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Abstract—To study the role of paraoxonase, myeloperoxidase, arginase, asymmetric dimethylarginine, and
nitric oxide in the mechanisms of the pathogenesis of postpericardiotomy syndrome (PPCS), 76 patients with
ischemic heart disease (IHD) who underwent coronary artery bypass grafting were examined. Patients were
divided into two groups: Group 1, IHD patients who were not diagnosed with PPCS as a result of clinical
studies, and Group 2, IHD patients who were diagnosed with PPCS. The results indicate that the postoper-
ative period after coronary artery bypass grafting is associated with the inhibition of paraoxonase, the activa-
tion of myeloperoxidase, enhanced arginase activity, increased nitrite/nitrate and asymmetric dimethylargi-
nine levels; it may also be accompanied by the development of endothelial dysfunction and increased sys-
temic inflammatory response. In the present work, inverse correlations were found between the paraoxonase
aryl esterase activity and myeloperoxidase activity in plasma, as well as the paraoxonase aryl esterase activity
in blood plasma and arginase activity in erythrocytes in patients of both groups. Tests to predict the develop-
ment of postpericardiotomy syndrome were developed based on the ratio of activity of the studied enzymes.
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INTRODUCTION

Ischemic heart disease (IHD) is one of the most
important age-related diseases. Despite the almost
nearly two hundred years of research on its history, the
search for and improvement of methods for the treat-
ment of this disease remain a priority [4]. The meth-
ods of direct myocardial revascularization, in particu-
lar, coronary artery bypass grafting (CABG), have
recently become most relevant. According to numer-
ous studies, CABG is significantly superior to drug
therapy in efficiency and is indispensable for multiple
lesions of the coronary vessels [8, 14]. Despite its obvi-
ous advantages, cardiac surgery is often associated
with surgical trauma, hemodynamic changes, and the
development of systemic inflammatory response and
endothelial dysfunction. Myeloperoxidase (MPO) is
a key enzyme linking inflammation and oxidative
stress in cardiovascular pathologies. As a result of
MPO activation, high-density lipoproteins (HDLs)
are oxidized by highly reactive hypochlorites, which
leads to lipoprotein dysfunction and a change in lipo-
protein properties to pro-inflammatory [18].

It is known that MPO is able to reduce the bioavail-
ability of nitric oxide (NO•) and thereby contribute to
the development of endothelial dysfunction. The
involvement of MPO in the pathogenesis of cardiovas-
cular diseases is closely related to the functioning of
another group of enzymes, paraoxonases (PONs),
which have antioxidant properties and protect HDLs
from oxidation [6]. Endothelial dysfunction is associ-
ated with impaired relaxation and antiaggregation
properties, increased cell growth, the proliferation of
smooth muscle cells, and abnormal vascular permea-
bility [30]. NO• deficiency, which is the leading
humoral factor in vascular relaxation, is considered to
be one of the most important causes of the develop-
ment of endothelial dysfunction [24]. NO• is normally
synthesized in small amounts by endothelial NO syn-
thase (eNOS). The lack of NO• in the endothelium
and a decrease in its bioavailability is promoted, on the
one hand, by cytokine overproduction, and, on the
other hand, by increased arginase activity, which com-
petes with eNOS for a common substrate, L-arginine.
In addition, asymmetric dimethylarginine (ADMA)
can directly inhibit endothelial NO synthase and
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cause a relative NO• deficiency [26]. It is known that
an increase in arginase activity at a high level of
ADMA stimulates eNOS-uncoupling and the intensi-
fication of cardiovascular inflammation [32].

All of this leads to a high risk of postoperative com-
plications, one of which is postpericardiotomy syn-
drome (PPCS). It should be noted that many of its
pathogenetic aspects are still unclear, and no less
important is the fact that the range of possible markers
that can prevent the development of this syndrome has
not been determined. The purpose of this work was to
study the role of MPO, PON, and NO• system in the
blood and pericardial f luid in patients with coronary
artery disease who underwent direct myocardial revas-
cularization and to assess the effectiveness of these
indicators as predictors of PPCS.

