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Abstract: Microalgae exhibit antioxidant, anti-inflammatory effects. In this study, we analyzed the
toxicity of lipid fraction of different taxa of microalgae in female C57BL/6 mice. The number of red
blood cells, white blood cells and subsets, hemoglobin, number, and functional activities of immature
and mature immunocytes, biochemical parameters in blood serum, and kidney and liver extract were
investigated. It is shown that the lipid fraction of microalgae had no acute toxic effect on body weight,
glucose blood levels, and hemopoiesis in mice. Some changes in the number of immature and mature
lymphocytes, proliferative potential, Ig levels, cytokine production were determined. In vivo lipid
fraction of microalgae caused changes in cytokine, protein, lipid, purine, aminotransferases, and sex
hormone level in mice. Obtained data indicate that lipid fraction dietary administration in female
C57BL/6 mice does not have a toxic effect on the animal.
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1. Introduction

Microalgae and cyanobacteria are rich sources of valuable compounds, including
important bioactive and biotechnologically relevant chemicals [1, 2]. Microalgae and
cyanobacteria contain proteins, fats (fatty acids, mono - and polyunsaturated acids, trans fatty
acids), carbohydrates, and vitamins, including groups B, K, E, various carotenoids, and
pigments [3, 4]. For example, the inclusion of a dietary supplement based on Chlorella vulgaris
in mice with cyclophosphane-induced immunosuppression contributed to the restoration of
immunity. Namely, it increases the proliferative potential of lymphocytes, activates
phagocytosis of macrophages, stimulates the cytotoxic activity of natural killer cells and
enhances the production of interleukin (IL) -2, 12, tumor necrosis factor-alpha and gamma
interferon [5]. Arthrospira (Spirulina) platensis is used as a dietary supplement for humans and
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animals, capable of stimulating the antiviral activity of the immune system and increasing the
efficiency of growth by influencing the morphology of the intestine [5]. For example, including
in diet of A. platensis in chickens increases body weight, the titer of antibodies against the ND
vaccine, the length of the villi, and the number of goblet cells in the intestine [5]. The aqueous
extract of Chlorella vulgaris and Arthrospira (Spirulina) platensis oral administration in mice
with glutamate-induced ovarian dysfunction improves oocyte maturation quality and speed [1].
Dietary administration of Chlorella vulgaris, Nannochloropsis oceanica, and Phaeodactylum
tricornutum in mice no have a significant effect on organ weight and length of the intestine [6].
We have previously shown that fucoxanthin isolated from Cylindrotheca closterium (Ehrenb.)
Reimann et Lewin and immobilized on an organosilicon carrier increased the survival and
proliferation of splenocytes and thymocytes in vitro, and in vivo did not cause damage to
enterocytes [4]. Microalgae are a source of exopolysaccharides that can stimulate the
proliferation of immunocytes [7]. The presence of antioxidants in microalgae helps to reduce
the production of proinflammatory cytokines in the skin, which can be used to develop drugs
for the treatment of skin pathology [8]. In a rat model of age-related liver steatosis induced by
D-galactose, the introduction of Dunaliella salina microalgae biomass, polar fraction,
carotenoid fraction, or isolated zeaxanthin geneucosylate per os improved liver functions,
indirectly through the regulation of redox status, markers of inflammation, and apoptosis [9].
It was shown that fucoxanthin isolated from Phaeodactylum tricornutum suppresses the
activation of NF-kB and NLRP3 signaling pathways in bone marrow immunocytes; astrocytes
involved in the synthesis and secretion of proinflammatory cytokines IL-1p, IL-6, and TNF-a
initiated by a combination of lipopolysaccharide and ATP, activating the suppression of the
expression of caspase-1 component of the NLRP3 inflammasome [10].

The purpose of this study was a comparative study of the effect of lipid fraction extract
of microalgae of different taxa on hematopoiesis, immune system, and biochemical parameters
in female C57BL/6 mice.

2. Materials and Methods

The study included green microalgae (Chlorella vulgaris Beijerink and Coelastrella
sp.), cyanobacteria (Arthrospira (Spirulina) platensis (Nordstedt) Gomont), diatoms
(Cylindrotheca closterium (Ehrenb.) Reimann et Lewin), and red (Porphyridium purpureum
(Bory) Drew et Ross). The cultures of microalgae were obtained from the collection of A.O.
Kovalevsky Institute of Biology of the South Seas Russian Academy of Sciences (Sevastopol).
For this purpose, the cultures were grown in flasks on luminostat at 5 klIx, using a cumulative
cultivation method. Nutrient media were used in the work, the composition of which is given
below. As the density of the culture increased, a fresh nutrient medium was added, so they were
supplied until the volume reached 1 L of each type of microalgae. After adaptation, the entire
volume of each of the cultures was used as an inoculum for growing in 2.5 and 10 L flat-panel
photobioreactors (Figure 1a). To build up 10 L of microalgae suspension, a cumulative
cultivation method with active cross-linking by bubbling with air under artificial lighting (15
kIx) with fluorescent lamps was also used. After reaching the stationary growth phase, the
entire volume (10 L) was used as an inoculum to cultivate photobioreactors under artificial
light.

Intensive cultivation of microalgae on a large scale was carried out in open type
photobioreactors (pools) in a greenhouse (44° 36' 54.6" N, and 33° 30" 11.7" E) (Figure 1b).
The enclosed volume of the suspension in each photobioreactor was 254 L (Fugere 1c and 1d).
https://biointerfaceresearch.com/ 6846
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This volume was maintained throughout the experiment by adding tap water to the level
of 254 L. The depth of the suspension was 10 cm. The illuminated surface is 2.54 m2. The
suspension of microalgae in photobioreactors was mixed by means of a mechanical stirrer, the
rotation speed of which was unchanged throughout the day and was 20 rpm. To maintain the
optimal temperature of the suspension, a thermal stabilization system was used, while during
the entire cultivation time, the deviation from the optimal temperature was no more than 3°C.

