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Abstract
Background: Although significant advances have been made toward understanding the 
molecular mechanisms underlying the effect of propofol on tumor cell metastasis, less 
is known regarding how cell membrane and cytoskeletal ultrastructure are affected in this 
process. Here, we investigated the relationship between cell morphology and cell size, which 
are features mainly defined by the cytoskeleton. Methods: To confirm the effects of propofol 
on the migratory ability of human cervical carcinoma cells, cell migration and invasion were 
examined through scratch wound healing and transwell membrane assays. Furthermore, HeLa 
cells cultivated with different concentrations of propofol were examined by confocal microscopy 
and atomic force microscopy (AFM), and the mean optical density and migration ability of 
these cells were also assessed. In addition, cell membrane morphology was inspected using 
AFM. Results: The results of the wound healing and transwell membrane assays indicated that 
propofol decreases the migratory ability of cervical carcinoma cells compared to control cells. 
A comparative analysis of the test results revealed that short-term (3 h) exposure to propofol 
induced marked changes in cell membrane microstructure and in the cytoskeleton in a dose-
dependent manner. These morphological changes in the cell membrane were accompanied 
by cytoskeleton (F-actin) derangement. The present findings demonstrate a close relationship 
between changes in cell membrane ultrastructure and cytoskeletal alterations (F-actin) in 
propofol-treated HeLa cells. AFM scanning analysis showed that cell membrane ultrastructure 
was significantly changed, including a clear reduction in membrane roughness. Conclusion: 
The influence of propofol on the HeLa cell cytoskeleton can be directly reflected by changes 
in cellular morphology, as assessed by AFM. Moreover, the use of AFM is a good method for 
investigating propofol-mediated changes within cytoskeletal ultrastructure.
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IntroductionSurgery is currently the first-line treatment for solid tumors [1]. A variety of therapies, including combinations of surgery, chemotherapy and radiation, are used to prevent resistance and relapse and thereby prolong survival time, but the patients administered these therapies still have a poor prognosis. Metastatic recurrence is a major cause of cancer-related death, and tumor cell migration is the initial step in the metastatic process [2-4]. Recent studies have focused on dissecting the role and prognostic value of anesthetic drugs in the suppression of cell migration and invasion for multiple tumor types. Previous studies have indicated that propofol (2, 6-diisopropylphenol), one of the most extensively used intravenous anesthetic agents during cancer resection surgery, influences the biological behavior of cancer cells, including their proliferation, motility, and invasiveness [5-8]. Retrospective clinical data and results generated using animal models suggest that the administration of certain anesthetic drugs and techniques after surgery for cancer attenuate immunosuppression and minimize metastasis [9-17].The cytoskeleton primarily governs cell morphology and size, which are closely related to tumor progression and metastasis [18-25]. The accumulated body of evidence indicates that propofol inhibits the formation of actin stress fibers and focal adhesions as well as actin cytoskeleton reorganization [14, 26]. However, the manner in which changes in cell membrane ultrastructure are associated with this process remains unclear.The cell membrane plays important roles in cellular physiological processes, including by regulating a variety of cell functions, such as cellular transport, signal transduction, cell-surface recognition, cell survival, energy conversion, and cell differentiation. In addition, the cell membrane also constitutes a barrier between the external and internal cellular environment and plays a key role as an exchange interface between these environments. Therefore, changes in cell membrane structure directly reflect the actual state of a cell [27, 28]. Tumor cell lines have been studied using various microscopic techniques, such as fluorescence microscopy, confocal microscopy, transmission electron microscopy (TEM) and scanning electron microscopy (SEM). These methods provide the best resolution, but some of these techniques, such as TEM and SEM, require complex sample-preparation processes, which include fixation and drying procedures [27-32]. A large quantity of crucial biological information is inevitably lost during these processes. Therefore, progress in new microscopic technologies has significantly advanced research on tumor biology. For example, atomic force microscopy (AFM), which provides nanometer resolution, is frequently used for imaging biological samples in molecular and cellular biology studies [33, 34]. Notably, this technique records the surface topography of biological samples under physiological conditions without requiring complicated sample preparation [35-37]. Therefore, AFM is a good method for investigating the ultrastructural changes on the membrane surface that accompany propofol-induced changes in the cytoskeleton.The present study used AFM-based analysis of morphological changes in cell membrane ultrastructure as well as cytoskeletal alterations in human cervical carcinoma (HeLa) cells.
