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Abstract: The effect of extracts of cyanobacteria and microalgae from various taxa and habitats on the 

establishment of immunity" phenomena in macrophages of C57Bl/6 mice was studied. Peritoneal 

macrophages were stimulated with an intraperitoneal dose of 1 ml/mouse 4% starch solution or 0.5 

mg/mouse BCG vaccination. The metabolic shift in macrophages (glycolysis, lactate production) and 

the generation of NO and reactive oxygen species were used to determine the "trained immunity" 

phenomena. In mouse macrophages, glycolysis, lactate synthesis, NO, and the creation of reactive 

oxygen species were affected by cell pre-priming, cyanobacteria, and microalgae type. The combination 

of extracts and lipopolysaccharide increased NO production by macrophages in unprimed cells, but 

priming with BCG vaccination resulted in increased glycolysis and suppression of lactate synthesis, and 

the opposite pattern was observed when macrophages were primed with starch. As a result, we found 

no evidence of a typical metabolic rearrangement in peritoneal macrophages from C57Bl/6 mice. 

Keywords: cyanobacteria; microalgae; macrophage; glycolysis; lactate; nitric oxide; reactive oxygen 

species. 
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1. Introduction 

After initial encounters with pathogens, BCG vaccination, or β-glucan, macrophages 

(Mf) develop "trained immunity" (TI) through epigenetic and metabolic changes [1-4].  

Through interaction with TLR2 and TLR4, Algal polysaccharides can also cause TI in Mf. 

Thus, in vitro, algal extracts exert a short-term anti-inflammatory effect in pig peripheral blood 

monocytes and alveolar Mf while inhibiting viral multiplication [5]. The ability of 

cyanobacteria and microalgae to create the phenomena of TI has not been studied. The study 

sought to evaluate the effect of cyanobacteria and microalgae extracts on the generation of TI 

in male C57Bl/6 Mf in vitro. 

2. Materials and Methods 

2.1. Plant material. 

The cyanobacteria and microalgae from a variety of systematic groups that were 

collected from the A.O. Kovalevsky Institute of Biology of the Southern Seas of the RAS and 

cyanobacteria from the cave (Roholtiella mixta sp. nov.) were used in this experiments for 
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induction of TI in mouse Mf. The marine cyanobacteria Leptolyngbya cf. ectocarpi (L. 

ectocarpi) and freshwater cyanobacteria Planktothrix agardhii (P. agardhii) and Arthrospira 

(Spirulina) platensis (A. platensis), and soil cyanobacteria Roholtiella mixta sp. nov. (R. mixta 

sp. nov.), diatoms Nanofrustulum shiloi (N. shiloi) and green microalgae Tetraselmis 

(Platymonas) viridis Rouchijanen (T. viridis) were include in study. 

2.2. Preparation of cyanobacteria and microalgae extracts. 

The 1 g of dried biomass of cyanobacteria and microalgae was mixed with 1% dimethyl 

sulfoxide solution (DMSO), and bioactive molecules were extracted by passive diffusion for 

24 hours at 37℃. Next, the suspension of cyanobacteria and microalgae in 1% DMSO solution 

was precipitated for 10 minutes at 3000 rpm and filtered through millipore syringe tips (Merck, 

USA). 

2.3. Induction of trained immunity in mice. 

Studies with laboratory animals were carried out in compliance with humane treatment 

standards and with the consent of the local ethical committee of Novosibirsk Tuberculosis 

Research Institute of the Ministry of Health of Russia (protocol No. 56 of May 27, 2023).  

Resident peritoneal Mf (pMf) "primed" with 1 mL/mouse of 4% starch solution or 0.5 

mg/mouse of BCG vaccination strain (Microgen, Russia) intraperitoneally were collected from 

abdominal cavity lavage fluid. 106 pMf/well in RPMI 1640 nutrient medium (Biolot, Russia) 

supplemented with 10% FCS (Hyclone, USA), 2 mM L-glutamine (Merck, USA), 5 mM 

HEPES buffer (Sigma, USA), and 1% antibiotic/antimycotic (Invitrogen, USA) were added to 

24-well flat-bottom plates (TPP, Switzerland) for 24 hours at 37℃ and 5% CO2. Non-adherent 

cells were removed, and a fresh medium was added for 72 hours. The medium was changed, 

and a 1% extract of cyanobacteria and microalgae without and with 100 ng/mL LPS (Sigma, 

USA) was added to a part of the wells at 100 µL each.  

