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Abstract: Cardiopulmonary bypass (CPB) may elicit a systemic inflammatory response leading to lung dysfunction,
activating the coagulation system. This study investigated the effects of ulinastatin combined with nitric oxide and
prostaglandin E1 (UPN) on pulmonary protection in infants undergoing CPB. Sixty Infants with congenital heart
disease, undergoing CPB, were equally divided into five groups. Each group received, respectively, the following
treatments: (1) 10000 U.kg* of ulinastatin; (2) Intravenous infusion of 10 ng.kg.min* of PGE1; (3) Inhalation of
20 ppm nitric oxide; (4) Combination of all three agents (UPN); and (5) No treatment group during CPB. Plasma
concentrations of sICAM-1, vVWF, IL-6, and GMP-140 were measured at 5 time points: before CPB (T1), 30 minutes
after the start of CPB (T2), at the end of CPB (T3), and 3 hours (T4) and 24 hours (T5) after termination of CPB.
At the same time points, artery blood gas analysis was performed to calculate respiratory index (RI). Prothrombin
time (PT), activated partial thromboplasin (APTT), and platelet number were also measured in the five groups at 3
hours and 24 hours after surgery, respectively. Postoperative blood loss and blood transfusions were recorded. It
was found that the UPN group inhibited plasma levels of sICAM-1, vWF, IL.-6, and GMP-140, while decreasing RI. At 3
hours and 24 hours after the operation, PT and APTT levels were significantly shortened and platelet numbers were
obviously higher in the UPN group. Cumulative postoperative bleeding was significantly less in the UPN group. This
study demonstrated that combination treatment of UPN protected patients from lung injury, decreased plasma vWF,
sICAM-1, IL-6, and GMP-140 levels, while inhibiting platelet activation.
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Introduction nds prevents clotting during CPB, the coagula-
tion system is still activated [7, 8]. Inflamma-
tion and coagulation activation are intricately
linked. Inflammation upregulates microvascular
expression of tissue factor (TF), triggering co-
agulation activation. Inflammation also downre-
gulates natural anticoagulant proteins [9, 10].
Degrees of inflammatory response and levels
of coagulation activation are associated with
postoperative complications, including bleed-
ing, thrombosis, and lung injury [11]. Outcomes
cannot be substantially improved by individual
inhibition of inflammation or coagulation.

Cardiopulmonary bypass (CPB) is a nonphysio-
logic procedure that may elicit a systemic in-
flammatory response leading to lung dysfunc-
tion [1, 2]. Clinically, lung injuries induced by
CPB usually manifest excessive interstitial pul-
monary edema and subsequent abnormal gas
exchange [3], with a high incidence among in-
fants and younger patients [4]. Cytokines, such
as interleukin (IL)-6, IL-8, and tumor necrosis
factor-alpha (TNF-a), and activation of cells,
such as leukocytes, vascular endothelial cells,
and platelets, play an important role in this
systemic inflammatory response to cardiac

operations with CPB [5, 6]. NO and PGE1 have been reported to inhibit

neutrophils, reduce the release of IL-8, and in-
Although coating the surface of the CPB circuit hibit activation of leukocytes, endothelial cells,
and oxygenator with heparin or other compou- and platelets [12-16]. Ulinastatin, a human uri-
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Table 1. Patient characteristics and perioperative data

room. Anesthesia was managed

Male/ Aortic Total according to standard protocol,

Age  Weight : including inducti ith flu-

Group Female th K crossclamp CPB time Including induction with sevotiu
(n) (month) (ke) time (min)  (min) rane (2-5%) in oxygen, midazolam

Ulinastatin (U)  7/5 17.44#5.2 10.8+2.9 28.846.9 51.3+8.6 (0.10-0.20 mg/kg), fentanyl (5-10
PGE1 (P) 7/5 171451 10.9+2.8 28.2+6.6 49.2+7.8 ug/kg), vecuronium (0.1 mg/kg),
No (N) 8/4 17.645.8 11.143.5 29.2+6.2 49.747.2 and maintenance with propofol (2-
UPN 7/5 170449 11.2433 289469 49.6+84 S L“g/ kgi’l fe”ta”i's(;'llo ug/kg),
Control 8/4 17.3%5.4 10.742.6 28.3+6.7 50.7+7.3 and sevoflurane (1-3%) in oxygen.

