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Inflammation and oxidative stress are key drivers of various diseases. Arthrospira platensis is a
filamentous cyanobacterium and exhibits significant high nutritional value. Biological activities of

A. platensis extract (APE) against free radicals and inflammation on LPS-stimulated RAW264.7 cells
were investigated in this study. The results showed that APE exhibited high levels of total protein,
phycobiliprotein and phenolic compound. LC-MS profiling further confirmed the presence of multiple
antioxidant metabolites, including glutathione and ergothioneine. APE exhibited low toxicity toward
RAW264.7 cells. The anti-inflammatory activity of APE was evaluated on LPS-stimulated RAW264.7
cells, where it significantly suppressed the expression of the iNOS gene and iNOS protein, as well as
inhibited NO secretion. Additionally, the anti-inflammatory effects of APE were assessed by measuring
the secretion of pro-inflammatory cytokines (TNF-a, IL-6) and the anti-inflammatory cytokine (IL-10)
in LPS-stimulated RAW264.7 cells. The results indicated that APE significantly reduced TNF-a and IL-6
levels while increasing IL-10 production, suggesting strong anti-inflammatory potential. Moreover, the
ability of APE to inhibit intracellular reactive oxygen and nitrogen species was also investigated. The
findings revealed that APE effectively suppressed both reactive oxygen species and reactive nitrogen
species on LPS-stimulated RAW264.7 cells. Furthermore, APE significantly reduced lipid peroxidation
as indicated by decreased malondialdehyde levels and improved the glutathione redox status. The
effects were more pronounced than treatment with exogenous L-glutathione alone, suggesting the
synergistic antioxidant capacity of APE. Therefore, these findings highlight the potential of A. platensis
extract as a functional ingredient for the prevention or management of inflammation and oxidative
stress-related conditions.

Inflammation is a fundamental biological response of the immune system to various abnormal conditions,
including infections, cellular injuries, or toxic compounds. This response plays a crucial role in host defence
by recruiting immune cells to affected tissues and promoting tissue repair. This process is tightly regulated and
consists of two primary phases, acute and chronic inflammation"2. Acute inflammation is a rapid and transient
response characterized by redness, swelling, heat, and pain, resulting from increased vascular permeability and
immune cell infiltration®. This response is predominantly mediated by pro-inflammatory cytokines such as
tumour necrosis factor-alpha (TNF-a), interleukins (IL) including IL-6 and IL-1p, as well as signalling molecules,
e.g., nitric oxide (NO) and reactive oxygen species (ROS). Once the underlying stimulus is neutralized, anti-
inflammatory cytokines such as IL-10 and transforming growth factor-beta (TGF-p) restore tissue homeostasis
and prevent excessive immune activation*. On the other hand, chronic inflammation persists over a prolonged
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period and is associated with various diseases, including autoimmune disorders, cardiovascular diseases, and
cancer®. Persistent inflammatory signals can lead to tissue damage, fibrosis, and dysregulated immune responses.
Several factors, such as infections, environmental stressors, and lifestyle choices, contribute to the transition
from acute to chronic inflammation”?.

Oxidative and nitrosative stress are critical factors contributing to cellular dysfunction and inflammatory
diseases. Excessive production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) can lead
to oxidative damage, disrupting cellular homeostasis and promoting the progression of various pathological
conditions, including autoimmune disorders, cardiovascular diseases, and cancer®!?. Under normal physiological
conditions, ROS and RNS play essential roles in cell signalling, immune defence, and homeostasis. However, an
imbalance between their production and the antioxidant defence system leads to oxidative stress, triggering
inflammatory responses, mitochondrial dysfunction, and cell apoptosis. The overproduction of ROS, such as
superoxide anion (O,’), hydrogen peroxide (H,0,), and hydroxyl radicals (OH"), results in lipid peroxidation,
protein oxidation, and DNA damage. Similarly, RNS, including nitric oxide (NO) and peroxynitrite (ONOO"),
contribute to nitrosative stress, exacerbating inflammatory signalling and impairing cellular function!!-13.

The treatment of inflammation typically involves the use of modern medications, such as steroidal anti-
inflammatory drugs (SAIDs), which belong to the steroid compound group. However, prolonged use of
SAIDs can lead to various adverse effects. Alternatively, non-steroidal anti-inflammatory drugs (NSAIDs) are
commonly used. While NSAIDs do not contain steroid compounds, they can cause gastrointestinal irritation'*!>.
Natural compounds with anti-inflammatory properties, such as plant extracts, have shown strong potential in
modulating immune responses and reducing inflammation'®. Bioactive compounds derived from cyanobacteria
have demonstrated significant anti-inflammatory efficacy by regulating cytokine secretion and inflammatory
pathways while exhibiting minimal toxicity to cells and the human body. Unlike synthetic drugs, they do not
negatively affect internal organs and offer high safety, making them promising candidates for development into
functional food products. Additionally, cyanobacteria are easy to culture, exhibit rapid growth, and contain
diverse bioactive proteins with applications in healthcare, agriculture, and medicine!’~'°.

Research on cyanobacteria and algae-derived bioactive compounds has revealed various substances with
potent biological activities. For instance, eleganonal from Bifurcaria bifurcate, fucoxanthin from Cladosiphon
okamuranus, and diterpene from Padina tetrastromatic exhibit antioxidant properties, as demonstrated by the
DPPH assay?’-22. Compounds such as sterol from Codium fragile, B-cryptoxanthin from Dunaliella salina, and
B-carotene and phycocyanin from Spirulina platensis display anti-inflammatory activity by suppressing pro-
inflammatory cytokine and cytokine genes, including COX-2, iNOS, TNF-«, IL-1f3, and IL-6, while inhibiting
pro-inflammatory mediators such as nitric oxide and prostaglandin E22**!. Additionally, Arthrospira platensis
has been shown to modulate immune responses by enhancing B-cell and T-cell activity, promoting antibody
production, and regulating the secretion of specific cytokines?>2.

Arthrospira (Spirulina) platensis is one of the most widely cultivated cyanobacteria, recognized as a valuable
resource for enhancing food nutrition, improving agricultural applications, and serving as a source of bioactive
compounds for nutraceuticals. It is commonly consumed as a health supplement due to its high nutritional
value, containing protein, carbohydrates, lipids, and fibre?’”. Additionally, A. platensis is a rich source of essential
vitamins, including B1, B2, B3, B6, B12, C, and D, as well as f-carotene, a precursor for vitamin A synthesiszg.
It also contains essential minerals and bioactive pigments with potent antioxidant properties, such as carotenes,
chlorophyll A, and phycocyanin. Beyond its nutritional applications, A. platensis has been utilized in various
industries, including livestock farming, cosmetics, pharmaceuticals, and as a fluorescent dye alternative in
scientific research?®.

Therefore, this study aimed to investigate the anti-inflammatory potential of aqueous extracts of A. platensis,
with a particular focus on their ability to modulate cytokine production on LPS-stimulated RAW264.7 cells.
Additionally, the anti-free radical properties, specifically its capacity to neutralize reactive oxygen species (ROS)
and reactive nitrogen species (RNS) were examined.

Materials and methods

A. platensis extracts (APE) preparation

Heat-dried Arthrospira platensis powder was kindly provided by Boonsom Farm (Greendiamond Co., Ltd.),
Thung Pi Sub-District, Mae Wang District, Chiang Mai, Thailand. A. platensis was performed using the
maceration technique. Briefly, A. platensis powder was immersed in distilled water at a 1:10 (w/v) ratio and
incubated at 45 °C for 3 h. The extract was then separated by centrifugation at 4,000 x g for 15 min to obtain
supernatant, while the A. platensis cells were precipitated. The supernatant was subsequently filtered through
Whatman Grade 1 filter paper (pore size 11 pm, diameter 125 mm). The extract solution was concentrated
under reduced pressure using a rotary evaporator (Hei-VAP, Heidolph, Germany) and further freeze-dried
using lyophilizer (FreeZone, Labconco, USA) to remove the remaining solvent. The lyophilized A. platensis
extract (APE) was then dissolved in distilled water at a concentration of 200 mg/mL and filtrated through nylon
syringe filter pore size 0.45 um, diameter 13 mm (Labfil, China) prior to use for study of anti-free radicals
and anti-inflammatory experiments .. A 20 mM solution of L-glutathione in its reduced form (GSH; Sigma-
Aldrich, USA) was used as a representative pure compound for comparison, based on its identification in APE
through phytochemical profiling. Additionally, 10 uM dexamethasone (DEX; Decton, Thailand) was included as
a reference anti-inflammatory control.

Phytochemical profile analysis

The content of polysaccharide, protein, phycobiliproteins, total phenolic compounds, and glutathione in APE
was determined using specific colorimetry assay. The polysaccharide was examined as a total carbohydrate
content using phenol-sulfuric assay with D-glucose as a standard. 0.5 mL of APE was mixed with 0.5 mL of
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5% (w/v) phenol solution. Subsequently, 2.5 mL of 98% (w/w) sulfuric acid was rapidly added directly to the
liquid surface. The mixture was vortexed and allowed to stand at room temperature for 10 min. Absorbance of
the reaction chromophore was measured at 490 nm using a spectrophotometer (Genesys 20, Thermo Scientific,
USA) and the total carbohydrate content was reported as milligrams of D-glucose equivalent per gram of APE
(mg D-glucose/g APE)*.