After 24 hours, the conditioned medium was collected to analyze glucose consumption 

and lactate generation using commercial kits Lactate-Novo and Glucose-Novo (Vector-Best, 

Russia), as well as persistent nitric oxide (NO) metabolites using Griess reagent on a 

spectrophotometer.  

After adding 100 μL of 0.2% nitro blue tetrazole solution (NST, Sigma, USA) to the 

remaining pMf in the wells for 30 minutes, the reagent was removed, and the wells were 

washed. Next, 100 μL of dimethyl sulfoxide/10% KOH mixture (Sigma, USA) was added, and 

the intensity of the reaction was evaluated spectrophotometrically (INNO-S, LTek, South 

Korea).  

2.4. Statistical analysis. 

The data was statistically processed using the Statistica 10 application. The data was 

evaluated for normal distribution using the Shapiro-Wilks w-criterion. Mean and standard 

deviation (M±SD) were used in the tables. One-factor analysis of variance (ANOVA) with 

Bonferroni correction was used to assess statistical significance between samples. P-values < 

0.05 were accepted. 
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3. Results and Discussion 

3.1. The effect of cyanobacteria and microalgae DMSO extracts on resident peritoneal 

macrophages activity. 

Previously, we demonstrated the existence of carbohydrates in the composition of 

cyanobacteria and microalgae, with concentrations ranging from 50 to 340 mg/g dry biomass 

[6]. Increased glycolysis and lactate production are some of the indications of TI in Mf [2].  

Including 1% cyanobacteria and microalgae extracts in the nutritional medium had 

varying impacts on the amount of glucose absorbed by resident Mf. Thus, extracts from 

cyanobacteria L. carpii and R. mixta considerably reduced glycolysis, whereas other 

cyanobacteria T. agardhii and A. platensis, as well as microalgae T. viridis and N. shiloi, 

boosted glycolysis by Mf (Table 1). 

Table 1. Effect of DMSO extracts from cyanobacteria and microalga on resident peritoneal macrophage.  

Parameter

s 

Control Cyanobacteria Microalgae 

L. ectocarpi R. mixta T. agardhii A. platensis T. viridis N. shiloi 

Glycolisis (mM) 

Basal  5.36±0.02 5.63±0.05* 5.16±0.06* 8.77±0.15* 4.97±0.03* 4.98±0.04* 4.75±0.05* 

LPS 5.31±0.04 4.1±0.04*# 4.82±0.01*# 8.82±0.14* 5.62±0.04*# 4.85±0.03* 5.39±0.04# 
Lactate (mM) 

Basal  2.39±0.01 5.09±0.02* 1.55±0.01* 2.52±0.02* 2.54±0.01* 4.59±0.03 * 2.51±0.03* 

LPS 6.2±0.9# 5.23±0.02#* 1.64±0.01*# 2.17±0.02*# 2.22±0.01*# 3.51±0.01*# 1.86±0.01*# 

NO (micromole/mL) 

Basal  4.47±0.05 17.38±0.24* 5.67±0.05* 13.03±1.95* 17.77±0.28* 5.54±0.09* 5.42±0.14* 

LPS 4.65±0.05# 18.6±0.3*# 5.48±0.05*# 13.64±0.54* 20.51±0.32*# 5.73±0.42* 5.14±0.05*# 

Generation of reactive oxygen species (OD at 630 nm) 

Basal  0.1±0.001 0.1±0.001 0.1±0.001 0.12±0.001* 0.1±0.001 0.15±0.001* 0.11±0.001 
LPS 0.11±0.001# 0.12±0.001*# 0.1±0.001 0.1±0.001# 0.1±0.001 0.15±0.001* 0.1±0.001# 

Data are expressed as mean, standard deviation (n=3), and significant differences at P < 0.05 *with basal or 

LPS-stimulated level; #with LPS-stimulated level. LPS, lipopolysaccharide. 

