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Abstract: Marine and extreme environments harbor a huge diversity of microorganisms able to
produce new bioactive metabolites with beneficial health effects. In this study, ethanol, aqueous,
methanol, and acetone extracts and protein hydrolysates were obtained from five different microalgae
species and two haloarchaea. An in vitro study of cytotoxicity, migration, angiogenic effect, antiox-
idant capacity, and modulation of detoxifying enzyme expression was carried out using resistant
(HCT-15) and non-resistant (T84) colon cancer tumor lines. Our results showed that the aqueous
extract of the microalga Chlorella sorokiniana induced the greatest cytotoxic effect in both cell lines,
while the ethanolic extracts of the archaea Haloarcula hispanica and Halobacterium salinarum caused the
greatest inhibition on the migratory capacity. Meanwhile, the protein hydrolyzate and the aqueous
extract of the microalga Chlorella sorokiniana significantly protected cells against hydrogen peroxide
damage. Moreover, the aqueous extracts of Haloarcula hispanica and Halobacterium salinarum resulted
in inducing the greatest increase in the activity of the detoxifying enzymes enzyme quinone oxidore-
ductase and glutathione S-transferase. These preliminary results suggest that aqueous extracts of
some microalgae and haloarchaea may be promising candidates for an adjuvant therapy against
colorectal cancer. However, additional research is required to identify the active principles and
elucidate the mechanisms of action involved.

Keywords: natural products; colon cancer; extracts; microalgae; archaea

1. Introduction

The need for new therapeutic molecules has encouraged researchers to screen less
explored environments, where a large variety of marine and freshwater microorganisms,
many of which are still undiscovered, can be a source of new and unexplored bioactive
compounds [1,2]. Concretely, screening of marine extreme environments can allow the
isolation of new strains and the identification of novel metabolites with bioactive properties.
Microalgae are a huge, ubiquitous, heterogeneous group of microorganisms which have
been proposed as a sustainable source of functional ingredients [3-5]. In hypersaline
environments, Haloarchaea are extremely halophilic microorganisms that face challenges,
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such as high temperatures, UV radiation, and high salinity. This adaptation to extreme
conditions has led to the development of unique survival strategies, allowing them to
produce compounds such as C50 carotenoids, ether lipids, and extremozymes. These
distinctive characteristics make extracts from various Haloarchaea species display a variety
of biological activities, such as antimicrobial, antihemolytic, neuroprotective, antiviral, and
anti-inflammatory [6-9]. However, not many studies analyze the antitumor properties of
these extracts and their possible application in patients affected by cancer.

In this context, haloarchaea species produce carotenoid pigments, many of which have
been reported to exert antitumor activity by inducing apoptosis and/or suppressing the
cell cycle. Some of these carotenoids showed a greater cytotoxic effect than 5-fluorouracil
in cell lines of different types of tumors, including colorectal cancer (CRC) or breast cancer,
decreasing damage in nontumor cells [7,10]. Likewise, microalgae species have been used
to obtain numerous functional extracts and bioactive compounds with interesting antitumor
capacities [11]. Specifically, it has been reported that crude extract of Chlorella protothecoides
at 25, 50, and 100 ug/mL showed an antiproliferative effect against CRC HCT-116 cells.
Furthermore, the methanolic extract of the microalga Amphidinium portfolioe at 10, 30,
and 100 png/mL showed high cytotoxicity against tumor cells from CRC (HCT-116), breast
cancer (MDA-MB-231), lung cancer (A549), and pancreatic adenocarcinoma (PSN-1) [12,13].

The use of biomolecules and/or extracts from different origins, including marine
environments, that can be used as adjuvants in the treatment of CRC is of great interest
because this tumor, especially in advanced stages, shows a poor prognosis and no effective
treatment. CRC, the third most common cancer and the second in terms of mortality,
represents a public health problem [14]. The current treatments for CRC are primarily
based on the stage and location of the tumor. While early-stage of the disease can often be
cured through surgical resection, advanced-stage CRC poses a significant challenge and
includes surgery, chemotherapy, and radiation therapy. The most used chemotherapeutic
agents include fluoropyrimidines (such as 5-fluorouracil and capecitabine), oxaliplatin,
and irinotecan. These drugs are often used in combination regimens, such as FOLFOX
(5-fluorouracil, leucovorin, and oxaliplatin) or FOLFIRI (5-fluorouracil, leucovorin, and
irinotecan), to maximize their effectiveness [15,16]. However, while chemotherapy has
significantly improved the outcomes of CRC patients, it also has several limitations. One of
the main challenges is the development of resistance to chemotherapy acquired in tumor
cells because it can lead to treatment failure and disease progression. Another limitation
is the toxicity associated with the chemotherapeutic agents that, by acting against cell
division, also damage normal healthy cells, leading to side effects such as nausea, vomiting,
hair loss, or fatigue. These side effects can significantly impact the quality of life of patients
and may require dose reductions or treatment interruptions, potentially compromising
the effectiveness of chemotherapeutic management [17,18]. These limitations in current
treatments highlight the need for innovative therapeutic approaches in CRC.

In this context, there is an intense search for combined therapy systems that improve
results against CRC. In fact, a polyphenol fraction from a marine plant (Thalassia testudinum)
has been recently proposed as an adjuvant treatment in CRC therapy [19]. Therefore, there is
evidence that isolated compounds or extracts from many marine organisms can improve the
chemotherapeutic efficacy of commercial anticancer drugs and may represent a promising
source for new anticancer strategies [20]. Specifically, the antitumor effect of extracts of
the microalgae Chlorella vulgaris has been recently studied. A methanolic extract of this
microalga was tested on hepatocellular carcinoma (HEPG-2), human prostate cancer (PC-3)
and colorectal cancer (HCT-116) cell lines. The data obtained show that for the colorectal
cancer line there was an inhibition of cell growth of around 70% at a dose of 100 ug/mL [21].
The ethanolic extract of Chlorella vulgaris has also been studied in vitro in lung (A549), breast
(MCEF?), cervical (Hela), and hepatocellular (Huh?) cancer cell lines, showing an inhibition
of cell growth in all lines tested [22].

