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Abstract

:

Docosahexaenoic acid (DHA), also known as omega-3 (n-3) polyunsaturated fatty acid (PUFA), is a natural compound that has demonstrated pharmacological activity against several malignant neoplasms. Available cancer treatments cause side effects, affect healthy cells, reduce the quality of life of patients and may cause resistance to antineoplastics. For these reasons, the search for new therapies is continuous. This narrative review aimed to compile information on in vitro experiments that study the cytotoxic effect of DHA or molecules derived from DHA in tumor and nontumor cells. This was performed to highlight the potential of DHA as a strategy for cancer therapy and to gather information, which will help researchers plan experimental designs and develop research to discover effective therapies against cancer. In addition, studies were presented that demonstrate the dose of DHA that can treat patients with cancer. Thus, a search was conducted for articles on the SCOPUS and Web of Science platforms, published until 2022, that analyzed the action of DHA against breast, lung, colorectal, prostate, stomach and liver cancers. Cytotoxic effects were observed in tumor and nontumor cell lines, and these results varied with the type of cell line studied, drug concentration, incubation time and treatment combination, i.e., with DHA alone, combined with other drugs and with molecules derived from DHA. In patients with cancer, in all analyzed studies, DHA intake was associated with eicosapentaenoic acid (EPA) and/or proteins to aid chemotherapy, and with this procedure, tumor reduction, chemotherapy tolerance and muscle mass gain were obtained. This work contributes to the community by demonstrating the possible applicability of DHA in the pharmaceutical area of oncological therapies.
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1. Introduction


Cancer is a pathology with a silent onset and is characterized by the uncontrolled anticipation of malignant cells [1]. This disease affects thousands of people worldwide, and the number of new cases and deaths is growing every year [2,3]. In 2018, there were 18.1 million new cases of cancer and 9.6 million deaths [4]. In 2020, the estimated number of new cases was 19.3 million, and there were 10 million deaths [5].



In 2020, the types of cancer with the highest global incidence, considering both sexes, were breast (11.7%), lung (11.4%), colorectal (10.0%), prostate (7.3%) and stomach (5.6%), and those with the highest mortality were lung (18%), colorectal (9.4%), liver (8.3%), stomach (7.7%) and breast (6.9%) [5].



Currently, the drugs epirubicin, oxaliplatin, fluorouracil, cisplatin and capecitabine are used in cancer therapy, but they have not been internationally standardized for this treatment [6,7]. One of the principles of chemotherapy is cytotoxicity, which is the ability to kill cancer cells; however, cytotoxicity often affects healthy cells and causes side effects, which reduces the quality of life of patients. In addition, cancer is susceptible to becoming resistant to drugs [8,9,10]. Thus, finding efficient therapies to combat cancer is of great interest [11].



Docosahexaenoic acid (DHA) is an omega-3 PUFA with lipophilic characteristics [12,13]. The disposition and amount of unsaturation in DHA favor more potent biological activity and less unsaturation compared to that of other fatty acids; thus, DHA is susceptible to oxidative stress processes [14,15]. DHA helps in the prevention of cardiovascular diseases [16] and premature retinopathy [17] and promotes anti-inflammatory action [18] and anticancer activity [10].



A few years ago, some fatty acids were evaluated in the treatment of cancer, with emphasis on DHA treatments that show the potential to inhibit uncontrolled cell proliferation [18], increase the cytotoxic capacity of antineoplastic agents and which do not interfere significantly in the quality of life of people [19]. In cells, the entry of fatty acids occurs by rapid diffusion and through the support of membrane proteins, such as fatty acid transport protein (FATP), fatty acid binding proteins (FABP) and fatty acid translocase (FAT), which are also responsible for PUFA metabolism and activity [20,21,22]. In cancer cells, the modulation of these membrane receptors is high, and with the acidic tumor microenvironment, the excessive internalization of lipids in the cell and consequent development of lipid droplets inside may occur [23,24]. The accumulation of DHA inside cells can cause irreversible oxidative stress, generating ferroptosis, which consists of a type of nonapoptotic cell death that causes tissue destruction due to the biological dysfunction of proteins and cell membranes [25,26].



This narrative review aimed to compile information on in vitro experiments that study the cytotoxic effect of DHA or molecules derived from DHA in tumor and nontumor cells. This was performed to highlight the potential of DHA as a strategy for cancer therapy and to gather information to help researchers plan experimental designs and develop research to discover effective therapies against cancer. In addition, studies were presented that demonstrate the dose of DHA capable of treating patients with cancer.



For this, a search was carried out for articles available on the SCOPUS, Web of Science and PUBMED platforms, published until 2022. A total of 2422 articles were found available on the SCOPUS platform, 1709 on the Web of Science and 263 on PUBMED that related the keywords docosahexaenoic acid and cancer of the breast, lung, colorectal, prostate, stomach and liver, listed among the types of cancer with the highest incidence/mortality. From the articles found, this review included studies that performed in vitro cell viability assays of DHA or molecules derived from DHA in breast, lung, colorectal, prostate, stomach and liver malignant neoplasms, those that performed comparisons of these types of cancer with nontumor cells and those that analyzed the influence of DHA intake on the therapy of patients with these types of malignant neoplasms.



Based on this review, it was possible to relate the concentrations used to treat these types of cancer in in vitro cell viability assays, describe DHA activity in tumor and nontumor cell lines and present different DHA therapeutic strategies against this pathology.




2. Materials and Methods


This narrative review included experimental articles that described in vitro cytotoxicity assays in breast, lung, colorectal, prostate, stomach and liver cancer cell lines treated with DHA alone or combined with other drugs or encapsulated in nanocarriers or molecules derived from DHA. In addition, studies that used these treatments in comparative analyses of these types of cancer with nontumor cell lines were included. For this study, the SCOPUS, Web of Science and PUBMED platforms were searched without excluding the language, country or year of the article. The keywords and Boolean operators used were (1) “DOCOSAHEXAENOIC ACID” AND (“breast cancer”); (2) “DOCOSAHEXAENOIC ACID” AND (“lung cancer”); (3) “DOCOSAHEXAENOIC ACID” AND (“colorectal cancer” OR “colorectal cancer”); (4) “DOCOSAHEXAENOIC ACID” AND (“prostate cancer”); (5) “DOCOSAHEXAENOIC ACID” AND (“stomach cancer” OR “gastric cancer”); and (6) “DOCOSAHEXAENOIC ACID” AND (“liver cancer”). The reference list of the collected articles was also considered to find relevant articles. All studies identified through this search strategy were initially evaluated by reading the title, abstract, materials, methods and results described and presented in graphs. Articles were independently reviewed by two authors and discussed until a consensus was reached. In vitro studies were included if they met the following criteria: type of cytotoxicity assay, treatment incubation time, treated cell line and concentration of test substance. The criteria for studies that included in vivo doses of DHA were to be conducted in humans with the types of cancer that were part of this review. In tables, only the data of the articles that clearly and logically presented the identification of the p value in the graphs were included. When there was a statistically significant difference, the results in the tables are presented as follows: * p value < 0.05; ** p value < 0.01; *** p value < 0.001. The results with p values ≥ 0.05 were considered nonsignificant (ns: not significant). The other studies described in the results were included considering the percentage of cytotoxicity described by López-García et al., 2014, p. 3. Cellular inhibition below 20% is considered noncytotoxic; within 20–40% is weak; 40–60% is moderate cytotoxicity and over 60% is strong. All articles included in this review are shown in Table 1, with their respective year of publication, journal and impact factor.




