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Abstract
Some polyunsaturated fatty acids (PUFAs), if not all, have been shown to have tumoricidal action, but their exact mechanism(s) of action is not clear. In the present study, we observed that n-6 PUFA linoleic acid (LA) inhibited tumor cell growth at high concentrations (above 300 μM); while low concentrations (100-200 μM) promoted proliferation. Analysis of cell mitochondrial membrane potential, reactive oxygen species (ROS) formation, malondialdehyde (MDA) accumulation and superoxide dismutase (SOD) activity suggested that anti-cancer action of LA is due to enhanced ROS generation and decreased cell anti-oxidant capacity that resulted in mitochondrial damage. Of the three cell lines tested, semi-differentiated colorectal cancer cells RKO were most sensitive to the cytotoxic action of LA, followed by undifferentiated colorectal cancer cell line (LOVO) while the normal human umbilical vein endothelial cells (HUVEC) were the most resistant (the degree of sensitivity to LA is as follows: RKO > LOVO > HUVEC). LA induced cell death was primed by mitochondrial apoptotic pathway. Pre-incubation of cancer cells with 100 μM LA for 24 hr enhanced sensitivity of differentiated and semi-differentiated cells to the subsequent exposure to LA. The relative resistance of LOVO cells to the cytotoxic action of LA is due to a reduction in the activation of caspase-3. Thus, LA induced cancer cell apoptosis by enhancing cellular oxidant status and inducing mitochondrial dysfunction.
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Abbreviations used
AAarachidonic acid


ALAα-linolenic acid


DGLAdihomo-γ-linolenic acid


DHAdocosahexaenoic acid


EPAeicosapentaenoic acid


GLAγ-linolenic acid


LAlinoleic acid


MDAmalondialdehyde


mPTPmitochondrial permeability transition pore


MTT3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide


Rh123Rhodamine 123


ROSreactive oxygen species


SODSuperoxide Dismutase.




Introduction
Essential fatty acids (EFAs): linoleic acid (LA, n-6, 18:2) and α-linolenic acid (ALA, n-3, 18:3) form precursors to their long chain metabolites γ-linolenic acid (GLA, n-6, 18:3), dihomo-GLA (DGLA, n-6, 20:3) and arachidonic acid (AA, n-6, 20:4); and eicosapentaenoic acid (EPA, n-3, 20:5) and docosahexaenoic acid (DHA, n-3, 22:6) respectively [1–3]. Our previous studies showed that polyunsaturated fatty acids (PUFAs) selectively induced tumor cells apoptosis though the sensitivity of various cancer cells to different fatty acids were found to be variable depending on the type of cancer cell being tested and the type and concentration of the fatty acid used [3–7].
Previously, it was reported that essential fatty acids and their metabolites suppress tumor cells growth both in vitro and in vivo. This tumoricidal action of fatty acids could be correlated to an increase in generation of free radicals in the tumor cells [8]. Subsequent studies showed that most polyunsaturated fatty acids were functional, and the inhibitory action of different types of n-3, n-6 and n-9 fatty acids does not depend on their unsaturation [9]. Among all the fatty acids tested, GLA, AA, EPA and DHA were found to be the most effective in inhibiting tumor cells growth, while LA and ALA were also effective but at much higher concentrations [3–5]. It was opined that n-6 fatty acids enhance tumor cell growth whereas n-3 fatty acids are beneficial since they arrest cancer growth. This differential action of n-3 and n-6 PUFAs in cancer has been attributed to the formation of pro-inflammatory eicosanoids from n-6 PUFAs whereas products formed from n-3 PUFAs are much less pro-inflammatory in nature [1–7, 10–13], though Trombetta A, etc. reported that AA, an n-6 PUFA, decreased human lung-tumor cell growth in a concentration-dependent manner, induction of cell death mainly evident at 100 mM concentration [14].
In the majority of previous investigations, n-3 and n-6 PUFAs were added to the tumor cell medium in vitro without a simultaneous study of these fatty acids on normal cells. Hence, it is not clear whether the concentrations of fatty acids used in these studies are non-toxic to normal cells at which they were found to be cytotoxic to tumor cells. In addition, little attention was paid to the ratio between n-6 and n-3 fatty acids as they exist in the body while performing these studies. It is important to note that in the plasma, n-6 PUFAs are present in large amounts compared to n-3 fatty acids (the ratio between n-6 PUFAs compared to n-3 PUFAs is ~7:1 in the serum) [15]. Furthermore, PUFAs are widely distributed in our food and hence, there could be a wide variation in the daily intake of these fatty acids among different populations and individuals depending on the type of diet and the quality of the food ingested. In general, the level of total fatty acids in the plasma/serum is ~200 mg/dl, and of which the percentage of LA is ~20% regardless of the differences in dietary pattern [15].
Previously, we observed that the action of LA on cancer cell growth depended on the type of cancer cells being tested and the concentration of fatty acids supplemented [3–7]. LA ~40 μg/ml/1 × 104 cells inhibited the growth of cancer cells whereas lower concentrations ~5-10 μg/ml/1 × 104 cells enhanced growth of some, if not all, types of cancer cells that were being tested [11]. In the present study, we evaluated the effect of the fatty acid on three cell lines, two of which were colorectal cancer cell lines, LOVO (undifferentiated) and RKO (semi-differentiated), and the human umbilical vein endothelial cells (HUVEC) taken as normal cell control in order to clarify the role of LA in the promotion and inhibition of the growth of cancer cells in vitro. In order to know the sensitivity of tumor cells to LA, in one set of studies we pre-incubated the cells for 24 hours with 100 μM of LA and then were subsequently exposed to various doses of LA to know whether the initial exposure to LA affects the survival of tumor cells.

