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Abstract—In recent years, there has been increasing interest in studying the anti-inflam-
matory activity of polyunsaturated fatty acid ethanolamides (N-acylethanolamines, NAE),
which are highly active lipid mediators. The results of this study demonstrate that a dietary
supplement (DS) of fatty acid-derived NAEs reduces LPS-induced inflammation. The pro-
cesses of cell proliferation, as well as the dynamics of Iba-1-, CD68-, and CD163-positive
macrophage activity within the thymus and spleen were studied. The production of pro-
inflammatory cytokines (TNF, IL1f, IL6, and INFy), ROS, NO, and nitrites was evalu-
ated in the blood serum, thymus, and LPS-stimulated RAW264.7 mouse macrophages.
In vitro and in vivo experiments have shown that DS (1) prevents LPS-induced changes
in the morphological structure of the thymus and spleen; (2) levels out changes in cell
proliferation; (3) inhibits the activity of Iba-1 and CD68-positive cells; (4) reduces the
production of pro-inflammatory cytokines (TNF, IL1p, IL6, and INFy), ROS, and CD68;
and (5) enhances the activity of CD-163-positive cells. In general, the results of this
study demonstrate the complex effect of DS on inflammatory processes in the central and
peripheral immune systems.
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INTRODUCTION

The body’s physiological response to various
exogenous or endogenous stimuli, such as toxins,
cell damage, or pathogens, is inflammation [29]. The
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molecules leads to uncontrolled inflammation, taking
part in the pathogenesis of autoimmune diseases [14,
15]. For example, in rheumatoid arthritis (RA), mac-
rophages contribute significantly to inflammation and
joint destruction. During RA, the most common cell
type in the synovial membrane is macrophages polar-
ized into the M1 phenotype [28].

Macrophages are central to the innate immune sys-
tem and are involved in the control of the inflammatory
response [1]. They can secrete trophic factors, immune
mediators, and effectors, phagocytize, and present anti-
gens on the cell surface [17]. Macrophages are character-
ized by plasticity and diversity of phenotypes and func-
tions, which are influenced by both their origin and the
microenvironment of the resident tissue [19, 30]. They
polarize in two different subtypes—classically (M1-type)
and alternatively (M2-type) activated macrophages [1,
29].

M1 macrophages exhibit strong antimicrobial
properties, enhance Thl responses, and exert antitu-
mor activity. Induce the polarization of macrophages
MI-type pathogens or pro-inflammatory cytokines, such
as tumor necrosis factor (TNF), interferon-y (IFNy), and
granulocyte macrophage colony-stimulating factor (GM-
CSF). All this leads to the activation of a number of
signaling events that enhance the production of media-
tors [9, 11]. They express pro-inflammatory cytokines
(IL1B, IL6, IL12, IL23, and TNF), reactive oxygen spe-
cies (ROS), and nitric oxide (NO). In addition, a key
aspect of macrophage polarization is a change in the
expression of cell surface markers. M1 macrophages
express high levels of major histocompatibility com-
plex class II (MHC-II), marker CD68, and costimulatory
molecules CD80 and CD86 [9, 18, 19, 32]. Lipopoly-
saccharide (LPS) is used in experiments to polarize M1
macrophages. Their activation occurs through TLR4,
TRIF, and MyD88. TRIF-regulated mechanism trig-
gers kinase cascades and ultimately activates IRF3, and
secretion of IFN, including IFNa and IFNf, occurs.
MyD88, which is another adapter, activates the nuclear
factor kappa-B (NF-kB) pathway (p65 and p50), a criti-
cal transcription factor in M1 macrophage polarization.
MyD88 also activates AP-1 via MAPK. These pathways
promote the expression of various inflammatory genes
such as pro-inflammatory cytokines (including tumor
necrosis factors (TNF), IL1f, and IL12), chemokines
CXCL10, CXCL11, costimulatory proteins, and proteins
that process antigens [9, 11]. Thus, M1 macrophages
produce pro-inflammatory cytokines and are involved in
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the formation of the inflammatory response. However,
their hyperactivation can lead to tissue damage, which
is harmful to health [12, 55].

In contrast, M2-type macrophages play a central
role in parasite responses, tissue remodeling, angiogen-
esis, and allergic diseases. Phenotypically, this population
is characterized by the expression of the mannose recep-
tor CD206 (MRC1), membrane glycoprotein CD200R,
CD163 [9, 46]. They are polarized by IL4 and IL13
and promote the Th2 response, as well as produce anti-
inflammatory cytokines—IL10 and transforming growth
factor beta (TGF-B) [19, 30]. M2-type macrophages are
divided into M2a (secrete TGFp, IL10), M2b (secrete
TNF, IL1, IL6, IL10), M2c (secrete IL10, CD206, TGFp),
and M2d (secrete IL10, IL12, VEGF, TNF) [26]. Thus,
macrophages produce various biologically active mol-
ecules that can negatively and positively influence the
inflammatory process. The search and development of
new macrophage-based drugs and methods open up new
opportunities for the control and treatment of various
inflammatory diseases [15, 54].