nary trypsin inhibitor, can be found in urine,
plasma, and all organs [17]. In previous stud-
ies, ulinastatin has been shown to exert pro-
tective effects against pulmonary damage [18,
19]. Ulinastatin treatment can attenuate infla-
mmatory response, reduce levels of cytokines
[20], and inhibit activation of leukocytes, endo-
thelial cells, and platelets. This study investiga-
ted the effects of combination of nitric oxide
(NO), prostaglandin E1 (PGE1), and ulinastatin
on lung injuries and coagulation in infants un-
dergoing cardiopulmonary bypass.

Patients and methods

This prospective study was conducted at the
2nd Affiliated Hospital, Wenzhou Medical Uni-
versity. The protocol was approved by the Me-
dical Ethics Committee of the 2nd Affiliated
Hospital, Wenzhou Medical University. Inform-
ed consent was obtained from the guardians
or legal representatives of the patients before
enrollment. Eligible participants were American
Society of Anesthesiologists | to lll patients,
aged from 6 to 36 months, having congenital
heart disease with pulmonary artery pressures
less than 30 mmHg (as assessed by preopera-
tive echocardiogram), requiring CPB under gen-
eral anesthesia. Exclusion criteria included pa-
tients younger than 6 months and older than
36 months, patients born prematurely, patients
with body temperatures under 36.5 or higher
than 37.5 (ear temperature), patients with ab-
normal liver, renal function, or major chromo-
somal abnormalities, patients showing pulmo-
nary inflammation before surgery, patients with
hemodynamic dysfunction, and patients refus-
ing to participate in the study.

All patients were evaluated by standard echo-
cardiography and/or cardiovascular angiogra-
phy before surgery. Preoperative characteris-
tics of patients are presented in Table 1. Pa-
tients were orally intubated in the operating
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Neuromuscular blockade was ach-
ieved with vecuronium (0.1 mg/kg,
once every 60 minutes). The CPB circuit, identi-
cal for all patients, included a microporous hol-
low fiber membrane oxygenator (OXIM-Plus,
America) and a Stockert lll roll pump (Sarns
8000, America). Before aortic cannulation, 3
mg/kg heparin was administered with the tar-
get kaolin-ACT value more than 450 seconds.
The bypass circuit was primed with lactated
Ringer’s solution, colloid (20% albumin, plasma
150 mL), mannitol (0.5-1.5 ml/kg), packed red
blood cells (1.5 U), heparin (3 mg/ml), and
5% sodium bicarbonate (5 mL/kg). Pump flow
rates ranged from 3.0 to 2.0 L/min/m2. Core
temperature was controlled at 30 to 32°C using
a heat exchanger in the bypass circuit. At the
end of CPB, to maintain the fluid balance, modi-
fied ultrafiltration was used to remove excess
fluid in the body, according to the hematocrit
(maintenance of hematocrit > 30%). Also, blood
pressure (aortic blood pressure: 75-110/50-78
mmHg; left atrial pressure: 5-12 mmHg; right
atrial pressure: 5-14 mmHg according to pati-
ent age and weight) was monitored.

After CPB set-up, patients were randomly divid-
ed into five groups, with 12 patients in each
group. In the ulinastatin group, each patient
received 1000 U/kg of ulinastatin (Livzon Ph-
armaceutical Trading Co., Zhuhai, China) by
adding into the primed solution. Patients in
the NO group were given 20 ppm NO (Beijing
Beiyang Lianhe Qiti Co., Ltd.) by inhalation from
the bubble oxygenator (monitored by NOxBOX
W+ from Bedfont Scientific Ltd.) throughout
CPB. In the PGE1 group, 10 ng/kg minute of
PGE1 (Pukang Pharmaceutical Co, Nanyang,
China) was given to each patient by intraven-
ous infusion during CPB. The three interven-
tions were combined in the ulinastatin, PGE1,
and NO (UPN) groups, while the Control group
received no treatment during CPB. Anaesthe-
siologists, surgeons, and laboratory staff were
blinded throughout the study.
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Figure 1. Effects of different treatments on plasma
levels of sICAM-1 and vWF in five groups. Data are
expressed by the mean + standard deviation. **P <
0.01 versus other four groups. &P < 0.05 versus Con-
trol group. #P < 0.01 versus baseline values at T1 in
group U, P, N, and Control group, respectively. There
were no significant changes in plasma concentra-
tions of sICAM-1 and vWF after CPB compared with
baseline values at T1 in the combination treatment
(P> 0.05). T4, prior to the initiation of CPB; T2, at 30
minutes after the institution of CPB; T3, at the end
of CPB; T4, at 3 hours after the end of CPB; T5, 24
hours after the end of CPB.

