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A B S T R A C T

Among the most pervasive malignancies affecting females worldwide, breast cancer is responsible for approxi
mately 2.2 million new diagnoses and over 660,000 fatalities reported annually. Natural products represent an 
invaluable resource for the identification and development of potential innovative anti-cancer pharmaceuticals. 
In our present study, two series of derivatives were designed for synthesis by merging benzamide and piperazine 
with alepterolic acid. According to our observations, compounds 11s and 13r were cytotoxically more active 
against the MCF-7 cell line, showing IC50 values of 4.93 ± 0.84 μM and 2.95 ± 0.52 μM, respectively. Further 
investigations revealed that under the treatment with 11s and 13r, morphology of MCF-7 cells was changed and 
their growth was inhibited both dose- and time-dependently. Additional Western blotting demonstrated a 
marked increase in the levels of cleaved caspases− 3, − 8, − 9, cleaved poly (ADP ribose) polymerase (PARP) 
alongside Bax/Bcl-2 ratio in the 11s-treated MCF-7 cells. Similarly, treatment with 13r significantly upregulated 
the cellular cleaved caspases− 3, − 8, and PARP levels. Mechanistically, Western blotting revealed that 11s 
triggered both the intrinsic (via cleaved caspase− 9/Bax upregulation) and extrinsic (via cleaved caspase− 8 
activation) apoptosis in MCF-7 cells, whereas 13r solely activated the extrinsic pathway. Conclusively, our 
findings demonstrated that the incorporation of benzamide and piperazine to alepterolic acid represents a 
promising approach for the discovery of new drug candidates.

1. Introduction

The past half century witnessed a rapid increase in cancer-related 
morbidity and mortality. The International Agency for Research on 
Cancer statistics position breast cancer as one of the most pervasive 
malignancies affecting women globally. The World Health Organization 
predicts that by 2025, the global death toll from cancer will reach 13 
million [1]. Chemotherapy, radiation therapy, and immunotherapy are 
the current mainstream approaches to cancer treatment. During 
chemotherapy, patients receive anti-cancer drugs, which not only kill 
cancer cells but also damage healthy tissues, leading to drug resistance 
and various adverse reactions. Hence, developing innovative and safe 
anticancer therapeutics is critically needed [2,3].

Natural products constitute a significant reservoir for the exploration 
and development of novel antineoplastic alternatives [4,5]. To date, 

numerous natural products have been recognized as medicinal agents 
with significant biological activities, including artemisinin (antimalarial 
drug) [6], paclitaxel (anticancer drug) [7], morphine (analgesic drug) 
[8] and daptomycin (antibacterial drug) [9,10]. A category of natural 
products called diterpenoids are typified by the presence of four 
isoprene units. In recent years, multiple diterpenoid compounds have 
been extensively investigated and developed as potential anticancer 
agents [11,12]. Tanshinone IIA (1, Fig. 1), an abietane-type diterpenoid 
isolated from Salvia miltiorrhiza, features a characteristic ortho-quinone 
moiety fused with a tetrahydronaphthalene ring [13]. It possesses 
antineoplastic properties, which manifest in the suppression of gastric 
carcinoma cell proliferation by triggering the p53-dependent ferroptosis 
[14,15]. Yunnancoronarin A (2, Fig. 1), a rearranged labdane-type 
diterpenoid extracted from the rhizomes of Hedychium forrestii, dem
onstrates cytotoxicity against K562 myelogenous leukemia cells, with an 
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IC50 of 2.20 μM [16,17]. Eriocalyxin B (3, Fig. 1), an ent-kaurane 
diterpenoid extract of Isodon eriocalyx, exhibits potent anti-tumor ac
tivity. Eriocalyxin B is expected to inhibit the progression of breast 
cancer by regulating mast cells [18].