The main goal of this study was to screen a collection of microalgae isolated from
continental and marine waters of the Andalusian coast and a series of extremophilic
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microorganisms, including microalgae and archaea, which thrive at extremely high salinity
in the crystallization ponds of the saline works located in the Odiel Marshlands in the
southwest of Spain and to develop extracts by diverse methods. Some selected extracts
were analyzed to determine their antitumor activity against cell lines derived from human
colon adenocarcinoma. Our studies demonstrate that some microalgae and haloarchaea
contain bioactive molecules that should be analyzed in more depth for their possible use in
adjuvant therapies against CRC.

2. Materials and Methods
2.1. Isolation and Identification of Halophilic Microalgae

Halophilic microalgae were isolated from water samples collected from a crystal-
lizer pond in Odiel Saltworks (37.255025, —6.972945) at 33% salinity, located in the Odiel
River Marshlands in Huelva (SW, Spain). Water samples (50 uL) were plated on Johnson’s
medium [23] agar plates and incubated at 22 °C with light radiation (100 uM photon-m~2s~1)
for 20 days. Several green colonies were selected, and pure cultures were established by suc-
cessive streaking rounds on agar plates. The selected microorganisms were identified by 185
ribosomal RNA gene sequencing. Gene JET Genomic Purification kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used to extract genome DNA, following the manufacturer’s
instructions. The 185 rRNA coding gene was amplified with specific primers for microalgae
NS1-X (5'-CCAGTAGTCATATGCTTGTC-3’) and 18L-X (5'-ACCTTGTTACGACTTCTCC-
3') [24,25]. Polymerase chain reaction (PCR) was performed in a total volume of 25 uL,
using an Eppendorf thermocycler. The reaction mixture included 1 pL of genomic DNA,
2.5 uL of a 10x specific buffer (10 pM of each primer, 0.2 mM dNTPs and 2.5 mM MgCl,),
and 0.2 U of RED Tag® DNA polymerase (Sigma-Aldrich, St. Louis, MO, USA). The ther-
mal profile consisted of 30 cycles of 0.5 min at 96 °C, 0.5 min at 55 °C, and 1 min at 72 °C,
followed by a final extension of 10 min. To verify the PCR products, an electrophoresis in a
1% agarose gel was carried out. This was subsequently sent to Stabvida (Lisbon, Portugal)
for sequencing by the Sanger method. The genetic sequences obtained were compared
with those available in the GenBank and European Molecular Biology Laboratory (EMBL)
databases using the BLASTn tool of the National Center for Biotechnology Information
(NCBI). For phylogenetic analysis, multiple alignments were generated by Multiple Se-
quence Comparison by Log-Expectation (MUSCLE), and a molecular phylogenetic tree
was constructed using the Molecular Evolutionary Genetics Analysis (MEGA X, Version 10,
USA), including the new microalgal isolates with related reference species. The bootstrap
was set to 1000 replicates, and Chlamydomonas reinhardtii was used as an outgroup for
halophilic microalga.

2.2. Microbial Biomass and Culture Conditions

Microbial biomass was obtained from seven different species, including two freshwater
microalgae of the genera, Chlorella and Chlamydomonas, and five marine and halophilic mi-
croorganisms. The freshwater microalga species Chlorella sorokiniana (211-32), obtained from
the culture collection of the Institute of Plant Biochemistry and Photosynthesis (IBVF, Seville,
Spain), and Chlamydomonas reinhardtii (21gr), kindly provided by Dr. Emilio Fernandez
from the University of Cérdoba, were cultured in TAP (Tris—Acetate-Phosphate) medium
at constant temperature (22 £ 1 °C) under continuous irradiance (100 uM photon~m_zs_1)
in rotatory shakers at 150 rpm. The halophyllic microalgal strains Dunaliella HM13 and
HMS5 were isolated from the Odiel Marshlands Saltworks located on the Atlantic Coast
(SW, Spain) during the course of this study, as described in Section 2.1, and cultured in in
Johnson’s media [23] with 2 M NaCL. The halotolerant microalgae Picochlorum sp. HM1
(CCAP 6079/1) was formerly isolated from brackish waters of the Odiel Marshlands [24]
and deposited in the CCAP, the Culture Collection of Algae and Protozoa (Scotland, UK),
with deposit number CCAP 6079/1 and cultured in in F/2 medium [26]. All marine
microalgal cultures were maintained at a thermostatic chamber at constant temperature
(22 + 1 °C) under continuous irradiance (100 uM photon~m’25’1) and cultured in with
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agitation in rotatory shakers (150 rpm) and bubbled with 3% CO,-enriched air. Finally, the
two species of haloarchaea, Haloarcula hispanica HM1 and Halobacterium salinarum HM2,
were previously isolated from Odiel Marshlands crystallization ponds [27] and cultured in
the medium described by Fang and coworkers [28], at 37 °C and 120 rpm. Growth of every
culture was monitored at 580 nm for archaea and 660 nm for microalgae and collected by
centrifugation at 19,800 g for 15 min at 4 °C, when they reached the end of the exponential
phase of growth. The obtained cellular pellets were frozen at 80 °C and lyophilized for
further uses.

2.3. Extract Preparation

First, microalgae and haloarchaea were freeze-dried and stored at —20 °C to obtain
functional extracts rich in bioactive compounds. Then, five different treatments were
developed to obtain various extracts: in Treatment 1 (T1), a cold extraction method with
ethanol based on Martinez et al. [3] was followed; Treatment 2 (T2) consisted of the T1
procedure combined with a 40 s mechanical disruption using lysis beads (Precellys Tissue
Homogenizer from Bertin Instruments) and a sonication process to obtain a forced cold
ethanolic extraction; Treatment 3 (T3) consisted of a forced aqueous extraction, also with a
mechanical disruption of 40 s and sonication treatment. On the other hand, Treatment 4 (T4)
was carried out according to Kapravelou et al. [29] with some modifications, combining
mechanical disruption for 40 s with sonication to achieve a forced aqueous extraction, and
protein hydrolysis using recombinant proteases. Finally, an extraction was carried out using
methanol and acetone (T5). These steps allowed different types of extracts to be obtained
from haloarchaea and microalgae, each with a unique processing method to maximize the
presence of bioactive compounds.

