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Abstract

Background Ticks are vectors of various pathogens, including tick-borne encephalitis virus causing TBE and bacte-
ria such as Borrelia burgdorferi sensu lato and Anaplasma phagocytophilum causing e.g. viral-bacterial co-infections
(TBE+LB/HGA), which pose diagnostic and therapeutic problems. Since these infections are usually accompanied
by inflammation and oxidative stress causing metabolic modifications, including phospholipids, the aim of the study
was to assess the level of polyunsaturated fatty acids and their metabolism (ROS- and enzyme-dependent) products
in the blood plasma of patients with TBE and TBE + LB/HGA before and after pharmacotherapy.

Methods The total antioxidant status was determined using 2,20-azino-bis-3-ethylbenzothiazolin-6-sulfonic acid.
The phospholipid and free fatty acids were analysed by gas chromatography. Lipid peroxidation was estimated

by measuring small molecular weight reactive aldehyde, malondialdehyde and neuroprostanes. The reactive aldehyde
was determined using gas chromatography coupled with mass spectrometry. The activity of enzymes was examined
spectrophotometrically. An analysis of endocannabinoids and eicosanoids was performed using a Shimadzu UPLC
system coupled with an electrospray ionization source to a Shimadzu 8060 Triple Quadrupole system. Receptor
expression was measured using an enzyme-linked immunosorbent assay (ELISA).

Results The reduced antioxidant status as a result of infection was accompanied by a decrease in the level of phos-
pholipid arachidonic acid (AA) and docosahexaenoic acid (DHA) in TBE, an increase in DHA in co-infection and in free
DHA in TBE with an increase in the level of lipid peroxidation products. The enhanced activity of enzymes metaboliz-
ing phospholipids and free PUFAs increased the level of endocannabinoids and eicosanoids, while decreased 15-PGJ2
and PGE2 was accompanied by activation of granulocyte receptors before pharmacotherapy and only tending to nor-
malize after treatment.

Conclusion Since classical pharmacotherapy does not prevent disorders of phospholipid metabolism, the need
to support treatment with antioxidants may be suggested.
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Introduction

According to the World Health Organization, infectious
diseases pose a huge threat to human health, account-
ing for around 17% of all deaths worldwide in 2020.
Ticks are vectors of a wide spectrum of pathogens that
carry viruses including e.g. tick-borne encephalitis virus
(TBEV) belonging to the Flaviviridae family as well as
bacteria such as Borrelia burgdorferi sensu lato and Ana-
plasma phagocytophilum [1], which cause diseases that
pose epidemiological and clinical problems. It is also
known that the Ixodes ricinus tick can transmit several
pathogens at the same time, of which, apart from TBEYV,
the most prevalent are B. burgdorferi s.l. and A. phago-
cytophilum [2]. This may lead to co-infections, which are
even more difficult to diagnose and treat due to non-spe-
cific symptoms.

Tick-borne diseases are a serious medical problem for
diagnostic reasons because they can have forms with
unspecific manifestations like fever, chills, headache,
weakness, nausea and vomiting [3]. However, regardless
of the clinical manifestation, these diseases are character-
ized by metabolic disorders associated with inflamma-
tion and disturbed redox balance [4], which is disrupted,
among others, by as a result of overexpression of the NS1
protein in response to the presence of TBEV, which dis-
rupts the Nrf2/ARE pathway responsible for the biosyn-
thesis of cytoprotective proteins, including antioxidants
[5]. The oxidative stress observed in TBE is responsible
for the oxidative modifications of cellular components
and body fluids, including proteins, lipids and nucleic
acids [4, 6], which also favors the modification of the
environment of the NF«B transcription factor leading
to complex metabolic disorders resulting in pathophysi-
ological changes, including inflammation and exacerba-
tion of the disease process [7]. Both oxidative stress and
inflammation are the main elements of the host’s immune
response to viral infection, which, interacting metaboli-
cally with each other, can play both a protective as well as
pathogenic role [1].

The structural components of biological membranes
are lipids, which are also important bioactive molecules
mediating in signal cascades and regulatory events in
cells and biological fluids, including response to infec-
tions, especially viral ones, because the ability to bio-
synthesis lipids predisposes the human body to ingest
parasites [8]. As obligate parasites, viruses rely solely
on host resources to meet their lipid needs In the case
of most viruses replicating in the cytoplasm of infected
cells, lipids are necessary for the replication of their

genomes [8]. In addition, host membrane structures are
modified to evade antiviral defense mechanisms, but
also to provide a site for viral replication [9, 10].

Recently, it has been shown that tick-borne infec-
tions, by promoting increased ROS generation in the
plasma and reducing antioxidant defense, especially in
relation to the glutathione and thioredoxin systems,
what promotes oxidative modifications of phospholipid
PUFAs with increased lipid peroxidation (estimated as
8-isoPGF2q, 4-HNE) [4]. This is accompanied by pro-
tein modifications that favor the structural and func-
tional modification of granulocytes Nrf2 and NF«xB
transcription factors responsible for the biosynthesis of
antioxidants and pro-inflammatory factors, respectively
[4]. This suggests that the consequences of the disease
may lead to the development of neurodegenerative
disorders, supported by the fact that the neurodegen-
erative process persists even after the clinical recovery
of these patients [11, 12]. In addition, oxidative stress
accompanying tick-borne diseases is conducive to
increasing the activity of lipolytic enzymes, including
PLAs, COXs, LOXs, which metabolize PUFAs to lipid
mediators such as endocannabinoids and eicosanoids
that are also involved in modeling the redox balance
and inflammation in the patient’s organism [8]. It has
been shown that the development of TBE is accom-
panied by an increased concentration of sphingosine-
1-phosphate (S1P) in the cerebrospinal fluid, which is a
product of sphingomyelin metabolism, which is a sign-
aling molecule involved in inflammatory processes and
immune reactions and plays a key role in the differen-
tiation, survival and excitability of neurons. It also par-
ticipates in the repair of neurons by reducing oxidative
stress in astrocytes [13]. However, overexpression of
triacylglycerols was also observed in the febrile phase
of TBE [14].

However, it is also known that the Ixodes ricinus tick
can transmit several pathogens at the same time, of
which, apart from TBEV, the most famous are B. burg-
dorferi s.l. and A. phagocytophilum [2]. This may lead to
co-infections, which are even more difficult to diagnose
and treat due to non-specific symptoms.