Alepterolic acid (4, Fig. 1) refers to an ent-labdane-type diterpene 

isolate of Aleuritopteris argentea [19,20]. Labdane-type diterpenoids and 
their derivatives have been reported to exhibit remarkable potential for 
applications in anti-inflammatory, anti-antioxidant, and anti-cancer 
treatment [21–26]. Nevertheless, the biological properties of alepter
olic acid and its derivatives remain poorly characterized. Previously, we 

Fig. 1. Chemical structures of alepterolic acid along with related natural compounds.

Scheme 1. Synthesis of benzyl piperazinyl derivatives of alepterolic acid (11a-11v). Reaction settings: (a) HATU, N,N-diisopropylethylamine, piperazine, CH2Cl2, r. 
t., 3 h; (b) Oxalyl chloride, CH2Cl2, cat. DMF, r.t., 2 h; (c) DIPEA, CH3CN, r.t., 20 h.
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functionalized the C-15 carboxyl group of alepterolic acid by amidation 
reaction. Compared to alepterolic acid, N-methyl alepterolamide (5, 
Fig. 1) exhibited a higher MCF-7 cell cytotoxicity, with IC50 was 14.18 
± 0.56 μM. Compound 6 (Fig. 1), with a N,N-dimethyl-4-piperidinamine 
moiety, demonstrated an IC50 of 7.39 ± 0.80 μM toward human cervical 
carcinoma HeLa cells. This compound stimulates the mitochondrial 
cytochrome c secretion, leading to the caspases− 3, − 9 cleavage and 
activation, as well as the PARP cleavage. Consequently, it results in the 
cessation of HeLa cell DNA repair and induces intrinsic apoptosis [27]. 
Additionally, a range of innovative aniline derivatives of alepterolic acid 
have been synthesized, among which compound 7 (Fig. 1) displays the 
strongest potency for MCF-7 cell suppression, recording an IC50 of 4.20 
± 0.21 μM. This derivative exerts a significant anti-proliferative action 
on MCF-7 cells and reverses EMT to inhibit cell migration. It also reg
ulates the Akt/p70S6K signaling pathway to induce apoptosis [28]. More 
recently, we introduced benzylpiperazine moiety at the C-15 carboxyl 
position of alepterolic acid, yielding a series of derivatives. Among them, 
compound 8 (Fig. 1) displays the strongest potency for suppressing MCF- 
7 cells, with an IC50 value of 8.31 ± 0.67 μM. It can lyse and activate 
caspases− 3 and -9, leading to the PARP cleavage and loss of DNA repair 
function in MCF-7 cells, ultimately inducing intrinsic apoptosis [29].

Piperazine functions as a privilege structure in a variety of natural 
and synthetic compounds, exhibiting a broad spectrum of anticancer 
activities [30–33]. Piperazinyl derivatives of natural products possess 
good biological activity against breast cancer cells [34]. In light of these 
findings, the present study introduced piperazine to alepterolic acid, 

with the attachment of a benzamide structure, for synthesizing two se
ries of new compounds and subsequently evaluated their anticancer 
potency.

2. Results and discussion

2.1. Chemistry

Based on our previous reports, intermediate piperazinyl alepterolic 
amide (9) can be easily synthesized from alepterolic acid (4) by using 
condensation agents such as 2-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetra
methyluronium hexafluorophosphate (HATU). Subsequently, a reduc
tion amination or alkylation reaction was employed to produce 
phenylamino-benzyl piperazine derivatives (11 and 13). Compared to 
reduction amination, alkylation requires fewer reagents and simpler 
procedures. As illustrated in Schemes 1 and 2, 4-bromomethyl benzoic 
acid was converted into the corresponding acyl chloride by oxalyl 
chloride, where N,N-dimethylformamide (DMF) was used as the cata
lyst. This acyl chloride then underwent amidation with various anilines 
or alkylamines to form intermediate (10a-10v and 12a-12u). The final 
step involved benzylation of compound (9) with various benzyl bromide 
(10a-10v and 12a-12u) in the presence of N,N-diisopropylethylamine 
(DIPEA) to afford compounds 11a-11v and 13a-13u. We maintained 
diversity in the amine substrates, including alkylamines (e.g. 11a, 11u), 
electron-donating groups (e.g. 11f, 11h, 13b, 13d), electron- 
withdrawing groups (e.g. 13h), sterically hindered groups (e.g. 11o), 

