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Abstract

:

Background/Objective: Colon cancer poses a significant health burden, with current treatments often associated with severe side effects and limited effectiveness for some patients. Natural products are gaining interest as adjuvant therapies, potentially reducing side effects and improving responses to conventional treatments. We previously highlighted the potent antineoplastic effects of organic extracts derived from the Lebanese red algae Jania rubens. This study, investigated the anticancer activities of polysaccharide, protein, and lipid extracts from J. rubens, which may serve as adjuvant therapies to enhance conventional treatments. Methods: we employed colorimetric assays, wound healing assays, and cell cycle analysis to evaluate the anticancer activities of the extracts. The polysaccharide extract was characterized for sulfate content and structure using barium chloride-gelatin and FT-IR methods. Results: All J. rubens extracts exhibited significant anticancer effects, with the polysaccharide extract showing particularly strong cytotoxicity, apoptosis induction, and antiproliferative and anti-migratory activities. Conclusion: These findings confirm that J. rubens is a source of bioactive compounds with anticancer potential. Further investigations are needed to elucidate the molecular pathways targeted by J. rubens extracts in cancer cells.
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1. Introduction


Cancer represents a major risk to global health, standing as one of the leading causes of mortality and morbidity around the world [1,2,3]. Developing countries have experienced a significant increase in cancer incidence compared to Western countries. This rise in cancer incidence may be linked to the socioeconomic status of the world population, along with an increase in risk factors related to globalization and economic growth [4]. Increased intake of processed foods, sedentary lifestyles, and rising obesity rates are among these risk factors [5].



Lebanon has experienced a high incidence of all cancer subtypes compared to other Arab countries [6,7,8,9]. According to the Lebanese National Cancer Registry, colorectal cancer (CRC) has emerged as one of the most common and fatal cancers due to significant incidence rates [10]. To date, surgery, chemotherapy, radiotherapy, and targeted therapy are the primary treatment options for advanced stages of cancer. However, chemotherapy is often associated with serious adverse effects and drug intolerance [11]. Due to the narrow therapeutic index of many conventional therapies, there is growing interest in alternative remedies derived from natural-based sources, which are valued for their safety and low toxicity [12].



Recently, marine compounds, particularly macroalgae, have been identified as a valuable source of bioactive molecules, showing promise for the development of new therapeutic agents [13,14,15,16,17]. Remarkably, there is growing interest in investigating the medicinal properties of natural seaweed as a therapeutic adjuvant in cancer treatment, aiming to improve the effectiveness of anticancer treatments while protecting healthy tissues from the harmful effects of chemotherapy. However, research on the bioactive substances derived from seaweeds and their anticancer potential is still in its infancy [5,18,19,20,21].



Seaweeds have become a significant source of bioactive compounds with various biological activities, including anti-inflammatory, anti-coagulant, anti-obesity, antibacterial, anti-viral, anti-fungal, antioxidant, and antitumoral properties. Numerous studies have characterized their chemical composition, which includes polysaccharides, carbohydrates, polyphenols, lipids, fatty acids, sterols, peptides, amino acids, photosynthesis pigments, vitamins, as well as minerals [22]. In addition, seaweeds contain peptides, proteins, steroids, phlorotannins, fucoidan sugars, mannitol, terpenoids, and glycolipids as secondary metabolites [23]. Among the wide variety of seaweeds, Rhodophyta, also known as red algae, is the most primitive group in the phylogenetic tree, comprising around 6000 species [17]. Red algae are distinct from terrestrial medicinal plants due to their chemical composition, particularly high levels of proteins [22,24]. They are also rich in phycobiliproteins, which exhibit a variety of biological activities, including antitumor [25,26], anti-hypertension [27], and anti-coagulant effects [28]. In Asia, red seaweed is widely consumed as a health-enhancing dietary supplement and nutraceutical, known to reduce disease risk, enhance prebiotic effects, and improve digestion [22]. Global interest in the nutritional value of red seaweed is growing, leading to a dramatic increase in its demand on the world market [28]. One of the most alluring qualities of red seaweed as a food and therapeutic substance is its richness in biologically active polysaccharides, which constitute 40 to 50% of the algal dry weight and are primarily found in the cell walls. These polysaccharides are widely used in the pharmaceutical industry for their gelling and thickening properties [26]. Notably, sulfated galactan, including porphyrans, carrageenans, and agars, are the most relevant and exploited compounds present in the cell wall of red seaweed [26]. Many studies have attributed the biological activity of red algae to sulfated polysaccharides, particularly carrageenans [29,30], which have shown promising effects in the prevention and treatment of some malignancies [28,31]. Carrageenans, linear sulfated polysaccharides having a structure that alternates between 3-linked ß-D-galactose and 4-linked α-D-galactose, are classified into three sub-groups: kappa (j), iota (i), and lambda (k)) according to their sulfation degree, solubility, and gelling properties.



