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Abstract

:

Biological invasion is the successful spread and establishment of a species in a novel environment that adversely affects the biodiversity, ecology, and economy. Both invasive and non-invasive species of the Caulerpa genus secrete more than thirty different secondary metabolites. Caulerpin is one of the most common secondary metabolites in genus Caulerpa. In this study, caulerpin found in invasive Caulerpa cylindracea and non-invasive Caulerpa lentillifera extracts were analyzed, quantified, and compared using high-performance thin layer chromatography (HPTLC) for the first time. The anticancer activities of caulerpin against HCT-116 and HT-29 colorectal cancer (CRC) cell lines were also tested. Caulerpin levels were found higher in the invasive form (108.83 ± 5.07 µg mL−1 and 96.49 ± 4.54 µg mL−1). Furthermore, caulerpin isolated from invasive Caulerpa decreased cell viability in a concentration-dependent manner (IC50 values were found between 119 and 179 µM), inhibited invasion-migration, and induced apoptosis in CRC cells. In comparison, no cytotoxic effects on the normal cell lines (HDF and NIH-3T3) were observed. In conclusion, HPTLC is a quick and novel method to investigate the caulerpin levels found in Caulerpa extracts, and this paper proposes an alternative utilization method for invasive C. cylindracea due to significant caulerpin content compared to non-invasive C. lentillifera.
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1. Introduction


Biological invasion (or bioinvasion) is a biological phenomenon defined as the spread and establishment of a species in a novel environment successfully [1,2]. Bioinvasion is often driven by human activities (such as aquaculture, shipping, transportation, and ongoing climate change) [1,3,4] and it causes ecological, economic, health, and social damages by causing deterioration of biodiversity and ecosystem functioning, the spread of diseases, and decrease in the quality of the economy [1,2]. Macroalgae, or seaweeds, offer a considerable source of bioactive chemicals (especially secondary metabolites) with potential uses in such industries as cosmetics, food, pharmacy, and medicine. The Caulerpa genus, the green siphonous macroalga, belongs to the Caulerpaceae family with 97 species [5]. Among the secondary metabolites in Caulerpa spp., the bisindole alkaloid caulerpin has antinociceptive and anti-inflammatory [6], antimicrobial activities against Escherichia coli, Staphylococcus aureus, and Streptococcus sp. [7]; inhibition of monoamine oxidase-B [8], antituberculosis activity [9]; and antinociception [10] activities. Furthermore, it was stated by in silico studies that it has antiviral activity against bovine viral diarrhea virus, herpes simplex virus, chikungunya virus, and SARS-CoV-2 [11,12,13,14,15,16,17]. It was reported that caulerpin has a hepatocellular carcinoma peroxisome proliferator activating receptor alpha and peroxisome proliferator activating receptor gamma activity in vivo and in vitro [18]. The role of secondary metabolites found in Caulerpa spp. in cancer metabolism is currently being studied, as well as the complex modulation network induced in AMPK modulation and endoplasmic reticulum stress, inhibition of hypoxia-inducible factor 1, protein tyrosine phosphatase1B inhibition and metabolic reprogramming, apoptosis and cell cycle arrest in cancer cells [5].



The method for the determination of caulerpin level is very limited in the literature. To determine the caulerpin found in tissues and extracts quantitatively, high-performance liquid chromatography (HPLC) or ultra-performance liquid chromatography coupled with mass spectrometry (UPLC/MS) are commonly used analytical methods [19,20,21]. However, thin-layer chromatography (TLC) has commonly been used to detect the caulerpin in extracts qualitatively. As post-treatments such as ceric sulfate spraying are required in analyzing caulerpin by TLC [12], it is hard to determine the caulerpin level quantitatively by this method (TLC). Diversely, high-performance thin-layer chromatography (HPTLC) provides more information about the compound quantitatively and qualitatively [22]. Analyzing the natural compounds by HPTLC has several advantages, such as high-throughput screening, low-volume sample preparation, cost-effective analysis, high sensitivity, short analysis and development time, and good reproducibility [22]. Thus, HPTLC is of great importance for the determination of compounds using planar chromatographic methods.



Colorectal cancer (CRC) is the third most common cancer type and the second cause of cancer-related death worldwide. In 2020, the annual incidence of CRC was reported as more than 1.9 million [23,24]. The development of CRC depends on multiple factors, such as lifestyle (dietary patterns, obesity, smoking, alcohol, etc.), family history and genetics (inflammatory bowel disease, colon polyps, diabetes mellitus, etc.), and personal factors (age, gender, gut microbiota, socioeconomic factors, etc.) [25]. Traditional CRC treatment involves chemotherapy and surgery. Although chemotherapeutics are commonly used for the treatment of CRC, side effects of chemotherapeutics that relate to non-specific actions (not only the tumor cells but also non-malignant cells) are the limit of the therapy [26]. Thus, using natural compounds as CRC treatment agents are of great importance.



The study aimed to determine the caulerpin level in different extracts of invasive Caulerpa cylindracea and non-invasive Caulerpa lentillifera by using HPTLC quantitatively, validate the HPTLC method by using the International Council for Harmonization (ICH) Q2 (R1) recommendations, characterize the isolated samples by using MALDI-TOF/MS, and investigate the biological activities of caulerpin against CRC cell lines using in vitro methods.




2. Results


2.1. HPTLC Validation of the Method for Quantification of Caulerpin


The different extracts, Caulerpa spp. (CC48, CC72, CL48, CL72, CCM, CLM) were analyzed using HPTLC. Rf value was defined as 0.41. According to the results, the highest and lowest caulerpin concentrations were found in CC48 and CC72, respectively. The caulerpin levels of CC48, CC72, CL72, CCM, CLM were found at 453.46 ± 21.10 ng µL−1 (108.83 ± 5.07 µg g−1), 402.04 ± 18.93 ng µL−1 (96.49 ± 4.54 µg g−1), 35.16 ± 16.07 ng µL−1 (8.44 ± 3.86 µg g−1), 562.14 ± 26.42 ng µL−1 (112.43 ± 5.29 µg g−1), and 42.09 ± 8.20 ng µL−1 (8.42 ± 1.64 µg g−1), respectively (Figure 1 and Figure 2). However, caulerpin was not found in the CL48 extract. All data are given in Table 1. The LOD and LOQ values for caulerpin were found as 20.47 and 67.56 ng µL−1, respectively. Accuracy (recovery percentage; R%) and precision were found as 89.81% and 19.2%, respectively. Related data are given in Table 2.




2.2. MALDI-TOF/MS Result of Caulerpin


Caulerpin was analyzed using MALDI-TOF/MS (Figure 3). In Figure 3, the most abundant peak was observed at 398.11 m/z, and this molecule was defined as caulerpin, and at 871.52 m/z could be chlorophyll a without the magnesium ion [27].



Since the 871 m/z fragment was observed in the MALDI-TOF/MS result of the isolated caulerpin (Figure 3), an HPLC analysis was performed for the isolated caulerpin by using the method of Turhan and Cavas [19], and the caulerpin peak at 30.9 min was observed. Furthermore, there were no other peaks during the HPLC analysis (Figure 4).