Scheme 2. Synthesis of benzyl piperazinyl derivatives of alepterolic acid (13a-13u). Reaction settings: (a) HATU, N,N-diisopropylethylamine, piperazine, CH2Cl2, r. 
t., 3 h; (b) Oxalyl chloride, CH2Cl2, cat. DMF, r.t., 2 h; DIPEA, CH3CN, r.t., 20 h.
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and some heterocycles (e.g. 11i, 11j, 11k). The synthesized compounds 
were subjected to HRMS, 1H NMR, and 13C NMR characterization. For 
instance, in the 1H NMR spectrum of compound 11h, the signals of 
methylene of benzyl group appeared at δ 3.54 ppm as doublet; the sig
nals of the aromatic protons descended from 4-bromomethyl benzoic 
acid appeared at the range of δ 7.74–7.36 ppm as doublet peaks; the 
signals of aromatic protons descended from aromatic amines appeared 
as doublet peak at the ranges of δ 7.28–6.81 ppm; the signal of methy
lene of benzyl group was observed at δ 62.43 ppm in the 13C NMR 
spectrum; the signals of four carbon atoms in piperazine structure were 
noted at δ 55.18, 53.01, 46.28 and 41.17, respectively. A consistency 
was found between the analytical and structural data.

2.2. Cytotoxicity evaluation of synthesized compounds

Cancer represents a significant global health challenge, which has 
emerged as a leading cause of mortality. Accordingly, the design and 
development of innovative anticancer therapeutics is among the most 
pressing areas of research [35]. In recent years, breast cancer has 
emerged as one of the globally most pervasive malignancies among fe
males, with persistently increasing incidence and mortality rates. Prior 
research has demonstrated that certain derivatives of alepterolic acid 
exhibit potent inhibitory activity against breast cancer cells. In the 
present study, MTT assay was utilized to determine the in vitro semi- 
inhibitory concentration (IC50) values of target compounds toward 
cancerous MDA-MB-231, MCF-7, A549 versus healthy liver HL-7702 
cells, where camptothecin served as the positive control. As illustrated 
in Table 1, a significant cytotoxicity variation was observed among the 
compounds, which was contingent upon the substituent group associ
ated with the phenylamino-benzyl piperazine moiety. The aniline- 
substituted amide compounds demonstrated superior activity to those 
aliphatic amines-substituted. Good inhibitory activity was found with 
the aniline-substituted derivative (13a), with IC50 values of 6.48 ± 1.14 
μM and 7.73 ± 1.46 μM in MCF-7 and A549 cells, respectively.

Among the aliphatic amines-substituted derivatives (11a-11v se
ries), compound 11d exhibited superior toxicity to compound 11e, 
indicating that the F substituent is preferable to Br. This is further sub
stantiated by the comparison between compounds 11q and 11r. Addi
tionally, compound 11g displayed higher toxicity than compound 11f, 
while compound 11h showed the lowest toxicity, suggesting that the Cl 
substituent is more favorable than -CH₃, and -OCH₃ is the least effective. 
The substitution of phenethylamine (11p) yielded better activity than 
that of benzylamine (11b), recording respective IC50 of 7.19 ± 0.88 μM 
and 8.13 ± 0.89 μM in A549 and MCF-7 cells. Furthermore, the intro
duction of halogen elements based on benzylamine and phenylethyl
amine resulted in an activity decline. The α-naphthylamine derivative 
(11l) also demonstrated efficacy against A549 and MCF-7 cells, with 
respective IC50 being 10.49 ± 2.17 μM and 7.71 ± 2.3 μM. This suggests 
that the bulky group might be tolerated.

