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Abstract: Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide. Studies 
have shown that bradykinin (BK) is highly expressed in liver cancer. We designed the novel BK 
receptor inhibitors J051-71 and J051-105, which reduced the viability of liver cancer cells and inhib-
ited the formation of cancer cell colonies. J051-71 and J051-105 reduced cell proliferation and in-
duced apoptosis in HepG2 and BEL-7402 cells, which may be due to the inhibition of the extracel-
lular regulated protein kinase (ERK) signaling pathway. In addition, these BK receptor inhibitors 
reversed the cell proliferation induced by BK in HepG2 and BEL-7402 cells by downregulating B1 
receptor expression. Inhibiting B1 receptor expression decreased the protein levels of p-ERK and 
reduced the malignant progression of HCC, providing a potential target for HCC therapy. 

Keywords: bradykinin receptor inhibitor; hepatocellular carcinoma; apoptosis; bradykinin B1 re-
ceptor; ERK signaling pathway 
 

1. Introduction 
Hepatocellular carcinoma (HCC), also known as primary liver cancer, is one of the 

top five fatal cancers globally and one of the most aggressive and widespread malignan-
cies worldwide [1]. During the early stages of HCC, the symptoms are not obvious and 
are difficult to detect, however, HCC develops rapidly after the onset of the disease. Once 
HCC progresses to the advanced stage, the survival rate of patients is generally less than 
5% [2]. The onset of liver cancer is a complex and multifactorial process. Excessive alcohol 
intake, virus infections (hepatitis B or C), and the deterioration of liver cirrhosis can all 
cause liver cancer [3]. At present, the clinical treatment options are mainly chemotherapy, 
surgery, and liver transplantation [4]. The molecular targeted drugs regorafenib and so-
rafenib are used to treat patients with advanced liver cancer [5], however, their efficacy is 
very low, and their use is associated with significant adverse side effects [6,7]. Similar to 
other types of cancer, HCC involves the abnormal proliferation of liver cancer cells and 
cancer cell evasion of apoptosis. HCC also has the ability to form and maintain new blood 
vessels [8]. 

Bradykinin (BK), a vasoactive peptide released during inflammation [9], is consid-
ered a multipotential stimulant of cancer growth. BK exerts its cellular effects through two 
pharmacologically distinct G-protein-coupled receptors (GPCRs), the B1 receptor (B1R) 
and B2 receptor (B2R) [10]. Both BK and its active metabolite Des-Arg9-BK can bind to BK 
receptors. In most cases, B1R expression is absent or very low in normal cells but is up-
regulated during tissue damage, inflammation, or carcinogenesis [11]. B2R is expressed 
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constitutively with a wide tissue distribution [12]. In special cases, B1R is also present in 
human neutrophils or some neurons [13]. B1R and B2R are highly expressed in liver can-
cer cells. Studies show that in trichloroethylene (TCE)-sensitized mice, activation of the 
kinin-kallikrein system (KKS) [14], especially the activation of B1R, can cause immune-
mediated liver injury. However, selectively blocking the B1 receptor prevented this dam-
age [15]. Subsequent studies showed that the use of the B2 receptor antagonist HOE-140 
in TCE-damaged liver tissue could inhibit mitogen-activated protein kinase (MAPK) acti-
vation as well as reduce the levels of the proinflammatory cytokines interleukin IL-1, IL-
6, and tumor necrosis factor (TNF)-α [16]. However, the specific mechanisms of action of 
BK receptors in liver cancer have not yet been elucidated. 

The extracellular regulated protein kinase (ERK) 1/2 signaling pathway is a member 
of the MAPK signaling pathway family. The ERK 1/2 signaling pathway regulates cell 
proliferation and plays a pivotal intermediary role in tumor cells. Compared with normal 
cells, cancer cells and tumor tissues usually evade apoptosis [17]. Moreover, compared 
with the levels in adjacent normal liver tissues, the ERK signaling pathway is in an abnor-
mally active state of phosphorylation in liver cancer tissues [18]. Highly activated growth 
factors can activate tyrosine kinase and stimulate the ERK signaling pathway, leading to 
a cascade reaction and the activation of nuclear transcription factors, such as NF-κB, to 
promote the proliferation of hepatocellular carcinoma cells [19]. The ERK signaling path-
way antagonist PD98059 can promote apoptosis and reduce the levels of p-ERK in liver 
cancer cells, subsequently decreasing proliferation by inhibiting the activation of the ERK 
pathway [20]. 

Currently, BK inhibitors are used to modulate cancer growth. Several peptide hor-
mones (such as BK) have been identified as growth factors for human cancers (lung, pros-
tate, ovarian, gastrointestinal, and breast). Stewart et al. have synthesized a highly potent 
anticancer peptide mimetic, BKM570, which exhibited impressive growth inhibition of 
SCLC in vitro and in vivo in nude mice [21]. Based on the structure of BKM570, we de-
signed and synthesized two novel types of BK receptor inhibitors through auxiliary sim-
ulation and structural optimization and named them J051-71 and J051-105. In this study, 
we investigated the inhibitory effects of J051-71 and J051-105 on the proliferation of hu-
man HepG2 and BEL-7402 HCC cell lines. We further explored the effect of BK receptor 
inhibitors on the apoptosis of HCC cells and the underlying mechanisms from the per-
spective of signaling pathways. 