Materials and Methods

Materials and instrumentsWe purchased human cervical cancer cell lines from the American Type Culture Collection. Propofol was obtained from Sigma-Aldrich (USA). FITC-labeled phalloidin and DAPI (4’, 6-diamidino-2-phenylindole) were procured from Sigma (USA) and AppliChem (Darmstadt, Germany), respectively. An antibody against actin was purchased from Santa Cruz Biotechnology. All solvents and other chemicals were obtained from local commercial suppliers. All of these materials were of analytical reagent grade unless otherwise stated. Measurements were performed using an Agilent Technologies 5500 Scanning Probe Microscope, a Zeiss Axiovert 200M inverted microscope and a Zeiss LSM 510 META confocal microscope.
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Cell cultureCells were maintained as adherent monolayer cultures in high-glucose Dulbecco’s Modified Eagle's Medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA) and incubated at 37°C with 5% CO2. We replaced the medium every three days, and once the cells reached 80-85% confluence, we washed the cells twice with PBS and then submitted them to digestion with 0.02% EDTA (Sigma, USA) and 0.25% trypsin (Sigma-Aldrich, USA).
Drug treatmentsCells were seeded in 24-well plates and 35-mm Petri dishes at a density of 2×105 cells/ml per well and incubated in a humidified incubator with 5% CO2 at 37°C. After 24 h, the culture medium was replaced with culture medium supplemented with a specific concentration (20 μM, 30 μM or 40 μM) of propofol, and the cells were then returned to culture. We employed a 3-h propofol treatment time. The treatment time and doses were based on those commonly used in clinical applications and in vitro cell research. Control treatments with corresponding concentrations of dimethylsulfoxide (DMSO) were performed in parallel.
Cell proliferation assayCell proliferation was analyzed by MTT assay and CFSE. Briefly, 3×103 cells were plated in 100 μl of medium per well in 96-well dishes, and at the indicated time points, the medium was removed and replaced with 100 μl of fresh culture medium containing 1.2 mM MTT or 2.5 µM CFSE. For the MTT assay, the reaction was incubated at 37°C for 4 h, and 100 μl of SDS-HCl solution (10% SDS and 0.01 M HCl) was then added to each well. After incubation at 37°C for 4 h, each sample was mixed using a pipette, and the absorbance at 570 nm was read. In the CFSE assay, the fluorescence of the enzyme-labeled cells was quantified (CFSE, Irvine Scientific, USA).
Scratch wound healing assayFor cell migration assays, we seeded cells into 24-well plates at a density of 0.5 × 104/cm2 and allowed them to grow into confluent monolayers. The cells were then treated with propofol, and a 3-mm scratch wound was made across the diameter of each plate using a sterile 20-μl pipette tip. Phase-contrast microscopy was used to observe the wounds, and photographs were taken both immediately and 12 h after wounding. The images were analyzed using ImageJ software. For each independent experiment, we compared the wound width with the initial width in different fields. Cell migration rate was calculated as (1-A12/A0) %, where A0 and A12 represent the scratch distances at 0 and 12 hours, respectively.
Transwell migration assayTranswell migration assays were performed using a Millicell culture plate with an 8.0-μm PET insert (Millipore Corporation, USA). First, 5 × 104 cells in 200 ml of serum-free medium were plated per upper chamber. The chambers were placed into 24-well plates, and 500 μl of DMEM supplemented with 10% fetal calf serum was added per well. After incubation for 12 h at 37°C, the cells that had traversed the membrane were fixed and visualized by crystal violet staining. Cells in three random fields per chamber were counted using a phase contrast microscope.