Materials and methods
Materials
Linoleic acid (LA, 18:2 n-6) was obtained from Sigma (St. Louis, MO, USA). The colorectal cancer cell lines, LOVO (undifferentiated) and RKO (semi-differentiated), and normal cell line HUVEC (human umbilical vein endothelial cells) were obtained from Shanghai Institute of Cell Biology, Chinese Academy of Sciences. PRMI medium 1640 and high-glucose DMEM Nutrient Mixture medium were purchased from GIBCO (Grand Island, NY, USA). MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) was provided by Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. All other chemicals were of extra-pure grade or analytical grade.

Cell culture and treatment
Colorectal cancer cells (LOVO and RKO) and human normal cells (HUVEC) were cultured in PRMI Medium 1640 and high-glucose DMEM Nutrient Mixture medium separately, supplemented with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin in a humidified 37°C, 5% CO2 incubator (Shellab, USA).
LA was dissolved in 0.1 N NaOH and diluted to give a final concentration of 20 mM with the final concentration of NaOH was no more than 0.005 N, a concentration of NaOH at which it had little affect on the cells. Stock solutions were filter-sterilized and diluted with cell culture media for use in the study [16].
Both the colon cancer cells (LOVO and RKO) and normal cell (HUVEC) were treated with LA in two different ways: in the first group, the cells were cultured in the cell culture medium alone for 24 h prior to treatment with different doses of LA; whereas in the second group, cells were pre-incubated with 100 μM LA for 24 hr followed by treatment with different doses of LA as was done in the first group.

Cell growth and viability assay
Cell proliferation was assessed using MTT assay (Roche, Mannheim, Germany). At different time intervals after incubation with LA, the number of viable cells grown in a 96-well plate was estimated by adding 20 μl of MTT solution (5 mg/ml in PBS). After 4 hr of incubation at 37°C, the stain was diluted with 150 μl of DMSO. The absorbance in each well was then measured with a microplate reader (Thermal Lab system, Finland) at 492 nm, and viability of cells was presented as percentage of the control [16]. Each treatment was replicated at least five times.

Mitochondrial membrane potential detection
Cells (1 × 106 cells) obtained from control and various LA treatments were washed thrice with PBS, and resuspended at a final protein concentration of 0.75 mg/ml in PBS, 100 μl was taken for the following detection. 100 ng Rh123 (Rhodamine 123) were added to each sample. Upon incubation in the dark (15 min, at room temperature or 30 min at 4°C), the samples were washed with 300 μl PBS twice. The cells were resuspended in 200 μl PBS for analysis. Fluorescence intensity was carried out on a multifunctional micro-plate reader (SpectraMax M5, Molecular Devices) with a 96-well plate (side-opaque, clear bottom). The excitation and emission wavelengths for Rh123 were selected with monochromators set to 488 nm (5 nm slit width) and 530 nm (5 nm slit width), respectively. Each treatment was replicated thrice, and the final data was calculated as follows: corresponding fluorescence intensity (%) = Fsample/FCK
Where: Fsample and FCK are the intensities measured with microplate reader. [17]