At the same time, when macrophages are stimulated by LPS, extracts of most 

cyanobacteria and microalgae, except for cyanobacteria T. agardhii and A. platensis, 

dramatically accelerate glycolysis. 

Increased lactate generation by innate immune cells is another important hallmark of 

metabolic rearrangement in TI [1, 2]. Resident mouse pMf produces considerably more lactate 

in response to LPS stimulation. Non-primed pMf produce more lactate in response to 

cyanobacteria and microalgae extracts, with the exception of the cyanobacterium R. mixta. 

However, in the presence of LPS, lactate generation by resident pMf is considerably decreased. 

Nitric oxide, an antibacterial chemical produced by innate immune cells, is also higher 

in cells with the TI phenotype [1]. In control macrophages, LPS stimulation does not 

considerably boost NO synthesis. In contrast, cyanobacteria and microalgae extracts in the 

nutritional medium, both in the absence and presence of LPS, greatly stimulate NO production. 

It was discovered that macrophages with the TI phenotype produce more reactive 

oxygen species (ROS), which are important for cell antibacterial activity [1]. LPS has been 

found to increase the production of ROS by resident mice peritoneal macrophages, except for 

T. viridis, cyanobacteria, and microalgae extracts had no significant effect on the production of 

ROS. 
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3.2. The impact of extracts from cyanobacteria and microalgae on BCG-primed 

macrophages.  

The creation of long-term non-specific immunological memory for the BCG vaccine in 

myeloid cells is well documented; however, it has not survived for more than a year. On the 

other hand, it has been discovered that BCG-vaccinated individuals, particularly newborns, 

may withstand viral infections better and die from them less frequently. This encourages the 

hunt for active biological compounds that can enhance the effect of the BCG vaccine on TI 

development [1]. 

Table 2. Impact of DMSO extracts from cyanobacteria and microalgae on peritoneal macrophages with Trained 

immunity induced by BCG vaccine. 

Parameters Control Cyanobacteria Microalgae 

L. ectocarpi R. mixta T. agardhii A. platensis T. viridis N. shiloi 

Glycolisis (mM) 

Basal  5.65±0.

3 

5.31±0.02* 5.72±0.03* 6.15±0.02* 5.51±0.01* 4.46±0.04* 5.06±0.03* 

LPS 5.11±0.

01# 

5.4±0.05*# 5.42±0.21*# 5.73±0.05*# 5.56±0.01*

# 

4.71±0.02*# 5.31±0.02*# 

Lactate (mM) 

Basal  3.03±0.
01 

4.43±0.02* 1.87±0.01* 2.61±0.02* 4.56±.13* 4.93±0.04* 3.35±0.03* 

LPS 4.43±0.

18# 

4.26±0.02# 1.89±0.02* 3.59±0.21*# 2.78±0.29*

# 

5.37±0.03*# 4.31±0.05# 

NO (micromole/mL) 

Basal  5.02±0.

37 

18.29±0.18* 5.79±0.11* 12.78±0.19* 18.54±0.59

* 

7.76±0.33* 5.94±0.05* 

LPS 5.82±0.

18# 

21.11±0.14*

# 

5.91±0.16 14.94±0.23*

# 

20.27±0.9*

# 

7.52±0.32* 5.48±0.05*# 

Generation of reactive oxygen species (OD at 630 nm) 

Basal  0.1±0.0

01 

0.11±0.001* 0.08±0.001* 0.08±0.001* 0.12±0.001

* 

0.12±0.001* 0.09±0.00* 

LPS 0.12±0.
001# 

0.12±0.001# 0.09±0.001*
# 

0.1±0.01*# 0.12±0.001 0.11±0.001*
# 

0.11±0.001*
# 

Data are expressed as mean, standard deviation (n=3), and significant differences at P < 0.05 *with basal or 

LPS-stimulated level; #with LPS-stimulated level. LPS, lipopolysaccharide. 