(b)

- (d)
Figure 1. Photobioreactor for microalgae growth. (a) a Porphyridium purpureum in 2 L flat-parallel
photobioreactor; (b) a 70 L photobioreactors; (c) Arthrospira (Spirulina platensis) in industrial 254 L

photobioreactors; (d) a general view of the industrial photobioreactor (dome).

()

Two methods measured the change in the culture density in the photobioreactor:
measuring the optical density of the suspension in a 0.5 cm cuvette at a wavelength of 750 nm
and weighing the raw residue (algae biomass) on analytical scales after centrifugation of the
suspension in polypropylene tubes at 1600 g for 15 minutes.

Green microalgae and cyanobacteria were grown in the summer. Red and diatom algae
were grown in the autumn-winter period. At the first stage of intensive cultivation of
microalgae in industrial photobioreactors, the cultures were adapted to natural lighting
conditions for two days. For this purpose, the inoculate obtained in the laboratory was diluted
with the fresh nutrient medium in a ratio of 1:3 and placed in an industrial cultivator. To
increase the depth of the suspension and reduce the illuminated surface during adaptation, one
edge of the cultivator was raised by 5 cm so that the entire suspension flowed to the opposite
edge of the cultivator. To exclude the death of an unadapted culture from high illumination,
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the suspension was shaded with a cloth so that the illumination of the working surface was 10-
15 kIx. After adaptation, the cultures were grown in an intensive mode without shading the
working surface of the photobioreactor. As the density of the culture increased, a nutrient
medium was added. The suspension obtained in this way was used as an inoculum for intensive
cultivation in an industrial photobioreactor under natural light.

For the cultivation of freshwater species Chlorella vulgaris (C. vulgaris), Coelastrella
sp., Arthrospira (Spirulina) platensis (A. platensis), standard nutrient media Tamiya and Zarruk
prepared on filtered tap water were used. The Zarruk medium consists of 16.8 g/l NaHCOs3, 0.5
g/L KoHPO4, 2.5 g/L NaNOgs, 1.0 g/L K2SOq4, 1.0 g/L NaCl, 0.08 g/L Na:EDTA, 0.01 g/L
FeSO4 x 7H20, 0.04 g/L CaCl2 x 2H,0, 0.2 g/L MgSO4 x 7H.0 and 1 mL/L a mixture of trace
elements (2.86 g/L HsBOg3, 1.81 g/L MnCl> x 4H,0, 0.222 g/L ZnSO4 x 7H.0, 0.079 g/L
CuSO4 x 5H,0, 0.15 g/L M00Os, 0.02296 g/L NH4V O3, 0.04398 g/L Co(NO3). x 6H-0, 0.096
0/L K2Cr2(SO4)s x 24H20, 0.04785 g/L NiSO4 x 7H20, 0.01794 g/L Na;WO4 x 2H,0 and
0.04 g/L Ti2(SOa)3). The Tamiya nutrient medium included 5.0 g/L KNOg, 2.25 g/L MgSO4 x
7H20, 1.25 g/L KH2POs4, 0.003 g/L FeSO4 x 7H>0, 0.0037 g/L EDTA and 1 mL/L mixtures
of trace elements (2.86 g/L H3BOs3, 1.81 g/L MnCl; x 4H,0, 0.222 g/L ZnSO4 x 7TH20, 0.01764
g/L MoOz and 0.02296 g/L NH4VO3).

For the cultivation of marine species of microalgae, Cylindrotheca closterium (C.
closterium) and Porphyridium purpureum (P. purpureum), RS and Trenkensha nutrient media
prepared on sterile Black Sea water were used. The composition of the RS nutrient medium
included 0.75 g/L NaNOs, 0.0641 g/L NaH2PO4 x 2H20, 0.386 g/L Na»SiOs x 9H0, 0.0872
g/L Na2EDTA, 0.05 g/L FeSO4 x 7H20, 0.0002 g/L CuSO4 x 5H,0, 0.00044 g/L ZnSO4 x
7H20, 0.0002 g/L CoCl, x 6H20, 0.00036 g/L MnCl, x 4H,0 and 0.00012 g/L NaMoOs x
H20. The composition of the Trenkenschu nutrient medium included 1.8 g/L NaNOs, 0.3 g/L
NaH2PO4 x 2H20, 0.37 g/L Na2EDTA, 0.042 g/L FeCsHs07 x 3H20, 0.008 g/L MnCl, x 4H20,
0.00625 g/L Co(NO3)2 x 6H20, 0.00183 g/L (NH4)6M07024 X 4H20, 0.00238 g/L K2Cr2SO4 x
24H,0 and 0.00058 g/L TiOa.

After reaching the stationary growth phase, microalgae suspension from an industrial
photobioreactor was centrifuged at 1600 g for 15 minutes. The liquid was removed, and the
raw algae mass was washed with fresh water to remove the remnants of salts and
exometabolites. The Spirulina suspension was filtered through tissue with pores of 45 microns.
Then they were also washed with fresh water.

To obtain a dry mass of algae, the raw biomass was applied in a thin layer (3-5 mm) on
polyethylene laid on a flat surface and dried in a warm air current (38°C) to a residual humidity
9-10%. The dry mass of algae was stored in a tightly sealed container at -18°C.

2.2. Microalgae oil extract preparation.

Lipid fraction from microalgae of different taxa (5 g per 100 ml of sunflower oil) was
obtained by passive diffusion of biologically active substances in a thermostat (TS-80, Russia)
for 72 hours at 37°C; then, they were impregnated with standard granulated food for rodents
(300 g).

