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ABSTRACT

Eucheuma cottonii, a widely cultivated seaweed from the Island of Lombok, Indonesia, contains various
bioactive compounds. Its utilization, however, is mainly limited based on its high carbohydrate content.
Nevertheless, plant fermentation using lactic acid bacteria is renowned for increasing bioactive compounds
and enhancing bioactivities. This study unveiled the potential of Lactobacillus plantarum-fermented E. cottonii
as a functional food. E. cottonii was fermented using L. plantarum for 24 h. The folin-Ciocalteau method was
used to determine the total phenolic content. The antioxidant capacity was measured using a 2,2'-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay. Anti-inflammatory activity was carried out using
cyclooxygenase (COX) inhibition assay against cervical cancer (HeLa) and colon cancer (WiDr) cells. Overall,
fermentation successfully enhanced the bioactivities of E. cotfonii. Fermented products exhibited higher
antioxidant capacity than unfermented ones. Interestingly, the bioactivities only showed a moderate
correlation with total phenolic content. Regarding anti-inflammatory activity, fermented extracts exhibited
higher cyclooxygenase inhibition against HelLa cells, whereas no significant differences were observed
between the fermented and unfermented products in WiDr cells. These findings indicate that L. plantarum-
fermented E. cottonii holds promise to be a profitable functional food and has the potential to be utilized as an
additional food therapy for cancer treatment.
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INTRODUCTION

The occurrence of oxidative stress phenomenon is attributed to the insufficiency of the defense mechanisms,
such as antioxidants, to detoxify radicals in cells !. Free radicals, including reactive oxygen species, damage
DNA, lipids, and proteins, playing a critical role in the emergence of life-threatening illnesses, such as
Alzheimer's disease, Parkinson's syndrome, cancer, and diabetes 2. Plants and algae are abundant sources of
natural antioxidants 3. Thus, consumption of plant-based ingredients prevents ROS-induced cellular

impairment.

Studies on natural antioxidants have become a primary focus because natural antioxidants are considered
relatively safer than synthetic ones, such as BHT (butylatedhydroxytoluene) and BHA
(butylatedhydroxyanisole) . However, it is also widely known that antioxidants derived from natural sources
tend to exert lower activity than their synthetic counterparts °. Efforts have been extensively made to increase
plant bioactive capacity, one of which is through fermentation. Seaweed fermentation-related studies were
conducted through both oligosaccharide fermentation® and direct fermentation’. Wu, Wang ¢ reported that
oligosaccharide fermentation of Gelidium sp., Gracilaria sp., Monostroma nitidum, and Porphyra dentate
algae by L. rhamnosus and S. faecalis bacteria improved antioxidant activity. In addition, a study by Gupta,
Abu-Ghannam 7 on the fermentation of brown seaweeds (L. digitata, L. Saccharina, and H. elongate) using L.
plantarum showed that the bacteria grew better in previously heated seaweed. In terms of phytochemical
content, L. plantarum-fermented red seaweed (Gracilaria fisheri) was found to have an increase in Y-
aminobutyric acid 8. In addition, lactic acid bacteria fermentation increased the phenolic content and
antioxidant activity of brown algae (Sargassum sp.) °.

Eucheuma cottonii, a red seaweed widely cultivated in Lombok, exhibits various bioactivities, including
antioxidant and anticancer activities '®!!. Previous studies on the fermentation of E. cottonii by Lactobacillus
plantarum have explored the total phenolic content and antioxidant activity '2. Hence, this study examined the
bioactivities — antioxidant and anti-inflammatory — of L. plantarum-fermented Eucheuma cottonii. Findings
in this study are expected to provide information about the potential of L. plantarum-fermented E. cottonii as
a functional food that may be used as an additional therapy for cancer. Moreover, as a functional food,
fermented E. cottonii might have higher economic value, which is expected to improve the livelihoods of
seaweed farmers in Lombok who have relied only on selling seaweed.