MATERIALS AND METHODS
The study included 76 patients aged 41–75 (58 ±

1.5 years) with coronary artery disease who underwent
CABG in the cardiac surgery department of the Ros-
tov State Medical University. The inclusion criteria
were the following: FC III–IV angina pectoris, steno-
sis of the left coronary artery trunk by 75% or more,
severe stenosis of the near sections of the main arter-
ies, and multiple lesions of the coronary vessels.
Patients were divided into two groups: Group 1, IHD

patients who were not diagnosed with PPCS as a result
of clinical studies (PPCS–), and Group 2, IHD
patients who were diagnosed with PPCS (PPCS+).
The biochemical parameters were studied in the fol-
lowing dynamics: at the time of surgery and on days 1,
3, 5, 7, and 10 of the postoperative period. The blood
of 20 practically healthy human donors of both sexes
aged 46.2 ± 0.7 was used as the control.

The materials for biochemical studies were red
blood cells, blood plasma, and pericardial f luid. Blood
was collected in the morning on an empty stomach
from the cubital vein. To obtain plasma, whole blood
was centrifuged for 10 min at 3000 rpm. A 1%-eryth-
rocyte hemolysate was obtained via lysing of the eryth-
rocyte pellet with distilled water, followed by incuba-
tion at +37°C for 30 min. Pericardial f luid was taken
during surgery and prior to analysis was centrifuged for
10 min at 3000 rpm.

The MPO activity was determined spectrophoto-
metrically [3]. The PON aryl esterase activity was eval-
uated by the rate of phenylacetate hydrolysis [16]. The
arginase activity was assessed by an increase in the
content of urea, the product of catalyzed reaction. The
urea content was assessed by reaction with diacetylm-
onoxime [2]. The ADMA level was determined by
ELISA with a commercial kit (Immundiagnostik,
Germany). The measurements were carried out on
a StatFax 2100 microplate reader (Awareness Tech-
nology, USA). The NO•level was evaluated from mea-
surements of the content of its stable metabolites and
nitrite /nitrates (NOx) [1].

Statistical processing of the results was carried out
with the Mann–Whitney U test and the Statistica 10.0
and SPSS Statistics 17.0 programs. The differences
were considered significant at p < 0.05. The results
were presented as a median (Me) with an interquartile
range (25th–75th percentile). The nonparametric
Spearman’s rank correlation coefficient was used to
determine the possible correlations. The integral diag-
nostic information content of laboratory tests was
evaluated via the construction of characteristic curves
(ROC analysis) [27].

RESULTS AND DISCUSSION
According to the results, we observed a 20–27%

increase in MPO activity in the blood plasma of
patients of both groups on day 1 after surgery as com-
pared to control values. In Group 1, the enzyme activity
was decreased by 16% on day 7 after CABG; in Group 2,
the decrease was 22% already on day 3 (Fig. 1).

In the work of S.R. Alam et al., the plasma MPO
level increased within 2 h after CABG [5]. It is known
that an increased MPO concentration 3 h after cardiac
surgery is a prognostic factor for postoperative compli-
cations [21].

It is important to emphasize that the key role in the
development of the systemic inflammatory response

Fig. 1. MPO activity in the blood plasma of IHD patients
with and without PPCS after CABG. * Statistically signif-
icant differences compared with the control group, p <
0.05.
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that develops with PPCS belongs to the MPO released
from activated neutrophils. The MPO secretion and
the subsequent formation of active chlorine forms may
be due to the recruitment and activation of neutrophils
during inflammation, the transformation of mono-
cytes into macrophages in vascular intimae induced by
modified low-density lipoproteins (LDLs), and the
association of neutrophils with damaged areas of the
endothelium. MPO initially binds to the vascular
endothelium and then penetrates into the subendo-
thelial matrix of the cell [25]. The products of the
MPO-catalyzed reaction lead to the oxidation of
LDLs, which contribute to the development of ath-
erogenesis due to the accumulation of cholesterol and
the conversion of macrophages into foam cells.

During surgery, the MPO activity in the pericardial
f luid in patients of both groups significantly exceeded
that in the control group: by 98% in Group 1 and by
171% in Group 2; moreover, the MPO activity was
37% higher in Group 2 than in Group 1 (Fig. 2).

