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Abstract

Objective. The objective of the study was measurement of serum arachidonic acid level as well as the product of its
peroxidation – 8-isoPGF2a , and the activity of phospholipase A2 and PAF-acetylhydrolase that participate in releasing
8-isoPGF2a from glycerol skeleton, and the potential designation of their role in the pathomechanism of Lyme disease (LD).
Material and methods. Changes in the phospholipid arachidonic acid level and the level of 8-isoPGF2a were determined
in the plasma and urine of patients with LA (n=57) and of healthy controls (n=41). The activity of phospholipase A2 and PAF
acetylhydrolase were assayed. All examined parameters were also measured in the plasma of some LA patients (n=13) after
antibiotics treatment.
Results. An almost 3-fold higher level of the total plasma 8-isoPGF2a was observed in LA patients compared to the controls,
while in the urine it increased over 5-fold. The plasma PLA2 activity was more than 3-fold higher in LA patients than in the
healthy subjects, while PAF acetylhydrolase activity was observed to be modestly, but not significantly lower. The total
8-isoPGF2a level in the plasma and urine of LA patients was significantly lower after antibiotics treatment. The plasma
activity of PAF-AH in the LA patients was increased, while the cPLA2 activity decreased after antibiotics treatment.
Conclusions. It may be suggested that in the course of LA, the level of binding 8-isoPGF2a is significantly enhanced, and
it may also be suggested that uncontrolled changes in the lipid status of some patients may make their Lyme arthritis
unresponsive to antibiotics.
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INTRODUCTION
Lyme disease (LD) is a consequence of infection with the
spirochete Borrelia burgdorferi, which is transmitted to
humans by the feeding of infected Ixodes ticks [1]. The
spirochete initially establishes infection in the skin and
next disseminates to other organs, such as the heart, joints
and nervous system [1]. B. burgdorferi contributes to the
local tissue inflammation, which can manifest as arthritis.
Arthritis develops over months after infection, affecting
60% – 80% of untreated patients [2]. Lyme arthritis (LA)
is characterized by tendonitis and synovitis. B. burgdorferi
induces expression of b2/CD18 integrins, which mediate the
migration and adhesion of neutrophils and other leukocytes
to the endothelium necessary for extravasation during
inflammation, and are crucial for controlling the spirochete
infection [3]. Moreover, b2 integrin receptors are critically
involved in neutrophil activation at the site of inflammation
and their activation contributes to oxidative burst. Both of
these pathways lead to over-generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), especially
superoxide anion and nitrogen oxide [4]. The oxidative burst
is considered to be one of the main antimicrobial neutrophil
functions; however, the oxidative burst participates not only
in the local killing of spirochetes. Enhanced generation of
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ROS and changes in antioxidant abilities of patients observed
in B. burgdorferi infection lead to oxidative stress formation
[5]. In consequence, cellular components such as lipids,
DNA and proteins are oxidatively modified, which leads to
changes in their functions and contributes significantly to
the pathology.
Lipids are particularly susceptible to attack of ROS, which
results in the formation of a number of peroxidation products.
The main components of lipids particularly susceptible to
the action of ROS are polyunsaturated fatty acids, with
commonly occurring arachidonic acid in particular. One
group of oxidation products that may exert toxic effects on
the cells are very reactive aldehydes, such as malondialdehyde
and 4-hydroxynonenal, the level of which is also enhanced
during LA [6]. Their generation and reactions with proteins
disturb the structure and functions of biomembrane