In recent years, the use of polyunsaturated fatty
acids (PUFAs) has attracted particular interest in various
inflammatory diseases [6, 7, 48]. Among PUFAs, eicosa-
pentaenoic and docosahexaenoic acids (EPA and DHA)
are of particular attention due to their anti-inflammatory,
provided by inhibition pro-inflammatory cytokines (TNF,
IL1B, IL6), reducing eicosanoids and leukocyte chemot-
axis involved in inflammation [6, 20]. PUFA derivatives
N-acylethanolamines (NAE) are also involved in inflam-
matory processes, but their influence is poorly under-
stood. PUFA ethanolamides are known to act as biologi-
cally active lipid messengers and play an important role
in the inflammatory process [39].

N-docosahexaenoylethanolamine (DHEA) and
N-eicosapentaenoylethanolamine (EPEA) are considered
the most studied and effective PUFA ethanolamides. Both
EPEA and DHEA have anti-inflammatory properties,
induce apoptosis, and have anti-proliferative effects on cer-
tain tumor cell lines. DHEA and EPEA have been shown
to have an inhibitory effect on the growth of human pros-
tate cancer cells LNCaP and PC3 [5], as well as the induc-
tion of autophagy in cultured human breast cancer cells
MCEF-7 [45]. When modeling LPS-induced inflammation
in macrophage cell culture in vitro, treatment with EPEA
and DHEA reduced the synthesis of the pro-inflammatory
chemokine MPC-1 in a dose-dependent manner [36]. It has
also been found that the anti-inflammatory effect of DHEA
on macrophages is predominantly due to the inhibition of
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eicosanoids produced by COX-2 [38]. It is worth noting
that nanomolar concentrations of DHEA promotes neuro-
genesis, neuronal growth, and synaptogenesis in develop-
ing neurons. Park et al. [40] found that DHEA suppressed
LPS-induced neuroinflammation by enhancing cAMP/
PKA signaling and inhibiting NF-xB activation. DHEA
has also been shown to bind to GPR110 and induce cAMP
production and phosphorylation of protein kinase A (PKA)
and cAMP response element-binding protein (CREB).
This signaling pathway results in downregulation of
pro-inflammatory gene expression [24]. In vivo, DHEA
and EPEA prevented LPS-mediated astrogliosis and also
polarized microglia towards the M2 type [51]. Our previ-
ous study demonstrated the anti-inflammatory activity of
a dietary supplement (DS) based on NAE fatty acids. DS
suppressed the neuroinflammatory response by reducing
glia activation, positively regulated the proliferation of
neuronal progenitors, and attenuated the hippocampus-
dependent memory impairment that developed with LPS
administration [52].

The present study is aimed at a detailed evaluation
of the DS effects in the central and peripheral immune
systems during LPS-induced inflammation. The main
components of DS are N-docosahexaenoylethanolamine
(DHEA), N-eicosapentanoylethanolamine (EPEA),
N-stearoylethanolamine (SEA), the content of which is
29.81%, 27.04%, and 12.42%, respectively [52].

MATERIALS AND METHODS

N-Acylethanolamine Preparation

The Latyshev [27] method was used to isolate the
concentrate of polyunsaturated fatty acids (PUFA). The
source of PUFA was the squid Berryteuthis magister
fished in the western part of the Bering Sea at a depth
of 400—-600 m. Mass spectra of methyltrisilyl derivatives
of PUFA ethanolamides obtained by GC-MS were pub-
lished in our previous article [52].

Cell Culture

For in vitro studies, the RAW264.7 mouse mac-
rophage cell line provided by the American Type Cul-
ture Collection was used. The standard culture medium
consisted of DMEM/F12 (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), essential amino acid solution
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(Gibco, USA), and penicillin—streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA). An incubator
(MCO-18AIC, Sanyo, Osaka, Japan) was used, set to 5%
CO,, and 37 °C. To study the anti-inflammatory activity,
cells previously seeded into a 96-well microplate (1 x 10°
cells/well) were treated with DS at concentrations of 0.1,
1, and 10 ug/ml for 1 h and then activated by lipopolysac-
charide (LPS, E. coli O111:B4, Sigma-Aldrich, Belle-
fonte, PA, USA) at a concentration of 1 ug/ml. Cells cul-
tured in a culture medium containing only LPS were used
as a positive control.