                  ROS generation
                  studies
                
Cells were incubated with the cell permeant dye H2DCF-DA, which intracellularly de-esterifies to dichlorodihydrofluorescein (H2DCF). ROS oxidize H2DCF to the brightly fluorescent compound 2-, 7-dichlorofluorescein (DCF), which was monitored by flow cytometry following a previously described method [18] with modifications. Briefly, cells treated with LA or vehicle were incubated with 5 μM H2DCF-DA for 15 min at 37°C, detached from the plate with trypsin/EDTA, washed with PBS, resuspended in ice-cold PBS, and tested immediately. Triplicate samples were run in each experiment, and at least 5000 cells per sample were analyzed (excitation at 488 nm, emission at 500-530 nm) by SpectraMax M5, Molecular Devices. Mean fluorescence was calculated by using the program SoftMax Pro Software Version 5 for Mac
                    ®
                   and Windows
                    ®
                  . The final date was calculated as given below:
Corresponding fluorescence intensity (%) = Fsample/FCK
Where: Fsample and FCK are the intensities measured with microplate reader.

Estimation of cell MDA content and SOD activity
The levels of MDA and the activity of SOD, the biomarkers of oxidative stress, were measured as described previously with commercial reagent kits purchased from Nanjing Kaiji Bioengineering Institute (Nanjing, China) [19]. The cell MDA content and SOD activity were also represented as corresponding value:
Corresponding MDA (or SOD) concentration (%) = Csample/CCK
Where: Csample and CCK are the concentration of MDA (or SOD) measured with regent kits.

Isolation and purification of mitochondria
The cells were harvested by centrifuging at 1,500 rpm for 5 min at 4°C, and washed twice with cold PBS and finally re-suspended in PBS. Cells were lysed by Ultrasonic Cell Disruption System (JY92-II, Chongqing, China) and centrifuged at 3,000 rpm for 10 min at 4°C. The supernatant thus obtained was centrifuged at 9,000 rpm for 10 min to obtain mitochondrial pellets that were washed twice with cold PBS. The final mitochondrial pellets were suspended in test medium (220 mmol/L Mannitol, 70 mmol/L Sucrose, 5 mmol/L HEPES, pH 7.2) for the following studies. The final protein concentrations of the mitochondrial suspension were all adjusted to 0.3 mg/mL (detected and corrected with Bradford protein analysis kit, Sangon, Shanghai, China) [20].

Measurement of cytochrome C content
Isolated mitochondrial content of cytochrome C was measured at 520 nm in UV-vis spectroscopy (HP 8453, Hewlett-Packard, USA) by suspending them in a reaction medium containing 10 mg sodium dithionite and 0.5 mL of 0.3 mg/mL mitochondrial protein. Sample concentrations were determined based on a standard curve. Each of the experiments was replicated three times [20].

Measurement of the activities of caspases 9 and 3
The activities of caspases 9 and 3 were assayed using caspase-9 and caspase-3 activity assay kits separately, according to the manufacture's instructions (Keygen, Nanjing, China). After different treatments, 5 × 106 cells were harvested by centrifuging at 1,500 rpm for 5 min at 4°C, and washing twice with cold PBS, then resuspended in a cell lysis buffer. After incubation on ice for 60 min, the lysates were centrifuged for 20 min at 12,000 rpm, the supernatants were collected and protein concentrations were determined. Cell lysates (100 μg) were mixed with reaction buffer and incubated for 4 h at 37°C. The absorbance of the reaction mixture was measured in the wells at 405 nm using an ELISA reader (Thermal Labsystem, Helsinki, Finland) [20].

Statistical analysis
All results are expressed as means ± SD and significance of differences between various results was determined by Origin 7.0. Each treatment was carried out at least triple, and statistic analysis was shown as: * meaning p < 0.05, and for ** meaning p < 0.01.


Results
Cell growth and viability
All the three cell lines studied showed increased cell proliferation at lower concentrations of LA (100-200 μM), while higher concentrations of LA (above 300 μM) suppressed the growth of the cells as determined by MTT assay (Fig. 1).[image: A12944_2010_Article_355_Fig1_HTML.jpg]
Figure 1MTT assay results. The three figures are the results of the cell proliferation assay of HUVEC, LOVO, and RKO cell lines separately. In each figure, "12 h, 24 h, 36 h" means cells were cultured with gradient LA treatment after 12 hour, 24 hour, 36 hour with no linoleic acid medium and incubated for 24 h; "12 h p, 24 h p, 36 h p" means cells were cultured with 100 μM LA for 24 hr before gradient LA treatment. Each treatment was carried out at least five times.