2. Results 
2.1. Design and Synthesis of BK Receptor Inhibitors 

We developed and synthesized the novel and highly effective anticancer peptide sim-
ulants J051-71 and J051-105 (Figure 1). Several structural and chemical modifications were 
performed to generate the N-acylated group form of the new BK receptor inhibitors. The 
hydrophobic groups on the side chain of BKM570 were replaced. Finally, hydrophobic 
amino groups and amide groups were systematically combined by acylation to generate 
J051-71 and J051-105. NMR spectroscopy was performed for the structural determination 
of BK receptor inhibitors. The results of J051-71 were: 1H-NMR (500 MHz, CDCl3) δ 7.74 
(d, J =8.7 Hz, 2H), 7.53–7.50 (m, 4H), 7.41–7.35 (m, 4H), 7.32 (t, J = 7.3 Hz, 3H), 7.17 (t, J =7.4 
Hz, 1H), 7.03 (d, J =7.8 Hz, 2H), 6.98 (d, J =8.6 Hz, 2H), 4.86–4.82 (m, 1H), 4.25–4.16 (m, 
1H), 3.26 (dd, J =13.5, 6.7 Hz, 1H), 3.16 (dd, J =13.5, 6.7 Hz, 1H), 1.86 (d, J =10.7 Hz, 1H), 
1.66–1.60 (m, 3H), and 1.34–1.25 (m, 12H). The nuclear magnetic results of J051-105 were: 
1H-NMR (500 MHz, CDCl3) δ 7.64 (d, J = 8.0 Hz, 1H), 7.53 (d, J = 7.5 Hz, 2H), 7.50 (d, J = 
7.7 Hz, 2H), 7.42 (t, J = 7.6 Hz, 2H), 7.34 (d, J = 7.3 Hz, 1H), 7.32–7.27 (m, 3H), 7.25–7.23 (m, 
1H), 7.21–7.18 (m, 2H), 7.17–7.13 (m, 2H), 7.00–6.98 (m, 3H), 5.78 (q, J = 16.5 Hz, 2H), 4.77–
4.74 (m, 1H), 4.18–4.12 (m, 1H), 3.25–3.21 (dd, J = 13.5, 6.4 Hz, 1H), 3.11 (dd, J = 13.5, 7.4 
Hz, 1H), 1.77 (d, J = 10.4 Hz, 2H), 1.62 (d, J = 11.4 Hz, 2H), and 1.29–1.18 (m, 12H). In this 
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study both J051-71 and J051-105 showed the expected quality and had the correct struc-
ture. 

 
Figure 1. Synthesis of bradykinin receptor inhibitors. (A) Structural formula of J051-71. (B) NMR hydrogen spectrum of J051-
71. (C) Structural formula of J051-105. (D) NMR hydrogen spectrum of J051-105. 

2.2. Anticancer Activity of BK Receptor Inhibitors 
After the optimized synthesis, a preliminary activity screening of these compounds 

was performed. The results confirmed that J051-71 and J051-105 were effective against 
A549 human lung cancer cells, SGC-7901 human gastric cancer cells, MCF-7 human breast 
cancer cells, HeLa human cervical cancer cells, MG63 human osteosarcoma cells, and Bx-
PC3 human pancreatic cancer cells (Table 1). The new BK receptor inhibitors showed cer-
tain inhibitory effects on different cancer cell lines. Moreover, compared with the positive 
controls: paclitaxel and cisplatin, the anticancer effects of J051-71 and J051-105 were 
mostly superior to cisplatin and equivalent to paclitaxel. This shows that the novel BK 
receptor inhibitors have a broad spectrum of anticancer activity. 
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Table 1. IC50 values of J051-71, J051-105, paclitaxel, and cisplatin against different cancer cells (n = 6). 

Cell Line J051-71(μM) J051-105 (μM) Paclitaxel(μM) Cisplatin(μM) 
A549 1.28 2.33 0.90 9.38 

SGC-7901 5.07 5.49 9.05 12.4 
MCF-7 2.20 2.47 < 2.0 8.20 
HeLa 5.75 5.00 12.30 3.41 
MG63 3.22 3.46 < 2.0 23.17 

Bx-PC3 2.11 2.99 15.27 20.83 

2.3. BK Receptor Inhibitors Inhibit the Cellular Activity of Primary HCC Cells 
As shown in Figure 2, the decline in the cell viability of human HCC cells was posi-

tively correlated with the concentration gradients of J051-71 and J051-105 within a period 
of 24 h. In addition, J051-71 and J051-105 exhibited different anticancer effects on various 
cell lines. The cytotoxic effects of J051-71 and J051-105 against HepG2 and BEL-7402 cells 
were stronger than against SK-Hep-1 cells. 

 
Figure 2. Bradykinin receptor inhibitors inhibit the cell viability of primary hepatocellular carci-
noma cells. (A) L02, (B) HepG2, (C) BEL-7402, and (D) SK-Hep-1 cells were treated with various 
concentrations (0, 1, 2, 4, and 8 μM) of J051-71 or J051-105 for 24 h. The cell viability of hepatocellu-
lar carcinoma cells was determined by the MTT assay (n = 3). * p < 0.05, ** p < 0.01: the test concen-
trations (1, 2, 4, and 8 μM) vs the test concentration (0 μM). 

As shown in Table 2, J051-71 and J051-105 inhibited the cell viability of cancer cells 
at very low concentrations but their effect on normal liver cells was quite weak. Thus, 
these BK receptor inhibitors are less toxic to normal liver cells at concentrations that are 
effective against liver cancer cells. Because lower IC50 values and more significant effects 
of J051-71 and J051-105 were observed in HepG2 and BEL-7402 cells, these two HCC cell 
lines were selected for subsequent experiments. 
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Table 2. IC50 of J051-71 and J051-105 in normal liver cells L02 and liver cancer cells HepG2, BEL-7402 and SK-Hep-1 (n = 6). 

Cell Line J051-71 (μM) J051-105 (μM) 
L02 9.53 10.33 

HepG2 1.38 1.53 
BEL-7402 2.53 2.76 
SK-Hep-1 4.78 5.86 

2.4. BK Receptor Inhibitors Inhibit the Proliferation of HCC Cells 
Compared with the control groups, the experimental groups treated with J051-71 and 

J051-105 exhibited a significantly reduced number of liver cancer cell clones at a drug con-
centration of 0.5 μM (Figure 3A,B). The quantitative graphs of colony formation experi-
ments (Figure 3A,B) showed that both inhibitors reduced the colony formation rate of 
HepG2 and BEL-7402 cells. 