2.3. Animals.

All experiments were performed with the prior approval of the Ethics Committee of
Research Institute of Clinical and Experimental Lymphology-Branch of the Institute of
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Cytology and Genetics RAS, and were conducted in accordance with the principles and
guidelines of the Declaration of Helsinki. Female C57BL/6 mice (25-30 g) were obtained from
a vivarium at the Research Institute of Neuroscience and Medicine (Novosibirsk, Russia) and
maintained under standard conditions (temperature 20-25°C, 12 hours light/dark cycle), and
received water and food ad libitum. The experimental groups were formed in accordance with
the studied microalgae extracts: Chlorella vulgaris Beijerink (Chlorella), Coelastrella
sp.(Coelastrella), Arthrospira (Spirulina) platensis (Nordstedt) Gomont) (Spirulina),
Cylindrotheca closterium (Ehrenb.) Reimann et Lewin (Cylindrotheca), Porphyridium
purpureum (Bory), Drew et Ross (Prophyridium), and control (standard granulated food for
rodents soaked with pure sunflower oil). The sample size in the experimental groups was 5
individuals and 6 individuals in the control group. The animals received food treated with lipid
fraction of microalgae or only sunflower oil for 12 days. Bodyweight was measured on days 0,
7, and 12. The animals were removed from the experiment by dislocation of the cervical spine;
peripheral blood was taken to prepare blood serum, the spleen, thymus, kidneys, and liver were
extracted.

2.4. Hematopoiesis and hemaglobin.

The number of red blood cells (RBC), white blood cells (WBC), the population of WBC
in peripheral blood on days 0, 7, and 12 taken after cutting the tip of the tail was determined
by a standard count in the Goryaev chamber. The leukocyte formula was calculated on a
microscope according to the generally accepted method after staining a blood smear with a
May-Grunwald fixative and subsequent staining according to Romanovsky-Giemsa (Abris+,
Russia). Hemoglobin levels were determined spectrophotometrically using the Hemoglobin-
Novo kit (Vector-BEST, Russia).

2.5. Immunocytes.

The spleen and thymus tissue were crushed into small pieces with eye scissors, then
broken using syringes and needles from large to small diameter, filtered through strainers with
a pore diameter of 80 microns.

2.6. MTT test.

Proliferative potential of splenocytes and thymocytes (108/mL) in medium RPMI 1640
(Biolot, Russia) with the addition of 10% fetal calf serum (Hyclone, USA), 2 mM L-glutamine
(Merck, USA), 5 mM Hepes buffer (Sigma, USA) and 80 mcg/mL gentamicin sulfate
(Dalkhimpharm, Russia) in 24-well flat-bottomed culture plates (TRP, Switzerland) was
evaluated by incubation at 72 hours at 37°C and an atmosphere of 5% CO2/95% air in the
presence of 0 and 10 pg/mL of Concanavalin A (Con A; Sigma, USA). Then, 4 hours before
the end of the experiment, the cells were precipitated by centrifugation at 1500 rpm for 5
minutes, the supernatant was removed and collected in aliquots and stored at -70°C, 100 pL of
medium RPMI 1640 without supplements and 10 pL of 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl-2 N-tetrazolium bromide (MTT, Merck, USA) were added and incubated for 4 hours
at 37°C and an atmosphere of 5% C0O2/95% air. Then 100 pL of dimethyl sulfoxide (DMSO;
Merck, USA) was added to the wells to destroy the cell membrane; the optical density of the
reaction product in the well was evaluated by spectrophotometry at a wavelength of 492 nm
(StatFax 2100, USA).
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2.7. Extract of kidney and liver preparation.

The kidneys and liver were filled with 1 mL of DMSO and destroyed in a homogenizer;
then the resulting mass was centrifuged 10 minutes at 3000 rpm, supernatants were collected
in aliquots and stored at -70°C.

2.8. ELISA.

The levels of IL-1p, IL-10, TNFa were determined in blood serum, conditioned media
from lymphocytes, and extracts of kidney and liver tissues using commercial Kkits Interleukin-
1 beta-ELISA-BEST, Interleukin-10-ELISA-BEST, alpha TNF-ELISA-BEST (Vector,
Russia), according to the manufacturer's instructions. The immunoglobulins (1g) levels of class
G, M, A were studied in blood serum spectrophotometrically using the Immunoscreen-G,M,A-
ELISA-BEST kit (Vector-BEST, Russia) according to the manufacturer's instructions.

2.9. Proteins, lipoproteins, cholesterol, triglycerides, creatine, urea, uric acid, transferases,
blood glucose, and sex hormone detection.

The levels of albumin, protein, low-density lipoprotein cholesterol (LDL-C), high-
density lipoproteins-cholesterol (HDL-C), total cholesterol TC), triglycerol (TG), creatinine,
urea, uric acid, alanine and aspartate aminotransferase (ALT, AST respectively), and sex
hormones (progesterone, testosterone) were determined in biological media using commercial
Vector-BEST Kkits (Russia). Blood glucose was determined using Gluco Calea (wellionvet,
MED TRUST, Austria).

2.10. Nitric oxide determination.

Nitric oxide (NO) production by lymphocytes in blood serum and extracts of kidney
and liver were measured using Griess reagent for nitrite determination (Merck, USA). The
levels of NO were calculated using a sodium nitrite standard curve.

2.11. Statistical analysis.

Data were analyzed by Statistica 10.0 for Windows. In this study, the normality of the
distribution was determined by the w-Shapiro-Wilkes criterion, in tables, the obtained data
were presented as mean + standard deviation (SD), the data were analyzed by one-way analysis
of variance (ANOVA) with a Bonferroni correction (Bonferroni post hoc test) to analyze
differences between groups. If p-values were less than 0.05, it was considered statistically
significant.

3. Results and discussion

3.1. Acute toxicity of lipid fraction of microalgae.

Acute toxicity of the lipid fraction of microalgae of different taxa was studied by
survival, body weight changes, and the effect on hematopoiesis parameters.

We have estimated that the lipid fraction of Cylindrotheca, and Porphyridium after 7
and 12 days of dietary administration possess an increase in body weight compared to other
microalgae but did not significantly differ from the control group of mice (Figure 2a). There
was no significant effect of the lipid fraction of microalgae on blood glucose levels, except for
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an increase on day 7 in the group of Spirulina, and Porphyridium compared to the control
(Figure 2b).

Also, we have no observed significant effect of the lipid fraction of microalgae on the
number of RBC and hemoglobin in mice compared with the control, except for a decrease in
hemoglobin on day 12 in Porphyridium group of mice (Table 1).

