Microsecond Pulse Electrical Stimulation Inhibit the
Proliferation of Cervical Cancer Cells through the
Ras-Raf-MAPK Pathway
Xiaoyue Xu
Peking University People's Hospital
Shiyan Wang
Peking University People's Hospital
Tingting Cao
Peking University People's Hospital
Bing Xie
Peking University People's Hospital
Xiuli Sun
Peking University People's Hospital
Jianliu Wang (  wjianliu1203@163.com )
Peking University People's Hospital

Research Article
Keywords: μsPES, SiHa cells, HeLa cells, proliferation, Ras-Raf-MAPK pathway
DOI: https://doi.org/10.21203/rs.3.rs-130329/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/10

Abstract
Objective: Using microsecond pulsed electrical stimulation (μsPES) applied to treat pelvic oor
dysfunctions(PFDs) to stimulate the cervical cancer cells. To explore the effects and mechanisms of
different μsPES on the proliferation of cervical cancer cells.
Methods: Scheme #1 (1/4/1 Hz, 270/230/270 μs, 30min), scheme #2 (30 Hz, 500 μs, 20min), and
scheme #3 (50 Hz, 250 μs, 20min) were selected from a pelvic oor rehabilitation therapy instrument.
Three μsPES-based schemes each at 20, 40, 60, 80, and 100 mA current values were used to stimulate
SiHa cells and HeLa cells. Cell counting kit-8 (CCK-8) assay was used to detect cell proliferation. Scheme
#2 at 100 mA current was employed to stimulate SiHa cells and HeLa cells and then western blotting was
applied to detect the expressions of the Ras-Raf-MAPK pathway.
Results: Current with higer frequency and current intensity tended to have a more proliferation inhibition
on cervical cancer cells. μsPES had a stronger proliferation inhibition in SiHa cells than HeLa cells. The
expressions of MAPK, MEK1/2 and p-MEK1/2, Raf and p-Raf, Ras protein were signi cantly decreased in
SiHa cells and HeLa cells compared with the control. The p-MAPK was up-regulated in HeLa cells while
down-regulated in SiHa cells.
Conclusions: μsPES could inhibit the proliferation of cervical cancer cells by suppressing the Ras-RafMAPK pathway. The μsPES applied for functional rehabilitation of pelvic oor nerves and muscles is safe
for cervical cancer patients at the cellular level

Introduction
At present, cervical cancer is a fourth-ranked malignant tumor worldwide in women just after breast
cancer, colorectal cancer, and lung cancer[1]. Radical hysterectomy plus pelvic lymphadenectomy is the
main treatment for early cervical cancer. After this surgery, patients are often associated with lower
urinary tract symptoms, such as urinary retention and urinary incontinence.
Lower urinary tract symptoms impose a serious negative in uence on the quality of life and the physical
and mental health of patients. In 1963, Caldwell et al. proposed functional electrical stimulation (ES) of
pelvic oor muscles for treating incontinence and urinary incontinence [2]. Transcutaneous electrical nerve
stimulation (TENS) using microsecond pulsed electrical stimulation (µsPES) is helpful to treat patients
with various pelvic oor dysfunctions (PFDs), such as urinary incontinence, and pelvic organ prolapse
(POP)[3].
At present, the exact mechanism by which µsPES improves urethral symptoms remains elusive, and
whether µsPES can change the biological behavior of cervical cancer needs to be further clari ed.
Peking University People's Hospital typically uses µsPES to treat PFD patients with postpartum and
postoperative pelvic oor dysfunction. The µsPES applied in our clinic is a low-intensity, low-frequency
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ES. In previous studies, our research team had previously evaluated the effects of µsPES on the function
of pelvic oor nerves and muscles after cervical cancer surgery[4]. What’s more, we had assessed the
effects of scheme #1 at the current values of 20, 40, and 60 mA on the proliferation and migration of
cervical squamous carcinoma cell line SiHa in vitro and in vivo, and our results showed that µsPES did
not affect the proliferation and migration of SiHa cells [5–6].
The present study aimed to clarify the effects and mechanisms of µsPES on cervical cancer cells by
including more schemes, wider current intensity, and two cervical cancer cell lines using the pelvic oor
rehabilitation instrument.

