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LFZ-4-46, a tetrahydroisoquinoline derivative, induces 
apoptosis and cell cycle arrest via induction of DNA damage 
and activation of MAPKs pathway in cancer cells
Lili Xua,*,Guozheng Huangb,c,*, Zhihui Zhua, Shasha Tiana, Yingying Weia, 
Huanwu Honga, Xiaowei Lua, Ying Lib, Feize Liub and Huajun Zhaoa  

LFZ-4-46, that is [2-hydroxy-1-phenyl-1,5,6,10b-
tetrahydropyrazolo(5,1-a) isoquinolin-3(2H)-yl](phenyl) 
methanone, a tetrahydroisoquinoline derivative with a 
pyrazolidine moiety, was synthetically prepared. The 
anti-cancer mechanism of the compound has not been 
clarified yet. In this study, the anticancer effects and 
potential mechanisms of LFZ-4-46 on human breast and 
prostate cancer cells were explored. (a) 3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide assay 
was first performed to detect the effects of LFZ-4-46 on 
the viability of human cancer cells. (b) Comet assay was 
utilized to evaluate DNA damage. (c) Cell cycle, apoptosis 
and mitochondrial membrane potential were detected by 
flow cytometry. (d) The expression of relative proteins was 
detected by western blotting assay. LFZ-4-46 significantly 
inhibited the viability of cancer cells in a time- and 
dose-dependent manner and had no obviously inhibitory 
effect on the viability of mammary epithelial MCF-10A 
cells. Mechanistic studies demonstrated that LFZ-4-46-
induced cell apoptosis and cycle arrest were mediated by 
DNA damage. It caused DNA damage through activating 

γ-H2AX and breaking DNA strands. Further studies 
showed that mitogen-activated protein kinasess pathway 
was involved in these activated several key molecular 
events. Finally, LFZ-4-46 showed a potent antitumor effect 
in vivo. These results suggest that LFZ-4-46 may be a 
potential lead compound for the treatment of breast and 
prostate cancer. Anti-Cancer Drugs 32: 842–854 Copyright 
© 2021 The Author(s). Published by Wolters Kluwer Health, 
Inc.
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Introduction
Cancer has an impact on health-related quality of 
human life. Human health is threatened by some com-
mon cancer, such as breast cancer and prostate cancer. 
Breast cancer is one of the most common malignant 
tumors and vital causes of death in women [1]. The inci-
dence of breast cancer worldwide has increased by an 
average of 3% a year over the past decade [2]. Also, the 
incidence rate of prostate cancer is the highest in men 
in developed countries and the eighth leading cause of 
cancer death globally [3]. Therefore, it is urgent to find 
a new agent that can effectively treat breast and prostate 
cancer.

LFZ-4-46 (Fig.  1a), that is [2-hydroxy-1-phenyl-1,5,6, 
10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl]
(phenyl) methanone, a tetrahydroisoquinoline deriv-
ative with a pyrazolidine moiety, was synthetically 

prepared. Nitrogen-containing heterocyclic molecules 
are one of the largest components of chemical entities 
[4–6]. Tetrahydroisoquinoline and its derivatives are 
an extremely privileged heterocyclic class, which have 
antitumor, antibacterial and other biological properties 
[7–10]. It became a common synthetic target in organic 
synthesis. Also, the substitution of the C1 position in the 
tetrahydroisoquinoline nucleus can bring useful deriv-
atives [11–14]. Then, pyrazolidines are N-heterocyclic 
compounds with an N–N single bond. The research on 
the cytotoxic activity of pyrazolidine has become a hot 
topic [15–17]. Interestingly, two important scaffold com-
bination may show good biological activity. As far as 
we know, the activity of this compound containing the 
two important scaffolds has so far not been intensively 
investigated. On this basis, we suppose that LFZ-4-46, 
a tetrahydroisoquinoline derivative with a pyrazolidine 
moiety, has good anticancer activity.