3. Results


3.1. Treatment of Tumor and Nontumor Cell Lines with DHA Alone or Combined with Other Drugs or Encapsulated in Nanocarriers or with Molecules Derived from DHA


In vitro cytotoxicity studies on breast cancer cell lines are presented below; lung; colorectal; prostate; gastric; liver treated with DHA alone or combined with other drugs or encapsulated in nanocarriers or with molecules derived from DHA. These cancers are among the types with the highest incidence and overall mortality, available in the GLOBOCAN database [5]. Among the studies compiled in this review, there are also comparative analyses between tumor and nontumor cell lines. The results of this review described the types of in vitro assays performed, treatment time, treated cell lineage, the concentrations of DHA and other drugs tested and the results of the analyses demonstrated in the experimental articles.



3.1.1. In Vitro Cytotoxicity Studies in Breast Cell Lines


Table 2 summarizes the data on the in vitro cell viability analysis in tumor and nontumor breast cancer cell lines treated with DHA alone, in association with other substances and with different molecules derived from DHA. The treatment with DHA was compared to apatinib in MDA-MB-231 cells using the Cell Counting Kit-8 (CCK-8) (Table 2) [38].



The cell viability of MDA-MB-231 cells was statistically decreased when treated with DHA in a concentration range from 25 µm to 800 µm and with apatinib in a concentration range from 12.5 µm to 200 µm, with inhibition in a dose-dependent manner, within 48 h. When MDA-MB-231 cells were treated with the combination of DHA and apatinib, there was also a significant decrease in cell viability (Table 2); however, it is possible to observe that the activity of the substances is lower when used alone than when combined. A study was carried out with several breast cell lines [42]. The lineages tested included normal breast basal epithelial cells (MCF-10F), normal transformed breast cells (trMCF) and breast cancer cells (bsMCF, MDA-MB-231, T-47D and SK-BR-3). These cell lines were treated with DHA and with the molecules derived from DHA, 4-hydroxyl-docosahexaenoic (4-OH-DHA) and 4-oxo-docosahexaenoic (4-OXO-DHA) for a period of 96 h at a concentration of 100 µM, and for analysis, the colorimetric assay 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) was used. These authors also submitted MDA-MB-231 cells to treatments with these substances at concentrations of 10, 25, 50 and 100 µM within 96 h.



The nontumor lineage MCF-10F and trMCF showed statistically significant inhibition for the three substances tested at a concentration of 100 µM. Among the tumor cell lines tested at a concentration of 100 µM, the only cell line that did not show cytotoxicity was T-47D. In the test with different concentrations of DHA, 4-OH-DHA and 4-OXO-DHA, different results were obtained according to the substances tested. With DHA, cytotoxicity was significant at concentrations of 25, 50 and 100 µM; with 4-OH-DHA, at concentrations of 10, 25, 50 and 100 µM; and with 4-OXO-DHA, only at concentrations of 50 and 100 µM.



Assessments using the CellTiter 96® AQueous One Solution kit assay were performed with tumor MDA-MB-231 and nontumor MCF-10F cell lines, using the substance derived from DHA, known as 13R,20-dihydroxydocosahexaenoic acid (13R,20-diHDHA), at concentrations of 1, 10, 20, 30 and 40 µM, for a period of 24 h [45] (Table 2). An in vitro analysis using the MTT assay was conducted comparing the cytotoxicity obtained with 4-OXO-DHA in the treatment periods of 24 h, 48 h, 72 h and 96 h in MDA-MB-231 cells [42] (Table 2).



In another study no statistically significant cell inhibition was observed at any concentration and in any cell line tested with 13R,20-diHDHA (Table 2) [45]. In an in vitro analysis, the following results were obtained: in the 24 h period, 4-OXO-DHA did not cause statistically significant cellular inhibition; within 48 h, inhibition occurred only at a concentration of 100 µM; in the period of 72 h and 96 h, cell inhibition occurred at concentrations of 50 and 100 µM (Table 2) [42].



In another recent study, which is not shown in the table, MTT assays were performed for the comparative analysis of the action of DHA and the drugs chloroquine and lovastatin in MDA-MB-231 cells after a 48-h incubation [29]. The tested concentrations were 25, 50, 75, 100, 200, 400 and 800 µM DHA; 3.75, 7.5, 15, 30 and 60 µM lovastatin; and 5, 10, 15, 20, 25 and 30 µM chloroquine (CQ). The results obtained revealed that DHA showed activity against breast cancer in a dose-dependent manner, with a percentage of cell inhibition that reached 56.96% at a dose of 800 µM. At a concentration of 25 µM, DHA showed no cytotoxic effect. In this study, the 50% inhibitory concentration of DHA obtained was 680 µM. Lovastatin showed inhibition of 29.11% at the lowest concentration and 49.13% at the highest. Chloroquine did not demonstrate cytotoxic activity against these cells [29].



After observing these results, DHA + LOVA, DHA + CQ, DHA + LOVA + CQ and LOVA + CQ were compared at concentrations of 100 µM (DHA), 30 µM (LOVA) and 20 µM (CQ). In this new analysis, the inhibition obtained with DHA associated with LOVA or CQ was greater than when each of these substances was used alone. DHA alone (100 µM) inhibited 24.32%, LOVA (30 µM) inhibited 40.37% and CQ (20 µM) showed no cytotoxic activity. However, when DHA was associated with LOVA, it inhibited 44.12%, and when associated with CQ, it inhibited 47.06%. DHA associated with CQ demonstrated a considerable change in the percentage of cytotoxicity. It was also observed that the combination of DHA + LOVA + CQ showed a 51.96% reduction in cell viability [29].



In another study, which evaluated the cytotoxic activity of DHA alone or associated with sorafenib, an antineoplastic agent, through a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Human breast cancer cell lines (MDA-MB-231 and MCF-7) were subjected to concentrations of 50 µM DHA, 0.1 µM sorafenib, 1 µM and 3 µM sorafenib and the same doses of these substances used in combination in the treatment of MDA-MB-231 and MCF-7 for a period of 48 h [34]. It was observed, in both lineages, that there was a synergistic action in the association of DHA with sorafenib, with cytotoxic activity in a dose-dependent manner. The MCF-7 line showed an inhibition percentage above 75%, which is a strong cytotoxic effect. In the MCF-7 lineage, the percentage of inhibition was higher than in MDA-MB-231. In another cytotoxicity analysis, Jiao et al., 2018 evaluated the concentrations of 25, 50 and 100 µM DHA in the presence of 0.5 µM sorafenib in MDA-MB-231 cells treated for a period of 24 h, 48 h and 72 h. In this analysis, DHA at concentrations of 50 and 100 µM, within 48 h of incubation, showed a moderate cytotoxic effect, with greater inhibition than at 24 h. At 72 h, the percentage of inhibition was even greater, and therefore, it is possible to consider an effect in a time–dose-dependent manner [34].