2.3. The Effect of Caulerpin on Colorectal Cancer Cell Line Viability


The cytotoxic activity of caulerpin against HCT-116 and HT-29 cell lines treated with various concentrations of caulerpin was measured by using WST-1 reagent. After 48-h incubation, IC50 concentrations were calculated as 119 and 179 µM for HCT-116 and HT-29 cell lines, respectively. Furthermore, after 48-h incubation, IC10 concentrations were 73 µM for HCT-116 and 66 µM for HT-29 cell lines (Figure 5A,B). For the NIH/3T3 cell line, the IC10 doses of the caulerpin did not significantly reduce the cell viability at the 24th hour compared to the control group. However, for the NIH/3T3 cell line, the IC10 dose of the HCT-116 cell line (* p = 0.04) and the IC50 dose (* p = 0.04) dose of the HCT-116 cell line showed significantly reduced viability at 48 h compared to the control. On the other hand, the IC50 doses did not reach the half maximal viability at the 48th hour (HCT-116 IC50 dose cell viability: 67.5% and HT-29 IC50 dose cell viability: 68.8%) (Figure 5C).



For the HDF cell line, the IC50 dose of the HT-29 cell line (p = 0.04) and the IC50 dose of the HCT-116 cell line (* p = 0.04) significantly reduced the cell viability at the 24th hour compared to the control group. Furthermore, the IC10 doses of the caulerpin did not significantly reduce the cell viability at the 24th hour compared to the control group. On the other hand, the IC50 doses did not reach the half maximal viability at the 48th hour (HCT-116 IC50 dose cell viability: 84.7% and HT-29 IC50 dose cell viability: 76.6%) (Figure 5D).



The long-term effect of caulerpin on the proliferative capacity of HCT-116 and HT-29 cell lines was evaluated by a colony formation assay after 15 days of treatment with IC10 and IC50 doses of caulerpin. The results revealed that after incubation with caulerpin, the colony formation of HCT-116 and HT-29 cell lines was inhibited (**, p = 0.0043 for HCT-116 cell line and **, p = 0.0010 for HT-29 cell line (Figure 5E,F).




2.4. Inhibition of Migration and Invasion and Inducing Apoptosis of HCT-116 and HT-29 Cell Lines by Caulerpin


Migration is the main step of metastasis, thus, a wound healing assay was performed to examine the effect of caulerpin on the migration of the HCT-116 and HT-29 cell lines. After 48-h incubation, the control group exhibited 53.5% closure for the HCT-116 cell line. IC10 and IC50 doses of caulerpin showed 19.5% and 23.6% closure for the HCT-116 cell line, respectively (for the 24th hour, * p = 0.0319 and ** p = 0.0080; for the 48th hour, * p = 0.0407 and ** p = 0.0017). On the other hand, after 48-h incubation, the control group, IC10, and IC50 doses of caulerpin exhibited 41.8%, 5.78%, and 13.9% closure for HT-29 cell line, respectively (for the 24th hour, *** p = 0.0001). The results were given in Figure 6A,B.



The invasion activity of caulerpin on HCT-116 and HT-29 cell lines was investigated at the 6th, 24th, and 48th hours (Figure 6C,D). As shown in Figure 6C, caulerpin inhibited invasion on the HCT-116 cell line at the 48th hour (for the 6th hour, * p = 0.0436; for the 24th hour, ** p = 0.0072). The xCELLigence RTCA DP result reveals that the IC50 dose of caulerpin is quite effective on HT-29 cell line invasion, as shown in Figure 6D (for 6th hour, ** p = 0.0084 and **** p < 0.0001; for 48th hour, ** p = 0.0048).



After incubation with the caulerpin for 48 h, the Hoechst/PI staining protocol was applied to investigate the apoptotic activity. The results show that after 48 h exposed to IC10 and IC50 doses of caulerpin, the percent of apoptotic cells increased to 11.42 ± 2.67 and 34.28 ± 1.65 for HCT-116 cells, respectively (* p = 0.0102). Furthermore, in the treatment of IC10 and IC50 doses of caulerpin, the percent of apoptotic cells was increased to 11.42 ± 2.67 and 34.28 ± 1.65 for HCT-116 cells, respectively, and 10.22 ± 2.67 and 41.90 ± 1.65 for HT-29 cells, respectively (** p = 0.0047) (Figure 7).





3. Discussion


In this paper, caulerpin found in invasive C. cylindracea and non-invasive C. lentillifera extracts was analyzed and quantified using HPTLC for the first time. Among the two different extractions (soxhlet and maceration) procedures prepared from two different species, the caulerpin levels were compared. The anticancer activity of caulerpin against colorectal cancer cell lines was also tested. The results reveal that caulerpin levels were higher in invasive species. Furthermore, caulerpin was found to be an effective compound against CRC. HPTLC is a fast and novel method to investigate the caulerpin level from Caulerpa spp. (especially invasive C. cylindracea). Utilizing this bisindole alkaloid-based secondary metabolite against CRC treatment is promising.



Extraction is the first and most important step in the isolation of natural compounds [26,27]. Soxhlet extraction is defined as hot and continuous extraction that allows for obtaining more chemicals from the material (algae, plants, animals, etc.) [28,29]; on the other hand, maceration is a traditional method that is an easy and short procedure. In this study, the highest and the lowest caulerpin levels were found as 562.14 ± 26.42 ng µL−1 (112.43 ± 5.29 µg g−1) and 402.04 ± 18.93 ng µL−1 (96.49 ± 4.54 µg g−1) in CCM and CC72 extracts, respectively. The caulerpin levels were higher in C. cylindracea extracts than in C. lentillifera extracts (p < 0.05). In the literature, caulerpin levels were determined in different organisms by using HPLC [18,20,21,29]. According to the study by Terlizzi et al., the caulerpin was isolated from C. racemosa and the level was found as 50.4 µg g−1 fresh weight [30]. Mao et al. found the caulerpin levels in C. taxifolia to be 528.7 µg g−1 dry weight (0.05% dry weight) [31]. Lucena et al. isolated caulerpin from C. racemosa with a yield of 0.1% dry weight. They obtained 5 g caulerpin from 5 kg-dried samples [32]. In the study of Turhan and Cavas, caulerpin levels in C. cylindracea were found between 1090 ± 0.01 and 1820 ± 0.21 µg g−1 dry weight [21]. They also found that the season affected the caulerpin levels among C. cylindracea samples. Nagappan and Vairappan (2014) found that the caulerpin levels in C. racemosa var. clavifera f. macrophysa, C. racemosa var. laetevirens, and C. lentillifera were 2.6%, 1.8%, and 3.5% mg, respectively [7]. Since HPTLC is a faster and cheaper method, it could be used to quantify the level of caulerpin found in fish tissues or other organisms. No HPTLC method for the determination of caulerpin level in Caulerpa extracts has so far been reported.