It is interesting to note that different cell lines showed different sensitivity to LA depending on the type of cell line being tested and the dose of LA supplemented (Fig. 1). Of three types of cells tested, HUVEC were the most resistant to the cytotoxic action of LA compared to the two cancer cell lines used in the present study. The colorectal cancer cell lines showed increased or no change in proliferation when exposed to 100 μM LA whereas HUVEC cells remained non-responsive even when supplemented with 400 μM LA. LA suppressed the proliferation of LOVO and RKO cells to a significant degree when supplemented with 300 μM of LA, whereas HUVEC cells showed decreased proliferation only when incubated with 600 μM of LA. Based on these results, we chose 200 μM and 400 μM for treatment of HUVEC, while 100 μM and 300 μM LA was used to study the effects of LA on colorectal cancer cells for subsequent studies.
On the other hand, when we studied the effect of pre-incubation of cells with 100 μM of LA for 24 hours followed by further exposure to various doses of LA, it was noted that the sensitivity of HUVEC to the growth suppressive action of LA was enhanced. For instance, it was noted that almost 50% of HUVEC were still surviving even when treated with 400 μM LA after pre-treatment. Of the two cancer cell lines studied, LOVO cells were found to be resistant to the growth suppressive actions of LA even when exposed to 300 μM LA after pre-treatment, while, RKO cells showed increased sensitivity to the growth suppressive action of the fatty acid. Hence, we performed all subsequent mechanistic studies with HUVEC, LOVO and RKO cells by pre-incubating them with 100 μM for 24 hours followed by subsequent supplementation with LA as described.

Cell mitochondrial membrane potential detection
Cell mitochondrial membrane potential was evaluated as a measure of the degree of injury to the mitochondrial membrane which is reflected in the amount of permeability exhibited to Rh123 (Fig. 2): the higher the permeability the higher fluorescence of Rh123 could pass-through mitochondrial membrane indicating statically significant damage to the membrane.[image: A12944_2010_Article_355_Fig2_HTML.jpg]
Figure 2Cell mitochondrial membrane potential detection. CK means case-control with medium. As LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of each cell line. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation, For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate and repeated at least twice. *p < 0.05, and **p < 0.01.




HUVEC did not show any significant change in the cell mitochondrial membrane potential following the addition of LA, while the two cancer cell lines LOVO and RKO showed significant yet similar changes in the mitochondrial membrane potential in response to incubation with various treatments with LA. Higher concentration of LA (300 μM) with and without pre-treatment enhanced mitochondrial uptake of Rh123 by LOVO and RKO cells compared with their respective controls, while the low concentration treatments (100 μM of LA) did not show any significant change in mitochondrial membrane fluorescence permeability of Rh123 (Fig. 2). It is noteworthy that both LOVO and RKO cells showed similar increase in the mitochondrial membrane fluorescence permeability of Rh123 in response to incubation with 300 μM of LA with or without pre-incubation (Fig. 2).
Pre-incubation with LA increased fluorescence intensity of LOVO and RKO cells, but not of HUVEC, suggesting that HUVEC are able to maintain their mitochondrial function while the colon cancer cells could not. In addition, pre-incubation of RKO cells with LA (100 μM) and subsequent exposure to 300 μM of LA led to a much higher fluorescence intensity of Rh123 in comparison to LOVO cells. The higher fluorescence intensity of Rh123 by RKO cells, the semi-differentiated cells, in comparison to the fluorescence intensity by LOVO cells, the undifferentiated cells, in response to the same dose of LA could be related to the cell differentiation state. The higher fluorescence intensity of Rh123 by LA-treated RKO cells in comparison to fluorescence intensity shown by LOVO cells indicates that LA is able to induce much higher damage to the mitochondrial membrane of RKO cells compared to the LOVO cells. These results indicate that RKO cells are much more sensitive to the toxic actions of LA compared to LOVO cells.

Cell oxidative stress analysis
In order to know the degree of oxidative stress that occurred as a result of incubation with LA, we studied generation of ROS, MDA accumulation, and SOD activity in the cells.
The amount of ROS generated by HUVEC when incubated with 200 μM LA with and without pre-incubation was at least 2 to 2.5 times higher compared to the untreated control while exposure to 400 μM of LA produced much less (only about 50% rise) increase (Fig. 3). In contrast, both the colorectal cancer cell lines RKO and LOVO studied showed much less significant change in the generation of ROS in response at both doses of LA (100 and 300 μM) added. There was no significant difference in the amount of ROS generated with or without pre-incubation with 100 μM of LA in colorectal cancer cell lines.[image: A12944_2010_Article_355_Fig3_HTML.jpg]
Figure 3Cell ROS (reactive oxygen species) level. CK means case-control with medium. As LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of the three cell lines. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation. For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate. *p < 0.05, and **p < 0.01.