Red algae, which are abundant along the Lebanese coast, have been poorly investigated, despite their health benefits. Jania rubens has recently been studied by Rifi et al., demonstrating antioxidant and antitumor activities against colorectal cancer cells [32]. In this study, we prepared extracts of polysaccharides, proteins, and lipids from J. rubens and examined their anti-migratory and antiproliferative activities to assess their clinical relevance in treating colorectal cancer.




2. Materials and Methods


2.1. Collection of Macroalgae


At a depth of 2–3 m, samples of J. rubens were obtained from the Mediterranean coast of northern Lebanon. A fine powder was made from freshly rinsed seaweed that had been air-dried at room temperature. The herbarium voucher of J. rubens (AZM-1105) is retained at The Doctoral School of Science and Technology, Lebanese University.




2.2. Preparation of Extract


2.2.1. Lipids Extraction


Fifty grams of dried and milled J. rubens was extracted with 700 mL of chloroform/hexane (2:1). The mixture was agitated overnight at room temperature and then filtered. The resulting supernatant containing lipids was evaporated under reduced pressure using a rotary evaporator, yielding 10 mg of lipids. The residue obtained from this extraction was subsequently used for protein extraction.




2.2.2. Proteins Extraction


At 40 °C, 200 mL of ultrapure water was added to the residue from the previous extraction phase. After stirring the mixture for 24 h at 40 °C, it was filtered and combined with 20 mL of ultrapure water at 60 °C. Then, 1 mL of zinc sulfate (1 M) and barium hydroxide (1 M) was added, and the mixture was agitated for a few minutes to precipitate the proteins. Following this, the mixture was centrifuged for 10 min at 4 °C at 5000× g, and the protein extract-containing pellet was lyophilized, yielding 25 mg of proteins. The supernatant was reserved for polysaccharide extraction.




2.2.3. Polysaccharides Extraction


The supernatant obtained from protein extraction was filtered to remove any residual proteins, and the filtrate was mixed with 50 mL of ultrapure water. The mixture was centrifuged twice at 4 °C and 5000× g. The supernatant that resulted was lyophilized to extract polysaccharides, yielding 300 mg of polysaccharides.





2.3. Total Sulfate Content and Fourier Transform Infrared Spectroscopy (FT-IR) Analysis


The sulfate concentration was measured turbidimetrically using potassium sulfate as a reference and the barium chloride/gelatin technique. The Fourier transform infrared spectroscopy (FT-IR) spectrum of carrageenans was obtained using a Thermo Nicolet instrument. Using a mortar, the polysaccharide sample was combined with anhydrous potassium bromide (KBr). A KBr disc was formed by compressing the mixture into 1 mm. A total of 32 scans of the KBr disc were conducted across the wave number range of 500–4000 cm−1 [33,34].




2.4. Cell Lines and Culture Conditions


The colon cancer cell lines HT-29 and HCT-116 were obtained from the American Type Culture Collection (ATCC). The cells were kept in DMEM at 37 °C in a humidified incubator with 95% air and 5% CO2. Then, 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin (100 U·mL−1) were added to the medium.