MTT assay was also used to evaluate DHA activity in MDA-MB-231 and BT-20 tumor cell lines [48]. For this analysis, the concentrations used were 10, 25, 50, 100 and 150 µM at 24 h and 48 h. BT-20 cells were more sensitive to the action of DHA than MDA-MB-231 cells. The cytotoxicity results found at 24 h were as follows: concentration of 10 µM, considered noncytotoxic; 25 µM, 23.13% reduction; 50 µM, 35.95%; 100 µM, 41.97%; 150 µM, 58.8% for BT-20 cells; concentrations of 10 and 25 µM, considered noncytotoxic; 50 µM, 24.43%; 100 µM, 35.78%; 150 µM, 52.12% for MDA-MB-231 cells. In the 48-h incubation period, the cytotoxicity results were as follows: 10 µM, 23.31%; 25 µM, 32.72%; 50 µM, 45.67%; 100 µM, 52.52%; 150 µM, 62.11% for BT-20 cells; concentrations of 10 and 25 µM, considered noncytotoxic; 50 µM, 36.4%; 100 µM, 57.68%; 150 µM, 67.28% for MDA-MB-231. These results demonstrate cytotoxicity in a dose- and time-dependent manner [48].



Nanotechnology was also used to analyze the in vitro cytotoxic effect of DHA against breast cancer. Nanotechnology is among the most modern drug approaches in the field of oncology [37]. The substances DHA, α-tocopherol succinate (TS) and doxorubicin (DOX) were carried in a nanostructured lipid carrier (NLC) to evaluate the cytotoxic activity in 4T1 cells. The assay used for this analysis was the sulforhodamine B-cell viability assay (SRB). Cells were exposed to the following concentrations and forms of treatment: NLC-DHA (0.29 µM, 1.16 µM, 4.5 µM, 9.07 µM), NLC-TS (0.16 µM, 0.63 µM, 2.44 µM, 4.88 µM) and NLC-DOX (0.04 µM, 0.16 µM, 0.62 µM, 1.25 µM) alone and the association of the three pharmacological substances in a 1:1 ratio for a period of 48 h [37]. NLC-DHA did not demonstrate cytotoxicity against breast cancer at the concentrations used. This same result was observed in relation to the NLC-TS. However, the treatment of 4T1 cells with NLC-DOX caused strong cytotoxicity starting at a concentration of 0.62 µM. A strong inhibitory effect was also observed in the association of NLC-DHA-TS-DOX at the two highest concentrations. With the results obtained, it was possible to observe that the percentage of cell inhibition was higher in therapy with NLC-DHA-TS-DOX [37].




3.1.2. In Vitro Cytotoxicity Studies in Lung Cancer Cell Lines


Three studies that related the anticancer activity of DHA in lung cancer cell lines were selected and are shown in Table 3. In the study, through the MTT assay [36], human lung cancer cell lines A549 and H1299 were treated for 24 h with DHA concentrations of 10, 30 and 60 µM [36] (Table 3). In another study, human (A549 and H1299) and mouse (LLC) lung cancer cell lines were analyzed [17]. These cells were treated for a period of 24 h with DHA at concentrations of 25, 50, 75 and 100 µM (Table 3).



Treatment with DHA caused statistically significant cell inhibition at concentrations of 30 and 60 µM when applied to the A549 lineage. When applied to the H1299 cell line, there was only a reduction in viability at a concentration of 60 µM (Table 3) [36]. In another study, it was demonstrated, through the water-soluble tetrazolium (WST) assay, that DHA differentially reduced the viability of the three cell lines tested (A549, H1299 and LLC) (Table 3). In the A549 cells, the reduction in cell viability occurred at concentrations of 75 and 100 µM. In the H1299 and CLL cells, statistically significant inhibition occurred at doses of 50, 75 and 100 µM (Table 3) [17].



In another study, in vitro cell viability analysis was performed with different molecular species of DHA, DHA-enriched phosphatidylcholine (DHA-PC), DHA-triglyceride (DHA-TG) and DHA-ethyl esters (DHA-EE), which were applied to the human lung cancer cell line (95D). Yue et al. observed that DHA-PC significantly reduced cell viability at all concentrations tested (50, 100, 200 and 400 µg/mL) in all treatment periods (24 h, 48 h and 72 h) in a time–dose-dependent manner [47]. With regard to DHA-TG, at 24 h and 48 h, cell inhibition was considered statistically significant at concentrations of 100, 200 and 400 µg/mL, and at the 72-h treatment incubation time, there was a statistically significant reduction in all tested concentrations. In the treatment with DHA-EE, the authors observed that in the 24-h incubation period, only the highest concentration (400 µg/mL) caused a statistically significant reduction in cell viability. In the 48-h period, the reduction was considered statistically significant at concentrations of 200 and 400 µg/mL, and within 72 h, at concentrations of 100, 200 and 400 µg/mL. In this study, the activity of these substances was also time–dose dependent (Table 3).




3.1.3. In Vitro Cytotoxicity Studies on Colorectal Cancer Cell Lines


In 2022, the effect of DHA on the viability of human colorectal cancer cells (LS174T) was showed. The cells were cultured with DHA at concentrations of 50, 100 and 150 µM for 24, 48 and 72 h, and the MTT assay was performed for analysis (Table 4) [27].



The results showed a dose-dependent reduction in the viability of LS174T cells treated with DHA. At 100 and 150 µM, the viability reduction was significant at 24, 48 and 72 h of treatment. With the use of a concentration of 50 µM, the reduction in cell viability of LS174T was significant at 48 and 72 h of treatment (Table 4) [27].



In another study, a comparative analysis was performed between the effects of DHA and other fatty acids in the treatment of human colorectal cancer cells (WiDr and COLO 205) [35]. The treatments used were 125 µM DHA, EPA and linoleic acid (LA) for a period of 72 h. There was no reduction in cell viability considered statistically significant in the treatment with LA. A statistically significant reduction in cell viability was observed in treatments with EPA and DHA (Table 4).



In HCT-116 human colorectal cancer cell lines, DHA, punicic acid (PunA) and the two substances in association were tested using the PrestoBlue Reagent cell viability assay [20]. PunA is a lipid available in pomegranate seed oil, identified as a conjugated isomer of alpha-linolenic acid, which is a compound of the omega-3 fatty acid family, and its potentially anticancer action has already been reported [39]. HCT-116 cells were treated with 100 µM DHA, 7 µM PunA and the combination of DHA plus PunA in a 1:1 ratio for a treatment period of 72 h [20] (Table 4). The results demonstrated a statistically significant reduction in cell viability in all tested treatments, as shown in Table 4 [20].



