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Abstract

:

Microalgae, eukaryotic unicellular plants that are distributed worldwide, have been shown to exert anti-proliferative and anticancer activities on various human cancer cell lines. An example of a microalgal bioactive compound is a chlorophyll breakdown product named Pheophorbide a (Ppa), which has been reported to have anti-proliferative properties against various cell lines. This compound has also been tested with light exposure in photodynamic therapy for cancer treatment. In this paper, we screened eleven marine microalgae against a panel of cancer cells, and evaluated the synergistic anti-proliferative effect with Pheophorbide a, with and without photo-activation. The results showed significant anti-proliferative activity against melanoma cells when Ppa was combined with fraction E of the diatom Cylindrotheca closterium plus 1 h photo-activation. Its activity was also analyzed using gene expression and Western blot experiments. Altogether, these data give new insights into the possible application of microalgae for photodynamic therapy.
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1. Introduction


Cancer ranks as one of the leading causes of death worldwide (https://www.who.int/health-topics/cancer#tab=tab_1; accessed on 19 January 2023). Photodynamic therapy (PDT) is an evolving strategy for the non-invasive treatment of superficial tumors and is used for both pre-malignant and various cancerous diseases [1]. It consists of the administration of a photosensitiser drug (or pro-drug) successively and locally exposed to visible light with minimal risk of toxicity [1,2]. A chlorophyll derivative product, named Pheophorbide a (Ppa), is a photosensitizer that can have anticancer properties [3]. Interestingly, Ppa showed anticancer properties with or without PDT and with or without conjugation with other chemotherapeutic drugs [3]. In particular, Ppa showed anti-proliferative activities on hepatocellular carcinoma (Hep3B; [4]), uterine sarcoma (MES-SA; [5]), breast adenocarcinoma (MDA-MB-231, MCF-7; [6,7]), oral squamous cell carcinoma (YD10B; [8]) and glioblastoma cells (U87MG; [9]). The mechanism of action is not always reported, and, when studied, it showed a cell-death generally induced by intrinsic or extrinsic apoptosis [3].



Microalgae are characterized by enormous biodiversity in terms of species adapted to living in very different environments, in both marine and freshwater ecosystems, including extreme conditions. Their culturing is faster compared to macroorganisms and they are known to produce a plethora of molecules with possible exploitation in different industrial fields [10,11]. Most common bioactive molecules from microalgae belong to pigments, polyphenols, polysaccharides, lipids, oxylipins, glycolipids, steroids, peptides and macrolides (as reviewed by [12]). These molecules have demonstrated different activities, such as anticancer, anti-diabetes, anti-atherosclerosis, antiviral, antibacterial and immunomodulatory activities [13,14,15,16,17,18,19,20,21], and have also found applications in the aquaculture (such as for fish oil replacement in fish diets, as live prey diets or powder products), biodiesel and biomaterial sectors [22,23,24,25,26]. Considering that some microalgae (biomass or extracts) have received the “GRAS” (generally recognized as safe) status [27], there are now various microalgae-derived powder-based products on the market and recent investigations have also proposed them as ingredients in fresh pasta, cookies and yogurt [28,29,30].



In this study, various microalgal species (i.e., two Chlamydomonas sp., Dunaliella tertiolecta-Chlorophyta, Asterionellopsis glacialis, Cylindrotheca closterium, Ditylum brightwellii, Trieres mobiliensis, Pseudo-nitzschia arenysensis, Pseudo-nitzschia fraudulenta-Bacillariophyta, Scrippsiella acuminata-Miozoa, Rhinomonas reticulata-Cryptista) were tested on human cancer cell lines (i.e., melanoma, hepatocarcinoma and myeloma) and a non-cancerous cell line. The microalgae selected for this study included both diatoms, flagellates and one dinoflagellate, in order to screen different microalgal classes and increase the probability of finding activity. In addition, considering that different strains of the same genus may exert different bioactivities [10], we also selected two Chlamydomonas (Chlorophyta) and two Pseudo-nitzschia species (Bacillariophyta). Some of these microalgae were already tested in other studies for other possible applications. For example, Lauritano et al. [31] showed that the diatom Cylindrotheca closterium had anti-inflammatory activity and identified lysophosphatidylcholines and chlorophyll-derived molecules as active components. Total extracts of the diatom Trieres mobiliensis (formerly Odontella mobiliensis) also showed anti-inflammatory activity on THP-1 (human acute monocytic leukemia cell line) with dose-dependent inhibition of tumor necrosis factor-α production [10]. Pasquet et al. [32] demonstrated a strong anti-proliferative activity of the flagellate Dunaliella tertiolecta (Chlorophyta) on the breast cancer cell line MCF-7 and the prostate cancer cell line LNCaP. The natural xanthophyll pigment violaxanthin was identified as the bioactive component of the active D. tertiolecta dichloromethane extracts [32]. Recently, Martinez and co-workers [16] tested another Dunaliella tertiolecta strain (CCMP 1320) on melanoma, hepatocellular liver carcinoma and two lung adenocarcinoma cell lines (A2058, HepG2, HCC827 and Calu-3, respectively) and isolated a glycerol 1-(9Z,12Z,15Z-octadecatrienoate)-2-(4Z,7Z,10Z,13Z-hexadecatetraenoate)-3-O-b-D-galactopyranoside as the active component with anti-proliferative activity against melanoma. The focus of this research was to investigate the effects of microalgal extracts on various cancer cell lines (including both circulating and solid tumor cell lines) combined with the pure compound Pheophorbide a, with and without light exposure, to evaluate their possible application for PDT in cancer treatment.