While the lipid fraction of microalgae on day 12 decreases the number of WBC in
Chlorella, and Cylindrotheca groups compared with other experimental and control groups (p
< 0.05). The decrease in leukocytes in the peripheral blood of mice is due to a change in the
population composition, mainly granulocytes, and lymphocytes (Table 1). Data indicated no
acute toxicity in mice that received lipid fractions of different taxa of microalgae.
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Figure 2. Effect of the lipid fraction of microalgae on (a) body weight and (b) glucose level in the blood in
female C57BL/6 mice (M+SD). Note: p < 0.05 Twith Chlorella, fwith Coelastrella, owith Spirulina
Cylindrotheca, Owith Porphyridium, *with control.

Table 1. Effect of lipid fraction of microalgae on hematopoiesis (M£SD).

Parameters | Chlorella | Coelastrella | Spirulina | Cylindrotheca | Porphyridium | Control
Day 0

RBC, 10%%/L 4.9+0.2 4.9+0.2 4.9+0.1 4.9+0.1 4.9+0.1 4.9+0.1

Hg, g/L 158.6+3.8 160.4+4.2 159.2+4.3 147.4423.4 158.8+2.8 155.33+5.8

WBC, 10%L 8.8+0.9 9.5%1.8 9.5+2.0 9.0+0.8 9.3+1.6 9.8+1.8
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Parameters Chlorella \ Coelastrella Spirulina | Cylindrotheca | Porphyridium | Control
Day 0
Gr, % 27.0£1.07100¢ | 37.0+1.0 24.0£1.0 36.0+1.0 42.0£1.0 21.0+1.0
M, % 8.0+1.0 8.0+1.0 12.0+1.0 4.0+1.0 8.0+1.0 10.0£1.0
Lym, % 65.0+1.07 56.0£1.0 64.0£1.0 60.0+£1.0 50.0£1.0 69.0£1.0
Day 7
RBC, 10*4/L 4.9+0.1 5.0£0.1 4.840.3 4.6£0.2 4.7£0.3 4.740.3
Hg, g/L 152+10 154.7+4.1 155.4+3.6 157.7+6.4 152.5+3.2 161.0+6.4
WBC, 10°%/L 8.0+2.1 9.6+1.7 9.7+1.6 8.2+2.5 7.7x1.6 9.8+1.6
Gr, % 26.5+0.9 36,0£1.5 23.5£1.0 38.0£1.5 41.5+1.0 24.0£1.0
M, % 7.5+0.9 7.5+1.0 11.5+1.0 4.0£1.0 7.8+1.0 9.5+1.0
Lym, % 66.0£1.0 56.5+1.0 65£1.0 58.0£1.0 50.7£1.0 66.5£1.0
Day 12
RBC, 10%4/L 4.4+0.2 4.6£0.2 4.7£0.2 4.610.1 4.7£0.3 4.740.2
Hg, g/L 162.946.00 162.0+4.10 160.8+4.7¢ | 160.74£2.20 152.5+3.2* 163.945.9
WBC, 10%/L 6.4+1.1+1 8.5£1.00 7.7£0.40 6.4+0.7* 7.7£1.6 7.8£0.4
Gr, % 26.2+1.1710¢ 35.6£1.7f00* | 23.0£1.200 | 36.845.4 41.0+£1.4* 26.5+£5.6
M, % 7.2+0.8f0* 7.4+0.910* 11.2+1.100 | 4.2404 7.6+0.9* 9.5+0.8
Lym, % 66.6+1.5100 57.2£1.9700 65.8£1.900 | 61.0+1.40* 51.4+2.2* 64.2+55

Note: RBC, red blood cells; WBC, white blood cells; Hg, hemoglobin; Gr, granulocytes; M, monocytes; Lym,
lymphocytes. p < 0.05 twith Coelastrella, {with Spirulina, owith Cylindrotheca, Owith Porphyridium, *with
control.

3.2. Effect of the lipid fraction of microalgae on the immune system.

Effect of the lipid fraction of different taxa of microalgae was analyzed based on the
number of immature and mature lymphocytes (thymocytes, and splenocytes respectively),
proliferative activity of lymphocytes, and immunoglobulin (Ig) level in blood serum of mice.

For the most part, after 12 days of the administration, microalgae possess a decrease in
the number of splenocytes compared to the control, except for the Spirulina group, in which an
increase in the number of splenocytes was noted (Table 2).

In addition, there was a decrease in basal proliferative activity in the experimental
groups of mice compared to the control group, especially in the Chlorella group. In response
to the mitogenic stimulus, a significant decrease in the proliferative response was revealed in
Chlorella, Coelastrella, and Spirulina groups compared to the control and other experimental
groups of mice (p < 0.05).

In Chlorella, Spirulina, and Porphyridium groups on Day 12 observed a significantly
increased number of thymocytes compared with other experimental groups and control (p <
0.05).

The lipid fraction of different taxa of microalgae had no significant effect on basal and
mitogen-stimulated proliferative potential of thymocytes except for Cylindrotheca and
Porphyridium groups compared with control (p < 0.05).

We estimated that the lipid fraction of Coelastrella significantly increased blood serum
level of IgG compared with other experimental and control groups (Figure 3). The lipid fraction
of different taxa of microalgae did not significantly affect IgM and IgA levels in blood serum
in mice (p > 0.05).