The protein content was determined by Bradford protein assay using Bio-Rad protein assay dye (Bio-Rad,
USA) with bovine serum albumin (BSA) as a standard. Briefly, 10 pL of APE was complexed with 200 uL of
protein assay dye reagent. After complexing, the reaction was incubated in darkness for 10 min. Absorbance of
the reaction was detected at 595 nm by a microplate reader (Spectra MR, DYNEX Technologies, USA) and the
total protein content was expressed as milligrams of BSA equivalent per gram of APE (mg BSA/g APE)®. The
phycobiliprotein content, including allophycocyanin, phycocyanin, and phycoerythrin was also determined. The
absorbance at 562, 615, and 652 nm was measured by a spectrophotometry and the content was calculated using
the Bennett and Bogorad equation*.

The total phenolic content was examined by Folin-Ciocalteu assay with slight modifications. In the assay
procedure, 25 uL of APE was combined with 150 pL of Folin-Ciocalteu’s reagent and incubated in the dark
for 5 min. Subsequently, 100 uL of 7.5% (w/v) sodium carbonate was added, and the mixture was further
incubated in the dark for 30 min. The measurement of absorbance was performed at 765 nm using a microplate
reader. Gallic acid was used as a reference standard, and the results were expressed as milligrams of gallic acid
equivalents per gram of APE (mg GAE/g APE)*.

Moreover, the L-glutathione content was determined by Ellman’s assay using L-glutathione reduced form
(GSH) as a standard, with slight modifications. To remove other thiol-containing proteins, 10% trichloroacetic
acid was added to precipitate proteins, and the sample was subsequently neutralized with 1 mM NaOH. Then,
APE (100 pL) was mixed with 0.1 M phosphate buffer pH 7.0 (100 pL). Then, 50 pL of Ellman’s reagent [1 mM
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) in phosphate buffer] was added and incubated for 10 min in the
dark. The reaction absorbance was measured at 412 nm using a microplate reader’®.

The phytochemical profile of APE was analysed by liquid chromatography-mass spectrometry (LC-MS)
with a quadrupole time-of-flight (Q-TOF) mass spectrometer (LC/MS 6545XT AdvanceBio LC/Q-TOF, Agilent
Technologies, USA). Chromatographic separation was achieved using an EC-C18 column (2.1x100 mm,
2.7 um, 120 A; InfinityLab Poroshell 120, Agilent Technologies, USA) and maintained at 50 °C. The mobile
phase consisted of 0.1% (v/v) aqueous formic acid (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent
B). The elution was carried out at a flow rate of 0.4 mL/min with a gradient elution program over 20 min.
The injection volume was 10 pL. Mass spectrometry was performed in both positive and negative electrospray
ionization (ESI) modes under high-resolution settings. The mass spectrometer was operated with a drying gas
temperature of 325 °C with a flow rate of 13 L/min, sheath gas temperature of 275 °C with a flow rate of 12 L/
min, nebulizer pressure at 45 psi, and capillary voltage set at+4000 V/-3000 V. Data were acquired within an
m/z range of 40-1700 for MS1 and 25-1000 for MS2 using a collision energy of 20 eV in positive mode and
10 eV in negative mode. The acquired data were processed using MS-DIAL version 5.3 (RIKEN CSRS, Japan),
and data normalization was conducted using sulfadimethoxine as an internal standard. Metabolite identification
was carried out using MS-DIALs in-house ESI (+/-) MS/MS library from authentic standards®”-%.

Cell culture and leukocytes isolation

The murine macrophage cell line RAW264.7 (ATCC-TIB-71) originating from Mus musculus, was purchased from
the American Type Culture Collection (ATCC). The cells were cultured as a monolayer in Dulbecco’s modified
Eagle medium (DMEM; Gibco, UK) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS;
Gibco, UK), 100 pg/mL streptomycin and 100 U/mL penicillin (Gibco, UK), and 10 mM of 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES). The cells were maintained at 37 °C in a humidified 5% (v/v) CO,
incubator until they reached 80-90% confluence (approximately 2-3 days).

Human leukocytes, including peripheral blood mononuclear cells (PBMCs) and polymorphonuclear
leukocytes (PMNs), were isolated from the blood of healthy donors using Histopaque (Sigma-Aldrich, USA).
Venous blood was collected from volunteer donors and anticoagulated with lithium heparin. The operate of donor
blood samples for scientific purposed was approved by the ethics committee of the Charité-Universitatsmedizin
Berlin (EA1/110/21). All experimental procedures involving human participants were performed in accordance
with relevant guidelines and regulations, and informed consent was obtained from all subjects. The blood was
diluted 1:1 with Dulbecco’s phosphate-buffered saline (DPBS) and gently layered over a double gradient of
Histopaque-1077 and Histopaque-1119 (with Histopaque-1077 layer over the Histopaque-1119 layer) in equal
volumes. The gradient was centrifuged at 700 x g for 30 min, and the buffy coat was carefully harvested. PBMCs
were collected from the interface between the plasma and Histopaque-1077, while PMNs were obtained from
the interface between the Histopaque-1077 and Histopaque-1119. The cells were washed twice with 10 mL
DPBS and centrifuged at 300 x g for 10 min to remove residual DPBS. The cell pellets were then resuspended in
Roswell Park Memorial Institute 1640 medium (RPMI-1640; Gibco, UK) supplemented with 10% (v/v) of heat-
inactivated FBS, 0.2 mM glutamine, and 100 pug/mL streptomycin and 100 U/mL penicillin. The freshly isolated
human leukocytes were used immediately after isolation.

Cell viability assay

The cytotoxic effect of A. platensis extract (APE) on RAW264.7 cells was assessed using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. RAW264.7 cells were grown at a density of 1x10° cells/
well in a 96-well plate for 24 h. APE was prepared in DMEM growth medium, and the cells were treated
with various concentrations of APE (0, 125, 250, 500, 1000, and 2000 pg/mL) before incubation at 37 °C in
a CO, incubator for 24 h. After incubation, the MTT assay (Bio Basic, Canada) was performed according to
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the manufacturer’s instructions. The resulting MTT-formazan product was dissolved in dimethyl sulfoxide
(DMSO), and its absorbance was measured at 540 nm with a reference wavelength of 630 nm using a microplate
reader. The percentage of cell viability was calculated as the ratio of the absorbance value of treated cells to that
of untreated cells.

The cytotoxic effect of APE on normal human cells were evaluated ex vivo using the alamarBlue assay.
Peripheral blood mononuclear cells (PBMCs) and polymorphonuclear leukocytes (PMNs) were seeded at a
density of 1x10° cells/well in a black 96-well plate and incubated for 24 h. The cells were then treated with
APE at the same concentration range (0, 125, 250, 500, 1000, and 2000 pg/mL) and incubated at 37 °C in a
CO, incubator for 24 h. Following incubation, the alamarBlue assay (Thermo Scientific, USA) was performed
according to the manufacturer’s instructions. The red fluorescent resorufin product generated by viable cells was
detected using a fluorescence microplate reader (Cytation 3, BioTek Instruments, Germany) with excitation at
560 nm and emission at 590 nm. The percentage of cell viability was calculated as the ratio of the fluorescent
intensity of treated cells to that of untreated cells**%°.

Total RNA extraction and quantitative reverse transcription polymerase Chain reaction (qRT-
PCR)

The effect of APE on pro-inflammatory cytokine gene expression from LPS-stimulated RAW264.7 cells was
determined using a QqRT-PCR assay. RAW264.7 cells were cultured at a density of 5x 10> cells/well in a 12-
well plate for 24 h. After that, the medium was replaced with fresh medium containing 1 pg/mL Escherichia
coli O111:B4 lipopolysaccharides (LPS; Sigma-Aldrich, USA). The stimulated cells were then treated with non-
toxic concentrations of APE. L-glutathione reduced form (GSH) was applied as an antioxidant compound and
dexamethasone (DEX) was used as a reference control anti-inflammatory agent. The treated cells were incubated
at 37 °C in a CO, incubator for 24 h.

Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, USA), following the manufacturer’s
instructions. The isolated RNA was quantified using a microvolume UV-Vis spectrophotometer (NanoDrop
One®, Thermo Scientific, USA). Subsequently, 1 pg of total RNA was converted into complementary DNA
(cDNA) by reverse transcription using ReverTra Ace (Toyobo, Japan) in a thermal cycler (Biometra, Analytik
Jena, Germany). Afterward, the expression of TNF-«a, iNOS, and IL-6 genes was analysed from ¢cDNA using
the qPCR amplification method by THUNDERBIRD SYBR qPCR Master Mix (Toyobo, Japan). The primers
(Bio Basic Asia Pacific, Singapore) for all genes were used as shown in Table 1. The qPCR reaction system
contained 10% (v/v) cDNA solution, 0.4 uM sense primer, 0.4 pM antisense primer, and THUNDERBIRD SYBR
qPCR Master Mix. The reaction was performed under the following three-step cycling conditions : an initial
denaturation at 95.0 °C for 1 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C
for 15 s, and extension at 72 °C for 30 s, using a quantitative thermal cycler system (QTOWER3 G, Analytik
Jena, Germany). The amplification results were expressed as the threshold cycle (Ct) value, which represents
the number of cycles required to generate a fluorescent signal exceeding a predefined threshold. The expression
levels of TNF-a, iNOS, and IL-6 genes were normalized using the S-actin gene as an internal control. Relative
gene expression was calculated using the comparative Ct method (27244,

Western blotting analysis

The effect of APE on inducible nitric oxide synthase (iNOS) protein expression in LPS-stimulated RAW264.7
cells was determined by western blotting assay. RAW264.7 cells were cultured at a density of 5x 10° cells/well in
a 12-well plate for 24 h. After incubation, the cells were stimulated using 1 pg/mL LPS, and the stimulated cells
were then treated with non-toxic concentrations of APE, GSH and DEX as a reference control. The treated cells
were incubated at 37 °C in a CO, incubator for 24 h.

The treated cells were lysed with radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCI (pH 8.0),
0.05 mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, and 150 mM NaCl] containing protease inhibitor
cocktails (Merck, USA) with a ratio of 1:1000. Cell lysates were centrifuged at 13,000 x g for 20 min. Supernatants
were collected, and protein concentration was determined using BCA protein assay reagent (Merck, USA).
Proteins from each treatment conditions were resolved by 15% (w/v) sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using a vertical electrophoresis system (Mini-PROTEAN, Bio-Rad, USA). SDS-
PAGE was performed at 60 volt (V) for 3 h 30 min to separate proteins, followed by transferred to polyvinylidene
fluoride (PVDF) membranes (Merck, USA) using a semi-dry transfer system (Trans-Blot SD, Bio-Rad, USA) at

Gene | Primer Sequences (5°>3’) Gene bank accession number
Sense AGCCCCCAGTCTGTATCCTTC

TNF-«a BC117057.1
Antisense | CATTCGAGGCTCCAGTGAATTCG
Sense GCTGGAGTCACAGAAGGAGTG

IL-6 BC132458.1

Antisense | GCATAACGCACTAGGTTTGCC

Sense TTCCAGAATCCCTGGACAAGC
iNOS U43428.1
Antisense | TGGTCAAACTCTTGGGGTTCG

Sense TGCTGTCCCTGTATGCCTCTG
B-actin NM_007393
Antisense | GCTGTAGCCACGCTCGGTCA

Table 1. The primers used for quantitative PCR analysis.
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20 V and 200 milliampere (mA) for 45 min. The membrane was incubated with 5% (w/v) non-fat dried milk as
a blocking solution and then probed with the indicated primary antibodies (Merck, USA), including anti-iNOS
(1:2000) and anti-B-actin (1:2000). The membranes were then incubated with horseradish peroxidase-conjugated
secondary antibody (1:3000). Detection of antibody-specific proteins was performed using an enhanced
chemiluminescence reagent (Merck, USA). The chemiluminescent signal was detected by 10-120 s exposure
using a chemiluminescent imaging system (ImageQuant LAS 500, GE HealthCare, USA). The expression levels
of pro-inflammatory cytokine protein were calculated from densities of iNOS protein, using B-actin protein as
a normalizing control (NC)*!.

Measurement of pro-inflammatory and anti-inflammatory cytokine secretion

The effect of APE on pro-inflammatory cytokine and anti-inflammatory cytokine secretion from LPS-stimulated
RAW264.7 cells was measured using an enzyme-linked immunosorbent assay (ELISA) kit. TNF-a and IL-6
were analysed as key pro-inflammatory cytokine, while IL-10, a cytokine synthesis inhibitory factor (CSIF), was
studied as the main anti-inflammatory cytokine. RAW264.7 cells were plated at a density of 1x 10° cells/well
in a 96-well plate for 24 h. The cells were stimulated using 1 pg/mL LPS, followed by treatment with non-toxic
concentrations of APE, GSH and DEX as a reference control. The treated cells were incubated at 37 °C in a Co,
incubator for 24 h. Cytokine levels (TNF-a, IL-6, and IL-10) were measured from cell culture supernatant using
ELISA kits according to the manufacturer’s instructions (KOMA Biotech, Korea). Absorbance was measured at
450 nm using an ELISA microplate spectrophotometer (Spectra MR, DYNEX Technologies, USA). The levels of
cytokines secreted by RAW264.7 cells were interpolated based on the standard curve provided in the ELISA kit.

Determination of nitric oxide production

The inhibitory effects of APE on nitric oxide (NO) production in LPS-stimulated RAW264.7 cells were
determined using nitrite assay. RAW264.7 cells were cultured at a density of 1 x 10° cells/well in a 96-well plate
and incubated for 24 h. The cells were then stimulated with 1 pg/mL LPS, followed by treatment with non-toxic
concentrations of APE, GSH and DEX as a reference control. The treated cells were incubated at 37 °C in a CO,
incubator for 24 h. After incubation, the nitric oxide levels in the cell culture supernatant were measured using
the Griess reagent. The supernatant was mixed with an equal volume of Griess reagent [1% (w/v) sulfanilamide,
5% (v/v) phosphoric acid, and 0.1% (w/v) N-(1-Naphthyl) ethylenediamine dihydrochloride] and incubated for
10 min. Absorbance was measured at 550 nm using a microplate spectrophotometer. The amount of nitrite in

the samples was interpolated based on a sodium nitrite standard curve®2.

Analysis of intracellular reactive oxygen and nitrogen species (RONS) formation

The inhibitory effects of APE on intracellular reactive oxygen and nitrogen species (RONS) level from LPS-
stimulated RAW264.7 cells were quantified using a spectrofluorimetric assay and flow cytometry assay. The assays
utilized a ROS-sensitive fluorescence indicator, 2,7’ -dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-
Aldrich, USA), and an RNS-sensitive fluorescence indicator, 3-amino, 4-aminomethyl-2,7’-difluorofluorescein
diacetate (DAF-FM DA; Sigma-Aldrich, USA).

For the spectrofluorimetric assay, RAW264.7 cells were cultured at a density of 1 x 10° cells/well in a 96-well
black plate and incubated for 24 h. The cells were then stimulated with 1 pg/mL LPS, followed by treatment
with non-toxic concentrations of APE, GSH and DEX as a reference control. The treated cells were incubated
at 37 °C in a CO, incubator for 24 h. After incubation, the cells were washed twice with Dulbeccos phosphate-
buffered saline (DPBS) and loaded with either 20 yM DCFH-DA solution or 10 uM DAF-FM DA reagent. The
RONS detection reactions were incubated at 37 °C in the dark for 30 min. The cells were then washed twice,
and the solution was replaced with DPBS. Fluorescence signals were measured at 500 nm excitation and 525 nm
emission for intracellular ROS levels, and at 495 nm excitation and 515 nm emission for intracellular RNS levels,
using multi-mode microplate reader (SpectraMax iD3, Molecular Devices, USA).

For the flow cytometry assay, the cells were cultured at a density of 5x 10° cells/well in a 12-well plate and
incubated for 24 h. The cells were then stimulated with 1 pg/mL LPS, followed by treatment with non-toxic
concentrations of APE. The treated cells were incubated at 37 °C in a CO, incubator for 24 h. After incubation,
the cells were harvested and centrifuged at 300 x g for 10 min. The pellet was washed twice and resuspended
in DPBS. The cell suspensions were then incubated with 20 uM DCFH-DA solution or 10 uM DAF-FM DA
reagent and incubated at 37 °C in darkness for 30 min. After incubation, the cells were washed twice with DPBS,
and the fluorescence signals were analysed using flow cytometry with an excitation wavelength of 488 nm and
the emission wavelength of 525 nm on a CytoFLEX flow cytometer (Beckman Coulter, USA). Flow cytometry
data were analysed by CytExpert software (Beckman Coulter, USA). The percentage inhibition of RONS was
calculated based on the ratio of fluorescent intensity and the number of detected cells between treated and
untreated samples®>*4,

Examination of oxidative stress

The effect of APE on oxidative stress in LPS-stimulated RAW264.7 cells were assessed by measuring
malondialdehyde (MDA) levels via the thiobarbituric acid reactive substances (TBARS) assay, and by evaluation
of intracellular glutathione status (GSH and GSSG levels). RAW264.7 cells were cultured at a density of 5x10°
cells/well in a 12-well plate for 24 h. After incubation, the cells were stimulated using 1 pug/mL LPS, and the
stimulated cells were treated with non-toxic concentrations of APE, GSH and DEX as a reference control. The
treated cells were incubated at 37 °C in a CO, incubator for 24 h. After incubation, the treated cells were lysed
with 0.1 M phosphate buffer pH 7.4 containing protease inhibitor cocktails (Merck, USA), followed sonication
technique on ice for 1 min using ultrasonic homogenizer sonicator (CPX600, Ultrasonic Processor, Cole-
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Parmer, USA). Cell lysates were centrifuged at 13,000 x g for 20 min. Supernatants were collected, and protein
concentration was determined using BCA protein assay reagent.