The validation parameters were also tested in this study. In the literature, the LOD ranges of the secondary metabolites found in extracts detected by HPTLC were found between 5.25 ng spot−1 and 29.30 µg [33,34,35,36,37,38,39,40,41]. Furthermore, the LOQ ranges of the secondary metabolites found in extracts detected by HPTLC were found between 15.29 ng spot−1 and 97.83 µg [33,34,35,36,37,38,39,40,41]. Additionally, in the study by Turhan and Cavas (2019), the LOD and LOQ values of caulerpin were determined using HPLC and they found the LOD, LOQ, recovery, and precision values for 235 nm as 0.00179 g/L, 0.00543 g/L, 108.8%, and 7.8%, respectively [21]. In our study, the recovery was found as 89.81%. According to the ICH guidelines, the recovery (%) range of the analyte should be 70–130 (%). Furthermore, according to European Commission Health and Consumer Protection (ECHA) guidelines, the suggested precision value (R.S.D. %) is less than 20%. In our study, we found the R.S.D. at 19.2%.



The MALDI-TOF/MS result indicated that the fragment found in all samples at 398 m/z is caulerpin. Furthermore, the fragment found in the spectrum above 871 m/z could be chlorophyll α allomers (chlorophyll a without the magnesium ion, HO-chlorophyll a without the magnesium ion, HO-lactonechlorophyll a without the magnesium ion). In the literature, Yap et al. studied the antioxidant and antibacterial properties of C. racemosa and C. lentillifera extracts and identified the compounds found in these species [42]. They mentioned the properties of alloxhantin, which is a carotenoid, such as anti-inflammatory properties. Additionally, in the same study, they mentioned the biological properties of pheophorbide-a, such as inducing apoptosis in human hepatocellular carcinoma cells and antioxidant and anti-inflammatory activities [42]. Similar fragments were observed in our study.



Colorectal cancer (CRC) is the third most common cancer type and the second cause of cancer-related death worldwide and investigating, and using novel marine-sourced natural compounds as CRC treatment agents is crucial. Medicinal plants are defined as a “treasure trove” of biologically active molecules (chemicals) against various human diseases [43]. Caulerpin was previously used against different cancer cell lines and also colorectal cancer lines [10,44,45,46,47,48]. HT-29 and HCT-116 are the most commonly used for in vitro colorectal cancer research [26]. In this current study, because of this reason and their different genetical background (HT-29 cell line is BRAF-mutated colorectal adenocarcinoma; on the other hand, the HCT-116 cell line is KRAS-mutated colon carcinoma), we have selected these lines. Due to the molecular differences in cell lines, and also related culture conditions, various drug (caulerpin) responses can be observed. For instance, in this study, the IC50 values of these two cell lines were found to be different (HT-29 IC50: 179 µM and HCT-116 IC50: 119 µM). In the study of Yu et al. (2016), IC50 values of caulerpin against CRC cells were found to range from 20 to 31 µM [48]. The main reason for the difference in the IC50 values between our results compared to the obtained results from the previous study carried out by using HCT-116 and HT-29 cell lines could be the different cell viability assay kit that they have used. In the study of Yu et al. (2016), the CCK8 Assay kit was used for the measurement of cell viability, which is a more sensitive reagent than WST-1. The other reason for the difference in the IC50 values could be the medium that they used. The intensity of cell viability reagents is affected by the culture medium [49]. In the study of Yu et al. (2016), DMEM was used as growth media; on the other hand, in our study, HCT-116 and HT-29 cells were grown in McCoy’s 5A media, as suggested by ATCC. On the other hand, their main aim was to investigate the metabolic reprogramming and AMPKα1 pathway activation activity of caulerpin. This study aimed to investigate the inhibitory activity of caulerpin against metastatic processes involving migration and invasion. The first step of metastasis is the migration of cancer cells. Exposure to caulerpin inhibited the HCT-116 and HT-29 cell migration in a dose-dependent manner. Furthermore, caulerpin inhibited the HCT-116 and HT-29 cell invasion through Matrigel for 48-h.



Invasive species generally affect ecosystems and infrastructures detrimentally. Thus, utilizing the invasive species with their biotechnological and/or clinical properties is crucial. Caulerpa cylindracea Sonder, an invasive marine macroalga, has exhibited an impressive and continuous expansion since its first observation in Tunisia. Rather than eradication, investigating the “treasure trove” of invasive C. cylindracea and utilizing the chemicals as marine drugs is strongly recommended.



In terms of study limitations, the time of the maceration was quite short. The results of the maceration yield were calculated; on the other hand, it should be changed, and the effect of the time on the extraction yield should be evaluated. Additionally, although the caulerpin level found in invasive CCM was found as the highest value, from a future perspective, different Caulerpa samples might be studied. The difference between the extraction methods that were applied should be repeated. Future studies on the novel extraction and modifications in HPTLC methods will need further exploration.




4. Materials and Methods


4.1. Instrumentation and Chemicals


HPTLC analysis was studied using Camag Linomat V and Camag TLC-Scanner 3. TLC was performed on 20 × 10-cm plates (Merck, silica gel60 F254 TLC plates). Caulerpin samples were prepared fresh in diethyl ether and were applied to TLC by a semi-automatic sample applicator (Camag Linomat V, Muttenz, Switzerland). The twin horizontal chamber (Camag) was used for development. A Camag TLC-Scanner 3 densitometer was used to quantify the bands on the plates using a tungsten source (absorbance reflection mode). The slit dimensions were set as 6 mm and 0.3 mm in length and width, respectively. The scanning rate was set as 20-mm s−1. Diethyl ether and petroleum ether (Merck, analytical grade) were used for the extraction of the samples and used as the mobile phase. Ethyl acetate (high purity, Tekkim) was used for the maceration of samples.




4.2. Caulerpa Sampling


Specimens of green invasive seaweed C. cylindracea (Sonder) were collected from Dikili (İzmir-Türkiye) (39°12′19.31″N, 26°85′28.08″E) at a depth of 0–1 m. The samples were transferred into seawater through the laboratory and washed with water to separate them from epiphytes, sediments, and associated organisms such as seaweeds, seagrasses, and mollusks. Then, the invasive C. cylindracea samples were dried at room temperature. Dried and powdered C. lentillifera (from Shaanxi, China) samples were purchased from China (Xi’an Aladdin Biological Technology Co., Ltd., Xi’an, China).




