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Abstract
Aprotinin is a serine protease inhibitor with diverse biological effects, and up until recently was
utilized in the context of ischemia/reperfusion (I/R). It has been hypothesized, that a signaling
pathway modulated by aprotinin in the context of I/R is the tumor necrosis factor-alpha receptor
(TNFR) pathway. An intact mouse model of I/R (30 min-I/60 min-R) was used and LV peak + dP/
dt was measured in wild type mice (WT, C57BL/6; n=10), WT mice with aprotinin (4mL/kg; n=10),
transgenic mice devoid of the TNFRI (TNFRInull; n=10), and TNFRInull with aprotinin (n=10).
Following I/R, LV peak + dP/dt decreased in both WT groups, but remained similar to baseline values
in the TNFRInull group. In contrast, aprotinin caused a marked reduction in LV peak + dP/dt in the
TNFRInull group following I/R. Soluble plasma TNF levels increased in the WT and TNFRInull
mice with I/R, and was reduced with aprotinin. Soluble TNFRI and TNFRII levels, indicative of TNF
activation increased in the WT mice following I/R and remained elevated with aprotinin. Soluble
TNFRII levels were increased in the TNFRInull mice following I/R and remained elevated with
aprotinin. The new and unique findings of this study were two fold. First, aprotinin failed to improve
LV function after I/R despite a reduction in circulating TNF levels. Second, genetic ablation of the
TNFRI uncovered a negative inotropic effect of aprotinin. These findings demonstrate that complex
biological pathways and interactions are affected with broad spectrum serine protease inhibition,
which are relevant to myocardial function in the context of I/R.

INTRODUCTION
For over a decade, aprotinin, a global serine protease inhibitor, was commonly used in the
context of cardiac surgery with ischemia and reperfusion (I/R) for hemostatic purposes.1–2
Despite the beneficial effects on blood loss, recent outcomes based morbidity and mortality
studies have called into question the mechanisms of action and safety of aprotinin, which
ultimately resulted in complete discontinuation of this serine protease inhibitor.3–4 However,
the underlying biological basis for the potential deleterious effects of aprotinin remain poorly
understood. Aprotinin likely imparts multiple effects on a number of pathways, one of which
includes the tumor necrosis factor-alpha (TNF) receptor pathway. Past studies have suggested
that aprotinin may affect TNF levels.5–6 TNF is synthesized and in initially bound to the
membrane requiring proteolytic cleavage to yield a soluble form which can then bind to the
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TNF receptor I (TNFRI) and/or TNFRII.7–8 Recent studies have shown the importance of
TNFRI in mediating cardiac dysfunction and left ventricular (LV) myocardial injury following
I/R. 8–11 Accordingly, the overall goal of the present study was to examine the potential effect
of aprotinin on LV function in the presence and absence of TNFRI in the context of I/R. Prior
studies have characterized a transgenic mouse genetically devoid of TNFRI (TNFRInull) which
has been used in the context of I/R.8,10 Thus the first objective was to examine LV function
in WT and TNFRInull mice in the context of I/R with and without aprotinin. A number of
cytokines are up-regulated with I/R and can be potentially modified by aprotinin, particularly
TNF.12–14 TNF binding to TNFRI or TNFRII results in proteolytic cleavage of the
extracellular domain of the receptor. Thus, plasma levels of TNF, TNFRI and TNFRII provide
an index of overall TNF receptor activation. Accordingly, the second objective was to examine
these biomarkers of TNF receptor activation in WT and TNFRInull mice following I/R, and
in the presence and absence of aprotinin.

METHODS
Experimental Design

Instrumentation and Animal Model—In this study, TNFRInull mice (C57BL/6-
Tnfrsf1atm1Imx/J, 10–16 wk, 24–30 gm) were obtained from Jackson Laboratory (Bar Harbor,
Me), along with strain and aged matched WT.15 The presence of the specific transgene
indicative of TNFRI ablation was confirmed by polymerase chain reaction using extracted
DNA from a tail clip sample.9–11 The mice were induced, intubated with a twenty gauge Jelco
needle (Medex Medical Ltd., Rossendale, UK), and maintained under isoflurane anesthesia
(2%) using a MiniVent Type 845 ventilator (Hugo Sachs Elektronik) with tidal volumes of
250μL, at a rate of 250 strokes/min, and a FiO2 of 27%. Temperature was monitored via a
rectal probe during the length of the procedure, and maintained by a feedback loop to a heating
pad within the operating table, as well as a heating lamp. The mice received a one time
intraperitoneal normal saline bolus of 0.5mL. The ventilator settings provided a pH of 7.35
±0.01, pCO2 of 29 ±2, and a pO2 of 453 ±34. The right carotid was exposed and a pre-calibrated
Millar catheter (1.4 F, SPR-839, Millar Instruments, Houston, TX) was placed in the LV for
continuous pressure measurements.

