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Abstract

Background and Objective: Microalgae with antioxidant, alpha-amylase and alpha-
glucosidase inhibition and NF-«kB activation abilities have shown promising anti-
diabetic characteristics. The present study aimed to assess effects of microalgae
extracts of Arthrospira platensis and Chlorella vulgaris on B-cell regeneration using
Tg (ins: CFP-NTR) in a transgenic zebrafish type-1 diabetic model.

Material and Methods: After 15 d of cultivation of microalgae, cells were extracted
from the biomass. Biochemical assays such as assessments of carbohydrates, proteins,
lipids, phenolic compounds and photosynthetic pigments were carried out. Transgenic
zebrafish larvae were treated in vivo, with five various concentrations of the extract
(500, 125 31.25, 7.81 and 1.95 pg.mlY).

Results and Conclusion: Results showed that aqueous extracts of Arthrospira
platensis and Chlorella vulgaris included significant effects on -cell regeneration in
concentrations of 31.25, 7.81 and 1.95 pg.ml* and 125, 31.25, 7.81 and 1.95 pg.ml?,
respectively. The highest regeneration rates for Chlorella vulgaris and Arthrospira
platensis extracts were observed at 125 and 31.25 pg.ml, respectively (60 against
92%) (P < 0.05). Additionally, aqueous extracts of Chlorella vulgaris showed the
highest antioxidant activity (93.77 +2.39) at 2500 pg.ml?. Regarding significant
inhibitory and antioxidant effects of these microalgae, promising use of their extracts
can be suggested. Therefore, optimizing natural extracts and carrying out further
studies are necessary to verify the current results.
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1. Introduction

Microalgae are rich sources of vitamins and minerals,
including vitamins A, B, B, Bs, Bs, B7, C and E, nicotine,
folic acid, iodine, potassium, iron, magnesium and calcium
[1]. In recent decades, microalgae biomass and their extracts
have been used to enrich drinks (e.g. fruit juices and milks)
and foods [2] (e.g. breads, confectionaries and yogurts)
[3,4]. Interestingly, a significant advantage of cyanobacteria
is the absence of polysaccharides in their cell walls, which
not only enhances their biocompatibility but also facilitates
their easier digestion for humans [1]. The species of
Arthrospira (A.) platensis of the Oscillatoriaceae family
includes a group of filamentous cyanobacteria characterized

by cell chains (trichomes) enclosed in a thin sheath [5]. The
A. platensis contains large quantities of proteins, all
essential amino acids, essential fatty acids, minerals,
vitamins and photosynthetic pigments [6]. Moreover, A.
platensis, due to its high protein and nutritional value, and
Chlorella (C.) vulgaris, due to its B-1,3-glucan which is an
active immune stimulator that can eliminate free radicals
and decrease blood lipids, have nutritional uses for humans,
used as food supplements [7]. The C. vulgaris microalgae
are unicellular and grow in freshwater, which contain
proteins, polysaccharides, lipids, unsaturated fatty acids and
carotenoids (mainly lutein) as well as immune stimulants,
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vitamins and minerals [8,9]. Moreover, phycocyanin is a
phycobiliprotein in cyanobacteria and algae such as A.
platensis and is a pigment-protein complex in the
phycobiliprotein family of light-absorbing proteins that
exist with allophycocyanin and phycoerythrin. It is a light
blue pigment that absorbs orange and red lights at 620 nm
and emits fluorescence at nearly 650 nm. Absorbance at 620
nm indicates the maximum absorption of phycocyanin [10].

Type 1 or insulin-dependent diabetes is caused by
autoimmune destruction of pancreatic $-cells and accounts
for nearly 5-10% of all diabetic patients. Chronic diabetes
can damage multiple organs and lead to their dysfunctions
and hence high mortalities [11]. Islet transplantation as a
promising treatment option includes limitations due to the
lack of available donors [12]. For the first time, formation
of new islets through budding of pancreatic ductal cells was
demonstrated [13]. Furthermore, assessment of [-cell
ablation by chemical treatments in rodents showed a
significant improvement in 3-cell mass, suggesting that the
mature pancreas can partially be regenerated [14].
Pancreatic B-cells include a weaker antioxidant defense
system (enzyme catalase, superoxide dismutase and
glutathione peroxidase), compared to other tissues and
organs, which makes these cells further sensitive to
oxidative stresses [15]. Because of chronic hyperglycemia,
oxidative stress can trigger various signaling pathways and
thus worsen B-cell dysfunction. Furthermore, oxidative
stress can cause death of B-cells due to an abnormal increase
in the level of free radicals [16]. The antioxidant effect of
algae can prevent destruction of B-cells and prevent type 1
diabetes. Several studies have reported that antioxidant
characteristics of microalgal carotenoids [17], phycocyanins
[18] and polysaccharides [19].

To assess effects of microalgae on diabetes, various
animal models such as mice, rats and zebrafish have been
used in previous studies. Zebrafish is an excellent model for
in vivo designed studies; small size, transparency of larvae,
ease of collecting large numbers of embryos, possibility of
in vivo assessed candidate molecules and/or rapid screening,
as well as possibility of live imaging at the level of
organisms are advantages of this model [20]. While
zebrafish can regenerate their pancreatic B-cells during their
life, regenerative ability of the adult mammalian B-cells is
limited [21]. In Tg(ins:CFP-NTR) transgenic zebrafish
model, nitroreductase gene of Escherichia coli is expressed
under the control of insulin promoter, which is harmless to
the organism under normal physiological conditions.
However, NTR converts metronidazole (MTZ) into a toxic
product; hence, treatment of this transgenic model with
MTZ leads to PB-cell apoptosis. In Tg(ins: CFP-NTR)
zebrafish larvae, destruction of B-cells occurs within 24 h.
Importantly, B-cell mass and function are restored within a
few days after MTZ washout. In adult fish, high blood sugar

and absence of B-cells are observed 3 d after MTZ treatment
and recover by 2 w. The B-cells of transgenic larvae express
a cyan fluorescent protein (CFP) and therefore tracking of
these cells can be carried out easily using fluorescent
microscope [22]. Due to the increase in the incidence of
diabetes worldwide, various studies in the field of
prevention and treatment of diabetes have been carried out.
It is important to use responsive models such as transgenic
zebrafish to investigate food and drug sources. This study
aimed to investigate potentials of A. platensis and C.
vulgaris extracts in the regeneration of pancreatic p-cells
using Tg(ins: CFP-NTR) transgenic zebrafish model. This
is a novel model for studying type 1 diabetes used in various
medicinal formulations.

2. Materials and Methods

2.1. Cultivation and assessment of the growth rate of
microalgae

A cell suspension of A. platensis was cultivated in
Zarrouk’s media (24 x 10* cell.mIY) at 28 °C and pH 9 #1,
as well as 24 h exposure to light [23]. Sorokin and Krauss
culture medium [24] was used for the cultivation of C.
vulgaris and the culture conditions included 24-h exposure,
20 °C and pH 6 £1. To assess growth of the cells, cell
counting and absorbance reading of the cultures were
carried out. Absorbance readings for C. vulgaris and A.
platensis cultures were carried out at 750 and 680 nm,
respectively. Furthermore, samples were collected from the
cultures every 3 d and growth rate and number of cells per
milliliter were calculated using hemocytometer slide and
Egs. 1 and 2 for A. platensis [25] and C. wvulgaris,
respectively.