2.5. MTT Cell Viability Assay


After being seeded in 96-well plates, the cells were allowed to adhere overnight. Once they reached 80% confluence, various concentrations of J. rubens polysaccharide and protein extracts (100–250–500 and 750 μg·mL−1) were applied. At 24 h and 48 h, the treatments were removed, and then the cells were incubated with MTT for 4 h at 37 °C in the dark. Untreated cells represented the control with 100% viability. Mean absorbance readings were reported as a percentage of viability compared to the control with absorbance measured at 570 nm using an ELISA microplate reader.




2.6. Trypan Blue Test


In a 24-well plate, colon cancer cells (HT-29 and HCT-116) were seeded at a density of 2 × 104. Only the most active extracts—polysaccharide and protein extracts—were examined for cytotoxicity using the trypan blue assay based on MTT results. Both treated and untreated cells were washed, detached with trypsin, and stained with trypan blue (0.4%) after 24 and 48 h. A hemocytometer was used to count the amount of living cells versus dead cells under a light microscope. Each determination was performed in triplicate.




2.7. Wound-Healing Scratch Assay


A 24-well plate was seeded with HCT-116 and HT-29 cells, which were allowed to grow for 24 h. Once 90% confluence was achieved, a sterile 200 μL tip was used to create a scratch wound. Following two rounds of washing with 1XPBS (phosphate buffer solution), cells were incubated with varying doses of the algal extracts (0, 100, 250, 500, and 750 µg·mL−1). After 0, 6, and 24 h of treatment, pictures of the wounds were captured using a digital camera and a light microscope. The ImageJ analysis program was utilized to determine the wounds’ surface area.




2.8. Cell Cycle Analysis


HCT cells were seeded in a 24-well plate, cultured until reaching 80% confluency, then treated with different concentrations of polysaccharide extracts for 24 h. The media containing the dead cells was transferred to a 15 mL conical tube, and the attached living cells were detached by trypsinization within the same tube. The resulting mixture was then centrifuged to obtain a pellet. The pellet was washed with cold 1X PBS, fixed with 70% cold ethanol, and stored at −20 °C. Then, cells were washed with cold PBS and incubated for one hour with 100 μL DNase-free RNase A (200 μg/mL) before staining with 1 mg/mL of propidium iodide for 15 min. Using flow cytometry, the intensity of the fluorescence was determined with a Guava EasyCyte8 flow cytometer.




2.9. Chemicals


The reagents used in this study included sulfuric acid (Sigma-Aldrich; St. Louis, MO, USA) and nitric acid (Sigma-Aldrich; St. Louis, MO, USA). Hydrochloric acid, glucose, zinc sulfate, barium hydroxide, and potassium acetate laboratory chemicals—Lebanon). Bovine serum albumin (Sigma-Aldrich; 9048-46-8; St. Louis, MO, USA), acetone (Supelco PA, USA), dichloromethane (Sigma-Aldrich; St. Louis, MO, USA), methanol (Sigma-Aldrich; St. Louis, MO, USA), Folin–Ciocalteu phenol (Sigma-Aldrich; CAS 47641; St. Louis, MO, USA), ethanol (Sigma-Aldrich; St. Louis, MO, USA), aluminum chloride (Sigma-Aldrich; St. Louis, MO, USA), 2,2-diphenyl-1-picrylhydrazyl (Sigma-Aldrich; St. Louis, MO, USA), quercetin (Sigma-Aldrich), Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich; D5796; St. Louis, MO, USA), fetal bovine serum (Sigma-Aldrich; F9665; St. Louis, MO, USA), phosphate-buffered saline (Sigma-Aldrich, 806552; St. Louis, MO, USA), penicillin-streptomycin (Sigma-Aldrich, P4333; St. Louis, MO, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich; M56655; St. Louis, MO, USA), trypsin (Sigma Aldrich; T3924; St. Louis, MO, USA), and propidium iodide (Sigma-Aldrich; P4170; St. Louis, MO, USA).




