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down-regulation of ubiquitin-like with PHD and ring-
finger domains 1 (UHRF1) and Bcl-xL. Taken togeth-
er, this study provides a new insight into the apopto-
sis-inducing potential of MB, and its molecular 
mechanisms are associated with an increase in oxida-
tive stress and inhibition of the PDK1/Akt pathway.

Introduction
Cancer is the second leading cause of death in humans 

globally. Every year more than 7 million deaths are re-
ported due to cancer (Prasedya et al., 2016). Among 
women, cervical cancer has been reported to cause high 
morbidity and mortality, with only 66 % of the 5-year 
survival rate reported in developing countries (Ferlay et 
al., 2015). Despite treatment options of surgery, radio-
therapy and chemotherapy, the survival rate in patients 
with cervical cancer remains low due to metastasis, ra-
dio-resistance and drug resistance (Bhatla et al., 2018). 
To particularly address these problems, a continuous 
search for chemicals or naturally occurring compounds 
that are of therapeutic value is needed to improve the 
odds of survival for patients with cervical cancer.

Natural plants could be considered reservoirs of nov-
el chemical entities, from which some extracts were 
able to produce chemical compounds that have emerged 
as prospective anticancer agents potentially offering 
promising outcomes. For example, natural bioactive 
products of flavonoids, terpenoids and saponins have 
been reported to possess potential anticancer activity 
(Avato et al., 2017; Joshi et al., 2017; Majumder et al., 
2017). An extract from Lonicera macranthoides, mac-
ranthoside B (MB) (Fig. 1A), is a triterpenoid saponin 
that has been traditionally used in Chinese medicine for 
many diseases including cancer (Chen et al., 2009; 
Wang et al., 2009; Guan et al., 2011). It has also been 
reported that saponins have protective effects on hepatic 
injury caused by acetaminophen and chemokine (C-C 
motif) ligand 4 (CCl4)-induced hepatic injury (Ohta et 
al., 1993; Jiang et al., 2014). MB has also been reported 
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to induce reactive oxygen species (ROS)-mediated apop-
tosis in human ovarian cancer A2780 cells and human 
promyelocytic leukaemia HL-60 cells; however, the de-
tailed underlying mechanisms still remain unclear 
(Wang et al., 2009; Guan et al., 2011).

The phosphoinositol-3-kinase (PI3K)-Akt pathway is 
a representative anti-apoptotic effector promoting inva-
sion and metastasis (Lazorchak and Su, 2011; Wang et 
al., 2019). Over-expression and dysregulation of the 
PI3K-Akt pathway associated with cell death have been 
reported frequently in various types of cancer (Nitulescu 
et al., 2018). Phosphorylation of second messenger 
phosphatidylinositol-4,5-bisphosphate (PIP2) to phos-
phatidylinositol-3,4,5-triphosphate (PIP3) is the main 
function of PI3Ks. PIP3 can bind to both phosphoinosit-
ide-dependent kinase 1 (PDK1) and Akt protein, and 
recruits the Akt protein at the plasma membrane. Plasma 
membrane-bound PDK1 is able to phosphorylate and 
activate Akt (Choi et al., 2008). Persistent activation of 
Akt is responsible for cancer cell survival and excessive 
proliferation through the inhibition of apoptotic pro-
cesses. Over-expression of Akt is notably associated 
with the progression of cervical cancer (Prasad et al., 
2015; Bahrami et al., 2017). Therefore, the PI3K/Akt 
signalling pathway represents a valuable target for the 
exploration of new pharmacological agents against cer-
vical cancer.

The current study was undertaken to evaluate the ef-
fects of MB targeting the PI3K-Akt signalling pathway 
and the subsequent effects on the cell proliferation and 
apoptosis induction in human cervical adenocarcinoma, 
HeLa cells. ROS play important roles in cell death by 
modification of various physiological and pathological 
signal transduction mechanisms including the PI3K-Akt 
pathway. We also examined the changes in intracellular 
ROS generation, the expression levels of antioxidant en-
zymes, and the associated anti-apoptotic proteins such 
as ubiquitin-like with PHD and ring-finger protein 1 
(UHRF1) and Bcl-xL.