Within the 13a-13u series derivatives, compound 13h was the best 
para-substituent (13b-13i) derivative, whose anti-MCF-7 activity was 
higher than that of 13a, recording an IC50 of 5.37 ± 3.34 μM. This im
plies that the activity can be enhanced by introducing trifluoromethyl at 
the para-position, whereas the introduction of methoxy groups (13d, 
13j, and 13o) was ineffective. The activity of compound 13k with a 
meta‑fluorine group was better to that of compound 13a and surpassed 
that of compound 13e with a para‑fluorine group for MCF-7 cells. 
Among the ortho-substituted derivatives (13j-13m), compound 13m 
recorded the best IC50 value of 5.82 ± 1.25 μM. In MCF-7 cells, the 
compound 13l containing an ortho- chlorine group was somewhat as 
active as the compound 13f containing a para‑chlorine group. With two 
chlorine atoms were introduced at the ortho-position and para-position, 
we identified compound 13r as the strongest compound of all the syn
thesized derivatives in this study, whose IC50 was 2.95 ± 0.52 μM for 
MCF-7 cells and 4.68 ± 0.54 for normal liver HL-7702 cells.

Camptothecin is a potent anticancer drug extracted from the Camp
totheca acuminata Decne. It works by inhibiting topoisomerase I, thereby 
disrupting DNA replication in cancer cells [36,37]. Compared to the 
positive control drug camptothecin, compounds 11s and 13r exhibited 
weaker cytotoxicity. However, they demonstrated higher selectivity, 
with compound 11s showing stronger toxicity toward MCF-7 cells than 
MDA-MB-231 cells. Additionally, both compounds exhibited relatively 
low toxicity against normal hepatocytes (HL-7702), suggesting poten
tially reduced side effects in humans. The aforementioned findings 
indicate that 11s (IC50 = 4.93 ± 0.84 μM) and 13r (IC50 = 2.95 ± 0.52 
μM) exhibit comparatively higher toxicity against the breast cancer 
MCF-7 cells. Subsequently, we focused on further biological evaluation 
to elucidate the underlying mechanisms of action of these two com
pounds in MCF-7 cells.

Table 1 
Cytotoxic screening of phenylamino-benzyl piperazine derivatives of alepterolic 
acid against three cancer cell types and a normal human liver cell line.

Compounds Cell lines (IC50/μM*)

MDA-MB- 
231

A549 MCF-7 HL-7702

11a 45.29 ± 9.73 12.99 ± 0.96 18.31 ± 1.44 15.25 ± 2.15
11b 25.05 ± 2.27 11.02 ± 1.62 18.77 ± 4.74 22.62 ± 2.21
11c 30.7 ± 2.06 11.06 ± 0.96 19.94 ± 1.30 18.1 ± 2.04
11d 30.54 ± 4.02 13.51 ± 2.47 18.28 ± 1.68 13.8 ± 1.90
11e 46.42 ± 2.10 13.30 ± 2.01 21.63 ± 3.33 14.68 ± 2.99
11f 25.53 ± 1.53 6.82 ± 0.73 17.41 ± 2.71 3.86 ± 1.21
11g 16.38 ± 1.92 5.77 ± 1.00 9.00 ± 2.70 18.29 ± 2.68
11h 27.66 ± 1.77 12.81 ± 2.29 19.39 ± 2.96 25.41 ± 2.00
11i >100 >100 65.91 ±

17.90
>100

11j 29.76 ± 1.53 13.68 ± 1.58 17.68 ± 1.51 16.12 ± 4.12
11k 25.47 ± 3.52 12.19 ± 2.83 23.64 ± 4.01 17.88 ± 1.94
11l 73.25 ±