Therefore, the relationship between the type of path-
ogen/pathogens and metabolic changes, including in
relation to phospholipids, and the patient’s disease
state is constantly being sought, hoping to improve
the effectiveness of therapeutic solutions related to the
possibility of affecting lipid mediators. Therefore, the
aim of this study was to compare changes at the level
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of plasma lipid mediators and activation of granulocyte
membrane receptors involved in the regulation of both
redox balance and inflammation. The studies were con-
ducted using the blood of patients infected with TBEV
alone and patients with bacterial co-infections (B. burg-
dorferi s.l. and A. phagocytophilum). The studies were
conducted using blood collected from patients in the
early phase and after treatment.

Material and methods
Samples collection
Blood samples were collected from 40 patients with
tick-borne encephalitis (TBE), including 14 women
and 26 men, with an average age of 40 years (from 23
to 58 years) that were admitted to the Department of
Infectious Diseases and Neuroinfections of the Medical
University of Bialystok. In addition, blood was collected
from 6 patients (including 4 females and 2 males) who
had co-infections with other tick-borne pathogens such
as Borrelia burgdorferi sensu lato (Bb) causing Lyme bor-
reliosis (LB) and Anaplasma phagocytophilum (Ap) caus-
ing human granulocytic anaplasmosis (HGA). According
to the European Academy of Neurology (EAN) guide-
lines [15], TBE was diagnosed based on clinical symp-
toms, positive serology and lymphocytic pleocytosis
in the cerebrospinal fluid (CSF). LB was determined by
the presence of erythema migrans (1 patient) or possible
neuroborreliosis (1 patient). In addition, in two patients
anti-Borrelia burgdorferi sensu lato IgM and IgG anti-
bodies were detected and, consequently, the patients
were treated according to the standard. However, HGA
was diagnosed based on CDC criteria when all 3 criteria
were satisfied (https://wwwn.cdc.gov/nndss/conditions/
ehrlichiosis-and-anaplasmosis/case-definition). Human
granulocytic anaplasmosis was diagnosed in four cases
on the basis of clinical picture, laboratory tests and PCR,
of which Lyme disease was additionally diagnosed among
two people. In summary, triple co-infection (TBE +bor-
reliosis + anaplasmosis) occurred in two patients, double
co-infection: TBE + borreliosis was diagnosed among two
patients and TBE+anaplasmosis was detected in two
patients. Patients with TBE were treated symptomatically
(antioedematous drugs, anti-inflammatory drugs, analge-
sics and glucocorticosteroids), patients with anaplasmo-
sis received doxycycline, while those with Lyme disease
received doxycycline or ceftriaxone. Before compiling the
results of the manuscript, we analyzed the parameters
of patients who were given glucocorticosteroids during
treatment and patients who did not receive glucocorti-
costeroids during treatment. These parameters did not
differ significantly between the two groups.

The study was conducted in accordance with the Dec-
laration of Helsinki, and the protocol for the collection
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of all blood samples was approved by the Local Bioethics
Committee in Medical University of Bialystok (Poland),
No. R-1-002/169/2018. Written informed consent was
obtained from all participants.

The control group consisted of 20 healthy people (7
women and 13 men) with a mean age of 41 (28-55).

Blood from patients was collected twice, once on
admission to the hospital and again after treatment.
Blood from control group was obtained once. The
mean time between these two examinations in patients
with TBE was 29.4+10.99 days, while in patients with
co-infection it was 32.8+4.21 days. Blood was col-
lected into EDTA tubes and then centrifuged at 3000xg
(4 °C) to separate the plasma as well as buffy coat, and
erythrocytes. To obtain clear fraction of granulocytes,
obtained buffy coat was layered on Gradisol G (Aqua-
Med ZPAM-KOLASA, L4dz, Poland) and subjected to
25 min centrifugation at 300Xg at room temperature. The
purity of the obtained cell fraction was examined micro-
scopically (Nikon Eclipse Ti, Nikon Instruments Inc.,
New York, NY, USA). Obtained plasma and granulocytes
were stored at — 80 °C and used for analysis.

Tables 1 and 2 contain demographic and clinical data
of patients and controls, as well as their laboratory data.

Methods

Antioxidant status (TAS) determination

The total antioxidant status (TAS) of the blood serum
of patients and healthy subjects was determined using
2,20-azino-bis-3-ethylbenzothiazolin-6-sulfonic acid
(ABTS) [16]. For this purpose, a solution ABTS cationic
radical was prepared in phosphate buffer (PBS, pH 7.4). 3
times diluted blood serum samples (5 pL) were incubated
(37 °C) with ABTS radical working solution (245 pL) for
10 min. Absorbance was measured using an Infinite 200
plate reader (TEKAN, Switzerland) at 734 nm.

The test results are reported with reference to the
equivalent antioxidant capacity of Trolox (TEAC) as a
standard. Trolox (Hoffman-LaRoche, Basel, Switzerland)
is a water-soluble derivative of vitamin E with antioxidant
properties and does not interact with other cellular com-
ponents. The TAS level is therefore expressed in mmol
Trolox/L

Phospholipid metabolism estimation

Free and phospholipid fatty acids level 'The phospholipid
and free fatty acids were analyzed by gas chromatography
[17]. Fatty acids were isolated by Folch extraction using
chloroform/methanol mixture (2:1, v/v) in the presence
of 0.01% butylated hydroxytoluene. Using TLC analytes
were separated with the mobile phase as follows: heptane-
diisopropyl ether—acetic acid (60:40:3, v/v/v). All lipid
fractions were transmetylated to fatty acid methyl esters
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Table 1 Demographic and clinical data of patients with TBEV infection (TBE) and patients with TBEV+Bb/Ap co-infection

(co-infection) compared to healthy subjects (control)

Control TBE Co-infection
Age (years) 41 (28-55) 40 (23-58) 42 (22-63)
Sex 5/20 female (25%) 14/40 female (35%) 4/6 female (67%)
15/20 male (75%) 26/40 male (65%) 2/6 male (33%)
Noticeable tick bite 0/20 (0%) 21/40 (52%) 5/6 (83%)
Time since tick bite (days) - 268+16.6 17.58+4.95
Duration of hospitalization (days) - 12.85+26 12.34+197
Duration of symptoms (days) - 75+69 426+263
Clinical form
Meningitis 0/20(0%) 25/40 (62.5%) 5/6 (83%)
Meningoencephalitis 0/20 (0%) 15/40 (37.5%) 1/6 (17%)
Meningoencephalomyelitis 0/20 (0%) 0/40 (0%) 0/6 (0%)

