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Levobupivacaine inhibits proliferation 
and promotes apoptosis of breast cancer cells 
by suppressing the PI3K/Akt/mTOR signalling 
pathway
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Abstract 

Objective:  This study aimed to test the hypothesis that levobupivacaine has anti-tumour effects on breast cancer 
cells.

Results:  Colony formation and transwell assay were used to determine breast cancer cells proliferation. Flow Cytom‑
etry (annexin V and PI staining) was used to investigate breast cancer cells apoptosis. The effects of levobupivacaine 
on cellular signalling and molecular response were studied with Quantitative Polymerase Chain Reaction and western 
blot. Induction of apoptosis was confirmed by cell viability, morphological changes showed cell shrinkage, rounding, 
and detachments from plates. The results of the western blot and Quantitative Polymerase Chain Reaction indicated 
activation of active caspase-3 and inhibition of FOXO1. The results of the flow Cytometry confirmed that levobupiv‑
acaine inhibited breast cancer cell proliferation and enhanced apoptosis of breast cancer cells. Quantitative Polymer‑
ase Chain Reaction and Western blot analysis showed increased p21 and decreased cyclin D. Quantitative Polymerase 
Chain Reaction and western blot analysis showed that levobupivacaine significantly increased Bax expression, accom‑
panied by a significant decreased Bcl-2 expression and inhibition of PI3K/Akt/mTOR signalling pathway. These findings 
suggested that levobupivacaine inhibits proliferation and promotes breast cancer cells apoptosis in vitro.

Keywords:  Levobupivacaine, Proliferation, Invasion, Apoptosis, Breast cancer

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat​iveco​
mmons​.org/licen​ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat​iveco​mmons​.org/publi​cdoma​in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Breast cancer is one of the most recorded cancer illness 
among women [1,2]. In the United States, it is estimated 
that more than 40,000 women die every year from breast 
cancer-related illness, despite the advance in chemother-
apy and targeted treatments [3].

Molecular signalling pathways that are involved in 
breast cancer transformation have become targets for 
treatment [4]. The mechanisms of the PI3K/Akt/mTOR 
signalling pathway have present some promising targets 
for cancer treatments. This signalling pathway hinders 
the functions of several tumour suppressor genes such 
as Bad, GSK3, FOXO transcription factors, and tuberin/
hamartin complex which control cell survival, prolif-
eration, and growth [5–10]. Suppressing this signalling 
pathway may inhibit cancer cells proliferation and also 
stimulate them toward cell death.

The growing evidence of local anaesthetics inhibiting 
cancer cell growth seems promising, though limited [11]. 
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At the tissue level, administration of a certain amount of 
local anaesthetics topical or local has shown to have a 
direct inhibitory effect on the action of epidermal growth 
factor receptor (EGFR) which is a potential target for 
anti-proliferation in cancer cells [12,13]. Evidence also 
shows that ropivacaine and lidocaine hinder cancer cells 
growth, invasion, migration and enhance apoptosis of 
lung cancer cells [14–17]. To the best of our knowledge, 
the effect of levobupivacaine on breast cancer cells is yet 
to be determined. The present study, therefore, aimed to 
investigate the anti-tumour effects of levobupivacaine on 
breast cancer cells.

Main text
Materials and methods
Ethics statement
The ethical committee of the Dalian Medical University 
First Affiliated Hospital approved for this study to be car-
ried out.

Cell culture
We purchased MCF-7 and MDA-MB231 breast cancer 
cells from the ATCC (Beijing Zhongyuan limited, China). 
We maintained the MCF-7 and MDA-MB-231 cells 
with high-glucose DMEM or DMEM/F12 (Gibco, USA) 
medium. The medium was supplemented with 10% fetal 
bovine serum (FBS) (Gibco, USA), penicillin 100 units/ml 
and streptomycin 100 µg/ml (TransGen Biotech, China) 
to maintain the cells. The MCF-7 and MDA-MB231 cells 
were then maintained in an incubator at 37 ºC humidified 
air with 5% CO2 atmospheric condition. The cells were 
routinely subcultured subsequently.