4.3. Extraction of Caulerpa spp. and Isolation of Caulerpin


In this study, six different Caulerpa spp. extracts were prepared with the method of Aguilar-Santos (1970), with some modifications. Dried and powdered C. cylindracea samples (55 g) were extracted with diethyl ether (350 mL) using a Soxhlet apparatus for 8 h and re-extracted without removing the extract and residue with diethyl ether using a Soxhlet apparatus for 8 h more. Then, the extract was filtered and evaporated (hereafter, this extract is called CC48). The residues of C. cylindracea samples were re-extracted with diethyl ether using a Soxhlet apparatus for 8 h without removing the extract and residue. After 16 h, the extract was filtered and concentrated (hereafter, this extract is called CC72; yield 0.145%). Dried and powdered C. lentillifera samples (124 g) were extracted with diethyl ether (350 mL) using a Soxhlet apparatus for 8 h and re-extracted without removing the extract and residue with diethyl ether using a Soxhlet apparatus for 8 h more. Then, the extract of the non-invasive sample was filtered and evaporated (hereafter, this extract is called CL48). The residues of C. lentillifera samples were re-extracted with diethyl ether using a Soxhlet apparatus for 8 h without removing the extract and residue. After 16 h, the extract was filtered and concentrated (hereafter, this extract is called CL72). Then, C. cylindracea samples (1 g) were macerated with ethyl acetate (10 mL) and concentrated to 200 uL (hereafter, this extract is called CCM). C. lentillifera samples (1 g) were macerated with ethyl acetate (10 mL) and concentrated (hereafter, this extract is called CLM). Additionally, CC48 was set aside to cool for 48 h at −18 °C and red crystals of caulerpin were obtained.




4.4. Optimization of HPTLC Analysis


Caulerpin samples were applied to plates (1 µL per band), and band length and widths were set as 6 mm and 0.3 mm, respectively. The distance between bands, distance from the plate side, and distance from the bottom of the plate were 8.2 mm, 10 mm, and 15 mm, respectively. The plates (20 × 10 cm) were developed in a horizontal chamber. Petroleum ether-diethyl ether (1:1, v/v) was used as the mobile phase [21]. Then, 10 mL of mobile phase was added to the chamber to equilibrate the system 20 min before inserting the TLC plate, and after each analysis, the mobile phase was removed. The plates were scanned at 330 nm. The slit dimension was set as 6 mm × 0.3 mm. The scanning rate was 20 mm s−1. After the development of the caulerpin and extracts, the bands were identified by their retention factor (Rf) values.




4.5. Method Validation of Caulerpin


The method validation of caulerpin was performed using the International Council for Harmonization (ICH, 2005) Q2 (R1) recommendations. The calibration curve was plotted for 25, 50, 75, 100, and 500 ng µL−1 (the concentration in the bands) caulerpin after the optimization of the HPTLC procedure. The concentration of caulerpin versus the peak area was used to construct the calibration curve. The blank method was used to calculate the limit of detection (LOD) and limit of quantitation (LOQ) values for caulerpin [50]. In this method, multiplying by three standard deviations of the response of the ten different analyses of ether (blank sample) divided by the slope was defined as the LOD of the Caulerpin. LOQ was calculated as 3.3-fold of the LOD values. To calculate the accuracy, freshly prepared caulerpin standards with the concentrations of 25, 50, and 100 ng µL−1 were analyzed three times (three concentrations, three replicates) and were estimated as percentage recovery (R%). Precision was calculated by the maximum concentration level (500 ng µL−1) of caulerpin with six replicates. It was represented as the relative standard deviation percentage (R.S.D. %) [51].




4.6. Cell Lines and Reagents


The cell lines HCT-116 (colorectal carcinoma), HT-29 (colorectal adenocarcinoma), NIH-3T3 (Mus musculus fibroblast), and HDF (primary dermal fibroblast; normal, human) were obtained from American Type Culture Collection (ATCC). McCoy’s 5A and fetal bovine serum (FBS) were purchased from Cegrogen, Ebsdorfergrund, Germany. WST-1, Cell Proliferation Reagent, was purchased from Roche, Indianapolis, IN, USA. Matrigel (growth factor reduced, basement membrane matrix) was purchased from Corning, Somerville, MA, USA. Dimethyl sulfoxide (for cell culture) was purchased from PanReac AppliChem, Chicago, IL, USA.




4.7. Cell Culture


The HCT-116 (ATCC, CCL-247) cell line was routinely maintained in McCoy’s 5A supplemented with 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin/streptomycin; and the HT-29 (ATCC, HTB-38) cell line was routinely maintained in McCoy’s 5A supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. NIH-3T3 (ATCC, CRL-1658) and HDF (primary dermal fibroblast; normal, human ATCC, PCS-201-012) cell lines were maintained in DMEM/HamsF12 supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cell lines were incubated at 5% CO2 and 37 °C temperatures.




4.8. Cytotoxicity Assay


The cells (4 × 104 each) were seeded in a 96-well plate, and after 24-h incubation, cells were treated with different concentrations of caulerpin for up to 48 hr. After 24- and 48-h incubation, WST-1 was used and incubated for 2.5 h. Following incubation, absorbance was taken at 450/630 nm wavelength using a spectrophotometer (Variskan Lux, ThermoScientific, Waltham, MA, USA).



Inhibition concentration (IC) 50 and IC10 values were calculated by using the formulas of [(Tx − Tz)/Tz] × 100 = −50 and −10, respectively. (C is the control, Tx is a time of the absorbance measurement of caulerpin concentrations, i.e., 24 and 48 h, and Tz is the absorbance time zero) [49].




4.9. Colony Formation Assay


Cell lines seeded 5 × 102 in a 6-well plate were used. After 48 h of seeding, IC50 and IC10 doses of caulerpin isolated from invasive C. cylindracea were applied. The medium in each well was reintroduced at the end of each 48 h after treatment with a caulerpin. After 14 days, cells were washed 2 times with cold methanol, treated with 4% PFA for 20 min, and stained with 0.5% in 2.5% methanol.




4.10. Migration Assay


HCT-116 and HT-29 cells (3 × 105 cells/well) were seeded in a 6-well plate and incubated until 90% confluency. Before the cells were treated with caulerpin, the media was removed, and FBS-starvation media was used for 24 h. The wells were straightly scratched with a sterile pipette tip across the center of the well to simulate a wound and the IC50 and IC10 doses of caulerpin were added. After treatment, the images were taken at 0, 24, and 48 h by using an Axio inverted light microscope (Zeiss). The widths of the wounds from at least 2 different fields of the wells were measured using the ZEISS ZEN microscope software and the widths were quantified.



The wound width percentage was calculated by using the formula of [(Wound width Tz − Wound width Tx)/Wound width Tz] × 100 (Tz is time zero, Tx is the time of the measurement) [52].




4.11. Invasion Assay


The invasion experiments were performed using an xCELLigence RTCA DP Instrument with CIM-plate 16 (Roche Diagnostics GmbH, Mannheim, Germany). Before the experiment, the cells were suspended in an FBS-starvation medium for at least 6 h. The upper compartment was coated with 20 μL Matrigel (growth factor reduced, basement membrane matrix, BD Biosciences, Erembodegem, Belgium) at a 1:30 ratio 4 h before the addition of cell suspension for invasion assay. The lower compartment was supplemented with chemoattractant (20% FBS-containing media) to create a concentration gradient. HCT-116 and HT-29 cells (4 × 104 cells/well) suspended in the FBS-starvation medium were added to the upper compartment. Caulerpin with different concentrations (IC50 and IC10 concentrations of caulerpin calculated by WST-1 assay analysis) was added to the upper compartment. The impedances were recorded every 15 min and monitored for 48 h xCELLigence RTCA software vs.1.2.1. The invasion of cells at the 6th, 24th, and 48th hours was calculated as a percentage of CI compared to the control group by using Graphpad Prism.




