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INTRODUCTION 
 
Non-small cell lung cancer (NSCLC) serves as one of the 
most prevalent malignancies. It is a primary reason for 
tumor-induced mortality globally, according to the latest 
annual statistics report of global cancer [1, 2]. At present, 
surgical resection is the only acceptable strategy for 
NSCLC treatment. However, many NSCLC patients are 
diagnosed at advanced stages, which is not suitable for 
surgical operation [3]. Unfortunately, the 5-year survival 
rate remains poor in NSCLC cases, and the recurrence 
frequency in the patients is high because of drug-

resistance or tumor metastasis [4, 5]. Accordingly, timely 
diagnosis and appropriate treatment are crucial for 
improving treatment outcomes of NSCLC patients [6]. 
Therefore, the development of more practical drug 
candidates and therapeutic strategy is urgently needed. 
 
Increasing evidence has emerged that local anesthetics 
are able to restrain cancer progression [7]. For example, 
at the tissue level, the treatment of a range of 
concentration of local anesthetics, local or topical, has 
been determined to show a significant inhibitory impact 
on the epidermal growth factor receptor (EGFR) 
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ABSTRACT 
 
Non-small cell lung cancer (NSCLC) is a common malignancy with high mortality and poor prognosis. 
Levobupivacaine is a widely used local anesthetic and presents potential anti-tumor activity. Nevertheless, the 
function of levobupivacaine in the NSCLC development remains elusive. Here, we tried to investigate the 
impact of levobupivacaine on the NSCLC progression and the underlying mechanism. Significantly, we revealed 
that levobupivacaine could inhibit the proliferation and induce the apoptosis of NSCLC cells. Levobupivacaine 
was able to attenuate the invasion and migration in the cells. Meanwhile, the treatment of levobupivacaine 
enhanced the erastin-induced inhibition of cell growth of NSCLC cells. The treatment of levobupivacaine 
remarkably increased the levels of ROS, iron, and Fe2+ in NSCLC cells. Mechanically, levobupivacaine up-
regulated the expression of p53 and induced ferroptosis by regulating p53 in NSCLC cells. Moreover, 
tumorigenicity analysis in nude mice showed that the treatment of levobupivacaine significantly repressed the 
tumor growth of NSCLC cells in vivo. In summary, we concluded that the local anesthetic levobupivacaine 
inhibits the progression and induces ferroptosis of NSCLC by up-regulating p53. Our finding provides new 
insights into the mechanism by which levobupivacaine attenuates the development of NSCLC. Levobupivacaine 
may serve as a potential anti-tumor candidate for the therapeutic strategy of NSCLC. 
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activation, which serves as a crucial target in cancer 
cells [8]. Levobupivacaine is a broadly applied long-
acting local anesthetic registered for epidural, 
intrathecal, and ophthalmic anesthesia, infiltration, and 
nerve block [9]. It has been identified that 
levobupivacaine pharmacologically presents an anti-
tumor function in residual cancer cells [10]. Moreover, 
several investigations demonstrate that levobupivacaine 
attenuates cancer progression at a range of specific 
concentrations in many cancer models, such as prostate 
and breast cancer [10, 11]. Nevertheless, the influence of 
levobupivacaine on NSCLC tumorigenesis is still elusive. 
 
Regulated cell death (RCD) shows a significant 
function in conventional homeostasis preservation and 
progress in multicellular animals [12]. Ferroptosis, as a 
distinctive kind of RCD, is initially recognized while a 
small molecule termed erastin can constrain the 
potential of triggering an RCD process, particularly in 
RAS-mutated cancer cells [13]. Ferroptosis is initially 
issued as an iron-related and non-apoptotic type of 
oxidative cell disruption in 2012 [14]. RAS-selective 
lethal small molecular-3 (RSL-3) has presented 
comparable qualities as erastin [15], discovering this 
process is featured by the iron-related unusual increase 
of reactive oxygen species. It is genetically, 
morphologically, and biochemically distinguished from 
autophagy, necrosis, and apoptosis [16]. The 
introduction of ferroptosis causes the interference of 
cancer progression, and the ferroptosis stimulator 
repressing tumor growth can be served as potential anti-
tumor treatments [17]. Meanwhile, ferroptosis also 
plays essential roles during pathogenesis of NSCLC 
[18]. Moreover, tumor suppressor p53 is a ferroptosis 
inducer in cancer pathogenesis [19]. However, the 
correlation of levobupivacaine with ferroptosis and p53 
in the development of NSCLC is still elusive. 
 