2.10. Statistical Analysis


GraphPad Prism 7 software by Dotmatics (version 7.0, Boston, MA, USA) was used to conduct all statistical analyses (t-test, one-way ANOVA, and two-way ANOVA). Values below 0.01 (** p < 0.01), 0.001 (*** p < 0.001), and 0.0001 (**** p < 0.0001) were regarded as very significant, whereas probability values below 0.05 (* p < 0.05) were regarded as significant. The means ± SD of the specified set of experiments are used to express the quantitative results.





3. Results


3.1. The Cytotoxic Activity of J. rubens Extracts on Human Colon Cancer Cells


3.1.1. Polysaccharide Extracts Reduce the Viability of HCT-116 Cells and HT-29 Cells


The cytotoxicity activity of polysaccharide extracts on HT-29 and HCT-116 colon cancer cells was investigated using an MTT assay. HT-29 and HCT-116 cell lines were subjected to varying concentrations of extracts (ranging from 100 to 750 µg/mL) at two time points (24 h and 48 h). A substantial reduction in cellular viability (p < 0.0001) was detected for both cell lines at all concentrations of polysaccharide extract, demonstrating dose and time cytotoxicity (Figure 1). A concentration of 750 µg/mL from polysaccharide extract reduced the viability of cells to (38 ± 5.5%) in HCT-116 and (31 ± 5.8%) in HT-29 at 24 h treatment, compared to the non-treated control. After 48 h of treatment, cell viability further reduced to (21 ± 4.01%) in HT-29 and (20.66 ± 3.4%) in HCT-116 at the same concentration. As shown in Table 1, HT-29 was more sensitive than HCT-116 cells to polysaccharide treatment (IC50 = 272.1 µg/mL versus 324.7 µg/mL). The results were validated using a trypan blue assay. Therefore, polysaccharides demonstrate a strong cytotoxic property in both HT-29 and HCT-116 cells.




3.1.2. Protein Extracts Reduce the Viability of HT-29 and HCT-116 Cells


The administration of protein extract over durations of 24 h and 48 h led to a statistically significant reduction in cellular viability (p < 0.0001 when compared to the control) in a dose- and time-dependent manner for the two cell lines examined (Figure 1). HCT-116 cells showed a decrease in cell viability from (75.99 ± 3.25%) at 100 µg/mL to (38.35 ± 5.76%) at 750 µg/mL protein extract. In addition, HCT-116 cell viability was reduced to 33.35 ± 5.76% after 24 h and to 16.32 ± 2.3% after 48 h of treatment. For HCT-116 and HT-29 cells, the IC50 values were 389.4 µg/mL and 382.8 µg/mL, respectively, indicating that protein extracts exert a similar cytotoxic effect on both CRC cell lines (Table 1).




3.1.3. Lipid Extracts Reduce the Viability of HT-29 and HCT-116 Cells


Similar to polysaccharide and protein extracts, lipid extracts significantly decreased colon cancer cell viability p < 0.0001 (Figure 1). However, the results showed a dose-dependent effect without a clear time-dependent response. Upon treatment of the HCT-116 cells with 100 µg/mL of lipid extract, cell viability was reduced to 73.25 ± 5.32%, decreasing further to 43.25 ± 4.24% with 750 µg/mL treatment. The IC50 values were 627.7 µg/mL and 588.5 µg/mL for HCT-116 and HT-29, respectively (Table 1).



Together, these results demonstrate a potent cytotoxic effect of Jania’s extracts on colon cancer cells, with polysaccharide and protein extracts showing higher efficacy compared to lipid extracts.