Materials And Methods

ES apparatus and µsPES parameters
A pelvic oor rehabilitation instrument (PHENIX USB4, Electron-IC Concept Lignon Innovation Co., France)
(Fig. 1A) was employed for research in vitro. This instrument with dozens of treatment schemes is a kind
of TENS device using µsPES, which can treat PFDs (e.g., urinary retention and pelvic organ prolapse
(POP)). Three schemes were chosen from this pelvic oor rehabilitation instrument. Scheme #1 with a
frequency of 1/4/1 Hz, a pulse width of 270/230/270 µs, and 30 min duration could treat urinary
retention by stimulating the pelvic oor muscles. Scheme #2 with a frequency of 30 Hz, a pulse width of
500µs, and 20 min duration could treat POP by stimulating type I muscle bers. Scheme #3 with a
frequency of 50 Hz, a pulse width of 250 µs, and 20 min duration could treat POP by stimulating type II
muscle bers. An oscilloscope (DSO7054A; Agilent Technologies Inc., Santa Clara, CA, USA) (Fig. 1C) was
used to detect the waveform of the three schemes (Fig. 2).

Cell Lines and Cell Culture
Cervical squamous cell carcinoma SiHa cells and cervical adenocarcinoma HeLa cells were supplied by
the Gynecology Laboratory of Peking University People’s Hospital (Beijing, China). Two groups of cells
were both grown in Dulbecco's modi ed Eagle's medium (DMEM; Gibco, New York, NY, USA) containing
10% fetal bovine serum (FBS; Hyclone Laboratories Inc., Logan, UT, USA) and 1% antibiotics (100 U/ml
penicillin/streptomycin; Gibco, New York, NY, USA). Cells were cultured at 37 °C with 5% CO2 and
passaged after 3 days. SiHa cells and HeLa cells were harvested and resuspended in saline solution with
a concentration of 106 cells/ml. Besides, 1000 µl cell suspension was placed in 2-mm gap cuvettes (BioRad Laboratories Inc., Hercules, CA, USA) (Fig. 1B) and exposed to µsPES. Three µsPES-based schemes
at current values of 20, 40, 60, 80, and 100 mA were applied to stimulate cervical squamous cell
carcinoma SiHa cells and cervical adenocarcinoma HeLa cells. The temperature of the suspension was
measured during the experiment.
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Cell proliferation assay
A total of 2 × 103 cells/well were seeded into 96-well plates (Corning Inc., Corning, NY, USA) after
treatment with three µsPES-based schemes at current values of 20, 40, 60, 80, and 100 mA each. 10 µl of
the cell counting kit-8 (CCK-8) solution (Dojindo, Kumamoto, Japan) was added to each well and
incubated at 37 °C for 4, 24, 48, and 72 h and then every 24 h if necessary. The absorbance was
measured at 450 nm on a spectrophotometric plate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA)
at each time-point. All experiments were performed in triplicate.

Western blot assay
SiHa cells and HeLa cells (treated and untreated cells) were harvested and lysed using cell lysis reagent
containing NP40 and protease inhibitor cocktail for protein isolation after the treatment with µsPES
scheme #2 at 100 mA current. Protein concentration was detected using the Bradford assay. Next, 30 ug
of total protein was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and then transferred onto nitrocellulose membranes (Millipore, Burlington, MA, USA). After blocking with
5% non-fat dry milk, the membranes were incubated with the following primary antibodies: mouse anti-βactin (Proteintech, Rosemont, IL, USA), rabbit anti-MAPK (Cell Signaling Technology, Inc., Danvers, MA,
USA), rabbit anti-Phospho- MAPK (Cell Signaling Technology), rabbit anti-MEK1/2 (Cell Signaling
Technology, Inc.), rabbit anti-Phospho-MEK1/2 (ImmunoWay Biotechnology Co., Plano, TX, USA), rabbit
anti-Raf (Abcam, Cambridge, UK), Phospho-Raf (Cell Signaling Technology, Inc.), The blots were washed
thrice, and antigen-antibody complexes were detected by a uorescence method using uorescent
secondary anti-mouse (Cell Signaling Technology, Inc.) IgG and anti-rabbit IgG (Cell Signaling Technology,
Inc.). Fluorescent signals were detected by a bicolor infrared laser imaging system (LI-COR Biosciences,
Lincoln, NB, USA) and quanti ed using the ImageJ software.