For TBARS assay, 20 pL of the cell lysate was mixed with 20 pL of 8.1% (w/v) sodium dodecyl sulfate, 150 pL
mL of 20% (v/v) acetic acid (pH 3.5), and 150 pL of 0.8% (w/v) thiobarbituric acid (TBA) solution. The mixture
was incubated at 95 °C in water bath for 60 min to allow the formation of the MDA-TBA adduct. After cooling
to room temperature, 100 pL of distilled water and 500 uL of a butanol:pyridine mixture (15:1) were added. The
reaction was centrifuged at 4,000 rpm for 10 min. The upper organic phase was collected, and absorbance was
measured at 532 nm using a spectrophotometer. The MDA concentration was calculated based on a standard
curve prepared from 1,1,3,3-tetramethoxypropane and expressed as nmol of MDA per milligrams of protein®.

For glutathione (GSH) and glutathione disulfide (GSSG) levels, the total glutathione (GSHt) and GSSG were
measurement using L-glutathione reduced from (GSH) as a standard. To measurement GSHt, 50 pL of the cell
lysate was mixed with a reaction mixture containing 100 mM potassium phosphate buffer (pH 7.5), 0.5 mM
EDTA, 0.6 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), 0.2 mM NADPH, and 0.5 U/mL glutathione
reductase. The formation of the TNB product was measured with absorbance at 412 nm for 5 min. GSH levels
were normalized to protein content and expressed as nmol of GSH pre milligrams of protein. To determine
GSSG, free GSH in the sample was derivatized with 2-vinylpyridine at room temperature for 1 h. The derivatized
samples were assayed in the same manner as GSHt. The concentration of GSH was calculated by subtracting
twice the amount of GSSG from the total glutathione, as follows: GSH = GSHt - 2GSSG**Y.

Statistical analysis

The bar graphs and statistical analyses were generated using Prism 10 software (GraphPad Software, USA).
Statistical significance among groups was determined using one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparisons test. A p-value of less than 0.05 (p <0.05) was considered statistically significant.

Results

Phytochemical profile of APE

The biochemical composition of APE was quantified using specific colorimetric assays, with the results
presented in Table 2. The total carbohydrate content was observed to be 172.89+9.52 mg D-glucose/g APE,
indicating a slightly polysaccharide and glucose concentration in the extract (approximately 17%). The total
protein content was found to be 548.50 +4.53 mg BSA/g APE, indicating a high protein concentration in the
extract (approximately 55%). The analysis of phycobiliproteins; phycocyanin and allophycocyanin were the most
abundant, with concentrations of 71.99 +0.33 mg/g APE and 20.24 +0.03 mg/g APE, respectively. Phycoerythrin
was also detected in lower amounts with concentrations of 7.66 +0.04 mg/g APE. These pigments are known
to have antioxidant and light-harvesting properties in cyanobacteria. The L-glutathione content in APE was
measured at 31.78 £2.76 mg/g APE. Additionally, the extract exhibited a high level of total phenolic compounds,
with a concentration of 10.65+1.10 mg GAE/g APE, which are associated with antioxidant activity.

Based on chemical profile analysis of APE using LC-MS, the total ion chromatogram revealed a wide range
of metabolites that was eluted at various retention times. Ten putative metabolites were identified with high
confidence showing high identification scores (= 1.70). The list of identified metabolites is shown in Table 3.

The results showed that the highest identification score was observed for adenine (score=1.79), indicating
a highly reliable identification. Other nucleotides and nucleotide derivatives were also detected. Moreover, the
APE contained several amino acids and their derivatives, including phenylalanine, valine, leucine, and norvaline.
In addition, antioxidant-related compounds such as L-( +)-ergothioneine and glutathione were identified.

Cytotoxic effects of APE on RAW264.7 cells, human PBMCs, and human PMNs

The cytotoxic effects of APE on RAW264.7 macrophage cells and human leukocytes, including peripheral
blood mononuclear cells (PBMCs) and polymorphonuclear cells (PMNs), were evaluated following 24 h
treatment at various concentrations of APE (250, 500, 1000, 2000, and 4000 pg/mL). The results demonstrated
that APE exhibited low cytotoxicity toward RAW264.7 cells, with cell viability consistently remaining above
80% for APE concentrations up to 2000 ug/mL. However, at the highest concentration of 4000 pg/mL, cell
viability significantly decreased to approximately 78.86% (Fig. 1A). Moreover, APE exhibited a dose-dependent
cytotoxic effect on human leucocytes. Thus, APE showed significant cytotoxicity toward both PBMCs and PMNs
compared to the control group, with PBMCs being more sensitive to APE (Fig. 1B). At concentrations greater

Component Content

Total carbohydrate content | 172.89+9.52 mg D-glucose/g APE

Total protein content 548.50 £4.53 mg BSA/g APE
Phycobiliprotein content

- Allophycocyanin 20.24+0.03 mg/g APE

- Phycocyanin 71.99+0.33 mg/g APE

- Phycoerythrin 7.66+0.04 mg/g APE
L-Glutathione 31.78+2.76 mg/g APE

Total phenolic compounds | 10.65+1.10 mg GAE/g APE

Table 2. Quantification of protein, phycobiliproteins, L-glutathione, and total phenolic compounds in APE.
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Putative metabolite name | RT (min) | m/z Adduct ion | Score
Adenine 2.308 136.06668 | [M+H]* 1.79
Phenylalanine 3.686 166.08580 | [M+H]* 1.78
Valine 2.556 118.08582 | [M+H]* | 1.78
L-(+)-Ergothioneine 0.749 230.09877 | [M+H]* 1.76
Guanine 2.349 152.05617 | [M+H]* 1.76
Norvaline 3.225 118.06467 | [M+H]* 1.75
Leucine 3.424 132.10150 | [M+H]* 1.73
Glutathione 1.070 308.09036 | [M+H]* 1.73
L-Pyroglutamic acid 3.424 130.04932 | [M+H]* 1.72
Hypoxanthine 1.164 137.04874 | [M+H]* 1.70

Table 3. Identification of metabolites in APE by LC-MS analysis. The table lists the putative metabolite name,
retention time (RT), mass-to-charge ratio (m/z), adduct ion, chemical ontology, and identification score.
Candidate metabolites with high confidence scores (> 1.70) are presented.
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Fig. 1. Effect of APE on cell viability of RAW264.7 cells (A), human PBMCs (B), and human PMN (C). Cells
were treated with the indicated concentration of APE (250, 500, 1000, 2000, and 4000 ug/mL) for 24 h. The
viability of RAW264.7 cells was assessed using the MTT assay, while the viability of human PBMCs and PMNs
was determined using the alamarBlue assay. Results are expressed as the relative percentage of surviving

cells compared to control cells. Each value represents the mean + SEM (n=3). Asterisk indicates significant
difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).

than 1000 pg/mL, PBMCs viability decreased by more than 20%. Similarly, PMNs exhibited higher sensitivity
to APE (Fig. 1C), with a significant decline in cell viability at concentrations exceeding 2,000 ug/mL. Therefore,
APE at concentrations of 500, 1000, and 2000 pg/mL were used to study its effects on inflammation and free
radicals in LPS-stimulated RAW264.7 cells. In addition, APE at concentrations of 2000 pg/mL exhibited low
toxicity toward normal human blood cells, with a cell viability rate of more than 50%.

Effect of APE on pro-inflammatory cytokine gene expression in LPS-stimulated RAW264.7
cells

The effect of APE on the relative mRNA expression levels of pro-inflammatory cytokine genes, including
TNF-a, IL-6, and iNOS genes, in LPS-stimulated RAW264.7 cells was investigated. Cells were pre-treated
with lipopolysaccharide (LPS) for 30 min to induce an inflammatory response and then exposed to various
concentrations of APE (500, 1000, and 2000 pug/mL) for 24 h. The results were measured using qRT-PCR to
quantify the mRNA levels of the targeted genes. The Fig. 2 represents the reduction in the expression levels of
the TNF-« gene (Fig. 2A), IL-6 gene (Fig. 2B), and iNOS gene (Fig. 2C) in a dose-dependent manner. The highest
concentration of APE (2000 ug/mL) exhibited the most substantial inhibitory effect by significantly decreasing
the gene expression of all pro-inflammatory cytokine gene compared to the LPS-stimulated cell group and 10 uM
dexamethasone (DEX). Similarly, the L-glutathione (GSH) treatment also significantly reduced the expression of
TNEF-a (Fig. 3A) and iNOS (Fig. 3C) in a dose-dependent manner. However, GSH did not significantly inhibit
IL-6 expression (Fig. 3B).
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Fig. 2. Effects of APE on the gene expression of pro-inflammatory cytokine such as TNF-« (A), IL-6 (B),
and iNOS (C) in LPS-stimulated RAW264.7 cells and dexamethasone (DEX) as a reference control. Cells
were stimulated with LPS for 30 min and then treated with APE (500-2000 pg/mL) or 10 uM DEX for 24 h.
The mRNA expression levels were measured using QRT-PCR. Results are represented as the relative mRNA
expression compared to LPS-stimulated cell group. Each value represents the mean + SEM (n=3). Asterisk
indicates significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).
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Fig. 3. Effects of GSH on the gene expression of pro-inflammatory cytokine such as TNF-« (A), IL-6 (B), and
iNOS (C) in LPS-stimulated RAW264.7 cells and dexamethasone (DEX) as a reference control. Cells were
stimulated with LPS for 30 min and then treated with GSH (5-20 mM) or 10 uM DEX for 24 h. The mRNA
expression levels were quantified by qRT-PCR. Results are represented as the relative mRNA expression
compared to LPS-stimulated cell group. Each value represents the mean+SEM (n=3). Asterisk indicates
significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and *** (p<0.0001).