2. Materials and Methods


2.1. Microalgae Culture


A series of microalgae (Table 1), including both diatoms, flagellates and one dinoflagellate, were cultivated in triplicate in 10L polycarbonate bottles. Cylindrotheca closterium, Ditylum brightwellii, Trieres mobiliensis, Pseudo-nitzchia arenysensis, Pseudo-nitzchia fraudulenta and Scrippsiella acuminata belong to the Stazione Zoologica Anton Dohrn culture collection. They were previously collected in the Mediterranean Sea and identified using microscopy. The other microalgae were bought at the Roscoff culture collection (RCC), the Provasoli–Guillard National center for marine algae and microbiota (originally named culture collection of marine phytoplankton, from which the abbreviation code CCMP), and culture collection of algae and protozoa (CCAP). Diatoms were grown in Guillard’s f/2 medium [33], flagellates in f/2 without silicates and the dinoflagellate in Keller medium [34]. The triplicates were cultured at 19 °C with a 12:12 h light:dark cycle and at 100 μmol photons m−2 s−1 in a dedicated controlled chamber (as in [10]). An inoculum of 5000 cells·mL−1 was used and algae were centrifuged (for 30 min at 4 °C at 3900× g) at the end of the stationary phase (selected because this is the stage when secondary compounds may be produced in higher quantities; [35]). Culture growth was evaluated from samples fixed with one drop of Lugol (about 2% final concentration) and counted in a Sedgewick Rafter counting chamber under an Axioskop 2 microscope (20×) (Carl Zeiss GmbH, Jena, Germany). Samples were stored at −80 °C until successive chemical analysis.




2.2. Chemical Extraction


Extractions were performed according to Martinez et al. [16]. For the microalga, Cylindrotheca closterium, an additional step of fractionation was done according to Cutignano et al. [36].




2.3. Cells


DMEM medium was used for human melanoma cells (A2058; ATCC® CRL-11147TM) and human keratinocytes (HACAT; CLS n. 300493; https://www.ceinge.unina.it/en/cell-cultures, accessed on 17 January 2022; CEINGE, Napoli, Italy), EMEM for hepatocellular liver carcinoma cells (HepG2; ATCC® HB-8065TM). Media were supplemented with 10% fetal bovine serum, 50 U·mL−1 penicillin, and 50 μg·mL−1 streptomycin (Sigma–Aldrich, St. Louis, MO, USA). Human plasma cell myeloma (JJN3; DSMZ n. ACC541; https://www.ceinge.unina.it/en/cell-cultures, accessed on 17 January 2022; CEINGE, Napoli, Italy) were cultured in DMEM HG + ISCOVE (1:1), 20% fetal bovine serum and 2% glutamine.




2.4. Antibody


Antibodies (from Cell Signaling Technology; Danvers, MA, USA) used were: rabbit monoclonal anti-glutathione peroxidase 4 (GPX4; 52455s), rabbit monoclonal anti-tubulin (9F3, 2118s), rabbit monoclonal anti-nuclear receptor coactivator 4 (NCOA4; E8H8Z, 66849s), rabbit monoclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 14C10, 2118s), the rabbit monoclonal anti-B-cell lymphoma (Bcl-2, D17C4, 3498S), rabbit monoclonal anti-Bcl-2-associated X protein (Bax, D2E11, 5023S), anti-rabbit IgG, HRP-linked antibody (7074s) and anti-mouse IgG, and HRP-linked antibody (7074s).