In this study, we found that LFZ-4-46 could effectively 
inhibit the viability of different human cancer cells and 
had the strongest inhibitory effect on the growth of breast 
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Fig. 1

The inhibitory effect of [2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) on the viability of human 
cancer cells. (a) Chemical structure of LFZ-4-46. (b) The synthesis method of LFZ-4-46. (c) The NMR data of LFZ-4-46. (d) Breast cancer T47D 
cells and prostate cancer PC3 cells were treated with indicated concentrations of LFZ-4-46 for 24, 48 and 72 h. Cell viability was detected by 
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide (MTT) assay. Data are presented as the mean ± SD of at least three independent 
experiments. *** P < 0.001. NMR, nuclear magnetic resonance
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and prostate cancer cells. Related mechanistic studies 
have found that LFZ-4-46 activated the caspase-de-
pendent apoptosis pathway, leading to cell cycle arrest at 
the G2/M phase through induction of DNA damage and 
activation of mitogen-activated protein kinases (MAPKs) 
pathway. Our data suggest that LFZ-4-46 may be a novel 
lead compound to provide guidance for the next forma-
tion of the same type of compounds.

Materials and methods
Chemicals
LFZ-4-46 was first appeared in the article by Studer et al. 
(Chem. Sci., 2015, 6, 1252–1257). They treated the benzo-
yl(3,4-dihydroisoquinolin-2-ium-2-yl)amide (compound 
01) and phenylacetaldehyde in the presence of 1,4-dimethyl-
1H-1,2,4-triazol-4-ium iodide and 1,8-Diazabicyclo[5.4.0]
undec-7-ene, with 3,3´,5,5´-tetra-tert-butyldiphenoquinon 
as the oxidant to yield LFZ-4-46. We recently found that 
only with a base, the reaction will work smoothly to afford 
the target compound. 1H nuclear magnetic resonance 
(NMR) (400 MHz, CDCl

3
) δ 8.11 (d, J = 7.5 Hz, 2H), 7.51–

7.32 (m, 7H), 7.17–7.07 (m, 2H), 6.91 (dd, J = 11.1, 5.0 Hz, 
1H), 6.23 (d, J = 7.7 Hz, 1H), 6.11 (d, J = 3.5 Hz, 1H), 4.65 
(d,  J = 11.0 Hz, 1H), 4.26 (s, 1H), 3.72 (dd, J = 11.0, 5.7 Hz, 
1H), 3.62–3.54 (m, 1H), 3.11 (m, 1H), 3.04–2.94 (m, 1H), 
2.72 (d, J = 16.0 Hz, 1H). The NMR data can be seen in 
Fig. 1b–c. LFZ-4-46 was maintained at −80 °C in the dark 
or dissolved by dimethyl sulfoxide (DMSO) and stored at 
−20 °C (used in vitro) as stock solutions. The stock solutions 
were diluted to the desired concentrations in a complete 
medium immediately prior to each experiment. The final 
concentration of DMSO did not exceed 0.1%. For in-vivo 
studies, LFZ-4-46 was dissolved in PBS/Cremophor EL/
ethanol (90: 5: 5; Cremophor EL from Sigma-Aldrich, St 
Louis, Missouri, USA).

Cell culture and reagents
The T47D, PC3, DU-145, SGC-7901 and MCF-10A cell 
lines were purchased from the Cell Bank of the Institute 
of Biochemistry and Cell Biology, Chinese Academy of 
Sciences (Shanghai, China) and stored in liquid nitro-
gen. Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) culture medium containing 10% fetal 
bovine serum (FBS; both from Gibco, USA), 100 U/ml 
penicillin G, 2.5 µg/ml amphotericin B and 100 µg/ml 
streptomycin (complete medium) at 37˚C with 5% CO