3.2. The Anti-Migratory Effect of J. rubens Extracts on Colon Cancer Cell Lines


3.2.1. J. rubens Polysaccharide Extracts Prevent the Migration of Colon Cancer Cells


Polysaccharide extracts were evaluated for their ability to inhibit the migratory potential of human HCT-116 and HT-29 cells by using the wound healing scratch assay [32]. As shown in Figure 2, polysaccharide extracts significantly reduced the wound closure for both cell lines in a time- and dose-dependent manner (0.01< p < 0.00001). After 24 h, HCT-116 cells treated with 100 µg/mL polysaccharides revealed a wound closure rate of 19.87 ± 3% compared to control 35.55 ± 1.8%. This ratio further decreased to 13% with 750 µg/mL polysaccharide extracts. Likewise, 750 µg/mL treatment dramatically decreased the gap-closing percentage of HT-29 cells to 4.57% after 24 h, which is seven times lower than the control (Table 2). Notably, polysaccharide extracts also significantly decreased the wound closure at an early time point (6 h) for both cell lines. These results indicate that polysaccharide extracts exert a potent anti-migratory effect on colon cancer cells.




3.2.2. J. rubens Protein Extracts Prevent the Migration of Colon Cancer Cells


As shown in Figure 3, cells treated with increasing concentrations (100–750 µg/mL) of protein extracts also exhibited a significant dose- and time-dependent anti-migration effect (0.01 < p < 0.00001). In comparison to 33% for the control, the percentage of HCT-116 wound healing at 24 h dropped to 11.3% and 6.6% following 100 µg/mL and 750 µg/mL treatment, respectively. For HT-29, the wound closure rate was 15.3% at 100 µg/mL treatment, decreasing to 5.2% at 750 µg/mL treatment compared to 30% for the control (Table 3). Again, protein extract significantly reduced the gap closure rate early (6 h) in both cell lines.





3.3. Cell Cycle Disruption of Colon Cancer Cells by Polysaccharide Extracts


Since J. rubens polysaccharide extracts were the most efficient for inhibiting colon cancer cell growth, we performed cell cycle analysis on HCT-116 cells using flow cytometry. As shown in Figure 4, polysaccharide extracts induced significant changes in the cell cycle of HCT-116 cells. Untreated cells (control) displayed a standard cytogram of a population of diploid cells, while cells treated with 250 μg/mL of polysaccharide extracts for 24 h accumulated significantly in the sub-G0 phase, with 86.69% compared to 16.48% for the control (over five times more). Following treatment with 250 μg/mL polysaccharide extracts, the number of cells in the G0/G1 phase dropped significantly, reaching 4.86% as opposed to 19.61% for control cells. Furthermore, following treatment with 250 μg/mL polysaccharide extracts, the number of cells in the G2/M phase dropped by six times (Figure 4).




3.4. FT-IR Analysis of Polysaccharide Extract and Total Content of Sulfate


We have demonstrated that J. rubens-extracted polysaccharides possess antiproliferative and anti-migratory properties. To further characterize the composition of the polysaccharide extract, we utilized Fourier transform infrared spectroscopy (FT-IR). The IR method only needs a few milligrams of sample and is a quick and non-destructive procedure. Figure 5 shows the FT-IR spectrum in detail. A broad band of vibration between 3221 and 3545 cm−1 is due to the hydroxyl groups’ (OH) stretching mode, while the C-H stretching vibrations are represented by the band at 2936 cm−1, which are the characteristic absorption peaks of sugar. In addition, the bands at 1197 cm−1 and 878 cm−1 are indicative of the ester sulfate groups in the C4 position of galactose units. The bands at 931 and 1042 cm−1 reflect the stretching vibration of the C-O-C of 3,6 anhydrous-galactose units [35,36,37].



This spectrum aligns with the typical spectrum of carrageenan, as previously documented in the literature [35,36,37]. Furthermore, we demonstrated that the extracted polysaccharide has a high amount of sulfate content, measured at 38%.