Material and Methods

Reagents, cell culture and treatment

MB was purchased from Chengdu Herb purify Co., 
LTD., Sichuan Prov., China. Cervical adenocarcinoma 
HeLa, mammary epithelial adenocarcinoma MCF7, and 
epithelial glioblastoma U87 (or U-87 MG), epithelial-
like lung cancer A549, and hepatocellular carcinoma 
HepG2 cell lines were obtained from the Human Science 
Research Resources Bank Japan (Japan Human Sciences 
Foundation, Tokyo, Japan). The cells were cultured and 
maintained in low-glucose Dulbecco’s Modified Eagle’s 
Medium supplemented with 10 % heat-inactivated foe-
tal bovine serum (FBS; Thermo Scientific, Waltham, 
MA) in a humidified incubator at 37 °C with 5 % CO2 
and 95 % air, and the medium was changed every other 
day. The cells were harvested by trypsinization with 
0.05 % cold trypsin and sub-cultured according to the 

specific experimental requirements. The cells were al-
lowed to adhere to the bottom of the dish for 24 h after 
seeding, and the growth medium was changed with a 
freshly prepared medium before treatment.

Cell viability analysis by MTT assay
Cell viability was assessed by the MTT [(3-4,5-di-

methyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide] assay. The cells were cultured in 96-well plates at 
a density of 5 × 103 cells/well and incubated overnight 
to allow for surface attachment before the 24 h treat-
ment with the indicated concentrations of MB. Next, the 
MTT solution (5 mg/ml, 10 µl/well) was added to the 
96-well plates and incubated for 3 h at 37 °C. Afterwards, 
the medium containing MTT was removed and replaced 
with 150 µl/well dimethyl sulphoxide (DMSO). The 
plates were then subjected to constant shaking for 5 min 
to solubilize the formazan crystals. The absorbance of 
the solution at 540 nm was measured with a microplate 
reader according to a method reported previously (Yun 
et al., 2016). This assay was conducted in triplicate, and 
the cell viability was calculated as a percentage of via-
ble cells in the drug-treated group versus the non-treated 
(NT) control group using the following equation: cell 
viability (%) = [OD (drug treatment) – OD (blank)]/[OD 
(control) – OD (blank)] × 100.

Sub-G1 analysis
Cell cycle analysis was performed following a proto-

col reported previously (Riccardi and Nicoletti, 2006). 
Briefly, after collection, cells were washed with phos-
phate-buffered saline (PBS) followed by centrifugation 
at 400 g for 5 min at 4 °C and resuspension in 50 µl of 
PBS after the drop-by-drop addition of 70 % ice-cold 
ethanol. The fixed cells were stored at −20 °C for at 
least 2 h, rehydrated with PBS, and staining was done 
with propidium iodide (PI) solution containing RNase 
for 30 min at room temperature. The cell cycle phases 
were analysed using a flow cytometer (BD FACSCanto 
II Flow Cytometer ver. 1.1 and Diva 6.1, BD Biosciences, 
Franklin Lakes, NJ). A minimum of 10,000 cells per 
sample was evaluated at a flow speed of fewer than 400 
cells/s, and the cell debris was excluded from the analy-
sis. The cells with decreased DNA staining (hypodiploid 
cells) in the sub-G1 phase were considered as apoptotic 
cells. The data were analysed using Flowing Software 
2.5.1 (Turku Bioscience, Turku, Finland).

