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The present research study investigated the potential protective effect of Bifurcaria
bifurcata extract on cell viability and antioxidant defences of cultured human Caco-2
cells submitted to oxidative stress induced by tert-butylhydroperoxide (tert-BOOH).
Aqueous extracts were firstly characterized in terms of total phenolic contents.
Concentrations of reduced glutathione (GSH) and malondialdehyde (MDA), generation
of reactive oxygen species (ROS), nitric oxide (NO) production, antioxidant enzymes
activities [NADPH quinone dehydrogenase 1 (NQO1) and glutathione S-transferase
(GST)], caspase 3/7 activity and gene expression linked to apoptosis, proinflammation
and oxidative stress signaling pathways were used as markers of cellular oxidative
status. B. bifurcata extract prevented the cytotoxicity, the decrease of GSH, the
increase of MDA levels and the ROS generation induced by tert-BOOH. B. bifurcata
extract prevented the significant decrease of NQO1 and GST activities, and the
significant increase of caspase 3/7 activity induced by tert-BOOH. B. bifurcata extract
also caused an over-expression of GSTM2, Nrf2 and AKT1 transcriptors, as well as
reduced ERK1, JNK1, Bax, BNIP3, NFkB1, IL-6 and HO-1 gene expressions induced
by tert-BOOH suggesting an increase in cellular resistance against oxidative stress.
The results of the biomarkers analyzed show that treatment of Caco-2 cells with B.
bifurcata extract enhance antioxidant defences, which imply an improved cell response
to an oxidative challenge. B. bifurcata extract possesses strong antioxidant properties
and may be a potential effective alternative to oxidant agents in the functional food
industry.
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ABSTRACT

The present research study investigated the potential protective effect of Bifurcaria bifurcata
extract on cell viability and antioxidant defences of cultured human Caco-2 cells submitted to
oxidative stress induced by tert-butylhydroperoxide (tert-BOOH). Aqueous extracts were firstly
characterized in terms of total phenolic contents. Concentrations of reduced glutathione (GSH)
and malondialdehyde (MDA), generation of reactive oxygen species (ROS), nitric oxide (NO)
production, antioxidant enzymes activities [NADPH quinone dehydrogenase 1 (NQO1) and
glutathione S-transferase (GST)], caspase 3/7 activity and gene expression linked to apoptosis,
proinflammation and oxidative stress signaling pathways were used as markers of cellular
oxidative status. B. bifurcata extract prevented the cytotoxicity, the decrease of GSH, the
increase of MDA levels and the ROS generation induced by tert-BOOH. B. bifurcata extract
prevented the significant decrease of NQO1 and GST activities, and the significant increase of
caspase 3/7 activity induced by tert-BOOH. B. bifurcata extract also caused an over-expression
of GSTM2, Nrf2 and AKT1 transcriptors, as well as reduced ERK1, JNK1, Bax, BNIP3, NFkBI,
IL-6 and HO-1 gene expressions induced by tert-BOOH suggesting an increase in cellular
resistance against oxidative stress. The results of the biomarkers analyzed show that treatment of
Caco-2 cells with B. bifurcata extract enhance antioxidant defences, which imply an improved
cell response to an oxidative challenge. B. bifurcata extract possesses strong antioxidant
properties and may be a potential effective alternative to oxidant agents in the functional food

industry.

KEYWORDS: Antioxidant defences; B. bifurcata extract; Phenolic and carbohydrate

derivatives; Oxidative stress biomarkers.
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1. Introduction

Macroalgae (or seaweeds) are critical habitat-structuring species in coastal ecosystems
(Reisewitz et al., 2006; Bertocci et al., 2015) and some species are important sources of specific
components such as antioxidants, pigments, oils, and vitamins (Hemantkumar and Rahimbhai,
2019; Niccolai et al., 2019). Seaweeds have been widely used in the food industry as a
stabilizer, emulsifier, gelling and thickening agent to improve the shelf life, nutritional, textural,
and organoleptic properties of different food products (Roohinejad et al., 2017). Seaweed
consumption has been associated with a range of health benefits, such as anticancer, immune-
modulatory, antiviral, antibacterial and antioxidant activities which are attributed to seaweed
constituents, like sulphated polysaccharides, carrageenans, fucoidans, terpenoids, polyphenols
and polyunsaturated fatty acids (PUFASs) (Smit, 2004; Erpel et al., 2020; Pefialver et al., 2020;
Besednova et al., 2022; Matulja et al., 2022). Some seaweed species collected along the
European coasts are used as feedstock for the extraction of food, pharmaceutical, biomedical or
biotechnological grades of the hydrocolloids alginate and agar (Kraan, 2012; Peteiro, 2018).
Algae biomass is also used in feed for aquaculture (Makkar et al., 2016; Wan et al., 2019) and
recently explored as a feed supplement for cattle to improve the weight gain while reducing
enteric methane emissions (Machado et al., 2014; Roque et al., 2019; Kinley et al., 2020).
Further uses include fertilizer and plant bio-stimulant applications as well as a source of high
quality and high-value bioactive products for cosmetics and nutraceuticals (Thomas and Kim,
2013; Chatterjee et al., 2017). The global production of seaweeds is mostly used for human
consumption (80%), and about 20% for hydrocolloid (agar, alginates and carrageenan)
production as functional ingredients in commercial applications as stabilizers, emulsifiers,
thickening agents and texture modifiers (EUMOFA, 2018). The economic potential of the algae
industry products is widely recognized and their bioactivities have recently gained a considerable

interest due to their multiple applications in the food and/or pharmaceutical industries.



Marine resources are considered as a very promising source of bioactive molecules, and
macroalgae in particular have gained special attention, due to their structurally diverse
composition. Amongst the macroalgae species (close to 10,000), only a limited number have
been the object of extensive research studies due to their unique composition and consequent
diversity of biological activities or health benefits. Particular interest has been devoted to the
brown macroalga Bifurcaria bifurcata, due to their abundance in bioactive linear diterpenes.
Many diterpenes have been demonstrated to possess antimicrobial and antifungal activities
(Gupta and Abu-Ghannam, 2011; Pais et al., 2019). Because of B. bifurcata extract reveals to
be a promising source of compounds with potential against oxidative stress, the aim of the
present research study was to evaluate, in human colon carcinoma Caco-2 cells, the underlying
mechanisms of the potential protective effect of different B. bifurcata extract concentrations
against an oxidative stress chemically induced by the potent pro-oxidant, tert-butyl
hydroperoxide (tert-BOOH). To this end, cell viability (MTT) and lactate dehydrogenase (LDH)
assays; concentration of reduced glutathione (GSH); determination of malondialdehyde (MDA)
levels as marker lipid peroxidation; generation of reactive oxygen species (ROS); determination
of nitric oxide production (NO); evaluation of the activity of antioxidant enzymes: NADPH
quinone dehydrogenase 1 (NQOL1) and glutathione S-transferase (GST); evaluation of caspase
3/7 activity as a marker of apoptosis and messenger RNA (mMRNA) expressions linked to
apoptosis/oxidative mediators were investigated. Caco-2 cells are widely used for biochemical
and nutritional research studies as a cell culture model of human colonocytes since they retain
their morphology and most of their function in culture (Sambuy et al., 2005; Phelan et al.,

2009).