2.3.1. Ethanolic Extracts

To obtain the ethanolic extracts (EEs), 1 g of dehydrated biomass of haloarchaea or
microalgae was added to 15 mL of hydroalcoholic solution (ethanol/water type I/12N HCL;
50:50:0.25) at pH 2 and 4 °C in a magnetic stirrer during 30 min in a reducing atmosphere
with N2 (T1). After the first extraction, a centrifugation for 5 min at 3000 rpm was carried
out. The pellet was recovered for a second extraction with 10 mL of hydroalcoholic solution
and the supernatant was stored. After the second extraction, the centrifugation process
was repeated, and the supernatant recovered. The supernatants from both extractions
were combined and stored at —20 °C. To determine the concentration and yield of the
ethanol extract, ethanol was evaporated from aliquots (1 mL) using a vacuum evaporator
(Savant DNA120 SpeedVac Concentrator, ThermoSci, Waltham, MA, USA). The evaporated
extracts were frozen in liquid nitrogen and lyophilized for 24 h (Cryodos-50 lyophilizer,
TELSTAR, Madrid, Spain). To calculate the dry weight of the extract, it was necessary to
subtract the weight of the empty container and referring it to the total volume of the extract
obtained and the grams of biomass used for extraction. Forced ethanolic extraction (IT2) was
performed similarly, but with an initial mechanical milling step in the ethanolic extraction
solution using lysis beads in a Precellys Tissue Homogenizer (Bertin Technologies, Paris,
France). The extraction solution (4 mL) and the sample (0.75 g) were placed in the lysis
tube, subjecting the mixture of two rounds of lysis at 6500 rpm for 20 s, followed by
15 min of ultrasonication in an ultrasonic water bath with a 60-70% intensity and a 37 kHz
frequency (Fisherbrand, Fisher Scientific). Then, a cold extraction solution (10 mL) was
added, adjusting the pH to 2, and the extraction was carried out under a N2 atmosphere,
generating ethanolic extracts with prior mechanical disruption (EEMs).

2.3.2. Protein Extraction (T3)

The aqueous extract (AE) obtention was carried out using microalgae or haloarchaea
(0.75 g), which were placed in a lysis tube with ice-cold type I water (4 mL). The mixture
was subjected to a lysis at 6500 rpm for 20 s using a Precellys Tissue Homogenizer (Bertin
Technologies, Paris, France), before freezing overnight at —80 °C. The next day, the frozen
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mixture was thawed at 23 °C for 30 min, accompanied by ultrasound treatment in an
ultrasonic water bath with a 60-70% intensity and a 37 kHz frequency (fisherbrand, Fisher
Scientific). After thawing, type I water (20 mL) was added to the mixture while adjusting
the pH to 9.0 using 3 M KOH. Protein extraction was carried out by stirring with a magnetic
stirrer for 45 min at room temperature. After the first extraction, the lysate was centrifuged
at 3000 rpm for 10 min and the supernatant was stored on ice. The resulting pellet was
resuspended in type I water (30 mL), adjusting the pH back to 9.0 with 3 M KOH if
necessary. This pellet was subjected to a second extraction process, without mechanical
treatment with lysis beads, under equal conditions as the first extraction, followed by
another centrifugation. The supernatants from both extractions were combined and the
total volume was measured. To evaluate the concentration of the aqueous extract, three
aliquots of 500 uL were lyophilized during 24 h with a Cryodos-50 lyophilizer (TELSTAR,
Madrid, Spain).

2.3.3. Protein Hydrolysis (T4)

For the hydrolysis of proteins from the previous extraction process and the obtaining
of protein hydrolysates (PHs), the following procedure was implemented: Initially, CaCl,
and MgSO, (1 mM) were added to the solution before the pH was set to 8.5 with KOH
and the temperature of the solution was adjusted to 45 °C. Bacillus licheniformis protease
(Sigma-Aldrich, Madrid, Spain) at a rate of 0.3 AU/g was added, and the mixture was
stirred for 30 min at 45 °C. After completing the first hydrolysis stage, the mixture was
subjected to an additional period of 30 min with Aspergillus oryzae protease (Sigma-Aldrich,
Madrid, Spain) at a rate of 100 LAPU/g protein, maintaining the same pH and temperature
conditions. Once the hydrolysis process was completed, the resulting total volume was
measured. To evaluate the concentration of the aqueous extract, three aliquots of 500 pL
were lyophilized during 24 h with a Cryodos-50 lyophilizer (TELSTAR, Madrid, Spain).
The remainder of the protein hydrolysate was also lyophilized and stored at —80 °C for
future use in subsequent studies.

2.3.4. Methanolic and Acetonic Fractions (T5)

For the preparation of lipidic methanolic (ME) and acetonic (AceE) pigment-containing
extracts, algal and archaeal biomass was treated as previously indicated [27,30]. Briefly, to
obtain methanolic extracts, 50 mg of lyophilized microalgal biomass sample was mixed
with 2 mL of methanol shacked in a Vortex Genie 2 (Scientific Industries, Bohemia, NY,
USA) with glass beads (0.5 mm) for 3 cycles of 2 min at room temperature in the dark.
Similarly, to obtain acetonic extracts, 0.1 g of lyophilized haloarchaeal cells was treated with
2 mL of cold acetone (—20 °C) in the dark, and manually vortexed several times. In both
cases, samples were centrifuged, and the process was repeated until obtaining color-less
pellets. The supernatants were evaporated in a rotary evaporator at 30 °C, combined,
lyophilized using a freeze-dryer, and then stored at —20 °C under a N, atmosphere for
further studies.

2.4. Cell Lines and In Vitro Culture

The cell lines T84, HCT-15, and HT29, derived from human CRC, as well as 1.929
mouse fibroblast cells, were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma-Aldrich, Madrid, Spain) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Sigma-Aldrich, Madrid, Spain). The culture was incubated
at 37 °C with a 5% CO; atmosphere.

2.5. Cytotoxicity Assay

T84 and HCT-15 cells were plated in 48-well plates at densities of 5 x 10® and 6 x 103 cells
per well, respectively. After 24 h, the cells were exposed to an increasing range of concen-
trations (100-1000 pg/mL) of extracts for a total of 72 h. As a control for ME and AceE,
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a plate with DMSO was used in the same range of doses tested; the rest of the extracts were
resuspended in aqueous solvents nontoxic to cell cultures. Cell proliferation percentages
were determined using a modified colorimetric assay involving sulforhodamine B (SRB)
(Sigma-Aldrich, Madrid, Spain). To fix the cells, a 10% solution of trichloroacetic acid (TCA)
(Sigma-Aldrich, Madrid, Spain) was applied as a cell fixative at 4 °C for 20 min. After that,
the cells were stained with a solution containing 0.4% SRB diluted in 1% acetic acid, fol-
lowed by a 20 min incubation at room temperature with agitation. Trizma® (Sigma-Aldrich,
Madrid, Spain) at a concentration of 10 mM and pH 10.5 was used to solubilize the SRB,
and the optical density (OD) was measured at 492 nm using a spectrophotometer, specifi-
cally the EX-Thermo Multiskan (Waltham, MA, USA). Cell viability (%) was calculated as
follows: %Proliferation = (DO Sample — blank)/(DO negative control — blank)) x 100.