14.64
10.49 ± 2.17 7.71 ± 2.30 5.85 ± 1.34

11m 22.51 ± 1.72 7.99 ± 1.60 11.09 ± 3.94 6.57 ± 1.78
11n 60.00 ± 7.38 11.25 ± 1.96 13.66 ± 1.85 5.41 ± 1.16
11o 40.66 ± 3.84 9.64 ± 2.01 11.02 ± 3.31 5.85 ± 1.74
11p 30.86 ± 0.80 7.19 ± 0.88 8.13 ± 0.89 16.28 ± 2.13
11q 29.69 ± 1.26 7.63 ± 0.70 14.62 ± 1.48 11.04 ± 1.18
11r >100 13.03 ± 2.74 14.37 ± 2.32 12.34 ± 1.22
11s 13.35 ± 0.98 3.56 ± 0.47 4.93 ± 0.84 7.76 ± 0.76
11t 63.85 ± 5.80 22.55 ± 2.47 23.23 ± 2.68 39.6 ± 4.67
11u 54.61 ± 3.06 30.51 ± 7.73 21.34 ± 2.73 3.35 ± 0.72
11v 69.09 ± 4.64 11.53 ± 1.89 17.88 ± 3.29 42.86 ± 3.98
13a 49.37 ± 2.20 7.73 ± 1.46 6.48 ± 1.14 26.04 ± 2.44
13b 46.57 ± 3.73 9.73 ± 2.49 8.81 ± 1.13 20.26 ± 1.47
13c >100 29.26 ± 1.67 17.00 ± 0.86 78.79 ±

22.70
13d 76.5 ± 8.34 15.63 ± 3.21 17.61 ± 2.39 29.44 ± 1.94
13e 69.37 ± 9.11 8.20 ± 1.91 10.34 ± 1.94 17.89 ± 1.98
13f >100 10.95 ± 3.39 14.03 ± 1.93 12.21 ± 3.28
13g >100 6.67 ± 2.45 14.02 ± 1.78 7.19 ± 2.33
13h >100 9.64 ± 2.53 5.37 ± 0.34 6.11 ± 1.48
13i >100 9.87 ± 1.60 15.9 ± 11.57 3.71 ± 0.90
13j 24.72 ± 0.80 13.11 ± 1.74 13.92 ± 2.04 18.27 ± 1.98
13k 25.43 ± 2.11 4.06 ± 1.24 6.60 ± 0.97 10.06 ± 2.13
13l 35.19 ± 2.04 8.43 ± 1.42 14.13 ± 1.07 18.58 ± 2.23
13m 27.35 ± 0.86 6.34 ± 1.05 5.82 ± 1.25 13.52 ± 3.40
13n >100 7.38 ± 2.54 10.66 ± 7.06 4.065 ± 2.53
13o >100 69.84 ±

17.07
>100 >100

13p >100 13.66 ± 2.69 13.05 ± 1.98 19.77 ± 4.11
13q >100 24.49 ± 3.61 52.92 ± 9.97 >100
13r 47.33 ± 7.77 3.51 ± 0.93 2.95 ± 0.52 4.68 ± 0.54
13s >100 6.36 ± 2.52 5.18 ± 1.24 9.94 ± 3.14
13t >100 9.08 ± 2.73 5.92 ± 0.90 12.67 ± 1.33
13u >100 38.81 ±

11.30
>100 39.19 ± 7.03

Camptothecin 1.44 ± 0.69 0.42 ± 0.09 0.22 ± 0.09 0.12 ± 0.03

* After 72 h of treatment with compounds, the cells were examined for viability 
by the MTT assay. Quantitative data are reported as means ± SDs from a min
imum of triplicate independent experiments. Cell viability rate (%) = (Asample- 
Ablank)/(Acontrol-Ablank)*100.
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2.3. Compounds 11s and 13r inhibited the growth of MCF-7 cells