components, as well as cytosolic protein participating in
the cellular signaling. Another class of lipid peroxidation
products is the prostaglandin F2-like compounds group –
isoprostanes, mainly 8-isoPGF2a . 8-isoPGF2a are produced in
vivo independently of cyclooxygenases enzymes, primarily by
free radical induced peroxidation of arachidonic acid [7]. It
has been shown that the levels of 8-isoPGF2a are increased in
a number of human diseases, including LA [8]. Measurement
of 8-isoPGF2a is currently recognised as the most accurate to
assess the oxidative injury in vivo; moreover, they are more
stable than aldehydes generated during lipid peroxidation.
In addition, products of the 8-isoPGF2a pathway have been
found to exert potent biological actions and therefore may
be pathophysiologic mediators of diseases [9].
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OJECTIVE
The objective of this study was measurement of the
serum arachidonic acid level as well as the product of its
peroxidation – 8-isoPGF2a, and the activity of phospholipase
A 2 and PAF-acetylhydrolase that participate in releasing
of 8-isoPGF2a from glycerol skeleton and the potential
designation of their role in the pathomechanism of LA.
MATERIALS AND METHOD
The main examined group (group I) consisted of 57 patients
with LA (18 females, 39 males) before antibiotic treatment,
aged 23–72 years (mean: – 49 years). Group II consisted of
13 patients with LA (2 females, 11 males) aged 23 to 76 years
(mean: 51 years), treated with doxycyclinum or cefrixone
for one week. The control group consisted of 41 healthy
individuals (13 females, 28 males) aged 26–67 years (mean:
46 yearsd). The healthy controls were specifically screened for
any sort of inflammatory process and for use of non-steroidal
anti-inflammatory drugs.
Diagnosis of LA was confirmed by epidemiological
anamnesis, clinical picture – arthritis caused by B. burgdorferi
and serological examinations results – detection of anti/
B. burgdorferi IgM and IgG antibodies in ELISA method
(Borrelia recombinant IgG and IgM, Biomedica, Austria)
and at least a 4-times increase of their concentration in IgG
class. In all cases, results of ELISA test were confirmed by
Western blot testing (DRG Diagnostics).
In epidemiological anamnesis,s 90% of patients reported
previous tick bites. In all cases, pain limiting movement of
big joints (especially knee, elbow, shoulder) and muscles,
especially of thighs and shoulders, were observed.
In all cases, other concomitant inflammatory processes
were excluded. In treatment, all the patients concomitantly
were taking non-steroidal anti-inflammatory drugs.
Blood was collected into EDTA tubes from 57 LA patients
before antibiotic treatment for the arthritis, as well as from
healthy controls. Additionally, blood was collected from 13
LA patients before antibiotic treatment as well as after one
week treatment with doxycyclinum or ceftriaxone. The blood
was centrifuged at 3,000 × g (4 °C) to obtain plasma. Urine
was also collected from the same patients.
The study was undertaken with the permission of the
Bioethical Committee of the Medical University of Bialystok,
Poland, after obtaining the written informed consent of the
patients who participated in the study.
Determination of 8-isoPGF2a level. The 8-isoPGF2a level
was determined in the plasma as well as in the urine using
the LC-MS\MS method [10, 11]. The plasma 8-isoPGF2a were
determined as free 8-isoPGF2a – existing in the organism as
not-esterified in phospholipids form (hydrolyzed in organism),
and as total 8-isoPGF2a , containing free – not esterified and
esterified in phospholipids 8-isoPGF2a. To determine total
8-isoPGF2a 1.0 ml of plasma was thawed and homogenized
with 30 ml internal standard (300 pg 8-isoPGF2a-d4), 80 ml of
a solution containing BHT (10 mM) and triphenylphosphine
(1 mM) in ethanol, and the mixture was thoroughly vortexed.
Next, 400 ml of a solution containing 25% (w/v) KOH was
added and the mixture heated in a water bath for 45 minutes
at 40 °C in order to hydrolyse the esterified isoprostanes. After