2.6. Wound-Healing Assay

T84, HCT-15, and L929 cell lines were seeded in 6-well plates at a density of 4 x 10° cells
per well for HCT-15 and 3 x 10° cells/well for T84 and 1.929, allowing them to form a
complete monolayer in 1 mL of complemented DMEM. The next day, a wound was created
in the central region of each well following the methodology described by Grada et al. [31].
After rinsing with PBS, 1 mL of DMEM without FBS was added, along with treatment
using non-toxic doses of each extract (0.1 pg/mL). Over the next 72 h, the progress of cell
migration was monitored at 24 h intervals using a DM IL LED microscope (Leica, Wetzlar,
Germany) to capture images. The images were analyzed using a specific Image] plugin
(NIH, Bethesda, MD, USA) to calculate the percentage of cell migration by measuring the
cell-free area, as described by Suarez-Arnedo et al. [32].

2.7. Chicken Chorioallantoic Membrane (CAM) Assay

A CAM assay was employed to evaluate angiogenesis. Fertilized eggs were sourced
from a certified poultry farm and subjected to a rigorous cleaning procedure with 70%
ethanol, marking the initiation of the experimental timeline on day 0. The eggs were then
placed in a controlled environment with a temperature of 37.0 °C and appropriate humidity,
undergoing 180° turns thrice daily for the next three days. On day 3, 2 mL of albumen
was meticulously extracted from the apex of each egg. A window measuring 1.5 cm? was
strategically created on the side of eggshell, and a polypropylene ring was positioned
over the CAM. The window was safeguarded with tape before returning the eggs to the
incubator, ensuring horizontal orientation to facilitate continued incubation. On day 7,
viable eggs were randomly assigned to five groups (1 = 10 for treatment eggs and n =9
for control eggs). The CAM within the ring of each egg was treated with 50 ug/mL and
100 ng/mL of AE and PH of Chlorella sorokiniana in a 40 uL volume, while the negative
control received an equivalent volume of PBS. Following a 72 h incubation period, the
CAM regions of viable eggs were photographed both inside and outside the ring against
a white background using a Motic SMZ-171 stereo microscope (Motic, Barcelona, Spain).
Image analysis was performed using the “Vessel Analysis” plugin from FIJI 2.9.0.

2.8. In Vitro Antioxidant Analysis

T84 cells were seeded at a density of 2.5 x 10% cells per well in 96-well plates, with
supplemented DMEM (150 puL). The next day, the culture medium was replaced with serum-
free DMEM. After 24 h, treatments of each extract were administered at two non-toxic
doses (between 0.05 and 0.1 ug/mL), lasting for 24 h more. Then, the medium containing
the treatments was discarded, and a fresh serum-free medium was added. Some wells
were also treated with varying concentrations of HyO, (ranging from 1 to 1.5 mM). After
6 h, the medium was once again replaced with a fresh serum-free medium and incubated
for an additional 12 h. The doses of H,O, and the extracts alone were used as a control
of the experiment. Cell viability was assessed using the MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-Diphenyltetrazolium Bromide) protocol. In brief, MTT at 10% of well volume was
added to each well and incubated under culture conditions for 2.5 h. Then, the medium
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was discarded, and a solution was added to dissolve the formazan crystals, composed
of 200 pL of dimethyl sulfoxide (DMSO) and 25 uL of a Sorensen’s glycine buffer (0.1 M
glycine, 0.1 M NaCl, and pH 10.5 adjusted with 0.1 M NaOH). The absorbance of the wells
was measured using the EX-Thermo Multiskan spectrophotometer (Waltham, MA, USA) at
a wavelength of 570 nm, with a reference at 690 nm.

2.9. Analysis of the Potential to Induce Detoxifying Enzymes
2.9.1. Obtention of Cytosolic Fractions

Cellular cytosolic content was extracted using a previously developed methodology
by our research group [33]. The HT29 cell line was seeded in duplicate in 6-well plates
at a density of 5 x 10° cells per well, with 1.5 mL of culture medium, and incubated for
24 h. Subsequently, the cells were exposed to non-cytotoxic concentrations of each extract
(0.05 pg/mL for AE from all extracts; 0.01 pg/mL for PH from Haloarcula hispanica and
0.1 pg/mL from Chlorella sorokiniana and Halobacterium salinarum; and 0.1 pg/mL for AceE
from Haloarcula hispanica and Halobacterium salinarum and ME from Chlorella sorokiniana.)
DL-Sulforaphane (SEN) (Sigma-Aldrich, Madrid, Spain) at a concentration of 10 uM served
as a positive control. After 48 h of treatment, the cells were washed, trypsinized, and
centrifuged. Following two washes with PBS, the cell pellet was resuspended in 500 pL
of Tris-HCl buffer (25 mM and pH 7.4) and sonicated on ice for 20 s. Finally, the cell
suspension was centrifuged at 10,000 x g and 4 °C for 5 min, and the supernatant containing
the cytosolic fraction was preserved at —80 °C. The protein concentration was determined
using Bradford Reagent (Bio-Rad, Hercules, CA, USA).

2.9.2. Glutathione S-Transferase Measuring

The activity of the glutathione S-transferase (GST) enzyme was evaluated by mea-
suring the colorimetric change resulting from a GST-catalyzed reaction between reduced
glutathione (GSH) (Sigma-Aldrich, Madrid, Spain) and a GST substrate, 1-chloro-2,4-
dinitrobenzene (CDNB) (Sigma-Aldrich, Madrid, Spain), with a molar extinction coefficient
of 0.0096 umol ! /ecm~!. The reaction mixture comprised 870 uL of 100 mM phosphate
buffer (pH 6.5), 20 pL of 50 mM CDNB, and 10 pL of 100 mM GSH. This mixture was incu-
bated at 30 °C for 5 min using a UV-Vis Spectrophotometer UV-1900i. Next, 100 pL of the
cytosolic fraction sample was added to a quartz cuvette containing 900 uL of the reaction
mixture, and the absorbance at 340 nm was measured using a UV-Vis Spectrophotometer
UV-1900i every minute for 5 min. The GST activity was determined by calculating the
increase in absorbance per minute per milligram of total protein and comparing it with the
untreated cells.