B. Butts et al. noted a more significant increase in
MPO activity in the pericardial f luid in patients
undergoing CABG as compared with that in blood
plasma within 48 h after surgery [9]. Excessive MPO
activity in the pericardial f luid in patients with PPCS
may indicate a morphological and biochemical rear-
rangement of neutrophils, their adhesion, degranula-
tion, and the formation of neutrophilic traps. As a

rule, such changes are accompanied by the activation
of NADPH oxidase, which indirectly increases the
concentration of substrate (Н2О2) for MPO [15].

In the work, we found a direct correlation between
MPO activity in plasma and pericardial f luid in
patients without PPCS (R = 0.9, p < 0.05), as well as
with PPCS (R = 0.71, p < 0.05).

The results indicate that the PON aryl esterase
activity in the blood plasma of patients of both groups
was significantly decreased as compared with the
norm over the entire observation period: by 74–80% in
Group 1 and by 61–85% in Group 2 (Fig. 3). The
studied indicator reached the minimal values in both
groups on the first postoperative day.

The PON aryl esterase activity in the pericardial
f luid was decreased relative to the control parameters
by 52% in Group 1 and by 76% in Group 2 (Fig. 4).
The PON aryl esterase activity in Group 1 was 49%
lower than that in Group 1.

Paraoxonases belong to the class of aryl esterases
that hydrolyze organophosphorus compounds and
possess antioxidant and antiatherogenic properties.
Due to esterase and lipolactonase activity, PONs pre-
vent the accumulation of lipid peroxides from oxidized
LDLs, stimulate HDL-mediated activation of NO•

synthase, and increase the release of cholesterol from
cholesterol-overloaded macrophages [10].

A. Wysocka et al. proved the possibility of using
PON1 activity as a prognostic marker to prevent the
development of postoperative complications in
patients undergoing CABG [31]. A decrease in PON

Fig. 2. MPO activity in pericardial f luid in IHD patients
who underwent CABG at the time of surgery. The MPO
activity values in donor plasma were used as control ones.
* Statistically significant differences as compared with the
control group, p < 0.05; ** statistically significant differ-
ences between patients of Group 1 and Group 2.
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Fig. 3. PON aryl esterase activity in blood plasma in IHD
patients who underwent CABG. * Statistically significant
differences compared with the control group, p <0.05.
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activity in pericardial f luid is a risk factor for the devel-
opment of cardiopathology [12]. In our study, we
determined the correlation of PON aryl esterase activ-
ity in plasma and pericardial f luid in patients without
PPCS (R = 0.8, p < 0.05) and with PPCS (R = 0.87,
p < 0.05).

The obtained data indicated the activation of MPO
and the implementation of its proinflammatory prop-
erties in the early postoperative period after CABG. In
pathophysiological conditions, MPO is able to inhibit
the anti-inflammatory and antioxidant PON enzyme,
both directly and indirectly through active forms of
chlorine [13]. As a result, an increase in MPO activity
on day 1 after surgery is accompanied by a decrease in
PON aryl esterase activity. It is known that the ratio of
MPO and PON concentrations can be used as a pre-
dictor of the development of atherosclerosis and acute
coronary syndrome [10]. The results showed a high
inverse correlation between the activity of MPO and
PON enzymes in blood plasma; the Spearman’s rank
correlation coefficient was –0.83 (p < 0.05). In the
course of the study, we calculated a coefficient for
blood plasma, which characterizes the ratio of the
MPO peroxidase activity to the PON aryl esterase
activity on the first postoperative day. It was found
that, if this ratio exceeds 5.19 on day 1 of the postoper-
ative period, then the development of PPCS after
myocardial revascularization is possible with a 70%