In this study, we focused on the investigation of the 
impact and the underlying mechanism of 
levobupivacaine on the development of NSCLC. We 
identified a novel anti-tumor function of 
levobupivacaine in NSCLC progression by activating 
ferroptosis through up-regulating and activating p53. 
 
RESULTS 
 
Levobupivacaine inhibits proliferation and promotes 
apoptosis of NSCLC cells 
 
To assess the potential function of levobupivacaine in 
the regulation of NSCLC progression, the A549 and 
A427 cells were treated with levobupivacaine. MTT 
assays revealed that the treatment of levobupivacaine 
decreased the cell viability of the A549 and A427 cells 
(Figure 1A and 1B). Similarly, the colony formation 

was decreased by the levobupivacaine treatment in the 
A549 and A427 cells (Figure 1C and 1D). Furthermore, 
cell apoptosis was increased in the levobupivacaine-
treated cells (Figure 1E and 1F). Moreover, the G0/G1 
phase cells were enhanced while the S phase cells were 
reduced by levobupivacaine (Figure 1G and 1H), 
suggesting that levobupivacaine was able to promote 
G0/G1 cell cycle arrest in the cells. Together our data 
indicate that levobupivacaine can inhibit proliferation 
and promote apoptosis of NSCLC cells. 
 
Levobupivacaine represses invasion and migration 
of NSCLC cells 
 
Next, we determined the function of levobupivacaine in 
regulating the migration and invasion of NSCLC cells. 
Transwell assays revealed that the migration and 
invasion were remarkably inhibited by the treatment of 
levobupivacaine in A549 and A427 cells (Figure 2A 
and 2B). Similarly, levobupivacaine significantly 
reduced the wound healing proportion in the cells 
(Figure 2C and 2D), suggesting that levobupivacaine is 
able to inhibit NSCLC cell migration and invasion. 
 
Levobupivacaine induces ferroptosis of NSCLC cells 
 
To assess the role of levobupivacaine in ferroptosis, we 
analyzed the effect of levobupivacaine on the erastin-
induced inhibition of cell growth and the intracellular 
levels of reactive oxygen species, iron, and Fe2+, and the 
expression of GPX4 and SLC7A11, which was the 
surrogate markers for ferroptosis. Significantly, the 
treatment of levobupivacaine enhanced the erastin-
induced inhibition of cell growth in the A549 and A427 
cells, in which erastin served as the activator of 
ferroptosis (Figure 3A and 3B). The effect of co-
treatment of erastin and Ferrostatin-1 served as the 
negative control (Figure 3A and 3B). Meanwhile, the 
treatment of levobupivacaine remarkably increased the 
levels of ROS in the A549 and A427 cells (Figure 3C). 
The iron levels were enhanced by levobupivacaine in 
the cells (Figure 3D). Besides, the treatment of 
levobupivacaine promoted the accumulation of Fe2+ in 
the cells (Figure 3E). Moreover, the expression of 
GPX4 and SLC7A11 was inhibited by levobupivacaine 
in the cells (Figure 3F and 3G). The effect of erastin on 
the ferroptosis markers was the positive control in the 
system (Figure 3C–3G). Taken together, 
levobupivacaine can induce ferroptosis in NSCLC cells. 
 
Levobupivacaine up-regulates and activates p53 in 
NSCLC cells 
 
Then, we further explored the mechanism of 
levobupivacaine-mediated NSCLC progression. 
Significantly, we identified that the treatment of 
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levobupivacaine enhanced the total expression of p53 
and nucleus accumulation in the A549 and A427 cells 
(Figure 4A and 4B). The p53 overexpression efficiency 
was confirmed in the cells (Figure 4C). We validated 
that the overexpression of p53 increased the erastin-
induced inhibition of cell growth in the A549 and A427 
cells (Figure 4D and 4E). Meanwhile, p53 
overexpression remarkably induced the levels of ROS, 
iron, and Fe2+ in A549 and A427 cells (Figure 4F–4H). 
Moreover, the expression of GPX4 and SLC7A11 was 
inhibited by p53 overexpression in the cells (Figure 4I 
and 4J). Together these data indicate that 
levobupivacaine activates p53 and p53 induces 
ferroptosis in NSCLC cells. 
 