In another recent study, which is not shown in the tables, the effect of DHA in the absence or presence of isoliquiritigenin (ISL) on HCT-116 cells through the MTT assay after 24 h of treatment was analyzed [26]. In one of the analyses, the cells were treated with 20, 40, 60 and 80 µM DHA alone, and in another, the concentration of 20 µM DHA was associated with 10, 20 and 40 µM ISL. In the experiment where DHA was tested alone, its cytotoxic activity was dose dependent, and at concentrations of 80 µM and 160 µM, the cytotoxicity changed from weak to strong, respectively. The effect of ISL alone and associated with DHA also demonstrated dose-dependent cytotoxicity.




3.1.4. In Vitro Cytotoxicity Studies on Prostate Cancer Cell Lines


Table 5 presents three in vitro cytotoxicity studies performed using MTT assays on prostate cancer cell lines. It shows the comparative analysis between the DHA and EPA fatty acids and omega-6 arachidonic acid (AA), in which DU-145 cells were treated with concentrations of 10, 25, 50 and 100 µM for a 24-h period. These same authors carried out studies comparing treatment periods of 12, 24, 48 and 72 h of DU-145 cells with DHA alone (Table 5) [44]. In another study, also provided in Table 5, DHA (25, 50, 100 and 150 µM) and the anticancer drug docetaxel (0.1, 0.5, 1 and 4 µM) in prostate cancer cell lines (PC3) and drug-resistant prostate cancer cells (PC3R) for 24 h and 48 h was analyzed [19].



The results of the comparative study between fatty acids demonstrated that DHA caused a statistically significant cytotoxic effect at concentrations of 10, 25, 50 and 100 µM; EPA, at concentrations of 25, 50 and 100 µM; and AA showed no statistically significant reduction in DU145 cells (Table 5). In a comparative analysis with the time variable, it was reported that the concentration of 50 µM was cytotoxic with a p value < 0.05 at all times tested (Table 5) [44].



In another in vitro analysis, within 24 h, docetaxel caused cell inhibition at all concentrations tested (0.1, 0.5, 1 and 4 µM) in the PC3 cell line; however, docetaxel only demonstrated inhibitory activity against PC3R cells at a concentration of 0.5 µM [19]. When observing the activity of DHA alone under the same conditions for time and cell lines, there was a significant reduction in PC3R at concentrations of 100 and 150 µM and in PC3 at concentrations of 50, 100 and 150 µM. The 25 µM concentration of isolated DHA did not demonstrate statistically significant activity against prostate cancer in the PC3 and PCR3 cell lines (Table 5) [19]. However, when incubating DHA alone and docetaxel alone for a period of 48 h, docetaxel significantly inhibited both lineages at all tested concentrations (0.1, 0.5, 1 and 4 µM). In this study, in the 48-h incubation time, isolated DHA also significantly inhibited both lineages at concentrations from 50 to 150 µM. At this time, the 25 µM concentration also did not show a statistically significant result for the cell inhibition of both lineages (Table 5) [19].



After these tests, a comparative analysis of DHA alone and in association with the substances LY294002 (PI3K inhibitor), MK2206 (AKT inhibitor) and Ferrostatin1 (ferroptosis inhibitor) was also performed (Table 5). PI3K/AKT are protein signaling pathways that maintain cell proliferation and drug resistance [19]. Ferroptosis is among the mechanisms that causes cell death [19]. DHA in the presence of LY294002 and MK2206 reduced PC3R cell viability, and in the presence of ferrostatin1, it did not show the ability to reduce PC3R cell viability (Table 5).



In another analysis, which is not shown in the tables, it was demonstrated through the MTT assay that combinations of docetaxel (0.1 µM) plus DHA (25 µM or 50 µM) caused a greater reduction in the cell viability of prostate cancer than that obtained when the isolated substances were applied at 24 h and 48 h of exposure [19]. DHA has been tested alone and in combination with lipopolysaccharide (LPS), a substance that induces inflammation [46], which is a process that promotes carcinogenesis [1]. Cell inhibition only occurred when DHA alone was applied to the PC3 cell line at a concentration of 100 µM (Table 5).




3.1.5. In Vitro Cytotoxicity Studies on Stomach Cell Lines


Tumor (AGS) and nontumor cell lines of the stomach (GES-1) were subjected to treatment with DHA and cisplatin (Cisp), which is an antineoplastic agent, for a period of 48 h, and then the MTT test was performed [18] (Table 6).



The results found indicated that DHA was cytotoxic for AGS and noncytotoxic for GES-1, while CisP was toxic for the two cell lines tested (Table 6) [18]. In another study, which is not shown in the tables, AGS cells were treated with DHA (7.5; 15; 22.5; 30; 37.5; 45 µg/mL), 5-fluorouracil (1.5625; 3.125; 6, 25; 12.5; 25; 50 µg/mL) and DHA in association with 5-fluorouracil (5-FU) at a 1:1 ratio at all concentrations for a period of 24 h and 48 h of treatment, and the evaluation of cellular inhibition was performed through the MTT assay [32]. Within 24 h of treatment, DHA caused cytotoxicity in AGS cells at a concentration of 30 µg/mL, 5-FU at 12.5 µg/mL and the combination of DHA plus 5-FU at 15 µg/mL + 3.125 µg/mL. Within 48 h, the cytotoxic effect was observed from 15 µg/mL in the treatment with DHA alone, 3.125 µg/mL with 5-FU alone and 7.5 µg/mL plus 1.5625 µg/mL with the association of DHA + 5-FU. Cell inhibition activity was increased in a time–dose-dependent manner in all treatments [32].




3.1.6. In Vitro Cytotoxicity Studies on Liver Cell Lines


Liver tumor and nontumor cell lines were subjected to comparative analyses using DHA alone, other omega 3, omega 6 and omega 9 fatty acids, other drugs, including antineoplastic agents and substances synthesized from DHA [41], as shown in Table 7.



Cell lines of human hepatic carcinoma (HepG2), normal human hepatocytes (HP-F) and rat hepatocytes (RTCP10) were exposed to concentrations of 1, 10, 50 and 100 µM DHA, EPA, monounsaturated fatty acid omega-9 oleic acid (OA), omega-6 linoleic acid (LA), omega-3 α-linolenic acid (ALA), PZ-DHA ester, PZ-EPA ester, oleic acid ester of Pz (PZ-OA ester), linoleic acid ester of Pz (PZ-LA ester), α-linolenic acid ester of Pz (PZ-ALA-ester), phloridzin (PZ), PZ-stearic acid ester, stearic acid, sorafenib and phoretin for a period of 24 h [41]. The substances that caused inhibition only for liver cancer cell lines were DHA (100 µM), EPA (100 µM), PZ-DHA ester (50, 100 µM), PZ-EPA ester (50, 100 µM) and PZ-ALA ester (50 and 100 µM) [41]. The substances that showed inhibitory activity in the three lineages were PZ-OA ester, PZ-LA ester and PZ-stearic acid ester. Chemical compounds that did not show inhibitory activity in any cell line studied by Nair, Ziaullah and Rupasinghe (2014) [41] were OA, LA, ALA, PZ and stearic acid. Two substances, sorafenib and phoretin, only inhibited HepG2 and RTCP10 cells. The 100 µM concentration was present in all results that showed statistically significant inhibitions of cell lines, and the 1 µM concentration did not cause cell inhibition in any cell lineage.