2.5. In Vitro Cell Viability


To study the effects of microalgal extracts and Pheophorbide a (CAS15664-29-6; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) on cell viability, A2058, HepG2 and HACAT cell lines were seeded in 96-well microtiter plates (1 × 104 cells·well−1) and incubated at 37 °C for 24 h. Then, fresh medium was used, including extracts and Ppa: (1) 50 μg·mL−1 microalgal extract + 10 μg·mL−1 Ppa, (2) 25 μg·mL−1 microalgal extract + 10 μg·mL−1 Ppa, (3) 25 μg·mL−1 microalgal extract + 5 μg·mL−1 Ppa, (4) 10 μg·mL−1 Ppa. Extracts were dissolved in dimethyl sulfoxide (DMSO; maximum concentration 1% v/v) and tested at least in triplicate. After 72 h of incubation, cell viability was evaluated using the MTT assay (3-(4,5-dimethyl-2-thizolyl)-2,5-diphenyl-2H-tetrazolium bromide; A2231,0001, Applichem Panreac Tischkalender, Darmstadt, GmbH) as in [37]. For JJN3 cells, grown mostly as single cells in suspension, after 72 h of incubation, cell viability was assessed using OranguTM Cell Counting Solution (OR01-1000) by directly adding it to the medium. After 1 h in the incubator, the absorbance was measured at 450 nm in the same above-mentioned microplate reader. Photo-activation experiments were performed by exposing cells treated with extracts, fractions and/or Ppa for 1 h under 1.000 Lux·m−2, immediately followed by the MTT or Orangu assay.



The viability of the melanoma cell line A2058 exposed to Ppa (i.e., 0.005, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10 and 50 µM) and photo-activation for 1 h (to evaluate the combination of Ppa and light for possible photodynamic therapy) was also evaluated with the MTT protocol. Cylindrotheca closterium (Cc) was the most active species combined with Ppa and further fractionation and fraction/Ppa testing was performed (for 24 h). When photo-activation was tested, 1 h light exposure was performed before the MTT assay (as above). Cell survival was expressed as a percentage of viable cells in treated samples, with respect to untreated control cultures with only DMSO.




2.6. RNA Extraction, Retrotranscription and PCR Array


RNA was extracted from A2058 cells seeded in 6-well plates (at 500,000 cells/well) for 16 h and then incubated with either Ppa 1.91 µM or Cc fraction E 10 µg·mL−1, or with a combination of Ppa 1.91 µM and Cc fraction E 10 µg·mL−1, for 14 h at 37° C followed by 1 h of photo-activation. RNA was extracted following Trisure Reagent (Meridian Bioscience, Memphis, TN, USA) manufacturer’s instructions. RNA quality, quantity and purity check, retrotranscription and PCR array (cat. PAHS-212ZE-4, Qiagen, Hilden, Germany) were performed as in Riccio et al. [37]. The results described the changes in gene expression between cells treated in the presence of Ppa 1.91 µM, Cc fraction E 10 µg·mL−1, or a combination of Ppa 1.91 µM plus Cc fraction E 10 µg·mL−1, each one plus photo-activation, and cells treated in the presence of DMSO alone. Only expression values greater than a two-fold difference with respect to the controls were considered significant.




2.7. Protein Extraction and Western Blotting


A2058 cells seeded for protein extraction were incubated with either Ppa 1.91 µM, Cc fraction E 10 µg·mL−1, or a combination of Ppa 1.91 µM and Cc fraction E 10 µg·mL−1 for 14 h, followed by 1 h photo-activation. Protein extraction and Western blot were performed as in Riccio et al. [37]. GAPDH was used as reference to normalize immunoreactive bands. Arithmetic means ± the standard deviations (SD) were calculated and compared using a two-tailed Student t test. Differences at p < 0.05 were considered significant.