4.12. Apoptosis Analysis


For the apoptosis assay, the Hoechst (33342)/PI staining procedure was used. First, 10,000 cells were seeded in 96-well plates and incubated for 48 h with IC10 and IC50 doses. After harvesting the HCT-116 and HT-29 cells, cold PBS was used for washing (three times for 5 min), cells were fixed by using methanol and stained using Hoechst 33,342 (1 µg mL−1) and PI (5 µg mL−1). After incubation for 30 min at 37 °C in the dark, cells were washed with cold PBS (three times for 5 min). The images were taken with a confocal microscope (ZEISS, Germany) [53].



The apoptosis percentage (%) was calculated as the PI-positive stained cells found in total Hoechst-stained cells.




4.13. Statistical Analysis


Student’s t-test (t-test) was used for the comparison of means between the groups (extracts; heated or macerated at room temperature). Statistical difference was set at p = 0.05. The results of in vitro tests were analyzed either by two-way analysis of variance (two-way ANOVA), one-way analysis of variance (one-way ANOVA), or Student’s t-test as required by the experimental system, and differences were considered significant at p < 0.05 by using GraphPad Prism.





5. Conclusions


The Caulerpa genus is an important macroalgae genus with 96 different species, including invasive members. The secondary metabolites of invasive Caulerpa cylindracea attract attention due to their bioactivities. Overall, in this study, HPTLC was evaluated as a quick and effective method to determine caulerpin levels in Caulerpa tissues. The data obtained from HPTLC analysis were effectively built for extracts of both non-invasive and invasive Caulerpa spp. HPTLC demonstrated a new approach to investigating the similarity between the species and extraction methods based on their features in HPTLC chromatograms. Moreover, qualitative, and quantitative analyses were performed to identify the ingredients of the extracts. Changes in the extraction method of Caulerpa samples could influence the HPTLC analysis. Proliferation–invasion–migration–apoptosis and colony-formation-based anticancer properties of caulerpin isolated from C. cylindracea against CRC are shown via HCT-116 and HT-29 cell lines, and results were compared by NIH-3T3 and HDF cell lines. Invasive species in the Mediterranean Sea may be utilized to discover new bioactive compounds that will be evaluated in pharmacy and medicine. This paper proposes an alternative utilization method for invasive C. cylindracea due to significant caulerpin content compared to non-invasive C. lentillifera. Invasive species may differ in their secondary metabolites in terms of concentration and modification during the adaptation period within their invaded habitats, which will need the development of new analytical methods such as those mentioned in this paper. In this paper, caulerpin found in invasive C. cylindracea and non-invasive C. lentillifera extracts were analyzed and quantified using HPTLC for the first time. Compared to other chromatographic (especially HPLC-based) methods, HPTLC is a quick method for quantification of caulerpin and consumes less solvent. Among the two different extraction procedures (soxhlet and maceration) prepared from two different species (invasive and non-invasive), the caulerpin levels were found higher in the invasive species. Since there was a solubility problem in the CL48 samples, the caulerpin level could not be measured and the caulerpin level was found below LOD. The extraction method of CL samples could be revised for further studies. The anticancer activity of caulerpin against colorectal cancer cell lines was also tested. To elucidate the mechanistic insight of caulerpin, additional apoptotic biomarkers should be tested for further studies. In conclusion, caulerpin was found to be an effective and promising marine compound from invasive species against CRC. On the other hand, further studies for translational approaches are recommended.







Author Contributions


Conceptualization, N.M.-O., Y.B. and L.C.; methodology, N.M.-O.; software, N.M.-O.; validation, Y.B., L.C. and G.C.-K.; formal analysis, all authors; investigation, all authors; resources, N.M.-O.; data curation, H.E.; writing—original draft preparation, N.M.-O.; writing—review and editing, all authors; visualization, N.M.-O.; supervision, Y.B., L.C., H.E. and G.C.-K.; project administration, N.O.; funding acquisition, N.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Dokuz Eylül University, Scientific Research Projects (Grant number: 2018.KB.SAG.079). NMO is supported by the Council of Higher Education (YOK) 100/2000 Doctoral Project and Scientific and Technological Research Council of Turkey (TÜBİTAK, 2211-A).




Institutional Review Board Statement


The study was approved by the Ethics Committee of Dokuz Eylül University (protocol code 3338-GOA and date of approval: 19 July 2018). The thesis number of NMO is DEU.HSI.PhD-2016970159. This study does not involve humans or animals; only cell lines were used.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available.




Acknowledgments


The authors also wish to thank the Biological Mass Spectrometry and Proteomics Facility (Talat YALCIN) located at the Chemistry Department of İzmir Institute of Technology for the MALDI-TOF/MS analysis in this study. Furthermore, the HDF cell line was obtained from Sevgi IRTEGUN KANDEMIR (Department of Medical Biology, Faculty of Medicine, Dicle University).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Diagne, C.; Leroy, B.; Gozlan, R.E.; Vaissière, A.C.; Assailly, C.; Nuninger, L.; Roiz, D.; Jourdain, F.; Jarić, I.; Courchamp, F. InvaCost, a Public Database of the Economic Costs of Biological Invasions Worldwide. Sci. Data 2020, 7, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Diagne, C.; Leroy, B.; Vaissière, A.C.; Gozlan, R.E.; Roiz, D.; Jarić, I.; Salles, J.M.; Bradshaw, C.J.A.; Courchamp, F. High and Rising Economic Costs of Biological Invasions Worldwide. Nature 2021, 592, 571–576. [Google Scholar] [CrossRef] [PubMed]

	



Schaffelke, B.; Hewitt, C.L. Impacts of Introduced Seaweeds. Bot. Mar. 2008, 50, 397–417. [Google Scholar] [CrossRef]

	



Pierucci, A.; De La Fuente, G.; Cannas, R.; Chiantore, M. A New Record of the Invasive Seaweed Caulerpa cylindracea Sonder in the South Adriatic Sea. Heliyon 2019, 5, e02449. [Google Scholar] [CrossRef]

	



Mehra, R.; Bhushan, S.; Bast, F.; Singh, S. Marine Macroalga Caulerpa: Role of Its Metabolites in Modulating Cancer Signaling. Mol. Biol. Rep. 2019, 46, 3545–3555. [Google Scholar] [CrossRef] [PubMed]

	



De Souza, É.T.; De Lira, D.P.; De Queiroz, A.C.; Da Silva, D.J.C.; De Aquino, A.B.; Campessato Mella, E.A.; Lorenzo, V.P.; De Miranda, G.E.C.; De Araújo-Júnior, J.X.; De Oliveira Chaves, M.C.; et al. The Antinociceptive and Anti-Inflammatory Activities of Caulerpin, a Bisindole Alkaloid Isolated from Seaweeds of the Genus Caulerpa. Mar. Drugs 2009, 7, 689–704. [Google Scholar] [CrossRef]