3.2. Human Studies


The effects of omega-3 supplementation in the diet of colorectal cancer patients were studied. A randomized trial with 11 patients with colorectal cancer was conducted. For 9 weeks, a group of 6 patients, called Group A, ingested 2 g/day of fish oil (approximately 600 mg/day of EPA and DHA acid), and the second group with 5 patients, Group B, was the untreated group. Both groups were evaluated one day before the first chemotherapy session and after 9 weeks of treatment. Group A showed, after the study period, an increase in EPA and DHA in blood plasma of 1.8 and 1.4 times, respectively, muscle mass gain (mean of +1.2 kg), a greater tolerance to chemotherapy and a decrease in the tumor, while the untreated group showed loss of muscle mass (mean −0.5 kg), lower tolerance to chemotherapy and no significant increase in EPA and DHA plasma [40].



Another study was conducted with 128 patients who had some types of gastrointestinal cancer (including gastric and colorectal) and cachexia. These patients were provided a diet with or without 1.1 g of EPA, 0.5 g of DHA and 16 g of protein. Chronologically, the biochemical and physiological state of these patients was observed using bioelectrical impedance analysis. The authors concluded that the fish oil-enriched diet helped both with chemotherapy tolerance and with tumor shrinkage and increased lean body mass over time [43].



Another study was conducted to determine the maximum dose and toxicity of capsules containing n-3 fatty acids [28]. These authors reported that it is important to use the maximum tolerated dose in an attempt to reverse or minimize the cachexia presented by patients. They also reported that patients with advanced cancer tolerated a high dose of GA n-3 in capsules, with few side effects (mainly diarrhea), and suggested an appropriate dose of 0.3 g/kg per day for 17 days. In a second phase of the study, the authors reported stabilization or weight gain in only a minority of patients, but they considered that the n-3 GAs are still useful as adjuvant therapy in the treatment of cancer patients who have incurred significant weight loss [28]. In breast cancer and other types of cancer, at a minimum dose of 2.0 g/day of EPA + DHA, it was possible to verify tissue enrichment in humans of these fatty acids, similar to studies with animals. This dose can be used for conducting clinical trials [30].





4. Discussion


DHA is present in several scientific articles in the field of cancer therapy, in which they report the efficiency of this bioactive compound against different types of malignant neoplasms, including those listed in the list of highest incidence and mortality. Anticancer activity was observed in studies involving cell lines that were treated with DHA alone, combined with other substances, including antineoplastics, and when molecules derived from DHA were used.



One recent study on the in vitro anticancer activity of DHA was in the field of nanomedicine. In vitro experiments with DHA were associated with TS and DOX drugs transported in nanostructured lipids (NLC-DHA-TS-DOX), resulting in strongly cytotoxic cell inhibition against breast cancer (4T1 cell line) [37]. In this study, the NLC-DHA nanoparticles did not show cytotoxic activity at the tested concentration. In this 4T1 lineage, DHA was also tested [38] with DHA at concentrations of 10, 20, 30, 40 and 50 µM, and the result also did not cause cytotoxicity. This cell line was also treated with PZ and PZ-DHA, and there was no cytotoxic effect [38]. Cytotoxicity results were obtained with this cell line at concentrations of 50, 100 and 150 µM DHA at 24 h and 48 h, but at concentrations of 10 and 25 µM, there was no cytotoxic effect [48]. However, they did not observe a statistically significant result of cell inhibition at concentrations of 10, 20 and 30 µM within 72 h of treatment with DHA [31]. The studies carried out by these authors differed in terms of the type of in vitro cell viability analysis assay, treatment time and, in some cases, the concentration used.



The SUM-149 cell line was tested with DHA, PZ and PZ-DHA [31]. Statistically significant cytotoxic activity was observed after treatment with DHA and PZ-DHA at concentrations of 30, 40 and 50 µM. This cytotoxic effect was not observed by the same authors when SUM-149 cells were treated with PZ. This result demonstrates that the type of drug tested interferes with the cell inhibition effect [31]. This can also be observed on MDA-MB-231 cells within 24 h with the drug 13R,20-diHDHA, and the study did not obtain statistically significant results at any of the tested concentrations [45]. A noncytotoxic result was also observed regarding the 4-OXO-DHA molecule [42].



Studies with other DHA-derived molecules were also performed [42]. The substance 4-OH-DHA was analyzed within 96 h at a concentration of 100 µM and showed cytotoxicity in the cell lines MCF-10F, trMCF, bsMCF, MDA-MB-231 and SK-BR-3, with the exception of cytotoxic activity in the tested cell line T-47D. When the same authors tested the substance 4-OXO-DHA, they obtained a statistically significant cytotoxicity result in all these lineages [42]. The PZ-DHA ester substance was toxic to liver cancer but not to the HP-F and RTCP10 lineages [41].



The concentration of 100 µM DHA demonstrated a cytotoxic effect in breast tumor and nontumor cell lines. This concentration was also toxic to lung [17], colorectal [20,37], prostate [19], stomach [18] and liver cell lines [41]. However, in the normal cell lines of the stomach (GES-1) [18] and liver (HP-F and RTCP10) [41], there was no statistically significant cytotoxic activity.



Cytotoxic analysis of DHA was tested comparatively with other fatty acids. In comparison with omega 3 EPA, the cytotoxic effect was shown by both substances in colorectal [35], prostate [44] and liver [41] cancer cell lines. In comparison with omega 3 (ALA), in the liver cancer cell line, only DHA was cytotoxic [41]. In comparison with omega 6 (LA), both in the colorectal cancer cell line and in the liver cancer cell line, only DHA showed cytotoxic activity that was considered statistically significant. In comparison with omega 6 (AA), in the prostate cancer cell lines, only DH was cytotoxic. In comparison with omega 9 (OA), in the liver cancer cell line, only DHA was cytotoxic. These analyses corroborate with other information, which mentioned that the disposition and quantity of unsaturation in DHA interferes with the biological activity of fatty acids [14,15].



In other studies, the cytotoxic activity of DHA alone or associated with other substances was observed. A comparison was made between DHA alone, apatinib alone and the two substances in combination [38]. The results showed that the combination of the two substances showed a synergistic effect against breast cancer. The synergistic effect was also observed in the association of nanocarried DHA with TS and DOXO in breast cancer [37], in the association of DHA with PunA in colorectal cancer [20] and with ISL in colorectal cancer [26].