probability. For pericardial f luid, this ratio is equal to
4.27. If the MPO / PON activity ratio in the patient’s
pericardial f luid is higher than 4.27, then the probabil-
ity of developing PPCS will be 71.4%. For the studied
ratio of enzyme activity in IHD patients who under-
went CABG, a high direct correlation dependence of
plasma (first postoperative day) and pericardial f luid
(time of surgery) was found; the Spearman’s rank cor-
relation coefficient was 0.71 (p < 0.05). The ROC
curves were constructed to assess the efficiency of
prognostic methods (Fig. 5). The sensitivity of the
described method for plasma is 87.5%, the specificity
is 75%, and the overall accuracy is 80%. For pericar-
dial f luid, the test criteria are 71.4, 80, and 71.4%,
respectively. The Area Under the ROC curve (AUC) of
the test was 0.875 (95% CI 0.76–0.951) for plasma and
0.779 (95% CI 0.505–0.951) for pericardial f luid. The
found AUC values indicate that the described diag-
nostic method has a high quality [27].

The arginase activity in blood erythrocytes
increased by 48–174% in patients of Group 1 and by
70–220% in Group 2 over the entire observation
period as compared to the control values (Fig. 6). The
enzyme activity reached the maximal values on day 7
of the postoperative period in Group 1 and on day 1 in
Group 2. The arginase activity was 27% higher in
patients of Group 2 than those in Group 1 at the time
of surgery, 71% higher on day 1 after surgery, and 25%
higher on day 3. The activation of arginase is associ-
ated with the ischemia/reperfusion mechanism, which
is a trigger factor in the development of a systemic
inflammatory response. During ischemia, there is
a violation of sarcolemmal integrity, which leads to the
release of intracellular molecules, including enhancer
RNAs that activate a sheddase (TACE) and thereby
mediate the secretion of TNF-α; this, in turn,
enhances arginase expression and activity [25].

It is known that arginase is involved in endothelial
NO synthase “uncoupling,” which leads to a decrease
in the NO• level, the formation of highly reactive per-
oxynitrite, and the oxidation of HDLs and LDLs [33].
An inverse correlation exists between the NO• con-
centration and the content of oxidized LDLs [11].
Oxidized LDLs and lipid peroxidation products (in
particular, 4-hydroxynonenal) inhibit PON aryl ester-
ase activity [19]. In our work, a high inverse correla-
tion was found between the aryl esterase activity of
PON and arginase; the Spearman’s rank correlation
coefficient was –0.93 (p < 0.01). During the study, we
calculated the coefficient characterizing the ratio of
arginase activity to PON aryl esterase activity on day 1
after CABG. It was found that, if this coefficient
exceeds 0.39 on day 1 of the postoperative period, then
the development of PPCS after myocardial revascu-
larization is possible with a probability of 67%. The
ROC curve was constructed to evaluate the effective-
ness of the prognostic method (Fig. 7). The sensitivity
of the described method for the prediction of PPCS is

Fig. 4. PON aryl esterase activity in pericardial f luid in
IHD patients who underwent CABG at the time of sur-
gery. The PON aryl esterase activity values in donor
plasma were used as the control. * Statistically significant
differences as compared with the control group, p < 0.05;
** statistically significant differences between patients with
postpericardiotomy syndrome and patients without it.
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75%, the specificity is 69.2%, and the overall accuracy
is 75%. The area under the ROC curve was 0.779 (95%
CI 0.579–0.981), which indicates that the described
method is of high quality.

The level of ADMA in the blood plasma of patients
without PPCS was found to have increased by 24, 27,
and 67% on days 1, 3, and 5 after surgery as compared
with the control group (Fig. 8). The ADMA content
was markedly increased in the blood plasma of PPCS
patients at the time of surgery and on days 3 and 5 after
surgery; it was 54, 39, and 76% higher than the control
values. In Group 2, the studied indicator was 26%
higher at the time of surgery and 9% higher on day 3
after surgery as compared to Group 1. It is suggested
that CABG can trigger ADMA accumulation.

