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Introduction

Anesthetics are frequently used for surgical tumor removal 
and the management of chronic pain in cancer patients (1).  
In addition to their known effects on preoperative, 
intraoperative, and postoperative pain management, there 
is emerging evidence that specific anesthetics have an anti-
cancer effect (2-4). Several retrospective studies suggest that 

local anesthesia reduces tumor metastasis and recurrence in 
patients with breast, prostate, or colon cancer undergoing 
mastectomy, prostatectomy, or surgery, respectively (5,6). 
Interestingly, many general anesthetics (e.g., opioids) 
are immunosuppressive and decrease a patient’s immune 
defenses against malignant progression (7). In contrast, 
some local anesthetics have an inhibitory role in tumor 
growth and invasion (8). 
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Amide-linked local anesthetics, such as ropivacaine, 
are commonly used for thoracic paravertebral block in 
breast cancer surgery (9) and to reduce chronic pain (10). 
The mechanisms of action of anesthetics are due to their 
ability to block the voltage-gated sodium channel (10). 
Notably, accumulating evidence shows that amide-linked 
local anesthetics directly inhibit growth, migration, and 
survival of various cancer cell lines (4,11-13). In addition to 
functioning as a voltage-gated sodium-channel inhibitor, 
ropivacaine has been shown to inhibit mitochondrial 
biogenesis, increase reactive oxygen species, activate 
mitogen-activated protein kinase (MAPK) pathways, 
and decrease Src activity (8,11). Although the effects of 
ropivacaine on cancer seem to be specific to tumor cell type, 
the underlying molecular mechanisms are unknown.

Therefore, in this study, we investigated the effects 
of ropivacaine on breast cancer using two representative 
human breast cancer cell lines. We examined the growth, 
survival, and anchorage-independent colony formation 
in cells after ropivacaine treatment and analyzed the 
underlying mechanisms. Our findings show that ropivacaine 
has direct inhibitory effects by disrupting mitochondrial 
function and suppressing Akt/mTOR pathway in breast 
cancer cells. Our findings also demonstrate synergy between 
ropivacaine and standard chemotherapeutic agents. 

Methods

Cell culture and generation of mitochondrial respiration-
deficient ρ0 cell line

MDA-MB-468 and SkBr cell lines were obtained from 
American Type Culture Collection and cultured in 
Minimal Essential Media supplemented with 10% heat-
inactivated FBS and 2 mM L-glutamine (Invitrogen, 
USA). Mitochondria DNA-deficient SkBr ρ0 cell line was 
established according to the method described by King 
and Attardi (14). Briefly, cells were cultured as described 
above and selected with 1 µg/mL ethidium bromide (EtBr; 
Sigma, USA), supplemented with 200 µM uridine and  
1 mM sodium pyruvate (Sigma, MO, USA) for 40 days, and 
thereafter maintained in the above media without EtBr.  

Measurement of proliferation and apoptosis 

Cells were treated with ropivacaine (Sigma, USA) and 
5-fluorouracil (5-FU, Sigma, USA) alone or in combination 
for 3 days. Cell proliferation and apoptosis was determined by 

the CellTiter 96R AQueous One Solution Cell Proliferation 
assay kit (Promega, USA) and flow cytometry with Annexin 
V/7-AAD (Beckman Coulter, USA), respectively, using the 
same protocol as reported in our previous study (15). 

Soft agar colony formation assay 

Soft agar colony formation was carried out using CytoSelect 
96-Well Cell Transformation Assay (Cell Biolabs Inc, USA) 
according the manufacturer’s protocol. Briefly, a bottom 
layer of 1.2% agar solution was plated and solidified. A 
top layer of equal volumes of 1.2% agar solution, culture 
medium, and cell suspension (1,000 cells/well) was replated. 
Culture medium (100 μL) was added to the top layer of the 
soft agar and replaced with fresh medium every 3 days. The 
cells were incubated for 6–8 days at 37 ℃ and 5% CO2. 
Colonies were stained with 0.4% crystal violet (Sigma, 
USA) and counted under a light microscope.  