hydrolysis, the sample was diluted with 3 ml of water, in
order to prevent protein precipitation, followed by vortexing.
Acetic acid was added to pH 3 to prevent dissociation of
the isoprostanes. A solid phase column (tC18 Sep-pak Vac,
3 ml, 200 mg; Waters Chromatography) was conditioned
with 3 ml of methanol, followed by 3 ml of water that was
adjusted to pH 3 with glacial acetic acid. The sample was
vortexed again and loaded onto the SPE column. The testtube was washed with 3 ml of water (pH 3, corrected with
glacial acetic acid) and the washing solution also loaded into
the column and the cartridge dried. The cartridge was then
washed with 3 ml of heptane to remove lipids. The cartridges
were dried again under vacuum, and the sample was again
eluted with 7 ml of eluent consisting of ethyl acetate/heptane/
methanol (50/40/10 %). The resulting solution was evaporated
to dryness under a gentle stream of nitrogen. The residue was
dissolved in 60 ml acetonitrile/water (60/40% with 0.05% (v/v)
acetic acid). For quantification of free 8-isoPGF2α in plasma,
the same protocol was applied but an alkaline hydrolysis
step was omitted.
To urine, 8-isoPGF2a determination urine samples (1 ml),
were added to 0.5 ml of 15 % KOH and mixed and allowed to
stand for 30 min. The pH was next adjusted with 6 M HCl to
~2.5. The sample was then subjected to solid phase extraction
(SPE). BondElut LMS polymer 100 mg SPE cartridges were
used (purchased from Varian). The SPE cartridge was
conditioned with 1 ml of ethanol and 1 ml of Sorensen
buffer. The sample was applied to the cartridge, which was
then sequentially washed with 1 ml each of Sorensen buffer
and 5% ethanol in water. The analyte and internal standards
were eluted from the cartridge by using 1 ml of ethanol.
The eluate was collected and dried under a gentle stream of
nitrogen. The resulting residue was then reconstituted with
100 ml of 20 % acetonitrile. A Phenomenex RP C18 column
(150 × 2 mm, 3 mm) was used for chromatographic analysis.
A gradient separation was performed, starting with a solvent
that consisted of 60% water (pH 3.85) and 40% acetonitrile
running for 4 minutes. From 4–5 minutes, a gradient was
run to 100% acetonitrile, which ran for 8 minutes. From 8 – 9
minutes, a gradient was used to return to the original eluent
composition and the system was equilibrated for 15 minutes.
The flow rate was 200 ml/min, the temperature column was
set at 30 °C; injection volume 10 ml. The following parameters
were employed throughout all MS experiments for ESI with
negative ion polarity. The target ions m/z 353, EIC: m/z 193
and 255, the fragments detected over a scan range of m/z
150–400.
Determination of phospholipid fatty acid level. The plasma
level of phospholipid fatty acids was analyzed by GC with
a FID detector [12]. First, the lipids were isolated by Folch
extraction using chloroform/methanol mixture (2:1, v/v)
in the presence of 0.01 % butylated hydroxytoluene (BHT).
TLC separated phospholipids fatty acids with the mobile
chase heptane – diisoprophyl ether – acetic acid (60:40:3,
v/v/v) and transmetylated to fatty acid methyl ester (FAME)
with boron trifluoride in methanol reagent under nitrogen
atmosphere at 100 °C for 30 min for phospholipids. The
FAMES were analyzed by gas chromatography with a FID
(flame ionization detector) using a capillary column coated
with CP-Sil 88 stationary phase. The injector and FID detector
temperatures were kept at 260 °C. The column temperature
was programmed from 150 °C (2 min) – 230 °C (10 min) at
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4 °C/min. Identification of FAMEs was made by comparison
with their retention time with standards.
Changes in cPLA2 and PAF-AH activities. Commercial
assay kits were used to determine cPLA 2 and PAF-AH
activities (Cayman, Ann Arbor, MI, USA).
Statistical analysis. Data obtained in the study are expressed
as mean ± SD. These data were analyzed by standard statistical
analyses, one-way analysis of variance (ANOVA) with Tukey’s
test, to determine significant differences between groups. A
p value of < 0.05 was considered significant.
RESULTS
Oxidative damage was implicated in the pathogenesis of LD.
The level of free AA in the plasma was observed to be
significantly higher (by about 22%) in patients with LA,
compared to controls, while the esterified AA level was
decreased (by about 35%) (Tab. 1).
Table 1. Level of arachidonic acid [AA], isoprostanes [8-isoPGF2a], activity
of phospholipase A2 [cPLA2] and acetylhydrolase PAF [PAF-AH] in Lyme
arthritis patients and the control group
Control
[n=41]