2. Material and Methods

2.1. Chemicals and reagents



The compounds tert-butyl hydroperoxide (tert-BOOH), 3-[4,5 dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazolium  bromide  (MTT), menadione, dicoumarol,  malondialdehyde
tetrabutylammonium salt (MDA), dimethyl sulfoxide (DMSO), Dulbecco’s phosphate buffered
saline (DPBS), fetal bovine serum (FBS), 2-thiobarbituric acid (TBA), sodium dodecyl sulfate
(SDS), B-nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine dinucleotide
(FAD), bovine serum albumin (BSA), N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)
(HEPES), Tween 20, 1-chloro-2,4-dinitrobenzene (CDNB), glutathione reduced (GSH), o-
phthalaldehyde (OPT), ethylenediaminetetraacetic acid (EDTA), trichloroacetic acid and primer
genes were purchased from Sigma-Aldrich, St Louis, MO 63103, USA. Dulbecco’s Modified
Eagle Medium/ Nutrient Mixture F-12 (DMEMF12) and Dulbecco’s modified eagle medium
(DMEM) were obtained from Biowhitaker Lonza (Walkersville, MD, USA). Penicillin and
streptomycin were obtained from Invitrogen (Madrid, Spain). The fluorescent probes 2',7'-
dichlorofluorescin diacetate (DCFH-DA) and 4-amino-5-methylamino-2,7-difluorofluorescein
diacetate (DAF-FM-DA) were acquired from Sigma-Aldrich and Invitrogen, respectively. The
kit Caspase-Glo® 3/7 assay was purchased from Promega Corporation, Madison, WI 53711-
5399, USA. All other chemicals were of the highest quality grade and obtained from commercial

sources.
2.2. Macroalga collection, identification and preparation

The seaweed Bifurcaria bifurcata R. Ross 1958 was collected during the summer season of
2017 (23-24™ August) from Comillas, Cantabria, Spain (43° 23" N and 4° 17" W) in the Atlantic
coast of northern Spain. Sample collections were done at the same rocky shore site in the middle
intertidal zone for B. bifurcata. The Cantabrian coast (northern Spain) is included in the warm-
temperate area of the Atlantic region. B. bifurcata grows without problems in zones with high
presence of sediments in the Coast of Cantabria, particularly in the Comillas area where the

water quality is an important aspect to be considered. B. bifurcata can be considered a good



indicator of undisturbed habitats, quickly deteriorate when contaminants are introduced in the
environment (Diez et al., 2003). Adult fresh specimens were selected and carefully washed with
fresh seawater to remove sand or remaining debris, and any epiphytes and animals attached to
the algal surface. They were then wrapped in sterile cloths moistened with seawater and kept
dark and cool with ice packs (<15°C) to preserve the algae alive and healthy until transport them
to the laboratory where they were stored until further use. The proper identification of seaweed
specimens was based on morphological characters using specialized taxonomic keys of Iberian
Fucales (Goémez Garreta et al., 2000). The currently accepted scientific names of seaweed
species, with recent synonyms in brackets, are given according to Algaebase (Guiry and Guiry,
2022) and following the rules of the International Code of Nomenclature (ICN) for algae, fungi,
and plants (Turland et al., 2018). The brown algae (class Phaeophyceae) used in this research
study is member of the order Fucales (also known as fucoids), which is commonly dominant
seaweed in cold-temperate rocky shores of North Atlantic. The seaweed B. bifurcata is restricted
to the Atlantic coasts from the British Isles to Senegal (Fletcher, 1987; Gomez Garreta et al.,
2000); this perennial fucoid is particularly abundant along northern Atlantic coasts of Spain. This
macroalga often grows in the form of large and dense monospecific stands (the so-called brown

algal beds or forests) that are available in exploitable quantity.

2.3. Preparation of seaweed extract

The homogenized sample was analyzed in triplicates. Samples of 3.5 £ 0.01 g were placed
in an amber tube and soaked in the extraction solvent (hexane: ethanol, 1:1, v/v) in an orbital
homogenizer for 60 min. The extracts were centrifuged at 5000 rpm for 10 min at 4 °C, and the
extractions were repeated until a colorless supernatant was observed. The pellet was re-extracted
three times with 30 mL in a basic solution (pH 10) during 60 min. in an orbital homogenizer at
room temperature. The extracts were centrifuged at 5000 rpm for 10 min. at 4°C, and the

supernatants were pooled and lyophilized. The residue was stored at -20 °C until the analysis.



2.4. Characterization of B. bifurcata extract

To perform the total phenolic and carbohydrate content 100 mg of the obtained residue
were dissolved in 1 mL water. The total polyphenolic content of algal extracts was determined
according to the method of Wang et al. (2012) with a minor modification. 100 uL of the basic
extract were mixed with 50 pL Folin-Ciocalteu reagent (Sigma-Aldrich, Germany), 450 uL
water and 500 pL of 12.5% (w/w) sodium carbonate. The solution was incubated at 45 °C for 30
min. 250 pL were transferred to a microplate and the absorbance was measured at 760 nm in a
Varioskan spectrophotometer (Thermo Fischer Scientific, USA) using phloroglucinol as standard
reference (Sigma-Aldrich, Germany). The phenolic content of the extract was 2.60 g
phenolics/mg residue expressed as phloroglucinol.

The carbohydrate concentration was determined by the phenol-sulfuric acid reaction,
colorimetric method described by DuBois et al. (1956). 200 pL of extract was thoroughly
mixed with 200 pL 5% phenol and 1 mL sulfuric acid (96%). Once the reaction was developed
at 30°C for 15 min, 250 pL were transferred to a microplate. The absorbance was recorded at
490 nm in a Varioskan spectrophotometer (Thermo Fischer Scientific, USA) using glucose as
standard reference (Sigma-Aldrich, Germany). The carbohydrate content of the extract was 5.84
pg carbohydrate/mg residue expressed as glucose.

The nuclear magnetic resonance spectroscopy (NMR) analysis of the extract B. bifurcata
was also conducted. Proton nuclear magnetic resonance spectroscopy (*H-NMR) and carbon-13
nuclear magnetic resonance (**C-NMR), heteronuclear single quantum coherence (HSQC),
heteronuclear multiple bond correlation (HMBC), correlated spectroscopy (COSY) and nuclear
overhauser effect spectroscopy (NOESY) spectrum were measured employing a Bruker Avance
11-500 spectrometer (Bruker, Fallanden, Switzerland) operating at 500 MHz for *H-NMR and at
a 125.7 MHz for 3C-NMR. Two-dimensional spectra were obtained with the standard Bruker

software. 1D and 2D NMR spectra analysis of the extract of B. bifurcata in deuterium oxide
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(D20) indicated that citric acid (Pinto et al., 2021) and a-hydroxybutyric acid (Sciubba et al.,
2020) were major compounds present in this extract that dissolve in D;O. The H-NMR
spectrum showed signals between 3.5 and 4.0 ppm that imply the presence of sacharides and
signals in the aromatic area at 6 =6.79; 6.86; 7.28 and 7.31 ppm that should correspond to
phlorotannins although phloroglucinol (Nazir et al., 2021) has not been detected. Moreover, 1D
and 2D NMR spectra analysis of the extract of B. bifurcata in methanol-d4 (CD30OD) allowed us
to identify the presence of 3-hydroxy-valine (Seiple et al., 2014) as well as acetic acid (Sciubba
et al., 2020) in the extract. NMR spectra data of the extract B. bifurcata are presented in

Supplementary Data.