4. Discussion


Emerging drug resistance and systemic adverse effects during cancer therapy encourage active search for novel therapeutic agents [38]. A significant opportunity for research lies within the underused bioactive potential of natural products, which could significantly enhance the efficacy and quality of treatments [23]. For centuries, traditional medicine, particularly in Asian cultures, has utilized seaweed to treat various ailments [39]. Notably, red algae are gaining significant interest as a natural source of bioactive compounds with potential health benefits [14,22]. Among these bioactive compounds, sulfated polysaccharides (SPs), particularly carrageenan, have received considerable attention, with numerous studies highlighting their diverse bioactivities, including anti-coagulant, anti-viral, antioxidant, and antitumoral effects, with immune-modulatory and cholesterol-lowering properties [22,23].



In a previous study, we investigated the antineoplastic effects of the Lebanese red algae Jania rubens [32]. The initial analysis revealed a composition of 14.5% carbohydrates, 11.3% proteins, and 4.5% fats. The most abundant minerals were magnesium (24 mg/g) and calcium (33 mg/g). Notably, all J. rubens extracts exhibited intense antioxidant activity, and organic extracts (dichloromethane/methanol DM and methanol M) showed greater antitumor activity against the human colon cancer cell lines HCT-116 and HT-29 compared to aqueous extracts. These findings suggest that high-temperature Soxhlet extraction is more effective in concentrating bioactive compounds with antitumor activity from J. rubens.



This study further investigated the anticancer properties of the Lebanese J. rubens. The isolated components, particularly polysaccharides and protein extracts, showed time- and dose-dependent cytotoxic effects on the cancer cell lines tested. Polysaccharide extracts proved to be the most potent, causing cell death, arresting the cell cycle, and blocking cell migration in HCT-116 and HT-29 colon cancer cells. Supporting this, studies on other red seaweeds have shown that polysaccharides can trigger cytotoxicity, induce apoptosis, or cause cell cycle arrest in many cancer cell lines like A549 [29], THP-1 [40], HepG2 [41], HeLa [42,43], and MCF-7 [44]. Furthermore, J. rubens polysaccharides were found to increase the expression of the cell death-inducing genes Bax, caspase-8, and P53 in CaCo-2 cells while up-regulating the level of expression of caspase-3 and downregulating the level of expression of Bcl-2 in MCF7 cells [45].



The strong antiproliferative and anti-migratory potential observed with J. rubens polysaccharide extract may be attributed to its richness in highly sulfated polysaccharides (SPs), particularly carrageenan [23,46]. It has been extensively shown that the degree of sulfation (DS), the molecular weight, the monosaccharide content, and the glycosidic linkage are some of the structural characteristics of polysaccharides that are directly linked to their biological activity [33,47]. Previous research has also demonstrated the anticancer properties of various types of carrageenan. For instance, κ-carrageenan has been shown to induce apoptosis in colon cancer cells (HCT-116) through mechanisms like ROS production, caspase-3 activation, and XIAP downregulation [43]. Additionally, certain types of carrageenan, such as κ-carrageenan and λ-carrageenan, have been reported to slow cell cycle progression in a variety of cancer cell lines (HeLa cells and HepG2) [48,49,50,51]. To further analyze the composition and the chemical structure of the components of J. rubens polysaccharide extracts, we employed FT-IR and quantified the sulfate content of the polysaccharide extract using the turbidimetric method with the barium-chloride gelatin reagent. The high sulfate content in the backbone of these polysaccharides, particularly carrageenan, aligns with previous research suggesting that the inhibition of colon cancer cell growth and migration by polysaccharide extracts from the Lebanese J. rubens is likely due to their sulfated nature [52,53].