Lyme arthritis
[n=57]

Plasma free AA level
[nmol/ul]

0.166±0.026

0.203±0.065a [22%]

Plasma phospholipid AA level
[nmol/ul]

36.86±6.32

24.11±6.36a [35%¯]

Plasma total 8-isoPGF2a level
[pg/ml]

18.99±5.09

52.15±25.17a [275%]

Plasma free 8-isoPGF2a level
[pg/ml]

5.16±1.64

3.48±1.66a [33%¯]

27%

7%

37.04±11.01

206.59±137.55a
[558%]

Plasma PLA2 activity
[nmol/min/ml]

9.00±1.44

28.68±11.2 [319%]

Plasma PAF-AH activity
[nmol/min/ml]

25.65±3.96

24.17±8.87 [6%¯]

Parameters

% of free 8-isoPGF2a level
Urine 8-isoPGF2a level
[pg/mg creatinine]

a

a

statistically significant differences for p<0.05

Although the level of total 8-isoPGF2a was significantly
higher in LA patients compared to the controls, the increase
in this isoprostane in the plasma was smaller than in the
urine. An approximately 3-fold higher level of the total
plasma 8-isoPGF2a was observed in LA patients compared
to the controls, while in the urine it increased over 5-fold.
However, the level of free 8-isoPGF2a in the control plasma
was 27% of the total level, while the level of free 8-isoPGF2a
in the plasma of LA patients was 7% of the total level. Platelet
activating factor–acetylhydrolase activity in the plasma was
observed to be slightly, but not significantly lower (by about
6%) in LA patients compared to the controls. By contrast,
the plasma cPLA2 activity was over 3-fold higher in the LA
patients than in the healthy subjects.
All examined parameters were also measured in the plasma
of the LA patients after antibiotics treatment (Tab. 2).
No significant differences were observed in the levels of
free and esterified AA before and after treatment. However,

Table 2. Level of arachidonic acid [AA], isoprostanes [8-isoPGF2a], activity
of phospholipase A2 [cPLA2] and acetylhydrolase PAF [PAF-AH] in Lyme
arthritis patients plasma and urine before and after antibiotics treatment
Lyme arthritis [n=13]
Parameters

Before antibiotic
treatment

After antibiotic
treatment

Plasma free AA level
[nmol/ul]

0.190±0.048

0.180±0.036 [5%¯]

Plasma phospholipid AA level
[nmol/ul]

20.06±3.56

21.18±3.45 [6%]

Plasma total 8-isoPGF2a level
[pg/ml]

75.43±39.87

48.56±21.51a [27%¯]

Plasma free 8-isoPGF2a level
[pg/ml]

3.01±1.23

2.83±1.02 [6%¯]

4%

6%

237.42±132.14

144.24±83.21a [39%¯]

Plasma PLA2 activity
[nmol/min/ml]

31.92±7.62

23.51±3.21a [26%¯]

Plasma PAF-AH activity
[nmol/min/ml]

23.14±4.72

29.85±6.58a [29%]

% of free 8-isoPGF2a level
Urine 8-isoPGF2a level
[pg/mg creatinine]