K:lan_lnNo/t Eq.l

Where, K was number of the cells per milliliter, N; was
number of the cells at time t, No was number of the cells at
0 time and t was the time (d).

Cell count per milliliter = total number of counted cells /
number of counted blocks Eq. 2

Suspension of A. platensis was harvested after 15 d of
culture and separated using Nylon membranes with 25-pum
pore sizes and suspension of C. vulgaris was centrifuged at
3773 g for 15 min to collect the biomass [9]. Biomasses
were dried under biosafety hood at laboratory temperature
for a w and stored at 4 °C until use.

2.2. Extraction of microalgae
2.2.1. Extraction with water as solvent without
pretreatment using ultrasonic device (US)

A mixture of 5 g of A. platensis and 5 g of C. vulgaris
powder were dissolved in 50 ml of distilled water (DW),
transferred to a glass container with a lid and then incubated
at 70 °C for 24 h using water bath. They were filtered
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through filter papers and lyophilized at -55 °C for 24 h with
a pressure of 0.6 mbar for long-term storage, using Christ
Alpha 1-4 device [26].

2.2.2. Extraction with water solvent and treatment using
ultrasonic device (US+)

First, 2 g of A. platensis dry powder and 2 g of C. vulgaris
powder were added to 200 ml of DW with pH 6 and treated
for 15 min at 4 °C using ultrasonic device with an intensity
of 50 MHz. This product was centrifuged at 966 g for 15
min at 4 °C. Then, supernatant was collected and lyophilized
for long-term storage [10].

2.2.3. Extraction with methanol as solvent

For preparing methanolic extract of A. platensis and C.
vulgaris biomasses, 1 g of dry powder of each species was
dissolved in 100 ml of 80% (v/v) methanol and agitated for
24 h at 20 °C. Then, samples were filtered using filter papers
and supernatant was lyophilized for long-term storage [27].

2.3. Quantitative phytochemical analysis
2.3.1. Assessment of carbohydrates

Phenol-sulfuric acid method was used for total
carbohydrate assessment. Briefly, 0.001 g of A. platensis
and C. vulgaris dry powders was added to 1 ml of DW, then
1 ml of 5% (w/v) aqueous phenol and 5 ml of 96% sulfuric
acid were added to this solution. Samples were set at room
temperature (RT) for 25 min. Using Unico 2100 UV-VIS
spectrophotometer, total reducing sugars were estimated at
490 nm. Glucose in the range of 0-100 pg.ml* was used to
draw the standard curve [28].

2.3.2. Photosynthetic pigments estimation

In general, 1 g of dry A. platensis and C. vulgaris powder
was added to 50 ml of 100% acetone and samples were
homogenized for 1 min at 15 g using Wise HG-15D cube
homogenizer device. Then, samples were filtered using
cotton and centrifuged at 94 g for 10 min at 4 °C and then
supernatant was collected. To measure the chlorophyll
content, absorbance of the samples was measured using
microplate reader at 662, 645 and 470 nm, which were the
maximum absorbance for chlorophyll a, chlorophyll b and
total chlorophyll, respectively. In this study, Eqgs. 3, 4 and 5
were used to calculate these chlorophyll values. Acetone
100% was used as blank in this experiment [29].

Ca =11.75 A662 -2.350 Ae45 Eq. 3
Where, C, was the quantity of chlorophyll a, Ass; was the
absorbance at 662 nm and Agss Was the absorbance at 654
nm.

Cb =18.61 A545 -3.960 A662 Eq. 4

Where, Cy was the quantity of chlorophyll b, Agssa was the
absorbance at 654 nm and Aes2 Was the absorbance at 662
nm.

Cx+c= 1000 Ay7g - 2.270 C, - 81.4 Cy/ 227 Eq.5

Where, Cyic was the quantity of total chlorophyll, A7 was
the absorbance at 470 nm and C, was the quantity of
chlorophyll a and Cy, was the quantity of chlorophyll b.

2.3.3. Assessment of phenolic compounds

Total soluble phenolic content of the algae extracts was
assessed using a method by Yucetepe et al. [30]. Content of
the phenolic compounds in the extracts was assessed using
Folin-Ciocalteu reagent. Thus, 0.2 ml of the extract and 0.2
ml of diluted Folin-Ciocalteu reagent (1:15) were mixed and
after 5 min, 2.5 ml of 7% calcium carbonate solution were
added to the mixture. Using DW, volume of the samples was
adapted to 5 ml and after 90 min, absorbance of the samples
was read at 750 nm. Total phenols were expressed as Gallic
acid equivalents per gram dry weight of the sample.

2.3.4. Assessment of proteins

To measure the protein content, proteins must be
extracted from the cells. Therefore, 15 ml of DW were
added to 1 g of dry C. vulgaris and A. platensis powder and
transferred onto a magnetic stirrer for 60 min at RT. These
samples were transferred to an ultrasonic machine for 30
min at 4 °C with an intensity of 70 Hz. These were
centrifuged at 4000 g for 30 min at 4 °C. The supernatant
was collected and pH was adjusted to 3 using 0.1 M
hydrochloric acid and 0.1 M sodium hydroxide. To collect
sediments, samples were centrifuged at 4000 g for 30 min at
4 °C. Then, 2.5 ml of Bradford reagent were added to 250
ul of protein and the absorbance was read at 595 nm using
spectrophotometer [31]. Using bovine serum albumin as the
standard curve, protein concentration was assessed.

2.3.5. Assessment of lipids

For lipid assessment, 0.5 g of dry powder of A. platensis
and C. vulgaris was transferred into a Soxhlet machine with
150 ml of n-hexane and incubated at 145 °C for 3 h [32].
Then, GC Agilent-6820 gas chromatography machine with
column specifications of 30 m x 0.25 mm x 0.25 pm and
nitrogen carrier gas was used to characterize fatty acids of
the samples. The injection volume was 1 pl, the injection
mode was split and the temperature started from 100 °C.
After 2 min, temperature increased to 240 °C using Rate 3
and to 280 °C using Rate 10.

2.3.6. Assessment of phycocyanin content in agueous
extracts of A. platensis

The evaluation of the amount of phycocyanin and
antioxidant tests after the treatment of zebrafish larvae with
different concentrations of extracts and the evaluation of
their effectiveness has been done. The quantity of phyc-
ocyanin in aqueous extracts of A. platensis was assessed by
reading absorbance of the samples at 620 and 652 nm using
spectrophotometer and Eq. 6 [10]:

Phycocyanin (mg.IY) = (Absgo - 0.474 x Abses) / 5.34
Eq. 6
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Where, As2o Was the absorbance at 620 nm and Ases, was the
absorbance at 652 nm.

2.3.7. Assessment of antioxidants

Further analyses of the aqueous extracts and their
antioxidant characteristics and phycocyanin contents were
carried out using two methods of DPPH and iron chelation.

2.3.7.1. Antioxidant assessment of DPPH method

Briefly, 100 pl of 0.5 M DPPH were added to 100 pl of
the sample by various concentrations, including 0.5, 1, 1.5,
2 and 2.5 mg.I"t methanol. After complete pipetting, samples
were set for 60 min at RT in dark. Then, absorbance of the
samples was read at 517 nm. Methanol was used as the
control and ascorbic acid as the positive control. Equation 7
was used to calculate the quantity of free radical inhibition
as follows [33]:

Inhibition (%) = [(AbScontrol - AbSsample) /ADScontror)] % 100
Eq. 7
Where, Abscontrol Was absorption rate of the DPPH solution
and methanol and Abssample Was absorption rate of the
assessed sample.
Technically, IC50 is a number indicating the extract
concentration, which can inhibit the oxidation process by
50%. The smaller the 1C50 value, the higher the antioxidant
activity [34].