MTS Test

The cytotoxic effect of DS (at concentrations of
0.1, 1, and 10 pg/ml) was studied by viability analysis
using tetrazolium compound MTS. After incubation with
DS, the medium in all wells was carefully removed and
replaced with fresh medium with the addition of 1/10
of the volume of the MTS reagent (Abcam, ab197010,
USA). The plate was incubated under standard condi-
tions for 2 h. The iMark microplate reader was used to
measure the absorbance (490 nm) (Bio-Rad, USA). Cell
viability was calculated setting absorbance in control
(untreated) cells at 100% and absorbance in empty wells
without cells at 0%.

Analysis of Reactive Oxygen Species (ROS)
and Nitric Oxide (NO)

ROS activity was studied after a 24-h incuba-
tion of macrophage cells with LPS and DS. Following
manufacturer’s recommendation, 20 pl of 2,7-dichlo-
rodihydrofluorescein diacetate solution (D399, Invitro-
gen) was supplemented, and the microplate was incu-
bated for 10 min at 37 °C. To analyze the NO level, a
10 pM DAF-FM diacetate solution (D23844, Thermo
Fisher Scientific, USA) was used in accordance with
the recommendations of manufacturer. Fluorescence
intensity was measured using a SPARK TECAN 10 M
plate reader for ROS at lex/Aem =485/518 nm and for
NO Aex/Aem =460/524 nm. The results obtained are pre-
sented as percentages relative to the negative control.

Nitrite Quantification

After cell incubation with LPS and DS, nitrites
were measured by the Griess method. Griess reagent
(100 ul) (Sigma, G4410, CIIA) were added to 100 ul of
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cell culture medium and brooded for 10 min at RT. Used
an iMark microplate reader to measure the absorbance
(540 nm) (Bio-Rad, USA).

Animals

The experimental animals were kept under vivarium
conditions at constant temperature (23 °C+2 °C) and
humidity (55% + 15%). Male mice (3 months old, strain
C57BL/6) were housed 8 mice per cage with free access
to food and water and a 12-h light/dark cycle. All experi-
mental procedures were approved by the Animal Ethics
Committee at the A.V. Zhirmunsky National Scientific
Center of Marine Biology, Far Eastern Branch, Russian
Academy of Sciences (No. 1.3/2022), according to the
Laboratory Animal Welfare guidelines and the European
Communities Council Directive 2010/63/EU. To form a
model of LPS-induced inflammation, mice were intra-
peritoneally injected with a solution of lipopolysaccha-
rides (LPS, Escherichia coli O111:B4, Sigma-Aldrich,
St. Louis, MO, USA) at a dose of 700 pg/kg 2 times with
an interval of 24 h. DS was administered orally via gav-
age at a dose of 10 mg/kg daily for seven days. All mice
were divided into 4 groups: “Veh” (n=16)—i.p. saline
injection and oral water administration; “Veh+ DS”
(n=16)—i.p. saline and oral DS administration; “LPS”
(n=16)—i.p. injection of LPS and oral water administra-
tion; “LPS +DS” (n=16)—i.p. LPS injected and oral DS
administration.

ELISA

To quantify the concentration of TNF, IL1, IL6,
and INFy in the serum and thymus of mice, an ELISA
was performed. Mice (n =38 animals/group) were anes-
thetized (3% isoflurane in 100% oxygen); then, the chest
cavity was opened, and blood was drawn from the left
ventricle using a syringe. Then, each blood sample was
transferred to an individual serum tube (Greiner Bio One,
Kremsmiinster, Austria), coated with a clotting activa-
tor, and centrifuged. Then, the blood serum separated
from the formed elements was transferred into individual
test tubes and frozen in liquid nitrogen. After that, the
thymus tissue was removed and frozen in liquid nitro-
gen. Thymus samples were homogenized in ice-cold
extraction buffer (100 mM Tris, pH 7.4, 150 mM NacCl,
1 mM EGTA, 1 mM EDTA, 1% Triton X-100, and 0.5%
sodium deoxycholate) supplemented with a cocktail of
protease inhibitors 1 mg/ml (Complete; Sigma-Aldrich,
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St. Louis, MO, USA) and phosphatase inhibitor mix-
ture 0.01 mg/ml (P5726, Sigma-Aldrich, St. Louis, MO,
USA). Serum samples were simply diluted with extrac-
tion buffer without homogenization. Protein concen-
tration was determined using a BCA protein assay kit
(Pierce, Rockford, IL, USA). Samples were mixed with
bicarbonate-carbonate buffer (100 M, 3.03 g Na,COs,,
6.0 g NaHCO;, and 1000 ml distilled water, pH 9.6) to
give a final concentration of 20 pg/ml. The sample was
dispensed at 100 pl into a PVC microtiter plate (M4561-
40 EA, Greiner, Kremsmiinster, Austria) and incubated
overnight at+4 °C. After washing 3 times, 200 pl of
buffer (PBS) was added to each well. Five percent
skimmed milk powder (M7409-1BTL, Sigma-Aldrich,
St. Louis, MO, USA) (2 h at RT) was used to block the
remaining protein-binding sites in the coated wells. After
washing, a solution of primary antibodies in a volume of
100 pl was added to the samples. The following primary
antibodies were used: TNF (1:1000, ab208348), IL1p
(1:1000, ab205924), IL6 (1:500, ab46100), and INFy
(1:1000, ab216642), all from Abcam (Cambridge, UK).
The plate was incubated at RT in a solution of primary
antibodies for 2 h. The solutions were then changed in
shifts, washing three times with PBS after each step:
100 pl of secondary anti-rabbit antibody solution (1:500,
PI-1000, Vector Laboratories, San Francisco, CA, USA)
(2 h, RT); 50 ul TMB (3,3',5,5'-tetramethylbenzidine,
SK-4400, Vector Laboratories, San Francisco, CA, USA)
solution (RT, 30 min until color appears); and 50 ul stop
solution (1 N hydrochloric acid). Each plate was analyzed
twice on an iMark microplate reader (Bio-Rad, USA) at
a wavelength of 450 nm.