2
 

in a humidified atmosphere.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazo- liumbromide (MTT) and DMSO were 
purchased from Sigma-Aldrich. Propidium iodide/
RNase staining kit and Annexin V-fluorescein isothi-
ocyanate (FITC)/7AAD kit were purchased from BD 
Pharmingen (SanDiego, California, USA). Inhibitors 
Z-VAD-FMK (#60332), SB203580 (#5633), SP600125 
(#8177) and PD98059 (#9900) were purchased from 
cell signaling technology (Boston, USA). Antibodies 

against poly ADP-ribose polymerase (PARP) (#9532), 
caspase-8 (#4790), cleaved caspase-9 (Asp330, #9501), 
cleaved caspase-3 (Asp175, #9664), cleaved caspase-7 
(#9491), cdc2 (#9116), Cyclin B1 (#12231), p-JNK 
(#4668), JNK1 (#3708), JNK2 (#4672), p-p38 (#9212), 
p-ERK (#9101), ERK (#9102), β-tubulin (#2128) and 
horseradish peroxidase-conjugated secondary antibod-
ies were purchased from Cell Signaling Technologies 
(Beverly, Massachusetts, USA). γ-H2AX was pur-
chased from Abcam (Cambridge, UK).

Cell viability assay
The effect of LFZ-4-46 on the viability of cells was deter-
mined by using the MTT assay. T47D, PC3, DU145, 
SGC-7901 and MCF-10A cells were placed into 96-well 
cell culture plates at a final concentration of 5 × 103 cells/
well in medium, allowing these cells to attach for 24 h. 
After treatment with a range of concentration of LFZ-
4-46 for 24, 48 or 72 h, 20 µl MTT solution (5  mg/ml) 
was added for 4 h at 37 °C in the dark and dissolved in 
150 μl DMSO. The relative viability of cell was detected 
by scanning with a cell Imaging Multi-mode Reader 
(BioTekCA, USA) using a 570 nm filter. The value of IC

50
 

was calculated by GraphPad Prism 5.0 software (Graph 
Pad Software, California, USA).

Apoptosis assay with annexin V-fluorescein 
isothiocyanate/7-AAD staining
Quantification of apoptotic cells was performed using 
an Annexin V-FITC Apoptosis Detection Kit (BD 
Pharmingen, USA). Cells were placed into 6-well plates 
and treated with LFZ-4-46 for 24 h. Then, cells were col-
lected and resuspended in 500 µl of binding buffer, 5 µl of 
Annexin V-FITC and 5 µl of propidium iodide staining d 
for 15 min. Apoptosis results were analyzed by the Guava 
Easy Cytometer (Guava Technologies, Merck Drugs & 
Biotechnology, Darmstadt, Germany).

Evaluation of mitochondrial membrane potential (Δψm)
Cells (2 × 105 cells/well) were seeded into 6-well plates 
and treated with LFZ-4-46 for 24 h before the experi-
ment. After treatment with 10, 20 and 30 µM LFZ-4-46, 
cells were harvested, washed twice with ice-cold PBS and 
incubated with JC-1 (10 μg/ml) and then analyzed by flow 
cytometry.

DAPI staining for cell nuclei
Cells (1 × 105 cells/well) were placed into 6-well plates 
and with the treatment with LFZ-4-46 for 24 h. The 
cells were washed with PBS, fixed with 4% paraformal-
dehyde for 1 h at room temperature, and incubated with 
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochlo-
ride (DAPI) (1 μg/ml) for analysis cell apoptosis. Cells 
with condensed and fragmented DNA (apoptotic cells) 
were evaluated under a fluorescence microscope (Nikon, 
Tokyo, Japan).
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Comet assay
Cells (1 × 105 cells/well) were placed into 6-well plates. 
With the treatment of LFZ-4-46 for 24 h, cells were har-
vested in ice-cold PBS. In combination with low-melt-
ing agarose (0.8% w/v, A9414, Sigma-Aldrich, 37 °C 1 g in 
100 mL dH

2
O), the cells were spread on the comet slide 

at a ratio of 1:10 (v/v). The slides were solidified in dark at 
4 °C for 30 min, immersed in a neutral electrolytic buffer 
at 4 °C overnight and then electrophoresed at 1.0 V/cm 
for 30 min after lysis. The lysed sections were placed in 
70% ethanol, dried at 37 °C for 15 min, dark stained with 
ethidium bromide for 20 min and then observed under a 
fluorescence microscope (Nikon, Tokyo, Japan).