2.5. Cell culture

Human Caco-2 cells from the European Collection of Authenticated Cell Cultures
(ECACC 86010202, Sigma-Aldrich) were used in passages 14-30. Caco-2 cells were maintained
in DMEMF12 medium supplemented with 10% heat-inactivated FBS, 100 units/mL penicillin,
100 pg/mL streptomycin, and 0.25 pg/mL amphotericin B. Cultures were seeded into flasks
containing supplemented medium and maintained at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air. For assays, Caco-2 cells were sub-cultured in 96-well plates at a seeding
density of 8 x 10 cells per well. Cells were allowed to attach for 24 h before B. bifurcata extract
treatment. The culture medium was changed every other day in order to remove the non-adhered
and dead cells. In the assays, cell culture plates with FBS were changed to FBS-free medium to

reduce analytical interference and provide more reproducible experimental conditions.
2.6. Cell treatment

To study a direct effect of the B. bifurcata extract, different concentrations of extract (10,

50, 100, 250 and 500 pg/mL), dissolved in serum-free culture medium, were added to the cell
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plates for 24 h. At the end of the incubation period, cell cultures were processed depending on
the assay.

In order to generate a condition of cellular oxidative stress, Caco-2 cells were also
incubated with tert-BOOH, a strong pro-oxidant compound (Sestili et al., 2002; O'Sullivan et
al., 2012). The protective effect of B. bifurcata extract against an oxidative stress induced by the

pro-oxidant, tert-BOOH, was also determined.

2.7. Cell viability (MTT assay)

MTT assay is a common tool to measure cell proliferation/viability, drug cytotoxicity, and
mitochondrial/metabolic activity of cells (Stockert et al., 2018). Cell viability was first
measured for B. bifurcata extract (10, 50, 100, 250, 500 pug/mL) by quantitative colorimetric
assay with MTT, as previously described (Denizot and Lang, 1986). Caco-2 cells were grown in
a 96-well plate. After exposure (24 h) to B. bifurcata treatments, 22 pL of the MTT labeling
reagent, at a final concentration of 0.5 mg/mL, was added to each well and the plate was placed
in a humidified incubator at 37 °C with 5% CO: and 95% air (v/v) for a period of 2 h. MTT
tetrazolium salt is reduced to insoluble purple formazan compound by dehydrogenase enzyme
present in the viable cells at 37 °C (Ghasemi et al., 2021). Formazan was dissolved with DMSO,
and the colored product was measured at 540 nm using a microplate reader (BMG LABTECH
GmbH SPECTROStarNano, Ortenberg, Germany). Control cells treated with DMEM were taken

as 100% viability.

2.8. Evaluation of cytotoxicity: lactate dehydrogenase (LDH) assay

Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme that is found in all cells.
LDH is rapidly released into the cell culture supernatant when the plasma membrane is damaged,
a key feature of cells undergoing apoptosis, necrosis, and other forms of cellular damage

(Kumar et al., 2018). Cytotoxic effects of B. bifurcata extract (10, 50, 100, 250, 500 ug/mL) on
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Caco-2 cells were evaluated by measuring LDH leakage into the extracellular fluid. After B.
bifurcata extract exposure (24 h), samples were collected to estimate extracellular LDH as
indication of cell death. LDH activity was spectrophotometrically measured using a Cytotoxicity
Cell Death kit (Roche-Boehringer, Mannheim, Germany) according to the manufacturer’s
indications. Total LDH activity was defined as the sum of intracellular and extracellular LDH
activity; total LDH (intracellular plus extracellular) was normalized as 100%; then, the amount
of LDH released to the extracellular medium was expressed as percentage of this total value.
LDH activity was measured spectrophotometrically at 490-620 nm, using a microplate reader
(BMG LABTECH GmbH SPECTROStarNano, Ortenberg, Germany).

2.9. Determination of reduced glutathione (GSH) and evaluation of malondialdehyde (MDA)
levels.

As an index of the intracellular non-enzymatic antioxidant defenses, the concentration of
GSH was measured. The content of GSH was quantitated by the fluorometric assay of Hissin
and Hilf (1976). The method takes advantage of the reaction of GSH with OPT at pH 8.0. After
treatment with B. bifurcata extract (10, 50, 100, 250, 500 pg/mL) for 24 h, the culture medium
was removed and cells were detached and homogenized by ultrasound with 5% (w/v)
trichloroacetic acid containing 2 mM EDTA. Fluorescence was measured at an emission
wavelength of 460 nm and an excitation wavelength of 340 nm. The content of GSH against
cytotoxic effect of tert-BOOH and the protecting effect of B. bifurcata extract was also
evaluated.

MDA is the main and most studied product of PUFA peroxidation. In this research study
we evaluated, as a biomarker for lipid peroxidation, the cytoplasmic concentration of MDA
induced by B. bifurcata extract (10, 50, 100, 250, 500 pg/mL) after 24 h incubation period.
Cellular MDA levels were quantified by the thiobarbituric acid reactive substances (TBARS)
assay kit (Cell Biolabs, Inc., San Diego, CA). The goal of the TBARS assay is to assess
oxidative stress by measuring the production of lipid peroxidation products, primarily MDA,

13



using a spectrophotometric plate reader (BMG LABTECH GmbH SPECTROStarNano,
Ortenberg, Germany) at 532 nm. MDA production for cytotoxic effect of tert-BOOH and the
protecting effect of B. bifurcata extract was also evaluated. The assay has been previously

described (Martinez et al., 2021).

2.10. Determination of reactive oxygen species (ROS)

Cellular ROS generation was quantified by the 2,7-dichlorofluorescein (DCFH) assay
using a microplate reader (Wang and Joseph, 1999). After being oxidized by intracellular
oxidants, DCFH will become dichlorofluorescein (DCF) and emit fluorescence. For the assay of
direct effect of B. bifurcata extract (10, 50, 100, 250, 500 pg/mL), Caco-2 cells were seeded in
96-well plates at a rate of 8 x 10* cells per well in medium containing FBS and replaced to FBS-
free medium and the different extract concentrations. By quantifying fluorescence over a period
of 60 min, a reliable estimation of the overall oxygen species generated under the different
conditions was obtained. This parameter gives a very good evaluation of the degree of cellular
oxidative stress. ROS formation for cytotoxic effect of tert-BOOH and the protecting effect of B.
bifurcata extract was also evaluated. The assay has been previously described (Martinez et al.,

2021).