The administration of DHA in cancer patients has been shown to be a coadjuvant in chemotherapy treatment. The addition of DHA in the diet, either in supplementation associated with EPA and/or proteins, helped in the process of muscle mass gain, weight maintenance, tolerance to chemotherapy and tumor shrinkage [30,40,43]. The intake of 6 g of protein, 1.1 g of EPA and 0.5 g of DHA per day is recommended to increase lean mass gain [43], and the minimum dose of 2.0 g/day of EPA + DHA can be used in clinical trials and is sufficient for tissue enrichment to occur [30].



Thus, DHA exhibits cytotoxic action against different tumor lineages and can be ingested in the diet as an adjunct to cancer treatment, within the specific concentrations presented for each type of cancer. In children, these dosages may vary to lower dosage; however, further research on the use of this drug is still needed to standardize the protocol for use in different cancer lineages.




5. Final Considerations


The results obtained reveal the possibility of using DHA in therapies against cancer cell lines. In the scientific articles explored, most of the concentrations used with effectiveness varied between 10 µM and 200 µM DHA, which may support the choice of concentrations for future in vitro analyses. In addition, the results of the different articles analyzed showed that DHA, in association with other drugs, generated increased activity against cancer, which is considered a synergistic effect. Furthermore, DHA and its associated substances, as well as substances derived from DHA, generated different anticancer actions, according to the type of cell line studied. In relation to nonneoplastic cells, it did not present cytotoxicity or side effects in some studies.



Other therapeutic strategies that can still be analyzed are studies related to the activity of DHA in other types of cancer, as well as the association of this substance with medicinal plants.



This work contributes to the community by demonstrating the possible applicability of DHA in the pharmaceutical area of oncological therapies.
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Table 1. Articles included in this review with their respective first authors, journal and impact factor.
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Table 2. Analysis results of the in vitro cytotoxicity tests on breast nontumor and cancer cell line.
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Reference

	
Analysis

	
t

	
Cell Line

	
Inhibition Cell




	
DHA [ ]

	
p-Value

	
Apatinib [ ]

	
p-Value

	






	
Ma et al., 2020 [38]

	
Cell viability CCK-8 kit

	
48 h

	
MDA-MB-231 (human breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
-




	
25 µM

	
*

	
12.5 µM

	
*




	
50 µM

	
**

	
25 µM

	
**




	
100 µM

	
**

	
50 µM

	
***




	
200 µM

	
***

	
75 µM

	
***




	
400 µM

	
***

	
100 µM

	
***




	
600 µM

	
***

	
200 µM

	
***




	
800 µM

	
***

	

	




	
DHA [ ]

	
p-value

	
Apatinib [ ]

	
p-value

	
DHA + Apatinib [ ]

	
p-value




	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
75 µM

	
*

	
40.5 µM

	
*

	
75 µM + 40.5 µM

	
***




	
112.5 µM

	
*

	
40.5 µM

	
*

	
112.5 µM + 40.5 µM

	
***




	
150 µM

	
**

	
54 µM

	
**

	
150 µM + 54 µM

	
***




	
Fernando et al., 2019 [31]

	
Cell viability 7-AAD staining

	
72 h

	
MDA-MB-231 (human breast cancer)

	
DHA [ ]

	
p-value

	
PZ [ ]

	
p-value

	
PZ-DHA[ ]

	
p-value




	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
20 µM

	
ns

	
20 µM

	
ns

	
20 µM

	
ns




	
30 µM

	
ns

	
30 µM

	
ns

	
30 µM

	
ns




	
40 µM

	
*

	
40 µM

	
ns

	
40 µM

	
*




	
50 µM

	
*

	
50 µM

	
ns

	
50 µM

	
*




	
SUM-149 (human breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
20 µM

	
ns

	
20 µM

	
ns

	
20 µM

	
ns




	
30 µM

	
***

	
30 µM

	
ns

	
30 µM

	
***




	
40 µM

	
***

	
40 µM

	
ns

	
40 µM

	
***




	
50 µM

	
***

	
50 µM

	
ns

	
50 µM

	
***




	
4T1 (mouse breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
20 µM

	
ns

	
20 µM

	
ns

	
20 µM

	
ns




	
30 µM

	
ns

	
30 µM

	
ns

	
30 µM

	
ns




	
40 µM

	
ns

	
40 µM

	
ns

	
40 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
Pogash et al., 2015 [42]

	
Cell viability MTT assay

	
96 h

	
MCF-10F (normal-like breast cell)

	
DHA [ ]

	
p-value

	
4-OH-DHA [ ]

	
p-value

	
4-OXO-DHA [ ]

	
p-value




	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
trMCF (transformed breast cell)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
bsMCF (basal breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
MDA-MB-231 (basal breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
T-47D (luminal breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM

	
ns

	
100 µM

	
*




	
SK-BR-3 (luminal breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
MDA-MB-231 (basal breast cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
*

	
10 µM

	
ns




	
25 µM

	
*

	
25 µM

	
*

	
25 µM

	
ns




	
50 µM

	
*

	
50 µM

	
*

	
50 µM

	
*




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
24 h

	
MDA-MB-231 (basal breast cancer)

	
4-OXO-DHA [ ]

	
p-value

	

	




	
0 µM

	
ns

	
-

	
-




	
10 µM

	
ns




	
25 µM

	
ns




	
50 µM

	
ns




	
100 µM

	
ns




	
48 h

	
MDA-MB-231 (basal breast cancer)

	
0 µM

	
ns

	
-

	
-




	
10 µM

	
ns




	
25 µM

	
ns




	
50 µM

	
ns




	
100 µM

	
*




	
72 h

	
MDA-MB-231 (basal breast cancer)

	
0 µM

	
ns

	
-

	
-




	
10 µM

	
ns




	
25 µM

	
ns




	
50 µM

	
*




	
100 µM

	
*




	
96 h

	
MDA-MB-231 (basal breast cancer)

	
0 µM

	
ns

	
-

	
-




	
10 µM

	
ns




	
25 µM

	
ns




	
50 µM

	
*




	
100 µM

	
*




	
Wang et al., 2021 [45]

	
CellTiter 96® AQueous One Solution kit

	
24 h

	
MDA-MB-231 (basal breast cancer)

	
13R,20-diHDHA [ ]

	
p-value

	

	




	
0 µM

	
ns

	
-

	
-




	
1 µM

	
ns




	
10 µM

	
ns




	
20 µM

	
ns




	
30 µM

	
ns




	
40 µM

	
ns




	
MCF-10F (normal-like breast cell)

	
0 µM

	
ns

	
-

	
-




	
1 µM

	
ns




	
10 µM

	
ns




	
20 µM

	
ns




	
30 µM

	
ns




	
40 µM

	
ns








DHA: docosahexaenoic acid; PZ: phloridizin; PZ-DHA: phloridizin docosahexanoate. 4-OH-DHA: 4-hydroxy-docosahexaenoic acid. 4-OXO-DHA: 4-oxo-docosahexaenoic. 13R,20-diHDHA: 13R,20-dihydroxydocosahexaenoic acid. [ ]: concentration; Cell Counting Kit-8 (CCK-8). 7-AAD: colorimetric reagent 7-aminoactinomycin. MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. When there was a statistically significant difference, the results in the graphs are shown as follows: * p value < 0.05; ** p value < 0.01; *** p value < 0.001. The results with p values ≥ 0.05 were considered nonsignificant (ns: nonsignificant).
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Table 3. Analysis results of the in vitro cytotoxicity tests on lung cancer cell lines.
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Reference

