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Abstract
Objective—Following cardiopulmonary bypass (CPB), elaboration of cytokines, and subsequent
interstitial proteases induction, such as matrix metalloproteinases (MMPs), can result in a complex
postoperative course. The serine protease inhibitor, aprotinin, which has been used in congenital
heart surgery putatively for modulating fibrinolysis, is now unavailable, necessitating the use of
lysine analogues, such as tranexamic acid (TXA). The present study tested the hypothesis that
distinctly different plasma profiles of signaling molecules and proteases, would be differentially
affected following the administration of aprotinin or TXA in the context of congenital cardiac
surgery and CPB.

Methods—37 Patients (age 4.8±0.3 mos) undergoing corrective surgery for ventricular septal
defect (VSD) and Tetralogy of Fallot (TOF) received either aprotinin (n=22), or TXA (n=15).
Using a high throughput multiplex suspension immunoassay, plasma was serially quantified for
cytokines and MMPs: before aprotinin or TXA (baseline), after separation from CPB, and 4, 12,
24, and 48 hours post-CPB.

Results—Tumor necrosis factor-alpha (TNF) increased initially following CPB in both the
aprotinin and TXA groups, but at 24 and 48 hours post-CPB was approximately 50% lower in the
aprotinin group (p<0.05). IIL-10 levels were 3-fold higher in the TXA group compared to the
aprotinin group immediately post-CBP (p<0.05). Plasma levels of MMP types associated with
inflammation, MMP-8 and -9, were 2-fold higher in the late post-CPB period in the TXA group
when compared to the aprotinin group.

Conclusions—Following VSD or TOF repair in children, cytokine induction occurs, which is
temporally related to the emergence of a specific MMP profile. Moreover, these unique findings
demonstrated differential effects between the serine protease inhibitor aprotinin, and the lysine
analogue TXA with respect to cytokine and MMP induction in the early post-operative period.

Correspondence and requests for reprints to: Francis G. Spinale, MD PhD, Professor of Surgery & Anesthesiology, Medical
University of South Carolina, Strom Thurmond Research Center, 114 Doughty St., Suite 625, Charleston, SC 29425, Tel: (843)
876-5186, Fax: (843) 876-5187, wilburnm@musc.edu.
Presented at the Southern Thoracic Surgical Association 56th Annual Meeting, November 4–7, 2009, Marco Island, FL.

NIH Public Access
Author Manuscript
Ann Thorac Surg. Author manuscript; available in PMC 2011 May 23.

Published in final edited form as:
Ann Thorac Surg. 2010 June ; 89(6): 1843–1852. doi:10.1016/j.athoracsur.2010.02.069.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The different cytokine-proteolytic profile between these anti-fibrinolytics may in turn influence
biological processes in the post-operative period.

Introduction
Surgical correction of common congenital malformations such as ventricular septal defect
(VSD) and Tetralogy of Fallot (TOF) require the use of cardiopulmonary bypass (CPB), and
as a consequence can cause abnormalities in coagulation cascades and subsequently
increased bleeding in the post-operative period.1–3 In adult cardiac surgery requiring CPB, a
pharmacological approach in addressing this post-operative hematological issue is through
administration of what are generically defined as anti-fibrinolytics.4–7 The fundamental
mechanism of action of these anti-fibrinolytics with respect to the coagulation cascade is
through the inhibition of plasmin activity, which in turn stabilizes nascent clot formation.
These anti-fibrinolytics such as the serine protease inhibitor aprotinin, and the lysine
analogue tranexamic acid (TXA) have been adopted for use in congenital cardiac
surgery.8–11 However, past restrospective as well as prospective studies have called into
question the safety and overall efficacy of these anti-fibrinolytics in adult cardiac surgery.4–7

For example, past studies have identified increased incidence of post-operative renal
dysfunction and potentially higher long term mortality in patients receiving aprotinin.
Indeed, the outcomes from these studies resulted in the suspension of aprotinin for clinical
use in November, 2007. In contrast, other studies have suggested that lysine analogues such
as TXA may not be as effective in reducing early post-operative bleeding as aprotinin.4,5,7

Finally, in light of the fact that aprotinin is a non-specific serine protease inhibitor, then
multiple biological pathways may be affected independent of the anti-fibrinolytic
effects.12–16 Accordingly, the central hypothesis of the present study was that in those
patients undergoing VSD/TOF surgical repair, that distinctly different plasma profiles of
signaling molecules and proteases, which have been identified to potentially contribute to a
complex post-operative course,14–20 would be differentially affected following the
administration of aprotinin or TXA.