Western blotting
Western blot analysis was carried out according to the 

method described previously (Cui et al., 2006). Briefly, 
cells were collected and after washing with PBS, lysed 
for 20 min on ice with RIPA buffer which contains 
150 mM NaCl, 1 % Triton X-100 (v/v), 1 % sodium de-
oxycholate, 0.1 % SDS, 1 µg/ml each protease inhibitor 
(aprotinin, pepstatin and leupeptin), 1 mM EGTA, 50 mM 
Tris-HCl, pH 7.5. After a brief sonication, the lysates 
were centrifuged at 13,000 × g for 10 min at 4 °C, and 
the protein content in the supernatant was measured by 
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using a Coomassie (Bradford) Protein Assay Kit 
(Thermo Scientific, Waltham, MA). The protein lysates 
were mixed with SDS loading buffer, denatured at 96 °C 
for 10 min, separated by SDS-polyacrylamide gel elec-
trophoresis and transferred to a nitrocellulose membrane 
(Amersham Biosciences, Buckinghamshire, UK) (Sam-
brook et al., 1989). Afterwards, the membrane was 
blocked with 5 % skim milk in TBST (150 mM NaCl, 
50 mM Tris, pH 7.5, 0.1 % Tween-20). Western blot 
analysis was performed using the following specific 
monoclonal or polyclonal antibodies: anti-cleaved 
PARP, anti-cleaved caspase-3, anti-Bcl-xL, anti-super-
oxide dismutase-2 (SOD2), anti-glutathione peroxi-
dase-1 (GPx1), anti-p-AKTSer473, anti-AKT (pan), anti-
p-PDK1Ser241, anti-UHRF1 and anti-β-actin (Santa Cruz 
Biotechnology, Inc., Dallas, TX) antibodies. Blots were 
then probed with secondary horseradish peroxide 
(HRP)-conjugated anti-rabbit or anti-mouse IgG anti-
bodies (Cell Signaling Technology, Inc., Danvers, MA). 
For the detection of proteins, chemiluminescence agents 
ECL and ECL Ultra were used according to the manu-
facturer’s instructions (Amersham Biosciences, Amers-
ham, UK), and band signals were visualized by using a 
luminescent image analyser (LAS4000, Fujifilm Co., 
Tokyo, Japan). Densitometric analysis of protein ex-
pression was performed by using Image Studio Digits 
ver. 5.0 (LI-COR Biosciences, Lincoln, NE), and the 
values were normalized to those of β-actin.

Detection of mitochondrial membrane potential 
(MMP)

After collection, the cells were washed and stained 
with 10 nM tetramethylrhodamine, methyl ester, per-
chlorate (TMRM) in 1 ml of 1 × PBS for 15 min at 37 °C 
following the method developed by Zakki et al. (2018). 
The percentage of cells with a low MMP was detected 
by flow cytometry (BD FACSCanto II Flow Cytometer 
ver. 1.1 and Diva 6.1), and data were analysed using 
Flowing Software 2.5.1 (Turku Bioscience).

Measurement of ROS generation

ROS levels were assessed by utilizing molecular 
probe dihydroethidine (DHE). DHE is oxidized by su-
peroxide anion (O2

–) within the cell to produce ethidium 
bromide, which fluoresces when it intercalates into 
DNA (Johnson-Cadwell et al., 2007). The fluorescence 
emission was then analysed by a flow cytometer follow-
ing the previously published method (Li et al., 2019). 
Briefly, after collection, the cells were incubated sepa-
rately for 30 min at 37 °C with 1 μg/ml DHE. After 
washing twice with PBS, the stained cells were mea-
sured using a flow cytometer (BD FACSCanto II Flow 
Cytometer ver. 1.1 and Diva 6.1), and the result was 
analysed by using Flowing Software 2.5.1 (Turku Bio-
science).

Statistical analysis
All experiments were performed in at least three inde-

pendent replicates. Data are presented as the mean ± 
standard error. All statistical analyses were done by us-
ing version 6.0 of GraphPad Prism (GraphPad Prism 
Software, San Diego, CA). One-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparison tests 
were performed for cell viability assay, sub-G1 frac-
tions, ROS and fractions of low MMP, whereas two-way 
ANOVA with Bonferroni post tests for group experi-
ments were performed for the measurement of relative 
ratios of protein expression. P values < 0.05 were con-
sidered as statistically significant.

Results

MB decreased cell viability of HeLa cells

To investigate the effect of MB treatment on the via-
bility of HeLa cells, the MTT assay was performed. 
Cells were treated with MB at different concentrations 
for 24 h. As shown in Fig. 1B, addition of 20 µM MB 
decreased the viability of HeLa cells to 85.3 % (P < 

Fig. 1. Macranthoside B (MB) decreased cell viability in HeLa cells. A: Chemical structure of MB. B: HeLa cells were 
treated with the indicated concentrations of MB for 24 h, and cell viability was evaluated using the MTT assay. The data 
in each bar graph are presented as the means ± SEM. (N = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 relative to control.
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0.05) compared to the control cells. At the higher con-
centrations (25 µM, 30 µM, 35µM, 40 µM, 45 µM and 
50 µM) of MB treatment, further reduction in viability 
of HeLa cells to 82.7 % (P < 0.05), 75.8 % (P < 0.05), 
68.3 % (P < 0.01), 40.1 % (P < 0.001), 12.3 % (P < 
0.001) and 6.9 % (P < 0.001), respectively, was ob-
served. The result of the cell viability assay suggests 
that MB significantly reduces the proliferation of HeLa 
cells in a concentration-dependent manner.