Western Blot

Western blot was used to detect TNF, IL1p, IL6,
and CD68 levels in RAW264.7 mouse macrophage and
mice serum levels TNF, IL1p, and IL6. RAW?264.7 cell
lysates were sonicated with 0.150 mM serine protease
inhibitor (PMSF) solution prior to protein measurement
and adjustment to 2 mg/ml. Serum samples were simply
diluted with extraction buffer without homogenization.
Loading buffer (sample buffer, Bio-Rad, Hercules, CA,
USA) containing 5% 2-mercaptoethanol was mixed 1:1
with the samples and placed in a water bath (94.5 °C
for 5 min). For electrophoresis, ready-made cartridges
Protean mini gel Any kDa (Bio-Rad, Hercules, CA,
USA) and Spectra Multicolor Broad Range Protein Lad-
der (Thermo Fisher Scientific, Waltham, MA, USA)
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were used in the Bio-Rad system (load per well 60 pg
of protein, current per gel 15 mA). Transfer of proteins
to the PVDF membrane was performed using the Turbo
transblot transfer system (Bio-Rad, Hercules, CA, USA).
Transblot Turbo RTA Transfer Kit (Bio-Rad, Hercules,
CA, USA) was used for transfer. The membrane was then
placed overnight at+4 °C in blocking buffer (PBS con-
taining 2% BSA, 0.1% Tween 20, 0.05% TritonX100).
The next day, the blocking buffer was washed with PBS-
T, after which it was incubated for 1 h with primary
antibodies. The following primary antibodies were used:
TNF (1:1000, ab2083438), IL1p (1:1000, ab205924), IL6
(1:500, ab46100), and CD68 (1:1000, ab125212), all
from Abcam (Cambridge, UK). Moreover, antibodies
to a-Tubulin (1:1000, Sigma-Aldrich, T6199, St. Louis,
MO, USA) and p-Actin (1:5000, Thermo Fisher Scien-
tific, MA1-140, Waltham, MA, USA) were used as load
control. After incubation with primary antibodies, the
membranes were washed with PBS-T and then incubated
for an hour with secondary antibodies (1:500, Anti Rab-
bit, PI-1000 and Anti Mouse, PI-2000, Vector Labs, San
Francisco, CA, USA). The membrane was then coated
with Western Blot ECL Substrate (Bio-Rad, Hercules,
CA, USA) (1 ml substrate per membrane, 5 min). Visu-
alization was performed using the ChemiDoc gel docu-
mentation system (Bio-Rad, Hercules, CA, USA). The
resulting images were analyzed using the ImageLab soft-
ware package.

Histological and Immunohistochemistry Staining

The spleen and thymus were removed for histologi-
cal and immunohistochemical studies on the 7th day after
the start of the experiment. For anesthesia, inhalation
anesthetic 3% isoflurane in 100% oxygen (Laboratories
Karizoo, S.A., Barcelona, Spain) was used. Anesthe-
tized mice (n =38 animals per group) were transcardially
perfused with 5 ml 0.1 M PBS (4 °C), pH 7.2, followed
by 5 ml cold fixative (4% paraformaldehyde in 0.1 M
PBS, pH 7,2). Then, the spleen and thymus were rap-
idly removed and placed in 4% paraformaldehyde for
12 h. After washing in PBS, the spleen and thymus were
embedded in paraffin. Using a Leica RM 2245 microtome
(Leica, Wetzlar, Germany), sections were made (7 um).
Paraffin sections of the spleen and thymus were stained
with hematoxylin—eosin.