MATERIALS AND METHODS

Materials

Lactobacillus plantarum was obtained from the School of Biology, Institut Teknologi Bandung, Indonesia.
Eucheuma cottonii was obtained from Hamlet Ekas, Jerowaru sub-district, East Lombok, West Nusa Tenggara,
Indonesia. Gallic acid, Folin-Ciocalteu reagent, sodium carbonate (Na>xCOs), 2,2-azinobis (3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS), and 2,4-dinitrophenylhydrazine (DNPH) were obtained from
Sigma-Aldrich Co. Cervix (HeLa) and colon (WiDr) cancer cells were collected from the Integrated Research
and Testing Laboratory, Universitas Gadjah Mada, Indonesia. A colorimetric COX inhibitor test kit was
obtained from Cayman, Australia. All chemicals were of analytical grade.
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E. cottonii fermentation

Fresh E. cottonii was cleaned from sand with flowing water before hanging it dry for five days. The dried
seaweed was then cut and powdered with a blender. The fermented seaweed product was prepared by adding
2% (w/v) seaweed powder with 2% (w/v) glucose in aqua dest, autoclaving, and allowed to cool afterward.
The sterilised mixture was subsequently inoculated with 0.1% (v/v) L. plantarum starter (6.7 x 10° CFU/mL)
and standardized by measuring its optical density at A = 600 nm (OD600 = 0.15). Fermentation was carried
out at 37°C for 6 h (FSE-6), 12 h (FSE-12), and 24 h (FSE-24). The non-fermented seaweed product (SE) was
prepared by dissolving 2% (w/v) seaweed powder in aquadest. The products were then extracted with metha-
nol for 24 h, dried to evaporation with a rotary evaporator at 40°C, and freeze-dried.

Total phenolic content

Determining the total phenolic content (TPC) followed the method by Dey and Kuhad '* with minor
modifications. Each extract (1 mL) was added with Folin-Ciocalteu reagent (0.5 mL), 7.5% Na>COs solution
(2 mL), and aquadest (2.4 mL). After proper mixing, the mixture was left at room temperature for 15 min, and
the absorbance was measured at 765 nm. Methanol and gallic acid served as negative and positive controls,
respectively. The blank consisted of all reagents and solvents without extracts. TPC was determined using a
gallic acid calibration curve, and the results were presented as mg gallic acid equivalent (GAE) per g of dry
extract.

ABTS radical cation-scavenging activity

The scavenging activity was performed based on the method conducted by Xiao, Xing '*. ABTS™" was
prepared beforehand by reacting 7 mM ABTS"" solution with 2.45mM K3S,Og solution in the dark at room
temperature for 16 h. To reach an absorbance value of 0.70 (£0.02) at 734 nm, the ABTS"" solution was diluted
with ethanol and equilibrated at 30°C. Extracts at different concentrations (1 mL) were mixed with 4 mL
ABTS"" ethanolic solution. The mixture was incubated in the dark for 6 min. A UV-Vis spectrophotometer
was used to measure the absorbance at 734 nm. ABTS"" without extracts was the negative control, and ascorbic
acid was the positive control. The scavenging activity (SA) was calculated using the following equation:

SA (%) = (Acontrol - Asample)/ (Acontrol) x 100% (1)

Cell culture

The HeLa and WiDr cells were collections of the Integrated Research and Testing Laboratory, Universitas
Gadjah Mada, Indonesia. Both cells were cultivated in RPMI 1640 medium (Gibco, Scotland) and MDA-MB-
231 cells. Cells were supplemented with 10% Fetal Bovine Serum (FBS, Gibco, Scotland).