3. Results


3.1. Anti-Proliferative Activity of Microalgal Extracts


Total extracts of Asterionellopsis glacialis, Chlamydomonas sp. (CCMP2536), Chlamydomonas sp. (CCMP225), Cylindrotheca closterium, Dunaliella tertiolecta, Ditylum brightwellii, Trieres mobiliensis, Rhinomonas reticulata, Pseudo-nitzschia arenysensis, Pseudo-nitzschia fraudolenta and Scrippsiella acuminata in combination with Pheophorbide a were screened on various cancer cells. The results showed that the most active combination was Cylindrotheca closterium and Pheophorbide a against A2058 melanoma cell lines (Supplementary Table S1). A2058 cells were incubated in the presence of (1) 50 μg·mL−1 microalgae extract + 10 μg·mL−1 Ppa, (2) 25 μg·mL−1 microalgae extract + 10 μg·mL−1 Ppa, (3) 25 μg·mL−1 microalgae extract + 5 μg·mL−1 Ppa, (4) 10 μg·mL−1 Ppa. As shown in Supplementary Table S1, the first combination showed 32% cell viability while the second and the third showed 46% cell viability after incubation.




3.2. Pheophorbide a Activity against Melanoma Cells


Ppa was evaluated at concentrations from 0.001 to 20 µM in order to establish IC50 values, (Figure 1a) for 24 h followed by 1 h photo-activation. IC50 value of Ppa on A2058 cells was 1.91 μM. Then Ppa (at IC50 concentration) was tested in combination with fractions (from A to E) of Cc at 25 µg·mL−1 (plus 1 h light exposure) in order to evaluate possible combinatorial antiproliferative effects (Figure 1b). Fraction E was the most active in reducing cell viability below 20% (i.e., 14%). At this point, A2058 cells were treated for 24 h in the presence of fraction E alone followed by 1 h photo-activation and fraction E in combination with Ppa followed by 1 h photo-activation at different concentrations (Figure 1c) to evaluate the IC50 of fraction E. IC50 of fraction E in the absence or in the presence of Ppa was very similar (10.17 ± 0.20 and 9.9 ± 0.17 µg·mL−1, respectively). On the contrary, lower activity was observed against normal human keratinocytes (HaCat, Figure S1).




3.3. Mechanism of Action at Gene and Protein Level


PCR array for A2058 cells treated in the presence of Ppa 1.91 μM or fraction E 10 μg·mL−1 or a combination of Ppa 1.91 μM and fraction E, each followed by 1 h photo-activation, showed a series of up- or down-regulated genes (Table 2). Some of these genes were common to the three treatments, while others were peculiar to a specific treatment (Table 2). For instance, the three treatments induced the up-regulation of tumor necrosis factor, estrogen receptor 1 and defensin beta 1, while they decreased the expression of amyloid beta (A4) precursor protein, “glucosidase, alpha; acid” and transmembrane protein 57. The combination treatment of fraction E with Ppa and photo-activation was the only treatment able to also induce the decreased expression of tumor necrosis factor receptor superfamily, member 1A, cathepsin S and cathepsin B (Table 2).



B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated X protein (Bax) expression were also evaluated to better understand the mechanism of action induced. These two proteins are involved in the early stage of apoptotic processes [38,39]. Considering that Ppa treatment was reported to be associated with lipid peroxidation [40], the level of glutathione peroxidase 4 (GPX4) and nuclear receptor coactivator 4 (NCOA4) was also analyzed at the protein level. GPX4 is known to protect membrane lipids against peroxidation; indeed, GPX4 reduction has been associated with lipid peroxide accumulation [41]. NCOA4 is responsible for ferritin transport to lysosomes and degradation [42], impairing iron trafficking [43]. Our results showed that Ppa treatment induced a significant reduction in Bcl-2, GPX4, and NCOA4 protein levels (Figure 2a–d and Figure S2a), and it did not affect Bax protein levels (Figure 2a and Figure S2b). Cc Fraction E treatment induced a reduction in Bcl-2 and NCOA4 (Figure 2a,b,d and Figure S2a) and increased the level of Bax protein (Figure 2a and Figure S2b). Combination treatment by testing Ppa, Cc fraction E plus photo-activation reduced Bcl-2, GPX4, and NCOA4 protein levels (Figure 2a–d and Figure S2a), and increased Bax protein level (Figure 2a,b and Figure S2b). The reduction in the Bcl-2/Bax ratio triggered the mitochondrial-dependent apoptotic pathway [38,44]. Loss of NCOA4 led to ferritin accumulation [42] and tumor growth suppression in melanoma cell models [45]. β-tubulin, initially selected as a possible reference gene for Western blotting, was also found to be differentially expressed (Figure 2e).