In contrast to the results obtained with regard to ROS generation, the accumulation of MDA in the cells showed distinctly different results. There were no significant changes in the levels of MDA accumulation in HUVEC following incubation with different doses of LA (Fig. 4), while colorectal cancer cells LOVO and RKO showed about 2 ~2.5 times increase compared to respective controls. Pre-incubation with LA (100 μM) significantly enhanced MDA accumulation in LOVO, while RKO cells showed enhancement in the MDA levels upon treatment with LA with and without pre-incubation with 100 μM of LA compared to the respective controls (Fig. 4).[image: A12944_2010_Article_355_Fig4_HTML.jpg]
Figure 4Cell MDA content. CK means case-control with medium. As LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of the three cell lines. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation, For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate and repeated at least twice. *p < 0.05, and **p < 0.01.




LA treatment raised SOD activity in RKO cells to a significant degree in a time and dose dependent fashion (Fig. 5), while the there were no significant changes in SOD activity in HUVEC and LOVO cells.[image: A12944_2010_Article_355_Fig5_HTML.jpg]
Figure 5Cell SOD activity. CK means case-control with medium. As LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of the three cell lines. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation, For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate and repeated at least twice. *p < 0.05, and **p < 0.01.





Cell mitochondrial apoptosis pathway analysis
Cytochrome C release induces mitochondrial dependent apoptosis. An enhanced release of cytochrome C was noted in HUVEC treated with LA with and without pre-incubation with LA (100 μM) (Fig. 6). An increased release of cytochrome C was noted in both LOVO and RKO cells treated with LA with or without pre-treatment. It is noteworthy that the release of cytochrome C was much higher in cells that were treated with higher dose of LA (300 μM) with or without pre-incubation with LA (Fig. 6).[image: A12944_2010_Article_355_Fig6_HTML.jpg]
Figure 6Cell cytochrome C concentration. CK means case-control with medium. As the LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of the three cell lines. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation. For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate and repeated at least twice. *p < 0.05, and **p < 0.01.




Enhanced release of cytochrome C activates caspase family that induces cell apoptosis. As expected, the changes in the activation of caspases 9 and 3 paralleled the changes seen with cytochrome C release in HUVEC, LOVO and RKO cells (Fig. 7 and 8). RKO cells showed much higher increases in the activation of caspase 3 compared to caspase 9, while LOVO cells showed much less activation of caspase 3 compared to caspase 9.[image: A12944_2010_Article_355_Fig7_HTML.jpg]
Figure 7Cell caspase-9 activity. CK means case-control with medium. As LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of the three cell lines. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation, For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate and repeated at least twice. *p < 0.05, and **p < 0.01.



[image: A12944_2010_Article_355_Fig8_HTML.jpg]
Figure 8Cell caspase-3 activity. CK means case-control with medium. As LA was dissolved in 0.1 N NaOH, NaOH group means case-control with reagent. A, B, C, and D were four different treatments of the three cell lines. For HUVEC: A = 200 μM without LA pre-treatment, B = 400 μM without LA pre-treatment, C = 200 μM with 100 μM LA pre-treatment, D = 400 μM with 100 μM LA pre-incubation, For LOVO and RKO cells: A = 100 μM without LA pre-treatment, B = 300 μM without LA pre-treatment, C = 100 μM with 100 μM LA pre-treatment, D = 300 μM with 100 μM LA pre-incubation. Each treatment was carried out in triplicate and repeated at least twice. *p < 0.05, and **p < 0.01.






