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As our research focuses on anticancer drugs, a series of novel derivatives of flexicaulin A (FA), an ent-
kaurene diterpene, condensed with an aromatic ring were synthesized, and their antiproliferative ac-
tivities against four human cancer cell lines (TE-1, EC109, MCF-7, and MGC-803) were evaluated. The
activities of most of the new compounds were better than those of FA. Compound 2y exhibited the best
activity with an IC50 value reaching 0.13 mM against oesophageal cancer cells (EC109 cells). The IC50
values for 2y in normal cells (GES-1 cells and HUVECs) were 0.52 mM and 0.49 mM, respectively. Sub-
sequent mechanistic investigations found that compound 2y can inhibit the proliferation of cancer cells
and cell cloning. In addition, 2y could reduce the mitochondrial membrane potential, increase the
apoptosis rate, and increase the ROS level in EC109 cells. Moreover, 2y can upregulate the expression of
ROS/JNK pathway-related proteins (p-ASK1, p-MKK4, p-JNK, and p-Cjun (ser63)) and pro-apoptotic
proteins (Bax, Bad, and Bim). In vivo experiments showed that 2y can inhibit tumour growth in nude
mice. The mechanism involves an increase in protein expression in the ROS pathway, leading to changes
in apoptosis-related proteins. In addition, compound 2y shows low toxicity. These results indicate that
compound 2y holds promising potential as an antiproliferative agent.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

Cancer is the second leading cause of death globally, but there
are no drugs that can cure cancer. Therefore, it is urgent to develop
anticancer drugs with novel skeletons and mechanisms of action.

Due to its remarkable structural specificity and biological char-
acteristics, natural products [1e3] have always been an essential
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source of new drugs, especially anticancer drugs. Isodon species
[4,5] are widely distributed plants, and thus far, more than 600
diterpenoids have been isolated from these species [6e8]. Some of
these diterpenoids have shown impressive anticancer activity and
low toxicity, especially ent-kaurane diterpenes with a,b-unsatu-
rated ketone structures, such as oridonin [9e16], longikaurin A [17],
phyllostachysin F, and Jiyuan Oridonin A [18e20] (Fig. 1). There is
increasing evidence that the anticancer activity of these diterpenes
is induced by inhibiting cell proliferation and inducing apoptosis
[15,21e23]. Their impressive structural skeleton promises safe and
efficacious profiles for cancer treatment, making them promising
anticancer agents.

However, the development of ent-kaurene diterpenoids for
cancer therapy has been mostly obstructed by their relatively
moderate activity, structural complexity, and unclear mechanism of
action [14]. Therefore, we urgently need to develop novel diterpe-
noid derivatives to improve their potency and anticancer activity
profile. Previous structure-activity relationship (SAR) studies have
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revealed that modification of the A ring [24] and 14-hydroxy group
of oridonin could significantly increase antiproliferative efficacy
[13,25]. For instance, S. Xu reported that their most potent com-
pound, which acylates the O-14 position of oridonin with an aro-
matic ring, was 200-fold more efficacious than oridonin in MCF-7
cancer cells [14].

Flexicaulin A [26e28] (Flexicaulin A, Fig. 1) was first found by H.
D. Sun [29]. We successfully extracted FA from Jiyuan Isodon
rubescens (Donglingcao in Chinese) for the first time. It was inter-
esting and exciting to find a considerable content of FA in Jiyuan
Isodon rubescens. The weight content of FA in this plant is approx-
imately 1%. In addition, its antiproliferative activity was better than
oridonin in various human cancer lines, such as MCF-7 and MGC-
803. Moreover, in our previous research, we found that 14 hy-
droxyl acylation of FA with aromatic ring amino acids could
significantly enhance its anticancer activity [28]. In this study, we
planned to introduce aromatic ring groups at the O-14 position of
FA. To our delight, most of the synthesized compounds displayed
better activity than FA against all cancer cell lines selected. More-
over, the anticancer mechanisms of our compounds involved the
ROS/JNK signalling pathway. The results reveal the potential of this
new diterpenoid as a novel anticancer drug agent.
2. Results and discussion

2.1. Chemistry

The synthetic route of the target FA analogues 2a-2z is depicted
in Scheme 1. Compound 1 was mixed with bromobutyric acid,
phenylpropionic acid or different benzoic acids in anhydrous
dichloromethane (DCM) and then the reaction was catalysed by 1-
Fig. 1. Structures of ent-kaurene diterpenoids from Isodon and some representative Oridon
(3-(dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI) and 4-dimethylaminopyridine (DMAP) to afford compounds
2a-2z in good yield. All synthesized compounds were characterized
by 1H NMR, 13C NMR, and HRMS.
2.2. Biology

2.2.1. In vitro antiproliferative activity and SAR study
The newly synthesized diterpenoid FA derivatives were tested

for their antiproliferative activities against four human cancer cell
lines, including the EC109 (human oesophageal cancer), TE-1 (hu-
man oesophageal cancer), MGC-803 (human stomach cancer) and
MCF-7 (human breast cancer) cell lines, and compared with the
activity of lead compound FA (1) and positive control oridonin. The
cytotoxic activity of the target compounds was detected by SRB
assay. The IC50 values (concentration required to inhibit cancer cell
proliferation by 50%) are listed in Table 1.

From the screening results in Table 1, it was observed that most
of the synthesized compounds (compounds 2a-2z) showed
enhanced antiproliferative activities compared to FA and oridonin
against all four selected cancer lines. The above results demon-
strated that the aromatic ring could significantly improve the
antiproliferative activity of FA. It was speculated that the lip-
ophilicity of the aromatic groups may enhance the ability of the
compounds to cross the cell membrane. Additionally, the position
and type of substituent on the aromatic ring had little effect on the
anticancer activity. Moreover, modification of the 14 hydroxyl
group of FA could improve its antiproliferative activity. The results
above would be helpful to research structural modifications of FA.

Among all compounds, compound 2y exhibited the strongest
inhibitory effects against the EC109 (human oesophageal cancer)
in and Flexicaulin A, incorporated with aromatic ring, derivatives have been reported.



Scheme 1. Synthetic route of series 1. Reagents and conditions: i) Bromobutyric acid or Phenylpropionic acid or different benzoic acids, DCM, DMAP/DCC, rt, 4e6h.

Table 1
Inhibitory activities of compounds 2a-2z against the tested cancer cell lines.

Compound
IC50(mM)

EC109 TE-1 MGC-803 MCF-7

FA 5.24 ± 0.92 6.82 ± 0.72 8.70 ± 0.87 6.79 ± 0.66
Oridonin 21.97 ± 1.01 12.73 ± 0.32 14.13 ± 0.51 21.97 ± 1.01
2a 0.76 ± 0.07 0.47 ± 0.04 0.25 ± 0.01 0.47 ± 0.03
2b 0.68 ± 0.04 0.72 ± 0.07 1.28 ± 0.15 0.60 ± 0.02
2c 0.31 ± 0.06 0.33 ± 0.11 0.47 ± 0.03 0.20 ± 0.00
2d 1.63 ± 0.18 3.63 ± 0.42 2.29 ± 0.16 1.72 ± 0.10
2e 0.41 ± 0.03 0.45 ± 0.02 0.71 ± 0.09 0.41 ± 0.01
2f 0.51 ± 0.04 0.37 ± 0.03 0.52 ± 0.08 0.46 ± 0.01
2g 0.47 ± 0.05 0.45 ± 0.02 0.63 ± 0.10 0.39 ± 0.01
2h 0.42 ± 0.04 0.32 ± 0.03 0.79 ± 0.07 0.40 ± 0.03
2i 0.33 ± 0.08 0.39 ± 0.14 0.69 ± 0.07 0.31 ± 0.02
2j 4.25 ± 0.39 1.24 ± 0.12 1.15 ± 0.07 1.17 ± 0.07
2k 0.56 ± 0.05 0.46 ± 0.04 0.66 ± 0.10 0.48 ± 0.01
2l 1.63 ± 0.19 1.30 ± 0.18 2.35 ± 0.19 2.23 ± 0.18
2 m 0.40 ± 0.03 0.41 ± 0.03 0.41 ± 0.06 0.36 ± 0.01
2n 0.24 ± 0.05 0.16 ± 0.04 0.42 ± 0.02 0.38 ± 0.01
2� 0.44 ± 0.02 0.42 ± 0.05 0.46 ± 0.05 0.25 ± 0.03
2p 0.37 ± 0.05 0.32 ± 0.03 0.31 ± 0.04 0.29 ± 0.01
2q 0.33 ± 0.04 0.37 ± 0.03 1.15 ± 0.48 0.29 ± 0.02
2r 0.27 ± 0.06 0.34 ± 0.09 0.57 ± 0.06 0.14 ± 0.01
2s 8.48 ± 0.84 20.07 ± 1.85 0.92 ± 0.05 1.34 ± 0.12
2t 0.33 ± 0.04 0.38 ± 0.03 0.28 ± 0.07 0.27 ± 0.01
2u 0.38 ± 0.03 0.39 ± 0.02 0.61 ± 0.09 0.33 ± 0.01
2v 0.29 ± 0.04 0.25 ± 0.02 0.46 ± 0.05 0.23 ± 0.01
2w 0.30 ± 0.03 0.30 ± 0.03 0.48 ± 0.05 0.24 ± 0.01
2x 0.38 ± 0.03 0.42 ± 0.03 0.77 ± 0.07 0.35 ± 0.02
2y 0.13 ± 0.01 0.27 ± 0.02 0.20 ± 0.01 0.35 ± 0.03
2z 0.17 ± 0.02 0.25 ± 0.02 0.34 ± 0.04 0.14 ± 0.00

a SRB methods, cell lines were treated with target compounds for 72h.The average
value of the three independent experiments was expressed by mean ± SDs.
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andMGC-803 (human stomach cancer) cell lines with IC50 values of
0.13 ± 0.01 and 0.20 ± 0.01 mM, respectively. In addition, in the TE-1
(human oesophageal cancer) andMCF-7 (human breast cancer) cell
lines, 2y displayed equivalent activity to the other derivatives. For
the above reasons, compound 2y was chosen for further investi-
gation regarding its mechanism of action against EC109 cells.
2.2.2. The effects of compound 2y on EC109 cells
First, SRB methods were used to evaluate the antiproliferative

effects of compound 2y towards EC109 cells. As shown in Fig. 2, the
survival rate of the cells (EC109, GES-1, and HUVECs) decreased
with increasing drug concentrations ranging from 0 to 8 mM and
extended time (24, 48, and 72 h). Simultaneously, the 72-h IC50 of
GES-1 (0.52 mM ± 0.01) and HUVECs (0.49 mM ± 0.03) is higher than
EC109 (0.13 mM ± 0.01), which shows that the drug is selective.
However, further experiments still need to be explored in vivo. The
results revealed that compound 2y could inhibit cell proliferation in
a dose- and time-dependent manner.