Levobupivacaine induces ferroptosis by regulating 
p53 in NSCLC cells 
 
Next, we tried to investigate whether levobupivacaine-
induced ferroptosis by activating p53 in the NSCLC 

cells. The efficiency of p53 knockdown was confirmed 
in the cells (Figure 5A). The treatment of 
levobupivacaine promoted the erastin-induced 
inhibition of cell growth in the A549 and A427 cells, in 
which the depletion of p53 could rescue the phenotype 
(Figure 5B and 5C). Meanwhile, the treatment of 
levobupivacaine remarkably increased the levels of 
ROS, iron, Fe2+ in the A549 and A427 cells, but p53 
knockdown reversed the effect (Figure 5D–5I). 
Similarly, the depletion of p53 was able to reverse 
levobupivacaine-inhibited GPX4 and SLC7A11 
expression in the cells (Figure 5J). Taken together, these 
results suggest that levobupivacaine induces ferroptosis 
by regulating p53 in NSCLC cells. 
 
Levobupivacaine inhibits NSCLC progression by 
targeting p53 
 
Next, we further detected the function of 
levobupivacaine/p53 axis in modulating of NSCLC 

 

 
 
Figure 1. Levobupivacaine inhibits proliferation and promotes apoptosis of NSCLC cells. (A–E) The A549 and A427 cells were 
treated with levobupivacaine (2 mM) or equal volume saline. (A and B) The cell viability was analyzed by the MTT assays in the cells. (C and 
D) The cell proliferation was measured by the colony formation assays in the cells. (E and F) The cell apoptosis was measured by flow 
cytometry analysis in the cells. (G and H) The cell cycle was analyzed by flow cytometry analysis in the cells. Data are presented as mean ± 
SD. Statistic significant differences were indicated: *P < 0.05, **P < 0.01. 
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progression. As expected, the depletion of p53 
significantly reversed levobupivacaine-inhibited cell 
viability in the A549 and A427 cells (Figure 6A and 
6B). The levobupivacaine-induced cell apoptosis was 
inhibited by p53 knockdown in the cells (Figure 6C and 
6D). Together these data suggest that levobupivacaine 
inhibits NSCLC progression by targeting p53. 
 
Levobupivacaine attenuates the tumor growth of 
NSCLC in vivo 
 
We further analyzed the impact of levobupivacaine on 
NSCLC development in vivo. For this purpose, we 
performed the tumorigenicity analysis in nude mice 
injected with A549 cells and the mice were treated with 
levobupivacaine. The treatment of levobupivacaine 
significantly repressed the tumor growth of A549 cells 
in vivo, as demonstrated by the tumor size (Figure 7A), 

tumor volume (Figure 7B), and tumor weight (Figure 
7C). Besides, the expression of p53 was increased by 
the levobupivacaine treatment in the tumor tissues of 
the mice (Figure 7D). Together these indicate that 
levobupivacaine attenuates the tumor growth of NSCLC 
in vivo. 
 
DISCUSSION 
 
NSCLC is the prevalent lung cancer affecting more and 
more modern people and leading to severe mortality [20]. 
The local anesthetic levobupivacaine has presented 
potential anti-tumor activity in several cancer models [10, 
11]. Nevertheless, the role of levobupivacaine in the 
development of NSCLC is still unreported. In this study, 
we firstly identified that levobupivacaine could induce 
ferroptosis and inhibit the progression of NSCLC by up-
regulating and activating p53. 

