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®APMAKOJIOTTYHI ACIHEKTU 1
XPOMATOTPA®IYHUT HPO®IIb ®EHOJIBHUX
CKJIATOBUX TPHOX BUIIB MAKPOBOIIOPOCTEI
ETUIITY. TOCIILKEHHS 3B’I3KY
CTPYKTYPU I AKTUBHOCTI

Memotw pobomu 6yno nopisHsanvHe 00CIiOHeHHS 3a2anvHozo emicmy geronis (3D),
maninis (T) i pnasonoidie () 6 Ulva compressa, Pterocladia capillacea i Colpomenia sinu-
0sa, eKCMPazo6anux Mpooma pisHumu posuunHuxamu. IIposedeno AKicHy i KinvKicHy ouiH-
Ky peHOMbHUX PeuosUH y Pi3HUX eKxcrmpakmax 6000pocmei.

Haii6inowuii emicm 39 i @ sapeecmposaro y emunavemamnomy excmpaxmi C. sinu-
osa (8ionosiono 49,99 i 38,68 me/e). B excnepumenmi 3 excmpazyBanHam MemaHoLOM
3apeecmposaro HAtBInvuuil 8Mictn 0yOUNbHUX PeUOBUH Y 6Cix MPbox 8udié 8000pocmel,
natisuwuti y C. sinuosa (19,36 me/e). Hamomicmv npu excmpazysanHi eekcanom emicm ge-
HOMbHUX Pev0BUH i 6i0n102iuHa AKMUBHICMb OYIU HATHUNCHUMU. AHATI3 excrmpakmie 6000-
pocmeii 3a 00nomoeoio 8ucokoepexmuenoi piounnoi xpomamoepagii (HPLC) dozeonus
8CMAHOBUMU HASBHICMY 16 PeHonbHUX KUCOom i pra80H0i0i6, BKII0UANUY 2A08Y i KO-
puumy Kucnomu i kamexin, y Oinbuiocmi ekcmpakmie.

Locnioncenns 0anu 3moey npunycmumu, wo emuiauemamni i MEMaHonvHi excmpax-
mu C. sinuosa i P. capillacea mosxcymuv cyeysamu saxnueum oxepenom npupooHux nosnigpe-
HOi6 3 AHMUOKCUOAHMHUMU, NPOMUIIAbeMUUHUMU, NPOMUAPMPUMHUMU | NPOMU3ANd-
JIbHUMU 81ACMUB0CSIMU. Biomiueno 3Hauny kopensuyito mine emicmom Pnasonoioie i an-
MUOKCUOAHMHOI0 | npomudiabemuunor akmueHicmo. BionowenHs cmpyxmypu i ak-
mueHocmi prasoH0i0is, Kk AHMUOKCUOAHMIS | NPOMUIIAdeMUUHUX PeHOBUH, Pe2YTIIOEMb-
5 wepe3 nepewic amoma 2iopozeHy ma nocnido8HOI BMPAMuU NPomMoHy/nepeHocy enexmpo-
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Hy. Memanonvhi i emunayemamui eKCmpakmu 8000pocmesi MAny aHmMuKoazyIsHmMHi
enacmueocmi. OOHax Heo6XiOHI NOOANLIUAL IMOKCUKOIO02IUH] | KIHIUHI QOCTIIONEHHS.

Kntouosi cnosa: maxposodopocmi, Gionoeiuna axmuericmo, PnasoHoiou, geronu,
maninu, 3amoxa A6y Kip,Cepedsemte mope, Eeunem.

Introduction

Macroalgae «seaweeds» have attracted attention in the search for bioactive
substances to create novel medications and nutritious diets [17, 25, 26, 35].
Phenolics are among the most abundant and important bioactive molecules
produced by seaweeds, especially brown seaweeds which play a significant role
in algal growth and development. They are also created to protect against a ran-
ge of abiotic and biotic stresses, such as UV radiation, high temperatures, sali-
nity, pathogenic infections, and herbivory [30]. On the other side, stress such as
high salinity, microbial attack, and ultraviolet rays induces an elevation in po-
lyphenol production in seaweeds, leading to the development of more intricate
forms [1, 26, 59]. Seaweeds contain phenol up to 20 % of their dry weight. Most
of the secondary metabolites found in plants are classified into two groups:
phenolic acids and polyphenols [35].

Seaweed phenolics contain a basic structure consisting of the hydroxy gro-
up connected to aromatic ring. They are classified based on the number of car-
bon atoms and benzene rings, as well as solubility [30]. Polyphenols comprise a
broad set of about 8000 structurally different substances that can be grouped
into various families, such as flavonoids, phenolic acids, stilbenes, lignans, and
tannins. The number of hydroxyl groups, the position of the hydroxy group,
and the number of phenyl rings in the structure all affect how bioactive pheno-
lic compounds are [30, 74].

Polyphenols in seaweeds vary arrays of phytochemicals that have garnered
significant interest owing to their therapeutic qualities and beneficial impacts
on health [51]. These compounds are characterized by a wide spectrum of bio-
activities such as antimicrobial, anticancer, anti-inflammatory, anti-Alzhei-
mer, anti-aging, and beneficial antioxidant activities [27, 28, 67]. Numerous
studies have shown that macroalgal polyphenols are more stable than those fo-
und in terrestrial plants, making them more effective at lowering oxidative
stress [25, 26, 34]. They are consumed raw or processed worldwide due to their
high mineral and antioxidant content, including polyphenols [14]. Phenols
have significant commercial potential that could lead to a better future for hu-
mans, such as anti-inflammatory, anticoagulant, anti-arthritic, anti-cancer,
anti-diabetic drugs, as well as functional foods [48, 75]. Moreover, seaweed-de-
rived phenols have been found to reduce blood glucose levels [44]. In recent de-
cades, seaweed phenolics have emerged as a desirable and sustainable source of
antioxidants with a variety of biofunctional qualities. They may eventually rep-
lace current aquafeed additives [22].

