
2H), 1.04 (s, 3H), 0.98–0.93 (m, 9H), 0.88 (s, 6H), 0.77
(s, 3H); 13C (100 MHz, CDCl3): δ 217.91, 174.41,
171.03, 154.84, 135.72, 135.46, 131.43, 128.75, 128.55,
128.36, 106.85, 80.60, 66.21, 57.28, 50.26, 46.34, 44.09,
43.91, 43.26, 37.75, 37.00, 34.93, 33.52, 31.93, 29.74,
28.46, 27.87, 26.75, 24.93, 24.00, 21.81, 21.72, 21.36,
20.04, 19.11, 17.91, 16.88, 16.52; HRMS (ESI): calcu-
lated for C40H56O5Na [M+ Na]+ 639.4019, found
639.4015.

Procedure for the synthesis of compound A10

Compound A9 (0.16 mmol) was dissolved in methanol
(30 mL). Subsequently, 10% Pt/C (100 mg) was added. The
mixture was stirred overnight at room temperature under a
hydrogen atmosphere. The reaction mixture was filtered and
concentrated to yield compound A10.
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3β-Acetoxy-16-one-lanosta-8-ene-21-oic acid-benzyl ester
(A10)

White solid; mp: 201–203 °C; yield 98%; 1H (400MHz,
Pyridin-d5): δ 4.66 (dd, J= 4.4, 11.6 Hz, 1H), 2.97–2.83 (m,
3H), 2.53 (d, J= 18.0Hz, 1H), 2.24–2.16 (m, 1H), 2.06–2.02
(m, 5H), 1.95–1.89 (m, 4H), 1.73–1.43 (m, 9H), 1.33–1.24
(m, 1H), 1.13–1.05 (m, 8H), 0.93–0.91 (9H), 0.88–0.75 (m,
9H); 13C (100MHz, Pyridin-d5): δ 170.36, 135.52, 131.89,
80.20, 57.75, 50.24, 46.44, 44.22, 43.41, 38.72, 38.51, 37.71,
36.95, 34.82, 32.26, 32.13, 31.32, 28.72, 27.69, 26.68, 24.73,
24.09, 20.90, 20.53, 20.14, 18.87, 18.10, 17.97, 17.17, 16.86,
16.50, 15.26, 15.11; HRMS (ESI): calculated for C33H52O5Na
[M+Na]+ 551.3706, found 551.3706.

General procedure for the synthesis of compounds A11/A12

PA (0.09 mmol) was dissolved in N,N-dimethylformamide
(2 mL). Glycosyl bromide (0.18 mmol) and potassium car-
bonate (0.18 mmol) were then added. The reaction mixture
was stirred at room temperature for 2 h under an argon
atmosphere. The reaction was quenched with an ammonium
chloride solution and extracted with dichloromethane. The
combined organic layers were washed with water and brine,
dried over anhydrous sodium sulfate, and concentrated in a
vacuum. The crude product was purified by column chro-
matography to yield the desired products A11/A12.

Pachymic acid 21-O-2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyl ester (A11)

White solid; mp: 237–239 °C; yield 69%; 1H (400MHz,
CDCl3): δ 5.68 (d, J= 7.9 Hz, 1H), 5.28–5.10 (m, 3H), 4.73
(s, 3H), 4.65 (s, 3H), 4.46 (dd, J= 4.0, 11.4 Hz, 1H), 4.20
(dd, J= 4.2, 12.4 Hz, 1H), 4.09-4.03 (m, 2H), 3.83–3.79
(m, 1H), 2.46 (t, J= 11.0 Hz, 1H), 2.21–2.06 (m, 4H),
2.02–1.96 (m, 18H), 1.93–1.62 (m, 9H), 1.58–1.40 (m, 2H),
1.31–1.23 (m, 2H), 1.18–1.08 (m, 5H), 0.97–0.94 (m, 6H),
0.90 (s, 3H), 0.85 (s, 3H), 0.84 (s, 3H), 0.61 (s, 3H); 13C
(100MHz, CDCl3): δ 174.31, 171.01, 170.54, 170.17,
169.38, 168.98, 154.74, 134.21, 134.05, 106.69, 91.51,
80.65, 76.90, 72.91, 72.35, 69.91, 67.74, 61.44, 56.47,
50.34, 48.02, 46.29, 45.86, 42.62, 37.72, 36.80, 35.06,
34.08, 31.05, 30.63, 29.25, 27.85, 26.35, 25.04, 24.01,
21.69, 21.60, 21.31, 20.59, 20.57, 20.43, 19.10, 17.93,
17.69, 16.50; HRMS (ESI): calculated for C47H70O14Na
[M+Na]+ 881.4657, found 881.4639.