Fig. 5. ROC curve of a test designed to predict postpericardiotomy syndrome in (a) blood plasma and (b) pericardial f luid.
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Fig. 6. Arginase activity in the blood erythrocytes of IHD
patients after CABG. * Statistically significant differences
compared with the control group, p < 0.05; ** statistically
significant differences between patients with postpericar-
diotomy syndrome and patients without it.
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Dimethylarginine dimethylaminohydrolases (DDAH)
play the main role in its utilization. The development
of oxidative stress that occurs in response to surgical
trauma, the introduction of protamine, and anesthesia
inhibit DDAH and lead to an increase in ADMA con-
centration [28, 29]. D. Plicner et al. in their study also
noted an increase in the ADMA concentration in
patients undergoing CABG from the time of surgery to
day 7 after surgery [20]. It was proven that a high
ADMA level can serve as a predictor of postoperative
complications [20]. In the present study, a direct cor-
relation was found between the arginase activity in
erythrocytes and the ADMA content in the plasma of
patients without PPCS (R = 0.7, p < 0.05). An inverse
correlation was revealed between the arginase activity
in red blood cells and the PON aryl esterase activity in
blood plasma in Group 1 patients (R = –0.87, p <
0.05) and Group 2 (R = –0.91, p < 0.05). In a study by
T. Bayrak et al., it was shown that an increase in the
ADMA content was accompanied by a decrease in
PON activity [7].

Despite the high arginase activity and an excessive
ADMA level in IHD patients who underwent CABG,
we observed in the present study an increase in the
content of nitrites/nitrates in the blood plasma over
the entire observation period. The NOx level was

increased by 73–83% in the blood plasma of Group 1
patients; in Group 2, it exceeded the control values by
67–104% over the entire observation period. It
reached the maximum values at the time of surgery in
patients of both groups. The formation of an increased
level of peroxynitrite, the enhancement of oxidative-
nitrosyl stress, and an increased risk of cardiovascular
complications occur against the background of exces-
sive NO• production [17]. Arginase is known to com-
pete with NOS for L-arginine and is thus able to regu-
late NO• production. However, the Km of arginase is
significantly higher (>1 mmol/L) than the Km of NOS
(from 2 to 20 μmol/L); therefore, direct competition
for the substrate is unlikely in this case. However, the
induced NO synthase is able to nitrosylate arginase-
cysteine residues, reducing its Km and increasing its
competitiveness. L. Santhanam et al. showed that the
inhibition of endothelial NO synthase and the devel-
opment of endothelial dysfunction occur upon an
increase in the activity of both enzymes [23]. Proin-
flammatory cytokines such as IL-1β and TNF-α stim-
ulate the expression of induced NOS [22]. It is also
known that the induced NOS isoform is less suscepti-
ble to inhibition by ADMA than endothelial and neu-
ronal NOS. Therefore, it can be assumed that the
induced NO synthase makes the main contribution to
an increase in the NO• level upon the development of
a systemic inflammatory response [30].

CONCLUSIONS

A close relationship between inflammation and
endothelial dysfunction in IHD patients after direct
myocardial revascularization has been revealed. It was
shown that activation of the proinflammatory
myeloperoxidase enzyme is accompanied by inhibi-
tion of the aryl esterase activity of the anti-inflamma-
tory enzyme paraoxonase in plasma and pericardial
f luid in patients with coronary artery disease undergo-
ing CABG. The ratio of myeloperoxidase activity and
paraoxonase aryl esterase activity in plasma and peri-
cardial f luid is a predictor of the development of post-
pericardiotomy syndrome. An increase in the level and
activity of mediators of endothelial dysfunction,
asymmetric dimethylarginine, and arginase was found
in blood plasma and red blood cells in IHD patients
after CABG. The arginase activity and ADMA con-
centration are higher in red blood cells and blood
plasma in patients with postpericardiotomy syndrome
than in patients without it. An inverse correlation of
arginase activity and aryl esterase activity of paraoxo-
nase was revealed. The ratio of arginase to paraoxo-
nase activity can be used to predict the development of
postpericardiotomy syndrome. An increase in the
concentration of stable metabolites of nitric oxide,
nitrites, and nitrates in the blood plasma was found in
patients of both groups, which may be associated with

Fig. 8. ADMA content in the plasma of IHD patients after
CABG. * Statistically significant differences compared
with the control group, p < 0.05; ** statistically significant
differences between patients with postpericardiotomy syn-
drome and patients without it.
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excessive activation of inducible NO synthase due to
the development of inflammation.
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