Statistical analysis
All trials were repeated 3 times. Data were analyzed using a one-way analysis of variance (ANOVA) for
making comparisons among multiple groups and a t-test for making comparisons between the two
groups. Statistical analyses were performed using SPSS 26.0 software (IBM, Armonk, NY, USA). The
results were expressed as mean ± standard deviation (SD). P < 0.05 was considered statistically
signi cant.

Results

1. The effects of µsPES on the proliferation of cervical
cancer cells
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Compared with the control group, the µsPES scheme #1 at 100 mA current could inhibit the proliferation
of SiHa cells (P = 0.033) and at 40 mA current may inhibit proliferation of HeLa cells (P = 0.001). No
signi cant effect of µsPES scheme #1 at other current values on the proliferation of SiHa cells and HeLa
cells was found (P > 0.05). (Fig. 3A, Fig. 3B)
Compared with the control group, the µsPES scheme #2 at current values of 80 and 100 mA could inhibit
proliferation of SiHa cells (P = 0.017 and 0.008, respectively), and at current values of 40, 60, 80, and
100 mA could inhibit proliferation of HeLa cells (P = 0.006, 0.010, 0.005, and 0.025, respectively). No
signi cant effect of the µsPES scheme #2 at other current values on the proliferation of SiHa cells and
HeLa cells was detected (P > 0.05). (Fig. 3A, Fig. 3B)
Compared with the control group, the µsPES scheme #3 at 60 mA, 80 mA, 100 mA current could inhibit
SiHa cells proliferation (P values were 0.030, 0.004, 0.001 respectively), the proliferation effect of µsPES
scheme #3 at 40 mA current on SiHa cells need further study. The µsPES scheme #3 at 100 mA current
had stronger inhibition than 60 mA current intensity in SiHa cells (P = 0.026);at the current intensity of
40 mA, 60 mA, 80 mA, 100 mA could inhibit the proliferation of HeLa cells (P values were 0.002, 0.035,
0.002, 0.003 respectively), and 100 mA current had stronger inhibition than 80 mA current (P = 0.004) and
60 mA current (P = 0.036) in HeLa cells, and 80 mA current had stronger inhibition than 60 mA current in
HeLa cell (P = 0.033). (Fig. 3A, Fig. 3B)
The effects of three µsPES schemes on SiHa cells and HeLa cells were not the same. Compared with the
control, µsPES scheme #1 at 100 mA current intensity could inhibit the proliferation of SiHa cells, but had
no effect on the proliferation of HeLa cells. Compared with the control, µsPES scheme #2 at 40 mA and
60 mA current intensity could inhibit HeLa cell proliferation, but had no effect on SiHa cells proliferation.
At the current of 60 mA, µsPES scheme #3 had a stronger proliferation inhibition than µsPES scheme #2
in cervical cancer HeLa cell(P = 0.013).
µsPES Scheme #2, at the current of 80 mA, µsPES had a stronger proliferation inhibition in SiHa cells
than HeLa cells(P = 0.028); at the current of 100 mA, µsPES had a stronger proliferation inhibition in SiHa
cells than HeLa cells (P = 0.031). µsPES Scheme #3, at the current intensity of 60 mA, µsPES had a
stronger proliferation inhibition in SiHa cells than HeLa cells (P = 0.017). This showed that the sensitivity
to different µsPES between cervical squamous cell carcinoma and adenocarcinoma was not the same.
Overall, the above-mentioned results showed that the effects of µsPES on inhibiting the proliferation of
cervical cancer cells increased with the elevation of current intensity.