Among the polyphenols present in seaweeds are flavanols, catechins, and
phlorotannins which have incredibly wide range of possible biological functi-
ons [28, 29]. Flavonoids with their distinct structural features are naturally oc-
curring secondary metabolites of phenolic compounds that possess a variety of
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biofunctional qualities, including the ability to scavenge free radicals and act as
antioxidants [67]. Additionally, phenolic acids, flavonoids, and tannins are the
main dietary phenolic compounds [68]. Seaweeds contain both soluble and
binding forms of tannins, which can make up to 14 % of their dry biomass [65].
The brown algae were found to be able to store polyphenolic chemicals up to
25—30 % of their dry weight [55]. The main phenolic compounds found in gre-
en and red algae are flavonoids, phenolic acids, and bromophenols [77]. Phe-
nolic compounds are believed to have antioxidant properties because they can
scavenge free radicals, donate electrons or hydrogen atoms, or bind metal cati-
ons. The ability of phenolic compounds to neutralize free radicals is attributed
to their molecular structures, specifically the number and positions of hydroxyl
groups and the types of substitutions on aromatic rings. This concept is known
as the structure-activity relationship (SAR) [58]. Also, flavonoids are a signifi-
cant group of polyphenols found in seaweeds. They have protective effects in
biological systems by transferring hydrogen or electrons to free radicals, activa-
ting antioxidant enzymes, chelating metal catalysts, reducing a-tocopherol ra-
dicals, and inhibiting oxidases [69]. Future views and research approaches are
given to encourage further investigation of seaweed phenolics, foster a better
knowledge of their medicinal potential, and promote sustainable extraction
and purifying procedures [62].

The goal of this study was to examine how three different solvents (ethyl
acetate, hexane, and methanol) affected the extraction yields of the phenolic
compounds. A detailed chromatographic analysis of algal extract was perfor-
med. The study sought to assess the antioxidant, antidiabetic, anti-arthritic, an-
ti-inflammatory, and anticoagulant properties of the extracts in vitro. The fin-
dings of these investigations will help us better understand the possible health
benefits of U. compressa, P. capillacea, and C. sinuosa from Abu Qir Bay in
Egypt. The study keeps track of structure-activity correlations to support biolo-
gical processes with possible uses in the pharmaceutical industry.

Material and Methods

Chemicals: Sigma-Aldrich (Darmstadt, Germany) supplied all of the che-
micals and solvents utilized in the study.

Collection and identification of seaweeds. Three different species were fres-
hly collected during autumn 2023 from Abu Qir beach (30°05'—30°22' E,
31°16'—31°21' N), Alexandria, Egypt (Fig. 1). They were washed with seawater
to remove epiphytes and sand attached to the surface, then transported in the
iced condition to the laboratory of Taxonomy and Biodiversity of Aquatic Bio-
ta at the National Institute of Oceanography and Fisheries, Alexandria, Egypt.
The specimens were carefully rinsed with tap water and some of the fresh thal-
lus was preserved in seawater containing 5 % solution of formaldehyde for ta-
xonomic identification. The other clean thallus was shade dried at room tem-
perature and powdered, then preserved at -20 °C for further analysis. The col-
lected seaweed species were identified based on [5] and confirmed using the
Algae Base website [21] as Ulva compressa Linnaeus from Chlorophyceae, Pte-
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Fig. 1. Sampling locations and seaweed species

rocladia capillacea (S.G. Gmelin) Borne from Rhodophyceae and Colpomenia
sinuosa (Mertens ex Roth 1806) Derbes & Solier from Phaeophyceae.

Preparation of algal extracts. Dry seaweed extracts were prepared using a
Soxhlet apparatus. Approximately 10 g of finely powdered seaweed were pla-
ced in a thimble and extracted with approximately 100 mL of ethyl acetate,
methanol, and hexane separately for about 48 hours. The resulting extracts
were concentrated under lower pressure using a rotary vacuum evaporator
(40—60 °C, 135—150 rpm, for 2 h) and then freeze-dried. The freeze-dried
sample was weighed for yield calculations (mg/g dry weight) and stored at
-20 °C until use. The crude extracts were utilized for qualitative and quantitati-
ve analysis of phenolic compounds and the selected bioactivities in vitro.

Qualitative analysis. Phytochemical analysis of the algal crude extracts was
subjected to nine qualitative assays such as coumarins, flavonoids, phenols, qu-
inones, saponins, tannins, terpenes, steroids, and cardiac glycosides. These
tests were performed on the tested extracts following established protocols; ba-
sic responses in these studies enabled the identification of these substances [27,
57].

Test for phenol. A small amount of each extract was mixed with 1 mL of wa-
ter, and 1 to 2 drops of FeCl; were added to a test tube. A blue, green, red, or
purple color indicates a positive result.

Test for flavonoids. A small amount of each algal extract was mixed with
one to five drops of concentrated HCI. The presence of flavonoids is indicated
by the rapid development of a red color.
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Test for tannins. 2 mL of 5 % FeCl; solution was added to a test tube contai-
ning 5 mL of each extract. The presence of a greenish-black precipitate suggests
the presence of tannins.

Test for steroid. Each algal extract was mixed with 2 mL of chloroform, and
then concentrated H,SO4 was added at the same time. The presence of steroids
is indicated by the red coloration that develops in the lower chloroform layer.

Test for saponins. Dilute 1 mL of the tested extracts with distilled water to
20 mL and shake in a graduated cylinder for 15 minutes. The formation of a 1
cm layer of foam indicates the presence of saponins.

Test for terpenoids. 2 mL of chloroform and 0.5 mL of each algal extract
were placed in a test tube. Then, 3 mL of concentrated H,SO, was added, for-
ming a distinct layer. Terpenoids are indicated by reddish-brown interface co-
loration.

Test for quinones. Concentrated sulfuric acid should be added to 1 mL of
each algal extract. If red coloration appears, it indicates the presence of quino-
nes.

Test for coumarins. 2 mL of crude algal extract were combined with 3 mL of
10 % sodium hydroxide (NaOH); the presence of coumarins is indicated by the
yellow coloration of the mixture.

Test for cardiac glycosides. Glacial acetic acid was mixed with a few drops of
2 % FeCls solution, and then 2 mL of the resulting solution were combined with
the crude extract. Following this, the mixture was transferred to another vessel
along with 2 mL of concentrated H,SO.. The presence of cardiac glycosides in
the samples is indicated by the formation of a brown ring forms at the interface.