To further explore the inhibitory effect of J051-71 and J051-105, we added BK as a 
positive control to induce the proliferation of liver cancer cells and cell colony formation 
(Figure 3C). J051-71 or J051-105 was added to cells treated with BK (cells without BK treat-
ment were used as a negative control), and the formation of cell colonies was observed. 
Compared with the negative control, BK clearly stimulated the formation of cell colonies, 
which was significantly reduced in the presence of J051-71 and J051-105. These results 
suggest that the BK receptor inhibitors significantly reduced the BK-induced increase in 
cell colony formation compared with the positive control groups. 
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Figure 3. Bradykinin receptor inhibitors inhibit the proliferation of hepatocellular carcinoma cells. (A) (a) Colonies were stained 
with crystal violet to evaluate the cell colony formation of HepG2 and BEL-7402 cells. (b) Colony formation assay of HepG2 
cells treated with various concentrations (0.5 and 1 μM) J051-71 and J051-105 (n = 3), HepG2 cells without treatment were used 
as control. * p < 0.05, ** p < 0.01 the test concentrations (0.5 and 1 μM) vs control, respectively. (B) (a) Colonies were stained with 
crystal violet to evaluate the cell colony formation of BEL-7402 cells. (b) Colony formation assay of BEL-7402 cells treated with 
various concentrations (0.5 and 1 μM) J051-71 and J051-105 (n = 3), BEL-7402 cells without treatment were used as control. * p < 
0.05, ** p < 0.01 the test concentrations (0.5 and 1 μM) vs control, respectively. (C) (a) Cells were treated with BK at a concentra-
tion of 1 μM and J051-71 and J051-105 at 1 μM. (b) Colony formation assay of HepG2 and BEL-7402 cells treated with BK, BK 
and J051-71 or BK and J051-105 (n = 3), HepG2 and BEL-7402 cells without BK treatment were used as control. * p < 0.05, ** p < 
0.01: BK and J051-71 or BK and J051-105 vs BK. # p < 0.05: BK vs control. 

2.5. BK Receptor Inhibitors Promote the Apoptosis of HCC Cells 
To investigate the effect of BK receptor inhibitors on the apoptosis of HCC cells, 

based on the results of cell proliferation, we used J051-71 (1 μM) or J051-105 (1 μM) to 
treat HepG2 and BEL-7402 cells for 24 h. The effect of apoptosis was not obvious. Then, in 
order to obtain an obvious apoptotic phenomenon, we treated HepG2 and BEL-7402 cells 
with different concentrations (such as 2, 4, and 8μM) of J051-71 or J051-105 for 24 h. As 
shown in Figure 4A(a), both J051-71 and J051-105 increased the apoptosis rate of HepG2 
and BEL-7402 cells in a dose-dependent manner. However, the trend of apoptosis induced 
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by the BK receptor inhibitors was different for the two types of HCC cells. With increasing 
drug concentrations, the total apoptotic rate of HepG2 (Figure 4A(b)) and BEL-7402 (Fig-
ure 4A(c)) cells was significantly increased compared with the blank control group. A 
concentration of 2 μM was selected to detect the changes in mitochondrial membrane po-
tential because it is close to the IC50 value. The purpose of measuring the mitochondrial 
membrane potential is to illustrate the occurrence of premature withering. When prema-
ture apoptosis occurs, the mitochondrial membrane potential is high, and vice versa. The 
JC-1 mitochondrial membrane potential detection kit was used to detect changes in the 
mitochondrial membrane potential [22]. The lipophilic fluorescent dye JC-1 can freely en-
ter and exit the cell membrane and bind to the mitochondrial matrix, therefore, we could 
detect the change of mitochondrial membrane potential through the change of fluores-
cence color. When the mitochondrial membrane potential is high, it will show red fluo-
rescence (excitation wavelength at 490nm). In contrast, when the mitochondrial mem-
brane potential is low, it will show green fluorescence (excitation wavelength at 525nm). 
As shown in Figure 4B(a), whether it was in HepG2 or BEL-7402 cells, compared with the 
blank control group, the red fluorescence intensity of the inhibitor group decreased with 
time, and the green fluorescence intensity increased correspondingly. We quantified the 
amount of red staining and green staining per image using ImageJ analysis software. For 
BEL-7402 cells, when treated with J051-71 and J051-105 for 12 h, compared to the control, 
the percentage of red/green ratio was 21.52% and 30.96%, respectively. When treated with 
J051-71 and J051-105 for 24 h, compared to the control, the percentage of red/green ratio 
was 5.19% and 4.69% (p < 0.01 vs control), respectively. For HepG2 cells, when treated 
with J051-71 and J051-105 for 12 h, compared to the control, the percentage of red/green 
ratio was 29.95% and 23.31%, respectively. When treated with J051-71 and J051-105 for 24 
h, compared to the control, the percentage of red/green ratio was 3.60% and 2.49% (p < 
0.01 vs control), respectively. From the above results, the decreased percentage ratio of 
red to green for HepG2 and BEL-7402 cells treated with J051-71 and J051-105 indicated the 
shift in membrane potential and indirectly indicated cell death (Figure 4B(b) and 4B(c)). 
Accordingly, this confirmed that the physiological process of premature cell apoptosis 
occurred in liver cancer cells when the inhibitor concentration was low [22,23]. Based on 
the above experimental results, the expression of apoptotic proteins was measured. As 
shown in Figure 4C, the inhibitors’ dose-dependence increased the protein expression of 
cleaved caspase-3 and cleaved PARP, whereas the expression of pro-caspase 3 showed the 
opposite trend. J051-71 and J051-105 exhibited similar effects in the two different HCC cell 
lines. Together, these results demonstrate that J051-71 and J051-105 up-regulate cleaved 
caspase-3 expression and PARP cleavage through the caspase pathway and induces the 
apoptosis of HCC cells. 
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Figure 4. Bradykinin receptor inhibitors promote the apoptosis of hepatocellular carcinoma. (A) HepG2 and BEL-7402 cells 
were exposed to J051-71 or J051-105 (0, 2, 4, and 8 μM) for 24 h (n = 3). (a). BK inhibitors affect the outcome of hepatocellular 
carcinoma cell apoptosis. Quantification of apoptotic HepG2 (b) and BEL-7402 (c) cells, ** p < 0.01: the test concentrations (2, 4, 
and 8 μM) vs the test concentration (0 μM). (B) HepG2 and BEL-7402 cells were exposed to 2 μM J051-71 alone or 2 μM J051-
105 alone for 12 h or 24 h (n = 3). (a). Qualitative results of fluorescence microscopy of mitochondrial membrane potential. 
Apoptotic cells were identified by JC-1 staining (green), and non-apoptotic cells were identified by JC-1 staining (red). Scale 
bars are 50 μm. The calculated percentage ratio of red to green for HepG2 (b) and BEL-7402 (c) cells treated with J051-71 and 
J051-105 for 12h and 24h (n = 10), ** p < 0.01 vs control, respectively. (C) Western blot analysis of the protein levels of pro-caspase 
3, cleaved caspase-3, and cleaved PARP in HepG2 (a) and BEL-7402 (b) cells (n = 3). β-actin served as the loading control. 