To that goal, we primed mice peritoneal macrophages with BCG vaccination and 

assessed the influence of extracts from tested cyanobacteria and microalgae on key indicators 

of TI cell phenotype development (Table 2). 

In contrast, in controls, BCG vaccine-primed macrophages markedly reduced 

glycolysis while increasing lactate synthesis, NO production, and the creation of ROS in 

response to LPS stimulation. 

Only the cyanobacteria R. mixta and A. platensis inhibited glycolysis of macrophages 

in the absence of LPS, but other cyanobacteria and microalgae, on the contrary, boosted glucose 

absorption by macrophages. Except for T. viridis, most cyanobacteria and microalgae did not 

increase macrophage glycolysis in the presence of LPS. 

At the same time, cyanobacteria and microalgae, with the exception of R. mixta and T. 

agardhii, dramatically boosted lactate generation by macrophages in the absence of LPS, 

whereas the presence of LPS in the culture medium reduced lactate production. 

We observed an increase in NO production by macrophages in the absence and presence 

of LPS in the nutritional medium in response to cyanobacteria and microalga extracts. In 

addition, cyanobacteria and microalgae extracts had no significant effect on the formation of 

ROS. 
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3.3. The effect of cyanobacteria and microalgae extract on starch hydrolysate primed 

macrophages. 

Cyanobacteria and microalgae extracts increased glycolysis of primed hydrolyzed 

starch macrophages in the absence and, to a lesser extent, in the presence of LPS in the culture 

medium (Table 3). 

Table 3. Effect of DMSO extracts from cyanobacteria and microalgae on peritoneal macrophages primed with 

4% starch solution.  

Parameters Control Cyanobacteria Microalgae 

L. ectocarpi R. mixta T. agardhii A. platensis T. viridis N. shiloi 

Glycolisis (mM) 

Basal  5.65±0.05 4.47±0.48* 5.53±0.07 5.09±0.06* 5.08±0.06* 4.67±0.04* 4.82±0.05* 

LPS 6.8±0.05# 5.03±0.05*# 5.58±0.06*
# 

4.98±0.05* 5.08±0.06* 4.28±0.05*
# 

4.55±0.04*# 

Lactate (mM) 

Basal  3.79±0.01 7.31±0.02* 3.85±0.08 5.02±0.02* 5.6±0.01* 6.35±0.02* 5.98±0.02* 

LPS 4±0.28 6.64±0.03*# 5.78±0.24*

# 

5.01±0.19* 5.47±0.0*# 8.19±0.1*# 6.24±0.03*# 

NO (micromole/mL) 

Basal  4.68±0.05 18.17±0.3* 5.7±0.05* 12.13±0.14* 17.03±0.59* 5.76±0.05* 5.42±0.14* 

LPS 5.88±0.11# 16.51±0.14*
# 

5.33±0.05*
# 

5.24±0.14*# 17.46±0.67* 7.58±0.16* 13.03±0.33*
# 

Generation of reactive oxygen species (OD at 630 nm) 

Basal  0.13±0.001 0.14±0.001* 0.18±0.001

* 

0.11±0.001* 0.18±0.01* 0.14±0.001

* 

0.14±0.001* 

LPS 0.16±0.001

# 

0.12±0.001*

# 

0.18±0.001

* 

0.12±0.001*

# 

0.19±0.001*

# 

0.14±0.001

* 

0.15±0.001*

# 

Data are expressed as mean, standard deviation (n=3), and significant differences at P < 0.05 *with basal or 

LPS-stimulated level; #with LPS-stimulated level. LPS, lipopolysaccharide. 

Furthermore, extracts of cyanobacteria and microalgae increased the synthesis of 

lactate, NO, and, in most cases, ROS by starch-primed mouse macrophages in the absence and 

presence of an LPS stimulus in the culture medium, respectively. 