	



Nagappan, T.; Vairappan, C.S. Nutritional and Bioactive Properties of Three Edible Species of Green Algae, Genus Caulerpa (Caulerpaceae). J. Appl. Phycol. 2014, 26, 1019–1027. [Google Scholar] [CrossRef]

	



Lorenzo, V.P.; Filho, J.M.B.; Scotti, L.; Scotti, M.T. Combined Structure- and Ligand-Based Virtual Screening to Evaluate Caulerpin Analogs with Potential Inhibitory Activity against Monoamine Oxidase B. Rev. Bras. Farm. 2015, 25, 690–697. [Google Scholar] [CrossRef]

	



Canché Chay, C.I.; Cansino, R.G.; Espitia Pinzón, C.I.; Torres-Ochoa, R.O.; Martínez, R. Synthesis and Anti-Tuberculosis Activity of the Marine Natural Product Caulerpin and Its Analogues. Mar. Drugs 2014, 12, 1757–1772. [Google Scholar] [CrossRef]

	



Cavalcante-Silva, L.H.A.; Falcão, M.A.P.; Vieira, A.C.S.; Viana, M.D.M.; De Araújo-Júnior, J.X.; Sousa, J.C.F.; Da Silva, T.M.S.; Barbosa-Filho, J.M.; Noël, F.; De Miranda, G.E.C.; et al. Assessment of Mechanisms Involved in Antinociception Produced by the Alkaloid Caulerpine. Molecules 2014, 19, 14699–14709. [Google Scholar] [CrossRef][Green Version]

	



Pinto, A.M.V.; Leite, J.P.G.; Ferreira, W.J.; Cavalcanti, D.N.; Villaça, R.C.; Giongo, V.; Teixeira, V.L.; Paixão, I.C.N.d.P. Marine Natural Seaweed Products as Potential Antiviral Drugs against Bovine Viral Diarrhea Virus. Rev. Bras. Farm. 2012, 22, 813–817. [Google Scholar] [CrossRef]

	



Macedo, N.R.P.V.; Ribeiro, M.S.; Villaça, R.C.; Ferreira, W.; Pinto, A.M.; Teixeira, V.L.; Cirne-Santos, C.; Paixão, I.C.N.P.; Giongo, V. Caulerpin as a Potential Antiviral Drug against Herpes Simplex Virus Type 1. Rev. Bras. Farm. 2012, 22, 861–867. [Google Scholar] [CrossRef]

	



Zhang, M.-Z.; Chen, Q.; Yang, G.-F. A Review on Recent Developments of Indole-Containing Antiviral Agents. Eur. J. Med. Chem. 2015, 89, 421–441. [Google Scholar] [CrossRef] [PubMed]

	



Esteves, P.O.; de Oliveira, M.C.; de Souza Barros, C.; Cirne-Santos, C.C.; Laneuvlille, V.T.; Palmer Paixão, I.C. Antiviral Effect of Caulerpin Against Chikungunya. Nat. Prod. Commun. 2019, 14, 1–6. [Google Scholar] [CrossRef]

	



Ahmed, S.A.; Abdelrheem, D.A.; El-Mageed, H.R.A.; Mohamed, H.S.; Rahman, A.A.; Elsayed, K.N.M.; Ahmed, S.A. Destabilizing the Structural Integrity of COVID-19 by Caulerpin and Its Derivatives along with Some Antiviral Drugs: An in Silico Approaches for a Combination Therapy. Struct. Chem. 2020, 31, 2391–2412. [Google Scholar] [CrossRef]

	



Abdelrheem, D.A.; Ahmed, S.A.; Abd El-Mageed, H.R.; Mohamed, H.S.; Rahman, A.A.; Elsayed, K.N.M.; Ahmed, S.A. The Inhibitory Effect of Some Natural Bioactive Compounds against SARS-CoV-2 Main Protease: Insights from Molecular Docking Analysis and Molecular Dynamic Simulation. J. Environ. Sci. Health A Toxic Hazard. Subst. Environ. Eng. 2020, 55, 1373–1386. [Google Scholar] [CrossRef] [PubMed]

	



Çavaş, L.; Dag, C.; Carmena-Barreño, M.; Martínez-cortés, C.; Pedro, J.; Pérez-Sánchez, H. Secondary Metabolites from Caulerpa cylindracea (Sonder) Could Be Alternative Natural Antiviral Compounds for COVID-19: A Further in Silico Proof. Biol. Med. Chem. 2020. [Google Scholar] [CrossRef]

	



Vitale, R.M.; D’aniello, E.; Gorbi, S.; Martella, A.; Silvestri, C.; Giuliani, M.E.; Fellous, T.; Gentile, A.; Carbone, M.; Cutignano, A.; et al. Fishing for Targets of Alien Metabolites: A Novel Peroxisome Proliferator-Activated Receptor (PPAR) Agonist from a Marine Pest. Mar. Drugs 2018, 16, 431. [Google Scholar] [CrossRef]

	



Felline, S.; Mollo, E.; Cutignano, A.; Grauso, L.; Andaloro, F.; Castriota, L.; Consoli, P.; Falautano, M.; Sinopoli, M.; Terlizzi, A. Preliminary Observations of Caulerpin Accumulation from the Invasive Caulerpa cylindracea in Native Mediterranean Fish Species. Aquat. Biol. 2017, 26, 27–31. [Google Scholar] [CrossRef]

	



Gorbi, S.; Giuliani, M.E.; Pittura, L.; d’Errico, G.; Terlizzi, A.; Felline, S.; Grauso, L.; Mollo, E.; Cutignano, A.; Regoli, F. Could Molecular Effects of Caulerpa racemosa Metabolites Modulate the Impact on Fish Populations of Diplodus Sargus? Mar. Environ. Res. 2014, 96, 2–11. [Google Scholar] [CrossRef]

	



Turhan, S.; Cavas, L. The Threat on Your Plate: Do We Just Eat Sarpa Salpa or More? Reg. Stud. Mar. Sci. 2019, 29, 100697. [Google Scholar] [CrossRef]

	



Ristivojević, P.; Trifković, J.; Andrić, F.; Milojković-Opsenica, D. Recent Trends in Image Evaluation of HPTLC Chromatograms. J. Liq. Chromatogr. Relat. Technol. 2020, 43, 291–299. [Google Scholar] [CrossRef]

	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Lenos, K.J.; Bach, S.; Ferreira Moreno, L.; ten Hoorn, S.; Sluiter, N.R.; Bootsma, S.; Vieira Braga, F.A.; Nijman, L.E.; van den Bosch, T.; Miedema, D.M.; et al. Molecular Characterization of Colorectal Cancer Related Peritoneal Metastatic Disease. Nat. Commun. 2022, 13, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Sawicki, T.; Ruszkowska, M.; Danielewicz, A. A Review of Colorectal Cancer in Terms of Epidemiology, Risk Factors, Development, Symptoms and Diagnosis. Cancers 2021, 13, 2025. [Google Scholar] [CrossRef] [PubMed]

	