2.3.7.2. Assessment of iron ion chelating activity

To carry out this assay, 50 ul of the samples were mixed
in various concentrations (0.5,1,1.5,2 and 2.5 mg.I"* DW)
with 25 pl of 2 mM FeSO, solution and then 50 pl of 5 mM
ferrozine solution were added to the mixture. Mixture was
agitated well and absorbance was read at 562 nm after 10
min. Moreover, DW was used as negative control and
EDTA was used as positive control. Equation 8 was used to
calculate the quantity of iron ion chelation [35]:

Chelatlng aCthlty (%) = [(AbScomrol = Astample) / AbScontrol] X
100 Eq. 8

AbSconror Was the absorbance rate of DW and ferrozine
solution and FeSO4 and AbSsampie Was the absorbance rate of
the assessed sample.

2.4. Fish care and breeding

Adult zebrafish were grown using Tecniplast recircul-
ating system with 14/10 of light/dark photoperiods and
water temperatures of 28 °C, Royan Zebrafish Core Facility,
Tehran, Iran. The Tg (ins: CFP-NTR) transgenic line and
TU wild-type strain were used in all experiments, carried
out using protocols approved by the Ethical Committee of
Royan Institute, Tehran, Iran. The hemizygous Tg (ins:
CFP-NTR) embryos (to avoid the variability of fluorescent
intensity between hemizygous and homozygous larvae)

were prepared by outcrossing of the transgenic Tg (ins:
CFP-NTR) line with TU wild-type strain. Zebrafish
embryos were cultured in E3 media and treated with 0.003%
1-phenyl-2-thiourea at 24 h post fertilization (hpf) till the
end of the experiment. The 1-phenyl-2-thiourea completely
suppressed pigmentation and enhanced trans-parency of the
larvae, which was necessary for live imaging and
quantification of a cyan fluorescent reporter.

2.4.1 Chemogenetic ablation

Zebrafish larvae at 72 hpf were exposed to a 10-mM
solution of metronidazole (MTZ) for 24 h and then larvae
were washed three times with E3 media. The MTZ
treatment was adapted from the previously established
protocol for near-full ablation of the B-cells in the pancreas
of zebrafish larvae.

2.4.2. Treatment of larvae with the extracts

Treatment of larvae was carried out with five concen-
trations of each compound (500, 125, 31.25, 7.81 and 1.95
ug.mlt) from 4-6 d post fertilization (dpf). Thus, 15 B-cell
ablated larvae were used for each concentration, including
five larvae in 1.5 ml of E3 media in each well of 24-well
plates. Three control groups were assessed, including none-
treated control compromise larvae cultured in E3 media
only, negative control consisted of larvae treated with MTZ
for B-cell ablation without compound treatment in follow
and positive control with larvae, which treated with NECA
as a small molecule that increased B-cell regeneration after
exposure to MTZ. At 6 dpf, live larvae were anesthetized
with tricaine for imaging and images were captured using
Olympus SZX16 fluorescence stereomicroscope equipped
with a Canon digital camera. The effect of compounds on f3-
cell regeneration was assessed by measuring B-cell area
(AU) in each larva using ImageJ software (NIH).

2.5. Statistical analysis

All experiments of this study were carried out three times
and data were present as mean +SD (standard deviation).
One-way ANOVA was used to analyze statistical
significances of data using GraphPad Prism 6 software. In
general, p values less than 0.05 were recorded as significant.

3. Results and Discussion

3.1. Characteristics of A. platensis and C. vulgaris
extracts

Algal growth and biomass productivity were assessed
using cell counting and absorbance reading. Growth of A.
platensis and C. vulgaris was assessed for 15 d under certain
conditions and the highest cell growth was achieved on Day
10 for A. platensis and on Day 9 for C. vulgaris (Figure 1).
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Figure 1. Growth curves of A. platensis and C. vulgaris in experimentally environmental conditions. Each point represents the mean value
of three replicates. Bars indicate standard deviations. (a) Graph based on A. platensis cell counts; (b) graph based on A. platensis absorbance
at 680 nm; (c) graph based on C. vulgaris cell counts; and (d) graph based C. vulgaris absorbance at 750 nm.

In the present study, it was detected that A. platensis and
C. vulgaris included antioxidant characteristics and caused
regeneration of pancreatic B-cells in Tg(ins: CFP-NTR)
transgenic zebrafish. Zarrouk’s medium was used for A.
platensis cultivation and during the growth, temperature
was set to a constant value of 28 °C, which resulted in the
production of the highest biomass rate (3.27 g.I"%). Effects of
temperature on growth rate and active mass of A. platensis
in Zarrouk’s media under laboratory conditions were
assessed in a study and it was reported that the highest
quantity of microalgae active mass (2.74 g.1"%) was produced
at 24 °C in Zarrouk’s media [36]. These results were similar
to the present results. The pH value of the culture media was
8 on the initial days of A. platensis cultivation, which
reached to 10 as cultivation time increased and at the
beginning of the ascent stage. Alkaline pH (9 and 10) alone
favored normal cell metabolism and the membrane function
was not affected by the growth and chlorophyll content [37].
Additionally, it was reported that the maximum dry weight
of the algal mass and contents of chlorophyll a and protein
were produced at pH 10-9, [38]. Furthermore, it was
demonstrated that the algae grown at pH 9 were able to
decrease time of the lag phase, including the highest specific
growth rate [39]. In this study, time of light exposure was
set at 24 h without darkness. Tayebati et al. reported that the

maximum growth of A. platensis was under red light and 24-
h light cycle without darkness [40]. During the growth of C.
vulgaris, temperature was set to a constant value of 20 °C
and pH was set in the range of 6 +2. In a study that
investigated effects of various temperatures on the growth
of C. vulgaris, it was shown that the maximum growth rate
occurred at 25 °C [41]. Moreover, a study that investigated
effects of pH (2, 5, 7, 9 and 11) and temperature (10, 20, 30
and 40 °C) on the growth and chemical composition of C.
biomass reported that the optimal range of environmental
conditions for the cultivation of microalgae included pH 7—
9 and temperature of 20-30 °C [42].

3.2. Compounds of A. platensis and C. vulgaris

Quantity of carbohydrates in A. platensis was 61.76
+2.44 pg.ml, which was almost 1.5 times higher than that
in C. vulgaris. Quantity of total protein in A. platensis was
approximately 1.5 times higher than that in C. vulgaris and
quantity of phenolic compounds in A. platensis was higher
than that in C. vulgaris with approximately 2.5 times.
Quantities of carbohydrates, proteins and phenolic
compounds are present in Table 1.