Measurement of oxygen consumption rate (OCR), 
mitochondrial membrane potential, and ATP level

Cells were treated with ropivacaine for 24 h prior to 
measuring OCR, membrane potential, and ATP. Cells 
were then equilibrated to the un-buffered medium in 
a CO2-free incubator and transferred to the Seahorse 
XF24 extracellular flux analyzer (Seahorse Bioscience, 
USA). Analyses were performed at basal condition. Three 
mitochondrial inhibitors, oligomycin (1 mM), carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 
300 mM), and rotenone (1 mM), were sequentially 
injected for measuring OCR under maximal condition. All 
injection reagents were adjusted to pH 7.4 on the day of 
the assay. The Seahorse XF-24 software calculated OCR 
automatically. Mitochondrial membrane potential was 
determined by flow cytometry with 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethyl benzimidazolylcarbocyanine iodide (JC-
1, Invitrogen) staining according to the manufacturer’s 
protocol. ATP levels were measured by CellTiter-Glo 
Luminiescent Cell Viability Assay (Promega, WI, USA). 

Measurement of oxidative stress and damage

Cells were treated with ropivacaine for 24 h. Mitochondrial 
superoxide was measured by staining cells with MitoSox Red 
according to the manufacturer’s protocol. The absorbance 
at ex/em of 510/580 nm was measured using Spectramax 
M5 microplate reader (Molecular Devices). Oxidative DNA 
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damage was determined using the OxiSelect Oxidative 
DNA Damage ELISA Kit (Cell Biolabs).

Measurement of mitochondrial respiratory complex activity

Cells were treated with ropivacaine for 24 h prior to 
mitochondrial respiratory complex activity measurement. 
The activities of mitochondrial respiratory complexes I, II, 
IV, and V were measured using Mitochondrial Complex 
I, II, IV, and V Activity Assay Kits (Novagen, USA), 
respectively, according to the manufacturer’s protocol. 

Western blot (WB) analyses

Cells were lysed using 4% SDS containing a phosphatase 
inhibitor cocktail (Invitrogen). Total protein concentration 
was determined using the bicinchoninic acid protein assay 
kit (Thermo Scientific, USA). Equal amounts of total 
proteins were loaded and resolved using denaturing SDS–
PAGE, and analyzed by WB using antibodies against 
phosphorylated and total Akt, mTOR, 4EBP1 and S6, and 
β-actin (Cell technology, USA). 

Statistical analyses

Statistical analyses were performed using unpaired 
Student’s t-test. A P value <0.05 was considered statistically 
significant.

Results 

Ropivacaine inhibits breast cancer growth, survival, and 
colony formation

Ropivacaine has been shown to inhibit the growth of 
various types of cancer cells with an effective dose range 
of 0.1–10 mM (16,17). We therefore evaluated the effects 
of ropivacaine at concentrations of 0.1, 0.5, and 1 mM on 
the growth and survival of MDA-MB-468 and SkBr human 
breast cancer cells. MDA-MB-468 is a triple-negative breast 
cancer cell line with genetic amplification of the epithelial 
growth factor receptor (EFGR), whereas the SkBr-3 cell 
line overexpresses human epithelial growth factor receptor 2 
(HER2) enriched (18). After 72 h of treatment, ropivacaine 
at concentrations of 0.5 and 1 mM significantly inhibited 
proliferation and induced apoptosis in a concentration-
dependent manner in MDA-MB-468 and SkBr-3 cells 
(Figure 1A,B). SkBr-3 cells appear to be more sensitive to 

ropivacaine than MDA-MB-468 cells. 
Anchorage-independent colony formation assay has 

been demonstrated to specifically assess the propagation 
and differentiation of subpopulations with “stem cell” 
properties within a cell line (19). We found that ropivacaine 
significantly inhibited anchorage-independent colony 
formation of MDA-MB-468 and SkBr-3 cells (Figure 1C,D). 
Interestingly, ropivacaine at 0.5 mM significantly inhibits 
colony formation but does not affect growth and survival, 
suggesting that the subpopulations of breast cancer cells 
with “stem cell” properties are more sensitive to ropivacaine 
than the bulky cell lines. 