Antibodies and reagents
#EPR17671 Akt monoclonal Antibody (Abcam, China), 
#Y391 mTOR Polyclonal Antibody (Abcam, China) 
#A2845 Bcl-2 Polyclonal Antibody (ABclonal Tech-
nology), #A11550 Bax Polyclonal Antibody (ABclonal 
Technology), #A0265 PIK3CA Polyclonal Antibody 
(ABclonal Technology), #A2934 FOXO1 Polyclonal Anti-
body (ABclonal Technology), #EPR21032 Active cas-
pase 3 monoclonal Antibody (Abcam, China), #AFO931 
Cyclin D1 Polyclonal Antibody (Affbiotech, China), 
#AF6290 p21 Polyclonal Antibody (Affbiotech, China), 
Anti-mTOR (phospho S2448) Antibody (Abcam, China), 
#PA5-17,387 Phospho-PI3K p85/p55 (Tyr458, Tyr199) 
Polyclonal Antibody (ThemoFisher Scientific), Pospho-
pan-AKT1/2/3 (Ser473) Antibody (Affbiotech, China), 
Peroxidase-conjugated goat anti-rabbit IgG (Protein-
tech, China); PRAP antibodies (Proteintech, China), and 
GAPDH antibodies (Proteintech, China).

Cell viability assay and IC50
We determined the MCF-7 and MDA-MB 231 cells via-
bility using CCK-8 assay. Levobupivacaine at a concen-
tration of 0, 1, 2 or 3 mM was used to treat MCF-7 and 
MDA-MB 231 cells plated in 96-well plates (1 × 104 cells/
well) and then incubated for 12, 24, or 48 h respectively 
in an incubator at the atmospheric condition of 37  °C 
with 5% CO2. The rest of the procedures used for the 
CCK-8 assay were the same as described elsewhere [18].

Flow cytometry
Annexin V and propidium iodide (PI) staining assay were 
used to investigate the apoptosis of MCF-7 and MDA-
MB 231 cells following levobupivacaine treatment. After 
treating the cells for 24 h, 0.25% trypsin was used to har-
vest the treated cells and centrifugation at 1400 rcf for 
10 min. The MCF-7 and MDA-MB 231 treated cells were 
again suspended with 1 × Binding Buffer, and then 5  µl 
of fluorochrome-conjugated annexin V (Sigma-Aldrich, 
Saint Louis, USA) was added into 100 µl of the cell sus-
pension to stain intracellular phosphatidylserine (PS). 
The cells were then incubation in a dark under room 
temperature. The cells were again suspended and 5  µl 
propidium iodide staining solution (Sigma-Aldrich, Saint 
Louis, USA) added into 100 µl of the cell suspension. We 
detected the percentage of the apoptotic cells via FlowJo 
software (Treestar, Ashland, USA) and Flow cytometry 
(FACS Calibur, Becton Dickinson, and Sunnyvale, CA, 
USA).

Quantitative polymerase chain reaction (qPCR)
The procedures used for the qPCR were the same as 
previously described [18]. The primers sequences were: 
BAX: 5-TGG​CAG​CTG​ACA​TGT​TTT​CTG-3 (F), 5-TCC​
CGG​AGG​AAG​TCC​AAT​G-3 (R). BCL2 5-ACG​GTG​
GTG​GAG​GAG​CTC​TT-3 (F), 5-GCC​GGT​TCA​GGT​
ACT​CAG​TCAT-3 (R). p21 5-GCG​ACT​GTG​ATG​CGC​
TAA​TG-3 (F), 5-GAA​GGT​AGA​GCT​TGG​GCA​GG-3 
(R). GAPDH: 5′-CAT​GTT​CGT​CAT​GGG​TGT​GAA-′3 
(F), 5′-GGC​ATG​GAC​TGT​GGT​CAT​GAG-3′ (R).

Western blot
At the log phase of treated MCF-7 and MDA-MB 231 
cells growth, we harvested the cells and then washed 
twice with ice-cold PBS. The rest of the procedures used 
for the western blot were the same as described else-
where [18].

Colony formation assay
The procedures used for the colony formation assay were 
the same as previously described [18].
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Transwell assay
The MCF-7 and MDA-MBA-231 cells (5 × 104) that were 
pre-treated with different dose of Levobupivacaine (0, 
1, 2  mM) for 24  h and resuspended in culture medium 
with the same concentrations of levobupivacaine were 
seeded onto the coated membrane in the upper cham-
ber of the transwell (24-well millicell cell culture insert, 
12 mm diameter, 8 μm pores; Merck KGaA, #P18P01250, 
China). The procedures used for the Transwell assay were 
the same as previously describe [18].

Data analysis
Values were expressed as the mean ± SD. Statistical 
analysis was performed with GraphPad Prism version 
5.01(GraphPad Software, La Jolla, CA, US). One-way 
ANOVA was used to measure significance (p < 0.05). 
Dunnett’s post hoc tests were used to test the difference 
between groups.

Results
Levobupivacaine decreases breast cancer cell invasion
Transwell assay analysis showed significantly decreased 
in the invasion ability of MCF-7 and MDA-MB-231 
cells in a dose-dependent manner compared with the 
untreated cells (Additional file 1: Fig. S1a, b). 