2. The effects of µsPES on the Ras-Raf-MAPK pathway of
cervical cancer cells
The expressions of MAPK (P = 0.046), p-MAPK (P = 0.048), MEK1/2 (P = 0.002), p-MEK1/2 (P = 0.021), Raf
(P = 0.033), p-Raf (P = 0.009), and Ras (P = 0.009) were remarkably decreased in SiHa cells after treatment
with µsPES scheme #2 at 100 mA current compared with the control group. The expression of p-MAPK
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was downregulated in SiHa cells (P = 0.048), whereas that was upregulated in HeLa cells (P = 0.008) after
treatment with scheme #2 at 100 mA current. The expressions of MEK1/2 (P = 0.017) and p-MEK1/2 (P =
0.033), Raf (P = 0.038), p-Raf (P = 0.020), and Ras (P = 0.048) were signi cantly decreased in HeLa cells
after treatment with µsPES scheme #2 at 100 mA current compared with the control group (Fig. 4A,
Fig. 4B)
There were no signi cant differences in protein expressions between SiHa cells and HeLa cells in the RasRaf-MAPK pathway except for p-MAPK downregulated in SiHa cells, while that was upregulated in HeLa
cells. The subtle different mechanism between SiHa cells and HeLa cells was unclear, which may be
related to the different regulation in different tumor subtypes.

Discussion
The µsPES studied in this experiment is used in the clinical, however, there are some subtle differences
between the experiment and the clinical. In the clinical applications, the current intensity is adjusted
according to the patient’s feelings which is normally below 0–60 mA while in the cellular experiment, the
current intensity is in a range of 0-100 mA. What’s more, the clinical application of the Pelvic Floor
Rehabilitation Therapy Instrument placed electrode patches on the abdomen while tumor cells were
secured in gap cuvettes during experiments. Although there are differences between the experiment and
the clinic, to some extent, the results of the experiment still can explain the clinical question.
The µsPES of three schemes were all asymmetry bipolar sharp electrical pulses, and the shape of waves
was similar to an action potential, which was biomimetic. Bipolar electrical pulses did not have the same
effects as the monopole electrical pulse. A previous research concentrated on Chinese hamster ovary
cells demonstrated that the energy produced by bipolar electrical pulses was twice a unidirectional
waveform in the same parameters, and monopole electrical pulse was more lethal than bipolar electrical
pulses [7]. Determining the waveform enables us to better understand the possible effects and
mechanisms of µsPES on cervical cancer.
In our results, proliferation inhibition was found after the stimulation of µsPES in SiHa cells and HeLa
cells. The expressions of the Ras-Raf-MAPK pathway was decreased in both SiHa cells and HeLa cells
compared with those in the control group except p-MAPK was downregulated in SiHa cells while
upregulated in HeLa cells. In conclusion, µsPES could inhibit the proliferation of cervical cancer cells by
inhibiting the Ras-Raf-MAPK pathway. However, the molecular pathways did not exist in isolation, they
are intertwined and connected. At present, it is not clear that the inhibition of µsPES on cervical cancer
proliferation is the direct or indirect effect of the Ras-Raf-MAPK pathway. And, it is also not clear whether
other signaling pathways could in uence the proliferation inhibition of cervical cancer cells. The
upregulated p-MAPK in HeLa cells may be in uenced by other molecular pathways, which indicated that
other molecular mechanisms existed in the proliferation inhibition in HeLa cells. Anyway, the Ras-RafMAPK pathway was suppressed by µsPES both in SiHa cells and HeLa cells.
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Current with higer frequency and current intensity tended to have a more proliferation inhibition on
cervical cancer cells. And the pulse width of µsPES may had a effect on proliferation inhibition of cervical
cancer cells which needed further study to con rm this hypothesis. Meanwhile, Silve et al. pointed out
that ES with the frequency of 0.1 Hz is more likely to cause enhanced cell permeability and 1 and 10 Hz
have a more remarkable effect on permeability than 100 Hz and 1 kHz in plant cells and mouse liver
cells[8]. Simultaneously, another study demonstrated that the pulse width did not affect the
electroporation, while the intensity of the electric eld could[9]. There are also some studies shown that
proliferation was increased used a lot higher frequency(50 Hz) than a lower frequency(2 Hz)[10].
Controversial results exist as several studies have shown that ES can increase the rate of cell proliferation
in tumors and other studies show that ES can decrease or have no effect on cell proliferation in tumors.
Hernandez-Bule et al. found that CRET sine wave could decrease cell proliferation in HepG2
hepatocarcinoma[11]. Matsuki et al. found that LVEP square wave could increased apoptosis but have no
effect on cell proliferation in B16 malignant melanoma[12]. Linkov et al. found that NMES(neuromuscular
electrical stimulation) and BPC(biphasic pulsed current) have no effect on cell proliferation and
apoptosis in Cutaneous squamous cell carcinoma[13].
To date, little is known on how ES can control important cell-biological events such as proliferation[14].
Several scholars reported that a physiological ES can reduce the proliferation and inhibit G1-S phase
transition by downregulating cyclin-E and upregulating p27kip1 in rat lens epithelial cells and bovine
endothelial cells[15]. Conversely, an endogenous ES controls the corneal epithelium wound healing rate in
vivo [16]. Besides, ES also can regulate the expression of type-I collagen in keloids[17].
In summary, we, in the present study, found that µsPES could inhibit the proliferation of cervical cancer
cells by inhibiting the Ras-Raf-MAPK pathway. Thus, it can be concluded that µsPES applied for
functional rehabilitation of pelvic oor nerves and muscles is safe for cervical cancer patients at the
cellular level.