To further explore the effects of 2y on the proliferation of single
cells, a clone formation experiment was used to examine the
impact of this compound on EC109 cells. As shown in Fig. 2, each
dosing group inhibited the cloning ability of EC109 cells. The
experimental results show that 2y can inhibit clone formation of
EC109 cells in vitro.

2.2.3. Detection of apoptosis by flow cytometry
The above experiments show that 2y has significant effects on

the proliferation and cloning ability of EC109 cells. An Annexin V-
FITC/PI kit was used to further detect the effects of 2y on EC109 cell
apoptosis. As shown in Fig. 3, EC109 cells were treated with 2y at
concentrations of 0.75 mM, 1.5 mM, and 3 mM for 24 h and 48 h, and
we obtained the apoptotic rates from each group. The results
demonstrated that 2y could cause apoptosis in EC109 cells in a
time-dependent manner.

2.2.4. Effects of compound 2y on mitochondrial membrane
potential in EC109 cells

Previous experiments found that 2y can induce apoptosis in
EC109 cells. However, the way in which this compound affects cell
apoptosis needs further study. Mitochondrial membrane potential
(MMP) is closely related to apoptosis and it can be detectedwith JC-
1 fluorescent probe [30,31]. In our study, each sample was detected
by flow cytometry after EC109 cells were treated with 2y for 24 h. It
can be seen from Fig. 4 that 2y can induce the mitochondrial de-
polarization in EC109 cells (red fluorescence shifts to green



Fig. 2. (A) The effect of compound 2y in EC109, GES-1, and HUVECs. (B) The colony formation of EC109 cells after treatment with compound 2y for 7 days. (C) The number of
colonies in various drug concentrations. The results shown were representative of three independent experiments. *p < 0.05, **p < 0.01 verse control.
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fluorescence). Moreover, the mitochondrial membrane potential
changed significantly at concentrations of 0.75 mM, 1.5 mM and
3 mM. The experimental results suggest that 2y may induce pro-
grammed apoptosis via endogenous mitochondrial damage.

2.2.5. Effects of compound 2y on apoptosis-related proteins
To explore the specific molecular mechanism of the effects of 2y

on apoptosis, we used Western blotting to detect changes in
apoptosis-related proteins in EC109 cells after 24 h of drug stimu-
lation. It can be seen from Fig. 5 that the expressions of Cleaved
caspase 9, Cleaved caspase 3, Cleaved caspase 7, and Cleaved PARP
all increasedwith increasing drug concentration. This phenomenon
occurs because the upstream signalling pathway allows Cleaved
caspase 9 to initiate the action of other caspase members, including
caspase 3 and caspase 7, to launch the caspase cascade, which in
turn leads to apoptosis. Moreover, cleaved caspase 3 can further
Cleave PARP.

The caspase cascade leads to apoptosis and is initiated by
cleavage of caspase 9. There is substantial literature that shows that
the cleavage of caspase 9 could lead to apoptosis [32,33]. According
to the above mitochondrial membrane potential experiment,
Western blotting was used to detect Bcl-2 family-related proteins
(Fig. 5). The results showed decreased expression of the anti-
apoptotic protein Bcl-2 and increased expression of the pro-
apoptotic proteins Bad and Bim (BimEL, BimL, and BimS) with
increasing drug concentration, but the expression of Bax did not
change significantly. However, the ratio of Bax/Bcl-2 increased. The
increased expression of Bad and Bim can lead to a decline in anti-
apoptotic proteins in the Bcl-2 family, which is consistent with
the results of the above-mentioned Bcl-2 protein reduction [34,35].
Finally, we found that the expression of cytochrome C increased
with increasing drug concentration. The above experiment shows
that 2y activates the pro-apoptotic proteins Bim and Bad, which
causes decreased expression of the anti-apoptotic protein Bcl-2.
This simultaneously leads to an increase in the ratio of Bax/Bcl-2
to release cytochrome C, which causes cytochrome C to Cleave
caspase 9. Finally, the caspase cascade leads to apoptosis.

2.2.6. Effects of compound 2y on reactive oxygen species in EC109
cells

Through the above experiments, it was found that 2y could
cause activation of the mitochondrial apoptotic pathway and cause
a caspase cascade reaction, leading to apoptosis. ROS are closely
related to endogenous apoptosis, and a rise in ROS can lead to
mitochondrial damage and mediate apoptosis [30,36,37]. In this
study, we examined the effects of 2y on intracellular ROS levels (at
24 h), and the ROS level significantly increased after treatment with
1.5 mM and 3 mM 2y (Fig. 6). This experimental result further con-
firms previous studies showing that oxidative stress leads to
apoptosis in EC109 cells.

2.2.7. Effects of compound 2y on ROS-Related pathway proteins in
EC109 cells

A rise in ROS can lead to changes in stress proteins [38e40]. In



Fig. 3. Compound 2y induced apoptosis of EC109 cells (A) Incubate with different concentrations of compound 2y (0, 0.75, 1.5 and 3 mM). After incubated with 2y for 24h and 48h,
EC109 cells were detected by Annexin V/PI with flow cytometric analysis. The Q3 represents live cells, Q4 represents early/primary apoptotic cells, Q2 represents late/secondary
apoptotic cells and Q1 represents cells necrosis. (B) The percentage of apoptosis (early and late apoptosis) cells increased dependently with various concentrations of 2y. Date are
represented as mean ± SD of three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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addition, the upregulation of p-ASK1 could activate MKK4 and JNK
[38,41], and JNK can be activated to regulate p-c-jun (ser63) [42]. In
this research, Western Blotting was used to detect changes in
related pathway proteins. As shown in Fig. 7, we found that p-ASK1
increased with the increase of drug concentration. In our study, p-
MKK4 and p-JNK increase with increasing drug concentration.
What is more, our experiment also proves that p-c-jun (ser63) is
controlled and activated. Besides, p-JNK and p-c-jun (ser63) can
regulate Bim to achieve the role of apoptosis [43]. These above
results showed that compound 2y mediates apoptosis via the ROS
pathway.
2.2.8. NAC affects the proliferative inhibitory effects of compound
2y in EC109 cells

To explore the effects of excessive activation of ROS in
EC109 cells, we introduced the antioxidant N-acetylcysteine (NAC).
NAC can reduce superoxide anions, hydrogen peroxide and hy-
droxyl radicals to eliminate the influence of these types of free
radicals on cells after entry into the cell [44e46]. After 4 h of pre-
incubation with 5 mM NAC, the cells were incubated with 2y for
24 h. As shown in Fig. 8, NAC completely reversed the effects of 2y
on the cells, and the survival rate was more than 90% at the highest
dose of 2y.

We continued to explore the effects of the compounds on cell
clone formation ability. As shown in Fig. 8, NAC reversed the
inhibitory effects of 2y on the clonogenic capacity of EC109 cells at
0.5 mM. Cell morphology experiments found that the cells in the 2y-
treated group both contracted and rounded, and the number of
cells decreased. In addition, the cells in the combination group and
NC group remained the same. This experiment suggests that
apoptosis induced by ROS may be the main pathway for this
compound to inhibit cell proliferation.
2.2.9. Effects of NAC on 2y on ROS, MMP and apoptosis
To further explore the effects of NAC on compound 2y, flow

cytometry was used to investigate the impact of 2y on EC109 cells
after 4 h of NAC intervention. As shown in Fig. 9, after the addition
of NAC, the effects of 2y on ROS, MMP and apoptosis in EC109 cells
was reversed. Furthermore, comparedwith the NC group, therewas
no significant change. This result indicates that NAC clearance can
indeed change the inhibition of 2y in EC109 cells. Next, we need to
explore the precise molecular mechanism of NAC reversing the



Fig. 4. (A) Changes of mitochondrial membrane potential at different drug concentrations (B) Statistical analysis of mitochondrial membrane potential changes. Date are repre-
sented as mean ± SD of three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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effects of 2y.

2.2.10. NAC affects the protein expression changes of compound 2y
on ROS pathway and apoptotic pathway

Western blotting was used to further explore the molecular
mechanism of the effects of 2y after NAC scavenging ROS in
EC109 cells. As shown in Fig. 10, after the addition of NAC, the ef-
fects of 2y on ROS-related proteins (p-ASK1, p-MKK4, and p-JNK) in
EC109 cells was reversed. Compared with the NC group, there was
no significant change. This result indicates that ROS clearance does
indeed block 2y-mediated expression of related ROS pathway
proteins in EC109 cells.

We then further detected the expression of apoptosis-related
proteins, as shown in Fig. 10. After co-treatment with NAC
(5 mM) and 2y (3 mM), expression of the anti-apoptotic protein Bcl-
2 was significantly higher than that after treatment with 2y (3 mM)
alone. Moreover, there was no significant change compared with
the NC group. Further experiments revealed that NAC inhibited the
cleavage of caspase 9 and led to a decrease in cleaved caspase 3. In
conclusion, NAC eradication of ROS can lead to a loss of 2y regu-
lation of apoptosis in EC109 cells. It was further proven that 2y
inhibits the proliferation of tumour cells by increasing intracellular
ROS levels.

2.3. In vivo

2.3.1. Compound 2y inhibits the growth of transplanted tumours in
nude mice

The above experiments elucidated the specific molecular
mechanism of 2y in vitro. To further explore the antitumour effects
of compound 2y in vivo, we constructed a xenograft tumour model
in nude mice by using EC109 cells. As shown in Fig. 11, there was no
significant difference in tumour volumes between the three groups
initially, and until the 5th day, the tumour growth rate in the drug
treatment groups began to be lower than that in the NC group. At
the same time, the growth rate of the high-dose group was slower
than that of the low-dose group. There was a significant difference
between the high-dose group and the NC group after eight days. On
the 10th day, there was also a substantial difference between the
low-dose and NC groups.