Plasma von Willebrand factor (vWF), soluble in-
tercellular adhesion molecule-1 (sICAM-1), IL-
6, and Granule membrane protein-140 (GMP-
140) measurement: For each patient, 1.8 mL of
fresh blood from radial artry was drawn into a
vacuum tube containing EDTA, prior to the initi-
ation of CPB (T1), at 30 minutes after the insti-
tution of CPB (T2), at the end of CPB (T3), and
at 3 hours (T4) and 24 hours (T5) after termina-
tion of CPB. After centrifugation at 3000 rpm
for 10 minutes at 4°C, the plasma was divided
into aliquots and frozen at 80°C until assay.
Plasma vWF, sICAM-1, IL-6, and GMP-140 lev-
els were measured via commercial VWF, sICAM-
1, IL-6, and GMP-140 ELISA kits (Invitrogen,
Camairillo, CA), according to manufacturer ins-
tructions.

Blood gas assay: For each patient, 0.5 mL of
fresh blood from radial artry was drawn into a
vacuum tube containing EDTA prior to the initia-
tion of CPB (T1), at 30 minutes after the institu-
tion of CPB (T2), at the end of CPB (T3), and at
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3 hours (T4) and 24 hours (T5) after the end of
CPB. Blood gas analysis was done to calculate
the respiratory index (RIl) at each time point.
Respiratory index (RI) RI = P (A-a) DO2/Pa0,, =
(PAO,-Pa0,)/Pa0,, PAO, = Fi0, x (BP-PH,0)-
PaCO,/RQ, BP (barometric pressure): 760
mmHg, PH,O (water vapor pressure of pulmo-
nary alveoli): 47 mmHg, RQ (respiration quo-
tient): 0.8; FiO, according to the anesthesia
machine or respirator setting parameters. Be-
cause body temperatures and blood dilution
degrees change constantly during CPB, to eli-
minate its effects on the measured value, all
measurements must be corrected (including
blood gas analysis). Corrected value of HCT =
(measured value of HCT * preoperative HCT)/
measured value of HCT.

Prothrombin time (PT), activated partial throm-
boplasin (APTT), and platelet number were also
measured in the five groups prior to surgery
and at 3 hours and 24 hours after surgery, res-
pectively. Postoperative blood loss and blood
transfusions were recorded as well.

All demographic data are described as mean *
standard error of the mean. One-way analysis
of variance (ANOVA) was used for comparison
of variables among treatment groups using an
SPSS software program (SPSS Inc, Chicago, IL,
USA), with significance defined as P < 0.05. If
analysis of variance revealed a significant in-
teraction, pair-wise tests of individual group
means were compared by means of multiple
comparisons (Tukey’s test), using levels of sig-
nificance of P < 0.05, P < 0.01, and P < 0.001.
P-values < 0.05 are considered statistically sig-
nificant.

Results

Plasma vWF and sICAM-1 levels suppressed
by combination treatment (UPN) of ulinastatin,
nitric oxide, and prostaglandin E1

Plasma concentrations of sSICAM-1 and vVWF we-
re significantly lower in the combination group
than in the other four groups (P < 0.01) (Figure
1A, 1B). Plasma concentrations of sICAM-1 and
VWF after CPB were significantly increased in
ulinastatin, PGE1, NO, and Control groups, co-
mpared with baseline values at T1 (P < 0.01)
(Figure 1A, 1B). Compared to the Control gr-
oup, plasma concentrations of sICAM-1 and
VWF were significantly lower with ulinastatin