Table 2 Laboratory data of patients with TBEV infection (TBE) and patients with TBEV + Bb/Ap co-infection (co-infection) compared to

healthy subjects (control)

Normalrange  TBE

Co-infection

Before treatment [at  After treatment [after Before treatment

After treatment [after

admission] [TBE1] recovery] [TBE2] [at admission] recovery] [co-infection2]
[co-infection1]

Complete blood count

WBC [10°/uL] 4.00-10.00 10.16+£2.37 6.11+£1.48 7.27+1.36 537+146

Neutrophils [%] 40.0-72.0 73.77+952 51.18+793 60.33+7.07 42.58+11.58

Lymphocytes [%] 18.00-48.00 16.2+7.76 34.83+£6.35 27.37£6.11 42.72£11.24

Monocytes [%)] 2.50-10.00 8.99+2.53 9.79+2.15 10.15£2.61 9.56+3.18

RBC [10%/uL] 4.00-5.50 440+043 4.50+0.32 4.28+0.56 4.14+0.62

HGB [g/dL] 12.00-16.00 13.32+£1.28 13.68+1.09 12.67£1.26 125+£1.39

PLT [10%/uL] 130-350 2514448743 270.59+1344 262.67 £66.98 2184+19.42
CRP [mg/L] 0.00-5.00 11.52£15.61 0.93+0.54 235+2.08 0.81+£0.26
Glucose [mg/dL] 70-110 96.77 £10.27 89.62+12.1 92.67+85 91.75+£597
Creatinine [mg/dL] 0.50-0.90 0.88+0.16 0.82+0.12 0.79+0.08 0.76+0.12
ALT [U/1] 0-31 21.10+£19.17 24.17+17.20 17.75£11.27 12+£5.24
AST [U/1] 0-32 15.59+5.26 2242+923 17+£3.67 16.33£3.21
CSF analysis

Cytosis [cells/uL] 0-5 169.7+115.64 26.90+2559 99+120.57 148+12.15

Protein [mg/dL 15-45 75.95+20.56 54.46+26.32 69+5849 48.2+27.74

(FAMESs) with boron trifluoride in methanol. FAMEs were
analyzed by gas chromatography with a flame ionization
detector (FID) on Clarus 500 Gas Chromatograph (Perkin
Elmer). Separation of FAMEs was carried out on capil-
lary column coated with Varian CP-Sil88 stationary phase
(50 mx0.25 mm, ID 0.2 pum, Varian). Identification of
FAMEs was made by comparison of their retention time
with standards and quantitation was achieved using an
internal standard method (nonadecanoic acid (19:0) and
1,2-dinonadecanoyl-sn-glycero-3-phosphocholine (19:0
PC) were used as internal standards). Plasma levels of

PL-AA,PL-DHA, free AA, and free DHA, were expressed

in ug/mL.

Lipid peroxidation products level

Lipid peroxidation

in plasma was estimated by measuring small molecular
weight reactive aldehyde, malondialdehyde (MDA) as
well as neuroprostanes (NPs). The reactive aldehyde was
determined using gas chromatography coupled with
mass spectrometry 7890A GC-7000 (Agilent Technolo-
gies, Palo Alto, CA, USA) as the O-pentafluorobenzyl-
oxime (O-PFB-oxime) or O-pentafluorobenzyl-oxime-
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trimethyl silane (O-PFB-oxime-TMS) derivatives, based
on Luo’s method [18]. Benzaldehyde-d6 was added to
plasma as an internal standard. Aldehyde derivatives
were separated using an HP- 5 ms capillary column
(0.25-mm internal diameter, 0.25-pm film thickness,
30-m length) and analyzed in selected ion monitor-
ing mode (SIM). Samples were deproteinized by the
addition of 1 mL of methanol. MDA derivatives were
extracted with hexane. The hexane layer was evapo-
rated and N,0-bis (trimethylsilyl) trifluoroacetamide in
1% trimethylchlorosilane was added. The following ions
were monitored: m/z 204.0 and 178.0 for MDA-PFB and
m/z 307.0 for IS (benzaldehyde-D6) derivatives. Plasma
level of MDA was expressed in nmol/mL.Total NPs were
quantified using modified LC-MS methods of Coolen
and Fam respectively [19]. NPs were isolated using SPE
method, after an alkaline hydrolysis step. All analyses
were performed using an Agilent 1290 UPLC system
interfaced with an Agilent 6460 triple quadrupole mass
spectrometer with electrospray ionization source (ESI).
The separation was performed using a reverse phase
C18 column and linear gradient water (pH 5.7) and ace-
tonitrile. NPs were analyzed by selected ion monitor-
ing (SIM) in the m/z 357, as a series of peaks that have
molecular masses and retention times expected for NPs
generated from the oxidation of DHA in vitro.

PLA2, COX1/2 and LOXS activity The activity of
enzymes involved in the metabolism of phospholipids
and fatty acids was examined spectrophotometrically
using commercially available assay kits, phospholipase
A2 (PLA2-EC.3.1.1.4; Cayman Chemical Company, Ann
Arbor, MI, USA), cyclooxygenases 1 and 2 (COX-1/2-
EC.1.14.99.1; Cayman Chemical Company, Ann Arbor,
MI, USA), and lipoxygenase-5 (LOX; Sigma-Aldrich, St.
Louis, MO, USA), following the manufacturer’s instruc-
tions. The samples were incubated with arachidonoyl
thiophosphatidylcholine, a synthetic substrate of cPLA2.
The hydrolysis of arachidonoylthio-phosphatidylcholine
by PLA2 released the free thiol, which was converted to
NTB via a reaction with DTNB. The NTB concentration
was determined with a spectrophotometric analysis at
405 nm.

PLA2 activity was expressed in nmol of arachidonoyl
thio-phosphatidylcholine/min/mL ~ Caymans  COX
colorimetric inhibitor screening assay measures the
peroxidase components of COXs. The peroxidase activ-
ity was assessed colorimetrically by monitoring the
appearance of oxidized N,N,N’- and N’-tetramethyl-
phenylenediamine (TMPD) at 590 nm. One unit of COX’s
enzyme activity is defined as the amount of enzyme that
will oxidize 1.0 nmol of TMPD per minute at 25 “C. The
specific COX1-inhibitor SC-560 was applied to measure
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only COX-2 activity. Cyclooxygenases’ activities were
expressed in U/mL.