For immunohistochemical study, sections after
deparaffinization were incubated in 0.3% H,O, for 5 min.
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A solution of 2% BSA and 0.01% Triton X100 in 0.1 M
PBS (pH 7.2) was used to block nonspecific antibody
binding. Further incubation was carried out with a solu-
tion of primary antibodies (overnight, 4 °C). For immu-
nohistological studies, antibodies against Iba-1 (1:500,
ab108539), CD68 (1:500, ab125212), CD163 (1:500,
ab182422), and mouse monoclonal antibodies to PCNA
(1:1000, ab29) were used. After washing with PBS-T, the
sections were placed in a solution of secondary antibodies
(1:100, Anti Rabbit, PI-1000 and Anti Mouse, PI-2000,
Vector Laboratories, San Francisco, CA, USA). Stain-
ing was performed using DAB peroxidase chromogen
substrate (Abcam, Cambridge, UK). After washing with
distilled water, the sections were dehydrated and mounted
under glass slides using mounting medium (CS705, Dako,
Denver, Colorado, USA).

Visualization of Collected Data

Images were visualized using a Zeiss Axio Imager
microscope equipped with an AxioCam 503 color camera
and Axio-Vision software (Carl Zeiss, Oberkochen, Ger-
many) and used ImageJ software for image processing and
analysis (NIH, Bethesda, MD, USA). At least 80 images
of the spleen and thymus for each group of animals were
used for analysis. The count of PCNA-positive cells in the
spleen (white pulp) was performed manually using the
cell counter plugin. The number of PCNA-positive cells/
mm? was calculated by the formula: d=(10° xn)/(Sx 7),
where d is equal to the cell density; 10° is the coefficient
converting um? to mm?; 7 is the number of immunoposi-
tive cells; S is the area of the white pulp follicle (um?);
and 7 is the slice thickness (um). Evaluations of stain-
ing area specific for Iba-1-, CD68-, and CD163-positive
cells were performed using every sixth section. For this,
the obtained photographs were processed by converting
the image to grayscale mode (16-bit image), background
subtraction, and binarization. The area of immunopositive
staining was expressed as a percentage. The operator per-
forming the measurements was not aware of the identity
of the sections.

Statistical Analysis

Data were statistically processed using one-way
ANOVA followed by Tukey’s post hoc test. Using the
Shapiro-Wilk test, all data were checked for normal
distribution. The data obtained from the in vitro study
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were compared using Mann—Whitney test. Data were pre-
sented as mean + SEM (standard error of the mean), and
p<0.05, p<0.01, and p <0.001 were considered statisti-
cally significant. All statistical tests and plotting were per-
formed using GraphPad Prism 4.00 software (GraphPad
Software, San Diego, CA, USA).

RESULTS

DS Administration Reduces the Production
of Pro-inflammatory Cytokines In Vitro

In our study, using the MTS test, the absence of
the cytotoxic effect of DS at the studied concentrations
on the RAW264.7 macrophage cell line was shown
(Fig. 1a). The addition of LPS (1 pg/ml) to macrophages
led to a significant increase in pro-inflammatory mark-
ers: reactive oxygen species (ROS), nitrites, and nitric
oxide (NO). The addition of DS to the LPS-activated
macrophages at the studied concentrations (0.1-10 pg/
ml) resulted in a statistically significant decrease in
ROS (p<0.05, p<0.01) (Fig. 1b). However, DS had
no effect on NO (Fig. 1¢) and nitrite (Fig. 1d) levels.
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Western blot data demonstrate increased production
of TNF, IL1p, IL6, and CD68 in LPS-activated mac-
rophages. The addition of DS at concentrations of 1 and
10 pg/ml reduced the production of pro-inflammatory
markers almost to control values (Fig. le, f).

DS Administration Decreases Production
of Proinflammatory Cytokines in Serum Mice

Using the ELISA method, it was found that inflam-
mation caused by LPS led to a 1.5-twofold increase in
the synthesis of proinflammatory cytokines (IL1f, TNF,
and IL6) in the blood serum of experimental animals.
DS administration almost completely prevented the LPS-
induced increase in serum pro-inflammatory cytokine
synthesis (Fig. 2a). Data from Western blot analysis
additionally confirm that LPS exposure also increased
the concentration of pro-inflammatory cytokines in the
blood serum of mice from the LPS group. The use of DS
led to a decrease in the production of TNF, IL1f, and
IL6 to the values of the “Veh” and “Veh+DS” groups
(Fig. 2b, ¢).
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DS Administration Prevented the Development
of Morphological Changes and Reduced
Proliferative Activity in the Thymus and Spleen
of Mice