Quantitative analysis. Total phenol content. The total phenolic content
(TPC) of the algal extracts was determined using the Folin-Ciocalteu reagent.
For each algal extract, 1.0 mL mixed with 5 mL of distilled H,O and 0.5 mL of
Folin-Ciocalteu reagent applied afterwards. After mixing and letting the mix-
ture incubate for 30 minutes at room temperature, 1.0 mL of 1.8 M Na,COs was
added and incubation in the dark for 2 hrs. The absorbance at 760 nm was mea-
sured and data were expressed as milligrams of gallic acid equivalent per gram
extract dry weight (mg GAE/g).

Total tannins concentration. After combining 1 mL of the algal extract with
0.5 mL of Folin-Ciocalteau’s reagent, as reported by [32], 1 mL of saturated
Na,CO; solution and 8 mL of distilled water were added. The reaction mixture
was left to stand at room temperature for half an hour. The absorbance was me-
asured at 725 nm using a UV-Visible Spectrophotometer after the supernatant
was collected by centrifugation. A standard graph was created by plotting the
absorbance of different tannic acid concentrations as increasing quantities of
standard tannic acid were added. Tannic acid equivalent as milligrams per
gram of the sample was used to express the tannin content (mg TAE/g) [50].

Total flavonoids content (TFC). Using the technique [76], which involve
the formation of a complex flavonoid-aluminum with a peak absorbance at
430 nm, the TFC in various algal extracts was measured spectrophotometrical-
ly. A 2 % AICl; in methanol solution was combined with a volume of the algal
extracts. The absorbance of the resulting reaction mixture was then recorded at
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430 nm after 10 minutes of incubation at room temperature. The calibration
curve was created using catechin and the results were reported as mg of catec-
hin equivalents per gram of dry extract (mg CE/g).

High-performance liquid chromatography (HPLC) analysis of phenolic
compounds. The HPLC method was used for the quantification and identifica-
tion of individual phenolics. An Agilent 1260 series HPLC was used to analyze
the phenolic components in the examined algal extracts. A C18 Eclipse column
(4.6250 mm i.d., 5 pm) was utilized for the separation at 35 °C. At a flow rate of
1 mL per minute, the mobile phase was composed of 0.1 % trifluoroacetic acid
in acetonitrile (B) and water (A). The following linear gradient was used to pro-
gram the mobile phase: 12—14 min (80 % A), 14—16 min (80 % A), 0—5 min
(80 % A),5-8 min (40 % A), 8—12 min (50 % A), and 12—14 min (80 % A). The
wavelength of the multi-wavelength detector was calibrated at 280 nm. An in-
jection volume of 10 pL was used for each sample solution. The phenolic com-
pounds in extracts were identified by comparing retention times and absorpti-
on spectra with standards, as well as by spiking samples. Results are expressed
as pg of compound per mL of extract (ug/mL).

Pharmacological aspects in vitro. Anti-inflammatory activity. The basic of
this test is to create an orange Fe’*/xylenol combination, that reaches its maxi-
mum absorbance at 560 nm. 20 pL algal extracts (500 pg/mL) and 40 uL glycine
max enzyme 15-lipoxygenase were incubated for five minutes at 25 °C. The
mixture was then further incubated at 25 °C for 20 min in the dark after adding
linoleic acid to a 50 mM Tris-HCI buffer (pH 7.4) at a final concentration of
140 uM. To stop the reaction, 100 puL of the FOX reagent (9:1 v/v methanol/wa-
ter solution containing 30 mM sulfuric acid, 100 uM xylenol orange, and
100 uM iron (II) sulfate) was added. In the control wells, only the buffer and
LOX solution were pipetted. The LOX enzyme was present in the blanks during
the incubation time, and the FOX reagent was added followed by the addition
of the substrate, linoleic acid [52]. To measure the inhibitory action of lipoxy-
genase, the percentage suppression of hydrogen peroxide generation was de-
termined by calculating changes in absorbance values at 560 nm after 30 minu-
tes at 25 °C. The inhibition % was determined using the following equation

(Eq. 1);

((Acamrol _Ablank ) _(Asample _Ablank ))
x100
(Acontrol _Ablank ) (Eq 1)

Anti-inflammatory activity =

where Acontrol represents the absorbance value of the control well, Apink repre-
sents the absorbance value of the blank well, and Agmple represents the absor-
bance value of a sample well.

Anti-arthritic activity (anti-denaturation activity). The efficiency of prote-
in denaturation in the examined extracts was assessed using the assay [63].
0.05 mL of algal extracts (500 ug/mL) and 0.45 mL of 5 % w/v bovine serum al-
bumin in an aqueous solution made up 0.5 mL of the reaction mixture. To ad-
just the pH to 6.3, 1 N HCl was used. The samples were incubated for 20 min at
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37°C and then heated for 3 min at 57°C. After cooling the sample, 2.5 mL of
phosphate buffer was added and then the turbidity generated was measured at
416 nm.

Equation (2) was used to calculate the inhibition percentage,

(Asam € _Ab [an )
Anti-arthritic activity = % x100 (Eq.2)

control )

Antioxidant activity. Total antioxidant capacity (TAC) was determined
using the techniques [54]. Specifically, 0.3 mL of each algal extract (500 pg/mL)
was added to 3 mL of the working solution (28 mM sodium phosphate, 4 mM
ammonium molybdate, 0.6 M sulfuric acid) in three replicates. After 90 minu-
tes of incubation at 95 °C, the absorbance of the mixture was measured at
695 nm. The data obtained were expressed as milligrams of ascorbic acid equi-
valent per gram of extract dry weight (mg AAE/g).

Ferric reducing power (FRP) activity. Ferric chloride-potassium ferricyani-
de was used to assess the ability of different algal extracts to remove Fe** [47].
After adding 1 mL of algal extracts to 2.5 mL of sodium phosphate buffer
(0.2 M, pH 6.6) and 2.5 ml of 1 % Ks[Fe(CN)s], the mixture was incubated for
20 minutes at 50 °C. The 10 % C,HCL;O, was added in 2.5 mL increments. An
absorbance measurement was recorded at 700 nm after combining a portion of
the solution (2.5 mL) with 2.5 mL of distilled H,O and 0.5 mL of 0.1 % FeCls. A
calibration curve was plotted using ascorbic acid, and the results were expres-
sed in mg of ascorbic acid equivalent per gram of extract dry weight
(mg AAE/g).