2.6. BK Receptor Inhibitors Reduce the Proliferation of HCC Cells by Inhibiting the ERK 
Signaling Pathway 

We assessed the phosphorylation of ERK in HepG2 and BEL-7402 cells over time. As 
shown in Figure 5A(a), HepG2 cells treated with J051-71 and J051-105 exhibited signifi-
cantly reduced levels of p-ERK within a short time of 15 min. With increasing time, B1R 
receptor expression in HepG2 cells was also significantly downregulated. In contrast, the 



Molecules 2021, 26, 3915 9 of 15 
 

 

expression level of B2R did not change significantly. The trend of Western blot results for 
BEL-7402 (Figure 5A(b)) cells was similar to HepG2 cells. To further confirm the effect of 
BK inhibitors on the ERK signaling pathway, we treated liver cancer cells with 10 μM BK 
for 30 min, added the BK receptor inhibitors to inhibit the effects of BK, and detected the 
activation of the ERK signaling pathway. In HepG2 or BEL-7402 cells, the presence of BK 
significantly induced the expression of p-ERK, whereas J051-71 and J051-105 significantly 
inhibited this increased phosphorylation (Figure 5B). 

 
Figure 5. Bradykinin receptor inhibitors reduce the proliferation of hepatocellular carcinoma cells by inhibiting the activation 
of the ERK signaling pathway. (A) HepG2 (a) and BEL-7402 (b) cells were treated with 2 μM J051-71 and J051-105 for 0, 15, 30, 
45, and 60 min (n = 3). Protein levels of B1R, B2R, p-ERK, and ERK were determined by Western blot. β-actin served as the 
loading control. (B) Western blot expression of the indicated proteins in HepG2 cells treated with 2 μM J051-71 (a) and J051-105 
(b) or BEL-7402 cells treated with J051-71 (c) and J051-105 (d) for 30 min (n = 3). 

3. Discussion 
In recent years, the types of BK receptor inhibitors have evolved from peptides with 

natural amino acids to peptidomimetics and non-peptides. A variety of BK receptor in-
hibitors have been synthesized and achieved experimental progress [24]. Studies have 
shown that in lung and prostate cancer, BKM570 has enhanced growth inhibitory effects 
compared with conventional chemotherapeutic drugs and significant tumor-suppressive 
effects in vivo [25]. As a promising multi-targeted anticancer compound, it can selectively 
stimulate the apoptosis of cancer cells [26]. In the study of glioblastoma, BKM570 also 
strongly inhibited the phosphorylation of ERK 1/2 and activation of the Akt signaling 
pathway to reduce the cell viability of glioblastoma cells. As a result, BKM570 is expected 
to become a new potential anticancer drug [27]. Other studies have shown that BKM570 
can have cytotoxic effects similar to cisplatin on cell lines derived from epithelial ovarian 
cancer (EOC), and it can also synergize with cisplatin to inhibit cell growth. In addition, 
BKM570 has an effective antiproliferative mechanism [28]. BKM570 can downregulate cel-
lular activities, including cell growth metabolism, cell cycle regulation, inflammation and 
immune responses, signal transduction, protein biosynthesis, transcription regulation, 
and transport. 

Non-peptide BK inhibitors show significant anticancer activities in both in vitro and 
in vivo cancer models. In this study, we designed the novel BK receptor inhibitors J051-
71 and J051-105. They are more stable in structure and have a wider range of anticancer 
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activities. J051-71 and J051-105 inhibited the growth of HepG2 and BEL-7402 HCC cells in 
a concentration-dependent manner. Further, J051-71 and J051-105 inhibited the activation 
of the ERK signaling pathway by reducing the expression of B1R. As B1R is widely ex-
pressed in cancer cells and inflammatory tissues, the inhibition of B1R expression would 
likely target and reduce the proliferation of cancer cells. 

Based on previous studies, inhibiting related pathways, or suppressing BK receptors 
could impair the BK-mediated promotion of cell growth [29]. As shown in Figure 5A, 
when cells were treated with an inhibitor in the absence of BK, p-ERK decreased over 
time. This phenomenon may be due to one of the three following reasons: 1) BK receptors 
may perform a secondary function independent of BK that supports cancer cell prolifera-
tion and survival; 2) cell lines used in this study may produce BK and respond in a cell-
autonomous manner in cell culture; 3) inhibitors are non-specifically toxic. BK is generally 
secreted by the liver and kidneys in the body, and there is little research on whether nor-
mal cultured cancer cells secrete bradykinin. It is difficult to determine the concentration 
of bradykinin in the culture medium. Regarding the third possibility, although there is a 
high inhibitory effect on the proliferation of normal cells at high concentrations, the con-
centration of inhibitors we chose to act on cancer cells is relatively small. Under the action 
of low concentration the inhibitory effect on L02 is not significant. Hence, low concentra-
tions were used to explore the effect of inhibitors on liver cancer cells. In view of these 
reasons, it seems that the BK receptor may have a secondary function, which is independ-
ent of BK-induced signal transport. Follow-up verification is required to conduct further 
in-depth research. 