In the Sigma-Aldrich lipoxygenase-5 (LOX-5) activ-
ity assay, lipoxygenase converts the LOX substrate to
an intermediate that reacts with the probe generating a
fluorescent product. The increase in the fluorescent sig-
nal can be recorded at Ex/Em 500/536 nm and is directly
proportional to LOX-5 activity. One unit (U) of LOX-5
was determined as the amount of enzyme that causes oxi-
dation of 1 umol of the LOX probe per minute at pH 7.4
and at room temperature. LOX-5 activity was expressed
in U/mL.

Endocannabinoids level An analysis of endocannabi-
noids [anandamide (AEA) and 2-arachidonylglycerol
(2-AG)] and related compounds [palmitoylethanolamide
(PEA)] was performed using a Shimadzu UPLC sys-
tem (Nexera X2) coupled with an electrospray ioniza-
tion source (ESI) to a Shimadzu 8060 Triple Quadrupole
system (Shimadzu, Kyoto, Japan) operating in the posi-
tive ion mode [20]. Analyte separation was performed
using a 120 EC-C18 analytical column (3.0 X150 mm; a
2.7 um particle size) with a 5 pL injection volume. The
mobile phase consisted of (A) 0.1% formic acid in Mil-
1iQ water and (B) 0.1% formic acid in acetonitrile. The
following gradient was employed: 0.0-5.0 min, 70—-80%
B; 5.0-10.0 min, 80-88% B; 10.0-16.0 min, 78—100% B;
16.0-20.0 min, 100% B; 20.0-21.0 min, 100-70% B; and
21.0-25.0 min, 70% B. Briefly, cell culture samples were
thawed on ice and spiked with 10 pL of an internal stand-
ard solution (100 ng/mL of AEA-d8, 2-AG-d8, and OEA-
d4) and then applied to pre-washed and conditioned solid
phase extraction SPE cartridges. After loading the sample,
the cartridges were washed, dried under a high vacuum,
and eluted. Eluates were concentrated and reconstituted
in 30 pL of ACN/H20 (7:3) with 0.1% formic acid and
vortexed (if necessary, they were centrifuged to remove
any residuals). Solutions were then transferred to LC vials
with low-volume inserts and an LC—-MS/MS analysis was
performed immediately. Transitions of the precursors to
the product ions were as follows: m/z 348.3 - 62.15 for
AEA, m/z 379.3 - 287.25 for 2-AG, m/z 300.3 — 62.0 for
PEA, m/z356.2 - 63.05 for AEA-d8, m/z 387.3 — 294.0 for
2-AG-d8, and m/z 330.20 — 66.15 for OEA-d4. The level
of endocannabinoids was determined using a calibration
curve range of 1-100 pmol/mL for AEA (r*—0.9992); of
10-1000 pmol/mL for 2-AG (r2—0.9995); of 10—500 pmol/
mL for PEA (r?—0.9993). The levels of endocannabinoids
were expressed in pmol/mL.

Eicosanoids level Eicosanoids analysis was performed
using an Shimadzu UPLC system (Nexera X2) coupled
with an electrospray ionization source (ESI) to a Shi-
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madzu 8060 Triple Quadrupole mass spectrometer (Shi-
madzu, Kyoto, Japan) operating in negative mode [21].
Analyte separation was performed using an Eclipse Plus
C18 analytical column (2.1 X 100 mm, 1.8 um particle size)
with 3 pL injection volume. The mobile phase consisted
of 0.1% acetic acid in MilliQ water (A) and acetonitrile
(B). The following gradient was employed: 0.0-1.0 min
25-40% B, 1.0-2.5 min 40-42% B, 2.5-4.5 min 42-50% B,
4.5-10.5 min 50-65% B; 10.5-12.5 min 65-75% B; 12.5—
14.0 min 75-85% B; 14.0—14.5 min 85-95% B; 14.5—-15 min
95-25% B; 15.0-16.0 min 25% B. Briefly, plasma samples
were thawed on ice and spiked with 10 pL internal stand-
ard solution (100 ng/mL TXB2-d4, PGD2-d4, 15-d-PG]J2-
d4 and 15-HETE-d8) and then applied to pre-washed and
conditioned solid phase extraction SPE cartridges. After
loading the sample the cartridges were washed, dried
under high vacuum and eluted. Eluates were concentrated
and reconstituted in ACN/H20O (8:2) with 0.1% acetic
acid and vortexed (if necessary centrifuged to remove
any residuals). Solutions were then transferred to LC vials
with low-volume inserts and LC-MS/MS analysis was
performed immediately. The precursor to the product ion
transitions were as follows: m/z 351.3 —271.2 for PGE2,
m/z 315.2—-271.2 for 15-d-PGJ2, m/z 369.3 - 169.1 for
TXB2, m/z 355.0 » 275.3 for PGD2-d4, m/z 373.0 > 173.1
for TXB2-d4 m/z 319.3 - 275.2 for 15-d-PGJ2-d4. Levels
of eicosanoids were expressed as pmol/mL.

Protein expression determination

Receptor expression was measured using an enzyme-
linked immunosorbent assay (ELISA) [22] Cell lysates
(granulocytes and lymphocytes) were applied to the wells
of an ELISA plate (Nunc Immuno MaxiSorp, Thermo
Scientific, Waltham, MA, USA). The plates with attached
proteins were incubated at 4 °C for 3 h with blocking
solution (5% skimmed milk powder in carbonate binding
buffer). After washing with PBS supplemented with 0.1%
Tween 20, samples were incubated at 4 °C overnight with
appropriate primary antibodies against TRPV1 (host:
mouse) (Sigma-Aldrich, St. Louis, MO, USA); CB1, CB2,
(host: mouse) (Santa Cruz Biotechnology, CA, USA);
PPARYy (host: rabbit) (Invitrogen, Waltham, MA, USA).
All antibodies were used at a concentration of 1:1000.
Then, after washing (PBS supplemented with 0.1% Tween
20), the plates were incubated for 30 min with peroxidase
blocking solution (3% H202, 3% skimmed milk powder
in PBS) at room temperature. Goat anti-rabbit/mouse
antibody EnVision+Dual Link/HRP solution (1:100)
(Agilent Technologies, Santa Clara, California, USA) was
used as secondary antibody. After 1 h of incubation at
room temperature, secondary antibodies were removed
and plates were incubated with chromogen substrate
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solution (0.1 mg/mL TMB, 0.012% H,0O,) for 40 min. The
reaction was stopped by adding 2 M sulfuric acid and the
absorbance was read after 10 min at 450 nm and auto-
matically recalculated from standard curves for each pro-
tein CB1: Abcam, Cambridge, UK; CB2: Abnova, Taipei,
Taiwan; TRPV1: Lifespan Biosciences, Seattle, WA, USA;
PPARy: Fine, Wuhan Test, Hubei, China;). The values
obtained were converted to mg of protein in the samples.