After 14 days of continuous treatment, the NC group’s tumour
volume reached nearly 1500 mm3, while some nude mice showed
local necrosis. Therefore, it was decided to end treatment, and the
tumour tissue was removed and weighed. As shown in Fig. 11, the
average tumour weights in the two drug groups were significantly
smaller than that in the NC group. Moreover, the mean tumour
weight in the high-dose group was the lowest of the three groups.
This result indicates that both high and low doses of 2y have
inhibitory effects on tumours. Additionally, the body weights of the
nude mice were not significantly different among the three groups,
suggesting low toxicity of compound 2y.
2.3.2. Compound 2y induces apoptosis of oesophageal cancer EC109
in vivo

The tumour tissues were sectioned, and HE staining was used to
detect the pathological morphology of the tumour tissues. The NC
group showed a trend of cluster growth, with an intact morphology
and no abnormalities, and the overall cell arrangement was rela-
tively close (Fig. 12F). However, in the drug delivery groups, there
was apparent cellular loosening and morphological changes. The
number of cells was also reduced compared with that in the NC
group, while the nucleus showed shrinkage. The above experi-
ments preliminarily proved that 2y inhibited tumour tissue in vivo.

To further explore the mechanism of 2y, we homogenized the
tumour tissue, the extracted protein and performed Western
blotting experiments to verify the specific mechanism of 2y in vivo.
As shown in Fig. 12, compared with the NC group, the expression of
Bcl-2 decreased significantly. There was no significant change be-
tween Bax expression in the low-dose group and NC group; there
was only a significant difference between the high-dose group and
NC group, but the ratio of Bax to Bcl-2 increased with increasing
drug concentration. There was a significant difference in the Bax/
Bcl-2 ratio in the low-dose group and the high-dose group. In
addition, in the high-dose group, the expression levels of Cyto C,
cleaved caspase 9, and cleaved caspase 3 were significantly
different from those in the NC group. In summary, 2y affects the



Fig. 5. (A) The expression of Bcl-2 family and Caspase family related proteins were detected by western blotting. (B) The density ratio of proteins after treatment with compound 2y.
(C) The expression of Bad, Bax, Bcl-2, Bim, Cyto C and b-Actin were detected by western blotting. (D) Expression of three isoform proteins of Bim. (E) Ratio of Bax to Bcl-2. The b-
Actin was used as control. Date are represented as mean ± SD of three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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mitochondrial pathway in vivo, eventually leading to apoptosis and
thereby inhibiting the growth and development of tumour tissue,
which is consistent with the molecular mechanism in vitro.

As shown in Fig. 12, we found significant changes in ROS-related
proteins (p-ASK1, p-MKK4, and p-JNK). This result indicates that 2y
promotes apoptosis through the ROS pathway in vivo.
2.3.3. Study on the in vivo toxicity of compound 2y
Previous studies demonstrated that compound 2y has an

inhibitory effect on tumour tissues in vivo. Nevertheless, an ideal
clinical medication should have absolute safety. From the state of
experimental animals, it can be seen from Fig. 13 that after 14 days
of treatment, there was no significant difference in body weight
among the groups.

To further explore the changes in specific safety indicators,
biochemical blood indicators were used to detect potential patho-
logical changes. As shown in Table 2, there was no significant
difference between the drug group and NC group, and all param-
eters were close to those in the NC group, which indicated that
compound 2y did not cause changes in biochemical blood in-
dicators in each group. This result further demonstrates that
compound 2y has low toxicity.

In order to further explore liver and kidney function, we found
no significant difference in creatinine content and uric acid content
between the treated group and the NC group (Fig. 13).

After treatment, we dissected the nude mice, and there were no
visible abnormalities in the related organs. Finally, we performed
HE staining on the organs and tissues of the nudemice. As shown in
Fig. 13, the distribution of red pulp and white pulp in the spleen did
not significantly increase or decrease compared with that in the NC
group. The precise boundary of glomeruli in the kidneys was not
substantially different from that in the NC group, and there were no
abnormalities in the heart, lungs, or liver. This result indicated that
2y was less toxic to nude mice.



Fig. 6. (A) The production of ROS was tested by the ROS-detecting fluorescent dye DCF-DA in combination with flow cytometry. (B) The rate of ROS generation after treatment with
different concentrations of compound 2y by 24h. (0, 0.75, 1,5 and 3 mM). *p < 0.05 verse control, **p < 0.01 verse control.

Fig. 7. (A) The expression of p-ASK1, p-MKK4, p-JNK, p-CJUN (ser63) and b-Actin were
detected by western blotting. (B) The density ratio of proteins after treatment with
compound 2y. The b-Actin was used as control. Date are represented as mean ± SD of
three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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3. Conclusion

Overall, a series of novel derivatives of flexicaulin A (FA)
condensed with aromatic rings were designed, synthesized and
evaluated for their anticancer activities against four selected hu-
man cancer cell lines. Most of the synthesized compounds showed
enhanced antiproliferative activities compared with FA and orido-
nin against all four selected cancer lines. Among all of the com-
pounds, compound 2ywith a 4-(chloromethyl) benzoic acidmoiety
was found to possess the best antiproliferative activity. It was
suspected that the introduction of aromatic rings could increase the
anticancer activity of these compounds.

Further mechanistic studies indicated that compound 2ymainly
relied on an excessive accumulation of ROS to induce apoptosis.
Compound 2y regulates downstream apoptosis by upregulating p-
ASK1, p-JNK, p-MKK4, and p-c-jun (ser63) in the ROS/JNK pathway.
Moreover, 2y further upregulated Bim and Bad and downregulated
Bcl-2, which ultimately led to the release of cytochrome C. Finally,
caspase 9, caspase 7, caspase 3, and PARP were activated to induce
cell apoptosis. In addition, NAC can reverse apoptosis caused by 2y.
Xenograft tumour experiments in nude mice proved that 2y has a
visible antitumour effect in vivo. The mechanism of 2y is the pro-
motion of the expression of the ROS-related proteins p-ASK1, p-
JNK, and p-MKK4 in vivo. This results in an increase in the ratio of
Bax to Bcl-2 and promotes the release of cytochrome C. Finally, 2y
activates caspase 9 and caspase 3. Further toxicity studies showed
that there was no obvious damage to the organs of nude mice, and
the biochemical blood indicators were not abnormal, which indi-
cated that 2y had low toxicity. In summary, these results indicate
that compound 2y holds promising potential as an antiproliferative
agent with low toxicity.

4. Experimental

4.1. General

All commercially available starting materials and solvents were
reagent grade and used without further purification. Reactions
were monitored by thin-layer chromatography (TLC) on 0.25 mm
silicagel plates (GF254) and visualized under UV light. Melting
points were measured on an X-5 micro-melting apparatus and are
uncorrected. 1H NMR and 13C NMR spectra were recorded on a
Bruker 400 MHz and 100 MHz spectrometer, respectively. Waters
Micro-mass Q-T of Micro-mass spectrometer by electrospray ioni-
zation (ESI) was used to acquire high-resolution mass spectra
(HRMS) of all derivatives.

4.2. General procedure for the synthesis of compound 2a-2z

FA (150 mg, 0.38 mmol) was dissolved in DCM (6 mL), then
Bromobutyric acid, Phenylpropionic acid or different benzoic acids
(0.76 mmol), EDCI (146 mg, 0.76 mmol) and DMAP (92 mg,
0.76 mmol) were added to stir for 4e6h at the room temperature.
After completion of the reaction as indicated by TLC, the reaction
mixture was poured into DCM (30 mL), and washed with water,
brine, dried over anhydrous Na2SO4 and concentrated under vac-
uum, and then purified by column chromatography (PE/EA¼ 1:1, v/
v) to afford 2a-2z in 35%e65%.

4.2.1. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-4-bromobutanoate
(compound 2a)

White solid, yield: 56%; Mp: 136e137 �C. 1H NMR (400 MHz,
DMSO‑d6) d 5.73 (s,1H), 5.55 (s,1H), 5.31 (s, 1H), 4.84 (d, J¼ 12.4 Hz,
1H), 4.37 (d, J ¼ 12.3 Hz, 1H), 4.27 (t, J ¼ 7.0 Hz, 2H), 3.50 (t,
J¼ 6.8 Hz, 2H), 2.96 (d, J¼ 3.8 Hz,1H), 2.54 (t, J¼ 4.2 Hz,1H), 2.43 (t,



Fig. 8. (A) Changes in cell viability after introduction of NAC. (B) Changes in the formation of cell clones after the introduction of NAC. (C) The number of cell clones formed. (D) Cell
morphology (200 � ). Date are represented as mean ± SD of three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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J ¼ 8.1 Hz, 2H), 2.27e2.21 (m, 2H), 2.17e2.12 (m, 1H), 2.08 (s, 3H),
2.01e1.92 (m, 3H), 1.86 (dd, J ¼ 13.9, 4.0 Hz, 1H), 1.52 (s, 2H), 1.42 (t,
J ¼ 11.4 Hz, 3H), 1.05 (dd, J ¼ 12.0, 3.0 Hz, 1H), 0.90 (s, 4H), 0.86 (s,
4H). 13C NMR (100 MHz, DMSO‑d6) d 204.2, 172.1, 170.2, 148.1, 112.8,
76.3, 71.9, 68.2, 66.0, 62.7, 61.8, 58.9, 52.8, 42.6, 41.1, 40.6, 34.1, 33.7,
32.7, 32.4, 27.7, 27.4, 22.1, 21.7, 20.7, 17.6. HR-MS(ESI): Calculated for
C26H37BrNaO7 [MþNa]þ: 563.1620, found 563.1686.
4.2.2. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-3-phenylpropanoate
(compound 2b)