To investigate the cellular impacts of 11s and 13r, we exposed MCF- 
7 cells to diverse concentrations of 11s and 13r. At 24 h post-treatment, 
cellular morphological alterations were observed through optical mi
croscopy, and the outcomes were presented in Figs. 3 and 4. The 
morphology of cells serves as a critical structural foundation for their 
biological functions [38,39]. With the rise in the concentration of 
compounds 11s and 13r, the quantity of MCF-7 cells gradually declined. 
At the highest doses (11s, 10 μM; 13r, 6 μM), microscopic analysis 
revealed characteristic cellular responses including contraction, 
dispersion, and subsequent detachment from the culture substrate. 
Furthermore, the number of floating cells gradually increased, pre
senting a transparent and shiny state as the compound concentration 
rose. As implied by the above results, 11s and 13r might inhibit the 
growth of MCF-7 cells and induce their demise dose-dependently. Next, 
we conducted a further investigation into the effects of these two com
pounds on the MCF-7 cell growth through Trypan blue staining, one of 
the most classical methods for identifying the cell survival rate in cul
ture, which enables a facile and rapid distinction between living and 

dead cells [40]. We found that normal cells remained uncolored, while 
dead and dying cells were stained blue by Trypan blue. Further, the 
growth curves of cells following drug treatment were fitted by cell 
counting and software analysis. As depicted in Fig. 5, a significant 
reduction in cell viability was observed upon exposure to compounds 
11s and 13r. These results indicated a concentration- and time- 
dependent inhibition of MCF-7 cell growth by 11s and 13r.

2.4. Compounds 11s and 13r suppressed the formation of MCF-7 cell 
colonies

To further prove that compounds 11s and 13r can inhibit the growth 
of MCF-7 cells, we further investigated their effects on the cellular 
colony-forming capacity through plate clone formation experiments. 
According to Fig. 6, the colony formation gradually weakened as the 
drug concentration rose, which was even completely inhibited at high 
doses (11s, 10 μM; 13r, 6 μM), showing significant differences from the 
controls (*** p < 0.001). Suggestively, 11s and 13r can exert prolonged 
dose-dependent inhibitory effects on the formation of MCF-7 cell 
colonies.

Fig. 3. Cellular morphological alterations in response to 11s. Non-treated MCF-7 cells and those subjected to a 24-h gradient compound 11s (0, 2.5, 5, 10 μM) 
treatment. (Scale bar: 50 μm)

Fig. 4. Cellular morphological alterations in response to 13r. Non-treated MCF-7 cells and those subjected to a 24-h gradient compound 13r (0, 1, 3 and 6 μM) 
treatment. (Scale bar: 50 μm).
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Fig. 5. Compounds 11s and 13r inhibited the MCF-7 cell growth. Growth curves after 24, 48 and 72 h of 11s and 13r treatment.
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Fig. 6. Colony formation results for non-treated MCF-7 cells and those subjected to 2 weeks of gradient compound 11s (0, 2.5, 5 and 10 μM) and 13r (0, 1, 3 and 6 
μM) treatment. Data were reported as means ± SDs from a minimum of triplicate independent experiments. **p < 0.01, and ***p < 0.001 vs. solvent control.

Fig. 7. Effects of 11s and 13r on the scratch healing capacity of MCF-7 cells (Scale bar: 250 μm).
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2.5. Compounds 11s and 13r inhibited the migration of MCF-7 cells

Breast cancer cells are characterized by high migration and aggres
siveness, which are the reasons for poor prognosis in the course of 
treatment. Cell migration is closely associated with breast cancer 
metastasis [41,42]. We determined whether the compounds 11s and 13r 
held the ability to inhibit tumor cell migration through the scratch test, 
since such assay is capable of simulating the process of cancer cell 
migration in vivo to a certain extent. As illustrated in Fig. 7, scratch 
width in the controls gradually narrowed over time. At 72 h, scratch 
healing in the dose-dependent group was significantly inhibited with the 
increase of concentration. Through quantitative analysis, the relative 
cell mobility with 11s at a concentration of 10 μM was measured to be 
4.36 %, while that with 13r at a concentration of 6 μM was determined 
to be 3.37 %, showing significant disparities from the controls (*** p <
0.001). Suggestively, 11s and 13r could significantly suppress the MCF- 

7 cell migration.