Int J Clin Exp Med 2018;11(12):13329-13337
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Figure 2. Effects of different treatments on Rl in five
groups. **P < 0.01 versus other four groups. &P <
0.05 versus Control, nitric oxide group, and prosta-
glandin E1 group. #P < 0.01 versus baseline values
at T1 time point.
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Figure 3. Effects of different treatments on plasma
levels of IL-6 and GMP-140 in five groups. Data are
expressed by the mean + standard deviation. **P <
0.01 versus other four groups. &P < 0.05 versus Con-
trol group. #P < 0.01 versus baseline values at T1 in
group U, P, N, and control group, respectively. There
were no significant changes in plasma concentra-
tions of IL:6 and GMP-140 after CPB compared with
baseline values at T1 in the combination treatment
(P> 0.05).

treatment at T2-T3 time points (P < 0.05) (Fig-
ure 1A, 1B). Plasma concentrations of sICAM-
1 and vWF after CPB were significantly increa-
sed, compared with baseline values at T1 in U,

13332

P, N group, and Control group, respectively (P <
0.01) (Figure 1A, 1B). There were no significant
changes in plasma concentrations of sICAM-1
and vVWF after CPB, compared with baseline
values at T1 in the combination group (P >
0.05) (Figure 1A, 1B).

Lung dysfunction lessened by combination
treatment (UPN) of ulinastatin, nitric oxide,
and prostaglandin E1

There were no significant changes in Rl betw-
een the nitric oxide group and prostaglandin
E1 group with the Control group at T2-T5 time
points (P > 0.05). There were no significant ch-
anges in RI between the ulinastatin group and
Control group at T4-T5 time points (P > 0.05).
Comparing the Control group, nitric oxide, and
prostaglandin E1 group, Rl was significantly
smaller in the ulinastatin group at T2-T3 time
points (P < 0.05) (Figure 2). Compared with the
other four groups, Rl was significantly smaller
in the combination treatment group (UPN) at
T2-T5 time points (P < 0.01 versus other four
groups after CPB) (Figure 2). There were no sig-
nificant changes in Rl after CPB, compared with
baseline values at T1 in the combination treat-
ment group (P > 0.05). Rl was significantly rai-
sed at T2-T5 time points in Control, nitric oxi-
de, and prostaglandin E1 groups, as well as at
T4-T5 time points in the ulinastatin group, com-
pared with baseline values at T1 time point (P <
0.01) (Figure 2).

Plasma IL-6 and GMP-140 levels suppressed
by combination treatment of ulinastatin, nitric
oxide, and prostaglandin E1

Plasma concentrations of IL-6 and GMP-140
after CPB were significantly lower in the combi-
nation treatment group than in the other four
groups (P < 0.01) (Figure 3A, 3B). Plasma con-
centrations of IL-6 and GMP-140 after CPB
were significantly increased, compared with
baseline values at T1 in group U, P, N, and
Control group, respectively (P < 0.01) (Figure
3A, 3B). Compared to the Control group, plas-
ma concentrations of IL-6 were significantly
lower in the ulinastatin treatment group at
T2-T3 time points (P < 0.05) (Figure 3A). There
were no significant changes in plasma concen-
trations of IL-6 and GMP-140 after CPB, com-
pared with baseline values at T1 in the combi-
nation treatment group (P > 0.05).

Int J Clin Exp Med 2018;11(12):13329-13337
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Figure 4. Effects of different treatments on PT, APTT and platelet counts in five groups. Data are expressed by mean
+ standard deviation. **P < 0.01 versus other four groups.

Platelet activation inhibited by combination
treatment of ulinastatin, nitric oxide, and pros-
taglandin E1

After 3 hours and 24 hours, PT and APTT were
significantly shortened in the combination
treatment of UPN group than the other four
groups (P < 0.01) (Figure 4A, 4B). Compared
with the other four groups, increased platelet
counts levels were observed with the combina-
tion treatment of UPN (P < 0.01) (Figure 4C).
There were no significant changes in PT, APTT,
and platelet counts, after the operation, com-
pared with baseline values prior to surgery in
the combination treatment of UPN (P > 0.05).
Cumulative postoperative bleeding was signifi-
cantly less with the combination treatment of
UPN than in other groups (P < 0.01) (Figure 4D).