Discussion
N-6 PUFAs are known for their critical role in many physiological functions but their role in cancer is still under debate. Both tumor promoting and inhibiting properties of n-6 fatty acids have been reported. It has been shown that n-6 fatty acids decrease human lung-tumor cell growth in a concentration-dependent manner [21, 14]. Our results suggested that low concentrations (≤ 200 μM) of LA promote colorectal cancer cell growth, while high levels (≥ 200 μM) induce apoptosis of the colorectal cancer cells in vitro. On the other hand, low concentrations of LA (≤ 200 μM) did not promote normal (HUVEC) cell proliferation while high concentrations (≥ 200 μM), which were cytotoxic to tumor cells, induced only 10~20% decrease in the number of HUVEC. These results suggest that LA is toxic to tumor cells with little or no cytotoxic action on normal cells.
Mitochondria are the main organelles where fatty acids and other energy donors are metabolized/oxygenized to support cell survival. In the present study, it was noted that the mitochondrial membrane potential is affected only when cells were exposed to ≥ 200 μM of LA, while low LA concentrations (≥ 200 μM) were without any affective. It was also observed that pre-treatment with LA followed by supplementation with high concentrations of LA induced significant increase in fluorescence suggesting that mitochondrial membrane loses its ability to function as an electron transporter and aerobic respirator (Fig. 2) at the dose tested.
PUFAs enhance free radical generation [22] that may be related to the loss of mitochondrial function. Previously, it was reported that tumoricidal action of PUFAs could be correlated to an increase in generation of free radicals [8]. We also noted that GLA induced apoptosis of tumor cells by augmenting free radical generation only in the tumor cells but not normal cells [23]. Based on the results of the present study and previous results [24], we suggest that free radical generation is the main mediator of mitochondrial damage and apoptosis of tumor cells. Despite similar treatment schedules, the formation of ROS, lipid peroxides and the degree of apoptosis were found to be dissimilar between LOVO and RKO cells. It is noteworthy that the levels of SOD were significantly elevated in RKO compared with LOVO cells suggesting that oxidant stress is present to a significant degree in the former but not the latter. The increase in SOD levels in RKO could be secondary to the accumulation of significant amounts of MDA in these cells. The formation of ROS and lipid peroxides were not significantly increased in HUVEC suggesting that normal cells resist the formation of lipid peroxides and generation of ROS and thus are able to with stand oxidant stress induced by exposure to LA (Figs. 3, 4, & 5).
MDA formulation is mainly due to (a) non-enzymatic free radical catalyzed lipid peroxidation and (b) AA derived cyclooxygenase pathway that can be enhanced by the addition of LA. Pre-treatment with LA (100 μM) followed by supplementation of 100 and 300 μM of LA enhanced the formation of lipid peroxides (MDA formation) in RKO cells compared with HUVEC and LOVO cells suggesting that accumulation or formation of lipid peroxides in cells may vary depending on the cell type. These results imply that accumulation of lipid peroxides may trigger apoptosis and generation of ROS and the levels of SOD could be determined by the amount and degree of lipid peroxides formed in the cells.
Mitochondrial dysfunction leads to apoptosis due to the release of cytochrome C that, in turn, activates caspase-9 and caspase-3. Oxidant stress can induce mitochondrial dysfunction, alter its membrane potential, interrupt electron transport chain and induce apoptosis. LA-treated tumor cells showed significantly enhanced cytochrome C release, and activities of caspase-9 and caspase-3 (Figs. 7 and 8). Enhanced activity of caspase-9 and cytochrome c release was observed in LA-pre-treated RKO tumor cells that support the proposal that apoptosis in these cells are mediated by mitochondrial pathway (Figure 9). These results suggest that accumulation of LA in the tumor cells could facilitate apoptotic process since LA-pre-treated tumor cells were found to be much more vulnerable to apoptosis compared to untreated tumor and normal cells.[image: A12944_2010_Article_355_Fig9_HTML.jpg]
Figure 9Mitochondrial mediate apoptosis pathway.




Cell differentiation status could affect their sensitivity to the cytotoxic actions of LA. This is supported by the observation that the differentiated cell line RKO was more sensitive to the cytotoxic action of LA in comparison to the undifferentiated cell line LOVO, especially after pre-incubation with LA. These results imply that LOVO cells may metabolize LA more efficiently and are able to detoxify the toxic metabolites of LA in comparison to RKO cells. Hence, it will be interesting to study the differential metabolic pathway of LA in RKO, LOVO cells and HUVEC as related to its cytotoxic action.
Although the results of the present study indicated that colorectal cancer cell lines are more susceptible to the cytotoxic effects of LA compared with human umbilical endothelial cells, the inherent cell type differences may also have influenced the differential respones observed rather than tumor specific differences. Hence, more studies need to be performed to understand and elucidate the molecular mechanism(s) of the cytotoxic action of LA.
In summary, it was observed that LA induces the formation of lipid peroxides that, in turn, could induce apoptosis of tumor cells. The differential cytotoxicity observed in two different colorectal cancer cell lines at different stages of differentiation suggests that the handling of LA by these cells is different and understanding its (LA) metabolism in these cells may lead to the identification toxic metabolites formed that drive its cytotoxic action.