COX-2 enzyme inhibition assay

A cell-free system using a colorimetric COX inhibitor screening assay kit was used to determine the COX-2
inhibitory activity. The assay was performed based on the manufacturer's guidelines. At first, assay buffer
(160 pL) and heme (10 pl) were added to the background well. Subsequently, the 100% initially activated
well was added with the assay buffer (150 uL), heme (10 pL), and COX-2 enzyme (10 pL). 10 pl of the
sample (final concentrations of 50 M and 100 M) were added to the sample wells, with DMSO (10 pL) added
to the background wells. The plate was thoroughly shaken and incubated for 5 min at 25°C. All wells were
then filled with 20 pl of colorimetric substrate solution and 20 pl of arachidonic acid. The plate was once
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again shaken and incubated for 5 min at 25°C. A microplate reader was used to measure the absorbance at 590
nm. The percentage of viable cells (VC) was calculated as follows:

vC (%) = (Asample - Ablank) / (Acontrol - Ablank) x 100% (2)

Statistical analysis

All samples were analyzed in triplicate (n = 3), and data were presented as mean + standard deviation. The
correlation between variables was determined using Pearson's correlation coefficient. One-way analysis of
variance (ANOVA) and Tukey's HSD test were performed to determine significance at p <0.05. All statistical
analysis was performed using Microsoft Excel software.

RESULTS

Physical and chemical profiles of fermented E. cottonii

Fermentation was carried out at different durations to monitor the effect of fermentation time on the product's
bioactive capacity. Observation of the fermented product showed a physical change in color and texture from
red-brown to pink and gel-shaped (soft), a typical acid scent, and a pH of 5 (data not shown). Moreover, the
total phenolic content of fermented E. cotfonii extracts was significantly increased compared with
unfermented extracts (Figure 1). Among the samples, FSE-24 exhibited the highest TPC (5.567 £+ 0.244 mg
GAE/g dry extract), followed by FSE-6, FSE-12, and SE, respectively. This result was following previous

studies 1> 16

Concentration
(mg/g of dry extract)

SE FSE6 FSE12 FSE24
Figure 1. Total phenolic content of SE, FSE-6, FSE-12, and FSE-24.

Antioxidant activity

All fermented extracts exhibited significantly higher antioxidant activity than the unfermented extract, as
shown in Figure 2 (p < 0.05). The inhibition percentage of all samples was in line with the increase in
concentration. FSE-12 exhibited the best performance in scavenging ABTS"', with an inhibition percentage
of 83.36% at the same concentration, followed by FSE-6, FSE-24, and SE, respectively.
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Figure 2. Antioxidant activity of SE, FSE-6, FSE-12, FSE-24.

Anti-inflammation activity
The in vitro anti-inflammatory assay was performed against HeLa and WiDr cancer cells based on inhibiting

the cyclooxygenase isoenzyme (COX-2). Fermented E. cottonii extracts exhibit more anti-inflammatory
activity than unfermented ones (Figure 3). The IC50 for the cyclooxygenase inhibitory activity of FSE-24
was the lowest among all extracts, indicating that it possessed the highest anti-inflammatory activity against
HeLa and WiDr cancer cells. This result follows that of TPC. Furthermore, a significant decrease in IC50
was observed in HeLa cells (p < 0.05) but not in WiDr cells (p > 0.05). This demonstrated that fermented E.
cottonii was more effective in treating HeLa cells than WiDr. Nonetheless, fermentation increased the anti-
inflammatory activity of E. cottonii.
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Figure 3. Anti-inflammatory activity of SE, FSE-6, FSE-12, FSE-24.
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DISCUSSION

Fermentation was successful as it released an acidic scent, supported by a pH decrease of 5. This acidic smell
was beneficial because it eliminated the fishy aroma. The texture of the seaweed post-fermentation was soft,
which might correlate with the breakdown of tenacious complex carbohydrates, such as fibers, into a more
straightforward form. Zhang, Hu !” reported that fermented seaweed increased crude protein, but a significant
decrease in fiber supported this argument. Meanwhile, other physical changes, such as the acidic smell and
the reduction in pH after fermentation, might be caused by the production of organic acids during fermentation
18 Another study on the fermentation of seaweed, Gracilaria fisheri by L. plantarum, reported that the
fermentation produced lactic acid and acetic acid 8, which confirmed the findings of this study. The production
of organic acids resulted from polysaccharide hydrolysis by L. plantarum to provide energy and nutrients for
growth.