Discussion

The exact underlying pathophysiological mech-
anisms inducing post-CPB lung injuries remain
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unclear [21]. It has been traditionally consid-
ered that post-CPB lung injuries are caused by
ischemia reperfusion injury (IRI) and systemic
inflammatory response syndrome, induced by
contact of blood with the foreign surface of the
bypass circuit [22, 23]. Several methods have
been proposed and used to inhibit lung dys-
function. The present study demonstrated that
combination treatment of UPN protected pa-
tients from lung injury and decreased plasma
VWEF, sICAM-1, IL-6, and GMP-140 levels, while
inhibiting platelet activation.

Intercellular adhesion molecule-1 (ICAM-1) is
found on endothelium. Endothelial injury is part
of the systemic inflammatory response induced
by CPB [24]. Increased levels of sICAM-1 result
either from increased expression in activated
endothelial cells or increased proteolytic cleav-
age due to endothelial cell injuries [25]. Pati-
ents with postoperative respiratory dysfunction
have significantly higher levels of sICAM-1 [26].

Int J Clin Exp Med 2018;11(12):13329-13337



Combination of ulinastatin, nitric oxide, and UPN protects against lung injury

Endothelium cells are a source of von Willebrand
factor (VWF), a potential marker of endothelial
injury [27, 28]. This study also measured plas-
ma sICAM-1 and vVWF concentrations, periop-
eratively, in 60 patients undergoing cardiopul-
monary bypass. This study demonstrated that,
compared to preoperative values, levels of pla-
sma sICAM-1 and vWF increased after CPB,
arriving at their peak at the end of CPB, sug-
gesting the impact of cardiac surgery with CPB
on endothelial dysfunction. The present study
also suggested no significant changes in plas-
ma concentrations of sICAM-1 and vVWF among
nitric oxide (NO) treatment, prostaglandin E1
(PGE1) treatment, and the Control group. Halls-
trom et al. and Zhou et al. also did not observe
any anti-inflammatory effects at low concen-
trations of NO and PGE1 [29, 30]. The present
study demonstrated that plasma concentra-
tions of sICAM-1 and vWF increased after CPB
but significantly decreased at T2-T3 time points
by ulinastatin treatment, suggesting that ulina-
statin can partly inhibit activation and injury
of endothelial cells, in accord with Tanaka R et
al. reports [31]. With combination treatment of
UPN, plasma concentrations of sICAM-1 and
VWF were significantly inhibited, compared to
the other four groups, implying that UPN treat-
ment inhibits activation and injury of endothe-
lial cells and improves endothelial function,
protecting patients from lung injuries after car-
diac surgery.

Previously, Zhou Jing et al. reported that com-
bination treatment of UPN inhibited release of
inflammatory mediators [30]. However, wheth-
er this affects lung function after CPB is un-
clear. Pulmonary dysfunction, induced by CPB,
mainly manifests by poor gas exchange. Respir-
atory index is an index of oxygenation, reflect-
ing lung function in a variety of circumstances
[32]. In the present study, Rl began to rise at
30 minutes after the outset of CPB, arriving at
a peak at the end of CPB. This study also dem-
onstrated no significant changes in Rl among
nitric oxide group, prostaglandin E1 group, and
Control group at T2-T5 time points. Compared
with Control group, Rl was significantly smaller
in the ulinastatin group at T2-T3 time points,
suggesting that ulinastatin improved oxygen-
ation. Several studies have also reported that
ulinastatin improved pulmonary function [19,
33, 34]. However, there were no significant ch-
anges in Rl between the ulinastatin group and
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Control group at T4-T5 time points, which may
be due to its short half-life. The present study
also demonstrated that Rl was significantly
smaller with combination treatment of UPN at
T2-T5 time points. This suggests that their pro-
tective effects on pulmonary function may be
due to suppression of levels of intercellular ad-
hesion molecule-1 (ICAM-1) and von Willebrand
factor (vWF) after CPB, inhibiting activation and
injury of endothelial cells and improving endo-
thelial function after CPB.