In this study, in order to evaluate the effect of J051-71 and J051-105, the cell lines with 
high expression of B1R and B2R were utilized. Several cell lines, such as human lung can-
cer cell A549, normal liver cell line L02, three hepatocarcinoma cell lines SK-Hep-1, HepG2 
and BEL-7402, human pancreatic cancer Bx-PC3, and human breast cancer cell MCF-7 
were used to measure the expression of B1R and B2R. As shown in Figure S1, it is clear to 
see that the hepatocarcinoma cells HepG2 and BEL-7402 show a higher protein expression 
than the normal liver cells L02. Therefore, the hepatocarcinoma cells HepG2 and BEL-7402 
were selected to perform the follow-up research. Different doses of the novel BK receptor 
inhibitors J051-71 and J051-105 exhibited broad-spectrum anticancer activity and signifi-
cantly inhibited the growth of carcinoma cells. Both BK receptor inhibitors reduced B1R 
protein expression in liver cancer cells but had no significant effect on B2R expression. In 
addition, J051-71 and J051-105 inhibited the abnormal phosphorylation in response to BK-
induced over-activation of the ERK1/2 signaling pathway. Therefore, we speculated that 
the novel BK receptor inhibitors inhibited the activation of the ERK1/2 signaling pathway 
mediated by B1R, thereby affecting the proliferation and growth of the HCC cells. We 
found that these promising multi-target anticancer compounds selectively stimulated 
apoptosis and also inhibited cell proliferation of the HCC cells. In addition, these BK in-
hibitors have the advantage of being combined with other chemotherapeutic agents to 
enhance their anticancer activity. 

4. Materials and Methods 
4.1. Materials 

(Benzotriazol1yloxy) tris (dimethylamino) phosphonium hexafluorophosphate 
(BOP), Boc-4-phenyl-Phe-OH (BOC), 2-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethylu-
ronium hexafluorophosphate (HATU), N,N-diisopropylethylamine (DIPEA), 4-amino-
2,2,6,6-tetramethylpiperidine, 4-phenoxybenzolc acid, and methyl indole-2-carboxylate 
were purchased from Aladdin (Shanghai, China). CH3CN, trifluoroacetic acid (TFA), tet-
rahydrofuran (THF), N,N-dimethylformamide (DMF), methanol (MeOH), dichloro-
methane (DCM), HBr, HCl, ethyl acetate (EtOAc), acetic acid (HOAc), and petroleum 
ether (PE) were purchased from Beijing Chemical Works (Beijing, China). MTT was pur-
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chased from Sigma-Aldrich (St. Louis, MO, USA). The FITC Annexin V/PI apoptosis de-
tection kit was purchased from BestBio (Shanghai, China), and the JC-1 mitochondrial 
membrane potential detection kit was purchased from BestBio (Shanghai, China). Anti-
pro caspase-3, anti-cleaved caspase-3, BDKRB1, BDKRB2, anti-ERK1/2, and anti-phospho-
ERK1/2 antibodies were purchased from Cell Signaling Technology (Boston, MA, USA). 
The human liver cancer cell lines HepG2, BEL-7402, and SK-Hep-1, and human normal 
liver cell line L02 were obtained from the Institute of Biochemistry and Cell Biology 
(IBCB), Chinese Academy of Sciences (Shanghai, China). 

4.2. Synthesis of BK Receptor Inhibitors 
The BK receptor inhibitors J051-71 and J051-105 were separated and purified by silica 

gel column chromatography. BOP, BOC, 4-amino-2,2,6,6-tetramethylpiperidine, and DI-
PEA were added to dry CH3CN (50 mL) and reacted overnight. The organic layer was 
separated by a 1:1 H2O/EtOAc mixed solution. After dry extraction with anhydrous 
MgSO4, the extraction was eluted with 10:1 DCM/MeOH and separated by silica gel col-
umn chromatography. The Rf value was 0.82. For BOC cracking, the reactant was added 
to a 1:4 TFA/DCM reaction system and stirred at room temperature for 30 min. The BOC 
protective base was removed by TFA. A saturated HCl/EtOAc solution was added drop-
wise under ice bath conditions and stirred for 10 min. Following concentration under re-
duced pressure, the product was obtained as a white solid. 

The reaction products, carboxylic acid, HATU, and DIPEA were added to dry DMF 
and stirred at room temperature for 24 h. DCM was used to extract the reactants, and the 
washing and the drying steps were repeated. The carboxylic acid used in the synthesis of 
J051-71 was 4-phenoxybenzoic acid. DCM/MeOH (10:1) was used for elution, and the Rf 
value of the pure product was 0.63. The carboxylic acid required for J051-105 was made 
in our laboratory. Methyl indole-2-carboxylate, HBr, and NaH were dissolved in THF and 
stirred at room temperature for 48 h under nitrogen protection. The products after decom-
pression and concentration were prepared by aldehyde-alcohol condensation in the pres-
ence of EtOH at room temperature for 12 h after the addition of LiOH. Finally, the carbox-
ylic acid needed for the synthesis of J051-105 was obtained after extraction and drying. 

Other preparation methods were consistent with the steps of J051-71 synthesis. The 
pure products were separated with PE: EtOAc (10:1), and the Rf value of the pure products 
was 0.55. The compounds were characterized by nuclear magnetic resonance (NMR). 

4.3. Cell Culture, Cell Viability, and Proliferation Assays 
Three liver cancer cell lines (HepG2, BEL-7402, and SK-Hep-1) and normal liver cells 

(L02) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
10% heat-inactivated fetal bovine serum (FBS) (Kangyuan Biotechnology Co., Tianjin, 
China), 100 mg/mL penicillin, and 250 mg/mL streptomycin. The cultures were main-
tained at 37 °C in a 5% CO2 incubator. 

Cell viability was measured using the tetrazolium colorimetric (MTT) method. Cells 
were seeded in a 96-well culture plate at a density of 1×104 cells/well. After incubation for 
12 h, the cells were treated with different concentrations of J051-71 (0, 1, 2, 4, and 8 μM) 
or J051-105 (0, 1, 2, 4, and 8 μM) for 24 h. Then, 20 μL MTT was added to each well and 
incubated at 37 °C with 5% CO2 in an incubator for 4 h. The medium was then replaced 
with 150 μL of dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO, USA) for 10 min to dis-
solve the formazan crystals. The OD values were measured at 492 nm by a microplate 
reader (Infinite F200 Pro, TECAN, Männedorf, Switzerland) and normalized to the con-
trol. The cell viability and 50% inhibitory concentration (IC50) were calculated with Origin 
8.0 software (OriginLab, Northampton, MA, USA). 
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4.4. Colony Formation 
The cell population formed by the progeny of a single cell that proliferated for more 

than six generations in vitro became a colony. These cell clones can demonstrate the 
strength of cancer cell proliferation. To determine the viability of liver cancer cells, the 
colony formation rate was measured. Cells (500 cells/well in 100 μL medium) were plated 
into 6-well plates and treated with J051-71 or J051-105 at various concentrations (0, 0.5, 
and 1 μM) for two weeks. The concentration used in the experimental group with BK 
added was 1 μM. The order of action of the experimental group drugs co-incubated with 
BK and the new bradykinin receptor inhibitor was: 1 μM BK acted for half an hour, and 
then 1μM J051-71 or J051-105 was added to treat the cells. HepG2 and BEL-7402 cells not 
treated with bradykinin inhibitor or BK were used as controls. After incubating the cells 
in 4% PFA for 10 min, they were stained with 0.25% crystal violet (Solarbio, Beijing, China) 
for 15 min. More than 50 cell clones were counted under the microscope, and then the 
colony formation rate was calculated according to the following formula:  

colony formation rate (%) = (colony number/number of inoculated cells) × 100 (1) 