MB induced apoptosis in HeLa cells

To examine the mechanism behind the anti-prolifera-
tive activity of MB, cells were analysed based on their 
growth cycle stages by flow cytometry. As shown in 
Fig. 2A and B, MB induced a slight and significant in-
crease in sub-diploid DNA, a characteristic of apoptotic 
cells that are accumulated in the sub-G1 position of the 
cell cycle, at 35 μM and a marked increase was observed 

Fig. 2. MB induced apoptosis in HeLa cells. A: Sub-G1 phase accumulation was evaluated by flow cytometry; B: analy-
sis of the cell population at each cell cycle phase relative to total phases. C: The levels of pro- and anti-apoptotic proteins 
were further analysed by Western blotting. D: Quantification of the proteins was performed. β-Actin was used as an in-
ternal loading control. E: Overlay histogram representing MMP loss with the formation of left-side waves indicates loss 
of potential, compared with the right-side wave showing high potential in control and healthy cells. The Y-axis shows the 
number of cells. The X-axis shows the potential of the mitochondrial membrane. F: Fraction of cells with a low MMP (%). 
The data are presented in each bar graph as the means ± SEM. (N = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 relative 
to control.
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at 40 μM. To further investigate the apoptotic mecha-
nism of MB in HeLa cells, we examined the expression 
levels of certain anti- and pro-apoptotic proteins by 
Western blotting. As shown in Fig. 2C and D, cleavage 
of poly (ADP-ribose) polymerase (PARP) and caspase-3 
was markedly increased at 35 and 40 μM, whereas anti-
apoptotic proteins Bcl-xL and UHRF1 were significant-

ly decreased in a concentration-dependent manner. To 
check whether the mitochondrial pathway is involved in 
MB-induced apoptosis in HeLa cells, MMP was exam-
ined. As shown in Fig. 2E and F, a significant MMP loss 
was observed after MB treatment. This result suggests 
that MB could induce mitochondria-related apoptosis in 
HeLa cells.

Fig. 3. MB increased ROS generation in HeLa cells. A, B: The levels of superoxide anions were analysed for ROS gen-
eration by flow cytometry using dihydroethidine (DHE) as a fluorescent probe. C: The levels of antioxidant proteins 
(GPx1 and SOD2) were measured by Western blotting. D: The relative expression levels of proteins were quantified by 
densitometric analysis. For internal loading control, β-actin was utilized. The data are presented in each bar graph as the 
means ± SEM. (N = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 relative to control.

Macranthoside B Induces PDK1/Akt-Mediated Apoptosis
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MB induced ROS generation in HeLa cells

ROS play an important role in apoptosis and are 
closely associated with mitochondria (Fonseca-Silva et 
al., 2011). It has been reported that accumulation of 
ROS may be responsible for mitochondrial dysfunction 
(Harris, 2003). Therefore, the generation of ROS was 
examined after treatment of HeLa cells with MB for 6 h. 
As presented in Fig. 3A and B, a significant increase in 
O2

– generation was observed in a concentration-depen-
dent manner. Cells tend to protect themselves from oxi-
dative stress with the help of the antioxidant defence 
system. In this mechanism, O2

– is converted into hydro-
gen peroxide (H2O2) with the assistance of SODs, 
whereas H2O2 is converted into water with the help of 
GPx and catalase. Consequently, with this defence sys-
tem, two toxic species, O2

– and H2O2, are converted into 
harmless product water. Thus, to confirm the involve-
ment of the antioxidant system, we analysed the expres-
sion levels of SOD2 and GPx1, and found them to be 
suppressed after MB treatment (Fig. 3C and D). These 
results indicate that the increase of oxidative stress is 
associated with MB-mediated apoptosis by inhibiting 
the antioxidant defence system in HeLa cells.

MB induced inhibition of Akt and PDK1 
phosphorylation in HeLa cells

PKD1 and Akt (also known as protein kinase B) are 
pivotal enzymes in the cell survival pathway and are 
considered as primary targets when investigating the an-
ticancer potential of a drug (Cragg and Newman, 2005). 
Therefore, we examined the effects of MB on phosphor-
ylation of PKD1 and Akt at Ser473. As shown in Fig. 4A 
and B, MB significantly inhibited the phosphorylation 
of PDK1 and Akt. These findings indicate that inactiva-
tion of PDK1 and Akt at Ser473 plays a crucial role in 
the inhibition of cell proliferation and induction of 
apoptosis induced by MB.