a

statistically significant differences for p<0.05

the total 8-isoPGF2a level patients were significantly lower
(by about 27% and 39%, respectively) in the plasma and
the urine of LA patients after antibiotics treatment. There
were no significant differences in the plasma level of free
8-isoPGF2a before and after antibiotics treatment. The
plasma concentration of free 8-isoPGF2a before and after the
treatment was 7% and 6% of the total amount, respectively.
Surprisingly, the plasma activity of PAF-AH in the LA
patients increased (by about 29%), while the cPLA2 activity
decreased (by about 26%) after antibiotics treatment.
DISCUSSION
LD caused by infection with the spirochete B. burgdorferi
is the most common vector-borne disease in Europe and
North America. It has been proved that during B. burgdorferi
infection, ROS generation is enhanced, while the antioxidant
abilities, particularly the level of vitamin E, which acts as an
efficient antioxidant in the lipid phase of the biomembranes,
are decreased [13]. In such a situation, ROS may react with
polyunsaturated fatty acids, among which, arachidonic acid
is commonly found. When it is attacked by reactive species,
peroxidation products are formed. As first, lipid peroxides
and low molecular aldehydes are produced. An elevated level
of low molecular phospholipid peroxidation products in the
course of LA was revealed earlier [6]. The relatively stable
group of lipid peroxidation products are prostaglandinlike compounds – isoprostanes that are also significantly
enhanced during the course of LA, as has been previously
shown and in this study.
Isoprostanes belong to the eicosanoids family that
comprise a diverse class of over 100 bioactive lipid mediators
derived from the metabolism of polyunsaturated fatty acids
by enzymatic as well as non-enzymatic pathways. Analysis
of joints from LA-resistant and susceptible mouse strains
revealed not only COX catalyzing generation of PGE2 and
PGD2, but also the production of eicosanoids, including
products of CYP and 12-LOX – 11,12-EEET and PD1,
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respectively. However, the lipidomic analysis of joints from
COX-2-deficient animals during infection with B. burgdorferi
showed reduction in the products of COX and LOX action
[14]. Moreover, it was shown that mice lacking COX-2
are characterized by sustained neutrophil influx into the
joints and, in consequence, inflammatory response and
prolonged arthritis pathology [15]. In such a situation, the
non-enzymatic mechanisms of oxidation of arachidonic
acid esterified at the sn-2 position of cellular and lipoprotein
phospholipids may play an important role. Arachidonoyl
phospholipid peroxides may rearrange to a series of regioand stereoisomers of eicosanoid mediators, including the
PGF2-like compounds termed 8-isoPGF2a [16]. It was proved
that over 60% of plasma 8-isoPGF2a is carried as lipid esters,
with the remainder circulating as free 8-isoPGF2a [10], which
is confirmed in the presented study. In consequence, the level
of arachidonic acid is decreased, as shown in the current
study.
The elevated level of 8-isoPGF2a has been observed in
a number of human diseases that have been linked to
oxidative stress, and this study has confirmed that LA is
accompanied by a 3-fold increase in the level of esterified
8-isoPGF2a in the plasma, while the level of the free form of
isoprostanes has a tendency to decrease. The results of the
current study indicate that in the course of LD formation
of 8-isoPGF2a was enhanced faster than their hydrolyzing
from phospholipids.
A unique aspect of the genesis of isoprostanes
compared with prostaglandins formed as products of the
cyclooxygenase, is that isoprostanes are initially generated
in phospholipids form and are subsequently released as a
free form. The mechanism responsible for releasing these
mediators after generation in membrane phospholipids is
largely unknown. 8-isoPGF2a are realized by phospholipases,
mainly by phospholipases A2 – enzymes hydrolyzing a bond
at the sn-2 position of the glycerol phospholipids. Released
isoprostanes are subsequently excreted into the urine [17]. In
the presented study, the enzymatic activity of phospholipases
A2 was higher in the plasma of the LA patients compared to
the controls. This may explain the increase in F2-IsoPs in the
urine, which was also reported earlier [6], resulting in an
accumulation of esterified F2-IsoPs in the lipids [18]. It was
shown that B. burgdorferi induced cytosolic phospholipase A2
mRNA level in the joints of infected mice [15]. The expression
of both phospholipases A2 and COX-2 was observed during
B. burgdorferi infection, and their temporal expression
altered by COX-2 enzyme inhibition suggested a potential
feedback mechanism for the regulation of mRNA for these
enzymes by the products of COX-2. Separation of arachidonic
acids by phospholipase A 2 also indirectly contributes to
increased ROS generation because the further arachidonic
acid metabolism is partially connected with COX and LOX
action in which ROS generation is observed [19]. Thus,
phospholipase A 2 may also enhance lipid peroxidation.
Enhancement of the phospholipase A 2 activity by the
oxidative stress is accompanied by a decrease in the level
of vitamin E and selenium. There is a cross-talk between
two different fatty acids oxidation pathways. The COXs are
implicated in 8-isoPGF2a formation because COX action
leads to the generation of ROS that can nonenzymatically
oxidize arachidonic acids, whereas lipid hydroperoxides can
activate the COXs. It must be emphasized that phospholipase
A2 may also reveal its protective action by enhancing lipid