Pachymic acid 21-O-2,3,4,6-tetra-O-acetyl-β-D-
galactopyranosyl ester (A12)

White solid; mp: 95–97 °C; yield 93%; 1H (400MHz,
CDCl3): δ 5.67 (d, J= 8.4 Hz, 1H), 5.39 (d, J= 3.3 Hz,

1H), 5.35 (dd, 8.5, 10.4 Hz, 1H), 5.05 (dd, J= 3.4, 10.4 Hz,
1H), 4.73 (s, 1H), 4.66 (s, 1H), 4.45 (dd, J= 4.2, 11.4 Hz,
1H), 4.13–4.00 (m, 5H), 2.50–2.44 (m, 1H), 2.20–2.08 (m,
6H), 2.01 (s, 6H), 1.99–1.96 (m, 12H), 1.86–1.72 (m, 3H),
1.67–1.63 (m, 3H), 1.57–1.43 (m, 2H), 1.27–1.20 (m, 3H),
1.09 (s, 3H), 0.99–0.95 (m, 6H), 0.90 (3H), 0.84 (s, 3H),
0.83 (s, 3H), 0.61 (s, 3H); 13C (100MHz, CDCl3): δ 174.40,
170.99, 170.30, 170.19, 169.96, 169.08, 154.80, 134.25,
134.02, 106.77, 91.93, 80.64, 76.82, 71.34, 70.97, 67.45,
66.75, 60.81, 56.37, 50.34, 48.02, 46.17, 45.87, 42.57,
37.72, 36.80, 35.09, 33.94, 31.24, 30.68, 29.20, 27.84,
26.34, 25.05, 23.99, 21.73, 21.62, 21.29, 20.72, 20.64,
20.59, 20.53, 19.10, 17.93, 17.70, 16.49, 14.16; HRMS
(ESI): calculated for C47H70O14Na [M+Na]+ 881.4657,
found 881.4651.

General procedure for the synthesis of compounds A13-A16

Dibromoalkane (0.07 mmol) and potassium carbonate
(0.14 mmol) were added to the solution of PA (0.15 mmol)
in N,N-dimethylformamide (5 mL). The reaction mixture
was then stirred at room temperature for 3 h. The reaction
was quenched with an ammonium chloride solution and
extracted with dichloromethane. The combined organic
layers were washed with water and brine, dried over
anhydrous sodium sulfate, and concentrated in a vacuum.
The crude product was purified by column chromatography
to obtain the desired products A13-A16.

Ethyl-3β-acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-
oate (A13)