2.9.3. NAD(P)H: Quinone Oxidoreductase Determination

The activity of NAD(P)H: quinone oxidoreductase (QR) was measured colorimetrically
by monitoring the reduction in 2,6-dichloroindophenol (DCIP) (Sigma-Aldrich, Madrid,
Spain) with a molar extinction coefficient of 0.0205 umol~!/cm ™!, resulting in a decrease
in optical density. For the assay, a reaction mixture was prepared by combining 881.5 uL of
25 mM Tris-HCl solution (pH 7.4), 60 uL of 1 mg/mL Bovine Serum Albumin (BSA) (Sigma-
Aldrich, Madrid, Spain), 2.5 pL of 20% Tween, 5 pL of 1 mM Flavin adenine dinucleotide
disodium (FAD) (Sigma-Aldrich, Madrid, Spain), 10 uL of 20 mM p-nicotinamide adenine
dinucleotide (NADH) (Sigma-Aldrich, Madrid, Spain), and 16 pL of 5 mM DCIP. Next,
25 puL of the cytosolic fraction sample was added to a plastic cuvette containing 975 uL
of the reaction mixture, and the absorbance at 600 nm was recorded every minute for
a duration of 5 min using a UV-Vis Spectrophotometer UV-1900i (Shimadzu, Duisburg,
Germany). The QR activity was determined by calculating the decrease in absorbance per
minute per milligram of total protein and comparing it with the untreated cells.
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2.10. Statistical Evaluation

The data were expressed as mean =+ standard deviation (SD). Statistical analysis was
conducted using the Statistical Package for the Social Sciences (SPSS) software, version 26.
Student’s t-tests were employed with a significance level set at « = 5% using unique controls
for each treatment.

3. Results
3.1. Selection and Identification of Halophilic Microalgae

Several halophilic microalgal strains were isolated from a crystallizer pond in Odiel
Saltworks with 33% salinity, as detailed in the Materials and Methods Section. Among
all the isolates, two colonies were selected for further studies for their better growth
rate. The identification of these isolates was performed according to the amplification
and sequencing of the 185 rRNA encoding gene. The obtained DNA sequences were
compared to the corresponding ribosomal sequences available in the NCBI database for
other extremophilic microalga, using the BLASTn tool. Results confirmed that both isolated
microalgae belong, as expected, to the genus Dunaliella sp. and were named Dunaliella HM5
and Dunaliella HM13. Dunaliella sp. is a ubiquitous genus, which comprises some species
able to tolerate extraordinarily high saline concentrations, near salt saturation, and able
to accumulate high concentrations of 3-carotene when subjected to stressing conditions.
The phylogenetic analysis performed with the new isolated strains demonstrated that
they are closely related to the most halophilic species of the genus, clustering largely with
D. bardawil (Figure 1).

KY923056.1 Dunaliella polymorpha

KJ756825.1 Dunaliella polymorpha strain CCAP 19/14
KT355034.1 Dunaliella parva

M62998.1 Dunaliella parva

JF815099.1 Dunaliella bardawil strain I2

HM5

HM13

AF150905.1 Dunaliella bardawil

KJ018728.1 Dunaliella viridis strain CCAP 19/3

KJ018726.1 Dunaliella viridis strain UTEX 1644

DQO009779.1 Dunaliella salina strain UTEX LB 200

M84320.1 Dunaliella salina

DQO009773.1 Dunaliella tertiolecta strain UTEX LB 999

TQE
3

Figure 1. Molecular phylogenetic analysis by Maximum Likelihood method. The tree represents the

DQO009772.1 Dunaliella tertiolecta strain CCMP 364

KY314801.1 Chlamydomonas sp. ICE-MDV

relationship among the 185 rRNA sequences from the two strains isolated (HM5 and HM13) from
Odiel Saltworks Marshlands and reference sequences of Dunaliella species. Multiple alignments were
generated by MUSCLE and the tree was constructed with MEGA X, using 1000 bootstrap replicates.
The name and the NCBI access number are indicated for all the reference sequences.

3.2. Antitumor Effects of Functional Extracts
3.2.1. Antiproliferative Effect against Cancer Cells

Both archaea and microalgae extracts were analyzed for their antitumor activity us-
ing the T84 and HCT-15 (drug-resistant) CRC cell lines. Neither the aqueous solvent nor
the DMSO were toxic at the doses tested. All the AEs tested, as well as the PHs from
Chlorella sorokiniana, Haloarcula hispanica, and Halobacterium salinarum, showed half-maximal
inhibitory concentration (ICsp) values lower than 200 pg/mL in T84 cancer cells (Table 1).
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Interestingly, the highest antitumor activity in this CRC cell line was observed with the use
of Chlorella sorokiniana AE and PH (IC5p 54.05 and 66.73 ug/mL, respectively). Regarding
the HCT-15 cell line, functional extracts with an ICs lower than 200 pg/mL were the PHs
obtained from Chlorella sorokiniana and Halobacterium salinarum and all AEs (except Chlamy-
domonas reinhardtii) (Table 2). In this resistant cell line, Chlorella sorokiniana AE showed
the lowest ICs5g value (59.21 ug/mL). The ME from Chlorella sorokiniana and AceE from
Haloarcula hispanica and Halobacterium salinarum and the EEs or EEMs from all the species
studied were less effective than the AE, with an ICsy higher than 200 pg/mL (Table S1).
Thus, our results suggest that AE and PH extracts showed the best antiproliferative activity
on these two CRC cell lines and MEs and AceEs did not show significant antitumor activity
(Supplementary Materials).

Table 1. ICs( values of the different extracts in the CRC cell line T84. Results are represented as the
mean + standard deviation of three replicates.