	
Analysis

	
t

	
Cell Line

	
Inhibition Cell




	
DHA [ ]

	
p-Value

	

	






	
Kim et al., 2015 [36]

	
Cell viability MTT assay

	
24 h

	
A549 (human lung cancer)

	
0 µM

	
ns

	
-

	
-




	
10 µM

	
ns




	
30 µM

	
***




	
60 µM

	
***




	
H1299 (human lung cancer)

	
0 µM

	
ns

	
-

	
-




	
10 µM

	
ns




	
30 µM

	
ns




	
60 µM

	
***




	

	

	

	

	
DHA [ ]

	
p-value

	

	




	
Bai et al., 2019 [17]

	
Cell viability WST assay

	
24 h

	
A549 (human lung cancer)

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns




	
50 µM

	
ns




	
75 µM

	
**




	
100 µM

	
**




	
H1299 (human lung cancer)

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns




	
50 µM

	
*




	
75 µM

	
**




	
100 µM

	
**




	
LLC (mouse lung cancer)

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns




	
50 µM

	
**




	
75 µM

	
**




	
100 µM

	
**




	
Yue et al., 2022 [47]

	
Cell viability MTT assay

	
24 h

	
95D (human lung cancer cells)

	
DHA-PC [ ]

	
p-value

	
DHA-TG [ ]

	
p-value

	
DHA-EE [ ]

	
p-value




	
0 µg/mL

	
ns

	
0 µg/mL

	
ns

	
0 µg/mL

	
ns




	
50 µg/mL

	
*

	
50 µg/mL

	
ns

	
50 µg/mL

	
ns




	
100 µg/mL

	
**

	
100 µg/mL

	
*

	
100 µg/mL

	
ns




	
200 µg/mL

	
**

	
200 µg/mL

	
**

	
200 µg/mL

	
ns




	
400 µg/mL

	
**

	
400 µg/mL

	
**

	
400 µg/mL

	
*




	
48 h

	
95D (human lung cancer cells)

	
0 µg/mL

	
ns

	
0 µg/mL

	
ns

	
0 µg/mL

	
ns




	
50 µg/mL

	
*

	
50 µg/mL

	
ns

	
50 µg/mL

	
ns




	
100 µg/mL

	
**

	
100 µg/mL

	
**

	
100 µg/mL

	
ns




	
200 µg/mL

	
**

	
200 µg/mL

	
**

	
200 µg/mL

	
*




	
400 µg/mL

	
**

	
400 µg/mL

	
**

	
400 µg/mL

	
**




	
72 h

	
95D (human lung cancer cells)

	
0 µg/mL

	
ns

	
0 µg/mL

	
ns

	
0 µg/mL

	
ns




	
50 µg/mL

	
*

	
50 µg/mL

	
*

	
50 µg/mL

	
ns




	
100 µg/mL

	
**

	
100 µg/mL

	
**

	
100 µg/mL

	
*




	
200 µg/mL

	
**

	
200 µg/mL

	
**

	
200 µg/mL

	
*




	
400 µg/mL

	
**

	
400 µg/mL

	
**

	
400 µg/mL

	
**








DHA: docosahexaenoic acid; DHA-PC: DHA-enriched phosphatidylcholine; DHA-TG: DHA-triglyceride; DHA-EE: DHA-ethyl esters; [ ]: concentration; MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay; WST: water-soluble tetrazolium. When there was a statistically significant difference, the results in the graphs are shown as follows: * p value < 0.05; ** p value < 0.01; *** p value < 0.001. The results with p values ≥ 0.05 were considered nonsignificant (ns: nonsignificant).
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Table 4. Analysis results of the in vitro cytotoxicity tests on colorectal cancer cell lines.
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Reference

	
Analysis

	
t

	
Cell Line

	
Inhibition Cell




	
DHA [ ]

	
p-Value

	

	






	
Ahangar et al., 2016 [27]

	
Cell viability MTT assay

	
24 h

	
LS174T (human colorectal cancer)

	
0 µM

	
ns

	
-

	
-

	
-




	
50 µM

	
ns




	
100 µM

	
***




	
150 µM

	
***




	
48 h

	
LS174T (human colorectal cancer)

	
0 µM

	
ns

	
-

	
-

	
-




	
50 µM

	
***




	
100 µM

	
***




	
150 µM

	
***




	
72 h

	
LS174T (human colorectal cancer)

	
0 µM

	
ns

	
-

	
-

	
-




	
50 µM

	
***




	
100 µM

	
***




	
150 µM

	
***




	
Kato et al., 2007 [35]

	
BrdU incorporation assay

	
72 h

	

	
DHA [ ]

	
p-value

	
EPA [ ]

	
p-value

	
LA [ ]

	
p-value




	
WiDr (human colorectal carcinoma)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
125 µM

	
*

	
125 µM

	
*

	
125 µM

	
ns




	
COLO 205 (human colorectal carcinoma)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
125 µM

	
*

	
125 µM

	
*

	
125 µM

	
ns




	

	

	

	

	
DHA [ ]

	
p-value

	
PunA [ ]

	
p-value

	
DHA + PunA [ ]

	
p-value




	
Vermonden et al., 2021 [20]

	
Cell viability PrestoBlue Reagent

	
72 h

	
HCT-116 (human colorectal cancer)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
***

	
7 µM

	
***

	
100 µM + 7 µM

	
***








DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; PunA: punicic acid. [ ]: concentration; MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. When there was a statistically significant difference, the results in the graphs are shown as follows: * p value < 0.05; *** p value < 0.001. The results with p values ≥ 0.05 were considered nonsignificant (ns: nonsignificant).
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Table 5. Analysis results of the in vitro cytotoxicity tests on prostate cancer cell lines. DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid.
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Reference

	
Analysis

	
t

	
Cell Line

	
Inhibition Cell




	
DHA [ ]

	
p-Value

	
EPA [ ]

	
p-Value

	
AA [ ]

	
p-Value

	






	
Sun et al., 2017 [44]

	
Cell viability MTT assay

	
24 h

	
DU145 (human prostate carcinoma)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
-




	
10 µM

	
*

	
10 µM

	
ns

	
10 µM

	
ns




	
25 µM

	
*

	
25 µM

	
*

	
25 µM

	
ns




	
50 µM

	
*

	
50 µM

	
*

	
50 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
ns




	
12 h

	
DU145 (human prostate carcinoma)

	
0 µM

	
ns

	
-

	
-

	
-




	
50 µM

	
*




	
24 h

	
DU145 (human prostate carcinoma)