4.5. Annexin V/PI Double Staining 
For the apoptosis assay, Annexin V-FITC and propidium iodide (PI) apoptosis detec-

tion kits were used, and apoptosis was detected by flow cytometry (FACSCalibur, Becton-
Dickinson, San Jose, CA, USA). Cells were seeded in 6-well plates at a density of 3×105 
cells/well. After 12 h incubation, the cells were treated with different concentrations (0, 2, 
4, and 8 μM) of J051-71 or J051-105 for 24 h. Then, the cells were collected, washed with 
phosphate-buffered saline solution, and stained with 5 μL of Annexin V-FITC and 5 μL of 
PI for 15 min. Finally, the fluorescence was measured using flow cytometry. 

4.6. Measurement of Mitochondrial Membrane Potentials 
The JC-1 mitochondrial membrane potential detection kit was used to detect changes 

in the mitochondrial membrane potential. HepG2 and BEL-7402 cells were seeded in 6-
well plates. After 12 h incubation, the cells were treated with J051-71 (2 μM) or J051-105 (2 
μM) for 12 h and 24 h, respectively. Then, cells were incubated with a JC-1 staining solu-
tion for 15 min in the dark, and images were obtained with a fluorescence microscope 
(Olympus, Tokyo, Japan). The ImageJ software was used to quantify the red and green 
fluorescence intensity for the obtained fluorescence images. Then the fluorescence inten-
sity ratio of red and green was calculated for control, J051-71 and J051-105, respectively. 
Finally, the relative fluorescence intensity ratio of red and green of the J051-71 and J051-
105 groups was calculated compared with the control [23]. 
4.7. Western Blot Analysis 

The cells were collected and total proteins were extracted with phenylmethanesul-
fonyl fluoride and RIPA buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 1% Triton X-100, 
1% sodium deoxycholate, and 0.1% SDS) in a ratio of 1:100. The protein concentration in 
each sample was determined by the BCA method and adjusted to be consistent. To com-
pletely denature the protein, 5× SDS-PAGE protein loading buffer (1 M Tris-HCl pH6.8, 
10%SDS, 25 mg BPB, and 2.5mL glycerin) was added to protein samples, which were 
boiled at 100 °C for 5 min. The protein in the cell lysate was separated with 10% SDS-
PAGE and then transferred to a PVDF membrane. The PVDF membrane was blocked with 
5% skimmed milk powder for 1 h and incubated with the indicated primary antibody 
(1:1000) overnight at 4 °C. After washing with TBST (10×, 200mL (100 mM Tris-Hcl+1500 
mM NaCl), 5ml (20% Tween-20)), the membrane was incubated with the horseradish pe-
roxidase-conjugated goat anti-rabbit IgG secondary antibody for 1 h. Western blotting 
was performed using a chemiluminescence substrate (Thermo Scientific, MA, USA), and 
protein signals were detected using the Tanon 2500 chemiluminescence imaging system 
(Shanghai, China), as shown in Figures 4, 5 and S1. 
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4.8. Statistical Analysis 
The data are expressed as the average of at least three independent experiments, and 

statistical significance was analyzed by one-way ANOVA using GraphPad Prism 5.0 soft-
ware (San Diego, CA, USA). p < 0.05 was considered statistically significant. 

5. Conclusions 
In this study, the novel peptidomimetic BK receptor inhibitors were obtained by co-

valently coupling the hydrophobic amino and amide groups. At the effective doses, the 
new BK receptor inhibitors showed a weak effect on normal cells but exhibited significant 
inhibitory effects against cancer cells. J051-71 and J051-105 significantly reduced the pro-
liferation ability of hepatoma cells, which may be due to the inhibition of the activation of 
the ERK signaling pathway. Additionally, both J051-71 and J051-105 induced the apopto-
sis of HCC cells through the intrinsic caspase apoptotic pathway. The efficacy of BK re-
ceptor inhibitors in HCC provides novel insights for the development of new therapeutics 
against liver cancer with potent anticancer activities. 

Supplementary Materials: The following are available online, Figure S1: The protein expression of 
B1R and B2R in human lung cancer cell A549, normal liver cell line L02, three hepatocarcinoma cell 
lines SK-Hep-1, HepG2 and BEL-7402, human pancreatic cancer Bx-PC3 and human breast cancer 
cell MCF-7 by Western blot.  

Author Contributions: Conceived and designed the experiments: Y.W., B.Z. and Y.C.; Performed 
the experiments: Y.W. and B.Z.; Analyzed the data: Y.W., B.Z., Y.H., W.Y., F.T. and Y.C.; Contrib-
uted reagents/materials/analysis tools: Y.W., B.Z., Y.H. and Y.C.; Wrote the paper: Y.W., W.Y., F.T. 
and Y.C. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Natural Science Foundation of Jilin Province of China 
(20180101250 JC to Y.B.H.) and the “13th Five-Year” Science and Technology Project of Jilin Pro-
vincial Department of Education (JJKH20180178 KJ to Y.B.H.). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The datasets supporting the conclusions of this article are included 
within the article. 

Acknowledgments: This work was supported by the Natural Science Foundation of Jilin Province 
of China (20180101250 JC to Y.B.H) and the “13th Five-year” Science and Technology Project of 
Jilin Provincal Department of Education (No. JJKH20180178 KJ to Y.B.H) 

Conflicts of Interest: The authors declare no conflicts of interest with the contents of this article. 