Microbial Species EE IC5 (ug/mL) EEM ICs (ug/mL) AE ICsp (ug/mL) PH IC5p (ng/mL)

Dunaliella HM13 >1000 >1000 184.67 + 15.71 477.98 £+ 29.16
Dunaliella HM5 >1000 >1000 137.56 £ 7.58 356.36 = 11.22
Picochlorum sp. >600 >600 194.47 + 57.52 229.89 + 14.84
Chlorella sorokiniana 523.20 £ 47.71 569.33 £ 88.59 54.05 & 27.79 66.73 £ 7.64
Chlamydomonas reinhardtii >800 399.29 +9.42 >150 >400
Haloarcula hispanica >1000 >1000 118.83 £ 57.52 153.56 & 3.26
Halobacterium salinarum >1000 >1000 138.47 + 33.94 111.20 4 22.20

EE: ethanol extract; AE: aqueous extract; PH: protein hydrolysate; and EEM: ethanolic extract with previous
mechanical disruption.

Table 2. IC5, values of the different extracts in the CRC cell line HCT-15. Results are represented as
the mean =+ standard deviation of three replicates.

Microbial Species EE IC5 (ug/mL) EEM ICs (ug/mL) AE IC5p (ug/mL) PH IC5p (ug/mL)
Dunaliella HM13 345.02 + 33.10 198.75 £+ 6.20 959.23 4+ 24.53 718.24 + 30.64
Dunaliella HM5 346.46 + 21.52 137.39 £ 8.91 593.04 + 33.91 553.11 £ 57.24
Picochlorum sp. 575.85 4+ 42.11 114.33 £ 891 >600 749.90 + 27.87

Chlorella sorokiniana 301.27 + 22.61 59.21 4+ 10.30 16541 +£7.34 24299 + 15.55

Chlamydomonas reinhardtii >800 >300 >400 316.25 + 6.84

Haloarcula hispanica >1000 181.05 &= 7.69 160.44 £ 4.67 >1000

Halobacterium salinarum >1000 171.29 + 10.89 110.56 + 17.12 >1000

EE: ethanol extract; AE: aqueous extract; PH: protein hydrolysate; and EEM: ethanolic extract with previous
mechanical disruption.

3.2.2. Alteration of Cell Migration Capacity Study

Based on the antiproliferative effect of previously tested archaea and microalgae
extracts, we selected Haloarcula hispanica, Halobacterium salinarum, and Chlorella sorokiniana
to analyze further antitumor properties. Thus, both T84 and HCT-15 colon cancer cells were
exposed to non-toxic concentrations of the different extracts to analyze the modulation
of cell migratory capacity (Figure 2). Our results showed that Haloarcula hispanica AE,
Halobacterium salinarum AE and PH, and Chlorella sorokiniana PH significantly reduced the
migratory ability of T84 tumor cells (p < 0.05) (Figure 2a). In fact, the AE of Haloarcula
hispanica and Halobacterium salinarum induced the greatest inhibition of migratory capacity
at 24 h (31.6% and 34.4%, respectively) (p < 0.001). It is necessary to mention that HCT-15
cells not only did not decrease their migratory capacity, but even showed a slight increase
in their migratory capacity with some extracts (Figure 2b).
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Figure 2. Study of a possible alteration of cell migratory capacity after exposing cells to non-toxic
doses of different extracts. Results obtained on the cell lines of CCR T84 (a) and HCT-15 (b). Values
are expressed as the mean + standard deviation of at least three cultures. Student’s t-tests were
employed with a significance level set at « = 5%; * p < 0.05; ** p < 0.01; and *** p < 0.001 compared
with untreated cells. AE: aqueous extract; PH: protein hydrolysate; ME: methanol extract; and AceE:
acetone extract.

3.2.3. Angiogenesis Study

Since the most promising antiproliferative results were observed in Chlorella sorokiniana
AE and PH, these extracts were selected to study their effect on angiogenesis in the CAM
assay. Our results revealed that both tested doses of Chlorella sorokiniana AE and PH, 25 and
100 pg/mlL, significantly increased the formation of blood vessels and their size in the
CAM compared to the control eggs, increasing the percentage of area occupied by blood
vessels in the treated area versus the external area of the CAM (Figure 3). Specifically, both
doses of HP increased vascular density and vascular length density by 1.6 and 1.7-fold
respectively compared to the control, while the AE improved both parameters between
1.3- and 1.5-fold.
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Figure 3. Effect on angiogenesis on the CAM of AE and PH Chliorella sorokiniana extracts. Doses of
25 (a) and 100 pg/mL (b) were applied for 72 h of treatment. Negative control was stablished as
PBS-treated eggs. (A) Images of treatment and external area using a Motic SMZ-171 stereo microscope
at 4x zoom. (B) Graphical representation of the Vascular density and Vascular length density
measurements given by the “Vessel Analysis” plugin from FIJI 2.9.0 software. Results are shown as
mean + SD of at least four available eggs per experimental group. Student’s t-tests were employed
with a significance level set at o« = 5%, *: p < 0.05, **: p < 0.01, and ***: p < 0.001 compared to control
eggs; #: p < 0.05, ##: p < 0.01, and ##H#: p < 0.01 compared to external area of the CAM.

3.3. Antioxidant and Preventive Effect of Functional Extracts
3.3.1. Protection Study against Reactive Oxygen Species

Analysis of the protective capacity of the extracts against oxidative stress showed
that only the PH and AceE from Haloarcula hispanica and the AE and PH from Chlorella
sorokiniana significantly protected cells against hydrogen peroxide damage. As shown in
Figure 4, the AceE from Haloarcula hispanica provided the highest protection against reactive
oxygen species when used at 0.01 pg/mL in combination with 1.2 mM of hydrogen peroxide
(5.2% protection) (p < 0.01), while 0.1 ug/mL of the extract with the same concentration
of hydrogen peroxide only protected 4.7% (p < 0.05). Similarly, Haloarcula hispanica PH
and Chlorella sorokiniana AE and PH showed the highest degree of protection when used at
0.01 pg/mL, 0.1 ug/mL, and 0.01 pg/mL, respectively, both in combination with 1.5 mM
of hydrogen peroxide (18.4, 14.1 and 10.3% of protection) (p < 0.01).
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Figure 4. Assay of in vitro antioxidant activity of functional extracts. HT29 cells were pre-treated with
functional extracts of Haloarcula hispanica (a), Halobacterium salinarum (b), and Chlorella sorokiniana
(c) and subsequently exposed to hydrogen peroxide for 6 h of treatment. Data are represented as
the mean =+ SD of up to octuplicate. Student’s t-tests were employed with a significance level set at
& =5%; *: p <0.05; **: p <0.01; and ***: p < 0.001 compared to its treatment with H,O,. AE: aqueous
extract; PH: protein hydrolysate; ME: methanol extract; and AceE: acetone extract.