Role of ROS in MB-induced cell growth 
inhibition and apoptosis events

To further explore the important role of ROS in MB-
mediated effects on HeLa cells, we examined the effects 
of N-acetylcysteine (NAC), a ROS scavenger, on ROS 
generation and antioxidant enzymes SOD2 and GPx1. 
We pre-treated HeLa cells with 2 mM of NAC for 1 h 
followed by 40 μM MB treatment for 6 h and examined 
ROS generation. As shown in Fig. 5A and B, NAC pre-
treatment significantly prevented MB-induced O2

–gen-
eration and recovered the expression of antioxidant pro-
teins SOD2 and GPx1, as demonstrated in Fig. 5C and 
D. These results suggest that NAC prevents MB-induced 
oxidative stress in HeLa cells.

We then examined whether oxidative stress had any 
role in the cell proliferation and apoptosis events in-
duced by MB. To check cell viability, we pre-treated 
HeLa cells with 2 mM of NAC for 1 h followed by 40 μM 
MB treatment for 24 h. As shown in Fig. 6A, pre-treat-
ment with NAC prevented any decrease in cell viability 
caused by MB. Furthermore, NAC pre-treatment also 
prevented MB-induced accumulation of cells in the sub-
G1 phase (Fig. 6B and C). In addition, the results showed 
that NAC pre-exposure significantly prevented MB-in-
duced MMP loss (Fig. 6D and E). In Fig. 6F and G, we 
further demonstrated that NAC significantly prevented 
MB-induced cleavage of PARP and caspase-3. These 
results suggest that oxidative stress plays an important 
role in MB-mediated apoptosis.

In addition, we investigated the effects of NAC on 
MB-mediated inactivation of the PDK1/Akt pathway. 
As shown in Fig. 7A and B, NAC pre-treatment signifi-
cantly recovered the level of PDK1 and Akt phosphory-
lation inhibited by MB. These results confirm that MB-
mediated oxidative stress is responsible for MB-induced 
inhibition of the PDK1/Akt pathway. 

Finally, the cancer cell-killing effect of MB was also 
confirmed in various cancer cell lines. We treated MCF7 

Fig. 4. MB dysregulated the Akt pathway in HeLa cells. A: The levels of Akt pathway components (p-Akt and PDK1) 
were measured by Western blotting. B: The relative expression levels of proteins were quantified by densitometric analy-
sis. β-Actin was used as an internal loading control. The data are presented in each bar graph as the means ± SEM. (N = 3). 
***P < 0.001 relative to control.
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(breast adenocarcinoma), U87 (epithelial glioblastoma), 
A549 (epithelial lung cancer), and HepG2 (hepatocel-
lular carcinoma) cells with MB for 24 h. Importantly, as 
with HeLa cells, MB treatment significantly suppressed 
viability and MMP, dramatically induced apoptotic cell 
death (Fig. 8A–D), further confirming the anticancer ef-
fects of MB.

Discussion
Natural bio-products are important sources of phar-

maceutical agents. With the aim of developing novel 
chemotherapeutic agents for cancer therapy, several on-
going studies investigate natural plant components for 
potential anticancer activities (Bagli et al., 2004; Ni-
tulescu et al., 2016). It has been reported that the top 20 
of the marketed drugs today were discovered from dif-
ferent natural resources, a finding that underscores the 
importance of developing anticancer agents from natu-
ral medicine (Sun et al., 2011; Redza-Dutordoir and 
Averill-Bates, 2016).

MB, a triterpenoid saponin extracted from Lonicera 
macranthoides, has not been extensively studied for its 
anticancer activities. To our knowledge, this is the first 

study to report on the potential anticancer effects of MB 
in cervical cancer HeLa cells by targeting the PI3K/Akt 
signalling pathway. In this study, we demonstrated that 
the viability of HeLa and other cancer cell lines was sig-
nificantly decreased after 24 h exposure to MB in a 
dose-dependent manner. Moreover, it induced accumu-
lation of cells in the sub-G1 phase, reflecting apoptotic 
cell death (Fig. 2A and Fig. 8). Cleavage of caspase-3 
and PARP are key events in the process of apoptosis. 
After MB treatment, we found prominent cleavage of 
caspase-3, which resulted in the cleavage of PARP (Fig. 
2C and D). It further indicates the potential effects of 
MB on the induction of apoptotic cell death in HeLa 
cells.