Immunofluorescent stainingHeLa cells were cultured on coverslips in DMEM containing 10% fetal bovine serum for 24 h (reaching approximately 60% confluence). The cells were then treated with propofol for 3 h, fixed in 4% paraformaldehyde in PBS buffer (pH 7.4) for 10 min at room temperature and permeabilized in PBS supplemented with 1% Triton X-100 for 10 min at room temperature. The cells were subsequently washed three times with cold PBS and then blocked in PBS supplemented with 2.5% bovine serum albumin (BSA) for 1 h at room temperature. Actin filaments were stained with fluorescently labeled phalloidin for 1 h at 37°C. The cells were then rinsed three times with PBST and once with PBS. The cells were then incubated in DAPI for 2 min for the identification of DNA. A Zeiss LSM 510 META confocal microscope with a 40× oil immersion objective (NA, 1.4) was used to mount and visualize the coverslips. Figure 4 shows a typical image from each group.
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Antibodies and western blottingThe following primary antibodies were used: mouse anti-Caspase-3 (Invitrogen, USA), mouse anti-GAPDH (KANGCHEN, China), mouse anti-PARP (Sigma, USA), and mouse anti-F-actin (Santa Cruz, USA). For antibody staining, cells were washed twice with ice-cold PBS and lysed in RIPA lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% SDS, and 0.5% sodium deoxycholate) containing 10 μg/ml aprotinin, 10 μg/ml leupeptin and 1 mM PMSF. Whole-cell lysates were centrifuged at 20,000 × g and 4°C for 10 min, and equal amounts of the cell lysates were electrophoresed on 12% SDS-polyacrylamide amide gels. Proteins were then transferred to a nitrocellulose membrane, and the membranes were blocked with 5% defatted milk, probed with the indicated primary antibodies overnight at 4°C and incubated with secondary antibodies conjugated to horseradish peroxidase (Sigma, USA) for 1 h at RT. An ECL western blotting analysis system (Amersham Biosciences, USA) was used to detect the substrates.
Measurement of the mean optical densityFor each cell measurement, the mean optical density (MOD) of F-actin was determined using immunofluorescence images. ImageJ (v. 1.42 q) software, which was created by the National Institutes of Health (NIH), was used to measure the areas and integrated optical densities. The MOD was calculated using the following equation (Eq): MOD = integrated density / cell area.
AFM imagingHeLa cells were cultured in 35-mm Petri dishes and placed on a 325 Temperature Controller (LakeShore, USA), which ensured a constant temperature of 37°C throughout the AFM nanoindentation assay. AFM deflection images of HeLa cell surfaces were acquired in an atmospheric environment using the contact mode. Image acquisition was performed with PicoView 1.10 software. An Agilent Technologies 5500 Scanning Probe Microscope and AFM probe tips (Type: OMCL-TR800PSA-W, Olympus, Japan) were used for cell scanning. We then obtained detailed cantilever information based on the cantilever manufacturer’s specifications. The tip spring constant was 0.15 N/m; the resonance frequency was 24 kHz; the deflection sensitivity was 15 nm/V; and the force constant was 0.2 N/m. All images were acquired using a 256 × 256 data-point resolution and a scan delay of 10 ms. Young's modulus (tensile modulus) measurements were taken in the force/volume mode at a rate of 1 Hz, and the forward/reverse velocity was 3 µm/sec. In this study, we performed at least five independent cell-imaging scans for each group.
Statistical analysisStatistical analyses were performed using the Kruskal-Wallis H-test and one-way ANOVA when appropriate. Data obtained from three independent experiments are presented as the means ± S.D. The results were processed using SAS version 9.1, and P values less than 0.05 were considered statistically significant.