White solid; mp: 249–250 °C; yield 36%; 1H (400MHz,
CDCl3): δ 4.74 (s, 1H), 4.68 (s, 1H), 4.67 (dd, J= 4.1,
11.4 Hz, 1H), 4.31–4.23 (m, 2H), 4.11–4.06 (m, 1H),
4.49–4.43 (m, 1H), 2.23–2.08 (m, 3H), 2.03 (s, 3H),
2.00–1.90 (m, 6H), 1.83–1.40 (m, 8H), 1.31–1.22 (m, 3H),
1.17–1.11 (m, 2H), 1.09 (s, 3H), 1.00–0.95 (m, 9H), 0.86 (s,
3H), 0.85 (s, 3H), 0.69 (s, 3H); 13C (100MHz, CDCl3): δ
175.73, 171.06, 154.83, 134.19, 134.07, 107.07, 80.72,
76.97, 61.85, 56.87, 50.35, 48.03, 46.75, 45.85, 42.71,
37.75, 36.84, 35.08, 33.53, 32.28, 30.60, 29.02, 27.85,
26.35, 25.17, 24.06, 21.87, 21.74, 21.34, 20.42, 19.10,
17.95, 17.45, 16.51; HRMS (ESI): calculated for
C68H106O10Na [M+Na]+ 1105.7678, found 1105.7634.

Propyl-3β-acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-
oate (A14)

White solid; mp: 104–105 °C; yield 40%; 1H (400MHz,
CDCl3): δ 4.73 (s, 1H), 4.67 (s, 1H), 4.67 (dd, J= 4.0,
11.4 Hz, 1H), 4.21–4.06 (m, 3H), 2.44 (t, J= 11.0 Hz, 1H),
2.23–2.15 (m, 3H), 2.03 (s, 3H), 2.01–1.86 (m, 7H),
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1.82–1.40 (m, 8H), 1.31–1.22 (m, 3H), 1.16–1.10 (m, 2H),
1.09 (s, 3H), 1.00–0.95 (m, 9H), 0.86 (s, 3H), 0.85 (s, 3H),
0.69 (s, 3H); 13C (100MHz, CDCl3): δ 175.65, 171.06,
154.87, 134.21, 134.07, 106.99, 80.75, 60.79, 56.82, 50.35,
48.05, 46.99, 45.86, 42.71, 37.74, 36.83, 35.09, 33.59,
32.24, 30.61, 28.93, 28.07, 27.86, 26.34, 25.15, 24.05,
21.85, 21.72, 21.34, 20.40, 19.11, 17.95, 17.40, 16.51;
HRMS (ESI): calculated for C69H108O10Na [M+Na]+

1119.7834, found 1119.7801.

N-butyl-3β-acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-
oate (A15)

White solid; mp: 100–101 °C; yield 44%; 1H (400MHz,
CDCl3): δ 4.73 (s, 1H), 4.67 (s, 1H), 4.67 (dd, J= 4.2,
11.4 Hz, 1H), 4.21–4.07 (m, 3H), 2.43 (t, J= 11.0 Hz, 1H),
2.23–2.07 (m, 3H), 2.03 (s, 3H), 1.97–1.89 (m, 6H),
1.86–1.63 (m, 8H), 1.60–1.35 (m, 2H), 1.31–1.22 (m, 3H),
1.16–1.10 (m, 2H), 1.09 (s, 3H), 1.00–0.95 (m, 9H), 0.85 (s,
6H), 0.69 (s, 3H); 13C (100MHz, CDCl3): δ 175.81, 171.07,
154.94, 134.20, 134.10, 106.92, 80.76, 63.58, 56.79, 50.36,
48.04, 47.10, 45.83, 42.71, 37.74, 36.83, 35.11, 33.61,
32.24, 30.61, 28.91, 27.85, 26.36, 25.35, 25.17, 24.05,
21.84, 21.72, 21.34, 20.40, 19.11, 17.95, 17.37, 16.50;
HRMS (ESI): calculated for C70H110O10Na [M+Na]+

1133.7991, found 1133.7967.