Data indicated that the lipid fraction of microalgae affected mature and immature
lymphocytes' quantity and quality.
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Table 2. Effect of the lipid fraction of microalgae on thymocytes and splenocytes number and
proliferation(M£SD).
Parameters Splenocytes Thymocytes
Number, Proliferation, OD Number, Proliferation, OD
105/mL basal ConA 108/mL basal ConA
Chlorella 85.7+3.4100* | 0.520.017100* | 0.5+0.017100 60.7+0.9t10* | 0.5+0.01 0.5+0.0100
Coelastrella 86.3+1.2700* | 0.6+0.0100* 0.6+0.01 43.1+0.91¢ 0.5+0.010¢ | 0.5+0.0100
Spirulina 110.9£1.20* 0.6£0.0100* 0.6£0.0100* 55.940.900* | 0.5+0.010¢ | 0.5+£0.010¢
Cylindrotheca 96.3£1.4* 0.7+£0.01* 0.8+0.01 43.0£0.9¢ 0.6+£0.01* 0.6+£0.01*
Porphyridium 98.8+1.8* 0.7+£0.01* 0.8+0.01 61.7+1.2* 0.6+0.01* | 0.6+0.01*
Control 122.8+2.0 0.8+£0.01 0.8+£0.01 44.0£1.3 0.5+£0.01 0.5+£0.01

Note: ConA, Concanavalin A-stimulated proliferation. p < 0.05 twith Coelastrella, fwith Spirulina, owith
Cylindrotheca, Owith Porphyridium, *with control.
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Figure 3. Effect of lipid fraction on 1gG, M, A serum levels in female C57BL/6 mice (M+SD). Note: p < 0.05
*with Coelastrella.

3.3. Effect of the lipid fraction of microalgae on cytokine and nitric oxide levels.

In blood serum and tissues extract (kidney and liver) using ELISA was determined
proinflammatory (IL-1p, and IL-1p), and anti-inflammatory (IL-10), and NO level in mice on

Day 12.

Table 3. Effect of the lipid fraction of microalgae on cytokine and NO level in blood serum and the extract of
kidney and liver in female C57BL/6 mice (M£SD).

Parameters | IL-1B, pg/mL | TNFo, pg/mL | IL-10, pg/mL | NO, micromole/mL
In blood serum
Chlorella 86.9+1.41* 149.1+4.71* 21.540.2;0¢0 55.145.3100
Coelastrella 80.6+3.0% 201.3+25.4100* 21.6+0.400 50.8+0.7100*
Spirulina 120.7+48.6 173.6+30.5 20.9+0.3 47.3+0.200%
Cylindrotheca 95.8+20.8 153.546.7 20.4+0.2 48.3+0.40*
Porphyridium 83.0+7.2 146.8+2.8* 20.7+0.1 96.2+2.4*
Control 80.3+2.8 160.2+2.3 20.9+0.5 52.4+0.1
In kidney extract
Chlorella 78.9+3.91 151.9+12.87 20.6+0.5}0 45.1+0.7500*
Coelastrella 78.4+0.710* 135.9+2.5100* 20.4+0.2%0 45.9+4.4
Spirulina 94.8+13.90 149.4+3.2 21.6+0.6 49.3+0.2*
Cylindrotheca 93.1+13.8¢ 1475484 21.740.6* 50.1+0.8*
Porphyridium 77.7+1.5* 146.7+15.6 20.8+0.5 49.9+0.6*
Control 92.7+9.8 148.2+10.5 20.6+0.4 47.7£04
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Parameters | IL-1B, pg/mL TNFa, pg/mL | IL-10, pg/mL | NO, micromole/mL
In liver extract
Chlorella 80.2+4.200 143.5+3.210* 20.6+0.40* 54.6+0.4100
Coelastrella 84.7+9.0 169.7+17.9 21.0+0.7 53.0+1.030¢0
Spirulina 75.7+£3.50 136.0+5.8* 20.4+0.40* 49.2+0.40*
Cylindrotheca 73.3t1.60* 164.7+18.9* 20.3+0.70* 48.2+1.80*
Porphyridium 83.7¢1.0 171.1+21.0 21.6+0.3 111.3+17.4*
Control 80.7+3.0 152.4+4.5 21.5+0.2 53.9+0.6

Note: p < 0.05 fwith Coelastrella, fwith Spirulina, owith Cylindrotheca, Owith Porphyridium, *with control.

We have indicated an increased level of IL-1f in the blood serum of the Chlorella group
of mice compared with Control (Table 3). While another lipid fraction of microalgae no had a
significant effect on IL-1p level in blood serum compared with control. In Chlorella, and
Porphyridium groups of mice, we observed decreased level of TNFa, and in the Coelastrella
group of mice, an increased level of TNFa compared with the control (p < 0.05). There was no
significant effect of the lipid fraction of different taxa of microalgae on IL-10 level in blood
serum compared with the control group (p > 0.05). While IL-10 level in Chlorella and
Coelastrella groups was significantly higher than in other experimental groups (p < 0.05). In
Coelastrella, Spirulina, and Cylindrotheca groups, there was determined decreased level of
NO, while in Porphyridium group, an increased level of NO compared with control (p < 0.05).

In the kidney, tissues extracted from the Coelastrella and Porphyridium group we
determined decreased of IL-1p level compared with control (p < 0.05). Only in the Coelastrella
group of mice, TNFa level in kidney extract was significantly decreased compared with control
(p < 0.05). At the same time, the IL-10 level in kidney extract of the Cylindrotheca group was
higher than control (Table 3). The NO level in kidney extract from an experimental group of
mice was significantly higher, while in the Chlorella group a significantly lower compared
with the control, while there was no significant difference of NO level in the Coelastrella group
with control.

In liver tissues extracts in the Cylindrotheca group, there was estimated a lower level
of IL-1p compared with control (p < 0.05), while in another experimental group, we observed
no significant effect of the lipid fraction of microalgae on IL-1p level compared with control
(Table 3). In Chlorella and Spirulina groups in liver extract, a significantly decreased level of
TNFa was determined, while in the Cylindrotheca group, an increased level of TNFo compared
with control (p < 0.05). Chlorella, Spirulina, and Cylindrotheca groups decreased IL-10 level
in liver extract compared with control (p < 0.05). The NO level in liver extracts of the Spirulina
and Cylindrotheca groups was lower than in control, while in the Porphyridium group a
significantly higher (p < 0.05).

Table 4. Effect of the lipid fraction of microalgae on cytokine and NO production by lymphocytes (M+SD).