DPPH radical scavenging capacity. Following the assay [38], the DPPH ra-
dical scavenging capacity of various algal extracts was evaluated. Approximate-
ly 3 mL of DPPH solution (0.1 mM) was mixed with 0.3 mL of each algal extract
in triplicate. The absorbance of the samples was measured at 517 nm. Ascorbic
acid was used as the standard free radical scavenger. The degree of inhibition
was calculated using the following equation (Eq. 3):

—A )
. .. control sample
DPPH scavenging activity % = (A—XIOO (Eq. 3)

control )

where the absorbance of the DPPH radical plus methanol is the control and the
absorbance of the DPPH radical plus sample extract or standard is the sample.
Antidiabetic activity (o-amylase inhibition assay). Anti-diabetic ability
using oi-amylase inhibition was measured using the method [15]. Phosphate
buffer (500 uL, 0.20 mM, pH 6.9) containing o.-amylase (0.5 mg/mL) solution
was mixed with test algal extracts (500 pL) and a reference drug (acarbose)
(500 pg/mL). The mixture was then incubated for 10 minutes at 25 °C. Follo-
wing the addition of a starch solution (500 pL, 1 % w/v in 0.02 M sodium phos-
phate buffer pH 6.9), the reaction mixtures were incubated for 10 minutes at

ISSN 0375-8990. I'igpobionoriunmii >xypHai. 2025. 61(4) 45



Iemain M.M., Mocmaga M.X., Env 3okm I. M.

25°C. After heating in a boiling water bath for five minutes and cooling to room
temperature, the reaction was quenched with 3 mL of dinitrosalicylic acid rea-
gent (1.0 mL). Following a 10 mL dilution of the reaction mixture with distilled
water, the absorbance was determined at 540 nm and the enzyme inhibition
percentage by the crude extracts was determined using the following equation

(Eq. 4)

% inhibiti Enzyme activity of control-Enzyme activity of sample 100
= X
o tibIHon Enzyme activity of control (Eq. 4)

The doses of the extract resulting in 50 % scavenging activity (IC50) were
calculated using GraphPad Prism 6 software.

Anticoagulant activity. All clotting assays were done using normal citrated
human plasma from three individual healthy donors with no history of blee-
ding or thrombosis. The anticoagulant activity was assessed using three assays
[78]: prothrombin time (PT), activated partial thromboplastin time (APTT),
and thrombin time (TT). In the APTT assay, 90 uL of citrated normal human
plasma and 10 puL of algal extracts were incubated at 37 °C for 60 seconds. Then,
100 pL of prewarmed APTT reagent were added and allowed to react at 37 °C
for 2 min. After that, 100 pL of 0.25 mol/L pre-warmed calcium chloride was
added and APTT was recorded as the clot formation time. To perform the PT
clotting experiment, 90 pL of citrated normal human plasma was added to
10 pL of algal extracts (500 pg/mL) and incubated at 37 °C for 1 min. After that,
200 pL of pre-incubated PT test reagent (37 °C, 10 min), was added and the
clotting time was recorded. Heparin was used as a positive control, while saline
(0.9 % NaCl) was used as the negative control. For the TT assay: 90 uL of citra-
ted normal human plasma was mixed with 10 pL of each sample (500 pg/mL)
and incubated at 37 °C for 60 seconds. Following the addition of 200 uL of
TT test reagent, the clotting time was then measured.

Statistical analysis. The means + standard deviation of three replicates was
employed to present the results. One-way analysis of variance (ANOVA) was
utilized for statistical comparisons, with p-values less than 0.05 considered sig-
nificant. IBM-SPSS Statistics version 22 was used to conduct a Pearson correla-
tion analysis between the phenolic contents and the biological activities of all
extracts under investigation.

Results and Discussion

Extraction yields. Yields of different extracts of the selected species were
examined and presented in Table 1. With respect to other solvent extracts; the
methanol extract (polar solvent) of every species exhibited the maximum yield
followed by ethyl acetate then hexane. It is commonly known that the yield of
chemical extraction is affected by the pH, extraction time, temperature, chemi-
cal composition of a sample, type and polarities of solvents [39]. In this connec-
tion, it was stated [61] that methanol produced the highest yield when extrac-
ting from Gracilaria species and is regarded as one of the best solvents. In addi-
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tion, it was reported [73] that methanol was shown to be the most efficient ext-
raction solvent, producing the highest extraction yield (16.24—18.43 %).

Qualitative analysis of preliminary phytochemical composition in the tested
algal extracts. The nine crude extracts from three macroalgal species were scre-
ened for the presence of nine secondary biocompounds: steroids, saponins, ter-
penes, quinones, coumarines, tannins, cardiac glycosides, phenolics, and flavo-
noids as shown in Table 1. The pharmacological action of the plant is demonst-
rated by the presence of these metabolites [23]. Most of the extracts tested con-
tained beneficial secondary chemicals, including phenols, terpenes, flavonoids,
and tannins. However, terpenes, coumarins, quinones, and saponins were fre-
quently detected in methanol and ethyl acetate extracts. Cardiac glycosides
were not found in any of the extracts. In this context, it is stated [72] that ethyl
acetate is the most effective solvent for extracting phenolic compounds from
plants. Also, it is suggested [67] that methanol was more effective for extracting
the bioactive phytochemicals than the other solvents. The presence or absence
of phytoconstituents in seaweeds depends on the solvent medium used for ext-
raction and the physiological properties of the seaweeds [67]. The solvent emp-
loyed in the extraction process was the main factor influencing the existence of
any phytoconstituents [53]. Additionally, the extraction of phenolic compo-
unds from plants or fruits is significantly affected by the polarity of the solvent,
which can suppress polyphenol oxidase activity [43].