Rejhová, A.; Opattová, A.; Čumová, A.; Slíva, D.; Vodička, P. Natural Compounds and Combination Therapy in Colorectal Cancer Treatment. Eur. J. Med. Chem. 2018, 144, 582–594. [Google Scholar] [CrossRef] [PubMed]

	



Nowruzi, B.; Jokela, J. Identification of Four Different Chlorophyll Allomers of Nostoc Sp. by Liquid Identification of Four Different Chlorophyll Allomers of Nostoc Sp. by Liquid Chromatography-Mass Spectrometer. Int. J. Plant Stud. 2019, 2, 1–4. [Google Scholar]

	



Km, G. Significant Role of Soxhlet Extraction Process in Phytochemical. Mintage J. Pharm. Med. Sci. 2019, 7, 43–47. [Google Scholar]

	



Felline, S.; Mollo, E.; Ferramosca, A.; Zara, V.; Regoli, F.; Gorbi, S.; Terlizzi, A. Can a Marine Pest Reduce the Nutritional Value of Mediterranean Fish Flesh? Mar. Biol. 2014, 161, 1275–1283. [Google Scholar] [CrossRef]

	



Terlizzi, A.; Felline, S.; Lionetto, M.G.; Caricato, R.; Perfetti, V.; Cutignano, A.; Mollo, E. Detrimental Physiological Effects of the Invasive Alga Caulerpa racemosa on the Mediterranean White Seabream Diplodus Sargus. Aquat. Biol. 2011, 12, 109–117. [Google Scholar] [CrossRef]

	



Mao, S.C.; Guo, Y.W.; Shen, X. Two Novel Aromatic Valerenane-Type Sesquiterpenes from the Chinese Green Alga Caulerpa Taxifolia. Bioorg. Med. Chem. Lett. 2006, 16, 2947–2950. [Google Scholar] [CrossRef] [PubMed]

	



Lucena, A.M.M.; Souza, C.R.M.; Jales, J.T.; Guedes, P.M.M.; De Miranda, G.E.C.; de Moura, A.M.A.; Araújo-Júnior, J.X.; Nascimento, G.J.; Scortecci, K.C.; Santos, B.V.O.; et al. The Bisindole Alkaloid Caulerpin, from Seaweeds of the Genus Caulerpa, Attenuated Colon Damage in Murine Colitis Model. Mar. Drugs 2018, 16, 318. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Alqarni, M.H.; Foudah, A.I.; Alam, A.; Salkini, M.A.; Alam, P.; Yusufoglu, H.S. Novel HPTLC-Densitometric Method for Concurrent Quantification of Linalool and Thymol in Essential Oils. Arab. J. Chem. 2021, 14, 102916. [Google Scholar] [CrossRef]

	



Attala, K.; Eissa, M.S.; El-Henawee, M.M.; Abd El-Hay, S.S. Application of Quality by Design Approach for HPTLC Simultaneous Determination of Amlodipine and Celecoxib in Presence of Process-Related Impurity. Microchem. J. 2021, 162, 105857. [Google Scholar] [CrossRef]

	



Chewchinda, S.; Kongkiatpaiboon, S. A Validated HPTLC Method for Quantitative Analysis of Morin in Maclura Cochinchinensis Heartwood. Chin. Herb. Med. 2020, 12, 200–203. [Google Scholar] [CrossRef]

	



Golfakhrabadi, F.; Khaledi, M.; Nazemi, M.; Safdarian, M. Isolation, Identification, and HPTLC Quantification of Dehydrodeoxycholic Acid from Persian Gulf Sponges. J. Pharm. Biomed. Anal. 2021, 197, 113962. [Google Scholar] [CrossRef]

	



Gupta, S.; Shanker, K.; Srivastava, S.K. HPTLC Method for the Simultaneous Determination of Four Indole Alkaloids in Rauwolfia Tetraphylla: A Study of Organic/Green Solvent and Continuous/Pulse Sonication. J. Pharm. Biomed. Anal. 2012, 66, 33–39. [Google Scholar] [CrossRef]

	



Katakam, S.; Sharma, P.; Anandjiwala, S.; Sharma, S.; Shrivastava, N. Investigation on Apposite Chemical Marker for Quality Control of Tephrosia Purpurea (L.) Pers. by Means of HPTLC-Chemometric Analysis. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2019, 1110–1111, 81–86. [Google Scholar] [CrossRef]

	



Nazir, R.; Kumar, V.; Dey, A.; Pandey, D.K. HPTLC Quantification of Diosgenin in Dioscorea Deltoidea: Evaluation of Extraction Efficacy, Organ Selection, Drying Method and Seasonal Variation. S. Afr. J. Bot. 2021, 138, 386–393. [Google Scholar] [CrossRef]

	



Romero Rocamora, C.; Ramasamy, K.; Meng Lim, S.; Majeed, A.B.A.; Agatonovic-Kustrin, S. HPTLC Based Approach for Bioassay-Guided Evaluation of Antidiabetic and Neuroprotective Effects of Eight Essential Oils of the Lamiaceae Family Plants. J. Pharm. Biomed. Anal. 2020, 178, 112909. [Google Scholar] [CrossRef]

	



Tomar, V.; Beuerle, T.; Sircar, D. A Validated HPTLC Method for the Simultaneous Quantifications of Three Phenolic Acids and Three Withanolides from Withania Somnifera Plants and Its Herbal Products. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2019, 1124, 154–160. [Google Scholar] [CrossRef] [PubMed]

	



Yap, W.F.; Tay, V.; Tan, S.H.; Yow, Y.Y.; Chew, J. Decoding Antioxidant and Antibacterial Potentials of Malaysian Green Seaweeds: Caulerpa Racemosa and Caulerpa Lentillifera. Antibiotics 2019, 8, 152. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Majumder, M.; Debnath, S.; Gajbhiye, R.L.; Saikia, R.; Gogoi, B.; Samanta, S.K.; Das, D.K.; Biswas, K.; Jaisankar, P.; Mukhopadhyay, R. Ricinus Communis L. Fruit Extract Inhibits Migration/Invasion, Induces Apoptosis in Breast Cancer Cells and Arrests Tumor Progression In Vivo. Sci. Rep. 2019, 9, 14493. [Google Scholar] [CrossRef] [PubMed]

	



Rocha, F.D.; Soares, A.R.; Houghton, P.J.; Pereira, R.C.; Kaplan, M.A.C.; Teixeira, V.L. Potential Cytotoxic Activity of Some Brazilian Seaweeds on Human Melanoma Cells. Phytother. Res. 2007, 21, 170–175. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Morgan, J.B.; Coothankandaswamy, V.; Liu, R.; Jekabsons, M.B.; Mahdi, F.; Nagle, D.G.; Zhou, Y.D. The Caulerpa Pigment Caulerpin Inhibits HIF-1 Activation and Mitochondrial Respiration. J. Nat. Prod. 2009, 72, 2104–2109. [Google Scholar] [CrossRef]

	