Inflammatory response and coagulation casca-
de are both activated after CPB. Inflammatory
response is a complex network with increas-
ed cytokine production and activation of cells,
such as leukocytes, vascular endothelial cells,
and platelets [35]. Proinflammatory cytokine
IL-6 is a good predictor of clinical outcomes
[36, 37], thought to be associated with postop-
erative pulmonary dysfunction [38]. Behr et al.
reported that IL-6 plasma levels increased dur-
ing and after surgery and CPB [39]. The present
study also found that IL-6 plasma levels began
to increase at 30 minutes after the outset of
CPB, arriving at a peak at the end of CPB. IL-6
plasma levels remained elevated until 24 hours
after CPB. Thus, CPB evoked the release of IL-
6, which is involved in modulating the acute
phase response [40]. This study also demon-
strated that combination treatment (UPN) sig-
nificantly decreased plasma levels of IL-6 after
CPB, compared to the other four groups, sug-
gesting that UPN distinctly inhibits adverse sys-
temic reactions and degree of active inflamma-
tion related to CPB. Compared to Control group,
ulinastatin significantly decreased plasma lev-
els of IL-6 at T2-T3 time points. Several other
studies have also reported that ulinastatin at-
tenuated inflammatory response [19, 33, 34].
However, there were no significant changes in
plasma levels of IL-6 between ulinastatin group
and Control group at T4-T5 time points, which
may be due to its short half-life. In this study,
Neither NO nor PGE1 was found to reduce plas-
ma levels of IL-6. Present results were con-
firmed by Troncy [5].

Inflammation response and coagulation cas-
cade are intricately linked during CPB. Inflam-
mation, induced by CPB, will elevate fibrinogen
synthesis. Moreover, platelet activation and
consumption during CPB leading to an inade-
quate postoperative platelet number have be-

Int J Clin Exp Med 2018;11(12):13329-13337
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en recognized as major contributors to bleed-
ing after the operation. Granule membrane pro-
tein 140 (GMP-140) has been identified as a
platelet glycoprotein, mainly located on the
membrane of blood platelet [41]. When plate-
lets are activated, GMP-140 is not only expre-
ssed on the membrane of blood platelet but
also secreted into the plasma. Plasma levels
can directly reflect the activity of blood plate-
lets [42]. Zilla P et al. reported that the amount
of GMP-140 increased during CPB [43]. The
present study found that GMP-140 plasma lev-
els began to increase at 30 minutes after the
outset of CPB, reaching a peak at 3 hours after
termination of CPB. GMP-l140 plasma levels re-
mained elevated until 24 hours after CPB.
Thus, CPB evoked platelet activation. In addi-
tion, it was found that GMP-140 plasma levels
were not significantly inhibited by ulinastatin,
nitric oxide, and prostaglandin E1, separately,
which may be due to two possible reasons.
First, doses of inhaled NO and infused PGE1
may have been insufficient. Second, many po-
sitive results have been reached from in vitro
studies [13, 44]. However, the negative results
observed by this study were from in vivo stud-
ies. The present study demonstrated that com-
bination treatment of UPN significantly decrea-
sed plasma levels of GMP-140 after CPB, com-
pared with the other four groups, suggesting
that UPN distinctly inhibits platelet activation
related to CPB. This study also demonstrated
that, after 3 hours and 24 hours, PT and APTT
were significantly prolonged, while platelet co-
unt levels were decreased in Control, ulina-
statin, nitric oxide, and prostaglandin E1 gro-
ups. Taken together, results suggested that a
large amount of coagulation factors was con-
sumed and that the fibrinolytic system was
overactivated during CPB. In addition, it was
found that there were no significant chang-
es in PT, APTT, and platelet counts after the
operation compared with baseline values prior
to surgery in the combination treatment of
UPN. Cumulative postoperative bleeding was
significantly less in the combination treatment
of UPN than in other groups, Therefore, combi-
nation treatment of UPN can inhibit fibrinolytic
system activation. However, there were no sig-
nificant changes in blood transfusions among
the five groups, which may be due to infantile
transfusions requiring consideration of the co-
mprehensive situation and inadequate sample
Slze.
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In conclusion, present results suggest that ad-
ministration of combination treatment of NO,
PGE1, and ulinastatin can effectively inhibit ac-
tivation of endothelial cells and protect pulmo-
nary function induced by CPB. Furthermore, it
even distinctly inhibited adverse systemic re-
actions, activation of platelets, and fibrinolytic
system activation related to CPB.
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