Parameters | IL-1p, pg/mL | TNFa, pg/mL | I1L-10, pg/mL | NO, micromole/Ml
Splenocytes basal level production
Chlorella 75.2+0.90 147.5+2.500 21.5+1.1 40.7+0.6
Coelastrella 78.7+4.2 146.9+4.700 20.9+0.2 40.0£0.2
Spirulina 79.445.8 142.8+3.8 21.3+0.8 40.0+04
Cylindrotheca 82.5+4.0 138.6+1.4 20.0+0.5 40.4+04
Porphyridium 101.2+24.7 137.5%2.2 22.3x1.7* 40.4+04
Control 77.8+3.6 143.6+10.2 20.3+0.2 42.8+3.1
Splenocytes ConA level production
Chlorella 74142 410* 151.2+0.5 20.3+0.5* 39.5+0.5
Coelastrella 79.2+0.6300 149.849.3 20.6+0.21* 39.8+0.1
Spirulina 71.741.20* 146.1+3.2 20.0+0.3* 39.1+0.3
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Parameters IL-1p, pg/mL TNFa, pg/mL IL-10, pg/mL NO, micromole/Ml
Cylindrotheca 102.2+1.40* 172.0+30.6 20.2+0.2* 39.2+0.7
Porphyridium 73.2+0.8* 144.6%10.7 20.3+0.4* 39.3+0.1
Control 82.5+4.0 151.9+#3.9 21.3+0.1 40.0+1.3
Thymocytes basal level production
Chlorella 88.5+2.410* 152.0+£10.6 21.7+0.31* 40.7+0.3
Coelastrella 84.6+0.4* 154.445.410* 21.040.1f0* 41.2+04
Spirulina 92.5+15.2 136.9+3.3 21.6+0.3* 39.9+0.5
Cylindrotheca 83.0+2.9* 161.7£14.2 21.4+0.9* 40.9+0.1
Porphyridium 83.5+0.3* 142.845.3 21.7+0.2* 42.4+2.7
Control 77.5+1.9 1418415 20.3+0.2 43.6+3.3
Thymocytes ConA level production
Chlorella 84.2+2.9100* 145.9+1.7 22.240.670 40.4+0.3
Coelastrella 79.0+1.50 145.1+15 20.9+0.6* 39.8+0.5
Spirulina 90.4+21 143.546.7 24.2+3.5 39.940.600
Cylindrotheca 74.7£1.6 169.2+14.5 20.4+£0.50* 39.0£0.1*
Porphyridium 79.7¢1.9 144.3+3.1 21.5+0.3 39.8+0.7
Control 76.4+1.9 150.2+7.8 21.8+0.2 40.2+0.6

Note: ConA, Concanavalin A-stimulated production. p < 0.05 fwith Coelastrella, with Spirulina, owith
Cylindrotheca, Owith Porphyridium, *with control.

The effect of the lipid fraction of different taxa of microalgae on lymphocytes' cytokine
production was determined using ELISA.

The conditioned medium from splenocytes only in the Porphyridium group determined
increased IL-10 basal production compared with control (Table 4). At the same time, others
observed a significant difference in the IL-1p, TNFa, IL-10, and NO basal production by
splenocytes compared with control (p > 0.05). While in conditioned medium from mitogen-
stimulated splenocytes, there was a decreased level of IL-1p production in Chlorella, Spirulina,
and Porphyridium groups. In the Cylindrotheca group, we observed an increased level of IL-
1B production compared with the control (p < 0.05). Non had estimated a significant difference
in TNFa and NO production by ConA stimulated splenocytes with control (p > 0.05). In
contrast, the production of IL-10 by stimulated splenocytes in experimental groups of mice was
significantly lower than in control (p < 0.05).

In conditioned medium from thymocytes, increased basal IL-1B production in
experimental groups expect Spirulina group (Table 4). Only in the Coelastrella group, we
observe increased basal production of TNFa, while other experimental groups had no
significant difference from control. 1L-10 basal production by thymocytes in all experimental
groups was higher than in control (p < 0.05). Non had observed difference in NO basal
production by thymocytes compared with control (p > 0.05). Only in the Chlorella group did
we determine increased ConA-stimulated IL-1B production by thymocytes compared with
control. Non had observed a significant difference in TNFa and NO production by mitogen-
stimulated thymocytes compared with control expect in the Cylindrotheca group. In
conditioned medium from ConA-stimulated thymocytes in Coelastrella and Cylindrotheca, we
determined a significant difference in IL-10 production compared with control (p < 0.05).

Data indicated that lipid extract of different taxa of microalgae affected mice's cytokine
basal or mitogen-stimulated production by immature and mature lymphocytes.

3.4. The lipid fraction of microalgae affects protein, lipid, and purine metabolism.

Using ELISA, we studied the effect of the lipid fraction of different taxa of microalgae
on protein, lipid, and purine metabolism in mice.
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In the blood serum of mice, there was decreased albumin in Chlorella, Coelastrella,
Spirulina, and Cylindrotheca, while it increased in the Porphyridium group compared with
control (Table 5). The protein levels in blood serum were elevated in experimental groups
compared with control (p < 0.05).

In kidney and liver tissues extracted from experimental groups, we determined a
significantly higher protein level than control (p < 0.05).

Table 5. Effect of the lipid fraction of microalgae at protein status in female C57BL/6 mice (MzSD).

Parameters Blood serum Protein(2) in tissue extract, g/L
Albumin, g/L Protein(1), g/L Protein(2), g/L | Kidney Liver
Chlorella 32.240.21100* 67.6+0.17100* 0.5+0.0110* 0.5240.011fo0* 0.64+0.011{o0*
Coelastrella 37.3+0.03;00* 64.1+0.10* 0.52+0.0110 0.5+0.01100* 0.69+0.01}0*
Spirulina 33.940.10* 65.7+1.2* 0.54+0.0100* 0.66+0.010* 0.58+0.0100*
Cylindrotheca 33.9+0.10* 64.4+0.20* 0.49+0.010* 0.62+0.04* 0.5+0.010*
Porphyridium 48.7£0.1* 66.4+0.1* 0.7440.07* 0.6+0.01* 0.740.07*
Control 36.5+0.2 62.3+0.07 0.52+0.01 0.540.01 0.55+0.01

Note: Protein(1), a protein detected by interaction with copper ions; Protein(2), a protein detected by interaction
with pyrogallol red. p < 0.05 § with Coelastrella, fwith Spirulina, owith Cylindrotheca, Owith Porphyridium,
*with control.