Furthermore, fermentation also influenced the total phenolic content (TPC) of E. cottonii (Figure 1). The
Folin-Ciocalteu reagent used to determine TPC is not specific and detects all phenolic groups contained in the

t 1, which may include phenolic acids, flavonoids, polyphenols, tannins, and quinones '°. The increase

extrac
in TPC in the earlier fermentation product, FSE-6, might be attributed to the hydrolysis of glycosides by L.
plantarum-excreted enzymes, such as glucosidases and esterases, to its corresponding aglycones 2°. In contrast,
the release of insoluble-bound phenolics %' and their modification by L. plantarum might explain the increase
in TPC in FSE-24. Conversely, the decrease in TPC in FSE-12 might have resulted from the degradation of

total soluble phenolics into small molecules by L. plantarum *.

In this study, the antioxidant activity determined using the ABTS'" assay showed a significant increase in
FSEs compared to SE, with the highest antioxidant capacity observed in FSE-12 (p < 0.05) (Figure 2). This
result confirmed findings 23, which revealed that E. cottonii exhibited ABTS™" scavenging activity. The
ABTS'" assay applies to hydrophilic and lipophilic antioxidant systems and is based on the reduction of the
generated blue/green ABTS™ 24, This indicates that the antioxidants in SE and FSEs were both hydrophilic
and lipophilic. In various studies, the antioxidant activity results were mainly in line with the TPC results. The
fermentation of Gelidium sp. and E. cottonii by lactic acid bacteria '?> and Betaphycus gelatinum by
Lactobacillus brevis 25 increased TPC, which was highly correlated with an increase in antioxidant capacity.
Interestingly, in this study, antioxidant capacity was moderately correlated with the total phenolic content
(TPC) result (r = 0.766) (Figure 1). Therefore, the antioxidant activity of fermented E. cottonii was allegedly
exhibited not only by phenolics but also by other bioactive compounds. E. cottonii contains 9.76% protein and
26.49% polysaccharides >
plantarum during fermentation

6 possibly biotransformed into bioactive peptides and polysaccharides by L.
27 Bioactive peptides might exert antioxidant activity by inhibiting
peroxidation and scavenging free radicals through their amino acids. Amino acids such as histidine and
tyrosine neutralize free radicals by donating protons, whereas aromatic amino acids (phenylalanine,
tryptophan, and tyrosine) stabilize free radicals by giving them electrons 2%, Turgeon, Gauthier ?’ found that
low-molecular-weight short peptides from the hydrolysis of proteins are much easier to absorb by the digestive

system and have higher antioxidant capacity than combinations of amino acids in similar concentrations.

A study by Muhialdin, Rani * concluded that an increase in low-molecular-weight peptides during the
fermentation of bitter beans caused an increase in antioxidant activity. Furthermore, the fermentation of goat
milk with L. plantarum produced three antioxidative peptides . In that study, it was explained that certain
proteolytic enzymes within bacterial strains influenced the antioxidant peptides' radical scavenging activity
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rather than the proteolytic state of fermented products. In addition, E. cottonii contains Kappa carrageenan,
which exhibits radical scavenging capacity towards superoxide radicals, hydroxyl radicals, and lipid
peroxidation with an IC50 of 0.112 £ 0.003, 0.335 £ 0.016, 0.323 £ 0.011 respectively, as reported in the study
by Rocha de Souza, Marques *!. A study by Zhao, Li 3 on the fermentation of polysaccharides from
Ganoderma lucidum by L. plantarum resulted in a significant decrease in the molecular weight of the
polysaccharides and changes in monosaccharide contents, which were concluded to be the reason behind the
increase in its antioxidant activity. Hence, fermentation might also modify kappa carrageenan and other
polysaccharides in E. cottonii, which is speculated to increase antioxidant activity in FSEs. Thus, it can be
concluded that fermentation successfully increased the antioxidant activity of E. cottonii.