White solid, yield: 63%; Mp: 143e144 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.25 (t, J ¼ 7.5 Hz, 2H), 7.18 (d, J ¼ 7.5 Hz, 3H), 5.73 (s,
1H), 5.56 (s, 1H), 5.30 (s, 1H), 4.85 (d, J ¼ 12.5 Hz, 1H), 4.43 (d,
J ¼ 4.3 Hz, 1H), 4.36 (d, J ¼ 12.4 Hz, 1H), 4.28e4.25 (m, 1H), 2.91 (s,
1H), 2.76 (t, J ¼ 7.4 Hz, 2H), 2.48e2.31 (m, 3H), 2.06 (d, J ¼ 1.8 Hz,
3H), 1.96e1.83 (m, 2H), 1.73e1.58 (m, 3H), 1.55e1.34 (m, 5H),
1.09e1.03 (m, 1H), 0.91 (s, 4H), 0.86 (s, 4H). 13C NMR (100 MHz,
DMSO‑d6) d 204.3, 172.35, 170.2, 148.0, 140.7, 128.2 ( � 2), 128.1
( � 2), 125.8, 112.9, 76.2, 71.9, 66.0, 62.75, 61.8, 58.9, 52.9, 42.6, 41.1,
40.6, 38.9, 35.4, 33.7, 32.8, 32.4, 29.7, 27.7, 22.1, 20.7, 17.7. HR-
MS(ESI): Calculated for C31H41O7 [MþH]þ: 525.2852, found
525.2740.
4.2.3. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-benzoate. (compound 2c)

White solid, yield: 60%; Mp: 124e125 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.84 (d, J ¼ 7.9 Hz, 2H), 7.61 (t, J ¼ 7.3 Hz, 1H), 7.49 (t,
J ¼ 7.7 Hz, 2H), 5.86 (s, 2H), 5.42 (s, 1H), 4.94 (d, J ¼ 12.3 Hz, 1H),
4.53 (d, J ¼ 12.5 Hz, 1H), 4.37 (d, J ¼ 4.3 Hz, 2H), 3.14 (d, J ¼ 3.6 Hz,
1H), 2.65 (dt, J ¼ 13.8, 4.1 Hz, 1H), 2.15 (s, 3H), 2.03e1.93 (m, 2H),
1.86e1.60 (m, 4H), 1.49 (q, J ¼ 16.5, 14.5 Hz, 4H), 1.14 (d, J ¼ 11.7 Hz,
1H), 0.99 (d, J ¼ 12.4 Hz, 1H), 0.94 (s, 3H), 0.93 (s, 4H). 13C NMR
(100 MHz, DMSO‑d6) d 204.1, 170.2, 165.9, 148.3, 132.5, 130.9, 129.2
(� 2),128.1 (� 2),112.8, 76.9, 72.0, 66.0, 62.80, 62.0, 59.1, 52.9, 42.9,
41.1, 40.6, 38.9, 33.7, 32.9, 32.5, 27.9, 22.2, 20.7, 17.7. HR-MS(ESI):
Calculated for C29H36NaO7 [MþNa]þ: 519.2359, found 519.2390.

4.2.4. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-2-fluorobenzoate.
(compound 2d)

White solid, yield: 55%; Mp: 145e147 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.70 (td, J ¼ 7.7, 1.9 Hz, 1H), 7.58 (tdd, J ¼ 7.0, 4.9, 1.9 Hz,
1H), 7.28e7.21 (m, 2H), 5.78 (s, 2H), 5.34 (s, 1H), 4.89 (d, J¼ 12.5 Hz,
1H), 4.49e4.42 (m, 2H), 4.32 (d, J ¼ 1.9 Hz, 1H), 3.11e3.06 (m, 1H),
2.60 (dt, J ¼ 14.1, 4.2 Hz, 1H), 2.11 (s, 3H), 2.01e1.88 (m, 2H), 1.76 (q,
J ¼ 12.5 Hz, 1H), 1.62 (d, J ¼ 25.1 Hz, 2H), 1.53e1.38 (m, 3H),
1.34e1.14 (m, 2H), 1.12e1.06 (m, 1H), 0.99e0.92 (m, 1H), 0.90 (s,
3H), 0.88 (s, 4H). 13C NMR (100MHz, DMSO‑d6) d 204.0, 170.3, 163.1,
159.5, 148.1, 134.3, 132.05, 124.0, 119.3, 116.4, 112.8, 77.2, 72.0, 66.1,



Fig. 9. (A) Changes of intracellular reactive oxygen species after the introduction of NAC. (B) Changes of mitochondrial membrane potential in cells after the introduction of NAC. (C)
Changes in apoptosis after the introduction of NAC. Date are represented as mean ± SD of three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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62.7, 61.9, 59.1, 52.8, 42.8, 41.1, 40.6, 38.9, 33.7, 32.8, 32.5, 27.9, 22.2,
20.7, 17.7. HR-MS(ESI): Calculated for C29H35FNaO7 [MþNa]þ:
537.2265, found 537.2253.
4.2.5. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-2-chlorobenzoate.
(compound 2e)

White solid, yield: 42%; Mp: 146e147 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.70 (d, J ¼ 7.8 Hz, 1H), 7.51e7.47 (m, 2H), 7.36 (dt,
J ¼ 8.3, 4.3 Hz, 1H), 5.78 (d, J ¼ 14.6 Hz, 2H), 5.32 (s, 1H), 4.92 (d,
J ¼ 12.4 Hz, 1H), 4.57 (dd, J ¼ 4.3, 1.7 Hz, 1H), 4.45 (d, J ¼ 12.5 Hz,
1H), 4.30 (d, J¼ 2.0 Hz,1H), 3.08 (d, J¼ 3.9 Hz, 1H), 2.61 (dt, J¼ 14.1,
4.3 Hz, 1H), 2.11 (d, J ¼ 1.8 Hz, 3H), 1.98e1.86 (m, 2H), 1.77 (q,
J ¼ 12.4 Hz, 1H), 1.68e1.58 (m, 2H), 1.54e1.29 (m, 4H), 1.24 (dd,
J ¼ 11.1, 5.2 Hz, 1H), 1.10 (d, J ¼ 10.7 Hz, 1H), 0.94 (d, J ¼ 8.8 Hz, 1H),
0.91 (s, 3H), 0.88 (s, 4H). 13C NMR (100 MHz, DMSO‑d6) d 203.9,
170.3, 164.4, 148.0, 132.6, 132.0, 130.4, 130.3, 126.7, 112.9, 77.6, 72.1,
66.1, 62.7, 61.9, 59.2, 52.8, 42.8, 41.2, 40.6, 38.9, 33.7, 32.9, 32.9, 32.5,
27.8, 22.2, 20.8, 17.7. HR-MS(ESI): Calculated for C29H35ClNaO7
[MþNa]þ: 553.1969, found 553.2032.
4.2.6. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-2-bromobenzoate.
(compound 2f)

White solid, yield: 57%; Mp: 143e144 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.69e7.65 (m, 2H), 7.43e7.37 (m, 2H), 5.81e5.78 (m,
1H), 5.75 (d, J ¼ 5.3 Hz, 2H), 5.32 (s, 1H), 4.93 (d, J ¼ 12.5 Hz, 1H),
4.61 (d, J ¼ 4.3 Hz, 1H), 4.43 (d, J ¼ 12.4 Hz, 1H), 4.32 (d, J ¼ 2.0 Hz,
1H), 3.13e3.08 (m, 1H), 2.61 (dt, J ¼ 13.8, 4.0 Hz, 1H), 2.12 (s, 3H),
1.97e1.87 (m, 2H), 1.83e1.57 (m, 4H), 1.44 (td, J¼ 18.6, 16.6, 10.8 Hz,
3H), 1.10 (dd, J ¼ 12.8, 2.3 Hz, 1H), 0.94 (d, J ¼ 8.9 Hz, 1H), 0.91 (s,
3H), 0.88 (s, 4H). 13C NMR (100MHz, DMSO‑d6) d 203.9,170.3,165.0,
148.0, 133.5, 132.6, 132.4, 132.0, 127.2, 120.5, 113.0, 77.7, 72.1, 66.1,
62.7, 61.9, 59.2, 54.8, 52.8, 42.7, 41.2, 40.6, 33.7, 32.9, 32.5, 27.8, 22.2,
20.8, 17.7. HR-MS(ESI): Calculated for C29H35BrNaO7 [MþNa]þ:
597.1464, found 597.1508.
4.2.7. (6R,6aR,9S,11S,11bS,12R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-2-methylbenzoate.
(compound 2g)

White solid, yield: 46%; Mp: 134e135 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.72e7.67 (m, 1H), 7.37 (td, J ¼ 7.5, 1.6 Hz, 1H), 7.21 (d,
J ¼ 7.7 Hz, 2H), 5.78 (d, J ¼ 10.2 Hz, 2H), 5.33 (s, 1H), 4.91 (d,
J¼ 12.4 Hz,1H), 4.48 (d, J¼ 12.2 Hz,1H), 4.42 (d, J¼ 4.4 Hz,1H), 4.29



Fig. 10. (A) Changes of intracellular ROS-related protein after the introduction of NAC. (B) ROS-related protein expression. (C) Changes of apoptosis-related proteins in cells after the
introduction of NAC. (D) Apoptosis-related protein expression. The b-Actin was used as control. Date are represented as mean ± SD of three independent experiments. *p < 0.05
verse control, **p < 0.01 verse control.
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(d, J ¼ 2.0 Hz, 1H), 3.08 (d, J ¼ 3.9 Hz, 1H), 2.60 (dt, J ¼ 14.2, 4.2 Hz,
1H), 2.44 (s, 3H), 2.11 (s, 3H), 1.98e1.87 (m, 2H), 1.80 (q, J ¼ 12.7 Hz,
1H),1.66e1.56 (m, 2H),1.54e1.32 (m, 4H),1.31e1.21 (m,1H),1.09 (d,
J ¼ 10.8 Hz, 1H), 0.97e0.92 (m, 1H), 0.90 (s, 3H), 0.89 (s, 4H). 13C
NMR (100 MHz, DMSO‑d6) d 204.1, 170.3, 166.9, 148.5, 138.9, 131.4,
131.1, 130.6, 130.4, 125.3, 112.6, 76.9, 72.0, 66.1, 62.8, 62.0, 59.2, 52.9,
43.0, 41.2, 40.6, 38.9, 33.7, 32.9, 32.5, 27.9, 22.2, 21.0, 20.7, 17.7. HR-
MS(ESI): Calculated for C30H38NaO7 [MþNa]þ: 533.2595, found
533.2595.