2.11. Evaluation of nitric oxide (NO) production

NO is an arginine-derived radical playing a pivotal role in numerous physiologic as well as
pathophysiologic processes. 4,5-Diaminofluorescein (DAF-2) and its membrane permeable
derivate DAF-2 diacetate are fluorescent probes that have been developed to perform real-time
biological detection of NO (Leikert et al., 2001). In the present research study, NO production
was detected by spectrofluorometric following the optimized method for the detection of NO in
the low-nM range developed for Leikert et al. (2001). Briefly, cells were seeded in 96-well

multiwells (8 x 10* cells per well) and incubated with B. bifurcata extract (10, 50, 100, 250 and

14



500 pg/mL) for 24 h. After that, 2.5 uM DAF-2 was added to the wells for 30 min at 37 °C.
Then, cells were washed twice with DPBS and replaced with FBS-free medium and incubated
for an additional 15-30 min. The fluorescence of cells was evaluated in a fluorescent microplate
reader at an excitation wavelength of 495 nm and an emission wavelength of 515 nm (FLx800

Fluorimeter, BioTek, Winooski, USA).

2.12. Determination of NADPH quinone dehydrogenase 1 (NQOZ1) activity

NQOL1 is a flavoenzyme that catalyzes two electron reduction of quinones and some other
electrophiles by using NADPH as an electron donor. NQO1 activity was measured following the
method of Tsvetkov et al. (2005) based on the decrease in NADPH absorbance at 340 nm.
Caco-2 cells were incubated with B. bifurcata extract (10, 50, 100, 250, 500 pg/mL) for 24 h.
Then, cells were mechanically homogenized in 200 pl of buffer saline HEPES (50 mM HEPES
plus 154 mM NaCl, pH 7.5). The homogenate was centrifuged (2400 rpm for 5 min at 4 °C). The
pellet was discarded and the supernatant was stored at -80° C until further analysis. The NQO1
activity against cytotoxic effect of tert-BOOH and the protecting effect of B. bifurcata extract
was also evaluated. The assay has been previously described (Martinez et al., 2021). Protein
contents were measured according to the method of Lowry et al. (1951) using BSA. All
spectrophotometric measurements were recorded on BMG Labtech GmbH SPECTROStarNano

spectrophotometer.

2.13. Determination of glutathione S-transferase (GST) activity

GST activity was assayed by the method of Habig et al. (1974) based on the enzymatically
catalyzed condensation of glutathione with the substrate CDNB. The product formed 2-4
dinitrophenyl glutathione has a maximum absorption at 340 nm. The values were expressed as
umol of CDNB-GSH conjugate formed per min per mg of protein. Protein concentrations in the

samples were measured according to the method of Lowry et al. (1951). All spectrophotometric
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measurements were recorded wusing a microplate reader (BMG LABTECH GmbH
SPECTROStarNano, Ortenberg, Germany). The cells were incubated with B. bifurcata extract
(10, 50, 100, 250, 500 pg/mL) for 24 h. Then cells were mechanically homogenized in 200 uL. of
buffer saline HEPES (50 mM HEPES plus 154 mM NaCl, pH 7.5). The homogenate was
centrifuged (2400 rpm for 5 min at 4 °C). The pellet was discarded and the supernatant was
stored at -80 °C until further analysis. 10 pL of supernatant was added to the reaction mixture.
The reaction mixture in a final volume of 110 pL contained 0.1 M buffer phosphate (pH 6.5), 1
mM GSH, 1 mM CDNB and 0.01% Tween 20. The GST activity against cytotoxic effect of tert-

BOOH and the protecting effect of B. bifurcata extract was also evaluated.
2.14. Determination of caspase 3/7 activity

Caspase-Glo 3/7 assay is a homogenous, luminescent assay that measures caspase-3 and -7
activities, key-caspases of apoptosis; detection of caspase activation may serve as an important
tool in monitoring apoptosis in vivo and in vitro (Liu et al., 2005). The assay provides a
luminogenic caspase-3/7 substrate, which contains the tetrapeptide sequence DEVD (aspartic
acid-glutamic acid-valine-aspartic acid), in a reagent optimized for caspase activity, luciferase
activity, and cell lysis. Caco-2 cells were exposed to B. bifurcata extract (10, 50, 100, 250, 500
pg/mL) for 24 h. Luminescence was measured using the plate reader (FLx800, BioTek,
Winooski, USA). Caspase 3/7 activity for cytotoxic effect of tert-BOOH and the protecting
effect of B. bifurcata extract were also evaluated. The precise protocol has been described

elsewhere (Martinez et al., 2021).
2.15. RNA isolation and cDNA synthesis

Human colon carcinoma Caco-2 cells were grown in 25 cm? culture flasks at a
concentration of 2 x 10° cells/cm? and allowed to adhere for 24 h. Then, cells were treated with

B. bifurcata extract (100 and 500 pug/mL) for 24 h in FBS-free medium. These treatments 100
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and 500 pg/mL B. bifurcata extract were tested because doses up to 100 pg/mL of B. bifurcata
extract evoked no changes in Caco-2 cells submitted to tert-BOOH (200 uM). After 24 h, 200
MM tert-BOOH in FBS-free medium was added to the flasks for 3 h. FBS-free medium was
removed, and cells were washed with DPBS. Subsequently, 1 mL of DPBS was added to the
Caco-2 cells to detached and placed in a 1.5 mL collection tube. Cells were then centrifuged at a
speed of 1700 rpm at 4°C for 5 min and the supernatant was removed and pellet was used for
RNA extraction. Total RNA was extracted using the Trizol Reagent method (Invitrogen,
Carlsbad, USA) and purified using RNeasy MinElute Cleanup Kit according to the
manufacturer’s protocol (Qiagen, Hilden, Germany). The final RNA concentration and purity
was determined using a NanoDrop 2000c spectrophotometer (ThermoFisher Scientific, Madrid,
Spain) obtaining A260/A280 ratios between 1.9 and 2.1 in all the samples. First-strand
complementary DNA (cDNA) was synthesized from 5 pg total RNA by reverse transcription
using RT? First Strand kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol,
starting with a genomic DNA elimination step. At the end, cDNA was diluted 1:10 in nuclease-

free water and stored at —80 °C for further analysis.

2.16. Measurement of mMRNA expressions linked to apoptosis, proinflammation and oxidative

stress signaling by Real-Time PCR

Quantitative Real-Time PCR assays for AKT1 (V-akt murine thymoma viral oncogene
homolog 1), Bax (Bcl2-associated X protein), BNIP3 (Bcl2 interacting protein 3), ERK1
(extracellular signal-regulated kinase 1), GSTM2 (glutathione-S-transferase mu 2), HO-1 (heme
oxygenase 1), IL-6 (interleukin 6), JNK1 (c-Jun N-terminal kinase 1), NFxBI (nuclear
transcription factor kappa B subunit 1) and Nrf2 (nuclear factor-E2-related factor 2), genes
associated to apoptosis, proinflammation and oxidative stress, were performed to analyze mRNA
expressions (Table 1). Reactions were run on a Real-Time PCR system, BioRad CFX96, using

RT? SYBR Green qPCR master mix (Qiagen, Hilden, Germany) according to manufacturer’s
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protocol. Concentration of each primer was 400 nM and thermal protocol was as follows: 95 °C
for 10 min, followed by 40 cycles composed of 15 s at 95 °C and 1 min at 60 °C. Sequences of
primers are presented in Table 1. Relative changes in gene expression were calculated according
to Pfaffl (2001), using GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as housekeeping
gene (with tested no differences between groups) and extracting efficiencies from raw data using

LinRegPCR free software (Ramakers et al., 2003).