hydroperoxide metabolism, as well as by repairing the
biological membranes removing the damaged lipids [20].
It was also found that among phospholipases, intracellular
and plasma PAF acetylhydrolases also have a high affinity
for hydrolyzing oxidatively modified phospholipids and
release isoprostanes localized at sn-2 position of glycerol
[21]. However, the rate of hydrolysis of isoprostanes is much
lower compared with that of other substrates utilized by
these enzymes. In the presented study, an increase in PAFAH activity in the plasma of the LA patients was observed,
compared to the controls. Because this enzyme is susceptible
to oxidative inactivation, it is possible that certain lipid
oxidation products generated during LA may inhibit it. The
diminished activity of plasma PAF acetylhydrolase and the
high level of the esterified form of isoprostanes in LA confirm
this suggestion. Moreover, the increase in the activity of PAF
acethylhydrolase was observed after antibiotics treatment,
when the level of isoprostanes was diminished. Independently
of the above suggestion, the decrease in the plasma PAF
acetylhydrolase activity during some other diseases, such as
asthma, atopy, stroke or Parkinson disease, was also shown
[8, 22].
These studies indicate two different roles of isoprostanes
and phospholipases in the physiology and Lyme arthritis
pathology. In physiological conditions, phospholipase A 2
and PAF acetylhydrolase modulate cellular homeostasis
considering the abilities to initiate repairing cellular
membranes. Because of insufficient increase in the activity
of the above enzymes, they cannot protect membranes in
LA patients before antibiotics therapy. Proper diagnosis and
treatment is very important because the isoprostanes may
induce a signaling pathway that contributes to monocyte/
endothelial cell adhesion and potentially atherosclerosis.
Antibiotic treatment leads to a decrease in the level of
isoprostanes and in the activity of phospholipase A2, whereas
the activity of PAF acethylhydrolase is enhanced. Therefore,
the cellular homeostasis may not be quite reached, and the
enhanced activity of PAF AH may lead to the development
of metabolic disorders.
LD is generally responsive to antibiotic therapy; however,
some patients develop an inflammatory arthritis that
becomes refractory to antibiotic, and the musculoskeletal
symptoms can continue for months after treatment. The
pathomechanisms controlling the course of LD have not
been fully explained, but it is known that the accompanying
inflammatory state is characterized by stimulation of
phagocytes which leads to enhanced generation of ROS and
RNS [4] that cause NFkB activation in the endothelium.
This, in consequence, leads to increased adhesion molecules
expression (such as ICAM and VCAM-1), proinflammatory
cytokines (IL1b, TNF-α, IL-6, IL-12, IL-15) and chemokins
(MCP-1, MIP) production. However, an increase in IFN-g
concentration in macrophages leads to intense activity of
indoleamine-pyrrole 2,3-dioxygenase, which additionally
to ROS, regulates the activity of collagenases, elastase and
stromelysin [23], which cause intensive degradation of the
extracellular matrix. This process is faster due to oxidative
modifications of the cell membrane phospholipids, which
promote enhancing membrane permeability [18]. It enables
spirochetes to penetrate various tissues, including articular
cartilages. However, as shown in the presented study,
the rate of arachidonic acid oxidation with isoprostanes
generation at the sn-2 position is significantly higher than
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hydrolyzing free isoprostanes. Therefore, destabilization
in the membrane structure connected with phospholipid
peroxidation may be turned in the cross-linking resistant
structure, especially that the oxidative modifications of
membrane protein components may lead to the formation
of intermolecular bridges. Such uncontrolled changes in the
lipid-protein membrane structure may stick to the spirochete
remnants that were found near cartilage in mice [24]. The
finding of fluorescent deposits containing B. burgdorferi
antigens in the knee entheses after antibiotic treatment has
important implications for the pathogenesis of human LA.
These remnants contain inflammatory potential and can
stimulate macrophages to TNF-a production. Such debris
could contribute to prolonged inflammatory responses in
the joint after infectious spirochetes have been eradicated.
In humans, treatment-resistant LA has been attributed to
autoimmunity because B. burgdorferi DNA can no longer
be detected in the synovial fluid or synovectomy tissue
[25]. However, infection-induced autoimmunity does not
explain why this form of arthritis resolves over time, usually
within four years. Release of foreign antigens could occur
as a consequence of biomechanical stress at the enthese and
contribute to inflammation at this site. Additionally, repeated
oxidative stress formation may lead to slow degradation
of B. burgdorferi components at these sites, which could
contribute to the lag in symptom response in patients with
disseminated LD.
CONCLUSIONS
1. In the course of LA, the level of binding 8-isoPGF2a
is significantly enhanced, which may suggest that
uncontrolled changes in the lipid status of some patients
may render their Lyme arthritis unresponsive to antibiotics.
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