 

 
 
Figure 2. Levobupivacaine represses invasion and migration of NSCLC cells. (A–D) The A549 and A427 cells were treated with 
levobupivacaine (2 mM) or equal volume saline. (A and B) The cell migration and invasion were examined by transwell assays in the cells. (C 
and D) The migration and invasion were measured by wound healing assays in the cells. The wound healing proportion was shown. Data 
are presented as mean ± SD. Statistic significant differences were indicated: **P < 0.01. 



www.aging-us.com 5 AGING 

As a widely applied local anesthetic, levobupivacaine has 
shown potential anti-cancer activity in several cancer 
types. It has been reported that levobupivacaine induces 
an inhibitory effect on prostate cancer cell viability by 
modulating the Redox mechanism [10]. Levobupivacaine 
induces apoptosis and enhances proliferation by 
inhibiting the PI3K/Akt/mTOR signaling in breast cancer 
[11]. Levobupivacaine reduces the migration and 
proliferation in human melanoma and triple-negative 
breast cancer cells [21]. Levobupivacaine also inhibits 
the cell proliferation and invasion of breast cancer [22]. 
In this study, we identified that levobupivacaine inhibited 
proliferation, invasion, and migration, and induced 
apoptosis of NSCLC cells. Levobupivacaine was able to 
reduce the tumor growth of NSCLC in vivo. These data 
display a novel anti-tumor function of levobupivacaine in 

NSCLC progression, revealing important evidence of 
the function of the local anesthetic during NSCLC 
progresssion. 
 
It has been recognized that the activation of ferroptosis 
is one potential therapeutic strategy [23]. Ferroptosis 
sensibility is influenced by several biological signaling, 
including epithelial-mesenchymal transition (EMT), 
metabolisms, DNA damage pathway, and loss of p53. 
Erastin can activate ferroptosis by inhibiting 
intracellular glutathione levels, reducing cystine import, 
and thereby leading to the redox imbalance [24–27]. 
Ferroptosis also presents fundamental roles during 
NSCLC development. Erastin-induced reactive oxygen 
species to up-regulate and activate p53 and promotes 
cytostatic and cytotoxic impacts in NSCLC cells [28]. 

 

 
 
Figure 3. Levobupivacaine induces ferroptosis in NSCLC cells. (A and B) The A549 and A427 cells were co-treated with 5 mmol/L 
erastin or ferrostatin (1 mmol/L) and 2 mM levobupivacaine. The cell growth was analyzed by MTT assays. (C–G) The A549 and A427 cells 
were treated with levobupivacaine (2 mM) or equal volume saline. The erastin was used as a positive control. (C) The levels of ROS were 
measure by flow cytometry analysis in the cells. (D and E) The levels of iron and Fe2+ were analyzed by Iron Assay Kit. (F and G) The 
expression of GPX4, SLC7A11, and β-actin was measured by Western blot analysis in the cells. Data are presented as mean ± SD. Statistic 
significant differences were indicated: *P < 0.05, **P < 0.01. 
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Acetaminophen is able to sensitize erastin-activated 
ferroptosis via mediating Nrf2 signaling in NSCLC cells 
[29]. Erastin induces cisplatin-resistant and ferroptosis by 
inhibiting the Nrf2/xCT signaling in NSCLC cells [30]. 
NRF2 modulates ferroptosis in NSCLC cells by targeting 
FOCAD-FAK signaling [31]. Our investigation further 
demonstrated that levobupivacaine induced ferroptosis 
and inhibited progression of NSCLC by activating p53 in 
NSCLC cells. These data display an unreported 
correlation of levobupivacaine with ferroptosis and p53 
in the development of NSCLC, identifying the new 
mechanism of levobupivacaine-induced anti-tumor 
activity. Meanwhile, the mechanism underlying the effect 

of levobupivacaine on p53 is not clear. It may be 
associated with transcriptional factors or ubiquitin 
enzymes, and needs further explore in future. 
 
CONCLUSIONS 
 
In conclusion, we discovered that the local anesthetic 
levobupivacaine inhibited the progression and induced 
ferroptosis of NSCLC by up-regulating p53. We present 
a novel mechanism underlying levobupivacaine-
attenuated the development of NSCLC. Levobupivacaine 
may serve as the potential anti-cancer agent for NSCLC 
treatment. 