4.2.8. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-2-(trifluoromethyl)
benzoate. (compound 2h)

White solid, yield: 52%; Mp: 136e137 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.78 (t, J¼ 8.8 Hz, 2H), 7.70 (dd, J¼ 6.3, 2.7 Hz, 2H), 5.81
(s, 1H), 5.73 (s, 1H), 5.30 (s, 1H), 4.93 (d, J ¼ 12.5 Hz, 1H), 4.68 (d,
J ¼ 4.0 Hz, 1H), 4.39 (d, J ¼ 12.5 Hz, 1H), 4.34 (s, 1H), 3.05 (s, 1H),
2.63e2.54 (m, 1H), 2.11 (s, 3H), 1.93 (d, J ¼ 14.4 Hz, 2H), 1.81e1.65
(m, 2H), 1.59 (s, 2H), 1.43 (t, J ¼ 16.9 Hz, 3H), 1.17 (d, J¼ 11.4 Hz, 1H),
1.11 (d, J ¼ 12.4 Hz, 1H), 0.95 (s, 1H), 0.91 (s, 3H), 0.89 (s, 4H). 13C
NMR (100 MHz, DMSO‑d6) d 203.7, 170.3, 165.5, 147.8, 132.2, 131.3,
131.3, 130.8, 126.8, 126.1, 124.7, 122.04, 113.0, 78.1, 72.1, 66.0, 62.7,
61.9, 59.1, 52.8, 42.7, 41.2, 40.6, 33.7, 32.9, 32.5, 27.8, 22.2, 20.7, 17.7.
HR-MS(ESI): Calculated for C30H35F3NaO7 [MþNa]þ: 587.2233,
found 587.2208.

4.2.9. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naphthalen-12-yl-2,3-dichlorobenzoate.
(compound 2i)

White solid, yield: 58%; Mp: 145e146 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.77 (dd, J¼ 8.0, 1.8 Hz, 1H), 7.63 (dd, J¼ 7.8, 1.7 Hz,1H),
7.40 (t, J ¼ 8.0 Hz, 1H), 5.78 (d, J ¼ 18.8 Hz, 2H), 5.33 (s, 1H), 4.92 (d,
J¼ 12.3 Hz,1H), 4.66 (d, J¼ 4.1 Hz,1H), 4.43 (d, J¼ 12.5 Hz,1H), 4.33
(d, J ¼ 1.9 Hz, 1H), 3.10 (d, J ¼ 4.1 Hz, 1H), 2.61 (dt, J ¼ 14.1, 4.1 Hz,
1H), 2.12 (s, 3H),1.97e1.88 (m, 2H),1.83e1.58 (m, 4H),1.54e1.36 (m,
4H), 1.10 (d, J¼ 10.7 Hz,1H), 0.95 (t, J¼ 9.4 Hz,1H), 0.91 (s, 3H), 0.88
(s, 4H). 13C NMR (100 MHz, DMSO‑d6) d 203.7, 170.3, 164.0, 147.9,
133.1, 133.0, 132.9, 132.6, 130.2, 129.8, 127.9, 113.1, 78.1, 72.1, 66.1,
62.7, 61.8, 59.1, 52.8, 42.7, 41.1, 40.6, 33.7, 32.8, 32.5, 27.8, 22.2, 20.8,
17.7. HR-MS(ESI): Calculated for C29H34Cl2NaO7 [MþNa]þ: 587.1579,
found 587.1633.

4.2.10. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naphth-alen-12-yl-2,4-
dichlorobenzoate. (compound 2j)

White solid, yield: 61%; Mp: 133e134 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.69 (d, J¼ 8.5 Hz, 2H), 7.50 (dd, J¼ 8.5, 2.0 Hz,1H), 5.78
(d, J ¼ 6.5 Hz, 2H), 5.33 (s, 1H), 4.91 (d, J ¼ 12.4 Hz, 1H), 4.63 (d,
J ¼ 4.1 Hz, 1H), 4.43 (d, J ¼ 12.3 Hz, 1H), 4.34e4.32 (m, 1H),
3.13e3.06 (m, 1H), 2.61 (dt, J ¼ 14.3, 4.3 Hz, 1H), 2.11 (s, 3H),
2.03e1.85 (m, 2H), 1.80e1.55 (m, 3H), 1.52e1.27 (m, 4H), 1.24e1.07
(m, 2H), 0.95 (d, J ¼ 6.0 Hz, 1H), 0.90 (s, 3H), 0.88 (s, 4H). 13C NMR
(100 MHz, DMSO‑d6) d 203.8, 170.3, 163.6, 147.9, 136.7, 133.4, 132.3,
129.9, 129.0, 127.2, 113.1, 77.8, 72.0, 66.1, 62.7, 61.8, 59.1, 52.8, 42.7,
41.1, 40.6, 38.9, 33.7, 32.8, 32.5, 27.8, 22.2, 20.8, 17.7. HR-MS(ESI):
Calculated for C29H34Cl2NaO7 [MþNa]þ: 587.1579, found 587.1564.

4.2.11. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naph-thalen-12-yl 5-chloro-2-
methoxybenzoate. (compound 2k)

White solid, yield: 57%; Mp: 133e135 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.54e7.48 (m, 2H), 7.11 (d, J ¼ 8.9 Hz, 1H), 5.77 (t,
J ¼ 1.2 Hz, 1H), 5.74 (d, J ¼ 2.5 Hz, 2H), 5.32 (s, 1H), 4.89 (d,
J¼ 12.4 Hz,1H), 4.63 (d, J¼ 4.4 Hz,1H), 4.43 (d, J¼ 12.3 Hz,1H), 4.30
(d, J ¼ 2.0 Hz, 1H), 3.78 (s, 3H), 3.04 (d, J ¼ 4.3 Hz, 1H), 2.59 (dt,
J ¼ 13.8, 4.3 Hz, 1H), 2.10 (s, 3H), 1.97e1.86 (m, 2H), 1.78e1.69 (m,
1H), 1.66e1.57 (m, 2H), 1.53e1.33 (m, 4H), 1.12e1.06 (m, 1H), 0.94
(d, J ¼ 9.7 Hz, 1H), 0.90 (s, 3H), 0.87 (s, 4H). 13C NMR (100 MHz,



Fig. 11. (A) Nude mice weight during treatment. (B) Tumour volume in nude mice during treatment. (C) Photos of nude mice after 14 days of treatment. (D) Photographs of tumours
in nude mice after 14 days of treatment. (E) Tumour weight in nude mice after 14 days of treatment. *p < 0.05 verse control, **p < 0.01 verse control.
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DMSO‑d6) d 204.0, 170.2, 163.4, 156.9, 148.1, 132.3, 130.5, 123.4,
122.2, 114.1, 112.9, 77.3, 72.1, 66.1, 62.7, 61.9, 59.1, 56.0, 54.8, 52.9,
42.8, 41.1, 40.6, 33.7, 32.9, 32.5, 27.8, 22.2, 20.7, 17.7. HR-MS(ESI):
Calculated for C30H37ClNaO8 [MþNa]þ: 583.2075, found 583.2157.
4.2.12. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-3-fluorobenzoate.
(compound 2l)

White solid, yield: 58%; Mp: 124e125 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.64 (dt, J ¼ 7.7, 1.4 Hz, 1H), 7.54e7.47 (m, 2H),
7.46e7.40 (m, 1H), 5.87e5.78 (m, 2H), 5.39 (s, 1H), 4.88 (d,
J ¼ 12.4 Hz, 1H), 4.48e4.42 (m, 2H), 4.34 (d, J ¼ 2.0 Hz, 1H),
3.12e3.08 (m, 1H), 2.60 (dt, J ¼ 13.9, 4.1 Hz, 1H), 2.11 (s, 3H),
1.99e1.87 (m, 2H), 1.74 (q, J ¼ 12.7 Hz, 1H), 1.65e1.30 (m, 6H),
1.25e1.14 (m, 1H), 1.09 (dd, J ¼ 12.7, 2.2 Hz, 1H), 0.98e0.92 (m, 1H),
0.90 (s, 3H), 0.88 (s, 4H). 13C NMR (100 MHz, DMSO‑d6) d 204.0,
170.2, 164.8, 162.8, 160.4, 148.2, 133.3, 130.5, 125.3, 119.6, 115.6,
112.9, 77.3, 72.0, 66.0, 62.7, 61.9, 59.1, 52.8, 42.8, 41.1, 40.6, 33.7, 32.9,
32.4, 27.8, 22.1, 20.7, 17.7. HR-MS(ESI): Calculated for C29H35FNaO7
[MþNa]þ: 537.2265, found 537.2253.
4.2.13. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]na-phthalen-12-yl-3-chlorobenzoate.
(compound 2 m)

White solid, yield: 52%; Mp: 134e135 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.76e7.72 (m, 2H), 7.67e7.63 (m, 1H), 7.50 (t, J ¼ 7.9 Hz,
1H), 5.84e5.79 (m, 2H), 5.39 (s, 1H), 4.88 (d, J ¼ 12.4 Hz, 1H),
4.48e4.42 (m, 2H), 4.34 (d, J ¼ 1.6 Hz, 1H), 3.11 (d, J ¼ 3.9 Hz, 1H),
2.59 (dt, J ¼ 14.2, 4.3 Hz, 1H), 2.11 (s, 3H), 1.98e1.87 (m, 2H), 1.73 (q,
J¼ 12.7 Hz, 1H), 1.61 (d, J¼ 13.7 Hz, 3H), 1.53e1.37 (m, 4H), 1.09 (dd,
J¼ 12.6, 2.2 Hz, 1H), 0.97e0.92 (m,1H), 0.89 (s, 3H), 0.87 (s, 4H). 13C
NMR (100 MHz, DMSO‑d6) d 204.0, 170.2, 164.8, 148.1, 133.0, 132.9,
132.4, 130.3, 128.7, 127.8, 113.0, 77.4, 71.9, 66.0, 62.7, 61.9, 59.1, 52.8,
42.8, 41.1, 40.6, 38.9, 33.7, 32.9, 32.5, 27.8, 22.1, 20.7, 17.7. HR-
MS(ESI): Calculated for C29H35ClNaO7 [MþNa]þ: 553.1969, found
553.1976.
4.2.14. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]na-phthalen-12-yl-3-bromobenzoate.
(compound 2n)

White solid, yield: 65%; Mp: 143e145 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.92 (t, J ¼ 1.9 Hz, 1H), 7.85e7.80 (m, 2H), 7.48 (t,