In blood serum from experimental groups, an increased level of LDL-C and HDL-C
was determined compared with control (Table 6). Chlorella, Coelastrella, and Spirulina groups
decreased TC levels compared with control, while Cylindrotheca and Porphyridium groups had
no estimated difference with control. TG increased in Coelastrella and Porphyridium groups
compared with control (p < 0.05).

Table 6. Effect of the lipid fraction of microalgae on lipid status in blood serum in female C57BL/6 mice

(M£SD).
Parameters LDL-C, mmole/L HDL-C, mmole/L TC, mmole/L TG, mmole/L
Chlorella 1.840.017%00* 3.4+0.17100* 2.1+0.0100* 1.6£0.0110
Coelastrella 2.840.01f0* 4.0£0.100 2.140.0100* 2.040.200*
Spirulina 2.3+0.010* 3.940.100* 2.1+0.0100* 1.940.3
Cylindrotheca 1.9+0.010* 4.140.10 2.240.01 1.6+0.010
Porphyridium 3.0+0.7 4.5+0.01* 2.2+0.01 1.940.01*
Control 3.2+0.4 4.240.1 2.2+0.01 1.6+0.01

Note: LDL-C, low-density lipoproteins-cholesterol; HDL-C, high-density lipoproteins-cholesterol; TC, total
cholesterol; TG, triglycerol. p < 0.05 twith Coelastrella, {with Spirulina, owith Cylindrotheca, Owith
Porphyridium, *with control.

Table 7. Effect of the lipid fraction of microalgae on markers of protein and purine metabolism in blood serum
and kidney tissue extract in female C57BL/6 mice (MSD).

Parameters | Creatinine, mmole/L ‘ Urea, mmole/L ‘ Uric acid, mmole/L
In blood serum
Chlorella 24.6+0.010 7.6£0.1700* 497 447 .40
Coelastrella 24.940.20* 7.8+£0.0110* 472.8+7.4500*
Spirulina 33.247.7 7.4+0.0100* 488.3+1.100*
Cylindrotheca 33.2+6.5 7.840.10* 493.5+1.10
Porphyridium 33.9+2.8* 10.0+0.01* 617.2+4.8*
Control 26.4+0.7 8.1+0.1 494.8+2.1
In Kidney extract
Chlorella 23.8+0.1f00* 9.2+0.0111o0* 479.942.61100
Coelastrella 23.7+0.01100* 6.7+0.01f00* 495.543.7100*
Spirulina 24.2+0.100 6.940.100* 512.3+9.000*
Cylindrotheca 30.1+2.8* 8.0+0.010* 463.7£1.10*
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Parameters Creatinine, mmole/L Urea, mmole/L Uric acid, mmole/L
Porphyridium 24.7+0.11100* 7.1+0.01 484.5+7.4
Control 24.3+0.2 7.2+0.1 476.7+4.2

Note: p < 0.05 twith Coelastrella, fwith Spirulina, owith Cylindrotheca, Owith Porphyridium, *with control.

The marker of protein metabolism (creatinine, urea) in blood serum indicated increased
level in Coelastrella and Porphyridium groups of the creatinine compared with control, while
we observed decreased level of the urea in Chlorella, Coelastrella, Spirulina, and
Cylindrotheca groups and increased level in Porphyridium compared with control (Table 7).
In kidney tissue extract, creatinine was decreased in Chlorella, Coelastrella, and increased in
Cylindrotheca and Porphyridium compared with control (p < 0.05). Urea level in the
Coelastrella, Spirulina groups' kidney extract was decreased, and Chlorella and Cylindrotheca
groups were increased compared with control (p <0.05).

The marker of purine metabolism in the Coelastrella and Spirulina groups' blood serum
was decreased, while in the Porphyridium group were increased compared with control (Table
7). In addition, the kidney tissue extracts of the Coelastrella and Spirulina groups were
increased, while in the Cylindrotheca group were decreased compared with the control (p <
0.05).

Data indicated that the lipid fraction of microalgae had effects on protein, lipid, and
purine metabolism in mice.

3.5. Effect of the lipid fraction of microalgae on aminotransferase activity.

In blood serum and liver tissue extract, we determined the activity of transferase using
ELISA.

The lipid fraction of Porphyridium significantly increased ALT and AST activity in
blood serum and liver tissue extract compared with other groups (Figure 4). Data have shown
an adverse effect of Porphyridium on transferase activity in mice.

300
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50
0
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In blood serum In liver extract
m Chlorella = Coelastrella Spirulina

Cylindrotheca ®m Porphyridium = Control

Figure 4. Effect of the lipid fraction of microalgae on alanine and aspartate aminotransferase level in blood
serum and liver extract in female C57BL/6 mice. ALT, alanine aminotransferase; AST, aspartate
aminotransferase. p < 0.05*with Porphyridium.
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3.6. Effect of the lipid fraction of microalgae on sex hormone.

Using ELISA in the blood serum of mice, we determined testosterone and progesterone
levels.

The lipid fraction of Chlorella, Spirulina, and Cylindrotheca significantly increased
testosterone in blood serum, while lipid fraction of Spirulina and Cylindrotheca significantly
decreased progesterone level in blood serum of female C57BL/6 mice compared with other
groups (Figure 5). Data indicate that microalgae may influence sex hormone balance in female
mice.
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Figure 5. Effect of the lipid fraction of microalgae on sex hormone status in female C57BL/6 mice. p < 0.05
twith Chlorella, {with Coelastrella, owith Spirilina, Owith Cylindrotheca,*with Porphyridium, ©with control.