Statistical analysis

Data were expressed as mean+SD, and were analyzed
by one-way analysis of variance (ANOVA) followed by a
post hoc Tukey testing using Statistica software (Statis-
tica 13.3, StatSoft, Poland). Results were compared using
Mann—Whitney U test and Wilcoxon signed-rank test.
Values of p<0.05 were considered significant, and only
these results were discussed in detail.

Results

The results of this study showed that infection with
TBEV as well as co-infections with the virus and bacteria
(TBEV + Bb/Ap) causes a decrease in the total antioxidant
status (TAS) in the blood plasma of patients compared to
the values in the group of healthy people (control group)
(Fig. 1). However, no statistically significant differences
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Fig. 1 The total antioxidant status (TAS) in plasma of patients

with TBEV infection (TBE1—before therapy and TBE2—after therapy)
and patients with TBEV +Bb/Ap co-infection (co-infection1—

before therapy and co-infection2—after therapy) was compared

to healthy subjects (control). The differences between mean values
was indicated for p < 0.05: TBE patients (n=40) before and after
treatment (TBE1 or TBE2) or patients with TBEV + Bb/Ap co-infection
(n=6) before and after treatment (co-infection1 or co-infection?)
and control group (n=20) was signed as “a" TBE patients (n=40)
after (TBE2) and before (TBE1) treatment (n=40) was signed as “x"
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were observed in the TAS values, which were assessed
before treatment, in both groups of patients (TBE1 and
coinfections1) before treatment. Moreover, it was found
that as a result of therapy in patients with TBE (TBE2),
there was a significant increase in TAS values, but these
values did not reach the values in the group of healthy
people (control). Additionally, in the plasma of treated
patients with co-infection (co-infection2), no increase in
TAS levels was observed.

The decrease of antioxidant capacity observed in the
patients’ blood plasma favored the intensification of oxi-
dative reactions, including those related to phospholipids
and free polyunsaturated fatty acids (PUFAs) (Fig. 2). The
level of phospholipid docosahexaenoic acid (DHA) and
arachidonic acid (AA) in the plasma of patients with TBE
was significantly reduced before treatment but the treat-
ment of patients resulted in the return of both examined
PUFAs level to the level observed in the plasma of healthy
people (control). In the case of bacterial co-infections,
the level of phospholipid PUFAs (AA and DHA) before
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treatment was decreased (AA) and increased (DHA),
while after treatment the values tended to normalize (to
reach control values). However, due to the small size of
these groups, these changes were not statistically signifi-
cant. However, in the case of free PUFAs, TBE infection
promoted a significant increase in DHA levels, while
AA levels were not changed. The therapy resulted in the
return of free DHA levels to control values. In the case
of co-infections, the levels of free AA and DHA before
treatment were at the control level, and only after treat-
ment they were significantly reduced.

Since changes in PUFAs level may be a consequence
of their altered metabolism dependent on both ROS and
lipolytic enzymes, the level of products from oxidative
fragmentation and cyclization of PUFAs was assessed.
In the plasma of TBE and co-infected patients (TBE1
and co-infectionl), there was a significant increase in
the level of the product of PUFAs oxidative fragmenta-
tion—malondialdehyde (MDA) and the product of oxida-
tive cyclization—neuroprostanes (NPs) compared to the
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Fig. 2 The level of phospholipid (Phospho)and free polyunsaturated fatty acids (Free) (arachidonic acid (AA) and docosahexaenoic acid (DHA))
as well as the expression of lipid peroxidation products (malonyldialdehyde (MDA) and neuroprostanes (NPs) in plasma of patients with TBEV
infection (TBE1—Dbefore therapy and TBE2—after therapy) and patients with TBEV +Bb/Ap co-infection (co-infection1—before therapy

and co-infection2—after therapy) was compared to healthy subjects (control). The differences between mean values was indicated for p <0.05:
TBE patients (n=40) before and after treatment (TBE1 or TBE2) or patients with TBEV + Bb/Ap co-infection (n=6) before and after treatment
(co-infection or co-infection2) and control group (n=20) was signed as “a". TBE patients (n=40) after (TBE2) and before (TBE1) treatment (n=40)

.

was signed as “x" TBEV + Bb/Ap coinfected patients (n=6) after (co-infection2) and before (co-infection1) treatment was signed as"y". TBEV + Bb/
Ap coinfected patients (n=6) before treatment (co-infection1) and TBE patients (n=40) before treatment (TBE1) was signed as “m”. TBEV + Bb/Ap
coinfected patients (n=6) after treatment (co-infection2) and TBE patients (n=40) after treatment (TBE2) g was signed as“n”
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concentration in the plasma of healthy people (Fig. 2).
However, treatment of patients with infection (TBE2)
and co-infection (co-infection2) led to a statistically sig-
nificant reduction in the level of both lipid peroxidation
products in the group of TBE patients, which was still
higher than in the control group. This especially con-
cerned the level of neuroprostanes.

The conducted research allowed to conclude that oxi-
dative stress also causes an increase in the activity of
enzymes responsible for the metabolism of phospholip-
ids (PLA2) and free PUFAs (COXs and LOX). Both TBE
and co-infections have been shown to cause statistically
significant increases in the activity of phospholipase
A2 (PLA2), lipoxygenase 5 (LOX5) and the inducible
cyclooxygenase isoenzyme (COX2) (Fig. 3). However, the
therapy used in the case of TBE (KZM2) resulted in an
increase in the activity of PLA2 and COX1 and a decrease
in the activity of other enzymes. In the case of coinfec-
tion, the therapy resulted in a decrease in the activity of
all analyzed enzymes.