N-pentyl-3β-acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-
21-oate (A16)

White solid; mp: 100–102 °C; yield 38%; 1H (400MHz,
CDCl3): δ 4.71 (s, 1H), 4.65 (s, 1H), 4.45 (dd, J= 4.2,
11.4 Hz, 1H), 4.10–4.04 (m, 2H), 4.01–3.95 (m, 1H), 2.40
(t, J= 11.1 Hz, 1H), 2.21–2.05 (m, 3H), 2.01 (s, 3H),
1.96–1.87 (m, 6H), 1.85–1.76 (m, 2H), 1.73–1.62 (m, 6H),
1.58–1.33 (m, 3H), 1.29–1.21 (m, 3H), 1.15–1.08 (m, 5H),
0.98–0.93 (m, 9H), 0.83 (s, 6H), 0.68 (s, 3H); 13C
(100MHz, CDCl3): δ 175.79, 171.07, 154.99, 134.20,
134.11, 106.87, 80.78, 63.84, 56.82, 50.36, 48.04, 47.13,
45.84, 42.70, 37.74, 36.83, 35.11, 33.64, 32.21, 30.63,
28.86, 28.17, 27.85, 26.35, 25.16, 24.05, 22.69, 21.84,
21.72, 21.34, 20.41, 19.11, 17.96, 17.35, 16.50; HRMS
(ESI): calculated for C71H112O10Na [M+Na]+ 1147.8147,
found 1147.8113.

Procedure for the synthesis of compound A17

PA (0.09 mmol) was dissolved in THF:MeOH:H2O (3:1:1)
(5 mL). The reaction mixture was stirred at 50 °C for 5 h
and then concentrated. The pH of the mixture was adjusted
to 3-4 using diluted hydrochloric acid. The target com-
pound was filtered, washed with water and dried in a
vacuum.

3β,16α-dihydroxy-lanosta-8,24(31)-diene-21-oic acid (A17)

Light yellow solid; mp: 269–270 °C; yield 100%; 1H
(400MHz, Pyridin-d5): δ 4.97 (s, 1H), 4.83 (s, 1H),
4.54–4.51 (m, 1H), 3.46–3.42 (m, 1H), 2.96–2.92 (m, 1H),
2.84–2.79 (m, 1H), 2.69–2.61 (m, 1H), 2.56–2.36 (m, 4H),
2.30–1.94 (m, 7H), 1.84–1.70 (m, 4H), 1.62–1.52 (m, 2H),
1.48 (s, 3H), 1.32–1.25 (m, 1H), 1.23 (s, 3H), 1.15 (m, 3H),
1.06 (s, 3H), 1.01 (s, 3H), 0.98–0.96 (s, 6H); 13C (100MHz,
Pyridin-d5): δ 178.61, 155.79, 134.60, 134.50, 106.76,
77.72, 76.37, 57.07, 50.63, 48.54, 48.45, 45.98, 43.45,
39.28, 37.11, 35.79, 33.84, 32.98, 31.33, 29.45, 28.38,
26.70, 25.18, 21.75, 21.60, 20.70, 19.12, 18.45, 17.55,
16.14; HRMS (ESI): calculated for C31H50O4Na [M+Na]+

509.3601, found 509.3600.

Procedure for the synthesis of compound A18

PA(0.18 mmol) was dissolved in methanol (30 mL). Sub-
sequently, 10% Pt/C (100 mg) was added. The mixture was
stirred overnight at room temperature under a hydrogen
atmosphere. The reaction was then filtered and concentrated
to yield the compound A18.

3β-Acetoxy-16α-hydroxy-lanosta-8-ene-21-oic acid (A18)

White solid; mp: 264–266 °C; yield 100%; 1H (400MHz,
Pyridin-d5): δ 4.68 (dd, J= 4.0, 11.5 Hz, 1H), 4.59 (s, 1H),
2.91–2.77 (m, 2H), 2.42–1.97 (m, 10H), 1.87–1.34 (m,
16H), 1.16–1.10 (m, 5H), 0.97–0.91 (m, 9H), 0.82–0.72 (m,
9H); 13C (100MHz, Pyridin-d5): δ 171.89, 136.31, 135.57,
81.87, 77.60, 58.65, 51.96, 49.96, 47.59, 44.76, 40.29,
39.25, 38.38, 36.67, 34.26, 33.77, 32.82, 32.10, 30.79,
29.23, 27.98, 26.82, 25.73, 22.43, 22.13, 21.72, 20.50,
19.61, 19.14, 18.58, 18.06, 16.81, 16.59; HRMS (ESI):
calculated for C33H54O5Na [M+Na]+ 553.3863, found
553.3856.