3.7. Correlation.

In Chlorella group estimated correlation between blood serum level of IL-1f and IL-
1B in liver tissues extract (R=-0.9, p=0.037); between blood serum level of I1L-10 and IL-10
level in kidney and liver tissues extract (R=-0.97, p=0.0048) and between blood serum level of
TNFa and TNFa level in kidney tissues extract (R=0.97, p=0.0048).

In Coelastrella group found a correlation and between blood serum levels of TNFa and
TNFa levels in liver tissues extract (R=0.9, p=0.037); between testosterone and progesterone
level (R=-0.9, p=0.037); between IgG and IgA (R=-0.9, p=0.037).

In Spirulina group estimated correlation between and between blood serum level of
TNFa and TNFa level in liver tissues extract (R=-0.9, p=0.037); between IgM and IgA (R=-
0.9, p=0.037).

In Cylindrotheca group found a correlation between NO level in blood serum and NO
level in kidney and liver tissues extract (R=0.97, p=0.0048, and R=-0.97, p=0.0048
respectively); between IL-1f in blood serum and IL-1p level in kidney tissues extract (R=0.97,
p=0.0048); between IL-10 level in blood serum and IL-10 in kidney tissues extract (R=0.97,
p=0.0048); between TNFa level in blood serum and TNFa level in liver tissues extract (R=0.9,
p=0.037).

In the Porphyridium group estimated correlation between IL-1f in blood serum and IL-
1B level in kidney tissues extract (R=0.9, p=0.037); between TNFa level in blood serum and
TNFa level in liver tissues extract (R=0.97, p=0.014); between testosterone and progesterone
(R=-0.94, p=0.013).
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In the control group between IL-1p in blood serum and IL-1p level in kidney and liver
tissues extract (R=0.97, p=0.0013, and R=-0.98, p=0.0003 respectively); between I1L-10 level
in blood serum and IL-10 level in kidney tissues extract (R=-0.92, p=0.008); between TNFa
level in blood serum and TNFa level in liver tissues extract (R=-0.88, p=0.019); between
testosterone and progesterone (R=0.92, p=0.007).

Data reflect correlations between serum level of cytokines and their level in kidney and
liver tissues and the presence of a balance between sex hormones.

4. Discussion

This study showed that lipid fraction of different taxa of microalgae had no acute
toxicity after dietary administration during the 12-th day in mice based on body weight, glucose
blood level, and hematological signs, such as RBC hemoglobin, WBC, and WBC subsets. In
addition, we found that the lipid fraction of microalgae in common decreased the number of
mature lymphocytes (splenocytes), increased the number of immature lymphocytes
(thymocytes), and influenced Ig levels in blood serum. The lipid fraction of microalgae had an
effect on cytokine levels in blood serum, tissues extract (kidney and liver), and basal and
mitogen-stimulated production by lymphocytes. Moreover, we showed that the lipid fraction
of microalgae influenced protein, lipid, and purine metabolism. In addition, we found that the
lipid fraction of different taxa of microalgae affected transferase activity and sex hormone
levels in mice.

Microalgae are a resource of bioactive molecules with antioxidant, anti-inflammatory
activities [11-14]. Recent studies have reported that Spirulina dietary treatments of the chicken
facilitated increased body weight, and Chlorella vulgaris caused increased growth of Nile
tilapia (Orechromisniloticus niloticus) [5, 15]. Moreover, Chlorela vulgaris, Nannochloropsis
oceanica, and Phaeodactylum Tricornutum intake by mice during 14 days had no toxic effect
[6]. Previous studies have shown that Chlorella vulgaris in mice restored granulocyte-
macrophage colony-forming binding ability in tumor-bearing mice, and mice exposed to stress
Chlorela vulgaris treatment prevented myelosuppression [16, 17]. Porphyridium cruentum in
Litopenaeus vannamei shrimp increased the number of hemocytes, phagocytosis and reactive
oxygen species production [18]. Spirulina platensis in patients with HIV-1 has the ability to
increase the number of CD4 cells after treatment [19]. Recent studies have reported that
Parachlorella kessleri HY 1 (Chlorellaceae) heterotrophic mutant green algae activated T- and
B-cells [20]. Exopolysaccharides of Chlorella sp. induced NO, TNFa, and IL-6 production by
macrophage RAW264.7, while Chlorella vulgaris treatment in cyclophosphamide-induced
immunosuppression in mice increased splenocytes proliferation, NK cytotoxicity, peritoneal
macrophage proliferation and phagocytosis, IL-2, IL-12, TNF-o and IFN-y expression in
splenocytes, and production by splenocyte IL-2, 1L-12, TNF-a and IFN-y [21, 22]. Spirulina
platensis oral administration in diabetic rats reduced the level of malondialdehyde, ALT, AST,
TNFa, and IL-6 [23]. In rabbits Chlorella vulgaris reduced ALT activity, decreased serum
triglycerides, very-low-density lipoproteins, and malondialdehyde [24]. Scenedesmus obliquus
intake in mice had no toxic effect on the liver, and in dosage 0.25 mg/kg™ had no caused
changes in total cholesterol, triglycerides, low- and high-density lipoproteins in blood serum
[25]. Oral administration in rats of Tisochrysis lutea did not affect ALT, while TC, LDL-C
increased and had no effect on HDL-C, and TG levels [26]. Recent studies have shown that the
microalgae diet in pigs from the 75th day of pregnancy had not caused changes in cortisol
levels [27]. Green microalgae Dunaliella salina administration in Boer goats for 11 days
https://biointerfaceresearch.com/ 6859
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increased in number and size of ovarian follicles and corpus lutea, progesterone, estrogen,
follicle-stimulating hormone, and luteinizing hormone higher during the estrous cycle, while it
decreased total protein, albumin, AST and ALT in blood serum [28].

5. Conclusions

Therefore, these studies confirm our current findings that lipid fraction of different taxa
of microalgae might influence immunocyte quantity and quality and have no significant
adverse effect on mice.
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