Fig. 12. (A) Apoptosis-related protein. (B) The ratio of Bax to Bcl-2. (C) Expression of apoptosis-related proteins. (D) ROS-related protein. (E) The expression level of ROS related
protein. (F) Tumour sections in nude mice were stained with HE after 14 days of treatment. (200 � ) The b-Actin was used as control. Date are represented as mean ± SD of three
independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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J ¼ 7.9 Hz, 1H), 5.86 (d, J ¼ 7.3 Hz, 2H), 5.44 (s, 1H), 4.93 (d,
J ¼ 12.4 Hz, 1H), 4.53e4.47 (m, 2H), 4.39e4.36 (m, 1H), 3.18e3.13
(m,1H), 2.64 (dt, J¼ 14.1, 4.3 Hz,1H), 2.15 (s, 3H), 2.03e1.93 (m, 2H),
1.83e1.62 (m, 4H), 1.59e1.41 (m, 4H), 1.13 (dd, J ¼ 12.8, 2.0 Hz, 1H),
1.02e0.96 (m, 1H), 0.94 (s, 3H), 0.92 (s, 4H). 13C NMR (100 MHz,
DMSO‑d6) d 204.0, 170.2, 164.7, 148.1, 135.2,133.1, 131.6, 130.5, 128.2,
121.3, 112.9, 77.4, 71.9, 66.0, 62.7, 61.9, 59.1, 52.8, 42.8, 41.1, 40.6,
38.9, 33.7, 32.9, 32.5, 27.8, 22.1, 20.7,17.7. HR-MS(ESI): Calculated for
C29H35BrNaO7 [MþNa]þ: 597.1464, found 597.1476.
4.2.15. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]na-phthalen-12-yl-3-methoxybenzoate.
(compound 2�)

White solid, yield: 55%; Mp: 133e134 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.36 (d, J ¼ 6.8 Hz, 2H), 7.33e7.31 (m, 1H), 7.13 (dt,
J ¼ 6.7, 2.7 Hz, 1H), 5.80 (d, J ¼ 8.7 Hz, 2H), 5.37 (s, 1H), 4.87 (d,
J¼ 12.4 Hz,1H), 4.47 (d, J¼ 12.5 Hz,1H), 4.36 (d, J¼ 4.4 Hz,1H), 4.33
(d, J ¼ 2.4 Hz, 1H), 3.76 (s, 3H), 3.08 (d, J ¼ 3.8 Hz, 1H), 2.59 (dt,
J ¼ 13.9, 4.3 Hz, 1H), 2.10 (s, 3H), 1.98e1.87 (m, 2H), 1.75 (q,



Fig. 13. (A) Changes in uric acid. (B) Changes in creatinine. (C) Changes in AST. (D) Changes in ALT. (E) After 14 days of treatment, the main organ sections of nude mice were stained
with HE. (200 � ) Date are represented as mean ± SD of three independent experiments. *p < 0.05 verse control, **p < 0.01 verse control.
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Table 2
Changes in relevant biochemical indicators.

Related parameters
NC 20 mg/kg/d 40 mg/kg/d

WBC( � 109 L) 4.42 ± 0.79 5.02 ± 1.45 4.21 ± 0.49
RBC( � 109 L) 9.75 ± 0.19 9.47 ± 0.1 9.28 ± 0.22
HGB(g/L) 153.20 ± 3.87 147.00 ± 0.89 144.40 ± 1.62
HCT (%) 49.08 ± 1.56 46.67 ± 0.55 46.26 ± 1.29
MCV(fL) 49.90 ± 0.37 49.50 ± 0.57 49.36 ± 0.72
RDW (%) 14.18 ± 0.26 14.32 ± 0.31 14.73 ± 0.44
PLT( � 109 L) 788.60 ± 71.35 754.80 ± 150.29 832.80 ± 41.4

J.-F. Huo et al. / European Journal of Medicinal Chemistry 208 (2020) 112789 15
J ¼ 12.7 Hz, 1H), 1.61 (d, J ¼ 16.5 Hz, 3H), 1.54e1.35 (m, 4H), 1.09 (d,
J ¼ 12.9 Hz, 1H), 0.97e0.92 (m, 1H), 0.89 (s, 3H), 0.88 (s, 4H). 13C
NMR (100 MHz, DMSO‑d6) d 204.1, 170.2, 165.7, 158.8, 148.3, 132.2,
129.3, 121.5, 118.0, 114.5, 112.7, 77.0, 72.0, 66.0, 62.7, 62.0, 59.1, 55.1,
52.9, 42.9, 41.1, 40.6, 38.9, 33.7, 32.9, 32.5, 27.9, 22.1, 20.7, 17.7. HR-
MS(ESI): Calculated for C30H38NaO8 [MþNa]þ: 549.2464, found
549.2485.

4.2.16. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-3-methylbenzoate.
(compound 2p)

White solid, yield: 45%; Mp: 165e167 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.63e7.56 (m, 2H), 7.37 (d, J ¼ 7.8 Hz, 1H), 7.31 (t,
J ¼ 7.6 Hz, 1H), 5.80 (d, J ¼ 4.9 Hz, 2H), 5.37 (s, 1H), 4.88 (d,
J ¼ 12.4 Hz, 1H), 4.48 (d, J ¼ 12.4 Hz, 1H), 4.29 (dd, J ¼ 7.3, 3.0 Hz,
2H), 3.08 (d, J ¼ 3.6 Hz, 1H), 2.59 (dt, J ¼ 14.2, 4.2 Hz, 1H), 2.31 (s,
3H), 2.10 (s, 3H), 1.97e1.87 (m, 2H), 1.76 (q, J ¼ 12.5 Hz, 1H), 1.60 (d,
J ¼ 16.1 Hz, 2H), 1.54e1.33 (m, 4H), 1.31e1.20 (m, 1H), 1.08 (d,
J ¼ 11.0 Hz, 1H), 0.98e0.91 (m, 1H), 0.89 (s, 3H), 0.88 (s, 4H). 13C
NMR (100 MHz, DMSO‑d6) d 204.1, 170.2, 166.0, 148.3, 137.3, 133.1,
130.9,129.6,128.0,126.5,112.8, 76.9, 72.0, 66.1, 62.8, 62.0, 59.1, 52.9,
42.9, 41.1, 40.6, 39.0, 33.7, 32.9, 32.5, 27.9, 22.1, 20.8, 20.7, 17.7. HR-
MS(ESI): Calculated for C30H38NaO7 [MþNa]þ: 533.2515, found
533.2556.

4.2.17. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naph-thalen-12-yl-3-(trifluoromethyl)
benzoate. (compound 2q)

White solid, yield: 57%; Mp: 143e144 �C. 1H NMR (400 MHz,
DMSO‑d6) d 8.08e8.02 (m, 2H), 7.95 (d, J ¼ 8.3 Hz, 1H), 7.72 (t,
J ¼ 7.8 Hz, 1H), 5.84 (d, J ¼ 5.1 Hz, 2H), 5.40 (s, 1H), 4.89 (d,
J ¼ 12.5 Hz, 1H), 4.50e4.43 (m, 2H), 4.34 (s, 1H), 3.13 (s, 1H),
2.64e2.56 (m, 1H), 2.11 (s, 3H), 1.98e1.88 (m, 2H), 1.75 (q,
J ¼ 12.5 Hz, 1H), 1.62 (d, J ¼ 12.7 Hz, 2H), 1.55e1.35 (m, 4H),
1.21e1.15 (m, 1H), 1.09 (d, J ¼ 12.5 Hz, 1H), 0.95 (d, J ¼ 14.2 Hz, 1H),
0.89 (s, 3H), 0.88 (s, 4H). 13C NMR (100 MHz, DMSO‑d6) d 204.0,
170.2,164.8,148.2,133.1,131.9,129.7,129.1,125.4,125.0,122.3,112.9,
77.5, 71.9, 66.0, 62.7, 61.9, 59.0, 52.8, 42.8, 41.1, 40.6, 38.9, 33.7, 32.9,
32.5, 27.8, 22.1, 20.7, 17.7. Calculated for C30H35F3NaO7 [MþNa]þ:
587.2233, found 587.2211.

4.2.18. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-6,11-
dihydroxy-4,4-dimeth-yl-8-methylene-7-oxotetradecahydro-6a,9-
methanocyclohepta[a]naph-thalen-12-yl-3,4-dimethoxybenzoate.
(compound 2r)

White solid, yield: 63%; Mp: 145e147 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.41e7.36 (m, 2H), 6.99 (d, J ¼ 8.4 Hz, 1H), 5.79 (d,
J ¼ 13.9 Hz, 2H), 5.36 (s, 1H), 4.86 (d, J ¼ 12.3 Hz, 1H), 4.48 (d,
J ¼ 12.7 Hz, 1H), 4.30 (dd, J ¼ 6.5, 3.1 Hz, 2H), 3.79 (s, 3H), 3.75 (s,
3H), 3.08 (d, J ¼ 3.5 Hz, 1H), 2.59 (dt, J ¼ 13.8, 4.0 Hz, 1H), 2.11 (s,
3H),1.98e1.88 (m, 2H),1.81e1.57 (m, 4H),1.55e1.36 (m, 4H),1.10 (d,
J¼ 12.1 Hz,1H), 0.94 (d, J¼ 12.5 Hz,1H), 0.90 (s, 3H), 0.88 (s, 4H). 13C
NMR (100 MHz, DMSO‑d6) d 204.2, 170.2, 165.6, 152.4, 148.4, 148.0,
123.2, 123.1, 112.6, 112.2, 110.8, 76.7, 72.1, 66.0, 62.8, 62.0, 59.7, 59.1,
55.6, 55.4, 52.9, 43.0, 41.1, 40.6, 33.7, 32.9, 32.5, 27.9, 22.1, 20.7, 17.7.
HR-MS(ESI): Calculated for C31H40NaO9 [MþNa]þ: 579.2570, found
579.2644.