Quantitative analysis of phenol, flavonoid and tannins. Polyphenols, inclu-
ding total phenolics, flavonoids, and tannin content, were detected in the selec-
ted extracts. In the present study, a significant difference in the phenolic com-
pounds in the algal extracts was observed at p<0.05 (Table 2). Ethyl acetate (a
semipolar solvent) showed the highest extraction efficiency for TPC and TFC
from all the tested species. However, low levels of both components were obtai-
ned in the hexane extracts, which is expected since most phenolic compounds
are polar in nature; semipolar and polar organic solvents are commonly used
for their extraction [56]. The lowest TPC in the hexane extract (non-polar) of
Turbinaria spp. compared to all methanol and ethyl acetate extracts was also
reported [9]. It was detected [2] that most phenolic compounds from different
algal species are more extracted in ethyl acetate solvent than methanol and he-
xane solvents. All of the tested Colpomenia sinuosa extracts exhibited a higher
concentration of phenolic compounds than the other two species. Numerous
studies demonstrated the highest phenolic content in brown seaweeds [28, 55].

Methanol (a polar solvent) was found to be the most effective solvent for
tannins, with values ranging from 9.09 mg/g to 19.36 mg/g for P. capillacea and
C. sinuosa, respectively. This could be attributed to the higher solubility of tan-
nins in methanol compared to the other solvents tested. Within the ethyl aceta-
te extracts, tannin content ranges between 9.09 and 14.63 mg TAE/g in Ulva
compressa and P. capillacea, respectively (Table 2). The lowest value was obser-
ved in the P. capillacea hexane extract (7.27 mg TAE/g) (p<0.05). The variance
in extraction efficiency could be linked to the algae species, the extraction sol-
vent used, and environmental stressors.
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Table 2

One-Way ANOVA regarding phenolic compounds content in the tested algal extracts

Species Solvent Phenolic compounds (mg/g)
flavonoids phenols tannins
Colpomenia sinuosa M 32.52a 33.027b 19.36a
H 15.31d 34.603b 9.09¢
EA 38.68b 49.997a 12.15b
Ulva compressa M 28.57b 23.18¢ 17.04a
H 19.97¢ 20.91c 10.91c
EA 32.58a 25.45¢ 14.63b
Pterocladia capillacea M 24.41c 23.18¢ 18.09a
H 12.67d 20.91c 7.27¢
EA 37.01a 36.81b 9.09¢

Note. M — methanol; H — hexane; EA — ethyl acetate; letters are significantly different at
P < 0.05. Average values marked with the same letter are non-significantly different.

HPLC profile based on polyphenolic compounds. HPLC is an appropriate
procedure to detect polyphenols, which can be used to assay the potential phe-
nolic constituents. In this study, we report here the rapid determination of
16 polyphenols in crude extracts derived from three macroalgal species (Fig. 2,
Table 3), to compare the ability of each solvent to dissolve a selected group of
polyphenols. The 16 phenolics, namely gallic acid (RT: 3.297 min), chlorogenic
acid (RT 3.936 min), catechin (RT 4.358 min), methyl gallate (RT 5.554 min),
caffeic acid (RT 5.883 min), syringic acid (RT 6.386 min), pyro catechol
(RT 7.088 min), rutin (RT 7.343 min), ellagic acid (RT 7.978 min), coumaric
acid (RT 9.004 min), vanillin (RT 9.835 min), ferulic acid (RT 10.044 min), na-
ringenin (RT 10.223 min), taxifolin (RT 12.440 min), cinnamic acid
(RT 14.298 min) and kaempferol (RT 14.716 min) were detected. While the
compounds were well resolved, not all of them were presented in the algal ext-
racts, which may depend on the solvents used and the algal species (Table 3).
The presence of polyphenols in the samples was verified by comparing the re-
tention periods and overlaying UV spectra of the extracts with those of referen-
ce substances. In total, sixteen polyphenols were targeted for quantification by
HPLC, including twelve phenolic acids (gallic acid, chlorogenic acid, catechin,
caftaric acid, chlorogenic acid, caffeic acid, syringic acid, rutin, ellagic acid, va-
nillin, ferulic acid, naringenin, cinnamic acid, and coumaric acid) and four fla-
vonoids (kaempferol, methyl gallate, pyro catechol, and taxifolin). The varian-
ce of individual phenolic compounds is influenced by the extraction solvents
utilized in this study. This can be clarified by identifying flavonoids (pyro ca-
techol and methyl gallate) in the ethyl acetate extract of C. sinuosa only, rutin in
the hexane extract of both C. sinuosa and P. capillacea only, and ferulic acid in
the ethyl acetate extract of P. capillacea only. Gallic acid was the predominant
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Fig. 2. HPLC chromatograms of polyphenol compounds types, retention times and con-
centrations in standard polyphenols

polyphenol. The HPLC results showed that the ethyl acetate extract from C. si-
nuosa had the highest extraction capacity for polyphenolic content, especially
taxifolin (7.53 pg/mL), gallic acid (7.22 pg/mL), coumaric acid (6.35 pg/mL),
and syringic acid (5.95 pg/mL) compared to other algal extracts. In addition,
the highest values of flavonoids, such as taxifolin and kaempferol were detected
in the ethyl acetate and methanol extracts of both C. sinuosa and P. capillacea in
the range of 0.63—7.53 ug/mL and 0.45—2.03 pg/mL, respectively. This study
showed that most of the tested algal extracts could be considered as an impor-
tant source of natural agents for use in the pharmaceutical and food industries.

Pharmacological aspects. Anti-inflammatory activity. Seaweeds have an
anti-inflammatory impact associated with their bioactive contents, like tan-
nins, phenols, and flavonoids, highlighting their potential for novel therapeutic
applications. Polyphenols impact numerous inflammatory cellular pathways,
including the Nuclear factor kappa B (NF-«B) cellular pathway, which controls
gut microbiota makeup and immunological responses. Polyphenol compo-
unds exhibited anti-inflammatory properties by suppressing AP-1 transcripti-
on and NF-kB [10]. Additionally, polyphenols can reduce inflammation by re-
gulating inflammatory cell activity, modifying the actions of enzymes action
involved in arachidonic acid metabolism (phospholipase A2, cyclooxygenase
(COX), lipoxygenase (LOX), arginine metabolism (NOS)), and modulating the
release of other molecules that facilitate inflammation [36].