One of the ubiquitous consequences with the use of CPB, is a heightened pro-inflammatory
state, and the post-operative period following congenital cardiac surgery is no
exception.12–23 For example, increased elaboration of pro-inflammatory molecules such as
interleukin-6 (Il-6) and tumor necrosis factor alpha (TNF) have been identified following
congenital cardiac surgery and CPB.17,18,22 Increased cytokine activation in turn will
provoke a number of cellular and extracellular processes which include the induction of
proteases such as the matrix metalloproteinases (MMPs).20,21,24,25 Acute increases in
plasma MMP levels have also been reported immediately following myocardial infarction,
ischemia/reperfusion, and inflammatory states.24,25 In addition, past studies have identified
increased elaboration of MMPs in both adults and children following CPB.20,21 However,
comprehensive studies which serially quantify a full profile of both cytokines and MMPs
before and following surgical correction of a VSD or TOF, have been limited. Moreover,
whether and to what degree differential effects on the cytokine and MMP cascade occur
with the administration of aprotinin or TXA in this clinical context has not been examined.
Accordingly, the objectives of the present study were 2-fold. First, develop a plasma profile
for a large portfolio of cytokines and MMPs using a high sensitivity multiplex array
system,13,26 in children undergoing elective surgical repair of a VSD or TOF. Second, since
aprotinin was uniformly utilized for these procedures prior to November 2007, and
subsequent to this date lysine analogues uniformly utilized, then perform a comparative
analysis of these cytokine/MMP profiles in the early post-operative period.
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Methods
Patients

Following approval by the Medical University of South Carolina Institutional Review Board
(HR#16107), infants undergoing isolated VSD or TOF repair from January 2006 to
December 2008 were evaluated for participation. Entry criteria included a planned complete
surgical repair of the cardiac defect, and ages from 1 to 9 months. Exclusion criteria
included recognized chromosomal abnormalities, prior intra-cardiac surgery, prior exposure
to aprotinin or TXA, family or patient history of coagulopathic diseases or thrombosis, or
additional complex cardiac defects. Presences of atrial septal defect and/or patent ductus
arteriosus were not considered exclusion criteria. Following which informed, written
consent was obtained from the parents and/or legal guardians. The pediatric cardiac
surgeons (TYH,FAC,SMB) remained constant throughout this study period.

The present study was dichotomized with respect to anti-fibrinolytic utilized. Prior to
November 2007, patients undergoing VSD or TOF repair routinely received aprotinin at this
institution. The aprotinin dose consisted of both an intravenous and pump prime load of 240
mg/m2 BSA (1.7 × 106 kIU/ m2 BSA), and a continuous infusion at 56 mg/m2 BSA/hr (4 ×
105 kIU/m2 BSA/hr) until the completion of the primary procedure. Following the
suspension of aprotinin, (November 2007), TXA was uniformly administered instead of
aprotinin, and the dose consisted of an intravenous load of 100 mg/kg, followed by a 10mg/
kg/hr continuous infusion. Of the 37 patients, 22 patients received aprotinin, and 15 received
TXA.