Changes in the level of phospholipid PUFAs are directly
related to changes in the level of lipid mediators, both
from the group of endocannabinoids and eicosanoids.
TBEV infection caused a significant increase in the lev-
els of anandamide (AEA) and oleoylethanolamide (OEA),
the levels of which were significantly reduced after phar-
macotherapy to values close to those in the control group
(Fig. 4). In the case of bacterial co-infections (TBE +LB/
HGA), this direction of change concerned only AEA.
However, in the plasma of patients with bacterial co-
infections, the level of 2-AG was significantly reduced
after treatment.
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However, changes in the level of free PUFAs in the
plasma of patients are also accompanied by changes in the
level of eicosanoids with anti-inflammatory (13-HODE,
15-HETE, 15-PGJ2) and pro-inflammatory (LTB4,
PGE2) effects (Fig. 5). Increased levels of 13-HODE and
15-HETE and statistically reduced levels of 15-PGJ2 were
found in the plasma of patients with TBE before treat-
ment. After therapy, the level of 13-HODE was further
increased, and the level of 15-PGJ2 also increased, but
did not reach the value in the control group. The direc-
tion of changes in the above eicosanoids in the plasma
of patients with bacterial co-infections was the same
as in the plasma of TBE patients. However, the level of
pro-inflammatory LTB4 was several-fold increased in
TBE patients before treatment and was significantly
decreased after treatment. A similar direction of changes
was observed in patients with co-infections. On the other
hand, the level of prostaglandin PGE2 in patients with
TBE was decreased before treatment and increased after
treatment, while no significant changes in the level of this
prostaglandin were observed in the patients’ plasma.

Changes in the level of endocannabinoids and eicosa-
noids resulted in the increased expression of CB1, CB2,
TRPV1 and PPARy receptors in granulocytes of TBE
patients (Fig. 6). However, in the case of bacterial co-
infections, only increased expression of CB1, TRPV1 and
PPARYy is observed. Relief of disease symptoms, especially
in TBE, resulted in a significant reduction in the expres-
sion of all labeled receptors. However, only in the case of
CB1/2 and TRPV1 receptors, these values differed sta-
tistically significantly from the values before treatment.
In the case of bacterial co-infections, drug therapy also
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Fig. 3 The expression of phospholipase A2 (PLA 2), lipoxygenases (LOX 5) and cyclooxygenases (COX 1 and 2) in plasma of patients with TBEV
infection (TBE1—Dbefore therapy and TBE2—after therapy) and patients with TBEV + Bb/Ap co-infection (co-infection1—before therapy

and co-infection2—after therapy) was compared to healthy subjects (control). The differences between mean values was indicated for p <0.05:
TBE patients (n=40) before and after treatment (TBE1 or TBE2) or patients with TBEV + Bb/Ap co-infection (n=6) before and after treatment
(co-infection or co-infection2) and control group (n=20) was signed as “a" TBE patients (n=40) after (TBE2) and before (TBE1) treatment (n=40)
was signed as “x". TBEV + Bb/Ap coinfected patients (n=6) before treatment (co-infection1) and TBE patients (n=40) before treatment (TBE1)

was signed as‘m”
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Fig. 4 The expression of anandamide (AEA), 2-arachidonoylglycerol (2-AG), palmitoylethanolamine (PEA) and oleoylethanolamide (OEA) in plasma
of patients with TBEV infection (TBE1—Dbefore therapy and TBE2—after therapy) and patients with TBEV + Bb/Ap co-infection (co-infection1—
before therapy and co-infection2—after therapy) was compared to healthy subjects (control). The differences between mean values was indicated
for p<0.05: TBE patients (n=40) before and after treatment (TBET or TBE2) or patients with TBEV + Bb/Ap co-infection (n=6) before and after
treatment (co-infection1 or co-infection2) and control group (n=20) was signed as “a”. TBE patients (n =40) after (TBE2) and before (TBE1) treatment

(n=40) was signed as "x”

contributed to reducing the expression level of the tested
receptors, but without statistical significance. Apart from
the CB2 level, all other granulocyte receptors in patients
with co-infections (TBE+LB/HGA) and after pharma-
cotherapy are characterized by higher expression than in
granulocytes of the control group.

Discussion

One of the basic conditions of the human body physi-
ological state is the redox balance observed both at the
level of cells and tissues, including body fluids such as
blood. This is due to the fact that the physiological gen-
eration of ROS is balanced by effective enzymatic and
non-enzymatic antioxidants [23]. This is conducive to the
proper functioning of the human body, which requires
strict control of metabolic processes, including those
related to the transmission of signals from the environ-
ment, e.g. by pathogens. One of the basic elements of the
humans body response to the invasion of pathogens is
the found increased activity of pro-oxidative enzymes in
leukocytes, which play a key role in the immune defense
of the host against pathogens [24]. This response is con-
firmed by previous studies of blood plasma of patients
with both TBEV infection and co-infections with bacte-
ria such as B. burgdorferi s.l. and A. phagocytophilum [4].
Enhanced generation of ROS is also conducive to modu-
lation of the signal transduction cascade and strengthen-
ing the immune function of lymphocytes in the patient’s
body [25]. Infection with pathogens is usually accom-
panied by changes in the effectiveness of endogenous
antioxidant mechanisms that are responsible for main-
taining the redox balance in physiological conditions [4].
This situation is consistent with the significantly reduced

plasma total antioxidant status (TAS) of patients with
TBEV infection and bacterial co-infections observed in
this study. It is worth emphasizing that after pharmaco-
therapy the plasma TAS level in patients with TBE and
co-infections increases, but still remains statistically sig-
nificantly lower (in both groups of patients) compared
to the values in healthy people. This clearly indicates
that standard therapy in the case of TBE, and especially
bacterial co-infections, is not able to restore the patient’s
organism into a physiological state.

The results of previous [4] as well as this study indi-
cate that both TBE alone and together with bacterial
co-infections promote the formation of oxidative stress
in the patient’s body, and a similar situation applies to
many diseases, including those caused by both viruses
and bacteria [1]. Although oxidative stress plays a dual
role in infectious diseases, ROS modify the susceptibility
of the host organism to infection, as well as ROS become
harmful to both the pathogen and host [26], which pro-
motes oxidative modifications of basic components of
the human body, including crucial for the host’s immune
response lipids and proteins [27].