The PI3K-Akt signalling pathway regulates essential 
cellular survival, proliferation, and migration. Activation 
of PI3K results in the recruitment of PDK1 and Akt to 
the plasma membrane (Bagli et al., 2004). Abnormal ac-
tivation of Akt promotes cancer cell proliferation, sur-
vival, and resistance against cancer therapy. The over-
expression and activation of Akt have been shown to be 
responsible for the resistance to chemotherapy or radio-
therapy by certain types of cancers (Nitulescu et al., 
2016). Therefore, targeting PI3K/Akt is considered a 

Fig. 5. NAC inhibited ROS generation induced by MB in HeLa cells. A, B: Cells were pre-treated with 2 mM NAC for 
1 h followed by 40 µM MB for 6 h. The levels of ROS are presented as fractions of cells with high ROS in HeLa cells. 
DHE was used as a fluorescent probe. C: The levels of antioxidant proteins (GPx1 and SOD2) were measured by Western 
blotting after 24 h MB exposure. D: The relative expression levels of proteins were quantified by densitometric analysis. 
β-Actin was used as an internal loading control. The data are presented in each bar graph as the means ± SEM. (N = 3). 
**P < 0.01 relative to control. #P < 0.05, ##P < 0.01 relative to MB treatment.

Macranthoside B Induces PDK1/Akt-Mediated Apoptosis
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well-grounded strategy for anticancer drug discovery. 
Previously, it has been reported that Chinese herbal 
medicine luteolin, a common flavonoid, exerts its anti-
cancer activity by suppressing activation of the Akt ki-
nase (Redza-Dutordoir and Averill-Bates, 2016). In our 
study, MB also showed significant anti-proliferative ac-
tivity via suppression of Akt and PDK1 phosphorylation 

(Fig. 4A and B). In addition, NAC pre-exposure pre-
vented the MB-induced inactivation of Akt and PDK1 
(Fig. 7A and B), suggesting the important contribution 
of oxidative stress and PI3K-Akt pathway in the anti-
proliferative action of MB in HeLa cells.

To further unfold details of the mechanism behind the 
MB-induced effects, we investigated the roles of anti-

Fig. 6. ROS scavenger NAC inhibited the cytotoxicity of MB in HeLa cells. Cells were pre-treated with NAC for 1 h fol-
lowed by 24 h MB treatment. A: Cell viability was evaluated using the MTT assay. B: Sub-G1 phase accumulation was 
evaluated by flow cytometry. C: Analysis of the cell population at each cell cycle phase relative to total phases. D: Over-
lay histogram representing MMP loss detected by TMRM staining using flow cytometry (MB + NAC：co-treatment of 
MB and NAC). E: Fraction of cells with a low MMP (%). F: The protective effects of NAC against MB-induced apop-
tosis including caspase-3 and/or PARP cleavage were determined by Western blotting. G: The relative expression levels 
of proteins were quantified by densitometric analysis. β-Actin was used as an internal loading control. The data are pre-
sented in each bar graph as the means ± SEM. (N = 3). ***P < 0.001 relative to control. #P < 0.05 and ##P < 0.01 relative 
to MB treatment.

Y. Li et al.
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apoptotic proteins UHRF1 and Bcl-xL. UHRF1 is a pu-
tative oncogene over-expressed in various human ma-
lignancies, and up-regulation of UHRF1 helps the 
cancer cells to proliferate (Sun et al., 2011). It is overly 
expressed in cervical cancer and is reported to inhibit 
apoptosis, and reduces the radio-sensitivity of cervical 
cancer (Li et al., 2009). Up-regulation of UHRF1 is also 
reported to increase activity within the PI3K-Akt sig-
nalling pathway (Chen et al., 2019). Thus, inhibiting 
UHRF1 expression would be an efficient way to prevent 
the development of cervical cancer by blocking cell 
proliferation (Stevens and Oltean, 2019). Bcl-xL exerts 
potent anti-apoptotic roles by protecting release of cyto-
chrome c from mitochondria (Webster, 2012). Interes-
tingly, we demonstrated that MB significantly inhibited 
cell proliferation via down-regulation of UHRF1 and 
Bcl-xL expression (Fig. 2C and D).