In the present study, quantity of total carbohydrates in A.
platensis was 6.17%. Similarly, another study indicated that
the quantity of total carbohydrate in this microalga was
6.46% +0.32 [42]. In this study, quantity of total lipid was
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3% for A. platensis. In another study, quantity of total lipid
in A. platensis was 2.45+0.82 and 0.1% +0.01, respectively
[43]. Differences in the total lipid contents of the studies
could be due to the differences in the types of solvent, time
and temperature of the Soxhlet device. Quantity of total
protein was 65.40% for A. platensis. In a previous study;, it
has been shown that quantity of A. platensis protein was
53.12% [44] possibly due to the various culture conditions
and protein extraction methods. Quantity of photosynthetic
pigments in micrograms per milliliter of solution volume is
shown in Table 2. Quantity of total carotenoids in C.
vulgaris was 0.912 +0.15 pg.ml, which was higher than
that in A. platensis. Moreover, quantities of chlorophyll a
and b in C. vulgaris were approximately 2.5 and 10 times
more than that in A. platensis, respectively.

Oleic acid and linoleic acid (w6) were the major fatty
acids in A. platensis and C. vulgaris, respectively. Results
of the fatty acid profiling are shown in Tables 3.

Based on the profiling results of A. platensis fatty acids,
the predominant fatty acids included oleic acid (53.3%),
palmitic acid (22.8%), linoleic acid (14.1%) and stearic acid
(9.6%). In a previous study, palmitic, y-linolenic and
linoleic acids were dominant fatty acids [41]. In a report,
palmitic acid was the most dominant fatty acid in A.
platensis [45]. In another study, it was shown that palmitic
acid with 30.1% of the total fatty acids was dominant within
saturated fatty acids (SFAs), and oleic acid with 34% was
dominant within unsaturated fatty acids [46]. Additionally,
profile of C. vulgaris fatty acids included linoleic acid
(30.1%), oleic acid (24.8%), palmitic acid (22.6%), stearic
acid (16.7%) and linolenic acid (5.68%). In a previous
study, it was shown that palmitic acid and linolenic acid
accounted for 25.17 and 9.66% of the total fatty acids,
respectively, in C. vulgaris. In addition, it was shown that
palmitic acid, stearic acid, oleic acid and linolenic acid were
dominant fatty acids [46].

3.3. Quantity of phycocyanin in aqueous extracts of A.
platensis

Based on Figure 2, no significant differences were seen
in the quantity of phycocyanin in A. platensis aqueous
extracts.

Table 1. Quantities of carbohydrates, proteins and phenolic compounds
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Figure 2. Phycocyanin content in the aqueous extract of A.
platensis at 620 and 652 nm. Similar letters in the columns show
insignificant differences between the groups.

3.4. Pancreatic B-cell regenerative capacity of microalgal
aqueous extracts

The average values of B-cell mass in Tg(ins: CFP-NTR)
transgenic zebrafish larvae for all treated and control groups
are illustrated in Figure 3A. Results showed that aqueous
extracts without ultrasonication of A. platensis and C.
vulgaris significantly increased B-cell area (AlU), compared
to negative controls. For C. vulgaris, effects on B-cell
regeneration increased with concentration (Figure 3B).

In a study, alloxan-induced diabetic rats were treated
with A. platensis supplementation and results showed that
A. platensis treatment led to significant decreases in fasting
blood glucose and increases in glycogen levels. The A.
platensis supplementation prevented body weight loss and
improved hepatotoxicity indices such as alkaline
phosphatase and transaminase activities, bilirubin level and
lipid peroxidation. Overall, this study showed that A.
platensis treatment decreased hyperglycemia and oxidative
stress in diabetic rats [47]. Additionally, histopathological
studies of the pancreas in a study showed that A. platensis
included antidiabetic effects by increasing secretion of
insulin from B-cells of the pancreatic islets. Moreover,
effects of A. platensis on regeneration of the pancreatic
islets were observed with regeneration of the islet cells [48].

Algae name Carbohydrate Protein (ug.ml?) Phenolic compounds
A. platensis 61.76+2.44 2180.1+0.29 111.51+0.50
C. vulgaris 42.73+3.80 1375.140.02 40.28+0.50

Table 2. Quantities of the photosynthetic pigments (jug.ml?)
Species name Chlorophyll a Chlorophyll b Total Carotenoids
A. platensis 5.404 £ 0.04 0.159 +0.14 0.711+0.28
C. vulgaris 12.349 £ 0.11 1.722 £0.11 0.912 £0.15
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Table 3. Fatty acid compounds (weight proportions of total fatty
acids) in A. platensis and C. vulgaris

Fatty acid name A. platensis  C. vulgaris

Palmitic acid (C16) 22.8 22.6
Stearic acid (C18) 9.6 16.7
Oleic acid (C18:1) 53.3 24.8
Linoleic acid (w6) (C18:2) 14.1 30.1
Linolenic acid (03) (C18:3) --- 5.68
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The hypoglycemic effect of A. platensis was assessed in
diabetic male albino rats as a mammalian model treated with
streptozotocin and it was reported that A. platensis included
antioxidant and antidiabetic effects in streptozotocin-
induced diabetic rats [49]. In the present study, A. platensis
extract included antioxidant characteristics and regenerated
pancreatic 3-cells.

Spirulina aqueous extract
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Figure 3. Pancreatic f-cell regenerative capacity of microalgal aqueous extracts. (A) The average values of B-cell mass in Tg (ins: CFP-
NTR) transgenic zebrafish larvae treated with aqueous extracts of microalgae and control groups: transgenic larvae treated with metronidazole
(NC), transgenic larvae (NT), and positive control (NECA). (B) Reconstructed mass of B-cells treated with aqueous extracts of A. platensis
and C. vulgaris without ultrasound. Each dot represents one treated larva. Overall, 480 larvae were assessed using three repetitions of the

experiments. One-way ANOV A was used for statistical analysis.

Lee et al. investigated the protective effects of Spirulina
maxima extracts in a cytokine-mediated type-1 diabetes
model in vitro and in streptozotocin-induced diabetic Wistar
rats in vivo. Interleukin-1 beta (IL-1B) and Interferon
gamma (IFN-y) caused significant cytotoxicity in mouse
cells, increasing nitric oxide (NO), nuclear factor kB (NF-
kB) and apoptosis associated with key genes. However,
cytotoxicity of the cytokines significantly decreased using

Spirulina extract, which effectively inhibited NO production
and suppressed apoptosis. These results showed that
Spirulina extract might be effective for preserving viability
and function of pancreatic 3-cells against cytotoxic condit-
ions. In addition, diabetic rats that consumed Spirulina
extract orally showed decreases in glucose levels, increases
in insulin and improvements in liver enzyme markers. Anti-
oxidant effects of Spirulina extract may be beneficial in
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type-1 diabetes treatment by increasing survival and
decreasing or delaying cytokine-mediated destruction of -
cells [50]. In a study by Kulkarni et al. on Tg(ins: Flag-
NTR)s950 zebrafish models, the researchers detected that
MTZ induced reactive oxygen species (ROS) production in
presence of NTR. Furthermore, they reported that the level
of produced ROS was proportional to the dose of prodrug
added to the system. At high doses of MTZ, caspase 3 was
rapidly cleaved and B-cells shifted to regulated cell death
[51]. Based on the results, it can be concluded that the
extracts of A. platensis and C. vulgaris include antioxidant
characteristics and thus prevent death of pancreatic B-cells.