Sample Availability: Samples of the compounds are not available from the authors. 

List of Abbreviations 
HCC: Hepatocellular carcinoma 
BK: bradykinin 
GPCRs: G-protein-coupled receptors 
B1R: B1 receptor 
B2R: B2 receptor 
KKS: kinin-kallikrein system 
TCE: trichloroethylene 
MAPK: mitogen-activated protein kinase 
IL: interleukin 
TNF: tumor necrosis factor 
BOC: Boc-4-phenyl-Phe-OH 
HATU: hexafluorophosphate 
DIPEA: diisopropylethylamine 
TFA: trifluoroacetic acid 



Molecules 2021, 26, 3915 14 of 15 
 

 

THF: tetrahydrofuran 
MeOH: methanol 
DCM: dichloromethane 
EtOAc: ethyl acetate 
PE: petroleum ether 
IBCB: Institute of Biochemistry and Cell Biology 
NMR: nuclear magnetic resonance 
DMEM: Dulbecco’s Modified Eagle Medium 
FBS: fetal bovine serum 
PI: propidium iodide 

References 
1. Shi, J.; Lai, E.C.; Li, N.; Guo, W.X.; Xue, J.; Lau, W.Y.; Wu, M.C.; Cheng, S.Q. Surgical treatment of hepatocellular carcinoma 

with portal vein tumor thrombus. Ann. Surg. Oncol. 2010, 7, 2073–2080, doi:10.1245/s10434-010-0940-4. 
2. Yang, Y.; Nagano, H.; Ota, H.; Morimoto, O.; Nakamura, M.; Wada, H.; Node, T.; Damdinsuren, B.; Marubashi, S.; Miyamoto, 

A.; et al. Patterns and clinicopathologic features of extrahepatic recurrence of hepatocellular carcinoma after curative resection. 
Surgery 2007, 141, 196–202, doi:10.1016/j.surg.2006.06.033. 

3. Singh, A.K.; Kumar, R.; Pandey, A.K. Hepatocellular Carcinoma: Causes, Mechanism of Progression and Biomarkers. Curr. 
Chem. Genom. Transl. Med. 2018, 12, 9–26, doi:10.2174/2213988501812010009. 

4. Hartke, J.; Johnson, M.; Ghabril, M. The diagnosis and treatment of hepatocellular carcinoma. Semin. Diagn. Pathol. 2017, 34, 
153–159, doi:10.1053/j.semdp.2016.12.011. 

5. Kudo, M.; Finn, R.S.; Qin, S.; Han, K.H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.-W.; Han, G.; Jassem, J.; et al. Lenvatinib versus 
sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma: A randomised phase 3 non-inferiority 
trial. Lancet 2018, 391, 1163–1173, doi:10.1016/S0140-6736(18)30207-1. 

6. Finn, R.S.; Merle, P.; Granito, A.; Huang, Y.H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.; Gerolami, R.; Caparello, 
C.; et al. Outcomes of sequential treatment with sorafenib followed by regorafenib for HCC: Additional analyses from the phase 
III RESORCE trial. J. Hepatol. 2018, 69, 353–358, doi:10.1016/j.jhep.2018.04.010. 

7. Ohri, N.; Kaubisch, A.; Garg, M.; Guha, C. Targeted Therapy for Hepatocellular Carcinoma. Semin. Radiat. Oncol. 2016, 26, 338–
343, doi:10.1016/j.semradonc.2016.06.004. 

8. Nishida, N.; Kudo, M. Oncogenic Signal and Tumor Microenvironment in Hepatocellular Carcinoma. Oncology 2017, 93, 160–
164, doi:10.1159/000481246. 

9. Costa, P.L.N.; Sirois, P.; Tannock, I.F.; Chammas, R. The role of kinin receptors in cancer and therapeutic opportunities. Cancer 
Lett. 2014, 345, 27–38, doi:10.1016/j.canlet.2013.12.009. 

10. Costa-Neto, C.M.; Dillenburg-Pilla, P.; Heinrich, T.A.; Parreiras-e-Silva, L.T.; Pereira, M.G.; Reis, R.I.; Souza, P.P. Participation 
of kallikrein-kinin system in different pathologies. Int. Immunopharmacol. 2008, 8, 135–142, doi:10.1016/j.intimp.2007.08.003. 

11. Calixto, J.B.; Medeiros, R.; Fernandes, E.S.; Ferreira, J.; Cabrini, D.A.; Campos, M.M. Kinin B1 receptors: Key G-protein-coupled 
receptors and their role in inflammatory and painful processes. Br. J. Pharmacol. 2004, 143, 803–818, doi:10.1038/sj.bjp.0706012. 

12. Kuhr, F.; Lowry, J.; Zhang, Y.; Brovkovych, V.; Skidgel, R.A. Differential regulation of inducible and endothelial nitric oxide 
synthase by kinin B1 and B2 receptors. Neuropeptides 2010, 44, 145–154, doi:10.1016/j.npep.2009.12.004. 

13. Ehrenfeld, P.; Millan, C.; Matus, C.E.; Figueroa, J.E.; Burgos, R.A.; Nualart, F.; Bhoola, K.D.; Figueroa, C.D. Activation of kinin 
B1 receptors induces chemotaxis of human neutrophils. J. Leukoc. Biol. 2006, 80, 117–124, doi:10.1189/jlb.1205744. 

14. Wang, H.; Zhang, J.X.; Ye, L.P.; Li, S.L.; Wang, F.; Zha, W.S.; Shen, T.; Wu, C.; Zhu, Q.X. Plasma Kallikrein-Kinin system medi-
ates immune-mediated renal injury in trichloroethylene-sensitized mice. J. Immunotoxicol. 2016, 13, 567–579, 
doi:10.3109/1547691X.2016.1142019. 

15. Zhang, J.; Li, N.; Yang, L.; Zang, D.; Yang, P.; Wang, H.; Shen, T.; Zhu, Q.X. Role of selective blocking of bradykinin B1 receptor 
in attenuating immune liver injury in trichloroethylene-sensitized mice. Cytokine 2018, 108, 71–81, doi:10.1016/j.cyto.2018.03.024. 