4.2.19. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-fluorobenzoate.
(compound 2s)

White solid, yield: 43%; Mp: 133e134 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.86e7.81 (m, 2H), 7.30e7.25 (m, 2H), 5.82e5.78 (m,
2H), 5.37 (s, 1H), 4.88 (d, J ¼ 12.4 Hz, 1H), 4.46 (d, J ¼ 12.7 Hz, 1H),
4.36 (d, J ¼ 4.1 Hz, 1H), 4.32 (d, J ¼ 2.0 Hz, 1H), 4.07 (d, J ¼ 4.6 Hz,
1H), 3.11e3.06 (m, 1H), 2.59 (dt, J ¼ 13.8, 4.1 Hz, 1H), 2.10 (s, 3H),
1.99e1.85 (m, 2H), 1.73 (q, J ¼ 12.7 Hz, 1H), 1.60 (d, J ¼ 15.8 Hz, 2H),
1.44 (q, J ¼ 10.5 Hz, 3H), 1.24e1.15 (m, 1H), 1.08 (dd, J ¼ 12.7, 1.9 Hz,
1H), 0.97e0.91 (m,1H), 0.89 (s, 3H), 0.87 (s, 4H). 13C NMR (100MHz,
DMSO‑d6) d 204.1, 170.2, 165.0,163.4,148.2,132.0,131.9,127.5, 115.4,
115.1, 112.8, 77.0, 72.0, 66.0, 62.7, 61.9, 59.1, 52.8, 42.9, 41.1, 40.6,
38.9, 33.7, 32.9, 32.5, 27.8, 22.1, 20.7,17.7. HR-MS(ESI): Calculated for
C29H35FNaO7 [MþNa]þ: 537.2265, found 537.2250.

4.2.20. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimeth-yl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-chlorobenzoate.
(compound 2t)

White solid, yield: 46%; Mp: 135e136 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.78 (d, J ¼ 2.1 Hz, 1H), 7.77 (d, J ¼ 2.0 Hz, 1H), 7.53 (d,
J ¼ 2.0 Hz, 1H), 7.51 (d, J ¼ 2.0 Hz, 1H), 5.81 (d, J ¼ 4.5 Hz, 2H), 5.37
(s, 1H), 4.88 (d, J ¼ 12.4 Hz, 1H), 4.46 (d, J ¼ 12.5 Hz, 1H), 4.36 (d,
J ¼ 4.3 Hz, 1H), 4.32 (d, J ¼ 2.1 Hz, 1H), 3.11e3.07 (m, 1H), 2.59 (dt,
J ¼ 14.2, 4.1 Hz, 1H), 2.10 (s, 3H), 1.98e1.88 (m, 2H), 1.79e1.56 (m,
4H),1.54e1.36 (m, 4H),1.11e1.05 (m,1H), 0.97e0.91 (m,1H), 0.89 (s,
3H), 0.87 (s, 4H). 13C NMR (100MHz, DMSO‑d6) d 204.0, 170.2, 165.1,
148.1, 137.4, 131.0 ( � 2), 129.7, 128.4 ( � 2), 112.9, 77.2, 72.0, 66.0,
62.7, 61.9, 59.1, 52.8, 42.8, 41.1, 40.6, 38.9, 33.7, 32.9, 32.5, 27.8, 22.1,
20.7, 17.7. HR-MS(ESI): Calculated for C29H35ClNaO7 [MþNa]þ:
553.1969, found 553.2048.

4.2.21. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-bromobenzoate.
(compound 2u)

White solid, yield: 61%; Mp: 131e133 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.72e7.65 (m, 4H), 5.80 (d, J ¼ 6.5 Hz, 2H), 5.38 (s, 1H),
4.88 (d, J ¼ 12.4 Hz, 1H), 4.46 (d, J ¼ 12.4 Hz, 1H), 4.37 (d, J ¼ 4.1 Hz,
1H), 4.33 (d, J¼ 2.1 Hz, 1H), 3.10 (d, J¼ 3.8 Hz, 1H), 2.59 (dt, J¼ 13.9,
4.0 Hz, 1H), 2.10 (s, 3H), 1.98e1.86 (m, 2H), 1.73 (q, J ¼ 12.6 Hz, 1H),
1.60 (d, J ¼ 15.6 Hz, 3H), 1.53e1.35 (m, 4H), 1.08 (dd, J¼ 12.7, 2.2 Hz,
1H), 0.94 (dd, J ¼ 13.0, 4.3 Hz, 1H), 0.89 (s, 3H), 0.87 (s, 4H).13C NMR
(100 MHz, DMSO‑d6) d 204.0, 170.2, 165.3, 148.1, 131.3 ( � 2), 131.2
(� 2), 130.1, 126.5, 112.9, 77.2, 72.00, 66.0, 62.7, 61.9, 59.1, 52.8, 42.8,
41.1, 40.6, 38.9, 33.7, 32.8, 32.5, 27.8, 22.1, 20.7, 17.7. HR-MS(ESI):
Calculated for C29H35BrNaO7 [MþNa]þ: 597.1464, found 597.1459.

4.2.22. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimeth-yl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-methoxybenzoate.
(compound 2v)

White solid, yield: 47%; Mp: 122e123 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.77e7.71 (m, 2H), 6.99e6.94 (m, 2H), 5.78 (d,
J ¼ 10.5 Hz, 2H), 5.36 (s, 1H), 4.88 (d, J ¼ 12.4 Hz, 1H), 4.47 (d,
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J ¼ 12.2 Hz, 1H), 4.31 (d, J ¼ 2.0 Hz, 1H), 4.27 (d, J ¼ 4.3 Hz, 1H), 3.79
(s, 3H), 3.06 (d, J ¼ 3.6 Hz, 1H), 2.59 (dt, J ¼ 14.2, 4.2 Hz, 1H), 2.10 (s,
3H), 2.00e1.87 (m, 2H), 1.74 (q, J ¼ 12.4 Hz, 1H), 1.60 (d, J ¼ 17.4 Hz,
3H), 1.53e1.35 (m, 4H), 1.08 (dd, J ¼ 12.7, 2.1 Hz, 1H), 0.96e0.91 (m,
1H), 0.89 (s, 3H), 0.87 (s, 4H). 13C NMR (100 MHz, DMSO‑d6) d 203.1,
169.1, 164.4, 161.4, 147.3, 130.1 ( � 2), 122.1, 112.3 ( � 2), 111.5, 75.4,
70.9, 64.9, 61.6, 60.8, 58.0, 54.2, 51.8, 41.9, 40.0, 39.5, 37.8, 32.63,
31.80, 31.39, 26.82, 21.09, 19.65, 16.62. HR-MS(ESI): Calculated for
C30H38NaO8 [MþNa]þ: 549.2464, found 549.2465.

4.2.23. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimeth-yl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-methylbenzoate.
(compound 2w)

White solid, yield: 63%; Mp: 142e143 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.70e7.66 (m, 2H), 7.23 (d, J ¼ 8.3 Hz, 2H), 5.79 (d,
J ¼ 6.7 Hz, 2H), 5.37 (s, 1H), 4.88 (d, J ¼ 12.5 Hz, 1H), 4.47 (d,
J ¼ 12.7 Hz, 1H), 4.31 (d, J¼ 2.0 Hz, 1H), 4.28 (d, J ¼ 4.4 Hz, 1H), 3.07
(d, J ¼ 3.6 Hz, 1H), 2.59 (dt, J ¼ 13.8, 4.1 Hz, 1H), 2.33 (s, 3H), 2.10 (s,
3H), 1.98e1.85 (m, 2H), 1.75 (q, J ¼ 12.6 Hz, 1H), 1.60 (d, J ¼ 15.8 Hz,
3H), 1.54e1.34 (m, 4H), 1.08 (dd, J ¼ 12.8, 2.0 Hz, 1H), 0.96e0.91 (m,
1H), 0.89 (s, 3H), 0.87 (s, 4H). 13C NMR (100MHz, DMSO‑d6) d 204.2,
170.2, 165.9, 148.3, 142.6, 129.3 ( � 2), 128.71 ( � 2), 128.2, 112.7,
76.7, 72.0, 66.0, 62.8, 61.9, 59.1, 52.9, 42.9, 41.1, 40.6, 38.9, 33.7, 32.9,
32.5, 27.9, 22.2, 21.0, 20.7, 17.7. HR-MS(ESI): Calculated for
C30H38NaO7 [MþNa]þ: 533.2515, found 533.2516.

4.2.24. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimeth-yl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-(trifluoromethyl)
benzoate. (compound 2x)

White solid, yield: 43%; Mp: 155e157 �C. 1H NMnR (400 MHz,
DMSO‑d6) d 7.97 (d, J ¼ 8.2 Hz, 2H), 7.84 (d, J ¼ 8.4 Hz, 2H), 5.84 (d,
J ¼ 4.8 Hz, 2H), 5.39 (s, 1H), 4.89 (d, J ¼ 12.3 Hz, 1H), 4.48 (d,
J¼ 12.4 Hz,1H), 4.42 (d, J¼ 4.4 Hz,1H), 4.34 (s, 1H), 3.12 (s,1H), 2.61
(dd, J ¼ 14.0, 4.9 Hz, 1H), 2.11 (s, 3H), 1.99e1.87 (m, 2H), 1.75 (q,
J ¼ 12.4 Hz, 1H), 1.62 (d, J ¼ 14.2 Hz, 2H), 1.44 (q, J ¼ 16.2, 14.1 Hz,
4H), 1.20 (dt, J ¼ 14.3, 7.2 Hz, 1H), 1.09 (d, J ¼ 12.3 Hz, 1H), 0.95 (d,
J ¼ 11.0 Hz, 1H), 0.89 (s, 3H), 0.88 (s, 4H). 13C NMR (100 MHz,
DMSO‑d6) d 203.9, 170.2, 165.0, 148.1, 134.6, 132.0, 130.0 ( � 2),
125.3, 125.1, 122.3, 113.0, 77.5, 72.0, 66.1, 62.7, 61.9, 59.1, 52.8, 42.8,
41.1, 40.6, 38.9, 33.7, 32.8, 32.4, 27.8, 22.1, 20.7, 17.7. HR-MS(ESI):
Calculated for C30H35F3NaO7 [MþNa]þ: 587.2233, found 587.2205.

4.2.25. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimeth-yl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl-4-(chloromethyl)
benzoate. (compound 2y)

White solid, yield: 56%; Mp: 132e133 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.71 (d, J ¼ 8.0 Hz, 2H), 7.43 (d, J ¼ 8.3 Hz, 2H),
5.76e5.72 (m, 2H), 5.30 (s, 1H), 4.82 (d, J¼ 12.5 Hz,1H), 4.71 (s, 2H),
4.40 (d, J ¼ 12.4 Hz, 1H), 4.29e4.23 (m, 2H), 3.02 (d, J ¼ 3.8 Hz, 1H),
2.53 (dt, J ¼ 14.1, 4.1 Hz, 1H), 2.03 (s, 3H), 1.95e1.81 (m, 3H), 1.54 (d,
J ¼ 14.7 Hz, 3H), 1.47e1.30 (m, 4H), 1.04e0.99 (m, 1H), 0.87 (dd,
J ¼ 13.1, 4.6 Hz, 1H), 0.82 (s, 3H), 0.81 (s, 4H). 13C NMR (100 MHz,
DMSO‑d6) d 204.1,170.2,165.6,148.2,142.0,130.7 (� 2),129.5 (� 2),
128.5, 112.8, 77.0, 72.0, 66.0, 62.7, 61.9, 59.1, 52.9, 45.3, 42.9, 41.1,
40.6, 38.9, 33.7, 32.9, 32.5, 27.9, 22.2, 20.7, 17.7. HR-MS(ESI):
Calculated forC30H37ClNaO7 [MþNa]þ: 567.2126, found 567.2149.