Reactive oxygen species (ROS) play a crucial role in the progression of inflammatory disorders **, one of
which is activating cyclooxygenase (COX-2) 3. COX-2 is an enzyme that catalyzes the conversion of
arachidonic acid (AA) to prostaglandins (PGHs) *°. PGHs mediate inflammation, which is a chronic state that
is associated with a high likelihood of carcinogenesis. In addition, COX-2 is expressed in various cancers,
including cervical cancer, and is related to their development, metastases, and prognosis *¢. Thus, inhibiting
COX-2 activity is a promising strategy to reduce and prevent inflammation. As shown in Figure 3, E. cottonii
exerted COX-2 inhibition activity, and fermentation significantly lowered the IC50, or in other words,
increased the anti-inflammatory activity of E. cotfonii in HeLa cells (p < 0.05), whereas not much difference
was observed in WiDr cells. This implied that bioactive compounds in SE and FSEs, which exert anti-
inflammatory activity, successfully inhibited COX-2. However, although FSEs exhibited COX-2 inhibition in
WiDr cells, fermentation did not change that activity. Thus, FSEs demonstrated better efficacy in treating
HeLa cells than WiDr cells via COX-2 inhibition. Nevertheless, this result follows an in vitro study by Arsianti,
Aziza !, which found that E. cottonii extracts demonstrated cytotoxic solid activity against Hela cells.

The anti-inflammatory activity against Hela cells was moderately correlated with TPC (r =-0.622) and ABTS
cation radical-scavenging activity (r = -0.706) results. Previous studies have proven that antioxidants play a
significant role in protecting and preventing carcinogenesis °’. Furthermore, E. cottonii contains 2-
(methylthio)pyrimidine-5- carboxaldehyde, 2,3-Dihydropyrazolo[5,1-b][1,3]thiazole6-carbaldehyde '°, and

3% which exerted anti-inflammatory activities *>*!. The steroid ethyl iso-allocholate

ethyl iso-allocholate
formed strong interactions with COX-2 via hydrogen bonds with Argl120 and Ser119; n-r interactions with
Val89, Tyrl15, Ile112; and hydrophobic interactions. In addition, ethyl iso-allocholate exhibited strong
interaction not only with COX-2 but also with all protein targets, especially caspase-1 **. These interactions
and possible modulation of the protein targets were presumed to cause its anti-inflammatory activity. A study
on the fermentation of brown seaweed Laminaria japonica using Bacillus subtilis resulted in the enhancement
of its anti-inflammatory activity through the inhibition of ROS production, inactivation of NF-kB
phosphorylation, and subsequent inhibition of nitric oxide (NO) production. Meanwhile, fermentation using
kimchi-derived Lactobacillus sp. increased the anti-inflammatory activity of Sargassum thunbergii through
the reduction of NO and suppression of iNOS and COX-2 expression due to the modification of bioactive
compounds via fermentation *. Thus, the structural modification, change in contents, and difference in
mechanism-of-action of the bioactive compounds in fermented E. cottonii might explain the increase in the
anti-inflammatory activity of FSEs compared to SE in HeLa cells. The highest activity was displayed by FSE-
24 (Figure 3). Studies in this area have found that polyphenols exerted inhibition activity against COX-2 in
cervical cancer **. Hence, the release of insoluble-bound secondary metabolites 2! and biotransformation of
glycosides into their corresponding aglycones 2° might explain this activity.
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A study by #* discovered that each bioactive compound exhibited different binding affinities toward anti-
inflammatory protein targets. Isoledene interacted strongly with the protein targets — interleukin-1-beta
converting enzyme (Caspase-1), beta-2 adrenergic receptor (ADRB2), cyclooxygenase-2 (COX-2), and tumor
necrosis factor-alpha (TNF-a), especially at the pralnacasan binding site of caspase-1. In contrast, cholest-22-
ene-21-ol, 3,5-dihydro-6- methoxy-, and pivalate bound firmly with ADRB2 and TNF-a, whereas alpha-
cadinol exhibited highest binding affinity with COX-2. Furthermore, inflammation pathways may differ (e.g.,
NF-«B, MAPKs, and JAK-STAT); therefore, responses to inflammation may also be different, one of which
is through the expression of various types and quantities of inflammatory proteins — transcription factors (e.g.,
NF-«xB), cytokines (e.g., TNF-a and IL-6), and enzymes (e.g., COX-2 and caspase-1), with each exhibiting
their molecular mechanisms *°. A study by *® reported that fucoxanthin, a carotenoid found in abundance in
seaweeds, inhibited the proliferation of HepG2 (liver cancer) and DU145 (prostate cancer) cells. On the one
hand, fucoxanthin inhibited p38 MAPK, enhancing the induction of gadd45a expression and G1 arrest in
HepG2 cells. On the other hand, fucoxanthin inhibited SAPK/INK, suppressing the induction of gadd45a
expression and G1 arrest in DU145 cells. Their findings suggest that the pattern of MAPK involvement in the
induction of gadd45a and G1 arrest by fucoxanthin differs depending on the cell type. Therefore, presumably,
the bioactive compounds in FSEs favored binding with COX-2 compared with other inflammatory proteins
expressed in HeLa cells, resulting in increased COX-2 inhibition. Meanwhile in WiDr cell lines, those
compounds exhibited higher affinity with inflammatory proteins other than COX-2. In addition, compounds
present in SE, which exerted higher binding affinity with COX-2, might not be biotransformed during
fermentation, resulting in the indefference of COX-2 inhibiton activity between SE and FSEs against WiDr
cells. Hence, the difference in molecular mechanisms of bioactive compounds in FSEs and the numerous
inflammatory pathways in cell lines might be the plausible reasoning for the difference in anti-inflammatory
activities against HeLLa and WiDr cells (Figure 3). Thus, according to the findings in this study, it may be
proposed that the presence of antioxidant phenolics in fermented E. cottonii partly contributes to its anti-
inflammatory activity.