Results

Propofol affects cell morphology and inhibits cervical carcinoma cell proliferationTo investigate the in vitro effect of propofol on cell morphology, we detected changes in the general morphology of cancer cells treated with propofol. HeLa cells were exposed to different propofol concentrations for different time periods. The obtained images revealed that all living cells were highly refractive and presented a distinct and clear shape under visible light (Fig. 1a). Therefore, treatment with the three concentrations of propofol for 3 h did not induce any significant damage to cellular integrity.To determine whether propofol exerts an inhibitory effect on HeLa cell proliferation, we measured cell growth using MTT assays. Cells were treated with increasing concentrations (20 to 40 μM) of propofol for 24 h or 48 h, and cell proliferation was analyzed. The results indicate that propofol decreased HeLa cell proliferation in a dose-dependent manner (Fig. 1b). A live cell-staining assay revealed a significant decrease in the number of cells after treatment with 40 μM propofol compared with control cells (Fig. 1c). These results indicate that propofol inhibits cervical carcinoma cell proliferation.
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Propofol decreased cell migration in vitroTo study the effect of propofol on cell migration, the role of propofol in cervical cancer cell metastasis (SiHa and HeLa) was examined through a scratch wound healing assay. As shown in Figure 2a and 2b, control cells migrated significantly faster than propofol-treated cells. We also found that the migration ability of HeLa cells was almost completely 

Fig. 1. Propofol affects cell morphology and inhibits cervical carcinoma cell proliferation. (a) Morphology of HeLa cells treated with different concentrations of propofol. (b, c) Cell proliferation at days 0, 1, 2, 3, and 4 was measured through MTT and CFSE assays. 
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blocked by treatment with 30 μM propofol. Notably, propofol treatment for 12 h decreased cell migration in a concentration-dependent manner. These results suggest that propofol decreases cervical cancer cell migration in vitro and that the reduced migration potential may be partially associated with cytoskeletal depolymerization or derangement.

Fig. 2. Propofol decreases cell migration in vitro. (a, b) Alterations in SiHa and HeLa cell migration following treatment with propofol were assessed using a wound scratch healing assay and light microscopy (40×). (c, d) Alterations in SiHa and HeLa cell motility following treatment with propofol were assessed using a Transwell migration assay. Cells that traversed the membrane were visualized by crystal violet staining. The results are the average of three independent experiments (p < 0.05). (e) Expression levels of Caspase-3 and PARP in HeLa cells were detected by western blotting, using GAPDH as a control. (f) Caspase-3 activity in HeLa cells treated with different concentrations of propofol. (g) Expression of Caspase-3 and PARP in SiHa cells. (h) Caspase-3 activity in SiHa cells treated with different concentrations of propofol.
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Recently published data suggest that propofol inhibits the invasion of cancer cells. In the present study, transwell migration assay results revealed that treatment with 40 μM propofol reduced the number of cells (41±6 cells) that permeated the transwell membrane compared to the control cells. Furthermore, treatment with 30 μM propofol also significantly suppressed the number of migrated cells compared to the control cells (Fig. 2c and 2d). These results indicate that propofol inhibits the migration of cervical cancer cells.We then determined whether propofol-mediated decreases in cervical cancer cell via-bility and migration result from the induction of apoptosis. Analysis of apoptosis marker ex-pression in propofol-treated HeLa cells by western blotting revealed that propofol dose- and time-dependently increased the levels of the apoptosis markers Caspase-3 and PARP (Figs. 2e and 2f). Collectively, our results indicate that propofol effectively promotes apoptosis in HeLa cells; similar results were obtained with the SiHa cell line (Figs. 2g and 2h).

Fig. 3. Propofol regulates cytoskeletal structural stability. (a) Microfilaments were stained with fluorescein isothiocyanate (FITC)-conjugated phalloidin. DNA was counterstained with DAPI. Bar, 10 μm. (b) F-actin expression was detected by western blotting. (c) The data are presented as the means ± SD. *p < 0.05 com-pared with control cells, as determined through one-way ANOVA. 