Ropivacaine disrupts mitochondrial function and induces 
oxidative stress in breast cancer cells

The inhibitory effects of ropivacaine on mitochondrial 
functions have been observed in various cell types (20,21). 
To investigate whether the effects of ropivacaine on 
breast cancer cells are due to mitochondrial dysfunction, 
we first examined mitochondrial membrane potential and 
mitochondrial respiration in cells exposed to ropivacaine. 
Ropivacaine did not affect mitochondrial membrane 
potential in MDA-MB-468 and SkBr-3 cells (Figure 2A). 
However, breast cancer cells treated with ropivacaine had 
reduced baseline and maximal mitochondrial respiration 
as measured by Seahorse XF24 extracellular flux analyzer 
(Figure 2B,C), suggesting that ropivacaine inhibits 
mitochondrial respiration. We further demonstrated 
that ropivacaine specifically suppressed mitochondrial 
respiratory complexes I and II, but did not suppress 
complexes IV and V in breast cancer cells (Figure 2D). 
This suggests that ropivacaine inhibits mitochondrial 
respiration by disrupting complex I and II activities. 
Consistent  with the inhibit ion of  mitochondria l 
respiration, a significant reduction in ATP levels and 
accumulation of oxidative stress and damage as shown 
by the increased levels of mitochondrial superoxide 
and 8-OHdG/mg DNA were observed in ropivacaine-
treated breast cancer cells (Figure 2E,F,G). These results 
demonstrate that ropivacaine disrupts mitochondrial 
functions, which in turn leads to energy depletion, 
oxidative stress, and damage in breast cancer. 

The inhibitory effects of ropivacaine are abolished in 
mitochondrial respiration-deficient breast cancer ρ0 cells

By culturing cells in the presence of ethidium bromide, we 
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established ρ0 cells that lack mitochondrial DNA and thus 
are incapable of performing mitochondrial respiration (14).  
Although the generation of ρ0 cells from SkBr-3 cells 
was unsuccessful, we established ρ0 cells from MDA-
MB-468 which have a minimal level of baseline oxygen 
consumption rate and are non-responsive to uncoupling 
of mitochondrial oxidative phosphorylation via FCCP 
(Figure 3A). We further observed a significantly decreased 
basal level of ATP in breast cancer ρ0 cells which is 
likely due to their mitochondrial respiration defects  
(Figure 3B). Notably, the inhibitory effects of ropivacaine 
on cellular ATP levels, mitochondrial superoxide, 8-OHdG/
mg DNA, and Annexin V were observed in parental 
MDA-MB-468 but not in MDA-MB-468 ρ0 cells (Figure 
3B,C,D,E). Taken together, mitochondrial functions are 
essential for the inhibitory effects of ropivacaine on breast 

cancer cells. 

Ropivacaine significantly enhances 5-FU’s effects in breast 
cancer cells by suppressing Akt/mTOR signaling pathway

To investigate whether ropivacaine acts synergistically 
with a standard chemotherapeutic agent in breast cancer 
cells, we compared the effects of the combination of 
ropivacaine and 5-FU with those of each drug alone. 
We designed and performed combination studies using 
the concentration of ropivacaine or 5-FU that slightly 
or moderately affects breast cancer cells. Our results 
showed that combination of ropivacaine and 5-FU was 
significantly more effective than ropivacaine or 5-FU 
alone at inhibiting growth, survival, and colony formation 
(Figure 4A,B,C). Of note, nearly complete inhibition of the 