4. Discussion


Looking for new therapeutics and combinations of drugs leading to higher cancer selectivity and fewer side effects is still a big challenge. Ppa is a chlorophyll degradation product which has been shown to exert anticancer properties with or without photo-activation; the so-called photodynamic therapy [3]. Our data show that the most active combination against melanoma cells was induced by fraction E from the diatom Cylindrotheca closterium, plus Ppa followed by 1 h photo-activation. In a previous study, we showed the composition of C. closterium fractions A–D [31] and suggested that the anti-inflammatory activity observed for C. closterium fractions C and D was related to the presence of lysophosphatidylcholines and the chlorophyll-derived molecules Ppa and hydroxypheophorbide a [31]. Compared to fractions A–D, fractions E also contained a larger amount of Pheophytin a, which also is a breakdown product of chlorophyll but it has a long aliphatic tail making it more non-polar (unpublished data). This composition difference in the fractions may explain why fraction E is more active compared to the others. Pheophytin a isolated from the seagrass Syringodium isoetifolium also showed anticancer properties against adenocarcinomic A549 cells [46]. Similarly, Pheophytin a from the plant Leucaena leucocephala showed anticancer, anti-migration and anti-invasion activity in human gastric cancer cell line (AGS) [47].



When we studied the mechanism of action in the current study, Ppa triggered the mitochondrial-related apoptotic pathway in melanoma cells as also previously reported in hepatocellular carcinoma [4], uterine carcinosarcoma [5] and breast tumor [7]. Our results suggested the activation of the intrinsic apoptotic pathway (Bcl-2/Bax disregulation) triggered by Ppa and Cc fraction E treatment followed by 1 h photo-activation. Other transcripts have been found to be differentially expressed as well. Up-regulated genes by Ppa, fraction E or the combination of both plus photo-activation included TNF, estrogen receptor and defensin beta 1. The role of TNF in melanoma is still controversial [48]. TNF has been shown to have a key role in immunity and immunomodulation and is associated with both the inhibition and promotion of tumor proliferation [48,49]. The role of the estrogen receptor in melanoma progression and genesis is still under investigation [50]. Hoi et al. [7] also showed that Ppa does not require the estrogen receptor for transport into cells. Defensin beta 1 has been found to be constitutively expressed in various epithelia [51,52]. Moreover, defensin beta 1 was reduced in squamous cell carcinoma and its down-regulation was directly related to malignancy transformation [53]. Defensin beta 1 was also down-regulated in prostate carcinomas [54] and in renal cell carcinomas (RCC) [55]. The down-regulated transcripts by the three treatments also included the amyloid beta precursor, a glucosidase alpha acid and a transmembrane protein 57. The amyloid beta precursor protein has been always linked to Alzheimer disease, but recently, the increased expression of this protein has been found in multiple types of cancers [56]. Hence, its down-regulation is in line with the reduction in cancer cell proliferation. A transcript coding for “glucosidase, alpha; acid”, also known as acid alpha-glucosidase (GAA), is a lysosomal enzyme, and its suppression has shown to be associated with improved chemosensitivity and apoptosis in pancreatic cancer cells [57]. Hamura et al. [57] found a reduction in tumor growth and prolonged tumor-related survival after GAA silencing in a murine model. In addition, apoptosis activation was also observed. Transmembrane proteins have been found to be differentially expressed in different tumors, but their function is still mostly unknown [58]. Finally, treatment with Ppa plus fraction E plus photo-activation also induced the down-regulation of tumor necrosis factor receptor superfamily (member 1A), cathepsin B and S. Tumor necrosis receptor 1 levels were found to be increased in patients with hepatocellular carcinoma [49], but to our knowledge its dysregulation has never been reported to be associated with melanoma. Cathepsin B inhibition has been found to reduce cell invasiveness of melanoma cells [59]. Cathepsin S has been associated with different cancer types. It is a mediator of tumor progression and has been associated with angiogenesis and metastasis formation, hence, representing a promising target for cancer therapy [60].



The microtubule subunit β-tubulin, initially selected as a possible reference gene for Western blotting, was also found to be differentially expressed (i.e., reduced expression induced by the treatment) in our study. In fact, levels of β-tubulin were affected by Ppa treatment. The intrinsic apoptotic pathway has been found to also be activated by chemotherapeutic agents targeting tubulin proteins, such as paclitaxel (Taxol®) and docetaxel [61]. However, in addition to the intrinsic apoptotic pathway mediators, we also found that GPX4 and NCOA4 protein levels were reduced after Ppa treatment and photo-activation suggesting that the treatment may induce lipid peroxidation.