Our study included cyanobacteria and microalgae from various taxonomic groups and 

environments. We discovered that the degree of glycolysis by unprimed mouse pMf varied 

according to the type of cyanobacteria and microalgae. At the same time, pMf mice primed 

with BCG vaccination or starch showed lower glycolysis intensity only in the presence of P. 

agardhii extract in the medium. The decrease in pMf glycolysis intensity could be attributed to 

the fact that the total sugar content of the culture medium rose by at least 1 mM in the presence 

of cyanobacteria and microalgae extracts when compared to the control parameter. This 

resulted in a decrease in lactate production by unprimed mouse pMf. Still, BCG vaccination 

primed mouse pMf increased lactate production in response to stimulation with cyanobacteria 

and microalgae extracts without an LPS stimulus. This could be due to the fact that 

polysaccharides found in cyanobacteria and microalgae extracts can act as a second stimulus, 

and the addition of LPS causes resistance to form in pMf, resulting in a decrease in metabolic 

rearrangement. 

In contrast, starch priming of mice pMf increases lactate production in spontaneous and 

LPS-stimulated testing, most likely due to a lack of competition between polysaccharide and 

LPS stimuli. 

Most cyanobacteria and microalgae increase NO production through pMf. Still, no such 

effect was observed in ROS synthesis except for P. viridis extract, which may indicate the 

antibacterial potential of such cells. The decrease in ROS generation could be attributed to the 

presence of vitamins, polysaccharides, and trace elements in cyanobacteria and microalgae 

extracts, all of which function as antioxidants.  
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Microalgae produce autotrophs, which are considered a source of a wide range of 

biologically active compounds such as proteins, lipids, and carbohydrates used in various 

industrial applications. Unsaturated fatty acids such as docosahexaenoic acid and 

eicosapentaenoic acid have been detected in the lipid composition of microalgae, and they 

influence the antibacterial, anti-inflammatory, and immunological responses of humans and 

animals [7]. Innate immunity is the initial line of defense for humans and animals against 

infectious diseases. There is evidence of the effect of microalgae on the inflammatory response; 

however, the mechanisms behind the therapeutic action have not been thoroughly studied. β-

glucans boost immune function and resistance to infections [8].  

Cyanobacteria and microalgae contain substantial amounts of polysaccharides, which, 

like lipopolysaccharides, can stimulate an immunological response in immunocytes. 

Exopolysaccharides produced by cyanobacteria and microalgae have immunostimulatory 

properties [9]. For example, sulfated polysaccharides from the filamentous microalgae 

Tribonema sp., predominantly galactose, stimulate RAW264.7 macrophages to generate IL-6, 

IL-10, and TNF-α [10]. Exopolysaccharides from Dunaliella salina as ethyl acetate fraction 

stimulated IFN-γ, TNF-α, and TGF-β production by peripheral blood mononuclear cells and 

RAW 264.7 macrophages [11]. Some polysaccharides are classified as "biological response 

modifiers", which are biomolecules that boost the immune response and can come from various 

sources. Chemical analysis of polysaccharides isolated from the marine diatom alga 

Conticribra weissflogii revealed the presence of (1 → 3)-linked β-D-glucan with a low 

proportion of C-6 substitution by single β-glucose units, which enhanced the phagocytic 

potential of macrophages against glioblastoma cell lines (U87 MG and U251) and RAW 264.7 

macrophages [12]. 

We did not chemically analyze the extracts for cyanobacteria or microalgae β-glucans. 

However, it has been previously proven that cyanobacteria and microalgae have a considerable 

amount of carbohydrates, which may include β-glucans [6]. At the same time, different 

carbohydrates can influence the immune system's cell function. Studies conducted by other 

authors support this. Tribonema microalgae can accumulate chrysolaminarin (polysaccharide), 

which at a concentration of 1 mg/mL induces phagocytosis and mRNA production of IL-1β, 

IL6, TNF-α, and Nos2, increases phosphorylation of p-65, p-38, and JNK in NF-κB and MAPK 

signaling pathways [13]. 