Cell cycle analysis
Cells (3 × 105 cells/well) were plated in 6-well plates and 
treated with the indicated concentrations of LFZ-4-46 for 
24 h. Cells were harvested, washed twice with ice-cold PBS, 
and fixed in 70% ethanol at 4 °C overnight. Then they were 
stained with propidium iodide/RNase (0.5 ml/test, 1 × 106 
cells) and analyzed after 15 min at room temperature. 
The samples were analyzed by a flow cytometer (Guava 
Technologies, Merck Drugs & Biotechnology, Germany), 
and the DNA content was quantified using modfit software.

Western blotting analysis
The cells treated with LFZ-4-46 were incubated and 
lysed in radio immunoprecipitation assay buffer contain-
ing protease inhibitors (1  mM benzyl alcohol sulfonyl 
fluoride and 1 μg/ml albumin peptone) and phosphatase 
inhibitors (1  mM sodium fluoride and 1  mM sodium 
orthovanadate). Then, the same amount of denatured 
protein was separated by SDS-PAGE and transferred to 
the poly (1,1-difluoroethylene) membrane (Millipore, 
Massachusetts, USA). Then, the membrane with 5% 
skimmed milk was sealed and incubated with the cor-
responding primary antibody overnight at 4 °C. The 
membranes were washed three times with Tris-buffered 
saline-5% Tween 20 solution, incubated with a horserad-
ish peroxidase-conjugated secondary antibody at room 
temperature for 2 h, and performed chemiluminescence 
detection with ECL (Bio-Rad, USA).

Xenograft mouse model
A mouse xenograft model was established to confirm the 
antitumor effect of LFZ-4-46 in vivo. PC3 cells (5 × 106 
cells, 0.1  ml DMEM/F12 medium) were injected sub-
cutaneously into 4-week-old BALB/c male nude mice 
(Shanghai Experimental Animal Center, Shanghai, 
China). When the tumor volume reached 50 mm3, 
the mice were randomly divided into three groups 
(CremophorEL: Ethanol: Saline = 5:5:90). LFZ-4-46 15 
or 30  mg/kg were administered by i.p. injection three 
times a week for 16 days. The tumor growth was meas-
ured every other day, the tumor size was calculated as 
follows: volume = (width2 × length)/2. After 16 days, the 
mice were sacrificed and the xenografts were removed for 

immunohistochemical analysis. This study was approved 
by the Institutional Animal Care and Use Committee of 
Zhejiang Chinese Medical University and was conducted 
in accordance with the guidelines proposed by the 
Laboratory Animal Research Center of Zhejiang Chinese 
Medical University.

Immunohistochemical assay
Immunohistochemistry was performed to detect the 
expression of γ-H2AX, ERK1/2, p-ERK1/2, JNK1/2, 
p-JNK1/2 and p-p38. The tissue was fixed with 10% forma-
lin and embedded in paraffin. Sections were dewaxed and 
rehydrated, and then endogenous peroxidase was blocked 
with the hydrogen peroxide. Antigen retrieval was per-
formed by exposing the slides in citrate buffer. Afterward, 
nonspecific immunoglobulin binding was blocked by 
incubating with 5% albumin cattle (AMRESCO, USA). 
The primary antibody was incubated overnight at 4 °C, 
and the slides were incubated in HRP-labeled polymer, 
stained with Novolink TM Polymer Detection System 
(ZSGB-BIO, China), and stained with hematoxylin. The 
image was taken with an Olympus microscope.

Statistical analysis
Data were given as mean ± SD. Statistical significance was 
analyzed using Student’s t-test. The criterion of statistical 
significance was * P < 0.05, ** P < 0.01, *** P < 0.001

Results
LFZ-4-46 inhibited the viability of cancer cells
To investigate the effect of LFZ-4-46 on cell viability, 
several human cancer cell lines were detected, including 
T47D (breast cancer), PC3 and DU145 (prostate can-
cer), SGC-7901 (gastric cancer) and human mammary 
epithelial cell line MCF-10A. Cell viability was assessed 
by MTT assay. Our results showed that LFZ-4-46 sig-
nificantly inhibited the viability of cancer cell lines (IC

50
 

were shown in Table 1), especially on cancer cell lines 
T47D (IC

50
 26.73 μM) and PC3 (IC

50
 23.81 μM). These 

Table 1  Effects of LFZ-4-46 on the viability of human cancer cells 
and IC50 values for 72 h were shown in.