Fig. 4. Propofol affects membrane ultrastructure in HeLa cells. (a, b, c, d) AFM images of HeLa cells. Cellu-lar pseudopodia at the edges of HeLa cells gradually retracted after propofol treatment. (e, f, g, h) Cellular membrane ultrastructure. Membrane surface roughness decreased after treatment with propofol, and the cell membrane became smooth.
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Propofol regulates cytoskeletal structural stability To further investigate the biological effect of propofol on the organization of the actin cytoskeleton, we visualized F-actin organization in HeLa cells through immunofluorescence staining. As shown in Figure 3a, F-actin organization in the cytoskeletons of the control cells exhibited a dense and linear isotropic network throughout the cell body. However, F-actin structure in the cytoskeletons of the cells treated with propofol showed a state of depolymerization, and the fluorescence intensity was significantly attenuated. We then assessed the impact of a higher propofol concentration (40 μM) on F-actin organization and found that the F-actin filaments in the treated cells were sparsely distributed, diffusely spread throughout the cytoplasm and appeared as discontinuous, short, and linearly distributed points. In addition, the cytoplasms and nuclei of these cells exhibited markedly reduced fluorescence intensity. Immunofluorescence microscopy analyses demonstrated that the amounts of F-actin in the cytoplasm and nucleus were significantly reduced. To study the degree of actin polymerization, we measured the expression levels of F-actin using western blot analysis (Fig. 3b) and found that F-actin expression did not significantly differ among the different groups of cells. Previous studies have demonstrated that a lower MOD is related to a decreased intensity and a reduced organization of F-actin. Therefore, we examined the MOD in the different cell groups. Notably, the propofol-treated cells exhibited a significantly lower MOD than the control cells (Fig. 3c). These results suggest that propofol disrupts the cellular cytoskeleton.
Propofol affects the membrane ultrastructure of HeLa cellsThe migratory and aggressive properties of cancer cells can be evaluated by assessing cell-surface morphology using AFM. We observed a variety of changes in cellular ultrastructure and surface morphology in the propofol-treated cells. The edges of these cells gradually retracted after propofol treatment, and their membrane surface roughness decreased after treatment in a dose-dependent manner. As shown in Figures 4a and 4e, the cells in the control group presented a regular shape with well-spread cellular edges, and the membrane surfaces of these cells were scaly in appearance. Minor changes, including decreases in membrane surface roughness, were noted following treatment with 20 μM propofol. In addition, treatment with 30 μM propofol resulted in marked retraction of pseudopodia at the edges of HeLa cells (Figs. 4c and 4g). Further observations revealed that the membrane surface roughness of these cells also decreased significantly. The pseudopodia at the edges of the cells treated with 40 μM propofol disappeared after 3 h of treatment (Figs. 4d and 4h). Fine structural analyses revealed further decreases in cellular roughness and that the cell membrane became smooth. These results suggest that propofol reduces the migration of cervical cancer cells by changing cellular surface ultrastructure.