3.3.2. Detoxifying Enzyme Activity Enhancement

Analysis of the effect of functional extracts on detoxifying enzymes showed that
Haloarcula hispanica AE induced the greatest increase in QR enzyme activity. As shown
in Figure 5a, this enzyme increased its activity 1.77-fold (p < 0.001) after exposure to the
AE for 48 h. The other extracts modulated the enzymatic activity to a lesser extent except
the PH of Haloarcula hispanica, Chlorella sorokiniana, and Halobacterium salinarum, which
did not exert any effect. On the other hand, the AE from Halobacterium salinarum induced
the largest increase in GST enzyme activity (up to 1.38-fold) (p < 0.001), as can be seen in
Figure 5b. Conversely, the HP from Haloarcula hispanica and ME from Chlorella sorokiniana
did not induce any effect in this enzyme.
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Figure 5. Effect of functional extracts on detoxifying enzyme activity. NAD(P)H: quinone oxidore-
ductase (QR) activity (a) and glutathione S-transferase (GST) analysis (b). Data are shown as the
mean + standard deviation of three independent cultures. Student’s t-tests were employed with a
significance level set at & = 5%; **: p <0.01; and ***: p < 0.001 compared to untreated cells. AE: aqueous
extract; PH: protein hydrolysate; ME: methanol extract; and AceE: acetone extract.

4. Discussion

Cancer represents a global health challenge which requires innovative therapeutic
approaches. This paper explores the potential therapeutic contributions of archaeal and mi-
croalgal species, as understanding the molecular mechanisms underlying their effects could
reveal innovative approaches to complement existing treatments, promoting advances in
the search for more effective and targeted cancer therapies.

The antitumor activity of the extracts obtained was evaluated by cytotoxicity and
tumor cell migration assays. Our results suggest that AE or PH extracts from the microalgae
Dunaliella sp., Picochlorum sp., and Chlamydomonas reinhardtii showed a weak cytotoxic
activity against CRC cells, with the lowest ICs5j value observed for the AE of Picochlorum
sp. against the HCT-15 cell line (114.33 £ 8.91 ug/mL). Similar results were previously
obtained in other studies in which the IC5y values observed for different Dunaliella sp.
and Picochlorum sp. extracts (ethanol, aqueous, dichloromethane, methanol, ethyl acetate,
etc.) were higher than 100 ng/mL in breast, lung, and liver cancer cell lines [34-36]. By
contrast, the AE and PH from the microalgae Chlorella sorokiniana showed high antitu-
mor activity against the CRC cell lines tested, reaching ICsy values between 54.05 and
66.73 pg/mL for the T84 CRC line. The AE of Chlorella sorokiniana also showed high cyto-
toxicity (ICsp = 59.21 £ 10.3 ug/mL) against the drug-resistant HCT-15 CRC line, although
in this case, cytotoxic activity decreased (IC5p = 165.41 &+ 7.34 pg/mL) when the AE was
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obtained after a treatment with proteases (HP), indicating the possible contribution of
a protein in the antiproliferative activity of this drug-resistant cell line. Our results are
even more promising than those reported in the literature obtained with various extraction
methods from different species of Chlorella [21,22,37]. Regarding the two archaea species
analyzed, it should be noted that of the different extraction methods used, only the AE
and HP showed antiproliferative activity against CRC cells. The most interesting results,
however, were obtained by the HP from Halobacterium salinarum (ICsy value 110.56 + 17.12
and 111.20 4 22.20 pg/mL in HCT-15 and T84 cells, respectively). This is in agreement
with previous results for both archaea species [38,39]. Since the best antitumor effects were
observed in Chlorella sorokiniana, Haloarcula hispanica, and Halobacterium salinarum, these
extracts were selected to examine their possible effect on inhibiting the migratory capacity

of T84 and HCT-15 tumor cells. These results are summarized in Table 3.

Table 3. Comparison of the results discussed for the antitumor effect.

Ref. M1cro})1al Human Cancer Cell Line Extract ICso Value Main Results
Species (ug/mL)
Supplementing the microalgae
PC-3 Methanol <100 C. vulgaris with several vitamins
Chiorella u ) g rzoitate showed an increase not only in its
[21] . Cp~as uver antioxidant and antitumor capacity
vulgaris HCT-116 colorectal Methanol ! mo!
Hel cal supplemented but also an increase in its total
€la cervica wiflf Thiamine <100 proteins, biomass, and
(vitamin B1) pigment content.
A-5491
Hela cerl:/rilcil The antitumor effect of the ethanolic
MCE7 breast Polysaccharide >2000 extract of Chlorella sp. was
22 orella sp. emonstrate romotin
Chiorella sp Huh? hepatocellular d dbyp ing
CCA and KKU213A cell death through the
cholangiocarcinoma Ethanol >300 AKT/mTOR pathway.
Methanol =150 Methanol and ethyl acetate extracts
MDA-MB-231 and have a high content of phenolic
) MCE-7 breast Ethyl acetate >200 compounds and carotenoids that are
[34]  Dunaliella sp. Hep-G2 liver associated with an increase in
P Chloroform >500 : e
A-549 lung apoptosis through the activation
Hexane >500 of caspase-3.
The compound violaxanthin was
Dunaliella MCF-7 breast Ethanol identified as the molecule with the
[36] tertiolecta A-549 lung >100 greatest antiproliferative potential
LNCaP prostate present in the extract obtained
Dichloromethane >100 with dichloromethane.
The methanolic extraction of
[37] Chlorel{a Hela cervical Methanol 125 C. vulgaris un@gr copper—mfechated
vulgaris stress conditions results in an
antitumor effect on the Hela cell line.
Carotenoids obtained from
Halobacterium . Carotenoid Halobacterium halobium present an
[38] halobium Hep-G2 liver extraction >500 antitumor and antioxidant effect in
the HepG2 line.
The pigments obtained from the
Carotenoid Haloarcula sp. archaea induce the
[39]  Haloarcula sp. MCE-7 breast oxtraction >600 expression of genes involved in

apoptosis, thus having an antitumor
effect in the breast cancer line MCEF-7.
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Moreover, our results suggest that the AE resulted in the greatest inhibition of T84
migratory activity at 24 h of treatment, with Haloarcula hispanica and Halobacterium salinarum
extracts reducing it by 31.6% and 34.4%, respectively. Similar results were obtained by
Alateyah et al. [40], who observed that the methanolic extract of the microalgae Haemato-
coccus pluvialis significantly reduced the migratory capacity of the breast cancer cell line
MDA-MB-231 by 68% at 48 h of treatment.