Cytokines alter and regulate the expression level of
several genes via transcription factors (e.g. NF-xB, STAT-
1 and IRF-3) in B-cells [52]. The NF-«xB signaling pathway
is an important pathway in the regulation of inflammation
[53]. The NF-«B is a significant transcriptional regulator in
cells and normally binds to its inhibitor kappa B (IxB) of the
cytoplasm in the inactive form of p50-p65 heterodimer [54].
In B-cells, IL-1p alone or in association with IFN-y induces
proteolysis of IkBa and increases translocation of NF-kB
into the nucleus, where it can bind to specific kB sites on
DNA to regulate transcription of target genes [55]. The NF-
kB activation increases expression of downstream
inflammatory mediators, including proinflammatory cyto-
kines such as IL-1B, interleukin-6 (IL-6) and TNF-a [56].
Cytokine-induced NF-kB activation changes the gene

expression profile of B-cells by affecting several genes
involved in B-cell differentiation, recruitment and activation
of immune cells and B-cell apoptosis. Inhibition of NF-xB
activation or translocation leads to B-cell proliferation by
suppressing B-cell damage or death induced by IL-1f and
IFN-y; therefore, NF-kB is an important transcription factor
in pancreatic B-cells [57]. Studies have shown that species
of A. platensis inhibit cytokine-mediated cell apoptosis in
pancreatic p-cells. Moreover, A. platensis extract effectively
destroys cytokine-induced IxBa to prevent the nuclear
translocation of NF-kB p65 subunits and downregulates
downstream genes associated with B-cell apoptosis to
protect cells against NF-kB cytotoxicity [50].

3.5. Antioxidant activity of aqueous extracts and
phycocyanin

Based on the DPPH assay, antioxidant activity of
phycocyanin and water extracts of A. platensis and C.
vulgaris showed that with increasing concentrations, the
antioxidant activity increased and all extracts at
concentration of 2.5 mg.lI included the highest activity
(Figure 4). Moreover, the highest activity belonged to
aqueous extract treated with ultrasonic microalgae of A.
platensis at the concentrations of 2 and 2.5 mg.I"%. The 1C50
values for A. platensis (US"), A. platensis (US*), C. vulgaris
(US), C. vulgaris (US*) and phycocyanin extracts were
1.25, 1.53, 1.14, 0.95 and 0.90 mg.1?, respectively.
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Figure 4. The DPPH radical scavenging ability in phycocyanin and aqueous extracts of A. platensis and C. vulgaris. Different English letters
indicate significant differences. Results are reported as mean £SD (standard deviation).

Antioxidant activities of phycocyanin and water extracts
of A. platensis and C. vulgaris based on the iron chelation
assay are shown in Figure 5. Results were similar to those
of DPPH assay, 2.5 mg.I"* in each extract included the
highest antioxidant activity and the highest activity was
linked to the aqueous extract treated with ultrasonic C.
vulgaris at 2.5 mg.It. Results from the antioxidant assays
showed that antioxidant activity increased with increases in

the concentrations of phycocyanin and aqueous extracts of
the microalgae. A study investigated antioxidant character-
istics of alcoholic extracts of A. platensis and C. [58] and
reported similar results. At concentration of 2.5 mg.I, the
highest level of antioxidant activity with DPPH assay
inhibition belonged to the aqueous extract of A. platensis
(US+). This was significantly different from other extracts
with similar concentrations. At high concentrations, the
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level of DPPH inhibitory activity in A. platensis was higher
than that of C. vulgaris. The major active component of A.
platensis is the phycocyanin pigment, which scavenges free
radicals and includes high antioxidant activities [58,59],
showing that the antioxidant capacity of phycocyanin and
its bioactive components (phycocyanopeptide and phyco-
cyanobilin) is as follows: phycocyanin > phycocyanobilin >
phycocyanopeptide. As concentrations of these component
increase, their antioxidant activities increase [59]. Phyco-
cyanins as antioxidants (soluble in water) can prevent ROS
production or their destruction in producing cells (cyano-
bacteria) and in cells that consume these biochemical or are
treated with them (animal cells). Researchers have shown
that phycocyanins can remove hydroxyl radicals, alkoxyl
radicals and superoxide anions. Furthermore, phycocyanins
inhibit lipid peroxidation reactions and regenerate singlet
oxygen, hypochlorous acid, peroxyl radical, peroxynitrite,
NO and hydrogen peroxide [60].

In the present study, antioxidant activity increased with
increases in the concentration of phycocyanins. This
increase was not higher than that of other extracts with no
significant differences. Antioxidant activity of the phenolic
compounds is majorly due to their oxidation characteristics,
reducing power and chemical structure, which can play
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important roles in neutralizing free radicals, forming
complexes with metal ions and quenching single and triple
oxygen molecules [61]. A study was designed to investigate
aqueous, ethanol and acetone extracts of several algae
(Spirogyra sp., Spirulina sp., Chlorella sp. and Chara sp.)
to assess antioxidant capacities of the extracts as well as
their DPPH radical scavenging activities. It was concluded
that Spirulina sp. included significant total phenolic
composition and antioxidant activity, compared to other
species. Results of the phenolic compounds in this study
showed that A. platensis microalgae included higher
phenolic compounds than that C. vulgaris did. Due to the
lack of significant antioxidant activity of phycocyanins and
presence of vitamins such as vitamins K and E and amino
acids in A. platensis, its high antioxidant activity at high
concentrations could be attributed to compounds other than
phycocyanins. Presence of other bioactive factors such as
vitamin C and proteins that are soluble in water increases
antioxidant activity because comparison of various quant-
ities of phycocyanins have shown that antioxidant activity
is more significant in algal extracts at similar concentrations
of phycocyanins. This could be linked to antioxidant activity
of other factors in the aqueous extract of algae [62].

Spirulina (US")
Chlorella (US")
Spirulina (US™)
Chlorella (US")
Phycocyanin
EDTA

AAAAA

Figure 5. Iron ion chelating abilities in phycocyanin and aqueous extracts of A. platensis and C. vulgaris. Different English letters indicate
significant differences. Results are reported as mean +SD (standard deviation).

Based on the findings, increases in the concentration of
aqueous extracts of microalgae could result in increases in
metal chelation activity; thus, concentration of 2.5 mg.I*
included the highest antioxidant activity. A significant
difference was detected in the concentration of 2.5 mg.I*
aqueous extract (US+) of C. vulgaris with other extracts.
These results showed that use of ultrasonic devices could
increase the chelating activity of C. vulgaris by extracting
components that were effective in this procedure. In an
experimental study, six various polysaccharides (RFPs,
MAPs, UWPs, AEPs, HWPs and CEPs) were extracted

from C. vulgaris using repeated freeze-thaw, microwave,
ultrasonic waves, alkaline treatment, hot water and
cellulose. Then, antioxidant activities of the extracts were
assessed and it was concluded that alkaline extraction
method followed by ultrasonic extraction included the
highest efficiency in the production of crude polysacch-
arides due to the complex and rigid cell walls of C. vulgaris.
The polysaccharide extraction method was a key factor that
affected the antioxidant activity of C. wvulgaris poly-
saccharides. Additionally, extracts achieved by ultrasoni-
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cation showed superior activities than those extracts
achieved by other methods did [63].