Anesthesia and Surgery
Anesthesia was induced with ketamine or sevoflurane and maintained using a combination
of fentanyl, midazolam, and isoflurane. Systemic anticoagulation was achieved with a
heparin dose of 400 U/kg, with additional doses administered to maintain kaolin-based
activated clotting time >500s. Standard non-pulsatile CPB was utilized, and the circuit
primed with Plasmalyte A (Baxter Healthcare Corporation, Deerfield, IL, USA), and 1 unit
of fresh-frozen plasma. Banked, packed red blood cells (PRBC) were added to achieve a
hematocrit of approximately 28–30% during CPB. No steroids were administered
preoperatively or in the CPB prime. Moderate (25°C to 28°C) hypothermia was employed,
and myocardial preservation was obtained with cold blood cardioplegia at 20 min. intervals.
The pH-stat regimen was used during cooling, and alpha-stat for rewarming. Modified
ultrafiltration was performed after separation from CPB. Protamine was given at 0.6:1
protamine to heparin ratio. Blood product transfusions following CPB were administered as
necessary to achieve satisfactory hemostasis and a target hematocrit of >30%. Standard
transatrial closure of the VSD was employed in all patients. TOF repairs were performed
through trans-atrial/trans-pulmonary technique with preservation of the pulmonary valve in
half of the patients, and transannular patch repair in the other half.

Clinical Data
Clinical characteristics such as age, weight, gender, and preoperative systemic arterial
oxygen saturation were recorded. During the 48 hour post-operative period, the following
data were collected: aortic cross clamp and cardiopulmonary bypass times, blood product
utilization, white blood cell count at 4 hours post-CPB, and maximum white blood cell
count.

Protocol
Blood samples (1 mL) were obtained from an arterial line for MMPs and cytokines at the
following times: just before induction of anesthesia (Baseline), following modified
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ultrafiltration (0 hours), and 4, 12, 24, and 48 hours post-CPB. All samples were placed in
chilled EDTA tubes, centrifuged, and plasma stored at −70°C until assay. At the time of
assay, plasma samples were allowed to thaw on ice, and subjected to multiplex suspension
array for cytokines (Human MAP Base Kit LUH000, R&D Systems) and MMPs (Human
MMP Base Kit LMP000, R&D Systems) in which all samples could be measured
simultaneously, thereby minimizing inter-assay variability. The multiplex array was
previously validated and calibrated using internal controls for each measured MMP and
cytokine.13,26 Representative MMPs from each of the MMP classes were measured,
including the collagenases (MMP-8, -13), the gelatinases (MMP-2, -9), stromelysins
(MMP-3, -7). For the cytokines, plasma levels of interleukins 1-beta (IL-1b), IL-2, IL-6,
IL-8, IL-10 (IL-10), tumor necrosis factor alpha (TNF), and interferon gamma (INF).
Plasma samples (20 µL) were undiluted for cytokines, and 1:2 for all the MMPs except for
the gelatinases, for which a 1:100 dilution was utilized. The relative fluorescence obtained
for each distinct cytokine/MMP (Bio-Plex 200, BioRad Laboratories) was converted to an
absolute concentration using calibration curves generated from known concentrations of
recombinant standards. Average sensitivities for cytokines and MMPs were 0.3 pg/mL and 5
pg/mL, respectively. The coefficient of variation for these assays was 15% or less. Readings
from all samples were within the targeted dynamic range defined by the standards.

Data Analysis
Patient demographics, including age and weight, were compared between the TXA and
aprotinin groups using the t-test. Categorical variables (patient gender, ethnicity, blood
product utilization) were compared using chi-square analysis. Plasma concentrations of the
cytokines/MMPs were corrected for hemodilution using the hematocrit recorded at each
post-operative time point. The distributions for each of the cytokines and MMP levels were
checked for normality using the Shapiro-Wilk test. Since the distribution for the cytokines
and MMPs failed the normality test, a logarithmic transformation was applied. Comparisons
over time and type of anti-fibrinolytic agent (aprotinin vs. TXA) were performed using two-
way analysis of variance (ANOVA) on the log-transformed values. Post hoc mean
separation was performed using Tukey-adjusted pairwise comparisons (module prcomp,
STATA). Results presented in the graphs represent mean ± standard error of the mean
(SEM) of the raw data values; significance markers are based on the normally distributed
log-transformed values. All statistical procedures were performed using STATA statistical
software (STATA Intercooled V 8.0. College Station, TX). Values of p<0.05 were
considered to be statistically significant.