Effect of APE on iNOS protein expression in LPS-stimulated RAW264.7 cells

The effect of APE on the relative protein expression of iNOS in LPS-stimulated RAW264.7 cells was assessed
through both bar chart analysis (Fig. 4A) and western blot assay (Fig. 4B). The corresponding uncropped raw
blot images are provided in Supplementary Data. Cells were pre-treated with LPS (1 pg/mL) for 30 min to induce
an inflammatory state, followed by treatment with varying concentrations of APE (62.5, 125, 250, 500, 1000, and
2000 pg/mL) for 24 h. APE demonstrated a dose-dependent decrease in iNOS protein expression levels with
increasing APE concentrations. The highest concentration of APE (2000 ug/mL) resulted in the most significant
reduction in iNOS protein expression compared to the LPS-stimulated control.

The corresponding western blot bands were normalized using -actin as a control. The iNOS protein band
intensity in LPS-stimulated cells was notably stronger than that in the non-stimulated control cells, confirming
successful induction of iNOS expression by LPS. Treatment with APE showed a gradual attenuation of iNOS
protein band intensity as the concentration of APE increased. These results suggest that APE can modulate
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Fig. 4. Effects of APE on iNOS protein expression in LPS-stimulated RAW264.7 cells (A). Cells were
stimulated with LPS for 30 min and then treated with non-toxic concentrations of APE for 24 h. The iNOS
protein expression levels were measured by western blotting (B). Results are presented as relative protein
expression compared to the LPS-stimulated cell group. Each value represents the mean+SEM (n=3). Asterisk
indicates significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).

LPS-stimulated inflammatory responses in RAW264.7 cells by downregulating iNOS protein expression in a
concentration-dependent manner. This effect highlights the potential anti-inflammatory properties of APE and
its ability to interfere with the signalling pathways involved in the overexpression of iNOS during inflammation
in LPS-stimulated cell model.

Effect of APE on pro-inflammatory and anti-inflammatory cytokine secretion in LPS-
stimulated RAW264.7 cells

The effects of APE on the secretion levels of pro-inflammatory cytokines TNF-a and IL-6, as well as the anti-
inflammatory cytokine IL-10, in LPS-stimulated RAW264.7 macrophage cell were examined. Cells were first
stimulated with 1 pg/mL of LPS for 30 min to induce an inflammatory response, followed by treatment with
varying concentrations of APE (500, 1000, and 2000 pg/mL) for 24 h. Cytokine levels were measured using an
ELISA kit. The results revealed a significant elevation of TNF-a and IL-6 in the LPS-stimulated group compared to
the untreated control. Effects of APE on the secretion of pro-inflammatory cytokines, including TNF-a (Fig. 5A)
and IL-6 (Fig. 5B), as well as the anti-inflammatory cytokine IL-10 (Fig. 5C) in LPS-stimulated RAW264.7 cells.
LPS stimulation significantly increased the secretion of TNF-a and IL-6, indicating a strong inflammatory
response. However, treatment with APE at concentrations of 500, 1000, and 2000 pg/mL significantly reduced
the levels of both pro-inflammatory cytokines in a dose-dependent manner, suggesting its ability to suppress
inflammation. At a concentration of 2000 ug/mL, APE inhibited TNF-a release, reducing it from 562.83 to
172.83 pg/mL, and decreased IL-6 release from 2576.67 to 235.61 pg/mL on LPS-stimulated control cells.
Conversely, APE treatment at 2000 pg/mL significantly upregulated IL-10 secretion, a key anti-inflammatory
cytokine involved in immune regulation and inflammation resolution. The increase in IL-10 levels implies that
APE not only inhibits pro-inflammatory responses but also promotes anti-inflammatory mechanisms. Similarly,
the effects of L-glutathione (GSH) on cytokine secretion were assessed under the same experimental conditions.
Treatment with increasing concentrations of GSH significantly suppressed the secretion of TNF-a (Fig. 6A) and
IL-6 (Fig. 6B). At 20 mM, GSH reduced TNF-a secretion to approximately 99.5 pg/mL compared to 562.83 pg/
mL in the LPS group. IL-6 levels were also markedly reduced from 2576.67 to 1130.86 pg/mL at the highest GSH
concentration, reinforcing its anti-inflammatory action. On the contrary, GSH treatment did not significantly
alter the levels of IL-10 secretion compared to the LPS group (Fig. 6C). All tested different concentrations of
GSH maintained IL-10 at elevated levels similar to the LPS group, with no apparent increase or decrease in
expression. Therefore, the GSH primarily acts by suppressing pro-inflammatory cytokine production without
modulating anti-inflammatory cytokine IL-10.

Effects of APE on nitric oxide production in LPS-stimulated RAW264.7 cells

The effects of APE on NO production in LPS-stimulated RAW264.7 macrophage cells were examined. The cells
were initially stimulated with 1 ug/mL of LPS for 30 min to induce an inflammatory response, followed by
treatment with various concentrations of APE (ranging from 62.5 to 2000 pg/mL) for 24 h. The production of
NO was subsequently quantified using the Griess assay, which measured nitrite concentration as an indicator
of NO release. The results indicated that LPS stimulation significantly increased NO production compared to
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Fig. 5. Effects of APE on the secretion of pro-inflammatory cytokines, including TNF-a (A) and IL-6 (B), as
well as anti-inflammatory cytokine IL-10 (C), on LPS-stimulated RAW264.7 cells, with DEX as a reference
control. Cells were stimulated with LPS for 30 min and then treated with APE (500-2000 pg/mL) or 10 uM
DEX for 24 h. The cytokine levels were measured using an ELISA kit. Results are presented as the cytokine
concentration in treated cells. Each value represents the mean+SEM (n =3). Asterisk indicates significant
difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).
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Fig. 6. Effects of GSH on the secretion of pro-inflammatory cytokines, including TNF-a (A) and IL-6 (B),
as well as anti-inflammatory cytokine IL-10 (C), on LPS-stimulated RAW264.7 cells, with DEX as a reference
control. Cells were stimulated with LPS for 30 min and then treated with GSH (5-20 mM) or 10 uM DEX
for 24 h. The cytokine levels were measured using an ELISA kit. Results are presented as the cytokine
concentration in treated cells. Each value represents the mean+SEM (n=3). Asterisk indicates significant
difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).

the untreated control group. Treatment with APE led to a dose-dependent reduction in NO levels, with higher
concentrations of APE showing a more significant inhibitory effect. At lower concentrations of APE (62.5
and 125 pg/mL), a modest decline in NO levels was observed, while higher concentrations (250, 500, 1000,
and 2000 pug/mL) exhibited progressively stronger suppression of NO production, greater than 50%. APE at
concentration of 2000 pg/mL could inhibit the nitric oxide production with nearly complete inhibition (Fig. 7A).
This dose-dependent inhibition indicates the potent anti-inflammatory potential of APE, likely through the
suppression of inducible nitric oxide synthase (iNOS) activity or expression, which is typically upregulated
during LPS-stimulated inflammation.

Moreover, 10 nM dexamethasone was used as a reference anti-inflammatory control and 20 mM
L-glutathione (GSH) was also applied as a representative antioxidant compound consistent with the major
bioactive components identified in APE. The results showed that.
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Fig. 7. Effects of APE (A) and GSH (B) on nitric oxide production in LPS-stimulated RAW264.7 cells,

with DEX as a reference control. Cells were stimulated with LPS for 30 min and then treated with APE
(62.5-2000 pg/mL), GSH (0.625-20 mM), or 10 uM DEX for 24 h. The amount of nitric oxide produced was
determined using the Griess assay. Results are presented as the nitrite concentration, representing nitrogen-
based ions released from the treated cell. Each value represents the mean + SEM (n=3). Asterisk indicates
significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).

L-glutathioneinhibited NO productioninaconcentration-dependentinhibition (Fig. 7B). High concentrations
(5, 10, and 20 mM) of GSH significantly suppressed NO release. At the highest concentration (20 mM), GSH
nearly abolished NO production, comparable to the suppression that was observed with dexamethasone (DEX).
These findings suggest that GSH may exert anti-inflammatory effects through mechanisms involving the
attenuation of iNOS-mediated NO synthesis and consistent with its role as a thiol-based antioxidant.