A left thoracotomy was then performed, the posterolateral aspect of the LV free wall visualized,
and a purse-string placed around the left anterior descending artery just distal to the bifurcation
of the left main coronary artery using 6.0 Prolene and an atraumatic needle (Ethicon,
Somerville, NJ). The suture was exteriorized and the wound was closed in layers. The ligature
was tightened to induce ischemia (30 minutes) and then released for reperfusion (60 minutes).
In a preliminary set of studies (n=6), fluorescent microspheres (F-8838, Molecular Probes,
15μm diameter, 7.5×104) of different emission spectra were injected at baseline, at 30 minutes
of ischemia, and at 60 minutes of reperfusion by LV injection methods described previously.
16 LV regional myocardial blood flow fell to approximately 50% of baseline values with peak
ischemia and returned to within baseline values with reperfusion. Thus, this murine model
provided a transient period of low myocardial blood flow followed by a restoration of blood
flow, and therefore allowed for the study of LV function in the context of ischemia-reperfusion
(I/R). It has been established previously that this site of coronary occlusion in the mouse
resulted in a uniform area at risk of 50%.17 At the end of the reperfusion period, the LV catheter
was removed, and the heart re-exposed, and 200 Units of heparin systemically delivered. Blood
was then collected from the right carotid artery for cytokine and aprotinin analysis. A 1% alcian
blue solution was then delivered in a retrograde fashion, into the aorta and visualization of the
entire LV was performed to ensure uniform and complete coronary perfusion had been
achieved in all preparations. The total procedure time was 120 minutes. All animals were
treated and cared for in accordance with the National Institutes of Health Guide for the Care
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and Use of Laboratory Animals (National Research Council, Washington, DC, 1996). This
protocol was reviewed and approved by the MUSC Institutional Animal Care & Use
Committee (AR# 2451).

Experimental Protocol—Following instrumentation, baseline LV function measurements
were performed as described in a subsequent paragraph in WT mice (n=24) and TNFRInull
mice (n=24). Following these measurements, mice were randomized to one of four treatment
groups: WT mice with normal saline, WT mice with aprotinin (4 mL/kg) TNFRI knockout
mice with normal saline, and TNFRInull mice with aprotinin (4 mL/kg). Randomization was
accomplished by blindly drawing group assignments from an envelope. Thus, all baseline
measurements were obtained prior to any drug administration or treatment protocol. After
baseline hemodynamic measurements were taken, the assigned dose of saline or aprotinin was
given by intra-peritoneal injection using an equivalent final volume (0.5 mL). Ischemia was
initiated 5 to 10 minutes after the injection.

In order to provide a referent control group for the purposes of cytokine measurements, WT
mice (n=25) were instrumented and treated in identical fashion to the experimental groups with
the exception of I/R. An additional group of WT mice (n=10) were administered aprotinin and
also maintained in identical fashion with the exception of I/R induction.

Aprotinin Protocol—The selected aprotinin dose of 4 mL/kg (10,000 Kallikrein Inhibiting
Units (KIU)/mL) was utilized to simulate a clinical dosing algorithm of 4×104 KIU/kg, which
would achieve a plasma concentration corresponding to a clinical full Hammersmith dose.
18–20 Our approach was to utilize this clinical dosing regimen using the weight-based initial
bolus. Furthermore, this is similar to weight-based dosing regimens used in previous animal
models.21–22 Nevertheless, the present study administered aprotinin in a murine model of I/
R and therefore a procedure was developed to measure relative plasma levels of aprotinin. For
this approach, a fluorogenic substrate cleaved by the serine protease plasmin was utilized in
an ex-vivo assay system. Specifically, the peptide sequence D-ala-leu-lys-7-amido-4-
methylcomarin (Sigma, A8171) at a fixed concentration of 10 nM, was mixed in a reaction
buffer containing a 1:33 dilution of normal mouse plasma and incubated at 37degC for 15 min
in the presence and absence of 7 μg/mL of plasmin (Sigma, P1876, 3 U/mg). The fluorescence
of this reaction was detected in continuous fashion (Fluostar Galaxy, BMG Labtech, NC) at
an excitation/emission wavelength of 365/440 nm. The plasmin substrate, plasmin
concentrations, and the incubation conditions were determined from preliminary dilution
studies in order to yield peak performance as defined as that which yielded a consistent and
stable fluorescence signal. This reaction solution was then incubated in the presence and
absence of increasing concentrations of aprotinin (range 0–560 KIU/mL) in order to generate
a standardized enzyme activity-inhibition curve (y=4071 +7643e−0.0028x, r=0.98, p<0.001).
The intra-assay coefficient of variation was 5% and an inter-assay coefficient was 9%. The
intraperitoneal aprotinin dose of 4mL/kg was found to result in a plasma concentration of 334
±102 KIU/mL which recapitulated a full Hammersmith dose used clinically.