This study shows that the known compound Ppa, a specific microalgal fraction plus photo-activation, can have an additive anti-proliferative role on melanoma cells. As reported by Prüser et al. [62], the US Food and Drug Administration (FDA) has granted the GRAS status to various microalgae, including Auxenochlorella protothecoides (formerly Chlorella protothecoides), Spirulina, Dunaliella salina, Haematococcus pluvialis, Prototheca zopfii, Ulkenia sp., Crypthecodinium cohnii and Schizochytrium sp. For some of these, the GRAS status refers to the entire biomass, while for others only a part of the extract or a fraction. Spirulina and Chlorella are most commonly used in Europe and, recently, whole alga (Odontella aurita and Tetraselmis chui) or only specific components (Ulkenia sp. oil, Schizochytrium sp. oil, Haematococcus pluvialis oleoresin) have been approved under the Commission Implementing Regulation (EU) 2017/2470 [62]. This “safe” status has been expanded to a greater number of species in recent years and this trend will positively influence the addition of microalgal extracts, fractions and components in nutraceutical and pharmaceutical products. These may have properties that are useful for various human pathologies, such as antioxidant, anti-inflammatory and anticancer properties [12,31]. Future studies on the combinatorial effects of microalgal extracts with known drugs, such as those used for chemotherapy, with or without photo-activation, can shed light on new activities against cancer cells and on possible photodynamic therapies.
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Figure 1. Activity of Pheophorbide a (Ppa) and Cylindrotheca closterium (Cc) against melanoma cells (A2058). The figure shows (a) the dose-dependent activity of Ppa, (b) Cc fractions (from A to E) activity alone or in the presence of 1.91 μM of Ppa (IC50) plus light, (c) the dose-dependent activity of Fraction E from Cc alone or with 1.91 μM Ppa (IC50 value) plus light. No treat means without Cc. Control cells were incubated with complete cell medium and DMSO. Results are expressed as percent survival after 24 h exposure followed by 1 h photo-activation (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 2. Western blotting analyses. (a) Immunodetection of Bcl-2, Bax, GPX4, NCOA4 and beta-tubulin in treated cells with Ppa, Cc fraction E or both, followed by photo-activation; (b) Bcl-2/Bax ratio; (c) band intensity for GPX4, (d) NCOA4, (e) β-Tubulin normalized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (* p < 0.05; ** p < 0.01). 
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Table 1. The table reports the microalgal species cultured for this study, name abbreviation (Abb), their class, growth media, sampling location and cell concentration at the end of the stationary phase when they were pelleted and stored for the successive analyses.
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	Species
	Abb
	Class
	Growth Media
	Sampling Location
	Concentration at the End of the Stationary Phase





	Asterionellopsis glacialis (RCC1712)
	Ag
	Fragilariophyceae
	F/2
	English Channel
	105



	Chlamydomonas sp. (CCMP2536)
	CspA
	Chlorophyceae
	F/2-Si
	Mediterranean Sea (Almeria harbor)
	106



	Chlamydomonas sp. (CCMP225)
	CspB
	Chlorophyceae
	F/2-Si
	Nantucket Sound
	106



	Cylindrotheca closterium
	Cc
	Bacillariophyceae
	F/2
	Mediterranean Sea (Adriatic Sea)
	4 × 105



	Dunaliella tertiolecta (CCMP1320)
	Dt
	Chlorophyceae
	F/2-Si
	Unknown
	2 × 106



	Ditylum brightwellii
	Db
	Mediophyceae
	F/2
	Mediterranean Sea
	105



	Trieres mobiliensis
	Om
	Coscinodiscophyceae
	F/2
	Mediterranean Sea
	105



	Pseudo-nitzchia arenysensis
	Pa
	Bacillariophyceae
	F/2
	Mediterranean Sea
	3 × 105



	Pseudo-nitzchia fraudulenta
	Pf
	Bacillariophyceae
	F/2
	Mediterranean Sea
	3 × 105



	Rhinomonas reticulata (CCAP 995/2)
	Rr
	Cryptophyceae
	F/2
	Mediterranean Sea
	105



	Scrippsiellaacuminata
	St
	Dinophyceae
	K
	Mediterranean Sea
	104
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Table 2. Expression levels of cell death-related genes.
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UniGEne