The loss of MMP triggers the mitochondria-mediated 
apoptotic pathway. Following the loss of MMP, cyto-
chrome c, which is localized in the intermembrane space 
and on the surface of the inner mitochondrial membrane, 
is released into the cytoplasm (Kharbanda et al., 1997) 
and interacts with apoptotic protease-activating factor 1 
(Apaf-1) to form the apoptosome, which in turn acti-
vates caspase-9 and then caspase-3 and destroys PARP. 
Localized on the mitochondrial membrane, Bcl-xL is 
reported to prevent the MMP loss and cytochrome c re-
lease into the cytoplasm. As mentioned above, MB in-
duces down-regulation of Bcl-xL (Fig. 2C and D), and 
our results also showed an increase in MMP loss (Fig. 
2E and F) and cleavage of caspase-3 and PARP (Fig. 2C 
and D) in MB-treated HeLa cells, indicating that MB 
can induce apoptosis through a mitochondria- and cas-
pase-dependent pathway in HeLa cells.

Changes in MMP also result in the generation of 
ROS, which trigger induction of apoptosis (Redza-Du-
tordoir and Averill-Bates, 2016). In normal cells, with 

the assistance of antioxidant defence systems such as 
SOD2, catalase, peroxiredoxins, glutathione and GPx, 
ROS exist in an equilibrium state. An increase of ROS 
leading to oxidative stress promotes cell death by oxida-
tion of proteins, nucleic acids and lipids (Liu et al., 
2009). It has been reported previously that MB induces 
ROS-mediated apoptosis in A2780 cells (Shan et al., 
2016). In this study, MB significantly increased the O2

– 
level (Fig. 3B), which contributed to cell death evi-
denced by prevention of accumulation of cells in the 
sub-G1 phase (Fig. 6B and C) and inhibition of cleavage 
of caspase-3 and PARP proteins in the presence of anti-
oxidant NAC (Fig. 5F and G). The increase in ROS led 
us to investigate the effect of MB on antioxidant en-
zymes SOD2 and GPx1. It was discovered that MB de-
creased SOD2 and GPx1 expression (Fig. 3C). These 
results showed that MB induced oxidative stress by in-
ducing ROS overproduction and reducing expression of 
antioxidants.

In conclusion, the present study has revealed that MB 
inhibits proliferation and induces apoptotic cell death of 
HeLa cells. Similar effects were also observed using 
MCF7, U87, A549 and HepG2 cancer cell lines (Fig. 8). 
The underlying molecular mechanisms were associated 
with an increase in oxidative stress and suppression of 
PDK1/Akt pathway, as well as anti-apoptotic proteins 
Bcl-xL and UHRF1 (Fig. 9). Thus, MB can now be con-
sidered as a new potential candidate chemotherapeutic 
agent that targets the PI3K/Akt signalling pathway in 
cancer cells. More studies will be needed to unravel ad-
ditional details of the mechanism involved and to fur-
ther explore the effect of MB anti-tumour potential in 
vivo.
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Fig. 7. NAC activated Akt in HeLa cells. Cells were pre-treated with NAC for 1 h followed by 24 h MB treatment. A: The 
levels of Akt pathway components (p-Akt and PDK1) were measured by Western blotting, and B: the relative expression 
levels of proteins were quantified by densitometric analysis. β-Actin was used as an internal loading control. The data are 
presented in each bar graph as the means ± SEM. (N = 3). **P < 0.01 and ***P < 0.001 relative to control. ##P < 0.01 
relative to MB treatment.
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Fig. 8. MB decreased cell viability in various cancer cells. The cells were treated with the indicated concentrations of MB 
for 24 h, and cell viability was evaluated using the MTT assay. The fraction of cells with a low MMP (%) and sub-G1 
phase accumulation was evaluated by flow cytometry. A: MCF7 cells, B: U87 cells, C: A549 cells, D: HepG2 cells. 
Overlay histogram representing MMP loss with the formation of left-side waves indicates loss of potential, compared with 
the right-side wave showing high potential in control and healthy cells. The Y-axis shows the number of cells. The X-axis 
shows the potential of the mitochondrial membrane. The data in each bar graph are presented as the means ± SEM. (N = 3). 
*P < 0.05, **P < 0.01 and *** P < 0.001 relative to control.
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