 

 
 
Figure 4. Levobupivacaine up-regulates and activates p53 in NSCLC cells. (A and B) The A549 and A427 cells were treated with 
levobupivacaine (2 mM) or equal volume saline. The total expression and nucleus accumulation of p53 was measured by Western blot 
analysis in the cells. (C) The A549 and A427 cells were treated with p53 overexpression vectors. (D and E) The A549 and A427 cells were co-
treated with 5 mmol/L erastin or ferrostatin (1 mmol/L) and p53 overexpression vectors. The cell growth was analyzed by MTT assays. (F–J) 
The A549 and A427 cells were treated with p53 overexpression vectors or control vectors. (F) The levels of ROS were measure by flow 
cytometry analysis in the cells. (G and H) The levels of iron and Fe2+ were analyzed by Iron Assay Kit. (I and J) The expression of GPX4, 
SLC7A11, and β-actin was measured by Western blot analysis in the cells. Data are presented as mean ± SD. Statistic significant differences 
were indicated: *P < 0.05, **P < 0.01, ***P < 0.001. 
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MATERIALS AND METHODS 
 
Cell culture 
 
The A549 and A427 cells were purchased from ATCC 
(USA). Cells were cultured at the incubator of 37 °C 
and 5% CO2, and incubated in RPMI-1640 (Gibco, 
USA) medium with FBS (10%, Gibco, USA), 
streptomycin (0.1 mg/mL, Gibco, USA), and penicillin 
(100 units/mL, Gibco, USA), and 10% fetal bovine 
serum (Gibco, USA). Levobupivacaine (Chirocaine, 
UK) was diluted by culture medium at the dose of 1 
mM. The lentiviral plasmids carrying p53 shRNA, the 
corresponding control shRNA, the pcDNA3.1-p53 were 

synthesized (GenScript, China). Liposome 3000 
(Invitrogen, USA) was used for cell transfection. 
 
MTT assays 
 
MTT assays were used to determine viability of A549 
andA427 cells. Around 2 × 104 cells/well were seeded 
into 96-well plates and the measurement was 
performed every 24 hours from 0 hour to 72 hours. 
After indicated treatment, the cells were added with 10 
μL, 5 mg/mL MTT agent for 4 hours and finished by 
150 μL DMSO, followed by the observation using the 
ELISA browser (Bio-Tek EL 800, USA) at the 
absorbance of 570 nm. 

 

 
 
Figure 5. Levobupivacaine induces ferroptosis by regulating p53 in NSCLC cells. (A) The A549 and A427 cells were treated with p53 
shRNA. The expression of p53 was measured by qPCR in the cells (B and C) The A549 and A427 cells were co-treated with 5 mmol/L erastin 
and 2 mM levobupivacaine, or co-treated with 5 mmol/L erastin, 2 mM levobupivacaine and p53 shRNA. The cell growth was analyzed by 
MTT assays. (D–J) The A549 and A427 cells were treated with levobupivacaine (2 mM) or co-treated with 2 mM levobupivacaine and p53 
shRNA. (D and E) The levels of ROS were measure by flow cytometry analysis in the cells. (F–I) The levels of iron and Fe2+ were analyzed by 
Iron Assay Kit. (J) The expression of GPX4, SLC7A11, and β-actin was measured by Western blot analysis in the cells. Data are presented as 
mean ± SD. Statistic significant differences were indicated: *P < 0.01. 
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Transwell assays 
 
Transwell assays (Corning, USA) were applied to detect 
the migration and invasion of A549 and A427 cells. The 
1 × 105 cells per well were seeded into upper chamber. 
The lower chamber was filled with 500 µL DMEM 
contained 10% FBS. The cells in the lower chamber 
were stained for 30 minutes using crystal violet after for 
12 hours of the incubation. The migrated cell numbers 
were observed and counted using a microscope. 
 
Colony formation assays 
 
Approximately 1 × 103 A549 and A427 cells were 
seeded into 6-well plates and incubated for 2 weeks. 
After that, methanol was used to fix the cells and crystal 
violet (1%) was applied to dye the samples, followed by 
the observation, photographing, and calculation. 
 
Wound healing assay 
 
A549 and A427 cells were seeded into the 24-well 
plates at 3 × 105/well and cultured overnight to reach a 
full confluent as a monolayer. A 20 μl pipette tip was 
applied to slowly cut a straight line across the well. 
Then the well was washed by PBS 3 times and changed 
with the serum-free medium and continued to culture. 
The wound healing percentage was calculated. 