The thymus and spleen of animals from the “Veh”
group had a typical histological structure: the thymus is
externally covered with a connective tissue capsule; parti-
tions extending from it divide the parenchyma into lobules
of various sizes. The lobules are composed of cortical and
medulla zone. The spleen tissue can be divided into red
and white pulp, which are separated from each other by a
marginal zone. The red pulp is located between the white
pulp and consists of reticular tissue penetrated by venous
sinuses. The white pulp of the spleen is formed by periar-
terial lymphoid muffs, consisting of lymphoid tissue sur-
rounding the central arteries (Fig. 3a). DS administration
in “Veh+DS” mice did not change the white/red pulp area
ratio (W/R index), which was maintained at the “Veh”
group level (0.7+0.03 and 0.7 +0.03, respectively). LPS
administration led to the development of an inflammatory

reaction. The boundaries between the cortex and medulla
in the thymus lobules became less distinguishable, and the
density in the lymphocytes’ arrangement changed. Within
the spleen, there was an increase in white pulp follicles,
which was accompanied by a change in the ratio of the
W/R index (1.9+0.1). In LPS-treated mice, DS admin-
istration prevented the development of morphological
changes typical for LPS-induced inflammation within the
thymus and spleen. In the thymus lobules, clearer bounda-
ries between the cortical and medulla were observed. In
addition, there was a decrease in the size of the white pulp
follicles (0.6 +0.02) compared to the level of the “Veh”
groups within the spleen (Fig. 3a, c).

The most common way to determine the prolifera-
tive activity of cells is the use of immunohistochemical
methods, in particular, antibodies to the PCNA marker
(proliferating cell nuclear antigen). In our work, in the
thymus, the number of PCNA-positive cells in the “Veh”
and “Veh+DS” groups were 43,130 + 3424 cells/mm?
and 34,240+ 1800 cells/mm>, respectively. In addi-
tion, in the spleen of the same groups, the number of
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PCNA-positive cells was 94,420 + 2826 cells/mm?> and
81,120 + 4083 cells/mm?>, respectively. The number of
PCNA-positive cells in the thymus (76,360 + 2229 cells/
mm?) and white pulp of the spleen (129,100 + 5784 cells/
mm?) increased after LPS administration. At the same
time, in the “LPS 4+ DS” group, the opposite effect was
observed. The proliferative activity of cells within the
thymus and follicles of the spleen white pulp decreased
to the level of the control groups (Fig. 3b, d, e).

DS Administration Reduced the Development
of an Inflammatory Response in the Thymus
and Spleen After LPS Administration

In this work, we studied the effect of DS on the
production of pro-inflammatory (CD68) and anti-
inflammatory macrophage markers (CD163) within
the thymus and spleen of mice. Statistical differences
in the thymus were not found between the “Veh” and
“Veh+DS” groups when assessing the staining area of
Iba-1-positive cells (18 +1.2% and 17 +0.9%, respec-
tively). The LPS administration resulted in the Iba-
1-positive staining area increase (48 +2.6%), while DS
administration was accompanied by its decrease almost
to the values of the “Veh” group (26.8 +1.6%) (Figs. 4a

and 5b). In the white pulp of the spleen, the LPS treat-
ment did not cause an Iba-1-positive staining area
increase (21.9+1%) in comparison with the control
groups. DS administration in LPS-treated mice caused
a decrease in the Iba-1-positive area (10.3 +0.8%) com-
pared to other experimental groups. The opposite result
was obtained during the study of the red pulp of the
spleen. The LPS administration led to an increase in the
Iba-1-positive area (30.4 +1.8%) compared to the “Veh”
and “Veh +DS” groups (23.6 +1% and 23.1+0.9%,
respectively). DS administration prevented the devel-
opment of an inflammatory response and reduced the
Iba-1-positive cells’ staining area below the level of
control groups (12.7 + 1.3%) (Figs. 4a and Se).
Anti-CD68 antibodies were used to assess the
activity of pro-inflammatory macrophages. In the “Veh”
and “Veh + DS” groups, there were no statistically sig-
nificant differences in the CD68-positive cells’ stain-
ing area (2.1 +0.1% and 2.5 +0.1%, respectively). The
immunopositive area increased after LPS administration
to 3.7+ 0.1%, while DS reduced the area to the level of
control values (2.5+0.1%) (Figs. 4b and 5c). The data
obtained during immunohistochemical staining were
additionally confirmed by ELISA; in the “LPS + DS”
group, compared with “LPS,” there was a statistically
significant decrease in pro-inflammatory cytokines,
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such as IL1f, IL6, and INFy (Fig. 5a). The study of
pro-inflammatory macrophages in the spleen showed
that the CD68-positive cell distribution in the white and
red pulp is not uniform. In the white pulp, there were
no significant differences in the distribution of CD68-
positive cells in the “Veh,” “Veh +DS,” and “LPS”
groups (0.7 +0.06%, 0.6 +0.05%, and 0.7 +0.03%,
respectively). However, a decrease in macrophage activ-
ity was observed in the “LPS + DS” group (0.5 +0.4%).
In contrast to the white pulp, in the red pulp of the