	
RefSeq

	
Symbol

	
Description

	
Fold

	
SD






	
Genes Up-Regulated by Pheophorbide a Treatment plus Photo-Activation




	
Hs.632469

	
NM_020387

	
RAB25

	
RAB25, member RAS oncogene family

	
3.84

	
0.00082




	
Hs.241570

	
NM_000594

	
TNF

	
Tumor necrosis factor

	
3.06

	
0.00033




	
Hs.744830

	
NM_000125

	
ESR1

	
Estrogen receptor 1

	
2.44

	
0.00021




	
Hs.643440

	
NM_002361

	
MAG

	
Myelin associated glycoprotein

	
2.38

	
0.00017




	
Hs.32949

	
NM_005218

	
DEFB1

	
Defensin, beta 1

	
2.20

	
0.00019




	
Hs.2007

	
NM_000639

	
FASLG

	
Fas ligand (TNF superfamily, member 6)

	
2.02

	
0.00019




	
Genes down-regulated by Pheophorbide a treatment plus photo-activation




	
Hs.434980

	
NM_000484

	
APP

	
Amyloid beta (A4) precursor protein

	
–3.48

	
0.10040




	
Hs.189782

	
NM_018202

	
TMEM57

	
Transmembrane protein 57

	
–2.80

	
0.00419




	
Hs.1437

	
NM_000152

	
GAA

	
Glucosidase, alpha; acid

	
–2.47

	
0.00531




	
Hs.269027

	
NM_014568

	
GALNT5

	
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 5 (GalNAc-T5)

	
–2.41

	
0.00010




	
Hs.171844

	
NM_006505

	
PVR

	
Poliovirus receptor

	
–2.07

	
0.02680




	
Genes up-regulated by Fraction E plus photo-activation




	
Hs.744830

	
NM_000125

	
ESR1

	
Estrogen receptor 1

	
5.59

	
0.00049




	
Hs.472860

	
NM_001250

	
CD40

	
CD40 molecule, TNF receptor superfamily member 5

	
4.17

	
0.00028




	
Hs.241570

	
NM_000594

	
TNF

	
Tumor necrosis factor

	
3.75

	
0.00040




	
Hs.592244

	
NM_000074

	
CD40LG

	
CD40 ligand

	
2.30

	
0.00019




	
Hs.32949

	
NM_005218

	
DEFB1

	
Defensin, beta 1

	
2.30

	
0.00020




	
Hs.87236

	
NM_012188

	
FOXI 1

	
Forkhead box I1

	
2.30

	
0.00019




	
Hs.856

	
NM_000619

	
IFNG

	
Interferon, gamma

	
2.30

	
0.00021




	
Hs.700350

	
NM_000207

	
INS

	
Insulin

	
2.30

	
0.00020




	
Hs.519680

	
NM_001145805

	
IRGM

	
Immunity-related GTPase family, M

	
2.30

	
0.00090




	
Hs.592068

	
NM_020655

	
JPH3

	
Junctophilin 3

	
2.30

	
0.00022




	
Hs.553833

	
NM_001004467

	
OR10J3

	
Olfactory receptor, family 10, subfamily J, member 3

	
2.30

	
0.00020




	
Hs.442337

	
NM_176823

	
S100A7A

	
S100 calcium-binding protein A7A

	
2.30

	
0.00020




	
Hs.632469

	
NM_020387

	
RAB25

	
RAB25, member RAS oncogene family

	
2.14

	
0.00046




	
Hs.2007

	
NM_000639

	
FASLG

	
Fas ligand (TNF superfamily, member 6)

	
2.09

	
0.00020




	
Genes down-regulated by Fraction E plus photo-activation




	
Hs.591834

	
NM_003844

	
TNFRSF10A

	
Tumor necrosis factor receptor superfamily, member 10a

	
–4.35

	
0.00046




	
Hs.434980

	
NM_000484

	
APP

	
Amyloid beta (A4) precursor protein

	
–2.73

	
0.13269




	
Hs.1437

	
NM_000152

	
GAA

	
Glucosidase, alpha; acid

	
–2.59

	
0.00507




	
Hs.189782

	
NM_018202

	
TMEM57

	
Transmembrane protein 57

	
–2.19

	
0.00537




	
Hs.643120

	
NM_000875

	
IGF1R

	
Insulin-like growth factor 1 receptor

	
–2.15

	
0.02531




	
Genes up-regulated by Pheophorbide a and Fraction E treatment plus photo-activation