Figure 1 Ropivacaine targets multiple aspects of breast cancer cells. Ropivacaine at 0.5 and 1 mM significantly decreases proliferation (A) 
and increases Annexin V (B) of MDA-MB-468 and SkBr cells. Annexin V-positive cells were considered as apoptotic cells. Representative 
photos taking at 10 days of an anchorage-independent colony-forming assay (C) and quantification of colonies (colonies were stained with 
0.4% crystal violet, followed by gentle PBS wash. Magnification was taken at 50×) (D) showing the inhibitory effect of ropivacaine on colony 
formation of breast cancer cells. The data were derived from three independent experiments and presented as mean ± SEM. *, P<0.05, 
compared to control.
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Figure 2 Ropivacaine inhibits mitochondrial respiration and induces oxidative stress in breast cancer. (A) Ropivacaine does not affect 
mitochondrial membrane potential. Ropivacaine dose-dependently suppresses basal (B) and maximal OCR (C). (D) Ropivacaine inhibits 
activities of mitochondrial complex I and II but not IV and V. Ropivacaine decreases ATP levels (E) and increases mitochondrial 
superoxide (F) and 8-OHdG/mg DNA levels (G) in breast cancer cells. The data were derived from three independent experiments and 
presented as mean ± SEM. *, P<0.05, compared to control.

multiple biological activities of breast cancer was observed 
with the drug combination. 

Because the Akt/mTOR pathway has been shown to 
control mitochondrial activity and biogenesis (22,23), 
we assessed the effects of ropivacaine on the essential 
molecules involved in the Akt/mTOR signaling pathway. 
We observed decreased phosphorylation of Akt (S473) and 
mTOR (S2481) in MDA-MB-468 and SkBr cells exposed 
to ropivacaine (Figure 4D). Phosphorylation of mTOR 
signaling downstream effectors, such as the ribosomal S6 
protein (rS6) and 4EBP1, was also decreased by ropivacaine 

(Figure 4D). These results suggest that ropivacaine 
augments the effects of chemotherapeutic agents in breast 
cancer cells, likely by suppressing the Akt/mTOR signaling 
pathway. 

Discussion

Substantial evidence has shown that anesthetic management 
of a cancer patient could potentially influence long-term 
outcome. Although general anesthetics (e.g., opioids and 
volatile agents) have been speculated to promote tumor 
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metastasis due to their immunosuppressive and pro-
angiogenic effects, retrospective clinical trials on cancer 
patients suggest that regional and local anesthesia are 
independent beneficial factors for tumor recurrence after 
cancer surgery (4,24). Preclinical data also suggest that 
many local anesthetics have anti-proliferation and pro-
apoptotic activities on cancer cell cultures and xenograft 
mouse model (12,17,25). Better understanding of the 
potential role of anesthetics in cancer will be helpful to 
select the optimal anesthetic regimens for better treatment 
outcomes in cancer patients. The aim of this study was to 
investigate the effects of clinically used local anesthetics 
on breast cancer cell proliferation, colony formation, and 
survival. 

The human breast cancer cell lines we selected to 
demonstrate the potential effects of ropivacaine were MDA-
MB-468 and SkBr-3 cells. These two cell lines represent 
different cellular origin and display genetic heterogeneity 
with HER2 or EFGR overexpression which are highly 

resistant to standard chemotherapy (18). We show that 
ropivacaine inhibits proliferation, colony formation, and 
survival of MDA-MB-468 and SkBr-3 cells (Figure 1). 
Of note, ropivacaine seems to preferentially target breast 
cancer subpopulations with stem cell properties rather 
than bulky cells. The inhibitory effects of ropivacaine on 
proliferation, survival, and invasion have been demonstrated 
in hepatocellular carcinoma and lung and colon cancer 
(11,16,26). In line with these studies, our findings add 
breast cancer to the growing list of cancers inhibited by 
ropivacaine. We further show that the combination of 
ropivacaine and 5-FU (a standard chemotherapeutic agent 
for breast cancer treatment) achieves almost complete 
inhibition of all aspects of breast cancer activities when 
using a concentration of 5-FU that marginally inhibits 
breast cancer cells as single drug alone (Figure 4A,B,C). 
This suggests that ropivacaine is a useful addition to the 
treatment armamentarium for breast cancer. We and 
others have consistently demonstrated the direct anti-