In tick-borne encephalitis, the pathogen interferes
both at the level of the central nervous system (CNS)
and at the systemic level [28]. Because the membranes
of nerve cells are exceptionally rich in phospholipids
containing large amounts of PUFAs, including arachi-
donic and docosahexaenoic acids, which, due to the
large number of unsaturated bonds, are extremely sus-
ceptible to ROS action. As a result, reactive aldehydes,
including MDA, are formed, which are products of oxi-
dative fragmentation phospholipid arachidonic acid, as
well as prostaglandin derivatives—products of oxidative
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Fig. 5 The expression of anti-inflammatory eicosanoids such as 15-prostaglandin J2 (15-PGJ2), 13-hydroxyoctadecadienoic acid (13-HODE),
15-hydroxyeicosatetraenoic acid (15-HETE), as well as pro-inflammatory prostaglandin E2 (PGE2) and leukotriene B4 (LTB4) in plasma of patients
with TBEV infection (TBE1—before therapy and TBE2—after therapy) and patients with TBEV +Bb/Ap co-infection (co-infection1—before therapy
and co-infection2—after therapy) was compared to healthy subjects (control). The differences between mean values was indicated for p < 0.05:
TBE patients (n=40) before and after treatment (TBE1 or TBE2) or patients with TBEV + Bb/Ap co-infection (n=6) before and after treatment
(co-infection or co-infection2) and control group (n=20) was signed as “a". TBE patients (n=40) after (TBE2) and before (TBE1) treatment (n=40)
was signed as “x". TBEV + Bb/Ap coinfected patients (n=6) before treatment (co-infection1) and TBE patients (n=40) before treatment (TBE1)

"

was signed as“m”. TBEV + Bb/Ap coinfected patients (n=6) after treatment (co-infection2) and TBE patients (n=40) after treatment (TBE2) g

was signed as"n”

cyclization of hydrocarbon chains of fatty acids [29].
Due to the large amount of docosahexaenoic acid in
neurons and its greater susceptibility to oxidation than
arachidonic acid, neuroprostanes are formed—cycliza-
tion products of this acid (DHA), whose level changes
can also be observed in the blood. Literature data indi-
cate that in patients with TBE as a result of CNS infec-
tion, the blood—brain barrier is damaged [30], which,
combined with generalized increased oxidative stress,
promotes lipid peroxidation, which may explain their
approximately fourfold increase of neuroprostanes
in plasma concentration, and at the same time, a sig-
nificant decrease in their level after pharmacotherapy.
Similar situation was observed for isoprostanes [4]. In

turn, the increase in the level of MDA is mainly asso-
ciated with the oxidative modification of arachidonic
acid, the level of which in the plasma of patients is sig-
nificantly reduced. Thus, changes in the level of fatty
acids and lipid peroxidation products confirm general-
ized oxidative stress in the body of patients with TBE
and bacterial co-infections. Statistically significant
decrease in the level of MDA and neuroprostanes in
patients with TBE after pharmacotherapy indicates an
improvement in the systemic metabolism of phospho-
lipids and free PUFAs in this group of patients. How-
ever, in the case of TBE with bacterial co-infections,
a significant reduction in the level is observed only in
the case of MDA. Therefore, it can be suggested that
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Fig. 6 The expression of membrane receptors: CB1, CB2, TRPV1 and PPARy in granulocytes of patients with TBEV infection (TBE1—Dbefore

therapy and TBE2—after therapy) and patients with TBEV+Bb/Ap co-infection (co-infection1—before therapy and co-infection2—after therapy)
was compared to healthy subjects (control). The differences between mean values was indicated for p < 0.05: TBE patients (n=40) before and after
treatment (TBET or TBE2) or patients with TBEV +Bb/Ap co-infection (n=6) before and after treatment (co-infection1 or co-infection2) and control
group (n=20) was signed as “a" TBE patients (n=40) after (TBE2) and before (TBE1) treatment (n=40) was signed as “x". TBEV + Bb/Ap coinfected
patients (n=6) before treatment (co-infection1) and TBE patients (n =40) before treatment (TBE1) was signed as‘m”

pro-oxidative conditions still prevail in the patient’s
body and/or the state of the blood-brain barrier has
not completely improved.

The metabolism of phospholipids is modified not
only as a result of the direct reaction of PUFAs with
ROS, but is also controlled by enzymes metabolizing
phospholipids and free PUFAs, the activity of which
is increased under conditions of oxidative stress [31].
Therefore, in states of viral infection (TBE) and bacte-
rial co-infection (TBE+LB/HGA), PLA2 is activated,
which promotes the release of both fatty acids and their
cyclization products from lipid structures. There is also
increased activity of COX1/2 and lipoxygenase, includ-
ing LOX5, which metabolize free PUFA into lipid medi-
ators [32]. This situation favors reducing the level of
fatty acids (AA and DHA). However, previous reports
have shown that in HCV infection PUFAs, mainly AA,
may enhance the antiviral effect of IFN-a and contrib-
ute to the antipathogenic effect [33]. However, in TBE
infection, the level of free AA does not change, while
it decreases in co-infection, especially after treatment,
which may be due to increased lipid peroxidation. On
the other hand, a decrease in the level of AA after the
end of therapy may suggest the depletion of antivi-
ral resources in the patients’ organism. On the other
hand, the increase in free DHA in the blood plasma of
patients with TBE may indicate the accumulation of
this acid coming from both CNS and blood levels. Lit-
erature data also show that the inducible COX2 isoform
is upregulated during influenza virus infection, contrib-
uting to the excessive cytokine response observed in
severe H5N1 infections [34]. As a consequence, it can
be suggested that a significant increase in the activity of

enzymes metabolizing PUFAs may be an offensive reac-
tion of the body to infection.

Another consequence of the increased activity of
enzymes responsible for PUFA metabolism is an
increased level of some lipid mediators, including endo-
cannabinoids and eicosanoids, whose metabolic effects
are mainly the result of activation of membrane receptors
of blood cells [35, 36]. Among the endocannabinoids pre-
sented in this paper, AEA and OEA are characterized by
a significant increase in plasma levels as a result of infec-
tion, but only AEA as a result of co-infection. It can be
suggested that the increased level of endocannabinoids
is mainly a consequence of the inhibition of the activity
of enzymes degrading these lipid mediators in conditions
of infection [37]. Literature data also indicate that in viral
infections caused by HIV or Theiler virus, AEA may par-
ticipate in the regulation of inflammation by lowering the
level of pro-inflammatory cytokines and activating anti-
inflammatory pathways in immunosuppressive cells [38].
OEA also has anti-inflammatory and antioxidant proper-
ties, which prevents damage to the vascular endothelium
[39].