Effects of APE on intracellular reactive oxygen and nitrogen species (RONS) levels in LPS-
stimulated RAW264.7 cells

The impact of APE on intracellular ROS and RNS production in LPS-stimulated RAW264.7 cells was evaluated.
Cells were treated with LPS for 30 min to initiate an inflammatory response, followed by treatment with
various concentrations of APE (62.5 to 2000 pg/mL) for 24 h. The levels of ROS and RNS were measured using
fluorometric assays with DCFH-DA and DAF-FM DA, respectively. The treatment with APE resulted in a dose-
dependent decrease in ROS and RNS levels. APE at concentrations greater than 250 pg/mL significantly reduced
ROS levels by more than 50% (Fig. 8A) and significantly decreased RNS levels by more than 50% (Fig. 8B).
Likewise, the effects of GSH on intracellular ROS and RNS levels were assessed under the same experimental
conditions (Fig. 8C and D). Treatment with GSH at concentrations ranging from 0.625 to 20 mM demonstrated
areduction in both ROS and RNS levels. Moreover, GSH at high concentrations of 5, 10, and 20 mM significantly
suppressed ROS and RNS generation. GSH (20 mM) reduced ROS to approximately 60% of the LPS-stimulated
levels.

The effects of APE on intracellular ROS and RNS were also determined using flow cytometry. Cells were
pre-treated with LPS and then exposed to various concentrations of APE. The levels of intracellular ROS and
RNS were measured using fluorometric assays with DCFH-DA and DAF-FM DA, respectively. Figure 9A
confirms a reduction in intracellular ROS levels, with significant decreases of more than 50% at concentrations
greater than 125 pg/mL. Figure 9B shows a parallel decrease in intracellular RNS. The data indicate that APE
effectively quenched RNS production in a dose-dependent manner, with significant decreases of more than
50% at concentrations greater than 250 ug/mL. In parallel, the anti-free radical effects of GSH were evaluated to
compare its efficacy with APE. As shown in Fig. 9C and D, GSH treatment led to a dose-dependent suppression
of both intracellular ROS and RNS levels in LPS-stimulated RAW264.7 cells. Specifically, ROS levels were
significantly reduced at concentrations>5 mM. The most prominent reduction observed at 20 mM, bringing
ROS levels down to nearly 40% of LPS-induced levels. Similarly, RNS levels showed a significant decline at
higher GSH concentrations, particularly at 20 mM, where RNS levels decreased to 65%.

The flow cytometry histograms (Fig. 10) show the three treatments in each experiment: the control group,
which consisted of untreated cells, the LPS-stimulated group, in which cells were exposed to LPS to induce
oxidative stress, and the APE treated group. The fluorescence intensity of DCF was measured as an indicator
of ROS levels, while the fluorescence intensity of DAF-FM-T was used to assess RNS levels. In the control

Scientific Reports |

(2025) 15:43349 | https://doi.org/10.1038/s41598-025-27372-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

HHKK
- l -
I J— I Fokokok
I R I Fokokok
I A Sokkk
I HRKK %120' Fokkk
E'zo' i _°§' 100-
_ % 100 2=
22 28 80
29 (2]}
=28 804 zg
8-5 TS 60
T g 60 ]
[ = £
22 57 404
&5 404 2a
g S 204
2 20- )
5 2
g . < o
LPS 1 pg/mL EEE T T S S S S S LPS 1 pg/mL L S A S A A S A
DEX (uM) - - 10 - - e e DEX (uM) - - 10 - - - - e
APE (ug/mL) - - - 625 125 250 500 10002000 APE (ug/mL) - - - 625 125 250 500 10002000

C D
Ak
*okk I Aokk
| a5 | .
5 1207 [ 5 120- Y
_ :g: 100 _ g 100+
S 2=
2% go- 23 80-
@ ®
28 &8
xS 60 S 60
3] 22
g5 40 S5 7
g L
5 20+ 5 20
g 2
S oA < o
LPS 1 pg/mL - + 0+ o+ o+ o+ o+ o+ o+ LPS 1 pg/mL R I T T R N
DEX (uM) - = M - = o e e DEX (uM) - - 10 - - - - e
GSH (mM) - - - 0625125 25 5 10 20 GSH (mM) - - - 0625125 25 5 10 20
Fig. 8. Effects of APE (A) and (B) and GSH (C) and (D) on intracellular ROS and RNS production in LPS-
stimulated RAW264.7 cells using DEX as a reference control. Cells were stimulated with LPS for 30 min and
then treated with APE (62.5-2000 ug/mL), GSH (0.625-20 mM), or 10 uM DEX for 24 h. The level of ROS
and RNS were determined using fluorometric assay with a DCFH-DA and DAF-FM DA, respectively. Results
are expressed as the relative RONS levels compared to LPS-stimulated cells group. Each value represents the
mean +SEM (n=3). Asterisk indicates significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and ****
(p<0.0001).
group, ROS levels were minimal, with cells exhibiting DCF fluorescence, indicating a baseline level of oxidative
stress. However, LPS stimulation significantly increased ROS levels, as evidenced by a dramatic rise in DCF
fluorescence to 93.49%. The APE treatment significantly reduced ROS levels, as the proportion of DCF-positive
cells dropped to 23.30%. Similarly, RNS levels exhibited a comparable trend. In the control group, nitrosative
stress was detected, with minimal levels. However, LPS stimulation resulted in a substantial increase in RNS
production, with 90.42% of cells displaying fluorescence. The APE treatment significantly reduced RNS levels,
with the percentage of DAF-FM-T positive cells decreasing to 24.25%.
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Fig. 9. Effects of APE (A) and (B) and GSH (C) and (D) on intracellular ROS and RNS generation in LPS-
stimulated RAW264.7 cells using DEX as a reference control. Cells were stimulated with LPS for 30 min and
then treated with APE (62.5-2000 pg/mL), GSH (0.625-20 mM), or 10 uM DEX for 24 h. The level of ROS and
RNS were evaluated by flow cytometry using DCFH-DA and DAF-FM DA, respectively. Results are expressed
as the relative RONS level compared to LPS-stimulated cells group. Each value represents the mean + SEM
(n=3). Asterisk indicates significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).

Effects of APE on oxidative stress in LPS-stimulated RAW264.7 cells

The effect of APE on oxidative stress in LPS-stimulated RAW264.7 cells was evaluated. Cells were treated with
LPS for 30 min to initiate an inflammatory response, followed by treatment with various concentrations of APE
(500 to 2000 pg/mL) and GSH (5 to 10 mM) for 24 h. The oxidative stress marker, including malondialdehyde
(MDA) and glutathione redox status were measured using colorimetric assays with TBARS assay and Ellman’s
assay, respectively. On MDA levels, treatment with LPS significantly increased MDA levels compared to control
(p<0.01), indicating elevated oxidative stress. The treatment with both of APE (Fig. 11A) and GSH (Fig. 11B)
significantly reduced MDA levels. Specifically, APE at concentrations of 500, 1000, and 2000 mg/mL significantly
decreased MDA levels compared to LPS-induced cell group.
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Fig. 10. Assessment of intracellular ROS (A)-(C) and RNS (D)-(F) using flow cytometry. Flow cytometry
data are presented as dot plot histograms with cell population gated using forward scatter (FSC-A) versus
fluorescence intensity in the fluorescein isothiocyanate (FITC)-A channel. Experimental groups included
untreated control cells (A), (D), LPS-stimulated cells (B), (E), and LPS-stimulated cells treated with APE at
concentration of 250 pug/mL (C), (F).

Likewise, GSH at 5, 10, and 20 mM significant reduced MDA, suggesting its potent antioxidant activity. These
data indicated that both APE and GSH effectively protected LPS-induced lipid peroxidation. Panels B and E of
Fig. 11 show the concentrations of total glutathione (GSHt) and oxidized glutathione (GSSG). LPS treatment
led to a slight decrease in GSH and an increase in GSSG levels, indicating oxidative imbalance. Treatment with
APE helped restore GSH levels and reduced GSSG accumulation, particularly at higher doses. The glutathione
redox status was calculated from GSH/GSSG ratio. LPS treatment significantly decreased this ratio, confirming
oxidative stress. APE significantly improved the GSH/GSSG ratio in a dose-dependent manner. APE at 1000 and
2000 mg/mL, and GSH at all tested doses (5, 10, 20 mM), significantly improved the redox ratio, indicating their
capacity to rebalance oxidative stress. In contrast, GSH treatment did not significantly improve the GSH/GSSG
ratio at any of the tested doses, indicating that exogenous GSH alone may be insufficient to restore redox balance
under the given experimental conditions.