Abbreviations
Electrical stimulation (ES)
Low-voltage electric eld pulses (LVEPs)
Microsecond pulse electrical stimulation (μsPES)
Pelvic oor dysfunctions (PFDs)
Pelvic organ prolapse (POP)
Transcutaneous electrical nerve stimulation (TENS)

Page 7/10

neuromuscular electrical stimulation (NMES)
biphasic pulsed current (BPC)

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Competing interests
The authors declare that they have no competing interests

Funding
This work was supported by the National Key Technology R&D Program of China (nos.
2019YFC1005200)

Authors' contributions
Xiaoyue Xu: Protocol, Data collection, Data analysis, Manuscript writing/editing; Shiyan Wang: Protocol,
Data collection; Tingting Cao: Protocol, Data collection; Bing Xie: Protocol, Data collection; Xiuli Sun:
Protocol, Data collection, Data analysis; Jianliu Wang: Protocol, Data collection, Data analysis, Writing
review&editing, Funding acquisition.

Acknowledgements
The authors gratefully appreciate the help from Prof Jue Zhang PhD, Jinsong Guo PhD and Songjie Wu
PhD from the College of Engineering, Academy for Advanced Interdisciplinary Studies, Peking University,
Page 8/10

Beijing, China. What’s more, the authors would like to thank Xiaohong Chang (Gynecological Oncology
Center, Peking University People’s Hospital, Beijing, China) and Weidong Yu (Central Laboratory and
Institute of Clinical Molecular Biology, Peking University People’s Hospital, Beijing, China) for their
valuable assistance in this research.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R. L.; Torre, L. A.; Jemal, A., Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: A
Cancer Journal for Clinicians 2018, 68 (6), 394–424.
2. Caldwell, K. P. S., THE ELECTRICAL CONTROL OF SPHINCTER INCOMPETENCE. The Lancet 1963,
282 (7300), 174–175.
3. Gross, T.; Schneider, M. P.; Bachmann, L. M.; Blok, B. F.; Groen, J.; Hoen, L. A.; Castro-Diaz, D.; Padilla
Fernandez, B.; Del Popolo, G.; Musco, S.; Hamid, R.; Ecclestone, H.; Karsenty, G.; Phe, V.; Pannek, J.;
Kessler, T. M., Transcutaneous Electrical Nerve Stimulation for Treating Neurogenic Lower Urinary
Tract Dysfunction: A Systematic Review. Eur Urol 2016, 69 (6), 1102–11.
4. Sun, X. L.; Wang, H. B.; Wang, Z. Q.; Cao, T. T.; Yang, X.; Han, J. S.; Wu, Y. F.; Reilly, K. H.; Wang, J. L.,
Effect of transcutaneous electrical stimulation treatment on lower urinary tract symptoms after class
III radical hysterectomy in cervical cancer patients: study protocol for a multicentre, randomized
controlled trial. BMC Cancer 2017, 17 (1), 416.
5. Wang, S.; Sun, X.; Cheng, W.; Zhang, J.; Wang, J., Pilot in vitro and in vivo study on a mouse model to
evaluate the safety of transcutaneous low-frequency electrical nerve stimulation on cervical cancer
patients. Int Urogynecol J 2019, 30 (1), 71–80.
6. Wang, S.; Sun, X.; Zhao, L.; Zhou, J.; Cheng, Y.; Wang, J., Effects of low frequency electrical
stimulation on the proliferation and invasion of human cervical cancer SiHa cells:an in vitro study.