spleen, LPS significantly increased macrophage activ-
ity (3.5+0.1%) compared to the “Veh” and “Veh + DS”
groups (2.5+0.2% and 2.3 +0.2%). The DS administra-
tion in LPS-treated mice reduced the staining area of
CD68-positive cells below the level of control groups
(1.6+0.1%) (Figs. 4b and 5f).

The evaluation of anti-inflammatory macrophages
using antibodies to CD163 showed that the staining area
of CD163-positive cells in the thymus of the “Veh,”
“Veh +DS,” and “LPS” animals did not statistically
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differ from each other (0.3+0.03%, 0.3+0.02%, and
0.5+0.05%, respectively). At the same time, an increase
in the CD163-positive cells staining area was observed
in the “LPS + DS” group (0.8 +0.09%) (Figs. 4c and 5d).
In the red pulp of the spleen, the LPS treatment led to
a decrease in the staining area of CD163-positive cells
to 1.1 +0.05%, compared to the “Veh” and “Veh + DS”
groups (2.2+0.1% and 2.3 +£0.1%, respectively). The
DS administration for 7 days in LPS-treated animals was
accompanied by the CD163-positive staining area recov-
ery (1.6 +0.1%). In the white pulp of the spleen, CD163-
positive cells were almost not detected (Figs. 4c and 5g).

DISCUSSION

Monocytes and macrophages play one of the most
important roles in the initiation and maintenance of
chronic inflammation. They represent a heterogeneous
population of cells and have a wide spectrum of activ-
ity, which allows them to modify their phenotype and

functional properties depending on environmental con-
ditions [1]. The formation of two different functional
states of macrophages (M1/M2) is called “polarization”
[2, 8]. M1-type are classically activated macrophages, the
activation of which is observed under the action of LPS/
IFNy and is mediated by a large amount of NO release,
proinflammatory cytokines, such as IL1a, IL13, TNF,
and IL6, and expression of CD68 and CD86 receptors.
MI1-type macrophages have pronounced antimicrobial
and antitumor activity. A chronic inflammatory response
leads to tissue damage due to the excessive release of
ROS, which prevents repair processes [2, 16]. With the
development of chronic inflammation, mechanisms are
triggered that inhibit inflammation due to the activation
of the M2-type anti-inflammatory macrophages. Polari-
zation of the M2 type of macrophages occurs under the
influence of IL4, IL13, and IL10 due to the activation
of STAT6 and STAT3 signaling pathways [33, 42] and
is characterized by increased release of IL10, TGFp,
arginase-1 (Argl), CCL17, and CCL24 and expression
of CD163 and CD206 receptors. M2-type macrophages
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provide the process of apoptotic cell phagocytosis, pro-
mote tissue repair and wound healing, have proangiogenic
and profibrotic properties [23], reduce inflammation, and
stimulate the remodeling of damaged tissues [22, 32].
However, to date, it has been shown that macrophage
activation cannot be simply subdivided into M1 and M2
types. Macrophages, depending on the involved cytokine
agonists and toll-like receptors, can exhibit many different
forms of activation, derived from the two extreme states
M1/M2. Pharmacological correction of the macrophages’
morphological and functional state is a promising strategy
for anti-inflammatory therapy of a wide range of patho-
logical processes (infectious intoxication, rheumatoid
arthritis, atherosclerosis, etc.) [3, 11, 56].