Levobupivacaine inhibits proliferation in breast cancer 
cells
The MCF-7 and MDA-MBA-231 cell viability decreased 
as the concentrations of levobupivacaine (0, 1, 2 or 
3 mM) increased. The MCF-7 cells showed a 50% cyto-
toxic effect, while the MDA-MB-231 cells showed a 
similar cytotoxic effect of 40% (Fig.  1a). Under a fluo-
rescence microscope, cells treated with levobupivacaine 
showed morphological changes including cell round-
ing, cell shrinkage, and cells detachment from the plates 
(Additional file  2: Fig. S2a, b). The viability of breast 
cancer cells decreased in a dose-dependent manner. The 
results showed significantly decreased in the number of 
clones of the treated cells compared with the untreated 
cells (Fig. 1b, c). The data showed that the mRNA level 
of p21 significantly increased following levobupivacaine 
treatment (Fig.  1d, e). Western blot analysis showed a 
similar increased in p21 and decreased in FOXO1 and 
cyclin D1 expressions in a dose-dependent manner 

compared with the untreated cells (Fig. 1f, g; Additional 
file 3f, g).

Levobupivacaine promote apoptosis in breast cancer cells
Levobupivacaine significantly reduced the number of 
cells showing nuclear staining when compared with 
the untreated cells (Fig.  2a, b). The qPCR data showed 
a decreased in Bcl-2 and increased in Bax expressions 
in MCF-7 and MDA-MB-231 cells compared with the 
untreated cells (Fig.  2c, d). Western blot analysis also 
showed a similar decreased in Bcl-2 and increased 
expressions of active caspase 3 and Bax compared with 
the untreated cells (Fig. 2e, f; Additional file 3e, f ).

Levobupivacaine inhibits proliferation and promotes 
apoptosis in breast cancer through PI3K/Akt/mTOR 
signalling pathway
Western blot analysis showed a significant decreased 
in the expression of the nuclear localization of p-PI3K, 
p-Akt, and p-mTOR compared with the untreated cells 
(Fig. 3a, b; Additional file 3a, b).

Discussion
Breast cancer remains a common cause of mortal-
ity among women worldwide. Though current ortho-
dox drugs have demonstrated promise in breast cancer 
therapy, its treatment options remain limited. These, 
therefore, supports the concept that effective therapeu-
tic approaches for breast cancer are critically needed. 
Several retrospective studies have demonstrated that 
regional anaesthesia is associated with a decreased risk of 
recurrence or metastasis of multiple carcinomas, includ-
ing breast, prostate and cervical cancers [19–21]. Recent 
growing evidence demonstrates that local anaesthetics 
have an anti-tumour effect and may suppress the motil-
ity of cellular function and invasiveness more likely via 
voltage-gated sodium channel inhibition [19,20]. A study 
report indicates that lidocaine inhibits the growth of 
human hepatocellular carcinoma cells (HCC) by increas-
ing the Caspase 3 activity, whereas ropivacaine inhibits 
the growth of HCC cells by stopping the cell cycle in G2 
phase [21]. Lee et al. demonstrated that local anaesthetics 
potentiate TNF-α mediated apoptosis in HK-2 cells [22]. 
The cellular modification of treated cells is likely depend-
ent on the duration of exposure and the dose of the local 

Fig. 1  Levobupivacaine inhibits proliferation in breast cancer cells. MCF-7 and MDA-MB-231 cells were treated with different concentrations 
of levobupivacaine. a Cell viability was measured by CCK-8 assay. IC50 results of levobupivacaine on MCF-7 and MDA-MB 231 cells. b, c Colony 
formation of MCF-7 and MDA-MB 231 cells treated with various concentrations of Levobupivacaine and stained with crystal violet. d, e The mRNA 
expression levels of p21 and GAPDH were analysed by qPCR. f, g Protein expression assessment of MCF-7 and MDA-MB-231 cells by western blot 
against antibodies FOXO1, p21, Cyclin D1 and GAPDH used as control. The data was statistically significant at * indicates P < 0.05; ** indicates 
P < 0.01; *** indicates P < 0.001 compared with untreated cells. This data corresponds to the mean ± SEM of three independent experiments