Results
Preoperative white blood cell count, platelet counts, and coagulation profiles (prothrombin
time and activated partial thromboplastin time) were within normal range for all 37 patients.
Demographic data for the 37 patients enrolled in this study are presented in Table 1, where
22 patients received aprotinin and 15 received TXA. Aortic cross clamp and
cardiopulmonary bypass (CPB) times were longer in TOF than VSD patients. Baseline
cytokine and MMP levels were not different between VSD and TOF patients, and therefore
the composite baseline values for plasma cytokines are shown in Table 2 and for MMPs in
Table 3. Initial baseline IL-4 and MMP-12 levels were below the level of detection, and
therefore these 2 analytes were excluded from further analysis. When the VSD and TOF
patients were considered in terms of aprotinin and tranexamic acid (TXA) administration,
there were no differences in age, weight, and preoperative arterial oxygen saturation. CPB
and aortic cross clamp times were also similar (122±13 vs. 126±6 min. p=0.79, and 73±4 vs.
71±7 min. p=0.77, respectively) between the aprotinin and TXA groups. The patients
enrolled in this study were then dichotomized across anti-fibrinolytic treatment with respect
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to post-operative white blood cell count and blood product utilization (Table 1). Early
perioperative white blood cell count was lower in the aprotinin group, but the maximal white
blood cell count over the first 48 hour interval was equivalent between groups. The median
number of blood products utilized and the number of patients in each group receiving
individual blood products are summarized in Table 1. The use of packed red blood cells,
fresh frozen plasma, cryoprecipitate and platelets were similar across all groups (p>0.70).

Plasma cytokine levels immediately following CPB and up to 48 hours post-CPB are
summarized in Table 2. Based upon the 2-way ANOVA model, significant time dependent
changes in all of the cytokines measured were observed within this perioperative period.
With respect to the anti-fibrinolytic treatment effect on cytokine levels, this was observed
for IL-2, IL-10, IL1-b, and INF. An anti-fibrinolytic treatment effect by ANOVA neared
statistical significance for IL-8 (p=0.06) and a time-treatment interaction for IL1-b (p=0.07).
With respect to individual pairwise comparisons, IL-2 levels were 2-fold higher across the
entire perioperative interval in the aprotinin group when compared to the TXA group. In the
aprotinin group, IL-10 levels were 3-fold lower immediately following CPB. INF levels
were significantly higher in the aprotinin group when compare to the TXA group. With
respect to TNF, late post-operative values were reduced by 50% in the aprotinin group. The
time and treatment dependent effects are illustrated further for the cytokine TNF as a
function of baseline values (Figure 1). While a robust and early increase in TNF was
observed for both TXA and aprotinin, the relative levels were lower in the aprotinin group at
the later post-operative time points. Thus, a diverse portfolio of cytokines was altered in the
perioperative period following congenital cardiac surgery requiring CPB, and was
differentially affected by anti-fibrinoltyic treatment.

Serial plasma MMP levels for the perioperative interval under study and dichotomized with
respect to anti-fibrinolytic therapy are summarized in Table 3. There were significant
changes in all plasma MMP levels with respect to time. In addition, a significant anti-
fibrinolyotic treatment effect was observed for plasma MMP-3, MMP-8, MMP-9 and
MMP-13. For example, plasma MMP-9 levels increased by approximately 4-fold
immediately following CPB. These robust changes in MMP-9 levels, with respect to
baseline values and with respect to anti-fibrinolytic treatment are shown in Figure 1. While
MMP-9 levels increased significantly in both the TXA and aprotinin groups in the early
post-CPB period, the relative levels were significantly lower in the aprotinin group. Indeed,
by 48 hours post-CPB, plasma MMP-9 levels had returned to near baseline values in the
aprotinin group, but remained significantly elevated in the TXA group. Plasma MMP-3
levels were approximately 2-fold lower in the aprotinin group immediately following CPB
and at 48 hours post-CPB when compared to the TXA group. By 48 hours post-CPB, plasma
MMP-8 values were reduced by over 4-fold in the aprotinin group when compared to TXA
values. Plasma MMP-13 values were initially higher in the aprotinin group post-CPB, but
then fell below relative TXA values at later post-CPB time points. Thus a non-uniform
temporal profile of plasma MMPs were detected in the early perioperative period following
congenital cardiac surgery requiring CPB. In addition, certain MMP profiles were
significantly affected by anti-fibrinolytic treatment in this perioperative interval.