Pharmacology

Cell culture

The HepG2 and HSC-2 cell lines were purchased from
Jiangsu Keygen Biotech Corp., Ltd (Nanjing, China). Two
cancer cell lines were cultured in minimum essential med-
ium (MEM) supplemented with 10% FBS at 37 °C with 5%
CO2.

Cytotoxicity effects

HepG2 and HSC-2 cells (3.5 × 104 cells/well) were seeded
into 96-well plates and then incubated with 0.1% DMSO or
different concentrations of test compounds with 5% CO2 at
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37 °C for 72 h. Subsequently, 10 μl CCK-8 solution was
added to each well before the cells were incubated at 37 °C
for 2 h. The absorbance was measured at 450 nm using a
microplate reader. IC50 values were calculated using
GraphPad Prism software (version 8.0).

Cell cycle arrest analysis

HSC-2 cells (3 × 105 cells/well) were seeded into six-well
plates and incubated with 0.1% DMSO or different con-
centrations of test compounds with 5% CO2 at 37 °C for
48 h. Thereafter, cells were detached using trypsin, har-
vested, and washed twice with PBS. The cells were fixed
with ice-cold 70% ethanol at 4 °C overnight. The cells were
incubated with 100 µL RNase A at 37 °C for 30 min and
then with 400 μL propidium iodide at 4 °C for 30 min in the
dark. The cell cycle was determined by flow cytometry.

Apoptosis analysis

HSC-2 cells (3 × 105 cells/well) were seeded into six-well
plates and incubated with 0.1% DMSO or different con-
centrations of test compounds with 5% CO2 at 37 °C for
48 h. The cells were trypsinized, washed twice with PBS,
and collected. The cells were re-suspended in 500 µL
binding buffer and stained with 5 µL Annexin V-FITC and
5 µL propidium iodide for 15 min in the dark. Subsequently,
the cells were analyzed using flow cytometry.

AO/EB staining

HSC-2 cells (1 × 105 cells/well) were seeded into six-well
plates and incubated with 0.1% DMSO or different con-
centration of test compounds with 5% CO2 at 37 °C for
48 h. The cells were then washed twice with PBS and
stained with 500 μL AO/EB dye at room temperature for
15 min in the dark. Cells were visualized under a fluores-
cence microscope at 100× magnification.

Western blot analysis

After culturing, HSC-2 cells (4 × 106 cells/well) were trea-
ted with 0.1% DMSO or different concentrations of test
compounds with 5% CO2 at 37 °C for 48 h. Then, the cells
were harvested, washed with PBS, and lysed with cold lysis
buffer, followed by centrifugation. Subsequently, the total
protein was collected, and the protein concentration was
quantified using the Bradford assay. Equal amounts of
proteins were electrophoresed using 10% SDS-PAGE and
transferred onto a nitrocellulose membrane. After blocking
in 5% non-fat milk at room temperature for 2 h, the mem-
branes were washed thrice with TBST and incubated
overnight with primary antibodies at 4 °C. After washing,

the membranes were incubated with HRP-conjugated sec-
ondary antibodies at room temperature for 1 h and visua-
lized using enhanced chemiluminescence (ECL) detection
kit. GADPH was used as the protein loading control.

Statistical analysis

Statistical analyses were conducted using one-way ANOVA
followed by Dunnett’s post-hoc test to compare the differ-
ences between groups, with p < 0.05 indicating significant
differences. All experiments were independently performed
at least thrice. Data are expressed as mean ± standard error
(SD).
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