(See figure on next page.)
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Fig. 2  Effects of levobupivacaine on apoptosis of breast cancer cells. a, b MCF-7 and MDA-MB 231 cells were treated with different concentrations 
of levobupivacaine for 24 h. The cells were then stained with fluorescein-conjugated annexin V and PI and analysed by flow cytometry. Error bars 
represent standard error of the mean. P < 0.05 versus the control. c, d Relative gene expression of Bax and Bcl-2 following the treatment of breast 
cancer cells with different concentrations of levobupivacaine for 24 h and analysed by qPCR. e, f MCF-7 and MDA-MB 231 cells were treated with 
different concentrations of levobupivacaine for 24 h and the activities of Bax, Bcl-2, and Active caspase 3 were examined by Western blot analysis 
using specific antibodies. GAPDH was used as internal controls. The data was statistically significant at * indicates P < 0.05; ** indicates P < 0.01 
compared with control. The data correspond to the mean ± SEM of three independent experiments
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anaesthetic [22–36]. In this study, we employed MCF- 7 
and MDA-MB-231 cells as models and found that differ-
ent concentrations of levobupivacaine could effectively 
inhibit breast cancer cell proliferation and promote apop-
tosis in vitro. The anti-proliferation and apoptosis effects 
observed in this study suggest that levobupivacaine may 
have therapeutic effects on breast cancer.

PI3K/Akt/mTOR signalling pathway plays a vital role 
in cell proliferation, survival, development, metabo-
lism, motility and regulation of the immune response. 
Breast cancer cell resistance to therapies can result from 
the activation of PI3K/Akt/mTOR signalling pathway 
[37–40]. This has made the PI3K/Akt/mTOR signalling 
pathway an important object of study for understand-
ing the development and progression of breast cancer. 
In patients with breast cancer, PI3K/Akt/mTOR signal-
ling pathway can be a target for diagnostic, prognostic 
and treatment purposes [2,41–46]. Akt plays a role in 
the activation and inactivation of many transcription fac-
tors. Activation of Akt correlated with the activation of 
mTOR. Phosphorylation of the FOXO proteins by Akt 
may results in cytoplasmic retention by interacting with 
other proteins, thereby isolating them from their targeted 
genes. Cyclin D1 classified as a pro oncogene is often 
over-expressed in several human malignancies including 
breast, colon, lung and prostate cancers [40,42]. Reports 
show that over-expression of cyclin D1 and under-
expression of tumour suppressor p21 is required for can-
cer initiation as it is confirmed that down-regulation of 
cyclin D1 and over-expression of p21 in xenograft model 

discontinues the formation of cancer in the early stages 
[43]. Datta et al. reported that Akt can phosphorylate the 
pro-apoptotic Bcl-2 family member Bad causing its isola-
tion from the mitochondrial membrane by other proteins 
[44]. Local anaesthetics modify the protein levels of key 
members of the Bcl-2 family in a manner that presents an 
increase in the ratio of Bax/Bcl-2, which may contribute 
to the response of cancer cells to apoptosis. In the pre-
sent study, the role of levobupivacaine on the expression 
of PI3K, Akt, and mTOR was investigated to illustrate the 
potential molecular mechanism. We observed a signifi-
cantly decreased expression of p-Akt, p-PI3K, p-mTOR 
and subsequent decreased expression of FOXO, Cyclin 
D1 and Bcl-2 following levobupivacaine treatment which 
correlated with decreased breast cancer cells prolifera-
tion and increased apoptosis. These emerging pieces of 
evidence suggest that levobupivacaine may inhibit prolif-
eration and promote apoptosis by suppressing PI3K/Akt/
mTOR signalling pathway, which demonstrated an anti-
tumour effect on breast cancer cells in this study.

Conclusion
levobupivacaine has the potency of reducing breast can-
cer cell viability, proliferation and also causes cell death 
by suppressing the PI3K/Akt/mTOR signalling path-
way. These findings could lead to clinical studies which 
will seek to examine the anti-cancer effects of levobupi-
vacaine and may also increase the benefits in cancer 
patient as well as improve patient care.

Fig. 3  MCF-7 and MDA-MB 231 cells were treated with different concentrations of levobupivacaine for 24 h. a, b The cells were lysed and subjected 
to 12% SDS-PAGE and analysed by western blotting and probed with specific antibodies p-PI3K, p-Akt, and p-mTOR. The results showed a decrease 
in the expressions of p-PI3K, p-Akt, and p-mTOR proteins. GAPDH was used as internal controls. The data represent the mean ± SD of three 
independent experiments
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Limitations
Numerous studies have reported on the anti-tumour 
effects of local anaesthetics on various cancer cells [46–
48]. However, our work is not without limitations. In vivo 
and clinical studies on the anti-tumour effects of lev-
obupivacaine are needed.

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s1310​4-020-05191​-2.

Additional file 1: Figure S1 Levobupivacaine decreases breast cancer cell 
invasion.

Additional file 2: Figure S2 Effect of levobupivacaine on the morphology 
of MCF-7 and MDA-MB 231 cells.

Additional file 3. Original gels/blots scan used in Fig. 1f, g; Fig. 2e, f and 
Fig. 3a, b for MCF-7 and MDA-MB-231 cells.
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