Acknowledgements
Dr. Das is in receipt of Ramalingaswami fellowship of the Department of Biotechnology, India during the tenure of this study.

References
1.
Das UN: Essential fatty acids-a review. Curr Pharm Biotechnol. 2006, 7: 467-482. 10.2174/138920106779116856CrossRefPubMed

2.
Das UN: Essential fatty acids: Biochemistry, physiology, and pathology. Biotechnology J. 2006, 1: 420-439. 10.1002/biot.200600012.CrossRef

3.
Begin ME, Das UN, Ells G, Horrobin DF: Selective killing of tumor cells by polyunsaturated fatty acids. Prostaglandins Leukot Med. 1985, 19: 177-186. 10.1016/0262-1746(85)90084-8CrossRefPubMed

4.
Das UN: Tumoricidal action of cis-unsaturated fatty acids and its relationship to free radicals and lipid peroxidation. Cancer Lett. 1991, 56: 235-243. 10.1016/0304-3835(91)90008-6CrossRefPubMed

5.
Madhavi N, Das UN: Effect of n-6 and n-3 fatty acids on the survival of Vincristine sensitive and resistant human cervical carcinoma cells in vitro. Cancer Lett. 1994, 84: 31-41. 10.1016/0304-3835(94)90355-7CrossRefPubMed

6.
Das UN: Tumoricidal action of gamma-linolenic acid with particular reference to the therapy of human gliomas. Med Sci Res. 1995, 23: 507-513.

7.
Ip C: Controversial issues of dietary fat and experimental mammary carcinogenesis. Prev Med. 1993, 22: 728-737. 10.1006/pmed.1993.1067CrossRefPubMed

8.
Ramesh G, Das UN, Koratkar R, Padma M, Sagar PS: Effect of essential fatty acids on tumor cells. Nutrition. 1992, 8: 343-347.PubMed

9.
Ramesh G, Das UN: Effect of cis-unsaturated fatty acids on Meth-A ascetic tumour cells in vitro and in vivo. Cancer Letters. 1998, 123: 207-214. 10.1016/S0304-3835(97)00426-6CrossRefPubMed

10.
Klurfeld DM, Bull AW: Fatty acids and colon cancer in experimental models. Am J Clin Nutr. 1997, 66: 1530S-1538S.PubMed

11.
Kumar SG, Das UN: Cytotoxic action of alpha-linolenic and eicosapentaenoic acids on myeloma cells in vitro. Prostag Leukot Essen Fatty Acids. 1997, 56: 285-293. 10.1016/S0952-3278(97)90572-X.CrossRef

12.
Chapkin RS, Seo J, McMurray DN, Lupton JR: Mechanisms by which docosahexaenoic acid and related fatty acids reduce colon cancer risk and inflammatory disorders of the intestine. Chem Phys Lipids. 2008, 153: 14-23. 10.1016/j.chemphyslip.2008.02.011PubMedCentralCrossRefPubMed

13.
Julie AC, James BM, Ian T, Lynn W, Francis T: Fatty acid analysis of blood serum, seminal plasma, and spermatozoa of normozoospermic vs. asthenozoospermic males. Lipids. 1999, 34: 793-799. 10.1007/s11745-999-0425-1CrossRef

14.
Trombetta A, Maggiora M, Martinasso G, Cotogni P, Canuto RA, Muzio G: Arachidonic and docosahexaenoic acids reduce the growth of A549 human lung-tumor cells increasing lipid peroxidation and PPARs. Chem Biol Interact. 2007, 165: 239-50. 10.1016/j.cbi.2006.12.014CrossRefPubMed

15.
Das UN, Swamy SMK, Tan BKH: Mechanisms by which docosahexaenoic acid and related fatty acids reduce colon cancer risk and inflammatory disorders of the intestine. Nutrition. 2002, 18: 348-350. 10.1016/S0899-9007(02)00738-4CrossRefPubMed

16.
Shen SR, Yu HN, Chen P, Yin JJ, Xiong YK: Fatty acids in tea shoot (Camellia sinensis (L.) O. Kuntze) and their effects on the growth of retinal RF/6A endothelial cell lines. Mol Nutr Food Res. 2007, 51: 221-228. 10.1002/mnfr.200600147CrossRefPubMed

17.
Magdalena J, Dmitry BZ, Kim SH, Salvatore P, Fu Q, Fishbein KW, Ziman BD, Wang S, Ytrehus K, Antos CL, Olson EN, Sollott SJ : Glycogen synthase kinase-3 β mediates convergence of protection signaling to inhibit the mitochondrial permeability transition pore. J Clin Invest. 2004, 113: 1535-1549.CrossRef