Discussion
While cardiopulmonary bypass (CPB) is essential for the conduct of a large number of
cardiac surgical procedures, the post-CPB period is associated with a heightened
inflammatory response as demonstrated by cellular and non-cellular indices of immune
activation.14–18,22,23 One of the fundamental events in this early post-CPB inflammatory
response is the release of cytokines such as the interleukins (ILs) and tumor necrosis factor
alpha (TNF). Through binding to cognate receptors, the ILs and TNF can result in a number
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of cellular and extracellular events such as cell death an induction of proteolytic pathways.
For example, cytokine activation is an upstream pathway for the induction of proteolytic
enzymes such as the matrix metalloproteinases (MMPs). Increased MMP induction in and of
itself can lead to significant changes in tissue structure and function, and have been
demonstrated to play a contributory role in a number of acute and chronic cardiovascular
disease states.20,25,27,28–31 Specifically, MMP induction can directly affect wound healing,
alter vascular permeability and reactivity, and contribute to multi-organ dysfunction.20,28–32

Thus, cytokine activation and MMP induction would hold particular relevance in the context
of surgical repair of congenital defects requiring CPB. Past studies have focused upon a
small number of cytokines, at a limited number of time points following pediatric heart
surgery requiring CPB.22,23 However, a full temporal cytokine and MMP plasma profile
have not been simultaneously performed in this patient population previously. Of more
relevance, it remained unknown whether and to what degree different anti-fibrinolytic
agents would affect this cytokine/MMP profile in the early post-CPB period. The unique
results of the present study demonstrated in children following VSD or TOF repair,
inflammatory cytokine induction occurs, which is temporally related to the emergence of
specific MMP profile. In children who received aprotinin, cytokine induction was reduced
and associated with attenuated levels of specific MMP types, such as MMP-8 and -9 up to 2
days post-operatively; an effect that was not realized with TXA.