Cell lines IC
50

 (μM, 72 h)

T47D 26.73 ± 1.77
SGC-7901 94.25 ± 1.9
PC3 23.8 ± 1.46
DU145 36.44 ± 4.69
MCF-10A >50

Table 2  T47D and PC3 cells were treated with indicated  
concentrations of LFZ-4-46 for 24, 48 and 72 h.

Times (h)

IC
50

 (μM)

T47D PC3

24 90.00 ± 3.96 69.05 ± 4.92
48 73.67 ± 1.17 45.6 ± 0.04
72 26.73 ± 1.77 23.8 ± 1.46
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Fig. 2

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) induced apoptosis in T47D and PC3 cells by 
activating the caspase pathway. (a) After Annexin V-fluorescein isothiocyanate (FITC)/7AAD staining, the index of apoptotic cells was analyzed by 
flow cytometry. (b) DAPI staining was used to stain the nucleus after LFZ-4-46 treatment. (c) Western blotting analysis of caspase-related proteins in 
T47D and PC3 cells. T47D and PC3 cells were treated with LFZ-4-46 (30 μM) for 24 h after pretreatment with caspase inhibitor Z-VAD-FMK (10 μM) 
for 2 h. After Annexin V-FITC/7AAD staining, the index of apoptotic cells was analyzed by flow cytometry (d). Western blotting analyzed the expression 
levels of cleaved caspase-7 (e). Data are presented as the mean ± SD of at least three independent experiments. ** P < 0.01, *** P < 0.001. DAPI, 
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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two cell lines were then chosen in the following studies. 
At the same time, LFZ-4-46 had a lower inhibitory effect 
on the viability of MCF-10A cells (IC

50
>50 μM) (Table 1). 

Then, the effect of LFZ-4-46 on these two cell lines at 
different time point was investigated. As shown in Table 2 

and Fig. 1d, LFZ-4-46 significantly inhibited the viability 
in a dose- and time-dependent manner. The above results 
suggested that LFZ-4-46 could significantly inhibit the 
growth of cancer cells in a time- and dose-dependent 
manner and have selective cytotoxicity to cancer cells.

Fig. 3

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) induced cell death by disrupting mitochondrial mem-
brane potential (MMP) and arresting cell cycle. (a) Effect of LFZ-4-46 on MMP in T47D and PC3 cells was analyzed by flow cytometry after JC-1 
staining. (b) After propidium iodide staining, the index of cell cycle was analyzed by flow cytometry. (c) Western blotting analyzed the cell cycle-related 
proteins in T47D and PC3 cells. Data are presented as the mean ± SD of at least three independent experiments. ** P < 0.01 *** P < 0.001.
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LFZ-4-46-induced apoptosis of cancer cells
To explore whether LFZ-4-46-inhibited cell viabil-
ity was associated with apoptosis, both the cell lines 
were treated with LFZ-4-46 and stained with Annexin 
V-FITC/7AAD. As shown in Fig. 2a, LFZ-4-46 induced 
apoptosis in both cell lines in a dose-dependent manner. 
As the dose of LFZ-4-46 increased from 10 to 30 μM, 
the apoptosis rate of T47D and PC3 cells increased from 
6.58 to 25.17% and 5.29 to 21.17%, respectively. DAPI 
staining was also involved to detect apoptosis. Nuclear 
DNA condensation and apoptotic bodies increased sig-
nificantly after LFZ-4-46 treatment (Fig. 2b). Then, we 
examined the expression of apoptosis-related proteins 

by western blotting assay. As shown in Fig.  2c, LFZ-
4-46 significantly induced the expression of cleaved 
caspase-3/7/9 and cleaved PARP and downregulated 
the expression of caspase-8 in T47D and PC3 cells. To 
further investigate whether LFZ-4-46-induced apop-
tosis was caspase-dependent, the effect of caspase 
inhibitor Z-VAD-FMK was introduced. Cotreatment 
with Z-VAD-FMK partially reversed the proportion of 
cell apoptosis and the expression of cleaved caspase-7 
as respectively shown by flow cytometer and western 
blotting analysis, suggesting that the apoptosis induced 
by LFZ-4-46 was in a caspase-dependent manner 
(Fig. 2d–e).