Discussion

Arthrospira (Spirulina) platensis extract (APE) contains a wide array of bioactive compounds with potential
therapeutic and nutritional properties. The phytochemical and metabolite profiling of APE revealed the
presence of various bioactive compounds that may contribute to its biological activities. The high protein content
highlights the nutritional potential of APE. The phycobiliproteins, especially phycocyanin and allophycocyanin
being the major components. These pigments are known for their strong antioxidant, anti-inflammatory, and
light-harvesting properties, particularly in cyanobacteria, which suggests their functional relevance in APE*-%,
The detection of L-glutathione and total phenolic compounds further supports the antioxidant capacity of
APE. L-glutathione plays a crucial role in cellular redox homeostasis, while phenolic compounds are secondary
metabolite for their free radical scavenging activities®>2. In agreement with the colorimetric assays, LC-MS
analysis confirmed the presence of several key metabolites with antioxidant and anti-inflammatory relevance.
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Fig. 11. Effects of APE (A), (B) and (C) and GSH (D), (E), and (F) on oxidative stress in LPS-stimulated
RAW264.7 cells using DEX as a reference control. Cells were stimulated with LPS for 30 min and then treated
with APE (500-2000 pg/mL), GSH (5-20 mM), or 10 uM DEX for 24 h. The oxidative stress marker, MDA
(A and D) and glutathione redox status (B, C, E, and F) were measured using colorimetric assays. Results

are expressed as the relative RONS levels compared to LPS-stimulated cells group. Each value represents the
mean = SEM (n=3). Asterisk indicates significant difference, * (p<0.05), ** (p<0.01), *** (p<0.001) and ****
(p<0.0001).

Notably, glutathione and L-(+)-ergothioneine were identified, both of which are recognized for their roles in
protecting cells against oxidative stress. The presence of L-pyroglutamic acid, a glutathione-related metabolite,
further strengthens this observation. The identification of purine bases such as adenine, guanine, and
hypoxanthine suggests the presence of nucleotide metabolism-related pathways in APE. These compounds are
not only involved in nucleic acid synthesis but also have roles in cellular signalling and immune modulation®4.
In addition, amino acids such as phenylalanine, valine, leucine, and norvaline were identified, reflecting the
protein-rich nature of the extract and its potential nutritional benefits.

These findings supported previous studies on other cyanobacterial species that also demonstrated the
presence of diverse bioactive compounds with potential health benefits. For instance, Anabaena variabilis and
S. platensis collected in Egypt showed varied phytochemical profiles, with GC-MS analysis revealing 37 and 7
bioactive compounds, respectively. The relative abundance of compounds consisting fatty acid methyl esters
and heterocyclic compounds®. Other study of freshwater cyanobacterium, Nostoc muscorum demonstrated a
wide spectrum of bioactive molecules, including sugars, oligosaccharides, w-3 and w-6 fatty acids, amino acids,
pigments, and mycosporin-like peptides®. Moreover, LC-ESI-QTOF-MS/MS analysis of Nostoc sp. AARL C008
methanolic extract identified up to 83 phenolic compounds, with p-coumaric acid being the most abundant™.
Thus, this observation highlights the significant contribution of phenolic compounds to the antioxidant potential
of cyanobacterial extracts. Furthermore, extraction of S. platensis using water can obtain polysaccharides from
their cellular matrix®®. Notably, sulphated polysaccharides, especially calcium spirulan, have been recognized as
bioactive macromolecules with diverse pharmacological properties, including immunomodulatory, antiviral,
and antioxidant activities. However, efficient extraction of polysaccharide usually requires alkaline solvents or
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elevated temperature (80-100 °C) to enhance yield. In contrast, extraction at lower temperatures is feasible but
typically demands an extended processing period, often ranging from several hours to days®-.

Previous studies have consistently demonstrated the immunomodulatory potential of Arthrospira (Spirulina)
platensis polysaccharide. The polysaccharide extract exhibited very low cytotoxicity toward RAW264.7
macrophages, with cell viability remaining above 80% even at concentrations up to 2000 pg/mL. Similarly,
the polysaccharides extracted at 400 pg/mL showed no cytotoxic effects on mouse dermal fibroblast cell line
(MDEF), indicating a broad safety profile across different immune cell types. Notably, low-molecular weight
polysaccharide fractions have been shown to stimulate mouse spleen lymphocyte proliferation and enhance
the phagocytic activity of RAW264.7 macrophages. The polysaccharide has also been reported to increase the
production of nitric oxide, TNF-a, and IL-6 in a concentration-dependent manner, whereas lower concentration
(50 pg/mL) had no significant effect on nitric oxide production®.

However, our result indicated that polysaccharides accounted for only approximately 17% of the total
composition in APE, which may contribute to the slightly stimulate cytokine responses in cell culture. Therefore,
the biological effects that detected in this study are likely to reflect the combined action of polysaccharides
and other coexisting bioactive compounds, rather than the immunomodulatory potential of polysaccharides
alone®?3. These findings indicate that the coexistence of proteins, pigments, amino acids, phenolic compounds,
and polysaccharides contributes to the multifunctional nutritional and therapeutic potential of aqueous S.
platensis extract®®%. However, some bioactive compounds within the extract, particularly phycocyanin and
glutathione, exhibit relatively low stability. Phycocyanin is highly heat-sensitive, whereas glutathione readily
undergoes redox reactions upon exposure to oxygen®®®’. Thus, proper storage conditions are essential to preserve
their biological activity. To ensure stability, the extract should be maintained in powdered form at -20 °C under
dry and light-protected conditions. Following reconstitution, it is advisable to aliquot the extract into multiple
tubes and avoid repeated freeze-thaw cycles to retain its stability and functional integrity.

The APE has been recognized for its bioactive properties, particularly its anti-inflammatory and antioxidant
potential. To assess its safety for therapeutic use, its cytotoxicity was evaluated in RAW264.7 and human
leukocytes, including peripheral blood mononuclear (PBMCs) and polymorphonuclear leukocytes (PMNs)
cells. The cytotoxicity assay results revealed that APE did not exhibit significant cytotoxic effects on RAW264.7
cells at concentrations up to 2000 pg/mL. This finding supports the safety of APE at therapeutic doses, making
it a promising candidate for further exploration in anti-inflammatory and antioxidant therapies. The low
cytotoxicity of APE suggests that the extract exerts its protective effects without compromising cellular integrity,
a critical consideration for potential pharmacological applications.

Several cyanobacterial extracts have demonstrated low toxicity to cell culture. Methanolic extracts
from cyanobacteria such as Cylindrospermopsis raciborskii, Aphanizomenon gracile, Microcystis ichtyoblabe,
Planktothrix agardhii, and Limnothrix redekei have shown low toxicity to the human hepatoblastoma cell line
(Hep G2) after 24 h of exposure. All extracts at a concentration of 2 mg/mL exhibited low cytotoxicity to HepG2
cells, with cell viability remaining above 50%%. The cytotoxicity of bioactive compound extracts derived from
Arthrospira sp. has also been studied. Phycocyanobilin derived from A. maxima at a concentration of 1000 ug/
mL showed low toxicity in the human skin fibroblast cell line (CCD-986sk), with cell viability remaining greater
than 50% after 24 h of treatment. Additionally, the aqueous extract from A. maxima also exhibited low toxicity in
the human lung carcinoma cell line (H460)%*7°. Bioactive compounds derived from S. platensis, Nostoc spp., and
Anabaena spp. have been reported to exhibit low cytotoxicity in cultured cells. These extracts contain bioactive
compounds, including phycocyanin, polysaccharides, and secondary metabolites, which have anti-inflammatory
and antioxidant effects, and demonstrated high biocompatibility with mammalian cells”!72.

Regarding the anti-inflammatory activities of APE, the results demonstrated that APE significantly reduces
NO production in LPS-stimulated RAW264.7 macrophage cells in a dose-dependent manner. LPS markedly
increased NO levels in RAW264.7 cells, indicating an inflammatory response. However, APE treatment
effectively attenuated NO production. At higher concentrations (500-2000 pg/mL), NO levels were reduced
to near baseline levels, similar to the control group, suggesting that APE possesses potent anti-inflammatory
properties. Moreover, APE was found to suppress gene and protein expression of inducible nitric oxide synthase
(iNOS). The reduction in NO levels aligned with previous studies on natural extracts rich in polyphenols
and flavonoids, which have been shown to inhibit iNOS expression and mitigate inflammation through the
downregulation of NF-kB signaling’>74.

Various compounds derived from cyanobacteria have demonstrated significant anti-inflammatory potential.
For instance, the extracts of Arthrospira (Spirulina) sp. have demonstrated significant potential in modulating
cytokine imbalance and reducing inflammation in various inflammatory models. The extract of S. maxima
extract, obtained through a two-phase method using 70% ethanol, suppressed LPS-stimulated upregulation of
pro-inflammatory cytokines such as TNF-a, IL-1f, IL-12, and IL-18 in RAW264.7 cells. Additionally, the extract
inhibited LPS-induced phosphorylation of extracellular signal-regulated kinase (ERK) in RAW264.7 cells,
attenuating the generation of ERK1-induced reactive oxygen species (ROS) and leading to decreased NF-«B
expression’”. The administration of S. maxima in Sprague-Dawley rats significantly reduced pro-inflammatory
cytokines such as TNF-qa, IL-1p, and IL-6, as well as the inflammatory transcription factor.