	
Hs.241570

	
NM_000594

	
TNF

	
Tumor necrosis factor

	
3.75

	
0.00040




	
Hs.744830

	
NM_000125

	
ESR1

	
Estrogen receptor 1

	
3.67

	
0.00032




	
Hs.592068

	
NM_020655

	
JPH3

	
Junctophilin 3

	
2.55

	
0.00022




	
Hs.592244

	
NM_000074

	
CD40LG

	
CD40 ligand

	
2.19

	
0.00024




	
Hs.32949

	
NM_005218

	
DEFB1

	
Defensin, beta 1

	
2.19

	
0.00019




	
Hs.87236

	
NM_012188

	
FOXI 1

	
Forkhead box I1

	
2.19

	
0.00019




	
Hs.856

	
NM_000619

	
IFNG

	
Interferon, gamma

	
2.19

	
0.00132




	
Hs.700350

	
NM_000207

	
INS

	
Insulin

	
2.19

	
0.00019




	
Hs.519680

	
NM_001145805

	
IRGM

	
Immunity-related GTPase family, M

	
2.19

	
0.00021




	
Hs.553833

	
NM_001004467

	
OR10J3

	
Olfactory receptor, family 10, subfamily J, member 3

	
2.19

	
0.00009




	
Hs.442337

	
NM_176823

	
S100A7A

	
S100 calcium binding protein A7A

	
2.19

	
0.000019




	
Genes down-regulated by Pheophorbide a and Fraction E treatment plus photo-activation




	
Hs.434980

	
NM_000484

	
APP

	
Amyloid beta (A4) precursor protein

	
–9.80

	
0.03694




	
Hs.1437

	
NM_000152

	
GAA

	
Glucosidase, alpha; acid

	
–4.91

	
0.00267




	
Hs.269027

	
NM_014568

	
GALNT5

	
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 5 (GalNAc-T5)

	
–4.39

	
0.00055




	
Hs.189782

	
NM_018202

	
TMEM57

	
Transmembrane protein 57

	
–4.24

	
0.00277




	
Hs.591834

	
NM_003844

	
TNFRSF10A

	
Tumor necrosis factor receptor superfamily, member 10a

	
–3.72

	
0.00042




	
Hs.171844

	
NM_006505

	
PVR

	
Poliovirus receptor

	
–3.70

	
0.01497




	
Hs.643120

	
NM_000875

	
IGFR1

	
Insulin-like growth factor 1 receptor

	
–2.58

	
0.02103




	
Hs.713833

	
NM_001065

	
TNFRSF1A

	
Tumor necrosis factor receptor superfamily, member 1A

	
–2.54

	
0.01441




	
Hs.181301

	
NM_004079

	
CTSS

	
Cathepsin S

	
–2.46

	
0.00208




	
Hs.520898

	
NM_001908

	
CTSB

	
Cathepsin B

	
–2.17

	
0.01346

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(a)

Control

e

Ppa

Cc Ppa + Cc
Fraction E Fraction E

Bcl-2 §
BAX :
GPX4

NCOA4
B-Tubulin (d) _

2.0+
1.51
1.0
0.5
0.0
\"p\
&
1.5
1.0
0.5

0.0

Bcl-2/Bax

* * X

* * *

A < <
'\\ g
3 ;"\:\ &

§ X
L UF
&
NCOA4

()

Fold of control

Fold of control

0.0~

)54

GPX4
* *
- 4 §
& L & Lo
. o a8
< o o
o' .\';‘.
. -
Z
T

3-Tubulin






nav.xhtml


  applsci-13-02590


  
    		
      applsci-13-02590
    


  




  





media/file0.png





media/file2.png
150-
=S
2100
=
5
>
— 50
3}

U
0
0.001

0.01

Concentration [uM]

0.1

1

10

(b)

Cell viability %

1504

* % ¥

100 L « * * *

1 cc25 ug-ml'1 + Light

B cc2s p.lg-ml-l +Ppa 1.91 pM + Light

* %

1501
5\
2100
=
8
.
; 504
)
9 “ .
0.1 1 10 100

[Fraction E - pg-mfl]

- Fraction E alone + Light

& Fraction E + Ppa 1.91 pM + Light





media/file3.jpg
@ Gt P Fcin Fraion ® v @
B2
nax
- o
- Neoat
- e prabutin (@) -

GAPDH






media/file1.jpg
(a) (b) ()

o