Fig. 4

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) induced DNA damage in T47D and PC3 cells. 
(a) Representative images of LFZ-4-46-induced DNA damage (strand breaks) in T47D and PC3 cells were investigated by the comet assay 
(200× magnification). (b) The quantification of LFZ-4-46-induced DNA damage (strand breaks) images in T47D and PC3 cells by the comet assay 
software (CASP). (c) Western blotting analyzed the expression levels of γ-H2AX (Ser-139). Data are presented as the mean ± SD for at least three 
independent experiments. *P < 0.05, **P < 0.01, *** P < 0.001.
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Mitochondria is important to the intrinsic apoptosis path-
way. Mitochondrial membrane potential (MMP; Δψm) is 
considered to be a marker of apoptosis that occurs before 
caspase activation [18]. As shown in Fig. 3a, in both cell 
lines, LFZ-4-46 caused a sharp loss in MMP compared 
with the control group, and the relative percentages of low 
MMP in LFZ-4-46-treated T47D and PC3 cells increased 
by 2 times and 2.59 times, respectively. These results 
indicated that LFZ-4-46 induced mitochondria-medi-
ated apoptosis and thus led to cell death, characterized by 
changes in MMP and activation of the caspase pathway.

LFZ-4-46-induced DNA damage
The signs of DNA damage are the phosphorylation of 
ser-139 residues of H2AX (γ-H2AX) [19]. After DNA 

damage, cells activate a series of complex signaling net-
works for DNA repair and apoptosis [20]. To further con-
firm whether LFZ-4-46-induced apoptosis was mediated 
by DNA damage, comet assay was used to detect the 
effect of LFZ-4-46 on T47D and PC3 cells. The results 
showed that compared with the control group, significant 
DNA double bond breakage occurred in the LFZ-4-46-
treated group (Fig. 4a and b). Meanwhile, after LFZ-4-
46 treatment, the expression of γ-H2AX was upregulated 
(Fig. 4c). The results showed that LFZ-4-46 could induce 
DNA damage in T47D and PC3 cells.

LFZ-4-46-induced cell cycle arrest
DNA damage activates checkpoints, delays cell cycle pro-
gression and triggers DNA repair [21]. We hypothesize 

Fig. 5

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) activated the mitogen-activated protein kinases 
(MAPKs) pathway. (a) The MAPKs pathway-related proteins in T47D and PC3 cells were detected by western blotting. (b) Immunohistochemistry 
was performed to detect the expression of ERK1/2, p-ERK1/2, JNK1/2, p-JNK1/2 and p-p38 in tumor tissues.
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that LFZ-4-46 causes cell cycle arrest through DNA 
damage. Cell cycle progression was examined by flow 
cytometry. The results showed that LFZ-4-46 could sig-
nificantly arrest cell cycle at the G2/M phase (Fig. 3b). 
Consistent with the above results, western blotting 
results showed the expression levels of cdc-2 and Cyclin 
B1 were significantly down-regulated, after treatment 
with LFZ-4-46 (Fig.  3c). The above results suggested 
that LFZ-4-46 induced cell cycle arrest at the G2/M 
phase in both cancer cells.

LFZ-4-46 activated mitogen-activated protein kinases 
pathway
The apoptotic pathway includes the MAPKs pathway 
[22]. A series of studies have reported that the induction 
of cell apoptosis is associated with DNA damage response 
pathway and the MAPKs pathway [23,24]. Furthermore, 
these pathways are involved in the cellular responses, 
such as cell proliferation, migration, apoptosis and cell 
cycle [25]. In this experiment, it was proved that the lead 
compound LFZ-4-46 could induce cell apoptosis and 

Fig. 6

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) inhibited prostate cancer growth in vivo. (a)Tumor 
sizes were recorded every other day by vernier caliper measurements and calculated. (b) The average body weight of mice with xenografts was 
consecutively recorded. (c) After the mice were sacrificed, tumors were removed and photographed. Representative tumor images wereshown.  
(d) Tumor masses were weighted. (e) The expression of -H2AX (Ser-139) was analyzed by western blotting. (f) immunohistochemical wasper 
formed to detect the expression of -H2AX in tumor tissues. Data are expressed as mean SD. *P<0.05, **P<0.01, ***P<0.001.