2.6. Compounds 11s and 13r elicited apoptosis of MCF-7 cells

To elucidate the antineoplastic mechanisms of these compounds, we 
verified whether they could induce apoptosis of MCF-7 cells by Hoechst 
33342 staining. Compound treatment resulted in concentration- 
dependent reductions in cell density, accompanied by apoptotic nu
clear morphology, in MCF-7 cells (Figs. 8, 9). Compared with the control 
group, the compound-treated nucleus gradually crumbled and frag
mented, and the bright blue light increased significantly, showing the 
typical characteristics of nuclear alterations in the apoptotic process. As 
indicated by these findings, compounds 11s and 13r were effective in 
eliciting the apoptosis of MCF-7 cells. Furthermore, flow cytometry is 
widely employed in apoptosis research [43]. The fluorochrome-labeling 
method enables rapid and accurate analysis of large cell populations 

Fig. 8. Compound 11s caused nuclear changes in MCF-7 cells. Hoechst 33342 assay results for non-treated MCF-7 cells and those subjected to a 24-h gradient 
compound 11s (0, 2.5, 5, and 10 μM) treatment. Scale bar, 50 μm.

Fig. 9. Compound 13r caused nuclear changes in MCF-7 cells. Hoechst 33342 assay results for non-treated MCF-7 cells and those subjected to a 24-h gradient 
compound 13r (0, 3, 9, 12 μM) treatment. Scale bar, 50 μm.

Fig. 10. Flow cytometry results of apoptosis elicited by compound 11s. Non-treated MCF-7 cells and those subjected to a 24-h 11s (0, 2.5, 5 and 10 μM) treatment. 
Combined data from a minimum of triplicate independent experiments are presented. *** P < 0.001 vs. Control.
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[44]. During apoptosis induction, loss of cell membrane asymmetry 
results in phosphatidylserine exposure on the outer leaflet of the plasma 
membrane [45]. Subsequently, we employed flow cytometry to ascer
tain whether 11s and 13r exerted apoptosis-inducing effects. As depic
ted in Figs. 10 and 11, MCF-7 underwent certain degrees of apoptosis 
following a 24-h treatment with 11s and 13r. In particular, the apoptosis 
rate of 11s at 10 μM exceeded 70 %, and that of 13r at 10 μM differed 
significantly from the corresponding control value (*** p < 0.001). As 

suggested by the above findings, 11s and 13r were capable of inducing 
MCF-7 cell apoptosis.

2.7. Impact of compounds 11s and 13r on apoptosis-associated proteins

Cell death modes primarily encompass apoptosis, programmed ne
crosis, pyroptosis, and iron-dependent death; among these, apoptosis 
remains the most prevalent mode induced by anticancer drugs [46]. As 

Fig. 11. Flow cytometry results of apoptosis elicited by compound 13r. Non-treated MCF-7 cells and those subjected to a 24-h 13r (0, 3, 9, 12 μM) treatment. 
Combined data from a minimum of triplicate independent experiments are presented. *** P < 0.001 vs. Control.

Fig. 12. Western blotting results for alterations in apoptosis-associated proteins following treatment with compound 11s. Combined data from a minimum of 
triplicate independent experiments are presented. *P < 0.05, and ***P < 0.001 vs. Control.
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the most important death mode of cancer cells, apoptosis can be cate
gorized into exogenous and endogenous types. Exogenous cell apoptosis 
is generally stimulated by death receptors (e.g., tumor necrosis factor 
receptor TNFR1/2) after receiving cell death signals, followed by gen
eration of a series of cascades mediated by caspases− 8 and − 3 [47]. 
Finally, apoptotic bodies are formed and cleared by macrophages. As for 
endogenous apoptosis, it is generally induced by DNA damage, mediated 
by B-cell lymphoma (Bcl) family molecules and downstream caspases− 9 
and − 3 [48,49]. The final clearance mode is similar to that of exogenous 
apoptosis. To further determine whether compounds 11s and 13r 
induced MCF-7 cell death through apoptotic pathways, variations of 
apoptosis-related protein levels were examined through Western 