Apoptosis analysis 
 
Approximately 2 × 105 treated A549 and A427 cells 
were collected and subjected into apoptosis analysis 
based on Annexin V-FITC Apoptosis Detection Kit 
(CST, USA), in which the cells were dyed using 
Annexin V-FITC Apoptosis Detection Kit and detected 
using flow cytometry. 
 
Ferroptosis analysis 
 
The ferroptosis was analyzed as previous described 
[32]. The cells were co-treated with 5 mmol/L erastin or 
ferrostatin (1 mmol/L) and 1 mM levobupivacaine. 
MTT assays were used to analyze the cell viability. The 
reactive oxygen species levels were detected using flow 
cytometry analysis in the cells. The levels of Fe3+ and 
Fe2+ were analyzed by Iron Assay Kit (Abcam, USA) in 
the cells. 
 
Cell-cycle analysis 
 
Approximately 1 × 105 cells treated as indicated were 
plated into 6-well plates. Floating and adherent cells 
were fixed overnight in cold ethanol (4°C, 70% in PBS). 
RNaseA 1(00 μg/mL) was plated to the cells for 30 
minutes at 37°C, followed by the PI staining (50 μg/mL, 
30 minutes) and the flow cytometric analysis (Becton 

 

 
 
Figure 6. Levobupivacaine inhibits NSCLC progression by targeting p53. (A–D) The A549 and A427 cells were treated with 
levobupivacaine, or co-treated with levobupivacaine and p53 shRNA. (A and B) The cell viability was measured by MTT assays in the cells. (C 
and D) The cell apoptosis was measure by flow cytometry analysis in the cells. Data are presented as mean ± SD. Statistic significant 
differences were indicated: **P < 0.01. 
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Dickinson, USA). About 10000 events were calculated 
per samples and distribution of cell cycles were 
calculated using Cell Quest software (Becton 
Dickinson, USA). 
 
Western blot analysis 
 
RIPA buffer (CST, USA) and BCA Protein 
Quantification Kit (Abbkine, USA) were used to isolated 
and quantified total proteins, respectively. Equal 
concentration of cell protein lysate was electrophoresed 
at the SDS-polyacrylamide gel (10%), followed by 
transferring to the PVDF membranes. The membranes 
were cultured with the corresponding primary antibodies 
(p53 (Abcam, USA), GPX4 (Abcam, USA), SLC7A11 
(Abcam, USA), histone H3 (Abcam, USA) and β-actin 
(Abcam, USA)) at 4°C overnight, followed by the 

incubation using the corresponding secondary antibody 
(Abcam, USA). The samples were analyzed by 
chemiluminescence (ECL) and observed by Odyssey 
CLx Infrared Imaging System. 
 
Analysis of tumorigenicity in nude mice 
 
Balb/c nude mice (n = 5, 4-week-old, male) were 
applied to detect the impact of levobupivacaine on 
tumor growth. Mice subcutaneously injected with 1 × 
107 A549 cells were treated with levobupivacaine (40 
μmol/Kg) or equal volume saline. The tumor volume 
was remarked every 5 days and finished at 30 days after 
injection, followed by the analysis of volume 
(length × (width/2)2) and weight. Animal Ethics 
Committee of Jinan People’s Hospital approved the 
animal care and methods of this study.  

 

 
 
Figure 7. Levobupivacaine attenuates the tumor growth of NSCLC in vivo. (A–D) The effect of levobupivacaine on tumor growth of 
NSCLC cells in vivo was analyzed by nude mice tumorigenicity assay by injected with the A549 cells. The mice were treated with 
levobupivacaine (40 μmol/Kg) or equal volume saline. (A) Representative images of dissected tumors from nude mice were presented. (B) 
The average tumor volume was calculated and shown. (C) The average tumor weight was calculated and shown. (D) The expression of p53 
and β-actin was measured by Western blot analysis in the tumor tissues of the mice. Data are presented as mean ± SD. Statistic significant 
differences were indicated: *P < 0.05, **P < 0.01. 
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Statistical analysis 
 
Statistical analyses were conducted by utilizing the 
GraphPad prism 7 and were presented by mean ± SD. 
Two groups and multiple group differences were 
analyzed by unpaired Student's t‐test and one-way 
ANOVA, respectively. P < 0.05 was expressed 
statistically significant. 
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