LFZ-4-46 induces apoptosis and cell cycle arrest Zhao et al.  851

Fig. 7

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) induced cell cycle arrest by activating 
themitogen-activated protein kinases (MAPKs) pathway. T47D and PC3 cells were treated with LFZ-4-46 (30 M) for 24 h after pretreatment 
withSB203580 (25 M) (a), SP600125 (30 M) (b), and PD98095 (50 M) (c) for 2 h. After propidium iodide staining, the index of cell cycle wasan-
alyzed by flow cytometry. (d) The expression levels of Cyclin B1 were analyzed by western blotting. Data are presented as the meanSD forthree 
independent experiments. ***P < 0.001
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Fig. 8

[2-hydroxy-1-phenyl-1,5,6,10b-tetrahydropyrazolo(5,1-a)isoquinolin-3(2H)-yl](phenyl) (LFZ-4-46) induced cell apoptosis by activating them-
itogen-activated protein kinases (MAPKs) pathway. T47D and PC3 cells were treated with LFZ-4-46 (30M) for 24h after pretreatment with 
SB203580 (25M) (a), SP600125 (30M) (b) and PD98095 (50M) (c) for 2h. After Annexin V-fluorescein isothiocyanate (FITC)/7AAD staining, the 
index of apoptotic cells was analyzed by flow cytometry. (d) The expression levels of cleaved caspase-7 were analyzed by western blotting.Data 
are presented as the mean SD of three independent experiments. *P<0.05, ***P<0.001.
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DNA damage. We hypothesize that LFZ-4-46 causes 
cell apoptosis through the MAPKs pathway by targeting 
JNK, p38 and ERK pathways. For this, LFZ-4-46 treated 
with the concentration of 10, 20 and 30 μM in T47D and 
PC3 cells for 24 h, which was followed by western blot-
ting and flow cytometry analysis. As shown in Fig.  5a, 
the total protein expression was not obviously altered 
but phosphorylation of JNK, p38 and ERK was induced. 
To further investigate whether the MAPKs pathway was 
involved in the cell apoptosis and cell cycle arrest induced 
by LFZ-4-46, the MAPKs pathway inhibitors SB203580 
(the p38/MAPK inhibitor), SP600125 (the c-Jun-N-ter-
minal kinase inhibitor) and PD98095 (the MAPK/ERK 
inhibitor) were introduced. When pretreated with the 
inhibitors, LFZ-4-46-induced cell apoptosis and cell 
cycle arrest were attenuated (Figs. 7 and 8). The results 
indicated that LFZ-4-46 induced cell apoptosis and cell 
cycle arrest by activating MAPKs pathways.

LFZ-4-46 inhibited tumor growth in a mouse Xenograft 
tumor model
In order to further assess the effects of LFZ-4-46 on 
tumor growth in vivo, a xenograft nude mice model of 
PC3 cells was established. PC3 cells (5 × 106) were inoc-
ulated in the flank of BALB/c male nude mice. As shown 
in Fig. 6a–c, the tumor volume and weight were signif-
icantly suppressed in the LFZ-4-46-treated groups. In 
addition, there was no obvious body weight loss of mice 
during the whole process, which means that LFZ-4-46 
has no obvious toxicity (Fig.  6d). Compared with the 
control group, the immunohistochemical analysis and 
western blotting assays showed that LFZ-4-46 signifi-
cantly reduced the expression of γ-H2AX in the tumor 
tissue sections (Fig. 6e–f). To further detect whether the 
MAPKs pathway was involved in vivo, the expression of 
ERK1/2, p-ERK1/2, JNK1/2, p-JNK1/2 and p-p38 was 
detected by immunohistochemical staining. Compared 
with the control group, the phosphorylation of JNK, p38 
and ERK was increased but the total protein expression 
was not obviously altered (Fig. 5b). These data indicated 
that LFZ-4-46 can inhibit tumor growth through induc-
ing DNA damage and activating the MAPKs pathway in 
vivo.