4. Conclusion

The present study demonstrated that the zebrafish model
could be used as a tool for algae screening and the aqueous
extracts of A. platensis and C. vulgaris with their antioxidant
characteristics and biologically active compounds at conc-
entrations of 31.25,7.81,1.95 and 125, 31.25, 7.81 and 1.95
ug.ml?, respectively, could regenerate pancreatic B-cells. In
addition, it could be concluded that these extracts were
possibly effective in inhibiting the NF-kB pathway on p-cell
regeneration and cell apoptosis. Since pure phycocyanin did
not cause significant regeneration compared to the negative
controls, this study demonstrated that compounds other than
phycocyanins could be effective in regeneration of p-cells.
Moreover, the present study demonstrated that the micro-
algal extracts of A. platensis and C. vulgaris could be used
in foods and medicines.

5. Conflict of Interest
The authors report no conflict of interest.
6. Authors Contributions

Investigation, T.H; supervision, F.H, Y.T; writing review
and editing, T.H, M.R. All authors have read and agreed to
the published version of the manuscript.

References

1. Sathasivam R, Radhakrishnan R, Hashem A, Abd-Allah EF.
Microalgae metabolites: A rich source for food and medicine.
Saudi J Biol Sci. 2019; 26(4): 709-722.

2. de Oliveira AP, Bragotto AP. Microalgae-based products:
Food and public health. Future Foods. 2022; 6: 100157.

3. Su M, Bastiaens L, Verspreet J, Hayes M. Applications of
microalgae in foods, pharma and feeds and their use as
fertilizers and biostimulants: Legislation and regulatory
aspects for consideration. Foods. 2023; 12(20): 3878.

4. Demarco M, de Moraes JO, Matos AP, Derner RB, de Farias
Neves F, Tribuzi G. Digestibility, bioaccessibility and
bioactivity of compounds from algae. Trends Food Sci
Technol. 2022; 121: 114-128.

5. Ciferri O, Tiboni O. The biochemistry and industrial
potential of Spirulina. Annu Rev Microbiol. 1985; 39(1): 503-
526.

6. Vonshak A, Spirulina platensis Arthrospira: Physiology,
Cell-Biology and Biotechnology. CRC press; 1997.

7. Spolaore P, Joannis-Cassan C, Duran E, Isambert A.
Commercial applications of microalgae. J Biosci Bioeng.
2006; 101(2): 87-96.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Masojidek J, Torzillo G. Mass cultivation of freshwater
microalgae. Encyclopedia of Ecology. Elsevier, Oxford.
2008. 2226-2235.

Safi C, Zebib B, Merah O, Pontalier PY, Vaca-Garcia C.
Morphology, composition, production, processing and
applications of Chlorella vulgaris: A review. Renew Sustain
Energy Rev. 2014; 35: 265-278.

Khandual S, Sanchez EO andrews HE, De la Rosa JD.
Phycocyanin content and nutritional profile of Arthrospira
platensis from Mexico: Efficient extraction process and
stability evaluation of phycocyanin. BMC Chem. 2021; 15: 1-3.

Lopes G andrade PB, Valentao P. Phlorotannins: Towards
new pharmacological interventions for diabetes mellitus type
2. Molecules. 2016; 22(1):56.

Zhu Y, Liu Q, Zhou Z, Ikeda Y. PDX1, Neurogenin-3 and
MAFA: Critical transcription regulators for beta cell develop-
ment and regeneration. Stem Cell Res Ther. 2017; 8: 1-7.

Cecil RL. On hypertrophy and regeneration of the islands of
Langerhans. J Exp Med. 1911; 14(5): 500.

Singh A, Gibert Y, Dwyer KM. The adenosine, adrenergic
and opioid pathways in the regulation of insulin secretion,
beta cell proliferation and regeneration. Pancreatology. 2018;
18(6): 615-623.

Lenzen S. Chemistry and biology of reactive species with
special reference to the antioxidative defence status in
pancreatic p-cells. Biochim Biophys Acta Gen Subj. 2017;
1861(8): 1929-1942.

Mabhida SE, Dludla PV, Johnson R, Ndlovu M, Louw J,
Opoku AR, Mosa RA. Protective effect of triterpenes against
diabetes-induced B-cell damage: An overview of in vitro and
in vivo studies. Pharmacol Res. 2018; 137: 179-192.

Sathasivam R, Ki JS. A review of the biological activities of
microalgal carotenoids and their potential use in healthcare
and cosmetic industries. Marine Drugs. 2018; 16(1): 26.

Romay CH, Gonzalez R, Ledon N, Remirez D, Rimbau V. C-
phycocyanin: A biliprotein with antioxidant, antiinflam-
matory and neuroprotective effects. Curr Protein Pept Sc.
2003; 4(3): 207-216.

Mohamed ZA. Polysaccharides as a protective response
against microcystin-induced oxidative stress in Chlorella
vulgaris and Scenedesmus quadricauda and their possible
significance in the aquatic ecosystem. Ecotoxicol. 2008; 17:
504-516.

Di Cristofano A. SGK1.: the dark side of PI3K signaling. Curr
Top Dev Biol. 2017; 123: 49-71.

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

10


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1016/j.sjbs.2017.11.003
https://doi.org/10.1016/j.fufo.2022.100157
https://doi.org/10.3390/foods12203878
https://doi.org/10.1016/j.tifs.2022.02.004
http://doi.org/10.1146/annurev.mi.39.100185.002443
https://doi.org/10.1263/jbb.101.87
http://dx.doi.org/10.1016/B978-008045405-4.00830-2
https://doi.org/10.1016/j.rser.2014.04.007
https://doi.org/10.1186/s13065-021-00746-1
https://doi.org/10.3390/molecules22010056
https://doi.org/10.1186/s13287-017-0694-z
https://doi.org/10.1084/jem.14.5.500
https://doi.org/10.1016/j.pan.2018.06.006
https://doi.org/10.1016/j.bbagen.2017.05.013
https://doi.org/10.1016/j.phrs.2018.10.004
https://doi.org/10.3390/md16010026
https://doi.org/10.2174/1389203033487216
https://doi.org/10.1007/s10646-008-0204-2
https://doi.org/10.1016/bs.ctdb.2016.11.006

Antioxidant and antidiabetic effects of microalgae extracts

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

Appl Food Biotechnol, Vol. 11, No. 1.e25 (2024)

Matsuda H. Zebrafish as a model for studying functional
pancreatic 3 cells development and regeneration. Dev Growth
Differ. 2018; 60(6): 393-399.

Al-Awar A, Kupai K, Veszelka M, Szucs G, Attieh Z,
Murlasits Z, Torok S, Posa A, Varga C. Experimental diabetes
mellitus in different animal models. J Diabetes Res. 2016;
2016(1): 9051426.

Ferahtia A, Halilat M T, Mimeche F, Bensaci E. Surface water
quality assessment in semi-arid region (EI Hodna watershed,
Algeria) based on water quality index (WQI). Stud Univ
Babes Bolyai Chem. 2021; 66(1): 127-142.

Sorokin C, Krauss RW. The effects of light intensity on the
growth rates of green algae. Plant physiology. 1958; 33(2):
109.

Choonawala BB. Spirulina production in brine effluent from
cooling towers [Doctoral dissertation]. Durban University of
Technology; 2007. 370 p.

Thiagarajan SK, Rama Krishnan K, Ei T, Husna Shafie N,
Arapoc DJ, Bahari H. Evaluation of the effect of aqueous
Momordica charantia Linn. extract on zebrafish embryo
model through acute toxicity assay assessment. Evid Based
Complement Alternat Med. 2019; 2019(1): 9152757.