LV Function Assessment—Following stabilization from the instrumentation, LV function
and geometry were measured. LV pressures were obtained from the microtransducer in order
to obtain peak pressure and peak +dP/dt. Transthoracic echocardiography was performed in
order to measure LV geometry and function. 23–24 Two-dimensional M-mode
echocardiographic recordings were obtained using a 40 MHz scanning head with a spatial
resolution of 30 um (Vevo 660, VisualSonics, Toronto). Using short-axis views, LV end-
diastolic dimension, posterior wall thickening, and fractional shortening were computed. Heart
rate was determined from a surface electrocardiogram. Through rigorous maintenance of
normotheria, ventilatory status and fluid balance, ambient heart rate remained between 400–
500 bpm throughout the experimental procedures.
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Cytokine Measurements
Mouse plasma samples taken after 60 minutes of reperfusion or following a referent control
period were utilized for measuring soluble TNF, TNFRI and TNFRII levels. For soluble TNF,
a multiplex array was utilized according to manufacturer’s instructions (#LUM410; R &D
Systems, Minneapolis, MN). The relative fluorescence detected was compared to a 5 parameter
logistic calibration curve generated for TNF (Bio-Plex Manager 4.1.1). The sensitivity for TNF
was 0.42 pg/mL. Plasma TNFRI and TNFRII were assessed by enzyme-linked immunoassay
(Cat. # MRT10, MRT20, R &D Systems, Minneapolis, MN).

Data Analysis
LV function and plasma cytokine levels and the effects of aprotinin dosing on these parameters
were first compared between the groups using analysis of variance (ANOVA). If the ANOVA
revealed significant differences, post-hoc mean separation was performed using Tukey-
adjusted mean square differences (Module prcomp, STATA Intercooled, v8, College Station,
TX). Following this multiway ANOVA approach, data transformation was also performed in
which changes with I/R on the indices of LV function from baseline were computed and
expressed as a percentage. These transformed computations were then examined using an
adjusted t-score. In addition, plasma cytokine levels determined in the reference control mice
for each cytokine and ANOVA with means separation was performed.. Results are presented
as mean ± standard error of the mean (SEM). Values of p<0.05 were considered to be
statistically significant.

RESULTS
A total of 48 mice were enrolled in the ischemia-reperfusion (I/R) protocol, with 8 mice dying
prior to the final set of measurements. These mice died of arrhythmias during reperfusion, and
were equally distributed among both strains.

LV Function
LV function at baseline, at peak ischemia, and following reperfusion are shown in Table 1.
Representative LV pressure traces for these periods in both the WT and TNFRInull mice are
shown in Figure 1. LV peak pressure fell in the WT with ischemia and reperfusion, but was
abrogated with aprotinin. In the TNFRInull mice, LV peak pressure remained within baseline
values with I/R, but was reduced with aprotinin treatment. LV peak +dP/dt was reduced from
baseline after 60 minutes of reperfusion in both WT groups. Following I/R, LV peak +dP/dt
remained within baseline values in the TNFRInull group, but was reduced with aprotinin
treatment. The respective changes in LV peak +dP/dt with respect to individual baseline values
are summarized in Figure 2. While LV peak +dP/dt fell by over 20% in both the vehicle and
aprotinin WT groups following I/R, this effect was not observed in the TNFRInull vehicle
group. However, in marked contrast with aprotinin administration in the TNFRInull group, LV
peak +dP/dt fell to levels similar to WT values following I/R. LV fractional shortening fell at
peak ischemia in the WT group with aprotinin administration, but returned to baseline values
with reperfusion. LV fractional shortening remained within baseline values following I/R in
both TNFRInull groups. Following I/R, LV wall thickening returned to baseline values in both
WT groups, and in the vehicle TNFRInull group. However, LV wall thickening was reduced
in the aprotinin TNFRI group. These relative changes in LV wall thickening are summarized
in Figure 2. Specifically, LV wall thickening was reduced by approximately 40% following I/
R in the aprotinin and TNFRInull group.
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Plasma Cytokine Levels
Plasma levels for soluble TNF, TNFRI and TNFRII are summarized in Figure 3. For these
measurements, a group of WT mice in which identical experimental conditions were
maintained, with the absence of I/R, served as referent controls. Aprotinin treatment in the
absence of I/R did not affect plasma TNF levels. Following I/R, plasma TNF was increased
by approximately 2-fold from referent control values in the vehicle WT group, and was
attenuated with aprotinin. Following I/R, plasma TNF was increased significantly in both
TNFRInull groups, and was increased from respective WT values. With aprotinin
administration, plasma TNF levels were reduced in the TNFRInull group when compared to
respective vehicle values, but remained elevated when compared to respective WT or referent
control values. Soluble plasma TNFRI levels were reduced from referent control values in the
aprotinin only group. However, soluble TNFRI levels were significantly increased following
I/R in the aprotinin treated WT mice. As expected, soluble TNFRI levels were not detected in
all TNFRInull mice. TNFRII was significantly increased in the WT with aprotinin group, and
in both TNFRInull groups. Thus, while aprotinin administration appeared to blunt soluble TNF
release, these effects were not associated with a relative reduction in soluble TNF receptor
levels.