Lipids also affect the functional features of immune system cells. Cyanobacteria and 

microalgae are excellent sources of long-chain polyunsaturated fats. We previously 

demonstrated the presence of diverse quantities of polyunsaturated fatty acids in cyanobacteria 

and microalgae, including eicosapentaenoic acid, arachidonic acid, γ-linolenic acid, linolenic 

acid, oleic acid, and α-linolenic acid [6]. Digomo-γ-linolenic acid from green microalga 

Lobosphaera incisa triggered the formation of prostaglandin PGE1 by RAW264.7 cells but did 

not influence the synthesis of pro-inflammatory cytokines in response to LPS stimulation. It 

also greatly reduced the generation of ROS and NO [14]. 

Innate immunity cells respond to stimuli by producing pro-inflammatory cytokines 

such as L-1β, IL-6, and TNF-α. Cytokines are produced and secreted primarily through the NF-

κB and NLRP3 inflammasome signaling pathways. The essence of innate immune cells with a 

TI phenotype is the fast overproduction of pro-inflammatory cytokines to increase the immune 

response to a second contact with an initial stimulus or activation by other antigens. In recent 

years, researchers have focused on the impact of microalgae extracts on the generation of 

cytokines and other active molecules implicated in inflammation start, as well as their 
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antibacterial or antitumor properties. We investigated the effect of mice consuming food 

soaked in oil extracts of C. vulgaris, Coelastrella sp., A. platensis, C. closterium, and P. 

purpureum on the production of NO, IL-1β, IL-10, and TNF-α at the systemic level (serum) as 

well as in conditioned media from splenocytes and thymocytes. Dietary intake of cyanobacteria 

and microalgae extracts affected blood IL-1β and TNF-α levels, as well as immune cell 

production of IL-1β, TNF-α, and IL-10 [15, 16]. 

Algal extracts decrease NF-κB and NLRP3 activation, increasing intracellular potential 

and decreasing ROS and lipid peroxidation in macrophages [17, 18]. Tetraselmis sp. extract 

inhibits NO generation in RAW264.7 cells after LPS stimulation by suppressing increased NO 

synthase expression and releasing TNFα, IL-6, and IL-1β via MAPK and NF-κB-dependent 

signaling processes [19]. Takahashi et al. report that an alcoholic extract of Botryococcus 

terribilis decreased NO, Ccl2, Cox2, and IL-6 production while increasing Pgc1β and Socs1 

production in the murine macrophage line RAW264 [20]. This study found that an alcoholic 

extract of the Antarctic freshwater microalga Micractinium simplicissimum regulates COX-2, 

IL-6, iNOS, TNF-α, and NO synthase activities in the RAW 264.7 macrophage line [21]. 

The safety of cyanobacteria and microalgae to humans and animals is equally critical. 

The authors discovered no effect on B-cells and monocytes/macrophages of microalgae. Still, 

they noted a shift in the relative composition of CD4+ T-cells and CD8- TCR γδ T-cells, 

indicating the safety of incorporating Chlorella vulgaris or Tetradesmus obliquus into chicken 

diets [22]. We also discovered no major harmful effects of consuming oil extracts of several 

cyanobacteria and microalgae in the diet [16]. Our study's limitations include the inability to 

isolate purified lipid and sugar fractions and the inability to assess the influence of extracts on 

cytokine production levels. These points will be investigated more in the future. 

4. Conclusions 

In this study, we investigated the effect of DMSO extracts of cyanobacteria and 

microalgae on peritoneal macrophages with the TI phenotype, and the analysis and discussion 

of the findings led us to the following conclusions: culturing unprimed peritoneal macrophages 

with cyanobacteria and microalgae extracts partially activates glycolysis but does not increase 

lactate synthesis. However, they significantly increase nitric oxide synthesis; extracts of 

cyanobacteria and microalgae on peritoneal macrophages with TI phenotype induced by BCG 

in vivo vaccine mostly do not stimulate glycolysis but increase lactate and nitric oxide 

production; in the presence of LPS, peritoneal macrophages with TI phenotype respond to 

cyanobacteria and microalgae extracts, which increase nitric oxide synthesis. This could be due 

to the competitive effect of the extracts on cells; priming peritoneal macrophages with 

hydrolyzed starch promotes lactate synthesis, nitric oxide synthesis, and reaction generation. 
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