blotting. Our results demonstrated a significant elevation in Bax/Bcl-2 
ratio following the 11s treatment. In addition, the cracked 
caspases− 3, − 9, and − 8 alongside cracked PARP levels increased 
concentration-dependently under 11s treatment (Fig. 12). These find
ings suggested that compound 11s induced MCF-7 cell apoptosis via 
both the exogenous and endogenous pathways. Furthermore, 
concentration-dependent elevations in cleaved caspases− 3, − 8, and 
PARP levels were noted in the 13r-treated MCF-7 cells (Fig. 13). These 
results indicated that compound 13r promoted apoptosis in MCF-7 cells 
via an exogenous pathway.

Fig. 13. Western blotting results for alterations in apoptosis-associated proteins following treatment with compound 13r. Data shown were representative of a 
minimum of triplicate independent experiments. *P < 0.05, and ***P < 0.001 vs. Control.

Fig. 14. The changes in cell viability after treatment with compounds 11s and 13r using three different inhibitors. Data shown were representative of a minimum of 
triplicate independent experiments. *P < 0.05 and **p < 0.01 vs. Control.
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2.8. Effects of inhibitors on compounds 11s and 13r

Based on the Western blotting results, it was demonstrated that 
compounds 11s and 13r induce cell apoptosis through the cascade re
action of the caspase pathway. Therefore, we employed the caspase 
inhibitor Z-VAD to investigate its impact on the cytotoxicity of the 
compounds [50]. As shown in Fig. 14, Z-VAD exhibited no toxicity to
ward breast cancer cells. However, the addition of Z-VAD significantly 
reversed the cytotoxic effects of compounds 11s and 13r, which was 
consistent with the Western blotting findings.

To further explore whether compounds 11s and 13r induce apoptosis 
through alternative pathways, we also examined the effects of the 
autophagy inhibitor 3-MA and the necroptosis inhibitor Nec-1 on the 
cytotoxicity of the compounds [51,52]. The experimental data revealed 
that neither 3-MA nor Nec-1 significantly reversed the pro-apoptotic 
effects of compounds 11s and 13r.

In conclusion, our results indicate that compounds 11s and 13r 
induce apoptosis in MCF-7 cells primarily via the caspase-dependent 
cascade pathway.

3. Conclusion

In the present study, we synthesized a series of phenylamino-benzyl 
piperazine derivatives through the incorporation of anilines or aliphatic 
amines, and piperazine moieties. The resulting derivatives were sub
jected to a comprehensive HRMS, 1H NMR, and 13C NMR character
ization procedure. Compound 11s was found to elicit MCF-7 cell 
apoptosis via the mitochondrial pathway by activating cleavage of 
caspase− 9, thereby inducing the fragmentation of DNA repair protein 
PARP. Additionally, both compounds 11s and 13r can induce caspase− 8 
cleavage, subsequently initiating cleavage of caspase− 3 and its down
stream protein PARP to culminate in the extrinsic apoptosis of MCF-7 
cells. We subsequently validated that compounds 11s and 13r induce 
apoptosis in MCF-7 cells through the caspase pathway cascade reaction 
by using caspase inhibitors. In contrast, neither autophagy nor necrosis 
inhibitors significantly reversed the cytotoxicity of the compounds, 
demonstrating that compounds 11s and 13r do not induce apoptosis 
through these two pathways. To sum up, structural modifications on the 
compounds can trigger cell death via distinct apoptotic pathways. The 
findings of this study would provide a rational basis for designing potent 
and low-toxicity anti-breast cancer lead compounds derived from alep
terolic acid.
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