DISCUSSION
Up until recently, aprotinin was routinely administered during complex cardiovascular surgical
cases in order to improve hemostasis and minimize blood loss post-operatively.1–2 However,
retrospective studies of large numbers of patients receiving aprotinin, as well as a prospective
study utilizing a high dose of aprotinin in cardiac surgery patients, has resulted in the
discontinuation of this non-selective serine protease inhibitor. 3–4 Specifically, using a dose
of aprotinin, defined clinically as the full Hammersmith dose, retrospective studies suggested
a negative association between aprotinin treatment and post-operative renal dysfunction.3 In
a recently completed prospective trial utilizing a full Hammersmith dose of aprotinin in cardiac
surgery patients, 4 a higher postoperative mortality was reported when compared to other
hemostatic agents. This untoward effect on early post-operative mortality with aprotinin
occurred despite a significant reduction in peri-operative blood loss. Thus, while aprotinin
favorably affects hemostasis, which is an important determinant of morbidity and mortality in
the context of I/R and cardiac surgery, aprotinin likely influences other biological processes
which impart deleterious effects. Aprotinin has been shown, particularly at the full
Hammersmith dose, to modify cytokine levels, such as TNF.5–6 However, the inter-
relationship between aprotinin, LV functional recovery following a period of I/R, and cytokine
receptor activation remained unknown. The current study utilized an aprotinin dosing strategy
in mice, which yielded similar plasma concentrations to those achieved in clinical studies
utilizing a full Hammersmith dosing protocol. Moreover, the present study examined the effects
of aprotinin in the presence and absence of the TNFRI. Using this murine construct and a period
of myocardial I/R, there were two unique findings from the present study. First, aprotinin did
not improve LV function in WT mice following I/R despite a relative decrease in TNF plasma
concentrations. Second, aprotinin administered in TNFRInull mice actually worsened LV
function following I/R. The findings of this study underscore the fact that aprotinin
independently modifies several pathways which lead to a decrease in TNF plasma
concentrations without providing a protective effect through the TNF receptor, and at a
clinically relevant dose, failed to improve LV function.

Past studies have reported that aprotinin can reduce circulating levels of TNF. 5–6,12 For
example, Bull et al demonstrated a decrease in uptake and generation of TNF in an in vitro
myocardial model, following aprotinin administration. 5–6 The current study is the first to
examine a decrease in circulating plasma TNF concentration and its interrelationship with
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TNFR in the context of I/R, following aprotinin administration. Using an aprotinin
concentration which achieved plasma levels consistent with the full-Hammersmith dosing,
20–22 aprotinin failed to modify TNFR activation despite blunting TNF levels. TNF is
synthesized initially as a membrane-bound protein which when cleaved by TNF converting
enzyme and released in labile form, converts to soluble TNF. Soluble TNF then forms a trimeric
complex which then binds to TNFRI or TNFRII, resulting in the activation of the receptor.
25 Accordingly, the current study measured plasma concentrations of TNFRI and TNFRII as
an index of TNF activation. 26–27 In the WT mouse with intact TNFRI and TNFRII, robust
increases of soluble TNFRI and TNFRII occurred following I/R. Importantly, aprotinin failed
to decrease the emergence of soluble TNFRI and TNFRII. Therefore while aprotinin reduced
plasma concentrations of TNF, these results demonstrate that aprotinin failed to inhibit TNFR
activation at the local level.