Discussion
Cancer is one of the highest incidences of malignant 
tumors in the world that it is urgent to find a new agent to 
treat. In the present study, we demonstrated that LFZ-4-
46 exhibited significantly inhibitory effect on the vitality 
of cancer cells.

DNA damage occurs on exposure to genotoxic agents 
and during physiological DNA transactions [26]. DNA 
strand break is the main form of DNA damage [27]. In 
this study, the comet assay detected the DNA strand 
break and western blotting analysis showed the increase 

of γ-H2AX (a biomarker of DNA damage) expression, 
indicating that LFZ-4-46 induced DNA damage in 
T47D and PC3 cells (Fig. 4). Meanwhile, there is a piece 
of evidence that DNA damage can induce cell apopto-
sis [28]. Consistent with the above notion, in the pres-
ent study, we found that LFZ-4-46 treatment resulted in 
significant induction of apoptosis in T47D and PC3 cells 
accompanied with the DNA damage occurs (Fig. 2a–c). 
Meanwhile, loss of the MMP (Δψm) is a sign of early 
apoptosis [29] and the activation of the caspase family 
is known to play an important role in cancer cell apop-
tosis. After LFZ-4-46 treatment, the disruption of MMP 
(Fig. 3a) and the activation of claved-caspase-3/7/9 were 
observed in T47D and PC3 cells (Fig. 2c). In addition, 
the caspase-dependent apoptosis induced by LFZ-4-46 
was reversed with treatment by the caspase inhibitor 
Z-VAD-FMK (Fig. 2d–e). Thereby, LFZ-4-46-mediated 
cell apoptosis is characterized by loss of MMP and acti-
vation of caspases. These findings suggest that LFZ-
4-46-induced apoptosis of T47D and PC3 cells may 
be activated by DNA damage. At the same time, once 
DNA damage occurs in cells, the cell cycle checkpoints 
will immediately be activated, which leads to cell cycle 
arrest at the G2/M phase, providing sufficient time for 
the orderly DNA repair process [30,31]. In this study, 
we found that LFZ-4-46 induced cell cycle arrested at 
the G2/M phase and downregulated the related protein 
expression of cdc2 and Cyclin B1 (Fig. 3b–c).

In physiological and pathological processes, it is known 
that the MAPKs are involved in cell growth, cell cycle 
and apoptosis [32]. As shown in Fig. 5, we identified that 
LFZ-4-46 activated p38/JNK/ERK phosphorylation. The 
proportion of cell apoptosis and cell cycle arrest were sig-
nificantly attenuated after treatment with the MAPKs 
pathway inhibitors SB203580, SP600125 and PD98095 
(Figs. 7 and 8). These indicated that LFZ-4-46-induced 
apoptotic cell death and cell cycle arrest might be via the 
activation of MAPKs pathway.

In summary, we found that LFZ-4-46, a lead compound, 
had an effective growth-inhibitory effect on the prolifera-
tion of the cancer cells in vitro and in vivo through induc-
ing DNA damage and activating the MAPKs pathway. In 
this study, we have initially explored the effect of LFZ-
4-46. In addition, the detailed molecular mechanisms 
of LFZ-4-46-induced DNA damage and activation of 
MAPKs pathway are worthy to be studied in the future.

Conclusion
LFZ-4-46, a tetrahydroisoquinoline derivative with a 
pyrazolidine moiety, has a good anticancer activity. In this 
study, we found that LFZ-4-46 could effectively inhibit 
the viability of different human cancer cells. Related 
mechanistic studies have found that LFZ-4-46 activated 
caspase-dependent apoptosis pathway, led to cell cycle 
arrest at the G2/M phase through induction of DNA 
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damage and activation of MAPKs pathway in vitro and in 
vivo. In short, our data suggest that LFZ-4-46 may be a 
novel lead compund for the treatment of breast and pros-
tate cancer.
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