In addition, studies on E. cottonii revealed that this seaweed exhibited various anticancer activities, such as
lung carcinoma SK-Lu-1, colorectal HCT-116 cells #’, breast MCF-7, and colorectal HCT-116 cells *. An
LC/MS analysis on the aqueous extract of E. cottonii by '° resulted in the discovery of flavonoids and saponins.
Among the flavonoids discovered, 2-thienyl acetic acid *° and 4-chloro-1H-pyrazolo [3,4-b]pyridine *°
exhibited antioxidant and anticancer activities, while most of the rest exhibited antimicrobial activities.
Furthermore, bioactive compounds, especially the abundantly identified terpenoids in the ethanolic extract of
dried E. cottonii, inhibited the a-amylase enzyme and reduced blood glucose levels in diabetic mice **. E.
cottonii also possesses in vivo wound healing abilities and antibacterial activity against Staphylococcus aureus,
allegedly exhibited by its flavonoids, phenolics, and k-carrageenan '°. Nonetheless, although in vitro findings
in this study unveiled significant hidden potentials of fermented E. cottonii, using a single bacterial strain
might limit the potency of bioactive compounds in E. cottonii to be fully biotransformed and explored. Thus,
further investigation using different bacterial strains and employing in vivo and in silico approaches must be
implemented to uncover other bioactivities and details on their molecular mechanisms and understand their
implications for human health.
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CONCLUSION

Lactobacillus plantarum-fermented Eucheuma cottonii (FSEs) generally exhibited higher bioactivities than
unfermented E. cottonii (SE). FSE-12 exhibited the highest antioxidant activity. On the contrary, the highest
activity was shown by FSE-24 for anti-inflammatory activities, which was moderately correlated with the total
phenolic content. Interestingly, the anti-inflammatory activity of SE and FSEs against WiDr cells showed
insignificant differences. In summary, fermentation successfully enhanced the bioactivities of E. cottonii and
thus demonstrated great potential as an additional functional food therapy to treat cancer. Nonetheless, future
in vivo studies and the determination of bioactive compounds contained using LC/MS-MS may be considered
to deepen our understanding of the biotransformation and bioactivities of fermented E. cottonii seaweed.
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