16. Zhang, J.; Li, N.; Yang, L.; Xie, H.; Yang, Y.; Wang, H.; Shen, T.; Zhu, Q. Bradykinin contributes to immune liver injury via B2R 
receptor-mediated pathways in trichloroethylene sensitized mice: A role in Kupffer cell activation. Toxicology 2019, 415, 37–48, 
doi:10.1016/j.tox.2019.01.015. 

17. Wang, X.; Yang, C.; Zhang, Q.; Wang, C.; Zhou, X.; Zhang, X.; Liu, S. In vitro anticancer effects of esculetin against human 
leukemia cell lines involves apoptotic cell death, autophagy, G0/G1 cell cycle arrest and modulation of Raf/MEK/ERK signalling 
pathway. J. BUON 2019, 24, 1686–1691. 

18. Meng, X.; Shi, Y.; Xiang, X.; Li, C.; Ge, X.; Pan, K.; Liang, Y. Influence of miR-101 on proliferation of liver cancer cells through 
the MAPK/ERK signaling pathway. Oncol. Lett. 2020, 19, 1310–1316, doi:10.3892/ol.2019.11210. 

19. Zhang, M.; Li, Q.; Zhou, C.; Zhao, Y.; Li, R.; Zhang, Y. Demethyleneberberine attenuates concanavalin A-induced autoimmune 
hepatitis in mice through inhibition of NF-κB and MAPK signaling. Int. Immunopharmacol. 2020, 80, 106137, doi:10.1016/j.in-
timp.2019.106137. 



Molecules 2021, 26, 3915 15 of 15 
 

 

20. Cusimano, A.; Foderà, D.; D'Alessandro, N.; Lampiasi, N.; Azzolina, A.; Montalto, G.; Cervello, M. Potentiation of the antitumor 
effects of both selective cyclooxygenase-1 and cyclooxygenase-2 inhibitors in human hepatic cancer cells by inhibition of the 
MEK/ERK pathway. Cancer Biol. Ther. 2007, 6, 1461–1468, doi:10.4161/cbt.6.9.4629. 

21. Stewart, J.M.; Gera, L.; Chan, D.C.; Bunn, P.A., Jr.; York, E.J.; Simkeviciene, V.; Helfrich, B. Bradykinin-related compounds as 
new drugs for cancer and inflammation. Can. J. Physiol. Pharmacol. 2002, 80, 275–280, doi:10.1139/y02-030. 

22. Perelman, A.; Wachtel, C.; Cohen, M.; Haupt, S.; Shapiro, H.; Tzur, A. JC-1: Alternative excitation wavelengths facilitate mito-
chondrial membrane potential cytometry. Cell Death Dis. 2012, 3, e430, doi:10.1038/cddis.2012.171. 

23. Sivandzade, F.; Bhalerao, A.; Cucullo, L. Analysis of the Mitochondrial Membrane Potential Using the Cationic JC-1 Dye as a 
Sensitive Fluorescent Probe. Bio-Protocol 2019, 9, e3128, doi:10.21769/BioProtoc.3128. 

24. Whalley, E.T.; Figueroa, C.D.; Gera, L.; Bhoola, K.D. Discovery and therapeutic potential of kinin receptor antagonists. Expert 
Opin. Drug Discov. 2012, 7, 1129–1148, doi:10.1517/17460441.2012.729038. 

25. Stewart, J.M.; Gera, L.; Chan, D.C.; York, E.J.; Simkeviciene, V.; Bunn, P.A., Jr.; Taraseviciene-Stewart, L. Combination cancer 
chemotherapy with one compound: Pluripotent bradykinin antagonists. Peptides 2005, 26, 1288–1291, doi:10.1016/j.pep-
tides.2005.03.052. 

26. Barth, M.; Bondoux, M.; Luccarini, J.M.; Peyrou, V.; Dodey, P.; Pruneau, D.; Massardier, C.; Paquet, J.L. From bradykinin B2 
receptor antagonists to orally active and selective bradykinin B1 receptor antagonists. J. Med. Chem. 2012, 55, 2574–2584, 
doi:10.1021/jm2016057. 

27. Avdieiev, S.; Gera, L.; Havrylyuk, D.; Hodges, R.S.; Lesyk, R.; Ribrag, V.; Vassetzkyf, Y.; Kavsan, V. Bradykinin antagonists and 
thiazolidinone derivatives as new potential anti-cancer compounds. Bioorg. Med. Chem. 2014, 22, 3815–3823, 
doi:10.1016/j.bmc.2014.06.046. 

28. Jutras, S.; Bachvarova, M.; Keita, M.; Bascands, J.L.; Mes‐Masson, A.M.; Stewart, J.M.; Bachvarov, D. Strong cytotoxic effect of 
the bradykinin antagonist BKM-570 in ovarian cancer cells-analysis of the molecular mechanisms of its antiproliferative action. 
FEBS J. 2001, 277, 5146–5160, doi:10.1111/j.1742-4658.2010.07928.x. 

29. Liebmann, C. Regulation of MAP kinase activity by peptide receptor signalling pathway: Paradigms of multiplicity. Cell Signal. 
2010, 13, 777–785, doi:10.1016/s0898-6568(01)00192-9. 

 


	1. Introduction
	2. Results
	2.1. Design and Synthesis of BK Receptor Inhibitors
	2.2. Anticancer Activity of BK Receptor Inhibitors
	2.3. BK Receptor Inhibitors Inhibit the Cellular Activity of Primary HCC Cells
	2.4. BK Receptor Inhibitors Inhibit the Proliferation of HCC Cells
	2.5. BK Receptor Inhibitors Promote the Apoptosis of HCC Cells
	2.6. BK Receptor Inhibitors Reduce the Proliferation of HCC Cells by Inhibiting the ERK Signaling Pathway

	3. Discussion
	4. Materials and Methods
	4.1. Materials
	4.2. Synthesis of BK Receptor Inhibitors
	4.3. Cell Culture, Cell Viability, and Proliferation Assays
	4.4. Colony Formation
	4.5. Annexin V/PI Double Staining
	4.6. Measurement of Mitochondrial Membrane Potentials
	4.7. Western Blot Analysis
	4.8. Statistical Analysis

	5. Conclusions
	List of Abbreviations
	References