Cytokine Levels Following Congenital Cardiac Surgery
Past studies that have examined cytokine release, particularly that in congenital cardiac
surgery, have been limited either by cytokine type or time points post-CPB.17,18,22,23 One
likely rate limiting step in these past studies is that cytokines were performed using a high
sample volume immunoassay approach, and therefore blood sample volumes would be
problematic. In the present study, a validated high-sensitivity approach was utilized which
provided the ability to measure multiple analytes using a single, small volume plasma
sample.26 Through this approach, multiple cytokines could be measured simultaneously,
which thereby reduces intrinsic assay variability and allows for sequential analysis. The
outcomes from this analysis demonstrated that a robust increase in certain cytokines
occurred immediately following CPB, such as IL-6, IL-8 and IL-10, whereas other cytokines
such as TNF increased transiently and then fell from baseline values. The peak levels of
IL-6 and IL-10 which were observed in the present study are consistent with those reported
previously following congenital cardiac surgery.18,23 In comparison to adults undergoing
cardiac surgery, the relative increase in the magnitude for these cytokines following CPB
were similar,13–16 but in contrast to adults, remained elevated for a much greater period
post-CPB. This suggests that the effects of these cytokines would be more prolonged in
children undergoing cardiac surgery when compared to adults. Both IL-6 and IL-8 are potent
pro-inflammatory cytokines which are potent chemoattractants for inflammatory cells such
as neutrophils and lymphocytes.17,22 On the other hand, IL-10 can be considered an anti-
inflammatory molecule and is often modulated in a concordant fashion to the pro-
inflammatory cytokines such as IL-6, IL-8, IL-1beta, and TNF.1714–18,22,23 In the present
study, IL-10 plasma levels increased early in the post-CPB period, but fell towards baseline
values at later time points. In contrast, the relative levels for IL-6 and IL-8 remained
substantially elevated up to 48 hours post-CPB. This change in the stoichiometric balance
between pro and anti-inflammatory signaling molecules, would favor a heightened and more
prolonged proinflammatory state in the early post-operative period. The present study was
not designed for measuring the relationship between cytokines to post-operative outcomes,
but increased cytokine induction following congenital cardiac surgery has been associated
previously with pulmonary dysfunction, capillary leak syndrome, and oxidative stress
resulting in changes in endothelial and vascular reactivity and function.17,22
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MMP Levels Following Congenital Cardiac Surgery
One of the downstream events which occurs following cytokine activation is the induction
and release of proteases such as MMPs.24,25 In addition, oxidative stress, neurohormonal
stimulation such as the release of catecholamines, and neutrophil/macrophage degranulation
are also contributory mechanisms for the induction of MMPs.24,25 Since all of these systems
and pathways are present immediately following cardiac surgery and CPB, then it would be
anticipated that MMP release would occur in this post-operative period. Indeed, past studies
in adults following cardiac surgery have clearly demonstrated a significant increase in
certain MMP types following CPB.13,19–21 Specifically, past studies in adults have
identified a robust increase of plasma MMP-8 and -9 following CPB.13,19,21 However, there
has been no systematic study to date that has examined a large portfolio of MMPs following
congenital cardiac surgery. The present study addressed this issue by measuring a number of
soluble MMP types at baseline and at sequential time points post-CPB and yielded several
important observations. First, not all MMP types were uniformly increased in the peri-
operative period, and the temporal pattern of release appeared to be also different between
MMP types. For example, relative MMP-2 levels actually decreased following CPB,
whereas MMP-7 only changed marginally in the late post-CPB periods and MMP-13 levels
only changed in the early post-CPB periods. This would imply that there are different
regulatory pathways for specific MMP types, which would be operative in children
undergoing cardiac surgery. Second, MMP types which are most associated with an
inflammatory process, such as MMP-8 and MMP-9 increased dramatically in the early post-
CPB time points and were temporally related to the release of pro-inflammatory cytokines
such as IL-6,-8 and TNF. Thus, while only associative, this would suggest that the early and
robust increase in these cytokines would facilitate the egress of neutrophils and subsequent
release of MMP-8 and MMP-9. Indeed, the primary source of MMP-8 is neutrophils, and
has been consequently termed neutrophil collagenase. The increased levels of these specific
MMP types would likely have significant consequences on tissue structure and function in
the early post-CPB period. For example, changes in MMP levels can directly affect the
wound healing response, and changes in levels of MMP-8 can directly affect the time course
of wound healing.29–31 Indeed, levels of MMP-3 and MMP-9, both of which changed in the
present study, have been associated with wound healing following burn injury in children.32

Changes in MMP levels will alter endothelial integrity and facilitate the vascular and organ
function response with infection.27.28 Since the relative magnitude of MMP release would
likely play a contributory factor in endothelial-matrix interaction and stability, then it is
likely that this proteolytic system contributes to the loss of capillary integrity which can
often occur following congenital cardiac surgery.1,10,17,22

Effects of Anti-Fibrinolytic Treatment on Cytokine and MMP Release Following Congenital
Cardiac Surgery

A number of past studies in adults have demonstrated that the serine protease inhibitor
aprotinin, reduces relative cytokine release in the early post-CPB period.12–16 In addition,
there is indirect evidence to suggest that this anti-cytokine effect of aprotinin may be
independent of fibrin proteolysis.3,7,12–15 For example, the relative reduction in cytokine
release which is observed with aprotinin, does not occur with the lysine analogue TXA.13–15