	
0 µM

	
ns




	
50 µM

	
*




	
48 h

	
DU145 (human prostate carcinoma)

	
0 µM

	
ns




	
50 µM

	
*




	
72 h

	
DU145 (human prostate carcinoma)

	
0 µM

	
ns




	
50 µM

	
*




	
Shao et al., 2022 [19]

	
Cell viability MTT assay

	

	

	
DHA [ ]

	
p-value

	
Docetaxel [ ]

	
p-value

	

	




	
24 h

	
PC3 (human prostate cancer line)

	
0 µM

	
ns

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns

	
0.1 µM

	
*




	
50 µM

	
*

	
0.5 µM

	
*




	
100 µM

	
*

	
1 µM

	
*




	
150 µM

	
*

	
4 µM

	
*




	
PC3R (drug-resistant prostate cancer cell line)

	
0 µM

	
ns

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns

	
0.1 µM

	
ns




	
50 µM

	
ns

	
0.5 µM

	
*




	
100 µM

	
*

	
1 µM

	
ns




	
150 µM

	
*

	
4 µM

	
ns




	
48 h

	
PC3 (human prostate cancer line)

	
0 µM

	
ns

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns

	
0.1 µM

	
*




	
50 µM

	
*

	
0.5 µM

	
*




	
100 µM

	
*

	
1 µM

	
*




	
150 µM

	
*

	
4 µM

	
*




	
PC3R (drug-resistant prostate cancer cell line)

	
0 µM

	
ns

	
0 µM

	
ns

	
-

	
-




	
25 µM

	
ns

	
0.1 µM

	
*




	
50 µM

	
*

	
0.5 µM

	
*




	
100 µM

	
*

	
1 µM

	
*




	
150 µM

	
*

	
4 µM

	
*




	
24 h

	
PC3R (drug-resistant prostate cancer cell line)

	
DHA [ ]

	
p-value

	
DHA + LY294002 [ ]

	
p-value

	
DHA + MK2206 [ ]

	
p-value

	
DHA + Ferrostatin1 [ ]

	
p-value




	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
100 µM

	
*

	
100 µM + 10 µM

	
*

	
100 µM + 0.1 µM

	
*

	
100 µM + 5 µM

	
ns




	
Wu et al., 2019 [46]

	
Cell viability MTT assay

	

	

	
DHA [ ]

	
p-value

	
DHA + LPS [ ]

	
p-value

	

	




	
24 h

	
PC3 (human prostate cancer line)

	
0 µM

	
ns

	
0 µM + 0 ng/mL

	
ns

	
-

	
-




	
25 µM

	
ns

	
25 µM + 10 ng/mL

	
ns




	
75 µM

	
ns

	
75 µM + 10 ng/mL

	
ns




	
100 µM

	
*

	
100 µM + 10 ng/mL

	
ns








AA: arachidonic acid; LY294002: PI3K inhibitor; MK2206: AKT inhibitor; Ferrostatin1: ferroptosis inhibitor; [ ]: concentration; MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. When there was a statistically significant difference, the results in the graphs are shown as follows: * p value < 0.05. The results with p values ≥ 0.05 were considered nonsignificant (ns: nonsignificant).
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Table 6. Analysis results of the in vitro cytotoxicity tests on stomach nontumor (GES-1) and gastric cancer (AGS) cell lines.






Table 6. Analysis results of the in vitro cytotoxicity tests on stomach nontumor (GES-1) and gastric cancer (AGS) cell lines.





	
Reference

	
Analysis

	
t

	
Cell Line

	
Inhibition Cell




	
DHA [ ]

	
p Value

	
CisP [ ]

	
p Value






	

	

	

	

	
0 µM

	
ns

	
0 µM

	
ns




	
Ortega et al., 2021 [18]

	
Cell viability MTT assay

	
48 h

	
AGS (human gastric cancer)

	
25 µM

	
**

	
50 µM

	
**




	
50 µM

	
**

	

	




	
100 µM

	
**

	

	




	

	
0 µM

	
ns

	
0 µM

	
ns




	
GES-1 (human nontumoral)

	
25 µM

	
ns

	
50 µM

	
**




	
50 µM

	
ns

	

	




	
100 µM

	
ns

	

	








DHA: docosahexaenoic acid; [ ]: concentration; CisP: cisplatin; MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. When there was a statistically significant difference, the results in the graphs are shown as follows: ** p value < 0.01. The results with p values ≥ 0.05 were considered nonsignificant (ns: nonsignificant).
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Table 7. Analysis results of the in vitro cytotoxicity tests on liver nontumor and tumor cell lines.
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Reference

	
Analysis

	
t

	
Cell Line

	
Inhibition Cell




	
DHA [ ]

	
p Value

	
EPA [ ]

	
p Value

	
OA [ ]

	
p Value

	
LA [ ]

	
p Value

	
ALA [ ]

	
p Value






	
Nair, Ziaullah and Rupasingher, 2014 [41]

	
Cell viability MTT assay

	
24 h

	

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
HepG2 (human hepatic carcinoma)

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns




	
HP-F (normal human hepatocytes)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns




	
RTCP10 (rat hepatocytes)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns




	

	
PZ-DHA Ester [ ]

	
p value

	
PZ-EPA Ester [ ]

	
p value

	
PZ-OA Ester [ ]

	
p value

	
PZ-LA Ester [ ]

	
p value

	
PZ-ALA-Ester [ ]

	
p value




	

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
HepG2 (human hepatic carcinoma)

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
*

	
50 µM

	
*

	
50 µM

	
*

	
50 µM

	
*

	
50 µM

	
*




	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
*




	
HP-F (normal human hepatocytes)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
ns




	
RTCP10 (rat hepatocytes)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
*

	
100 µM

	
ns




	

	
PZ [ ]

	
p value

	
PZ-Stearic Acid Ester [ ]

	
p value

	
Stearic Acid [ ]

	
p value

	
Sorafenib [ ]

	
p value

	
Phoretin [ ]

	
p value




	

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
HepG2 (human hepatic carcinoma)

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
*

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
*

	
50 µM

	
ns

	
50 µM

	
*

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
*




	
HP-F (normal human hepatocytes)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
ns

	
100 µM

	
ns

	
100 µM

	
ns




	
RTCP10 (rat hepatocytes)

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns

	
0 µM

	
ns




	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns

	
1 µM

	
ns




	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns

	
10 µM

	
ns




	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
ns

	
50 µM

	
*

	
50 µM

	
ns




	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
ns

	
100 µM

	
*

	
100 µM

	
*








DHA: docosahexaenoic acid; [ ]: concentration; EPA: eicosapentaenoic acid; OA: oleic acid; LA: linoleic acid; ALA: α-linolenic acid; PZ: phloridzin; MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. When there was a statistically significant difference, the results in the graphs are shown as follows: * p value < 0.05. The results with p values ≥ 0.05 were considered nonsignificant (ns: nonsignificant).
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