Cha SH, Kim HS, Hwang Y, Jeon YJ, Jun HS. Polysiphonia
japonica extract attenuates palmitate-induced toxicity and
enhances insulin secretion in pancreatic beta-cells. Oxid Med
Cell Longev. 2018; 2018(1): 4973851.

Kwei CK. Elucidation and isolation of specific bioactive
compound in cyanobacteria isolates [Doctoral dissertation].
University of Adelaide, School of Chemical Engineering;
2012.

Dere S, GUNES T, Sivaci R. Spectrophotometric
determination of chlorophyll-A, B and totalcarotenoid
contents of some algae species using different solvents.
Turkish journal of Botany. 1998; 22(1): 13-18.

Yucetepe A, Saroglu O, Daskaya Dikmen C, BilDik F,
Ozcelik B. Optimisation of ultrasound-assisted extraction of
protein from Spirulina platensis using RSM. Czech J Food
Sci. 2018; 36(1): 98-108

Chia SR, Chew KW, Zaid HF, Chu DT, Tao Y, Show PL.
Microalgal protein extraction from Chlorella vulgaris FSP-E
using triphasic partitioning technique with sonication. Front
Bioeng Biotechnol. 2019; 7: 396.

Silve A, Papachristou I, Wistner R, Straner R, Schirmer M,
Leber K, Guo B, Interrante L, Posten C, Frey W. Extraction
of lipids from wet microalga Auxenochlorella protothecoides
using pulsed electric field treatment and ethanol-hexane
blends. Algal Res. 2018; 29: 212-222.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Safafar H, Van Wagenen J, Mgller P, Jacobsen C.
Carotenoids, phenolic compounds and tocopherols contribute
to the antioxidative properties of some microalgae species
grown on industrial wastewater. Marine drugs. 2015;13(12):
7339-7356.

Maryam S, Razak R, Baits M, Salim AF. Analysis of
vitamin C and antioxidant activity of Capsicum frutescens L.
and Capsicum annuum L. Indon J Pharm Sci Technol. 2023:
57-64.

Hatami T, Emami SA, Miraghaee SS, Mojarrab M. Total
phenolic contents and antioxidant activities of different
extracts and fractions from the aerial parts of Artemisia
biennis willd. Iran J Pharm Res. 2014; 13(2): 551.

Kumar M, Kulshreshtha J, Singh GP. Growth and biopigment
accumulation of cyanobacterium Spirulina platensis at
different light intensities and temperature. Braz J Microbiol.
2011; 42: 1128-1135.

Babu M, Ashok K, Senthil J, Kalaiyarasu T. Effect of pH on
Arthrospira platensis production. Alochana Chakra Journal.
IX (V). 2020: 1-0.

Pandey JP, Pathak N, Tiwari A. Standardization of pH and
light intensity for the biomass production of Spirulina
platensis. J Algal Biomass UtIn. 2010; 1(2): 93-102.

Sornchai P, lamtham S. Effects of different initial pH of
modified zarrok medium on large-scale Spirulina maxima
culture. Journal of Medical and Bioengineering. 2013; 2(4):
266-269.

Tayebati H, Shariati FP, Soltani N, Tehrani HS. The effect of
different light variables on spirulina growth and its
component. Proceeding of the The 11" International
Chemical Engineering Congress & Exhibition; 2020 15-17;
Fouman, Iran.

Adenan NS, Yusoff FM, Shariff M. Effect of salinity and
temperature on the growth of diatoms and green algae.
Journal of Fisheries and Aquatic Science. 2013; 8(2): 397.

Suthar S, Verma R. Production of Chlorella vulgaris under
varying nutrient and abiotic conditions: A potential microalga
for bioenergy feedstock. Process Saf Environ Prot. 2018; 113:
141-148.

Seghiri R, Kharbach M, Essamri A. Functional composition,
nutritional properties and biological activities of Moroccan
Spirulina microalgA. J Food Qual. 2019; 2019(1): 3707219.

Manrich A, de Oliveira JE, Martins MA, Mattoso LH.
Physicochemical and thermal characterization of the
Spirulina platensis. Journal of Agricultural Science and
Technology B. 2020; 10: 298-307.

Babadzhanov AS, Abdusamatova N, Yusupova FM,
Faizullaeva N, Mezhlumyan LG, Malikova MK. Chemical
composition of Spirulina platensis cultivated in Uzbekistan.
Chem Nat Compd. 2004; 40(3).

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

11


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1111/dgd.12565
https://doi.org/10.1155/2016/9051426
http://dx.doi.org/10.24193/subbchem.2021.01.10
https://doi.org/10.1104%2Fpp.33.2.109
https://doi.org/10.51415/10321/134
https://doi.org/10.1155/2019/9152757
https://doi.org/10.1155/2018/4973851
https://hdl.handle.net/2440/77345
https://journals.tubitak.gov.tr/botany/vol22/iss1/3
https://doi.org/10.17221/64/2017-CJFS
https://doi.org/10.3389/fbioe.2019.00396
https://doi.org/10.1016/j.algal.2017.11.016
https://doi.org/10.3390/md13127069
https://doi.org/10.24198/ijpst.v0i0.46082
https://doi.org/10.22037/ijpr.2014.1518
https://doi.org/10.1590%2FS1517-838220110003000034
http://dx.doi.org/10.12720/jomb.2.4.266-269
https://www.researchgate.net/publication/345775863
http://dx.doi.org/10.3923/jfas.2013.397.404
https://doi.org/10.1016/j.psep.2017.09.018
https://doi.org/10.1155/2019/3707219
http://dx.doi.org/10.17265/2161-6264/2020.05.004
https://doi.org/10.1023/B:CONC.0000039141.98247.e8

Tayebeh Hadi Toranposhti, et al
46.

47.

48.

49.

50.

51.

52.

53.

54.

Appl Food Biotechnol, Vol. 11, No. 1 25 (2024)

Gorjizadeh H, Sakhaei N, Doustshenas B, Ghanemi K, Arch-
angi B. Fatty acid composition of Spirulina sp., Chlorella sp.
and Chaetoceros sp. microalgae and introduction as potential
new sources to extinct omega 3 and omega 6. Iran South Med
J. 2016; 19 (2): 212-224.

Vickers NJ. Animal communication: when i’m calling you,
will you answer too? Curr Biol. 2017; 27(14): R713-5.

Muthuraman P, Senthilkumar R, Srikumar K. Alterations in
beta-islets of Langerhans in alloxan-induced diabetic rats by
marine Spirulina platensis. J Enzyme Inhib Med Chem. 2009;
24(6): 1253-1256.

Pandurangan M, Kim DH. Therapeutic potential of cyano-
bacteria against streptozotocin-induced diabetic rats. 3
Biotech. 2016; 6(1): 1-7.

Lee J, Park A, Kim MJ, Lim HJ, Rha YA, Kang HG. Spirulina
extract enhanced a protective effect in type 1 diabetes by anti-
apoptosis and anti-ROS production. Nutrients. 2017; 9(12):
1363.

Kulkarni AA, Conteh AM, Sorrell CA, Mirmira A, Tersey
SA, Mirmira RG, Linnemann AK anderson RM. An in vivo
zebrafish model for interrogating ROS-mediated pancreatic
B-cell injury, response and prevention. Oxid Med Cell
Longev. 2018; 2018(1): 1324739.