Thus, there are likely to be a number of differential pathways which are influenced by
aprotinin, and not by lysine analogues such as TXA. In order to address this issue more
carefully and in the context of congenital cardiac surgery, the present study examined a
balanced group of pediatric patients that presented for surgical correction of VSD or TOF,
which received either aprotinin or TXA. The results from this analysis demonstrated that
differential cytokine and MMP profiles occurred in pediatric patients receiving aprotinin
when compared to TXA. Specifically, aprotinin administration was associated with a
relative reduction in the pro-inflammatory cytokines IL-6, IL-8, IL-1beta and TNF in the
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post-CPB period. The relative reductions in these pro-inflammatory cytokines with aprotinin
administration are consistent with past reports in adult cardiac surgery patients.12–16

However, unlike past studies, the present study demonstrated that this relative cytokine
suppression with aprotinin was not uniform. Specifically, the IL-2 and INF levels were
actually higher in the aprotinin group when compared to the TXA group. This observation
would suggest that a different induction pathway exists for these specific cytokines exist
which was unaffected by aprotinin. Indeed, a polarization of cytokine expression occurs
early in development with subsets of lymphocytes where as T-helper 1 cells express IL-2
and INF, whereas T-helper 2 cells do not.33

There would likely be a number of downstream biological consequences with the relative
reduction in cytokine release realized by aprotinin, which would include an attenuation of
MMP induction. In adults following cardiac surgery, the relative reduction in IL-6 levels by
aprotinin was associated with a concordant reduction in MMP-9 release.13 In the present
study, the effects of aprotinin were particularly pronounced with respect to suppressing the
release of MMP-8 and MMP-9, when compared to TXA values. These observations
underscore the tight interaction between the inflammatory response following congenital
cardiac surgery and the induction of specific MMPs. Moreover, the present study
demonstrated that aprotinin caused a relative reduction in the early release of inflammatory
cells in the post-CPB period, which was likely due to the attenuation of the chemoattractant
cytokines IL-6 and IL-8. In turn, the relative reduction in this early inflammatory cell
recruitment likely contributed to the reduced MMP-8 and MMP-9 levels observed with
aprotinin administration. However, similar to the cytokine profile, the effects of aprotinin on
MMP release were not uniform. For example, early post-CPB levels of MMP-13 were
higher with aprotinin, whereas levels of MMP-2 and MMP-7 were relatively unaffected.
Finally, past studies have suggested that MMPs, such as MMP-3 may play a functional role
in facilitating an appropriate wound healing response.30–32 Thus, the suppression of MMPs
such as MMP-3 by aprotinin may not necessarily provide beneficial effects. However, future
studies which more carefully examine the relationship between changes in MMP levels
following congenital cardiac surgery to long term post-operative outcomes will be necessary
to address this issue.

Limitations and Conclusions
The present study exploited the fact that aprotinin was suspended from clinical use in order
to examine the differential effects of aprotinin and TXA on cytokine and MMP release
following congenital cardiac surgery. While this study is the first to provide evidence that
these anti-fibrinolytic agents differentially affect cytokine and MMP profiles in the post-
operative period, a number of issues remain to be addressed. First, empirical dosing
strategies of aprotinin have been associated with long term adverse effects in adults
following cardiac surgery.4–7 Indeed, these adverse events resulted in the discontinuation of
aprotinin for use in cardiac surgery. However, the use of aprotinin in the pediatric cardiac
surgery context has not demonstrated these adverse effects.8–11 For example, while the use
of aprotinin in adult cardiac surgery patients was associated with renal dysfunction, several
studies in pediatric cardiac surgery patients have not demonstrated this effect.8–11 Moreover,
the use of aprotinin in pediatric cardiac surgery has been associated with reduced blood loss
and improved pulmonary function,34 both of which can contribute to a complex post-
operative course in this patient population.1,2 The present study demonstrated that aprotinin
attenuated a specific cytokine and MMP release following congenital cardiac surgery, but a
direct cause-effect relation to relevant post-operative outcomes was not demonstrated. Thus,
it remains unknown whether the selective effects of aprotinin on cytokine release and MMP
induction would impart beneficial effects in congenital cardiac surgery. One of the important
steps to full MMP activation is the proteolytic cleavage of the propeptide domain by serine
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proteases.24,25 Since aprotinin can inhibit a wide spectrum of serine proteases, it may
interfere in MMP proteolytic activation. However, the immunoassay approach utilized in the
present study could not differentiate the pro-form and active form of the MMP subtypes.
Thus, whether aprotinin specifically modifies MMP activational cascades, and that this
process is than that of TXA remains speculative. The present study utilized an aprotinin
dosing protocol for children using a body surface area algorithm, and past studies have
identified that this dosing approach can be highly variable and may not provide sustained
serine protease inhibition post-CPB. Thus, whether the effects of cytokine and MMP release
observed with aprotinin in the present study would be dose dependent remains to be
established.