This antitumor activity that has been seen in the extracts tested may be having its effect
mainly due to different cellular mechanisms, including inhibition of migration, modulation
of the cell cycle, and induction of autophagy or apoptosis [41]. Migration is highly related to
tumors since it facilitates tumor growth and the spread of tumor cells to other organs, giving
rise to metastasis [42]. Carotenoids such as fucoxanthin have resulted in the inhibition of
cell migration in the HT-29 and HCT116 CCR cell lines in a dose-dependent manner [43],
although it has also been seen in other tumor types such as sarcomas with extracts from
the brown seaweed Cladosiphon okamuranus Tokida [44]. Alterations in the cell cycle are
directly related to cell growth and apoptosis. Crude ethanol extracts from the microalga
Chaetoceros calcitrans have been shown to have a modulating effect on the cell cycle in MCF7
breast cancer tumor cells, increasing cells in the subG0/G1 phase and thus promoting
apoptosis [45]. Similar results have been obtained in ethanolic extracts of the microalga
Micractinium sp., a study in the colorectal cancer cell line HCT116 shown an arrest of the
cell cycle in the G1 phase through the regulation of genes such as CDKN1A and CDKG6,
characteristic of the G1/S phase transition [46]. Finally, autophagy and apoptosis involve
the genetically programmed elimination of cells and is a fundamental process associated
with development, physiology, and homeostasis, whose alteration can lead to various
pathological conditions, including cancer [47]. There are studies that relate the ability of
microalgae such as Chlorella vulgaris or Dunaliella salina to produce compounds such as
phytosterols that can produce alterations in the apoptosis signaling pathway [48]. Analyses
such as that of Jiang et al. show that these phytosterols, in addition to promoting cell
apoptosis, are capable of reducing cell progression, invasion, and migration [49]. The
presence of carotenoids has also been related to an induction of early apoptosis, as is
the case for Chlorella ellipsoidea and Chlorella vulgaris, which are capable of inhibiting cell
proliferation in the CCR cell line HCT15, producing ICs values of around 40 ug/mL [50].

In the results obtained in the in vitro CAM assay, both EA and HP from Chlorella
sorokiniana microalgae showed interesting angiogenic potential, although there are very
little data on the effect of extracts or biomolecules derived from microalgae on vessel
development. Some authors such as Jarquin-Cordero et al. have demonstrated the ability
of the microalga Chlamydomonas reinhardtii to express proangiogenic growth factors [51-54].
Therefore, in the context of the activity of the extracts on tumors, these results should be
evaluated with new assays.

Finally, the preventive activity of the different functional extracts of Chlorella sorokiniana,
Haloarcula hispanica, and Halobacterium salinarum was assessed by testing their ability to
protect cells against oxidative damage and their effect on the detoxifying enzymes QR
and GST. Interestingly, in our results, the HP from Haloarcula hispanica and EA and HP
from Chlorella sorokiniana showed the best protective effect for oxidative damage caused
by HyO; (18.4, 14.1, and 10.3% protection, respectively), while the EA from both archaea
Haloarcula hispanica and Halobacterium salinarum resulted in the most interesting increase
in QR and GST enzymes, respectively. In this context, our results support those of other
authors who have already demonstrated certain antioxidant activity of different microalgae.
In particular, Chlorella vulgaris has been found to contain significant amounts of pigments
such as carotenes, lutein, chlorophylls, and vitamins such as vitamin C, all of which have
antioxidant capacity [37,55,56]. The antioxidant effect of various haloarchaea has been
studied and associated with the presence of carotenes [57,58]. While our results suggest that
Halobacterium salinarum does not exhibit antioxidant activity, several studies have reported
that the AE of Halobacterium salinarum showed significant antioxidant capacity [27,38]. On
the other hand, although the effect of archaea on the activity of the detoxifying enzyme GST
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is understudied, Selim et al. demonstrated that species of the archaea genus Haloferax were
able to promote the enzymatic activity of the detoxifying enzyme GST [59]. Furthermore,
the ability of diverse microalgae to promote GST enzyme activity has been previously
described by some authors [60-62].

5. Conclusions

The present study highlights the importance of exploring marine microorganisms and
microalgae in the search for new therapies against colorectal cancer. Through the selection
and analysis of functional extracts of microalgae and halophilic archaea, their potential as
sources of bioactive compounds with antitumor properties has been demonstrated. The
results revealed that Chlorella sorokiniana aqueous extracts exhibited significant antitumor
activity against colorectal cancer cell lines (T84 and HCT-15), with ICs( values of 54.05 and
59.21 ng/mL, respectively, suggesting their promising potential as therapeutic agents
against colorectal cancer. On the other hand, it was found that protein hydrolysate from
Haloarcula hispanica and Chlorella sorokiniana showed antioxidant capacity, protecting cells
against oxidative stress, and the aqueous extracts of Haloarcula hispanica and Halobacterium
salinarum increased the activity of detoxifying enzymes such as QR and GST. These results
support the idea that extremophilic marine microorganisms and microalgae can be valuable
sources of compounds with antioxidant and protective properties against cellular damage.

Taken together, these findings suggest that functional extracts of microalgae and
halophilic archaea have great potential as adjuvants in the treatment of colorectal cancer,
both due to their direct antitumor activity and their ability to modulate key cellular pro-
cesses related to tumor progression and antioxidant response. These results underscore the
importance of continuing to explore marine biodiversity to identify new cancer therapies
and improve existing treatments. However, further studies are needed to identify the active
compounds in these extracts and for a better understanding of the underlying mechanisms
of action.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse12060996/s1, Table S1: IC5q values of methanol extract (ME) and
acetonic extract (AceE) extracts in the CRC cell line T84 and HCT-15.
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