Chinese Journal of Clinical Obstetrics and Gynecology 2016, 17 (2), 151–153.
7. Ibey, B. L.; Ullery, J. C.; Pakhomova, O. N.; Roth, C. C.; Semenov, I.; Beier, H. T.; Tarango, M.; Xiao, S.;
Schoenbach, K. H.; Pakhomov, A. G., Bipolar nanosecond electric pulses are less e cient at
electropermeabilization and killing cells than monopolar pulses. Biochem Biophys Res Commun
2014, 443 (2), 568–73.
8. Silve, A.; Guimera Brunet, A.; Al-Sakere, B.; Ivorra, A.; Mir, L. M., Comparison of the effects of the
repetition rate between microsecond and nanosecond pulses: electropermeabilization-induced
electro-desensitization? Biochim Biophys Acta 2014, 1840 (7), 2139–51.
9. Sulaeman, M. Y.; Widita, R., The Effect of Electric Field Intensity, Pulse Width, and Pulse Rise Time on
Conventional and Supra Electroporation. Aip Conf Proc 2015, 1677, 100008.
10. Love, M. R.; Palee, S.; Chattipakorn, S. C.; Chattipakorn, N., Effects of electrical stimulation on cell
proliferation and apoptosis. J Cell Physiol 2018, 233 (3), 1860–1876.

Page 9/10

11. Hernandez-Bule, M. L.; Trillo, M. A.; Ubeda, A., Molecular mechanisms underlying antiproliferative and
differentiating responses of hepatocarcinoma cells to subthermal electric stimulation. PLoS One
2014, 9 (1), e84636.
12. Matsuki, N.; Takeda, M.; Ishikawa, T.; Kinjo, A.; Hayasaka, T.; Imai, Y.; Yamaguchi, T., Activation of
caspases and apoptosis in response to low-voltage electric pulses. Oncol Rep 2010, 23 (5), 1425–33.
13. Linkov, G.; Branski, R. C.; Amin, M.; Chernichenko, N.; Chen, C. H.; Alon, G.; Langmore, S.; Wong, R. J.;
Kraus, D. H., Murine model of neuromuscular electrical stimulation on squamous cell carcinoma:
potential implications for dysphagia therapy. Head Neck 2012, 34 (10), 1428–33.
14. Robb, K. A.; Newham, D. J.; Williams, J. E., Transcutaneous electrical nerve stimulation vs.
transcutaneous spinal electroanalgesia for chronic pain associated with breast cancer treatments. J
Pain Symptom Manage 2007, 33 (4), 410–9.
15. Wang, E.; Yin, Y.; Zhao, M.; Forrester, J. V.; McCaig, C. D., Physiological electric elds control the G1/S
phase cell cycle checkpoint to inhibit endothelial cell proliferation. FASEB J 2003, 17 (3), 458–60.
16. Song, B.; Zhao, M.; Forrester, J. V.; McCaig, C. D., Electrical cues regulate the orientation and
frequency of cell division and the rate of wound healing in vivo. Proc Natl Acad Sci U S A 2002, 99
(21), 13577–82.
17. Sebastian, A.; Syed, F.; McGrouther, D. A.; Colthurst, J.; Paus, R.; Bayat, A., A novel in vitro assay for
electrophysiological research on human skin broblasts: degenerate electrical waves downregulate
collagen I expression in keloid broblasts. Exp Dermatol 2011, 20 (1), 64–8.

Page 10/10