Figure 3 depicts that, depending on the algal species and their bioactive
content in different extracts, all selected seaweed extracts exhibited varying in-
hibitory efficacy on lipoxygenase, as previously documented in [73]. They sta-
ted that extraction solvents affect extraction yield and the bioactive compound
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Concentration of polyphenolic compounds (pig/ml) in the tested algal extracts Tlifriegs
HPLC chromatograms

Polyphenolic Colpomenia sinuosa Ulva compressa Pterocladia capillacea

compounds 1Ty T A | M | v [ BaA | M | H | R
Gallic acid 1.20 | 0.09 | 7.22 | 0.56 | 0.00 | 2.02 | 1.60 | 0.00 | 5.54
Chlorogenic acid | 0.21 | 0.00 | 491 | 0.45 | 0.30 | 0.87 | 0.77 | 0.00 | 1.21
Catechin 321 | 1.03 | 421 | 0.00 | 0.90 | 0.00 | 0.00 | 0.00 | 0.00
Methyl gallate 0.00 | 0.00 | 0.29 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Caffeic acid 0.84 | 0.16 | 1.37 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01
Syringic acid 0.10 | 0.12 | 595 | 0.00 | 0.00 | 2.15 | 0.05 | 0.00 | 3.56
Pyro catechol 0.00 | 0.00 | 1.43 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Rutin 0.00 | 0.15 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 4.56 | 0.00
Ellagic acid 0.82 | 0.09 | 1.07 | 0.00 | 0.00 | 0.00 | 0.12 | 0.00 | 0.87
Coumaric acid 4.00 | 0.04 | 635 | 0.00 | 0.28 | 0.31 | 0.00 | 0.00 | 0.08
Vanillin 024 | 0.17 | 0.37 | 0.00 | 0.00 | 0.29 | 0.15 | 0.00 | 3.21
Ferulic acid 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.32
Naringenin 0.75 | 0.00 | 2.77 | 0.41 | 0.00 | 0.00 | 0.21 | 0.00 | 1.12
Taxifolin 298 | 0.00 | 753 | 0.00 | 0.00 | 0.63 | 3.17 | 0.00 | 4.21
Cinnamic acid 8.07 | 14.64 | 11.30 | 0.19 | 0.00 | 0.25 | 3.54 | 0.33 | 6.54
Kaempferol 1.55 | 0.00 | 2.03 | 0.00 | 0.64 | 0.00 | 0.45 | 0.00 | 0.55

Note. M — methanol; H — hexane; EA — ethyl acetate.

content, significantly impacting the biological activity of extracts. Methanol
extracts exhibited the maximum inhibition of lipoxygenase as detected by [13];
the methanolic extract of Matricaria chamomilla demonstrated effective sup-
pression of lipoxygenase. Additionally, the crude methanolic extracts of both
Coriaria intermedia stem and Dracontomelon dao bark exhibited high levels of
activity against a-15-lipoxygenase compared to hexane and ethyl acetate ext-
racts. The anti-lipoxygenase activity of C. sinuosa methanolic extract was the
highest at 65.24 %, compared to 55.17 % for quercetin. In comparison with [66]
(35.02-42.5 %), the inhibition range for nine extracts from three distinct speci-
es in our investigation is significantly higher (41.98—65.24 %).

Anti-arthritic activity. Denaturation of proteins and the synthesis of auto-
antigens are the main causes of inflammation and rheumatoid arthritis [4]. The
pathophysiological elements of rheumatoid arthritis can be influenced by po-
lyphenolic substances, which can delay the development and alleviate symp-
toms [11]. The highest anti-denaturation activity was obtained for the metha-
nol extracts of C. sinuosa (73.87 %), followed by P. capillacea at 68.13 % and the
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Fig. 3. Bioactivities of the tested algal extracts applying three solvents

ethyl acetate extract of C. sinuosa at 67.82 % compared to diclofenac sodium
«standard drug» at 66.85 % (Fig. 3). These extracts demonstrated their capacity
to regulate the synthesis of autoantigens, inhibiting the denaturation of prote-
ins. Our results were compatible with those reported in [66], which reported a
range of anti-arthrtic activity for different algal solvents (62.5 to 75 %) and were
higher than those reported in [70], with the maximum anti-arthritic activity of
49.33+0.60 %. The anti-arthritic properties of these extracts may be attributed
to their concentration of flavonoids, which have the ability to regulate the tran-
scription factor NF-kB in the production of TNF-a. This regulating pathway
helps prevent the release of the proinflammatory cytokine TNF-a. Additional-
ly, inhibiting lipoxygenase and the COX pathway limits leukocyte accumulati-
on and reduces the production of proinflammatory cytokines. Flavonoids pre-
ferentially inhibit the formation of the proximal signal complex IL1R, with the
exception of TNFR-1. They also inhibit TACE, thereby preventing the synthe-
sis of TNF-a, a proinflammatory cytokine, by binding to proteins with negative
bond energy. This reduction in TNF-a and IL-6 expression can help decrease
inflammation in rheumatoid arthritis [20].

Antidiabetic activity. Figure 3 shows the inhibitory activity of the tested ex-
tracts against o.-amylase in vitro. The highest antidiabetic ability was recorded
for the ethyl acetate extract of both C. sinuosa (74.73 %; 1C50 6.69 mg/mL) and
P. capillacea (68.36 %; IC50 7.31 mg/mL), followed by the methanolic extracts
of the same species. The antidiabetic action of the macroalgal extracts may be
attributed to the presence of various bio-compounds, such as polyphenols.
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These compounds bind to the active sites of the enzymes involved in diabetes,
modifying their catalytic activity. The antidiabetic effect of these extracts was
attributed to their unique content of taxifolin and kaempferol, as shown in
Table 3. Both compounds displayed antidiabetic, hepatoprotective, neuropro-
tective, and regenerative actions in cells [71]. Taxifolin has been shown to be ef-
fective as an antidiabetic drug, demonstrating a reduction in glycated hemo-
globin levels [33]. Kaempferol functions similarly to insulin secretagogues by
stimulating the release of insulin. It also decreases blood glucose levels and inc-
reases plasma insulin levels in rats with diabetes caused by streptozotocin [3].
Moreover, it has been suggested that polyphenols from edible seaweeds may
impact reactions related to diabetes by inhibiting enzymes at uM concentrati-
ons that break down starch and by modifying the oxidative stress induced by
glucose [46]. The results presented in Table 6 demonstrate a significant corre-
lation between flavonoids, antioxidant activity and antidiabetic activity at
p<0.05. This could be because flavonoids are highly dynamic natural phenolic
molecules with a wide range of chemical and biological activities [60]. This re-
sult aligns with previous research [16, 27]. Plus, the main defense against the
consequences of diabetes is provided by flavonoids. Their ability to act as antio-
xidants is essential for maintaining endothelial function in individuals with di-
abetes [8]. The inhibitory effects of nine extracts in our study were lower than
those reported in [27], which observed exceptionally high values of 93.68 %,
84.96 %, and 77.99 %.