(Insert Table 1)

2.17. Statistical analysis

To contrast groups, one-way analysis of variance (ANOVA) followed by Duncan’s
multiple comparison were used. The level of significance was P < 0.05. A statistical program
IBM SPSS Statistics 27 (IBM Corporation, Armonk, NY, USA) was used. Four independent
experiments in triplicate were performed, and the presented results were representative of these

replicates. Data are represented as mean values * standard error of the mean (SEM).

3. Results and Discussion

There is considerable current interest in the cytoprotective effects of natural antioxidant
products against oxidative stress and the different defense mechanisms involved. Recently,
several studies have focused on the natural products of marine seaweeds, which are recognized
to have health promoting effects. The biological and therapeutic properties of seaweeds have
already been well known. Several studies showed that among the various natural marine sources
of antioxidants, seaweeds have become a potential source of antioxidants because of their
bioactive compounds such as polysaccharides, polyphenols, and carotenoids (Biris-Dorhoi et
al., 2020; Ismail et al., 2020). Natural antioxidants have a potential role in the modification of
stress-induced signaling pathways along with the activation of the oxidative defensive pathways

(Rengasamy et al., 2020; Begum et al., 2021). The brown seaweed B. bifurcata can be a

18



promising source of bioactive compounds and functional ingredients with neuroprotective,
antioxidant and anti-inflammatory activities (Alves et al., 2016; Pinteus et al., 2017; Silva et
al., 2019; Jaworowska and Murtaza, 2023). This research study demonstrates that B. bifurcata
extract (with a phenolic content of 2.60 g phenolics/mg residue expressed as phloroglucinol and
a carbohydrate content of 5.84 g carbohyrate/mg residue expressed as glucose) has the ability to
protect human colon carcinoma Caco-2 cells against oxidative insult by modulating GSH
concentration, ROS generation, NO production, MDA production, antioxidant enzyme activities
and apoptosis, proinflammation and oxidative stress signaling pathways.

Previous research studies have demonstrated that tert-BOOH induced oxidative stress in
Caco-2 cells being a useful model for evaluating the cytoprotective effect of natural antioxidants
(Rodriguez-Ramiro et al., 2011; Martinez et al., 2021). In order to generate a condition of
cellular oxidative stress, Caco-2 cells were submitted to 50, 100, 200, 400 uM tert-BOOH and
(i) cell viability measured by MTT assay at 3, 9 and 15 h (Fig. 1A), (ii) intracellular ROS
production at 15, 30 and 60 min (Fig. 1B) and (iii) caspase 3/7 activity at 1, 3 and 5 h (Fig. 1C)
were evaluated (Fig. 1). The results of this study indicated that treatment of Caco-2 cells with
200 uM tert-BOOH evoked a remarkable oxidative stress. Tert-BOOH (200 puM) induced a
significant inhibition of cell viability (25-39%) at 3 h (Fig. 1A), a significant increase (369%) in
the cellular ROS production at 60 min (Fig. 1B) and a significant increase (29%) in caspase 3/7
activity at 3 h (Fig. 1C). These conditions were used to study the potential protective effect of
the B. bifurcata extract. Protective effect of B. bifurcata extract against an oxidative insult

induced by tert-BOOH (200 uM) was evaluated in Caco-2 cells.

3.1. Effects of B. bifurcata extract on cell viability (MTT and LDH)

Treatment of Caco-2 cells for 24 h with B. bifurcata extract (10500 pg/mL) evoked no
changes in cell viability (MTT and LDH leakage) (Fig. 2A and 2B). In this research study, we

also examined whether cell death induced by 200 uM tert-BOOH after 3 h incubation period
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could be reverted with the B. bifurcata extract (10-500 pg/mL). The compound tert-BOOH (200
uM) reduced cell viability (39% inhibition) (Fig. 2C). The treatment of Caco-2 cells with the
extract prevented the cell viability affected by tert-BOOH. B. bifurcata extract (100, 250 and 500
ug/mL) provided a significant increase of cell survival (35%, 38% and 52%, respectively)
compared to tert-BOOH (Fig. 2C).

LDH leakage was used as an indicator of cytotoxicity. We examined whether the cytotoxic
effect on LDH leakage induced by 200 uM tert-BOOH could be reverted with the B. bifurcata
extract (10-500 pg/mL). The compound tert-BOOH (200 uM) produced a significant cytotoxic
effect on LDH leakage (123% LDH release) (Fig. 2D). The treatment of Caco-2 cells with the
extract prevented the cytotoxicity induced by tert-BOOH. B. bifurcata extract (100, 250 and 500
ug/mL) provided a significant protection (22%, 35% and 38%, respectively) against the cell

insult evoked by 200 uM tert-BOOH (Fig. 2D).

3.2. Effects of B. bifurcata extract on reduced glutathione (GSH) and malondialdehyde (MDA)

GSH is the main nonenzimatic antioxidant defense within the cell, reducing different
peroxides, hydroperoxides and radicals (Jones, 2002). The concentration of GSH decreases
considerably when cells are exposed to oxidative damage (Presa et al., 2018). On the other
hand, MDA, a three-carbon compound formed by scission of peroxidized PUFAs, mainly
arachidonic acid, is one of the main products of lipid peroxidation (Suttnar et al., 1997). Since
MDA has been found elevated in various diseases thought to be related to free radical damage, it
has been widely used as an index of lipoperoxidation in biological and medical sciences
(Suttnar et al., 2001; Barrera et al., 2018). In the present research article, levels of oxidative
stress markers (GSH and MDA) were examined.

Treatment of Caco-2 cells for 24 h with B. bifurcata extract (10-500 pg/mL) for 24 h
evoked no changes in GSH and MDA levels (Fig 3A and 3B). In order to generate a condition

of cellular oxidative stress, Caco-2 cells were incubated with tert-BOOH (200 uM) and then
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GSH and MDA levels were evaluated (Fig 3C and 3D). The compound tert-BOOH (200 uM)
affected significantly the levels of GSH (47% inhibition) (Fig. 3C) and MDA (226% induction)
(Fig. 3D). These remarkable decreases in GSH levels, as well as the significant increase in MDA
levels in response to an oxidative stress induced by tert-BOOH, were significantly prevented by
B. bifurcata extract (Fig. 3C and 3D). B. bifurcata extract (100, 250, 500 ug/mL) provided a
significant increase of GSH levels (34%, 73% and 84%, respectively) compared to tert-BOOH
(Fig. 3C). B. bifurcata extract (100, 250, 500 ug/mL) significantly decreased MDA levels (25%,
30% and 31%, respectively) compared to tert-BOOH (Fig. 3D). Our results demonstrated that
the treatment of Caco-2 cells with B. bifurcata extract at concentrations ranging from 100 to 500

ug/mL prevented or delayed conditions which favor oxidative stress in the cell.