DiscussionIt is well accepted that cell structure determines cell function, and the cytoskeleton is the structural framework that predominantly shapes a cell [19]. Cytoskeletal reorganization is a critical step in the process of tumor cell metastasis, which leads to the spread of cancer and to treatment failure [22, 23, 38]. Propofol has been found to influence the biological activity of several tumor cell lines by inducing cytoskeletal reorganization [26], but the processes driving the corresponding alterations in membrane ultrastructure have not been determined. Here, we used high-resolution AFM to investigate propofol-induced changes in membrane surface ultrastructure. The present study showed that alterations in the cell cytoskeleton (F-actin) were accompanied by changes in cell migration ability and in membrane surface ultrastructure. Three hours of propofol stimulation caused F-actin in the cytoskeleton to depolymerize and eliminated the fluorescence intensity of F-actin. As a result, there was less F-actin organization below the plasma membrane, which was observed as a reduced MOD in immunofluorescence images. We also evaluated how propofol affects F-actin 
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protein expression using an IB assay. The results showed that propofol treatment induced no obvious changes in F-actin expression but weakened immunofluorescence staining of the cytoskeleton. These propofol-induced changes may be due to the depolymerization of F-actin, which is the main component of the cytoskeleton. Similarly, Garib et al. observed that actin reorganization occurred within 20 min of propofol treatment in MDA-MB-468 cells [26]. A study by Mammoto demonstrated that propofol (30 μM, 60 min) inhibits the formation of actin stress fibers [14]. We further examined changes in cell surface ultrastructure in response to higher concentrations of propofol, and stimulation with 40 μM propofol for 3 h induced even more significant changes in the F-actin cytoskeleton.We also analyzed the important role of propofol in regulating the migration capability of HeLa cells due to the positive role of the cytoskeleton in tumor cell metastasis dynamics using wound healing and transwell membrane assays. Treatment with propofol for 12 h decreased cell migration in a concentration-dependent manner compared with the control group. Notably, treatment with 30 μM propofol almost completely inhibited the migration capacity of HeLa cells. Mammoto and colleagues demonstrated that propofol (6 to 30 μM) effectively inhibits the invasion ability of a variety of tumor cell lines [14], which is consistent with our results. We also detected the effects of propofol on cell proliferation, growth and apoptosis, and the results show that different concentrations of propofol can significantly inhibit the proliferation of cervical cancer cells while promoting apoptosis (Fig. 1 and 2). This finding is consistent with the effects of propofol on tumor suppression that have been detailed in the literature.The cell membrane plays a key role in the physiological processes of cells, and normal cell function is directly influenced by changes in cell membrane structure [39]. Lamellipodia formation at the edges of cells is a prerequisite for the induction of cell migration [40]. AFM scanning analyses demonstrated that cell membrane ultrastructure in HeLa cells was substantially altered following propofol treatment. These cells exhibited an evident decrease in membrane roughness, and their lamellipodia were obviously retracted or disappeared. These AFM results provide further evidence of the effects of propofol on the migration behavior of HeLa cells.Cytoskeletal alterations change the overall morphological properties of a cell. Propofol significantly altered the levels of the main cytoskeletal component, F-actin, and this effect impacted the morphological properties of the cell membrane. The mechanisms underlying these alterations might be related to proteins that participate in remodeling of the actin cytoskeleton. However, Garib et al. reported that HeLa cells treated with 30 μM propofol for 60 min exhibited no redistribution of the actin cytoskeleton. Using a prolonged reaction time (3 h) and an increased drug concentration (40 μM), we observed obvious cytoskeletal changes in immunofluorescence images. AFM scanning analyses demonstrated that cell membrane ultrastructure was substantially changed following treatment with propofol, with a clear increase in membrane roughness.These observations are consistent with the hypothesis that reduced organization and decreased intensity of F-actin (the most important component of the cytoskeleton) are related to the alterations in cell membrane ultrastructure that have been observed in propofol-treated HeLa cells. Therefore, the influence of propofol on the HeLa cell cytoskeleton is directly reflected by cell membrane ultrastructure, as demonstrated by AFM.SEM, TEM, and optical microscopy are important methods for studying cellular morphology and physiological capacity, and these techniques provide a great deal of information regarding the structural characteristics of cells. However, AFM provides images showing the physiological conditions of the cell membrane at nanoscale resolution. The cytoskeleton primarily defines cell morphology and size. Therefore, AFM constitutes a good method for investigating how propofol treatment alters cytoskeletal characteristics and membrane surface ultrastructure. Further research consisting of clinical trials and in vivo models is imminently needed to evaluate the optimal concentration of propofol to administer to cancer patients in clinical settings.
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ConclusionThe influence of propofol on the HeLa cell cytoskeleton can be directly reflected by observing cellular morphology using AFM. Moreover, AFM constitutes a good method for investigating the changes in cytoskeletal ultrastructure that are induced by treatment with propofol.
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