4.2.26. (4aR,6R,6aR,9S,11S,11bS,12R,14R)-11b-(acetoxymethyl)-
6,11-dihydroxy-4,4-dimethyl-8-methylene-7-oxotetradecahydro-
6a,9-methanocyclohepta[a]naph-thalen-12-yl 4-(bromomethyl)
benzoate. (compound 2z)

White solid, yield: 43%; Mp: 111e112 �C. 1H NMR (400 MHz,
DMSO‑d6) d 7.78 (d, J ¼ 8.2 Hz, 2H), 7.49 (d, J ¼ 8.3 Hz, 2H), 5.81 (s,
2H), 5.37 (s, 1H), 4.88 (d, J ¼ 12.4 Hz, 1H), 4.78 (s, 2H), 4.47 (d,
J¼ 12.4 Hz, 1H), 4.33 (d, J ¼ 7.0 Hz, 2H), 3.08 (d, J¼ 3.9 Hz, 1H), 2.60
(dt, J ¼ 14.1, 4.1 Hz, 1H), 2.10 (s, 3H), 1.98e1.86 (m, 2H), 1.80e1.54
(m, 4H), 1.53e1.30 (m, 4H), 1.08 (d, J ¼ 11.9 Hz, 1H), 0.94 (dd,
J ¼ 13.4, 3.8 Hz, 1H), 0.89 (s, 3H), 0.87 (s, 4H). 13C NMR (100 MHz,
DMSO‑d6) d 204.1, 170.2, 165.6, 148.2, 142.0, 130.7, 129.5 (� 2), 128.5
( � 2), 112.8, 77.0, 72.0, 66.0, 62.7, 61.9, 59.1, 52.9, 45.3, 42.9, 41.1,
40.6, 38.9, 33.7, 32.9, 32.5, 27.9, 22.2, 20.7, 17.7. HR-MS(ESI):
Calculated for C30H37BrNaO7 [MþNa]þ: 611.1620, found 611.1719.

4.3. Cell culture

Human oesophageal cancer cells EC109, TE-1, human breast
cancer cells MCF-7, human gastric cancer cells MGC-803, human
gastric epithelial cell line GES-1, human umbilical vein endothelial
cells, the above cells were purchased from China Center for Type
Collection (CCTCC, China) and grown in RPMI-1640 medium
(Corning, USA) with 10% fetal bovine serum (FBS) (ZETA, USA). Cells
were cultured in a humid atmosphere of 5% CO2 and 95% air at
37 �C.

4.4. Determination of anticancer activity in vitro

All cell viability tests were performed by the SRB method. When
the cells were in the logarithmic growth phase, and the cell fusion
degree was about 90%, the cells were digested by trypsin and
centrifuged to collect the cells. Cell counting plates were used and
then evenly seeded in 96-well plates. When the cells begin to
divide logarithmically, discard the old medium, and add the
medicatedmedium. At the end of incubation time, the mediumwas
abandoned, and then 100 L 10% TCA solution was added to each
well. The plate was incubated in a 4 �C refrigerator in the dark to fix
the bottom cells. After 1 h, remove the culture plate, remove the
TCA solution, and carefully clean the 96-well plate with pure water
to remove excess TCA fixative solution. After washing, put it in the
ventilation place for drying. After drying, use the prepared SRB
staining solution for cell staining and shaker staining 30 min. And
then, 96-well plates were washed five times with pure water
containing 1% acetic acid to remove excess dyes. Dried in the
ventilated place, then added Tris-HCl (PH10.5), dissolved dyes on
the shaker, and detected the absorbance value (OD value) at
560 nM using a microplate reader.

4.5. Colony formation assay

Firstly, EC 109 digestion treatment, whichwas in the logarithmic
growth phase and had a fusion degree of 90%, was used to collect
cells. Cells were seeded into 6-well plates according to 1.5� 103 per
well. After waiting for cells to adhere, themedium containing drugs
was replaced, and then themediumwithout drugs was replaced for
24 h in a 5% CO2 incubator at 37 �C. After replacing the medium, the
cells were cultured in a 5% CO2 incubator at 37 �C for seven days.
The cells were observed under a microscope to form a cell colony.
Then discard the culturemedium and use the 4% paraformaldehyde
solution to fix the cells. Add paraformaldehyde and wait 30 min to
complete the fixation, discard the fixative, add PBS to wash the
fixative on the shaker, wash three times in 5 min each time. After
cleaning, 6-well plates were dried and stained with 1 mL crystal
violet staining solution for 30 min. After dyeing, the crystal violet
dye solution was discarded, and the excess crystal violet dye solu-
tion was washed with PBS and dried. After drying, photographs
were taken with a camera, and finally, the number of cell clones
was analyzed using ImageJ.
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4.6. Flow cytomety measure for cells apoptosis

The apoptosis ratio was used by the kit (KeyGEN BioTECH,
China) to detect. Cells were evenly put in 6-well plates, and 6 *
104 cells were incubated in each well. When cells adhered to each
other and began to grow logarithmically, the old medium was
discarded, and the medium containing drugs was added to the
incubator for 24 h. After waiting for 24 h, the 6-well plate was
digested with trypsin without EDTA, and the cells were collected.
During the treatment, the cells were treated gently to avoid damage
to the cells. Use EP tubes to collected the cell, and 500 L of Binding
Buffer was added to each tube to resuspend the cells. Then 5 L of
Annexin V-FITC staining solution and 5 L of PI staining solution
were added respectively, mixed evenly and stained for 15 min in
the dark at room temperature. And then use the flow cytometry to
test the apoptosis ratio (BD Bioscience, USA).

4.7. Detection of cell mitochondrial membrane potential

The change of mitochondrial membrane potential after com-
pound treatment was detected using a kit (KeyGEN BioTECH,
China). The cell inoculation procedure was the same as 4.10. After
24 h of drug treatment, the cells were collected into EP tubes.
Samples were stained with JC-1 staining solution. Flow cytometry
was used for detection.

4.8. Measurement of intracellular ROS generation

Cellular reactive oxygen species were detected by flow cytom-
etry using a kit. The method of cell incubation and drug addition
was the same as that of 4.10. After collecting the cells, the staining
solution was added and incubated in a cell incubator at 37 C for
20 min. Finally, the reactive oxygen species in the samples were
detected by flow cytometry.

4.9. Western blot analysis

Western Blotting was used to detect protein changes in
compound-treated cell samples. First, the cells were cultured to the
appropriate state and then added drugs. The cells were cultured in
the incubator for 24 h after drug addition and digestedwith trypsin.
Add the RIPA lysis solution, which can crack the cell. Then use a
centrifuge to centrifuge the sample. The supernatant was collected,
and then the protein concentration was detected by the BCA
method. Add the appropriate Loading Buffer to the sample. The
protein was further denatured using boiling water. The experi-
ments were then carried out using SDS-PAGE, and finally, the glue
was transferred to the PVDF membrane (General Electric Company,
USA). Use 5% skimmed milk for closure. When blank is over, incu-
bation is performed with an antibody (Bcl-2, Bax, Bim, Cyto C, Bad,
Cleaved-Caspase 9, Cleaved-Caspase 7, Cleaved-Caspase 3, Cleaved
PARP, p-JNK, p-MKK4, p-ASK1, p-CJUN, b-actin (1000 � dilution)).
And then the immunoblots were visualized by enhanced chem-
iluminescence kit (Thermo Fish, USA).

4.10. Tumour transplantation in nude mice

Twenty-four female BALB/c nude mice were purchased, and the
nude mice were housed in an SPF-grade animal room, with five per
cage. When the nude mice adapt in the environment for five days,
EC109 cells that had been cultured and in good condition were
collected and counted. After counting, use the PBS to levitate the
cell. Underarm injection for nude mice and each mouse was inoc-
ulated with 1.5 � 106 EC109 cells. After the injection, the animals’
body weight and tumour tissue size were measured. When the
average tumour volume reached 100 mm3, the animals were
divided into three groups, and the administration was started the
next day. In the NC group, 200 mL of physiological saline was
injected intraperitoneally. The low dose of Compound 2y was
20 mg/kg/day, and the high dose was 40 mg/kg/day. Nude mice
were weighed once a day during dosing, and the tumour volume
was measured. Nude mice were sacrificed 14 days after the
administration, and nude mice were dissected and weighed and
photographed for recording.

4.11. HE staining experiment

Nude mouse xenografts and main organs were fixed in para-
formaldehyde for one week and then embedded in paraffin. Cut
paraffin blocks into 5 mm sections. The Leica (Leica, Germany) fully
automatic HE dyeing machine is used for dewaxing, dyeing, dehy-
dration, and other steps. Leica DM 300microscope is used to get the
picture from slices.

4.12. Tissue protein extraction and tissue protein western blotting

The tumour tissue was disrupted using abrasion. Slowly add
liquid nitrogen during the grinding process to cool down until the
tissue ends in debris. The remaining steps are similar to Western
Blotting experiments at the cellular level.

4.13. Hematological index in nude mice

Use the curved forceps to remove the eyeball of the nude mouse
and collect the blood into the blood collection tube. Press the heart
of the nude mouse to make the blood flow out quickly. The heart
should be pressed lightly to prevent nude mice from dying during
blood collection. Centrifuge the sample using a centrifuge and take
the serum into a new EP tube. The kit (JianCheng, China) was used
to detect various hematological indexes of nude mice. Follow the
kit instructions.

4.14. Statistical analysis

All data are expressed as “mean ± SD”. GraphPad Prism 8.0 was
used for statistical analysis. Nude mouse xenograft experiments
were performed using the t-test, P < 0.05 considered statistically
significant. Western blotting experiments were performed by one-
way analysis of variance. P < 0.05 considered the data to be sta-
tistically different.
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