3.3. Effects of B. bifurcata extract on reactive oxygen species (ROS) generation, NO production

and caspase-3/7 activity

Direct evaluation of the reactive oxygen species (ROS) yields a very good indication of the
oxidative damage to living cells (Wang and Joseph, 1999). Activation of ROS leads to lipid
peroxidation of cell membranes, and the products of peroxidation bind to biomolecules, leading
to disease production (Yuan et al.,, 2015). Based upon the fact that nonfluorescent 2,7-
dichlorofluorescin (DCFH) crosses cell membranes and is oxidized by intracellular ROS to
highly fluorescent DCF (LeBel et al., 1992), the intracellular DCF fluorescence can be used as
an index to quantify the overall oxidative stress in cells (Wang and Joseph, 1999). A prooxidant
such as tert-BOOH can directly oxidize DCFH to fluorescent DCF, and it can also decompose to
peroxyl radicals and generate lipid peroxides and ROS, thus increasing fluorescence. Oxidative
stress is associated with an imbalance between ROS and antioxidants in the human body.
Excessive ROS accumulation can directly damage DNA, protein, and lipids, which disturbs
normal cellular function (Pizzino et al., 2017; Liu et al., 2018; Zheng et al., 2020). This

research study showed that B. bifurcata extract inhibits the generation of ROS induced by tert-
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BOOH in cultured Caco-2 cells, thus preventing or delaying conditions which favor oxidative
stress in the cells.

Findings of our study showed that B. bifurcata extract for 24 h evoked no changes in the
cellular ROS generation levels (Fig. 4A). A significant increase in ROS production was observed
in the presence of 200 uM tert-BOOH as compared to unstressed control (Fig. 4C). The
compound tert-BOOH (200 uM) increased ROS generation (334% induction) (Fig. 4C). The
treatment of Caco-2 cells with the B. bifurcata extract (100 — 500 pg/mL) significantly
attenuated the ROS production induced by tert-BOOH (200 uM). B. bifurcata extract (100, 250,
500 pug/mL) provided a significant decrease of ROS levels (13%, 14% and 21%, respectively)
against the cell insult evoked by tert-BOOH (Fig. 4C). B. bifurcata extract can play important
roles in preventing ROS damage by scavenging free radicals.

Correlation between the protective effect of seaweeds and the tert-BOOH-induced
production of NO was also examined. Reactive NO has been known to generate peroxynitrite
(ONOO) that is a latent oxidizing agent, by the chemical reaction between NO and superoxide.
Various negative effects of ONOO™ have been described, such as oxidation and nitration of
proteins (Patel et al., 1999; Reiter et al., 2002; Lee et al., 2004; Seo et al., 2004). Therefore,
NO production is an important step in the regulation of NO-mediated diseases. We examined
whether exposure to B. bifurcata extract at concentrations ranging from 10 to 500 pg/mL had an
effect on the NO production in Caco-2 cells. Findings of our study showed that B. bifurcata
extract for 24 h evoked no changes in the NO production (Fig. 4B).

Caco-2 cells were incubated with 200 uM tert-BOOH for 3 h, to test the protective effect
of the B. bifurcata extract against the oxidative stress via NO production. It was examined
whether NO production induced by 200 uM tert-BOOH after incubation period could be reverted
with the B. bifurcata extract. The compound tert-BOOH (200 uM) increased NO production
(56% induction) (Fig. 4D). The treatment of Caco-2 cells with the B. bifurcata extract

significantly attenuated the NO production induced by tert-BOOH. B. bifurcata extract (100,
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250, 500 pg/mL) providing a significant decrease of NO production (21%, 26% and 30%,
respectively) against the cell insult evoked by tert-BOOH (Fig. 4D).

Several different types of biochemical events have been recognized as important in
apoptosis, perhaps the most fundamental is the participation of members of a protease family
known as caspases. Caspases are an evolutionary conserved family of cysteine proteases that are
centrally involved in cell death and inflammation responses (Opdenbosch and Lamkanfi,
2019). Caspase-3 and -7 is the primary executioner of apoptosis death. During apoptosis, caspase
3/7 contributes to an accumulation of ROS production during intrinsic cell death (Brentnall et
al., 2013). In the present research study, we evaluated the potential effects of the B. bifurcata
extract exposure on caspase 3/7 activity. Treatment of Caco-2 cells with the B. bifurcata extract
at increasing concentrations (10 — 500 pg/mL) for 24 h evoked no changes in the caspase 3/7
activity (Fig. 5A). Caco-2 cells were incubated, for a period of 3 h with 200 uM tert-BOOH. The
compound tert-BOOH induced caspase 3/7 activation (40% induction) (Fig. 5B). The treatment
of Caco-2 cells with the B. bifurcata extract (250, 500 pg/mL) significantly decreased caspase

3/7 activity (25% and 26%, respectively) against the cell insult evoked by tert-BOOH (Fig. 5B).

3.4. Effects of B. bifurcata extract on antioxidant enzyme (NQO1 and GST) activity.

Recent research data indicate the importance of the antioxidant functions of enzymes
NQO1 and GST in combating oxidative stress (Hayes et al., 2005; Dinkova-Kostova and
Talalay, 2010; Allocati et al., 2018). NQOL1 has long been viewed as a chemoprotective enzyme
involved in cellular defense against the electrophilic and oxidizing metabolites of xenobiotic
quinones (Ross, 2004; Ross and Siegel, 2017). GST catalyzes the conjugation of endogenous
and xenobiotic electrophiles with glutathione; GST proteins are crucial antioxidant enzymes that
regulate stress-induced signaling pathways (van Ommen et al., 1990; Singh and Reindl, 2021).
The present research study aimed to investigate in vitro effects of B. bifurcata extract on the

activities of the enzymes NQO1 and GST. Treatment of Caco-2 cells with the B. bifurcata
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extract (10-500 pg/mL) for 24 h evoked no changes in NQO1 and GST activities (Fig. 6A and
6B). The compound tert-BOOH (200 uM) significantly affected the activities of NQO1 (34%
inhibition) (Fig. 6C) and GST (35% inhibition) (Fig. 6D). These remarkable decreases in the
antioxidant defenses by tert-BOOH were significantly prevented by B. bifurcata extract. B.
bifurcata extract (100, 250, 500 pg/mL) provided a significant increase of NQO1 activity (34%,
35% and 39%, respectively) (Fig. 6C) as well as a significant increase of GST activity (34%,

42% and 49%, respectively) (Fig. 6D).

3.5. B. bifurcata extract induces GSTM2, Nrf2 and AKT1 pathways

In view of the in vitro significant effects observed of B. bifurcata extract including
antioxidant capacity, ROS reduction and NO production ability and antioxidant defenses
activation, B. bifurcata extract could be related to a specific modulation of transcription factors.
In the present research study, the potential effects of the B. bifurcata extract exposure on (i)
GSTM2, (ii) Nrf2 and (iii) AKT1 mediators were examined by Real Time PCR assays:

(i) Research studies have demonstrated that glutathione S-transferases (GSTs) are an integral
part of a dynamic and interactive defense mechanism that protects against cytotoxic electrophilic
chemicals and allows adaptation to exposure to oxidative stress. GSTs have antioxidant and anti-
inflammatory activities (Strange et al., 2000; Hayes et al., 2005). GSTM2 belongs to a large
gene superfamily encoding glutathione S-transferases, a protein involved in detoxification of
ROS (Sharma et al., 2004).