Gouda W, Mageed L, Abd ElI Dayem SM, Ashour E, Afify
M. Evaluation of pro-inflammatory and anti-inflammatory
cytokines in type 1 diabetes mellitus. Bull Natio Res Centre.
2018; 42: 1-6.

DiDonato JA, Mercurio F, Karin M. NF-xB and the link
between inflammation and cancer. Immunol Rev. 2012;
246(1): 379-400.

Hayden MS, Ghosh S. NF-kB in immunobiology. Cell Res.
2011; 21(2): 223-244.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Oeckinghaus A, Hayden MS, Ghosh S. Crosstalk in NF-xB
signaling pathways. Nat Immunol. 2011; 12(8): 695-708.

Zhang JM, An J. Cytokines, inflammation and pain. Int
Anesthesiol Clin. 2007; 45(2): 27-37.

Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL.
Mechanisms of pancreatic $-cell death in type 1 and type 2
diabetes: many differences, few similarities. Diabetes. 2005;
54 (suppl 2): S97-107.

Takyar MB, Khajavi SH, Safari R. Evaluation of antioxidant
properties of Chlorella vulgaris and Spirulina platensis and
their application in order to extend the shelf life of rainbow
trout (Oncorhynchus mykiss) fillets during refrigerated
storage. Lwt. 2019; 100: 244-249.

Gabr GA, El-Sayed SM, Hikal MS. Antioxidant activities of
phycocyanin: A bioactive compound from Spirulina platen-
sis. J Pharm Res Int. 2020; 32(2): 73-85.

Ahmadi F, Kadivar M, Shahedi M. Antioxidant activity of
Kelussia odoratissima Mozaff. in model and food systems.
Food Chem. 2007; 105(1): 57-64.

Zarandi-Miandoab L, Pouriossef F, Razavi S F, Chaparzadeh
N. Phycocyanin, as a cyanobacterial antioxidant: Structure,
function and applications. J Plant Proc Func. 2022; 10(1): 1-22.

Anwer SS, Sdig KH, Muhammad KR, Aladdin LM. Phenolic
compound and fatty acid properties of some microalgae
species isolated from Erbil city. Braz J Biol. 2022; 82:
€256927.

Yu M, Chen M, Gui J, Huang S, Liu Y, Shentu H, He J, Fang
Z, Wang W, Zhang Y. Preparation of Chlorella vulgaris
polysaccharides and their antioxidant activity in vitro and in
vivo. Int J Biol Macromol. 2019; 137: 139-50.

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

12


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.18869/acadpub.ismj.19.2.212
http://dx.doi.org/10.1016/j.cub.2017.05.064
https://doi.org/10.3109/14756360902827240
https://doi.org/10.1007/s13205-016-0411-0
https://doi.org/10.3390/nu9121363
https://doi.org/10.1155/2018/1324739
https://doi.org/10.1186/s42269-018-0016-3
https://doi.org/10.1111/j.1600-065X.2012.01099.x
https://doi.org/10.1038/cr.2011.13
https://doi.org/10.1038/ni.2065
https://doi.org/10.1097/aia.0b013e318034194e
https://doi.org/10.2337/diabetes.54.suppl_2.S97
https://doi.org/10.1016/j.lwt.2018.10.079
https://doi.org/10.9734/jpri/2020/v32i230407
https://doi.org/10.1016/j.foodchem.2007.03.056
http://jispp.iut.ac.ir/article-1-1579-fa.html
https://doi.org/10.1590/1519-6984.256927
https://doi.org/10.1016/j.ijbiomac.2019.06.222

= 000 Research Article
a2

= ::: PISSN: 2345-5357
5' APPLIED FOOD BIOTECHNOLOGY, 2024, 11 (1):e25 eISSN: 2423'4214
food @@ Journal homepage: www.journals.sbmu.ac.ir/afb s )
Biotechnology

Py 595 Jow 0 gubous g SlawwSlas b Juwily :Sdo ) (Jbd cann ) piow

aisy 4l 5

T et s T LSy deze o S ol (5,58 iy o ye7 (g3l A

Oyl eyl dye il olasls ¢ g ) pole 0aSisls (659985 5 09,5 )
Oyl eo)lyes ACECR ¢ jlg, Jie adgs JSGangn duusse o o adgi (559 guodn] Oladss 35 0 -

Ol ol 5 ACECR ol g0l o Jsho (5598 9 (olid o dnmga b pole Slihond 5750 ¢ o585 (owlid Cunj g 50l sl Jolo 09,5 ¥

Ao azmirg 6
YOVE gy # il
AR ERCCR ARPINN
VoYY Yo Vit

Sl o 31y
SheSTas plys @
sabs slic e
Sz, e
Siboske

Jgo O g

S ol (g y58'

pole oaSLails (5 )5ld Cumj 09,5
Sl e s ol oKl ¢ s
1S Sl oy

oty

S g Gilseeanlli oS e
= olsyFends JSeegmannse
Jokw 055 5 olpl «o)l,es ACECR
(285 eobidian s ook sle
S dmnmge o Jolupsletliniod S
Ol sl 555l8 5 (wlid
oalsolel ol ACECR
AAYYAA Y- 20Y

AAYIYFANYA -7

Sy 2SI ey

° .

NF-kB (il slo gl 5 3ol o Nl plapsSlas s L oSl 330 g il
S S5 0 lac SIS b5l Gaa b jol> asdllas wilools lis 055 511 sloasS jlgassl cubsas sl T
Jas 55 TQ (ins: CFP-NTR) 51 sslinal b B islosber s3lil g2 commanil Lissiy ] 5 o 055 Yol

el ) g5 ks & S a5 ol 55

oloriign slaiomiw aind zl il Yeogis; 5l ek dacSida 5, iS5l 59, V0 51 e S Sigy 9 Slgo
Ll 50 (VA0 o YIAY XVYO YO b+ - PUG.MI™) 6 Lac 055668 cale zuiy b Lo s aisu )| 5 ale 5568

p @ 12T .
RSBV NI

2 55 4 el s iy o 5 VA5 Mool o lae 45 0o s s 35 a5 4o g LAl
S50 i e 50 p,5 9,500 VA0 5 YIAY FAIYO Y0 5 ;i oo 5o )5 5,500 VA0 5 VIAY XVYD slaclal
4 el Lo [ 5 ot )5 Vol 0 )lae 2135k e WL aiils B isladsh s3lusl 2 (s)losne
izmed (P <0.05) wi samlive (3,5 A ply 10 8+) i) Lo 13 0,55, YVYD 5 VYO (slo il o oo
arg bols Gles YO« + pgmit cbale po 1, QVIVEYY) SlaSTas codlad o ity o, (05 YL ol o lac
Slpian g oo 1y Loyl o las 51 eaisS gl solitul dacSda 5 ) cpl axg5 BB SlownSTos g oniylojb il il a

el (5975 (od @l b sl i e el 5 (b Slojlas iluainge nlple S

35,05 dlie ol HLasl b e pe xdli o)l g4 g 45 aiiS oo el (Baiay o s@dl0 o 48

' biomass

TN ViV0ss o ol 05 33250 (3 09,0 8 4 slateles] (S

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-
NC 4.0). To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by-nc/4.0/
mailto:f.hosseini@alzahra.ac.ir
mailto:y.tahamtani@royan-rc.ac.ir