The present study is focused on the anti-inflammatory
properties of DS in the central and peripheral immune sys-
tems during the development of inflammation. The main
components of DS are the omega-3 PUFA N-acylethan-
olamines (DHEA, EPEA, and SEA), which are part of a
group of highly active anti-inflammatory lipid mediators.
To induce inflammation in vitro and in vivo, we used
Escherichia coli lipopolysaccharide (LPS), which is part
of the gram-negative bacteria cell walls. LPS leads to the
development of a persistent inflammatory response, which
is accompanied by macrophage activation towards the pro-
inflammatory M1 type [31, 44, 47]. In our study, intraperi-
toneal LPS administration for 2 days contributed to the
initiation of an inflammatory process, which was accom-
panied by the pro-inflammatory cytokine (TNF, IL1p, IL6,
and INFy) production increase in the blood serum and thy-
mus of experimental animals. In addition, there was a more
pronounced thymus involution, including narrowing of the
cortical area and the absence of division into cortical and
medulla. The number of PCNA-positive proliferating cells
increased, and activation of pro-inflammatory macrophages
was also observed, as evidenced by a significant increase in
the staining area of CD68-positive thymus cells. It has been
previously shown that LPS-induced inflammation causes
activation, proliferation, and migration of T-lymphocytes
from the thymus to the peripheral organs of the immune
system, in particular to the spleen [13]. Morphological
changes caused by the LPS treatment were also observed
in the spleen. During antigenic stimulation, an increase in
the proliferative activity of cells was noted, accompanied
by a change in the ratio of the area of the white pulp com-
pared to the red one (W/R index). It should be noted that
an increase in the CD68-positive staining area of M1-type
macrophages was observed only in the red pulp of the
spleen. This phenomenon may be because the red pulp is
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permeated with venous sinuses, in which the blood flow
rate is reduced, resulting in more “close” and prolonged
contact of antigens with macrophages [4]. The observed
decrease in CD163-positive M2-type macrophages stain-
ing area in the red pulp of the spleen is probably associated
with probably due to the fact that CD163 is a marker of M2
macrophages, and LPS inhibits the expression of CD163
mRNA and protein [25]. Oral DS administration in LPS-
treated animals inhibited the production of IL1f, TNF, IL6,
and INFy in the serum and thymus of mice. A pronounced
anti-inflammatory effect of DS was observed in the thy-
mus and spleen, and the staining area of CD68-positive
macrophages decreased. However, it is not entirely clear
what consequences the observed decrease in the activity
of the M 1-type macrophages in the spleen will have for the
body. At the same time, there was an increase in the CD163-
positive macrophage staining area both in the thymus and
in the spleen. In LPS-induced inflammation CD163 acts
as a receptor involved in the clearance of hemoglobin/hap-
toglobin complexes by macrophages and may thus help to
protect tissues from oxidative damage [43]. In addition, the
DS administration during the development of inflamma-
tion contributed to the thymus and spleen morphological
structure recovery. The W/R index and proliferative activ-
ity remained at the level of the control groups. It should be
noted that the PCNA immunohistochemical marker used
in our study is not only a marker of cell proliferation but
also of cell repair. Therefore, we suggest that a decrease
in PCNA level may indirectly indicate the pro-apoptotic
activity inhibition in the thymus and spleen of mice. This
effect of DS is probably realized through the regulation of
anti-apoptotic proteins Bcl-2 and Bcl-xL, as well as inhibi-
tion of the pro-apoptotic proteins Bax and Bad expression,
which was previously shown in the study of docosahexae-
noic acid [41].

The results of our in vivo studies are also confirmed
in vitro on the RAW?264.7 macrophage cell line. Pretreat-
ment of DS cells prevented the LPS-induced increase in
the production of ROS, TNF, IL1f, and IL6, as well as
the M1-type macrophage marker CD68. The pronounced
anti-inflammatory effect of DS in in vivo and in vitro
experiments is probably mediated by the activity of its
main components (DHEA, EPEA, and SEA). Early other
studies have shown that certain NAEs are able to reduce
LPS-induced inflammation [40, 51]. However, almost all
studies have focused on the study of neuroinflammation
processes, while our data significantly expand the range
of observed effects in the central and peripheral immune
systems. Previously, in vitro experiments have shown that
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DHEA reduces the LPS-induced inflammatory response
by inhibiting nuclear translocation, NF-kB promoter activ-
ity, and phosphorylation of mitogen-activated protein
kinases (MAPKSs) [40, 49]. The anti-inflammatory activity
of some NAEs is mediated by a specific G-protein-coupled
receptor GPR110 (ADGRF1). Some NAEs can interact
with GPR110 to trigger cAMP production, phosphoryla-
tion of protein kinase A (PKA), and cAMP-binding pro-
tein (CREB) [24]. In addition, given that the bulk of NAE
entering the body is hydrolyzed to individual PUFAs and
ethanolamine by N-acylethanolamine-hydrolyzing acid
amidase (NAAA) and fatty acid amide hydrolase (FAAH)
[34, 50, 53], it cannot be ruled out that PUFASs also have
some anti-inflammatory effect. Moreover, increasing the
concentration of NAE in the body can suppress the activity
of NAAA and FAAH concerning other endogenous NAE
due to competitive inhibition, which also contributes to the
resolution of the pathological condition [37].

According to our study, DS administration con-
tributed to the reduction of the inflammatory process
induced by LPS. Regulation of macrophage activity and
inhibition of the pro-inflammatory molecules release
probably underlie the DS anti-inflammatory activity
and is mediated through several signaling pathways.
The data obtained indicate a therapeutic potential of DS;
however, the molecular mechanisms underlying its anti-
inflammatory activity require additional detailed study.
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