Antioxidant potency. The present investigation employed three distinct as-
says, namely TAC, FRAP and DPPH assays, to evaluate the antioxidant proper-
ties of seaweed extracts. These three techniques demonstrated various antioxi-
dant activity pathways. It has recently been discovered that seaweeds are an in-
teresting source of naturally occurring bioactive chemicals that may have anti-
oxidant properties [25, 26, 28, 67]. According to reports, phenolic compounds
possess antioxidant properties depending on their ability to scavenge free radi-
cals, which mitigates the harmful effects of advanced glycation end products
(AGEs). AGEs are the toxic consequences of hyperglycemia in diabetes and ca-
use damage to a variety of tissues and organs in patients [19]. As illustrated in
Table 6, there is a significant correlation between TFC content and DPPH
(0.842), FRAP (0.759). Flavonoids react with the radical’s reactive component
to stabilize the reactive oxygen species [45]. Ferric-reducing antioxidant power
(FRAP) plays an important role in flavonoid structure to resist the effect of
energetic oxidants like free radicals. Flavonoids can reduce Fe’* to Fe** at
pH 5.5, which can be explained by their ability to donate protons and electrons
as illustrated in Figure 4 [6]. The structural characteristics play a significant
role in assessing flavonoids’ capacity as antioxidants [24].

The primary mechanisms involved in the initial stage of flavonoid and
phenolic compounds oxidation are single electron transfer-proton transfer
(SET-PT) (Eq. 5), sequential proton loss electron transfer (SPLET) (Eq. 6), and
hydrogen atom transfer (HAT) (Eq. 7) [42].
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Fig. 4. Proposed route for generating the ferrous complex from the Fe(III) flavonoid comp-
lex [6]

R-OH - R-OH*+e —->R-O'+ H" + e (Eq. 5)
R-OH -R-O"+H* -R-O"+ H" + & (Eq. 6)
R-OH -R-O'+H (Eq.7)

The O-H bond dissociation enthalpy (BDE) controls this process. The
most significant aspect of BDE is its contribution to antioxidant activity; the lo-
wer the BDE, the easier it is to break O-H bonds. The phenolic hydroxyl group
with the lowest BDE determines the compound’s free radical scavenging capa-
bility when it has several phenolic hydroxyl groups [42].

The second pathway involves the transfer of electrons from the antioxi-
dant to the free radical, resulting in the formation of a radical cation. The ioni-
zation potential (IP) and the reactivity of the ROH* cation control this reaction.
A high IP reduces electron transfer rate, while a low IP facilitates electron abst-
raction. An extract’s or compound’s diminished power is associated with its ca-
pacity to transfer electrons or to donate hydrogen atoms, thereby disrupting
the free radical chain [61].

Significant variations in antioxidant activity are demonstrated based on
the type of algal species, extraction method, and solvent employed as shown in
Table 4. The variations in the antioxidant activities among the different algal
extracts suggest that the choice of extracting could impact the scavenging abili-
ty of these extracts. This could be due to differences in the physiochemical pro-
perties of the soluble phenolic compounds in each solvent extract, as noted in
[12]. Overall, P. capillacea, U. compressa, and C. sinuosa extracts using ethyl
acetate demonstrated the highest DPPH scavenging abilities at 63.23 %,
65.33 %, and 69.89 %, respectively. These results for brown algae are consistent
with those obtained previously [27]. The highest TAC was observed in ethyl
acetate extracts of C. sinuosa (3.49 mg AAE/g extract), and U. compressa
(3.44 mg AAE/g extract), while the lowest activity was detected in the hexane
extract of U. compressa (0.469). According to [18], the maximum TAC for the
green alga Enteromorpha prolifera is 1.837 mg AAE/g.

Ferric-reducing power is a crucial indicator of the antioxidant potential of
a compound [25, 26]. The methanol (38.69 mg AAE/g) and ethyl acetate
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Antioxidant activity of the tested algal extracts using three techniques fabie
Species Solvent | DPPH % TAC FRAP
(mg AAE/g DW) | (mg AAE/g DW)

Colpomenia sinuosa M 65.208a 3.069a 38.69a
H 8.944c 1.84a 4.91c

EA 69.888a 3.491a 38.4a

Ulva compressa M 55.848b 2.469a 30.69b
H 8.736¢ 0.577b 4.8¢c

EA 65.325a 3.44a 34.4a

Pterocladia capillacea M 52.104b 3.025a 35.77a
H 8.528¢ 1.396b 4.69¢

EA 63.232a 3.12a 31.46b

Ascorbic acid M 55.52b 3.14a 31.2b
H 4.25¢ 0.83b 2.1c

EA 65.12 a 3.16a 30.25b

Note. M — methanol; H — hexane; EA — ethyl acetate; letters are significantly different at
p<0.05. Average values marked with the same letter are non-significantly different.

(38.4 mg AAE/g) extracts of C. sinuosa followed by the methanolic extract of
P. capillacea (35.77 mg AAE/g), exhibited the maximum FRAP activity (Table
4). These findings are consistent with the data obtained by [25, 26] showing
that the reducing power activity of different seaweed methanolic extracts ran-
ged from 3.06 mg AAE/g for U. lactuca to 31.10 mg AAE/g DW for Sargassum
wightii. This wide variation in reducing power activity is influenced by the po-
larity of the extraction solvent and the total phenolic content. Plus, the higher
polyphenol content also tends to have higher antioxidant activity [7], as de-
monstrated by correlation analysis (Table 6). The tested extracts showed a sig-
nificant correlation between total flavonoids content and DPPH (0.842) and
FRAP (0.759) (Table 6).