(if) Nrf2 signaling pathway is an important mediator of cellular injury in response to oxidative
stress. In general, activation of Nrf2 is necessary for antioxidant gene expression (Loboda et al.,
2016). Nrf2 may be a key transcription factor regulating expression of genes affecting xenobiotic
metabolism. Nrf2 regulates the metabolic fate of numerous pro-oxidants and electrophiles in the

body (Kensler et al., 2007; Ma, 2013).
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(ili) AKT, a serine/threonine protein kinase, plays a critical role in controlling the balance
between apoptosis and cell survival in response to extra- and intracellular signaling. Three
isoforms, AKT1, AKT2, and AKT3, which have high homology but are expressed from three
separate genes. AKTL1 is the predominant isoform in most tissue (Nicholson and Anderson,
2002; Song et al., 2008).

The results from this study demonstrate a protective activity of seaweed B. bifurcata
extract via activation of GSTM2, Nrf2 and AKT1 signaling pathways (Fig. 7A, 7B and 7C). The
B. bifurcata extract (100 and 500 pg/mL) caused a significant increase of mRNA levels for
GSTM2 (1.52-fold and 1.81-fold, respectively) (Fig. 7A), for Nrf2 (1.56-fold and 1.72-fold,
respectively) (Fig. 7B), and for AKT1 (1.37-fold only at dose 500 pg/mL) (Fig. 7C).

One important strength of the present research study is that B. bifurcata extract is an
efficient inducer of GSTM2, Nrf2 and AKT1 gene expressions, results also reported from marine
algae Gongolaria baccata (Martinez et al., 2021). Seaweeds and their constituents have been
linked to beneficial activities, including antioxidant and life expansion activities (Ratnayake et
al., 2013; Snare et al., 2013; Wang et al., 2013). Bousquet et al. (2020) showed that the marine
green algae Cymopolia barbata and its major active component cymopol, activated the
transcription factor Nrf2. The activation of the Nrf2 signaling pathway is a valid cancer-
preventive strategy, and is a novel therapeutic approach for numerous oxidative stress-mediated
diseases (Kensler et al., 2007). Alternatively, Nrf2 up-regulation could be directly associated
with the AKT1 signaling pathway (Yoon et al., 2021). Overall, this research study suggests a
protective action of B. bifurcata extract directly associated with the activation of GSTM2, Nrf2

and AKT1 signaling pathways.

3.6. Protective effects of B. bifurcata extract on signaling pathways (ERK1, JNK1, Bax, BNIP3,

NFxBI1, IL-6 and HO-1) affected by tert-BOOH.
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A number of transcription factors have been linked to modulate signaling pathways
involved in the regulation of apoptotic cell death. Signaling pathways ERK1, JNK1, Bax,
BNIP3, NFkBI1, IL-6 and HO-1 have been proposed to mediate integral actions in many areas
including apoptotic, inflammatory and oxidant responses to external stresses. Substantial
evidence supports that ERK1, JNK1, Bax, and BNIP3 signaling pathways are involved in
promoting apoptosis (Cowan and Storey, 2003; Prabhakaran et al., 2007; Dhanasekaran and
Reddy, 2008; Youle and Strasser, 2008; Roskoski, 2019). The transcription factor NFkB1
induces the expression of proinflammatory cytokines and serves as a pivotal mediator of
inflammatory responses (Liu et al., 2017); IL-6, a pleiotropic cytokine plays a pathological
effect on pro- and anti-inflammatory diseases (Scheller et al., 2011) and HO-1, inducible
isoform whose expression can be upregulated by different stress conditions, pointing out its
implications in cancer and other diseases development (Consoli et al., 2021). In this regard, the
present research study analyzed the effect of the potent pro-oxidant tert-BOOH (200 uM) on
gene expressions of apoptosis, proinflammation and oxidative stress mediators (ERK1, JNK1,
Bax, BNIP3, NFkBI, IL-6 and HO-1) as well as the protective effectiveness of B. bifurcata
extract (500 ug/mL) on the signaling pathways affected by tert-BOOH.

Data from this study demonstrated in Caco-2 cells that the potent pro-oxidant tert-BOOH
significantly induced upregulation of ERK1 (3.07-fold), JNK1 (2.91-fold), Bax (2.64-fold),
BNIP3 (2.34- fold), NFkB1 (2.86-fold), IL-6 (2.79-fold) and HO-1 (2.72-fold) gene expressions
compared to control (Table 2A).

Quantitative gene expression analysis of a panel of 7 genes [4 genes linked to apoptosis
signaling pathway (ERK1, JNK1, Bax, BNIP3), 2 genes linked to inflammatory signaling
pathway (NFkBI1, IL-6) and 1 gen linked to oxidative stress (HO-1)] revealed that B. bifurcata
extract reduced the expression of these genes induced by tert-BOOH. B. bifurcata extract
significantly reduced the gene expressions induced by tert-BOOH: ERK1 (from 3.07-fold to

1.31-fold), INK1 (from 2.91-fold to 1.22-fold), Bax (from 2.64-fold to 1.46-fold), BNIP3 (from
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2.34-fold to 1.43-fold), NFxB1 (from 2.86-fold to 1.47-fold), IL-6 (from 2.79-fold to 1.38 fold)
and HO-1 (from 2.72-fold to 1.76-fold) (Table 2B). These results illustrated the ability of
seaweed B. bifurcata extract to protect against tert-BOOH induced stress in Caco-2 cells. The
addition of B. bifurcata extract to Caco-2 cells decreased ERK1, JNK1, Bax, BNIP3, NFxB1,
IL-6 and HO-1 gene expressions in a range of 40-60 %, signaling pathways involved in the
control of numerous processes including apoptosis, cell proliferation, the immune response,
nervous system function, and RNA synthesis and processing. These results indicate that B.
bifurcata extract can alleviate the tert-BOOH-induced oxidative stress injury of Caco-2 cells and
that B. bifurcata extract may have a potential application prospect as a new functional food

ingredient and/or health supplement.