18.
Perez-Ortiz JM, Tranque P, Vaquero CF, Domingo B, Molina F, Calvo S, Jordan J, Cena V, Llopis J: Glitazones differentially regulate primary astrocyte and glioma cell survival--involvement of reactive oxygen species and peroxisome proliferator-activated receptor γ. J Biol Chem. 2004, 279: 8976-8985. 10.1074/jbc.M308518200CrossRefPubMed

19.
Liang G, Pu Y, Yin L, Liu R, Ye B, Su Y, Li Y: Influence of different sizes of titanium dioxide nanoparticles on hepatic and renal functions in rats with correlation to oxidative stress. J Toxicol Environ Health (A). 2009, 72: 740-745. 10.1080/15287390902841516CrossRef

20.
Sun SL, He GQ, Yu HN, Yang JG, Borthakur D, Zhang LC, Shen SR, Das UN: Free Zn(2+) enhances inhibitory effects of EGCG on the growth of PC-3 cells. Mol Nutr Food Res. 2008, 52: 465-471. 10.1002/mnfr.200700172CrossRefPubMed

21.
Geoffrey JP, Katharine P, Samantha AM: Approaches to mitochondrially mediate cancer therapy. Semin Cancer Biol. 2008, 18: 226-235. 10.1016/j.semcancer.2007.12.006CrossRef

22.
Zhang JY, Zhang HJ, Ni WM: Oxidative stress and apoptosis of Carassius auratus lymphocytes induced by nonplanar (PCB153) and coplanar (PCB169) polychlorinated biphenyl congeners in vitro. J Environ Health. 2009, 21: 1284-1289.

23.
Das UN: Tumoricidal and anti-angiogenic actions of gamma-linolenic acid and its derivatives. Curr Pharm Biotechnol. 2006, 7: 457-66. 10.2174/138920106779116892CrossRefPubMed

24.
Susanna CL, Maria K, Magnus IS, Alicia W: Dietary long-chain n3 fatty acids for the prevention of cancer: a review of potential mechanisms. Am J Clin Nutr. 2004, 79: 935-945.



Declaration of competing interests
The authors declare that they have no competing interests.

Authors' contributions
SS and UND conceived the idea and designed the experiments. XL, HY and QM performed the experiments. SS participated in the design of the study and performed the statistical analysis. SS and UND drafted the manuscript and interpretation of the data. All authors read and approved the final manuscript.


OEBPS/A12944_2010_Article_355_Fig9_HTML.jpg
Linoleic aq‘d\

(e rT—
Membrane

_ desaturases and Aoootosis
-~ Cyclooxygenases
Caspase-3

H,0, O;
el ___—> Caspase-9
Cytoplasm

Cyto
Mitochondria






OEBPS/sidebar.gif





OEBPS/A12944_2010_Article_355_Fig3_HTML.jpg
ROS level (% of CK)

HUVEC

LOVO






OEBPS/contact.gif





OEBPS/A12944_2010_Article_355_Fig6_HTML.jpg
Cyto Clevel (% of CK)

HUVEC

LOVO






OEBPS/A12944_2010_Article_355_Fig1_HTML.jpg
cell proliferation(%)

cell proliferation(%)

cell proliferation(%)

HUVEC

0 200 400 600 800 1000
LA concentration(uM)

LOVO

—O0—24hr
—o—48hr
—&—72hr
—=—24hr p
—e—48hrp
——T2hrp

—0— 12hr
—o— 24hr
——36hr
—=— 12hrp
—e—24hrp
—i— 36hr p

0 100 200 300 400 500

LA concentration(uM)

—O0— 12hr

—O— 24hr
—&— 36hr

0 100 200 300 400 500

LA concentration(uM)





OEBPS/A12944_2010_Article_355_Fig7_HTML.jpg
)
s}
s
®

HUVEC

LOVO






OEBPS/A12944_2010_Article_355_Fig4_HTML.jpg
£ CK)

MDA level (%

HUVEC

LOVO






OEBPS/A12944_2010_Article_355_Fig8_HTML.jpg
HUVEC LOVO RKO





OEBPS/A12944_2010_Article_355_Fig2_HTML.jpg
D 30 %)

S

uan0d suriquiaw [epuOyOO

RKO

LOVO

HUVEC





OEBPS/A12944_2010_Article_355_Fig5_HTML.jpg
HUVEC LOvO RKO