The consequence of increased activity of COXs and
LOXs as a result of infection is increased enzymatic
metabolism of free PUFAs to other lipid mediators, such
as eicosanoids, which may reveal both pro- and anti-
inflammatory effects. Literature data clearly indicate
that viral infection increases generation of 15-HETE and
13-HODE, which belong to the pathways that modu-
late inflammation [35, 40]. It is known that eicosanoids
act mainly through membrane receptors and that both
13-HODE and 15-HETE are agonists of PPARy receptors,
thus promoting the resolution phase of inflammation [35]
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and in addition, 13-HODE is also a ligand that activates
the TRPV1 receptor [40], whose increased activation is
observed in granulocytes of patients with both TBE and
bacterial co-infections. Thus, the increase in 13-HODE
concentration observed after pharmacotherapy of
patients with TBE and bacterial co-infections (TBE+ LB/
HGA) may confirm the resolution of the disease process.
In addition, 13-HODE inhibits platelet adhesion and
macrophage apoptosis [35], and is also a ligand that acti-
vates the TRPV1 receptor [40], whose increased activa-
tion is observed in the granulocytes of patients with both
TBE and bacterial co-infections.

However, the level of 15-HETE does not show a ten-
dency to increase, which may be due to the fact that
15-HETE is further metabolized as a precursor of the
biosynthesis of lipoxin LXB4, which is an important ago-
nist of inflammation resolution [41]. Thus, such a change
in the level of these mediators may indicate a tendency to
resolution of inflammation. The results of this study indi-
cate the same direction of changes in PLA2 and 15-HETE
activity, which may also confirm their mutual interaction
in the case of TBE. However, the reduced level of anti-
inflammatory 15-PGJ2 observed in the plasma of patients
with both TBE and bacterial co-infections, which reduces
the activation of the pro-inflammatory transcription fac-
tor NFkB [42], indicates the presence of inflammation in
patients with both TBE and co-infections.

Moreover, in the early stages of TBE and viral-bacterial
co-infections, elevated levels of leukotriene B4 (derived
from AA) are observed in the plasma of patients, which
are involved in the early stages of inflammation during
infection [43]. It is known that LTB4 promotes the migra-
tion and survival of neutrophils, increases the secretion
of enzymes from neutrophil granules and the production
of superoxide anion radicals [44]. These leukotrienes may
also participate in the recruitment of T lymphocytes to
sites of inflammation [45]. In addition, LTB4 has been
shown to induce the release of an antimicrobial peptide
from neutrophils and, in some cases, inhibit viral replica-
tion [44]. It can therefore be suggested that the several-
fold increase in LTB4 observed at the onset of TBEV
infection stimulates the antiviral response against patho-
gens. On the other hand, in viral-bacterial co-infection,
there is a much smaller increase in LTB4 levels and a
smaller reduction after treatment. However, studies on
the metabolic consequences of Mycobacterium tuber-
culosis infection have shown that the correct LTB4/
PGE2 ratio is essential in controlling the host immune
response, suggesting that optimal PGE2 production is
also required for an effective immune response [46]. This
may suggest that the situation may be similar for other
infections, including bacterial co-infections. Thus, in the
case of bacterial co-infections, no changes in the level of
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this prostaglandin are observed, while in the plasma of
patients with TBE, reduced levels of PGE2 are observed
before treatment, which may indicate a weakened
immune response.

It is known, however, that in addition to the role of
modulators in the central nervous system, endocannabi-
noids as well as eicosanoids are also peripheral immune
mediators, with anti-inflammatory or pro-inflammatory
effects depending on the representative and the receptors
activated by it. These lipid mediators are known to act
as agonists of the G protein-bound receptors, including
CB1, CB2, TRPV1 and PPARYy receptors, the increased
expression of which is observed in the present study
in the granulocytes of patients with TBE and bacterial
co-infection. However G protein-bound receptors are
involved in the regulation of redox balance and inflam-
mation [47] and activation of CB1 receptors increases
the generation of ROS and the pro-inflammatory factor
TNF-a, while activation of CB2 receptors promotes the
reduction of ROS and TNF-a generation [48], which may
contribute to the reduction of the pro-inflammatory and
stress response in viral and bacterial infection. Such a
multidirectional effect is indicated by a strong activation
of CB1 receptors and at the same time a much lower acti-
vation of CB2 receptors in the granulocytes of patients
with co-infections (KZM +LB/HGA). In addition, CB2
receptors not only reduce oxidative stress and inflamma-
tion, but also regulate mitogen-activated protein kinases
(MAPK) and indirectly stimulate phospholipases, includ-
ing PLA2 [49, 50], which may indicate a feedback loop
and further intensification of phospholipid metabolism,
as may indicate reduced levels of free PUFAs, especially
after co-infection. It is also known that by activating the
PPARy family of receptors, endocannabinoids inhibit
inflammatory responses and enhance the host response
to inflammation [51]. This seems to be confirmed by the
results of the present study, which indicate significantly
less activation of PPARYy in the case of co-infection than
in the case of TBEV infection alone. In contrast to other
viral diseases such as COVID-19, it has been suggested
that OEA, which is also upregulated only in TBE patients,
is responsible for the downregulation of NF«B-related
gene expression [52] and also modulates the effects par-
tially mediated by PPAR«a [53]. In addition, in patients
with COVID-19, it was found that activation of the endo-
cannabinoid system reduces viral replication and the
level of pro-inflammatory cytokines [54], hence a similar
response of the endocannabinoid system, especially in
the case of TBE, but also partially in co-infections, can be
considered beneficial and even pro- survival effect on the
infected organism.

Taking into account changes in the level of lipid media-
tors, both from the group of endocannabinoids and
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eicosanoids, and the granulocyte receptors they activate,
which may be activated as a result of interaction with
various lipid mediators, it is not possible to clearly link
and compare changes in the levels of lipid mediators and
activated receptors with the course of TBE and bacterial
co-infections and with clear effects of therapy.

Conclusion

The analysis of the observed changes in the metabo-
lism of phospholipids and free PUFAs in the plasma of
patients with TBE and bacterial co-infections (TBE + LB/
HGA) indicates an intensification of the metabolism of
PUFAs, leading in most cases to the overproduction of
their metabolites. This applies to both metabolites pro-
duced as a result of oxidative stress as well as lipid media-
tors produced in enzymatic reactions, which directly or
through the activation of membrane receptors partici-
pate in further metabolic transformations in the human
body, which makes it difficult to clearly determine the
consequences of these modifications. A partial reduc-
tion of the observed changes as a result of classic phar-
macotherapy only indicates the regression of the disease
process, and not the body’s return to its physiological
state. Therefore, taking into account the presented results
and the fact that the disturbed metabolism of PUFAs is
directly or indirectly related to increased oxidative stress,
in order to limit the consequences of persistent oxidative
stress, it can be suggested to introduce substances with
antioxidant effect, which should contribute to reducing
the effects of infection and faster convalescence.
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