4. Conclusion

Seaweeds are a group of marine multicellular algae has various health benefits and
biomedical applications. Our research article establishes the effect of seaweed B. Bifurcata
extract on the response of the antioxidant defense system to the oxidative stressor, tert-BOOH, in
Caco-2 cells. The parameters evaluated included markers of the cell damage and oxidative stress
such as cell viability, GSH and MDA levels, intracellular ROS generation, NO production,
caspase 3/7 and particular antioxidant enzyme activities and gene expressions. Treatment with
tert-BOOH yields an excellent model of oxidative stress in cell culture. Tert-BOOH evokes a
consistent cellular stress in Caco-2 cells. The results of this study indicate that B. Bifurcata
extract exerts an antiapoptotic effect protecting Caco-2 cells against an oxidative stress evoked
by tert-BOOH. This antiapoptotic effect was associated with reduced ROS generation, reduced
NO production and effective induction of antioxidant enzymes NQO1 and GST via GSTM2,
Nrf2 and AKT1 activation. Moreover, pretreatment of Caco-2 cells with B. bifurcata extract
increased GSH and decreased MDA levels in response to an oxidative stress induced by the

compound tert-BOOH and thus protect cells against oxidative stress-induced apoptosis by
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directly counteracting free radicals and by activating the antioxidant defense system. All these
biological properties point to B. bifurcata extract as interesting candidate for cellular
chemoprotection. Therefore, future studies with B. bifurcata extract-derived products may
contribute to the protection against diseases in which oxidative stress has been implicated as a

causal or contributory factor.
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FIGURE LEGENDS

Fig. 1. Effect of tert-BOOH (50, 100, 200 and 400 uM) on cell viability, ROS generation and
caspase 3/7 activity in Caco-2 cells. (A) Cells were treated during 3, 9 and 15 h with tert-BOOH
and cell viability was measured by MTT assay. (B) Cells were exposed to tert-BOOH and
intracellular ROS production was evaluated at 15, 30 and 60 min. (C) Cells were treated during
1, 3 and 5 h with tert-BOOH and caspase 3/7 activity was determined.

Data represent the mean £ SEM of 4 independent experiments in triplicate. Values are expressed
as a percent relative to the control condition. Different letters indicate statistically significant

differences (P < 0.05) among different groups.

Fig. 2. B. bifurcata extract (10, 50, 100, 250 and 500 pug/mL) did not affected cell viability (A)
and cytotoxicity (B) in Caco-2 cells. Cell viability and cytotoxicity were measured as MTT
reduction and LDH release, respectively.

Protective effect of B.bifurcata extract (10, 50, 100, 250 and 500 pg/mL) in Caco-2 cells against
tert-BOOH (200 uM) on MTT reduction (C) and LDH release (D).

Data represent the mean + SEM of 4 independent experiments in triplicate. Values are expressed
as a percent relative to the control condition. Different letters indicate statistically significant

differences (P < 0.05) among different groups.
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Fig. 3. B. bifurcata extract (10, 50, 100, 250 and 500 pg/mL) did not affected GSH (A) and
MDA (B) levels in Caco-2 cells..

Protective effect of B. bifurcata extract (10, 50, 100, 250 and 500 pg/mL) in Caco-2 cells against
tert-BOOH (200 uM) on GSH (C) and MDA (D) levels.

Data represent the mean £ SEM of 4 independent experiments in triplicate. Values are expressed
as a percent relative to the control condition. Different letters indicate statistically significant

differences (P < 0.05) among different groups.

Fig. 4. B. bifurcata extract (10, 50, 100, 250 and 500 pg/mL) did not affected ROS generation
(A) and NO production (B) in Caco-2 cells.

Protective effect of B. bifurcata extract (10, 50, 100, 250 and 500 pg/mL) in Caco-2 cells against
tert-BOOH (200 uM) on ROS generation (C) and NO production (D).

Data represent the mean £ SEM of 4 independent experiments in triplicate. Values are expressed
as a percent relative to the control condition. Different letters indicate statistically significant

differences (P < 0.05) among different groups.

Fig. 5. B. bifurcata extract (10, 50, 100, 250 and 500 pg/mL) did not affected caspase 3/7
activity (A) in Caco-2 cells.

Protective effect of B.bifurcata extract (10, 50, 100, 250 and 500 pg/mL) in Caco-2 cells against
tert-BOOH (200 uM) on caspase 3/7 activity (B).

Data represent the mean £ SEM of 4 independent experiments in triplicate. Values are expressed
as a percent relative to the control condition. Different letters indicate statistically significant

differences (P < 0.05) among different groups.
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Fig. 6. B. bifurcata extract (10, 50, 100, 250 and 500 pg/mL) did not affected the antioxidant
enzymes NQO1 (A) and GST (B) activities in Caco-2 cells.
Protective effect of B.bifurcata extracts (10, 50, 100, 250 and 500 pg/mL) in Caco-2 cells against
tert-BOOH (200 uM) on NQO1 (C) and GST (D) activities.
Data represent the mean £ SEM of 4 independent experiments in triplicate. VValues are expressed
as a percent relative to the control condition. Different letters indicate statistically significant

differences (P < 0.05) among different groups.

Fig. 7. B. bifurcata extract (100 and 500 pg/mL) induces GSTM2, Nrf2 and AKT1 expressions.
Real-time PCR determination of GSTM2 (A), Nrf2 (B) and AKT1 (C) mRNA levels in the
presence of B. bifurcata extract in Caco-2 cells.

Data represent the mean £ SEM of 4 independent experiments in triplicate. Different letters

indicate statistically significant differences (P < 0.05) among different groups.
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Table 1

Sequences of forward and reverse primers for apoptosis, inflammation and oxidative stress

related genes.

Genes Primer forward sequence

Primer reverse sequence

Housekeeping gene

GAPDH  GAGAAGGCTGGGGCTCATTT AGTGATGGCATGGACTGTGG
Apoptosis related genes

AKT1 GAAGGACGGGAGCAGGC TGTACTCCCCTCGTTTGTGC
ERK1 GGCCCGAAACTACCTACAGTC GAAGATGAGCTCCTTCAGCCG
JNK1 CTGAAGCAGAAGCTCCACCA GCCATTGATCACTGCTGCAC
Bax CCCCCGAGAGGTCTTTTTCC CCTTGAGCACCAGTTTGCTG
BNIP3 CCTCAGCATGAGGAACACGA GCCACCCCAGGATCTAACAG
Proinflammation and oxidative stress related genes

GSTM2 GATCACCTTTGTGGATTTCATCGC  TGTGAACACAGGTCTTGGGA
Nrf2 CTGGTCATCGGAAAACCCCA TCTGCAATTCTGAGCAGCCA
NFxB1 TTTTCGACTACGCGGTGACA GTTACCCAAGCGGTCCAGAA
IL-6 CCAGTACCCCCAGGAGAAGA CAGCTCTGGCTTGTTCCTCA
HO-1 GCTCAAAAAGATTGCCCAGA GCGGTAGAGCTGCTTGAACT

*
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Table 2

Effect of B. bifurcata extract on upregulation of apoptosis, proinflammation and oxidative stress
transcripts induced by tert-BOOH

(A) Fold of increase (B) Fold of increase
Gene symbol 4ot BOOH (200 uM) by tert-BOOH (200 uM)
+ B. bifurcata extract (500 pg/mL)

ERK1" 3.07 1.31P
INK1® 2.912 1.22°
Bax 2.642 1.46°
BNIP3” 2.342 1.43P
NFxBI™ 2.86° 1.47°
IL-6™ 2.79% 1.38°
HO-1™ 2728 1.76°
Note:

“Genes related to apoptosis.
““Genes related to both proinflammation and oxidative stress.
Different letters indicate statistically significant differences (P < 0.05) among different groups.

*
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