Movahhedin, N.; Barar, J.; Azad, F.F.; Barzegari, A.; Nazemiyeh, H. Phytochemistry and Biologic Activities of Caulerpa Peltata Native to Oman Sea. Iran. J. Pharm. Res. 2014, 13, 515–521. [Google Scholar]

	



Ferramosca, A.; Conte, A.; Guerra, F.; Felline, S.; Rimoli, M.G.; Mollo, E.; Zara, V.; Terlizzi, A. Metabolites from Invasive Pests Inhibit Mitochondrial Complex II: A Potential Strategy for the Treatment of Human Ovarian Carcinoma? Biochem. Biophys. Res. Commun. 2016, 473, 1133–1138. [Google Scholar] [CrossRef]

	



Yu, H.; Zhang, H.; Dong, M.; Wu, Z.; Shen, Z.; Xie, Y.; Kong, Z.; Dai, X.; Xu, B. Metabolic Reprogramming and AMPKα1 Pathway Activation by Caulerpin in Colorectal Cancer Cells. Int. J. Oncol. 2017, 50, 161–172. [Google Scholar] [CrossRef]

	



Präbst, K.; Engelhardt, H.; Ringgeler, S.; Hübner, H. Basic Colorimetric Proliferation Assays: MTT, WST, and Resazurin. In Cell viability assays; Humana Press: New York, NY, USA, 2017; Volume 1601, pp. 1–17. ISBN 978-1-4939-6959-3. [Google Scholar]

	



Cavas, L.; Donut, N.; Mert, N. Artificial Neural Network Modeling of Diuron and Irgarol-Based HPLC Data and Their Levels from the Seawaters in Izmir, Turkey. J. Liq. Chromatogr. Relat. Technol. 2016, 39, 87–95. [Google Scholar] [CrossRef]

	



Harron, D.W.G. Technical Requirements for Registration of Pharmaceuticals for Human Use: The ICH Process. Textb. Pharm. Med. 2013, 1994, 447–460. [Google Scholar] [CrossRef]

	



Buachan, P.; Chularojmontri, L.; Wattanapitayakul, S.K. Selected Activities of Citrus maxima Merr. Fruits on Human Endothelial Cells: Enhancing Cell Migration and Delaying Cellular Aging. Nutrients 2014, 6, 1618–1634. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Tan, T.; Mao, Z.G.; Lei, N.; Wang, Z.M.; Hu, B.; Chen, Z.Y.; She, Z.G.; Zhu, Y.H.; Wang, H.J. The Marine Metabolite SZ-685C Induces Apoptosis in Primary Human Nonfunctioning Pituitary Adenoma Cells by Inhibition of the Akt Pathway In Vitro. Mar. Drugs 2015, 13, 1569–1580. [Google Scholar] [CrossRef] [PubMed][Green Version]








[image: Marinedrugs 20 00757 g001 550] 





Figure 1. HPTLC chromatogram of (a) 25 ng µL−1, (b) 50 ng µL−1, (c) 75 ng µL−1, (d) 100 ng µL−1, (e) 500 ng µL−1 caulerpin. 
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Figure 2. HPTLC chromatogram of Caulerpa extracts (a) CC48, (b) CC72, (c) CL48, (d) CL72, (e) CCM, and (f) CLM at 330 nm. * indicates the caulerpin (Rf: 0.41). 
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Figure 3. MALDI-TOF/MS result of caulerpin. 
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Figure 4. Comparing HPLC chromatogram of 10 and 100 pm caulerpin. Conditions: Inertsil C18 column (150 × 10 mm, 5 μm), mobile phase: MeOH: water (non-linear gradient; Turhan and Cavas, 2019) wavelength 235 nm, flow rate: 1 mL/min, column temperature: 25 °C injection volume: 50 μL, loop volume: 100 μL. Caulerpin was dissolved in methanol. (A) 10 ppm caulerpin filtered by using 0.45 μm membrane filter before injection; (B) 100 ppm caulerpin filtered by using 0.45 μm membrane filter before injection. 
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Figure 5. Caulerpin induced cytotoxicity in colorectal cell lines. (A) HCT-116 and (B) HT-29 cell lines were treated with different caulerpin concentrations for 24 and 48 h. (C) NIH-3T3 and (D) HDF cell lines were treated with IC10 and IC50 doses of caulerpin for 24 and 48 h. (E,F) Colony formation assay was performed in HCT-116 and HT-29 cell lines exposed to caulerpin at IC10 and IC50 concentrations. Data represent the mean ± SEM of three independent experiments. Statistical differences were analyzed with the student’s t-test (* indicates p < 0.05, ** indicates p < 0.001, ns indicates not significant). 
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Figure 6. Caulerpin inhibited the migrative and invasive properties of colorectal cell lines. Inhibition of migration of HCT-116 (A) and HT-29 (B) with the treatment of IC10 and IC50 doses for 24 and 48-h. The wound widths were quantified in lower panels. Inhibition of invasion of HCT-116 (C) and HT-29 (D) cells through a Matrigel-coated CIM plate with the treatment of IC10 and IC50 doses of caulerpin for 48-h. The real-time cell index of invasion of HCT-116 and HT-29 cell lines was given in the upper panel; the end-point results were given in the lower panel. Data represent the mean ± SEM of three independent experiments. Statistical differences were analyzed with a two-way ANOVA test (* indicates p < 0.005, ** indicates p < 0.001, *** indicates p < 0.0001, **** indicates p < 0.00001, ns indicates not significant). 
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Figure 7. Induction of apoptosis in CRC by caulerpin. Hoechst/propidium iodide (PI) staining of HCT-116 and HT-29 cell lines (scale bar: 20 µm) treated with different concentrations (IC10 and IC50 doses) of caulerpin for 48-h. The Hoechst and PI merged images are given in the left panel and the apoptotic cell percent are given in the right panel. Data represent the mean ± SEM of three independent experiments. Statistical differences were analyzed with the student’s t-test (* indicates p < 0.05, ** indicates p < 0.001, ns indicates not significant). 
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Table 1. Caulerpin levels found in Caulerpa extracts.
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	Concentration (ng µL−1)
	Concentration (µg g−1)





	CC48
	453.46 ± 21.11
	108.83 ± 5.07



	CC72
	402.04 ± 18.93
	96.49 ± 4.54



	CL48
	n.d.
	n.d.



	CL72
	35.16 ± 16.08 (below the LOQ)
	8.44 ± 3.86 (below the LOQ)



	CCM
	562.14 ± 26.43
	112.43 ± 5.29



	CLM
	42.09 ± 8.21 (below the LOQ)
	8.42 ± 1.64 (below the LOQ)
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Table 2. HPTLC validation parameters of caulerpin.
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	Validation Parameters
	Caulerpin (330 nm)





	Calibration equation
	y = 28.872x + 3233.4



	Linearity (R2)
	0.9635



	Slope
	28.872



	Shift
	3233.4



	Range (ng band−1)
	25–500



	LOD (ng band−1)
	20.47



	LOQ (ng band−1)
	67.56



	Recovery (%)
	89.81



	RSD (%)
	19.2
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