In light of the fact that the heightened inflammatory response in children undergoing cardiac
surgery requiring CPB appears to be associated with a greater incidence of adverse
events,1–3 then pharmacological strategies which interrupt the cytokine cascade such as the
use of glucocorticoids have been implemented.17,22,35 The present study provides a unique
insight into how different anti-fibrinolytic strategies influence the cytokine and protease
response following surgical repair of VSD or TOF, and underscore that aprotinin and lysine
analogues affect biological processes which may be independent of hemostatic actions.
Thus, in light of these observations and the findings of the present study, future
investigations to identify the mechanism of action by which blood conservation strategies,
including other lysine analogs and next generation serine protease inhibitors, alter biological
pathways are warranted.
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Figure 1.
Plasma tumor necrosis factor alpha (TNF-TOP PANEL) and matrix metalloproteinase-9
(MMP-9-BOTTOM PANEL) levels were computed as a change from baseline values (Base)
in congential cardiac surgery patients receiving either tranexamic acid (TXA) or aprotinin.
TNF plasma levels were significantly increased immediately following cardiopulmonary
bypass (CPB), and at late post-CPB time points, were lower in the aprotinin group. The
change in plasma MMP-9 levels peaked in both the TXA and aprotinin groups immediately
following CPB. However, the relative MMP-9 levels within this post-CPB period were
lower in the aprotinin group than that of the TXA group. #p<0.05 vs. Baseline; *p<0.05 vs.
TXA.
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Table 1

Demographics and intraoperative characteristics of patients presenting for surgical repair of either a
ventricular septal defect (VSD) or tetralogy of Fallot (ToF)

Demographics and intraoperative profiles

   Age (months) 4.8±0.3

   Weight (kg) 5.6±0.2

   Arterial oxygen saturation (%) 96±1

  Gender (M/F) 18 / 19

  Ethnicity (Caucasian / African American / Hispanic) 21 / 15 / 1

  Sample Size (n) 37

Lesion type (n, %)
VSD 17 (46%)

TOF 20 (54%)

Cross clamp time (min)
VSD 56±5

TOF 86±3+

Cardiopulmonary bypass time (min)
VSD 91±6

TOF 151±6+

Postoperative outcomes dichotomized by anti-fibrinolytic

WBC count at 4 hours (×103 / mL)
TXA 10.9±0.7

Aprotinin 9.0±0.5*

Maximum WBC count in the 48 hours perioperative period (×103 / mL)
TXA 12.9±0.9

Aprotinin 13.2±0.7

Packed red blood cells (units)
TXA 2 (1)

Aprotinin 2 (1)

Fresh frozen plasma (units)
TXA 1 (1)

Aprotinin 1 (1)

Cryoprecipitate (units)
TXA 0 (1)

Aprotinin 0 (0)

Platelets (units)
TXA 1 (1)

Aprotinin 1 (0)

Sample size
TXA 15

Aprotinin 22

TXA: tranexamic acid

Continuous variables presented as Mean±SEM. Categorical variables presented as either number of subjects or median (interquartile range)

+
p<0.05 vs. VSD

*
p<0.05 vs. TXA.

t-test or ANOVA (as appropriate) used for continuous variables; χ2 test used for categorical variables
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