Figure 3 Breast cancer ρ0 cells are resistant to ropivacaine treatment. (A) MDA-MB-468 ρ0 cells have minimal basal level of OCR and 
are non-responsive to FCCP. (B) ρ0 cells are resistant to ropivacaine-induced depletion of ATP. ATP levels are decreased in ρ0 cells than 
parental cells. ρ0 cells are resistant to ropivacaine in increasing levels of mitochondrial superoxide (C), 8-OHdG/mg DNA (D) and Annexin 
V (E). The data were derived from three independent experiments and presented as mean ± SEM. *, P<0.05, compared to MDA-MB-468.
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Figure 4 Ropivacaine augments 5-FU’s inhibitory effects through suppresses mTOR signaling pathway in breast cancer cells. Ropivacaine 
significantly augments the effects of 5-FU in decreasing proliferation (A), inducing apoptosis (B) and inhibiting colony formation (C) in 
MDA-MB-468 and SkBr cells. 0.5 mM of ropivacaine and 1 µM of 5-FU were used for the combination study. *, P<0.05, compared to 
ropivacaine or 5-FU alone. (D) The phosphorylation of Akt, mTOR, rS6 and 4EBP1 are decreased by ropivacaine in breast cancer cells. 

cancer effect of ropivacaine in cell-based cancer models. 
Other amide-linked local anesthetics, such as lidocaine 
and bupivacaine, have similar effects on cancer (27,28). 
Because all of the current studies are cell culture system-
based, further investigations are warranted to evaluate the 
efficacy of amide-linked local anesthetics in patient-derived 
xenograft mouse models predictive of clinical outcomes, 
and ultimately clinical trials. 

Although the inhibitory effects of ropivacaine have been 
reported in various cancers, the underlying mechanisms are 
not well understood. We demonstrated that mitochondrial 
dysfunction is the mechanism of action of ropivacaine 
in breast cancer. Ropivacaine significantly decreases 
mitochondrial respiration without affecting membrane 
potential by targeting mitochondrial respiratory complexes 

I and II but not IV or V (Figure 2A,B,C,D). The loss 
of activities in mitochondrial respiration-deficient cells 
confirms mitochondrial respiration as the essential target 
of ropivacaine in breast cancer (Figure 3). This is consistent 
with previous studies on the effects of ropivacaine on 
mitochondrial oxidation and bioenergetics in normal 
myocardial cells (20,29). Our findings extend the findings 
of previous work by demonstrating the inhibitory effects 
of ropivacaine on tumor cells. mTOR directly controls 
mitochondrial functions and inhibition of mTOR suppresses 
mitochondrial respiration in cancer cells (23). In agreement 
with this, we observed the decreased phosphorylation levels 
of essential molecules involved in Akt/mTOR signaling 
pathway in breast cancer cells exposed to ropivacaine  
(Figure 4D). Our work and that of others suggest that 
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inhibition of Akt/mTOR negatively affects mitochondrial 
function and subsequently induces oxidative stress in breast 
cancer cells. 

In summary, we are the first to systematically demonstrate 
the inhibitory effects of ropivacaine on breast cancer cells 
and to show mitochondrial dysfunction as its underlying 
mechanism. The synergism between ropivacaine and 5’-
FU suggests that ropivacaine could be a useful addition 
to breast cancer treatment. Our study provides the 
fundamental evidence for clinical observations on the 
beneficial role of local anesthesia in reducing breast cancer 
recurrence. Since local anesthetics, which are usually given 
using an indwelling catheter, are also used for postoperative 
pain control, it is worthy of investigating whether 
continuous administration of local anesthetics by indwelling 
catheter has better efficacy than single administration 
during surgery. It is also noteworthy to investigate the 
various indwelling catheter locations, such as the surgical 
wound, intra-articular, or intrapleural area, to obtain the 
maximum benefit with minimal side effects using low drug 
concentrations.
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