5. Conclusions


Our results demonstrate that extracts from Lebanese J. rubens exhibit promising anticancer activities, suggesting their potential future use as adjuvants to enhance the efficacy of traditional chemotherapies. However, further studies are needed to elucidate the precise underlying biological activities. Additionally, the encouraging results warrant further analysis of the chemical composition of J. rubens extracts and investigation into the benefits of potentially using these extracts in combination with established therapies [32].
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Figure 1. Effect of polysaccharides, proteins, and lipids extracts on colon cancer cell lines viability. HCT-116 and HT-29 were seeded and treated with various doses (100, 250, 500, and 750 µg/mL) in 96-well plates. HCT-116 and HT-29 cell viability was measured after 24 h (A,C) and 48 h treatment (B,D) by using the MTT tetrazolium reduction assay. The percentage of cell viability was calculated relative to the control value (100% viability). The mean ± SD (n ≥ 3) is used to demonstrate the results. **** p < 0.0001. 
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Figure 2. Wound healing assay demonstrating that a range of concentrations from 100 to 750 µg/mL of polysaccharide extracts significantly reduce the migrating properties of HCT-116 and HT-29 cells following treatment duration of 6 and 24 h. (A,B) Polysaccharides treatment of HCT-116. (A) Percentage of wound healing at 0, 6, and 24 h. (B) Images of the scratch were obtained and documented at 0, 6, and 24 h. (C,D) Polysaccharides treatment of HT-29. (C) Percentage of wound closure was assessed at time intervals of 0, 6, and 24 h. (D) Images of the scratch were obtained and documented at 0, 6, and 24 h. Representative images were acquired utilizing a Leica microscope. The data were expressed as mean ± standard deviation, with a sample size of n = 3. ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control group. 
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Figure 3. Wound healing assay demonstrating that a range of concentrations from 100 to 750 µg/mL of protein extracts significantly reduce the migrating properties of HCT-116 and HT-29 cells following treatment duration of 6 and 24 h. (A,B) Protein treatment of HCT-116. (A) Percentage of wound healing at 0, 6, and 24 h. (B) Images of the scratch were obtained and documented at 0, 6, and 24 h. (C,D) Protein treatment of HT-29. (C) Percentage of wound closure was assessed at time intervals of 0, 6, and 24 h. (D) Images of the scratch were obtained and documented at 0, 6, and 24 h. Representative images were acquired utilizing a Leica microscope. The data were expressed as mean ± standard deviation, with a sample size of n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control group. 
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Figure 4. Polysaccharide extract increased the sub-G0 population of HCT-116 cells. Flow cytometry analysis demonstrates that polysaccharide extracts of J. rubens increases the subG1 population and decreases G0/G1 and G2/M populations of HCT-116 cells after treatment with 250 μg/mL polysaccharide extracts for 24 h. Data values are represented as mean ± SD (n = 3). * p < 0.05, ** p < 0.01 **** p < 0.0001. 
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Figure 5. FT-IR analysis of polysaccharides extracted from the red algae J. rubens. 
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Table 1. Cytotoxic activity of different extracts of J. rubens on CRC cell lines. Data are extracted from Figure 1 and reported as mean ± SD (n = 3).
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In Vitro Cytotoxicity IC50 (µg/mL)




	
Extracts

	
HCT-116

	
HT-29






	
Polysaccharides

	
324.7

	
272.1




	
Proteins

	
389.4

	
382.8




	
Lipids

	
588.5

	
627.7











 





Table 2. Percentage of wound repair in response to polysaccharide treatment at 24 h. Data are extracted from Figure 2 and reported as mean ± SD (n = 3).
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Wound Healing % (Polysaccharides) 24 h




	
Concetration (µg/mL)

	
HCT-116

	
HT-29






	
0

	
35.55

	
27.88




	
100

	
19.87

	
7.12




	
250

	
19.48

	
6.36




	
500

	
15.78

	
5.07




	
750

	
13.35

	
4.57











 





Table 3. Percentage of wound repair in response to protein treatment at 24 h. Data are extracted from Figure 3 and reported as mean ± SD (n = 3).
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Wound Healing % (Proteins) 24 h




	
Concetration (µg/mL)

	
HCT-116

	
HT-29






	
0

	
33.67

	
30.28




	
100

	
11.35

	
15.38




	
250

	
10.72

	
12.04




	
500

	
7.90

	
9.18




	
750

	
6.60

	
5.28
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