NEF-«B in gingival tissue. In contrast, S. maxima increased the production of anti-inflammatory cytokine IL-4
by T-helper type 2 (Th2) cells’®. Furthermore, the administration of

S. platensis has been shown to prevent methotrexate (MTX)-induced neurotoxicity in Wistar Albino rats,
reducing thelevels of IL-1p, IL-6,and TNF-a in the brain tissue of MTX-induced rats’”. Apart from cyanobacteria,
sulfated polysaccharides derived from red microalgae exhibit anti-inflammatory properties, particularly in skin
inflammation, by recruiting leukocytes from capillary blood to the inflammation site, which involves adhesion
and chemotaxis’®. The study demonstrated that these polysaccharides inhibited polymorphonuclear leukocyte
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(PMN) migration toward chemoattractant molecules and partially blocked PMN adhesion to endothelial cells
in vitro.

Polysaccharides from microalgae have been found to exhibit pharmacological activities, including not only
anti-inflammatory activity but also immunomodulatory effects. The exopolysaccharide extract from Tribonema
sp. stimulated macrophage cell activation, leading to the upregulating of pro-inflammatory cytokines, including
TNF-a, IL-6, and IL-10. Similarly, the exopolysaccharide derived from Nostoc sp. induced the release of
prostaglandins E2 (PGE2) and NO by upregulating the gene expression of COX-2 and iNOS, respectively’®. The
expression of iNOS and COX-2 genes in macrophages is largely regulated by transcriptional activation. These
findings suggest that exopolysaccharide extracts from cyanobacteria enhance the early activation of the innate
immune response, primarily through the upregulation of key inflammatory mediators, which play a pivotal
role in the initiation of immune defense mechanisms®*#!. By stimulating macrophage activity and promoting
the release of immune modulators, this exopolysaccharide holds potential as a novel immune modulator that is
capable of enhancing immune responses and possibly serving as a therapeutic agent for inflammatory disorders®2.

Comparing to reference control, dexamethasone (DEX) potently inhibits NF-«B activation, proinflammatory
cytokines, and COX-2 expression in RAW 264.7. At low concentration of DEX (approximately 10 nM)
demonstrated the ability to inhibit granulocyte-macrophage colony-stimulating factor (GM-CSF) and suppress
NF-kB expression. At higher concentration levels (approximately 10 uM), DEX blocks LPS induced NF-kB/AP1
signalling and halting IL-1p transcription. Thus, DEX (10 pM) demonstrates anti-inflammatory actions and
protects oxidative stress. However, it may also induce adverse effects like apoptosis and immune modulation
depending on exposure duration®*%,

The study also investigated the effects of APE on intracellular ROS and RNS levels in LPS-stimulated
macrophages. Both ROS and RNS production significantly increased after LPS stimulation, indicating oxidative
stress induced by inflammatory activation. Treatment with APE effectively reduced these elevated levels in a
concentration-dependent manner. At higher concentrations (500-2000 ug/mL), the reduction in ROS and RNS
levels was particularly pronounced, suggesting that APE exerts a dual antioxidant and anti-inflammatory effect.
These findings imply that APE may enhance the activity of antioxidant defense systems, such as the Nrf2/HO-1
pathway, or directly scavenge free radicals®>3¢%.

Studies on crude extracts from cyanobacteria, including Nostoc sp., Leptolyngbya protospira, Nodularia
spumigena, and Phormidiochaete sp. have shown significant DPPH scavenging capacity®®. Natural compounds
derived from cyanobacteria, such as Anabaena sp., Nodularia sp., Nostoc sp., and S. platensis, have also
demonstrated strong antioxidant activity in various antioxidant assays, including DPPH free radical scavenging,
reducing power, and metal chelating activity®. Although cyanobacteria rely on photosynthesis for energy
production, they must possess robust antioxidant defence mechanisms to mitigate the generation of reactive
oxygen and nitrogen species (RONS) within their cells. The continuous exposure to high-intensity light and
oxygen-rich environments during photosynthesis makes them particularly susceptible to oxidative stress. To
counteract this, cyanobacteria have evolved efficient antioxidant systems, including enzymatic antioxidants such
as superoxide dismutase (SOD), catalase (CAT), and peroxidases, as well as non-enzymatic antioxidants, e.g.,
phycocyanin, carotenoids, and vitamin E. These protective compounds play a crucial role in maintaining cellular
homeostasis, preventing oxidative damage to essential biomolecules, and ensuring the stability of photosynthetic
machinery, thus supporting the survival and functionality of cyanobacterial cells in diverse environmental
conditions®*1%2,

L-Glutathione (GSH) is a key intracellular antioxidant that plays a central role in modulating oxidative stress
and inflammation. Studies have shown that GSH can suppress the expression of pro-inflammatory cytokines
such as IL-1pB, IL-6, and TNF-a by reducing ROS levels and modulating the AKT/PI3K/PTEN signalling
pathway®. In joint-related inflammation models, GSH supplementation improved antioxidant capacity and
downregulated inflammatory gene expression in synoviocytes, and the effects were concentration-dependent®.
In some metabolic diseases or infection disease, the reduced GSH levels are strongly associated with heightened
oxidative stress and cytokine imbalance, indicating the protective role of GSH in these conditions®>*.

The present findings demonstrate that both APE and GSH also exhibit protective effects against LPS-induced
oxidative stress in RAW264.7 macrophages. Treatment with APE at 500-2000 ug/mL and GSH at 5-20 mM
significantly reduced MDA levels, indicating potent inhibition of lipid peroxidation. APE decreased MDA levels
and improved the GSH/GSSG ratio. This interpretation is supported by other studies examining the biological
effects of A. platensis. For instance, Spirulina extract was shown to reduce ROS and MDA levels in A549 lung
cancer cells and to disrupt cancer cell proliferation by inducing cell cycle arrest. Furthermore, an aqueous
extract of S. maxima demonstrated neuroprotective properties by reducing oxidative stress markers such as ROS
and intracellular calcium, preserving mitochondrial membrane integrity, and elevating reduced glutathione
levels®”®%. This observation suggests that the extract not only counters oxidative damage but may also modulate
cellular signalling pathways associated with cell growth and survival. Additionally, Spirulina was found to reduce
MDA accumulation and preserved renal function in rats treated with cyclosporine A, indicating its protective
effect against drug-induced oxidative stress and nephrotoxicity. In broiler chickens, dietary supplementation
with A. platensis enhanced antioxidant enzyme activities, including glutathione peroxidase, and improved
nutrient absorption and gut health, further reinforcing its systemic antioxidant capacity”*!1%.

Taken together, these findings highlight that the protective effect of APE observed in the present study
may be attributed to a combination of its constituent bioactive compounds, including phycocyanin, phenolics,
glutathione, and amino acids. The synergistic action of these compounds likely contributes to both direct free
radical scavenging and restoration of the cellular antioxidant system. Unlike single-compound treatments such
as pure GSH, the multifaceted composition of APE may offer broader biological benefits, including modulation
of redox-sensitive signalling pathways and enhancement of endogenous antioxidant defence. Therefore, A.
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platensis extract holds promise as a natural therapeutic agent for mitigating inflammation-associated oxidative
stress!01-102,

In the context of LPS-stimulated RAW264.7 macrophages, studies have demonstrated that phycocyanin,
phenolic compound and L-glutathione from A. platensis significantly reduces NO production, similar to the
effects observed in the current study®. This reduction is primarily attributed to the downregulation of iNOS and
inhibition of NF-«B signalling pathways. Furthermore, the antioxidant capacity of APE is enhanced by its ability
to scavenge free radicals and modulate the Nrf2/HO-1 pathway, as evidenced by its concentration-dependent
attenuation of ROS and RNS levels®’. Although A. platensis has long been used as a food supplement, further
investigation is needed to explore its therapeutic potential, mechanisms of action, and both short-term and long-
term effects?®. Since most conclusions in this study are based on in vitro experiments, future research should
prioritize animal models and large-scale clinical trials in human cohorts to validate these findings. Nevertheless,

A. platensis holds significant promise in the nutraceutical, cosmeceutical, and pharmaceutical industries'®.

Conclusion

Arthrospira platensis has extensive nutritional and therapeutic applications due to its bioactive components,
including phycocyanin, P-carotene, and polysaccharides. This extract also contains antioxidant-related
compounds such as glutathione and ergothioneine. These components play crucial roles in combating oxidative
stress, reducing inflammation, and modulating immune responses. A. platensis inhibited the secretion of
pro-inflammatory mediators such as TNF-a and IL-6, while also upregulated the secretion of IL-10, an anti-
inflammatory cytokine. Furthermore, A. platensis regulated the inflammation by suppressing the expression
of the iNOS gene and protein, leading to the inhibition of NO secretion in LPS-stimulated RAW264.7 cells.
Additionally, A. platensis demonstrated strong potential in protecting cells from oxidative stress by reducing
of intracellular RONS generation in LPS-stimulated RAW264.7 cells. The A. platensis also attenuated oxidative
stress by reducing MDA levels associated with lipid peroxidation and restoring glutathione status. These findings
demonstrated the potential of A. platensis extract as a functional ingredient for anti- inflammation and ani-free
radical effects.
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