Anticoagulant activity. Heparin is a commercial anticoagulant that has
been known and used for over 50 years. It is frequently used to prevent venous
thromboembolic diseases. However, heparin has been documented to have a
number of side effects, including the emergence of avian influenza, bovine
spongiform encephalopathy, thrombocytopenia, hemorrhagic impact, and the
inability to inhibit thrombin bound to fibrin [41]. Consequently, the search for
novel anticoagulants to replace heparin is becoming more intense. Previous re-
search [49] has demonstrated the anticoagulant properties of methanolic ext-
racts of the red alga Acanthaphora spicifera, whether they are naturally occur-
ring or chemically engineered.

ISSN 0375-8990. I'igpobionoriunmii >xypHai. 2025. 61(4) 55



Iemain M.M., Mocmaga M.X., Env 3okm I. M.

Prothrombin time (PT), thrombin time (TT) and activated partial throm-
boplastin time (APTT) analysis are frequently used tests to evaluate blood coa-
gulation. APTT quantifies the impact of substances on intrinsic and common
coagulation pathways. Based on the standard range of APTT (28—38 s), which
can vary depending on the reagents used, a ratio (APTT measured/APTT cont-
rol) greater than 1.2 results in a significant anticoagulant effect. Therefore,
methanol and ethyl acetate extracts are suitable solvents for extracting anticoa-
gulant compounds from both P. capillacea and C. sinuosa, affecting the intrin-
sic system of the coagulation cascade. Conversely, all hexane extracts show no
anticoagulant ability (Table 5).

The PT and TT tests showed the same APTT pattern (Table 5), indicating
that these extracts act as reactive anticoagulant agents [31]. In this connection,
it has been reported [40] that the APTT and PT effects of the brown alga Sar-
gassum cristaefolium extract are due to its phenolic contents especially flavono-
id. The findings of our study demonstrated that the solvent types and algal spe-
cies had an anticoagulant effect, resulting in an extension of both PT and
APTT. According to [36], prolonged PT indicates inhibition of the extrinsic
pathway of coagulation, while a prolonged APTT indicates inhibition of the in-
trinsic and/or common pathway.

Conclusion

There is a growing emphasis on using bioactive chemicals from natural so-
urces as functional foods to enhance human health and well-being. Results

Table 5
Anticoagulant efficiency of the tested algal extracts

Species Solvents | APTT (s) % PT(s) TT
Colpomenia sinuosa M 50 1.471 23 33
H 32 0.941 17 24

EA 44 1.294 19 27

Ulva compressa M 39 1.147 16 23
H nd nd nd nd

EA 33 0.971 14 20

Pterocladia capillacea M 44 1.294 19 27
H nd nd nd nd

EA 36 1.059 16 23

Standard (heparin) M 45 1.324 18 24
H 30 0.882 nd nd

EA 34 1.000 13 19

Note. M — methanol; H — hexane; EA — ethyl acetate; nd — not detected; APTT — acti-
vated partial thromboplastin time; PT — prothrombin time; TT — thrombin time. Ratio
was calculated by the formula: Ratio = APTT measured / APTT control «34 second».
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show that selected seaweeds are an excellent source of phenolic contents with
various biological activities. The findings indicate that seaweeds, particularly
brown, followed by red and then green species, have antioxidant and antidiabe-
tic properties. This makes them a good source of natural antioxidants. Hence,
they may be employed as functional food and nutraceutical ingredients in the
food industry due to their high flavonoid content. The extraction solvent signi-
ficantly influenced the overall polyphenol content and their bioactivities. Met-
hanol and ethyl acetate have high priorities as extracting solvents for phenolic
compounds with various biological activities. Furthermore, HPLC investigati-
on indicates the existence of several phenolic compounds that could account
for the bioactivity in this species. Therefore, it is advised to conduct additional
research to identify and refine the phenolic compositions accountable for the
various actions and detect their cytotoxicity.
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PHARMACOLOGICAL ASPECTS AND HPLC PROFILE OF THREE EGYPTIAN
SEAWEEDS VIA PHENOLIC COMPOUNDS; UNRAVELING
STRUCTURE-ACTIVITY RELATIONSHIPS

This study was designed to give comparative investigations on the total phenols
(TPC), tannins (TTC), and flavonoids (TFC) content in Ulva compressa, Pterocladia capil-
lacea, and Colpomenia sinuosa using three different solvents. Phenolic compounds were
qualitatively and quantitatively estimated in various algal extracts. The maximum values of
TPC and TFC were found in the ethyl acetate extract of C. sinuosa, with contents of
49.997 mg/g and 38.68 mg/g, respectively. The methanolic extract of all three selected spe-
cies showed the highest yield of TTC, with a maximum yield of 19.36 mg/g for C. sinuosa.
Conversely, the hexane extracts exhibited the lowest phenolic content and bioactivity. Al-
gal extracts were also identified using high-performance liquid chromatography (HPLC),
revealing sixteen phenolic acids and flavonoids, including important compounds like gallic
acid, cinnamic acid, and catechin in most algal extracts, particularly in methanol and ethyl
acetate extracts.

The study suggests that ethyl acetate and methanol extracts of C. sinuosa and P. capil-
lacea could serve as valuable sources of natural polyphenols with antioxidant, antidiabetic,
anti-arthritic, and anti-inflammatory properties. Strong correlations were observed betwe-
en flavonoid content and antioxidant and antidiabetic activities. Additionally, flavonoids
were supported by structure-activity relationships (SARs) as antioxidants and antidiabetic
agents through hydrogen atom transfer (HAT) and sequential proton loss electron transfer
(SPLET). The methanol and ethyl acetate extracts from the species studied exhibited an an-
ticoagulant effect, indicating that they could be used as natural anticoagulants. However,
further toxicological and clinical research is necessary before considering these algal ext-
racts as nutraceuticals and pharmaceuticals.

Keywords: macroalgae, biological activities, flavonoids, phenols, tannins, Abu Qir Bay,
the Mediterranean Sea, Egypt.

ISSN 0375-8990. I'igpobionoriunmii >xypHai. 2025. 61(4) 63