The present study moved beyond past findings regarding aprotinin and TNF, through the use
of the TNFRInull mouse. Past studies have clearly demonstrated the protective effects of
TNFRI gene deletion with respect to myocardial function following I/R. 8,10–11 Using the
same TNFRInull genotype as the current study, Maekawa et al performed in vivo I/R studies,
and showed increased LV peak +dP/dt when compared to referent wild type mice.9 The current
study used a similar model of in vivo I/R in TNFRInull mice following aprotinin administration.
Aprotinin negatively affected LV function in the TNFRInull group, despite decreased TNF
plasma cytokine concentration. Thus, in the present study, deletion of the TNFRI receptor
uncovered a negative inotropic effect of aprotinin, and further underscores the pleiotropic
effects of this serine protease inhibitor in the context of I/R.

The findings from the present study challenge the canonical thought that aprotinin provides
protective effects on myocardial function in the context of I/R through interruption of TNF
production and signaling. While the present study demonstrated a blunting of soluble TNF
release with aprotinin treatment, there was no concomitant reduction in soluble TNF receptors,
indicative that local TNF receptor activation may have been unabated. There are several
potential mechanisms that have contributed to this observation. First, the emergence of soluble
TNF into the plasma results in the spillover from local release by inflammatory cells as well
as by endogenous cells. It has been demonstrated previously that aprotinin can affect neutrophil
function,27–28 which may in turn reduce TNF release by this inflammatory cell type. However,
whether and to what degree aprotinin affects TNF release within local tissue compartments
remains unknown. Second, while aprotinin is a non-selective serine protease inhibitor, the
inhibitory constants for different proteolytic enzymes can vary widely and by 100 fold. 5,29
Moreover, while the critical enzyme for processing of membrane bound TNF is a
metalloprotease 30–31, whether and to what degree aprotinin inhibits this proteolytic pathway
remains to be established. Third, activation of the TNF receptor may not necessarily require a
soluble TNF ligand, as membrane bound TNF may also activate the receptor, and in turn cause
a soluble TNF receptor to be formed. 12,32–33 While the underlying mechanisms remain
speculative, the findings from the present study clearly demonstrated that aprotinin does not
provide a protective effect through reducing soluble TNF levels and subsequently reducing
TNFRI activation.

While the present study provided insight on the effect of aprotinin on the TNFR pathway in
the setting on I/R, it must be placed in context and limitations recognized. First, the murine I/
R model does not necessarily recapitulate the transient myocardial I/R that may occur in the
context of cardiac surgery. Moreover, the study only examined LV function and relative
cytokine levels at one point in time following I/R. In a study by Buerke et al using a rodent
model of I/R, aprotinin administration was demonstrated to alter a number of biological
signaling cascades for up to 24 hours.34 Second, the aprotinin dosing was based upon a clinical
weight based algorithm that may not be translatable to a mouse model. However, plasma
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aprotinin measurements were directly measured in this study, rather than inferred, and
correlated with a full-Hammersmith dosing protocol.20–22 It must be recognized that the
volume of distribution, pharmacokinetics and serine protease inhibitory profiles are likely to
be different in the murine system than that of man. Nevertheless, the present study reinforces
the findings from past studies that the effects of aprotinin on LV function and inflammatory
pathways are likely to be concentration/dose dependent.18–22,29 These limitations
notwithstanding, the unique findings of the present study demonstrated the multiplicity of the
effects of aprotinin on both LV function and the TNFR pathway. In light of the findings of the
current study, future mechanistic investigation would be appropriate given the current concerns
regarding the safety and efficacy of serine protease inhibition in the clinical context of cardiac
surgery. 3,4,35–36
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Figure 1.
Representative recordings of LV pressure and peak +dP/dt for wild type (WT) and tumor
necrosis factor-α receptor I knockout (TNFRInull) mice under baseline conditions, at peak
ischemia, and with reperfusion (I/R). In addition, mice were administered either saline (vehicle)
or aprotinin prior to the induction of I/R. LV peak +dP/dt fell following I/R in the WT groups,
but appeared to be reduced in the TNFRInull group. A summary of LV function during and
following I/R ion the different treatment groups is presented in Table 1. The relative changes
in LV peak +dP/dt as a function of a baseline values is summarized in Figure 2.
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Figure 2.
LV peak +dP/dt and LV wall thickening were computed as relative changes from baseline
values in both the wild type (WT) and the tumor necrosis factor-α receptor I knockout
(TNFRInull) mice following I/R, with or without aprotinin (APRO) administration. LV peak
+dP/dt fell in all groups following I/R with the exception of the TNFRInull group receiving
vehicle only. LV wall thickening in the TNFRInull with APRO group was significantly reduced
as compared to baseline, while the other groups did not change significantly. (* = p<0.05 vs
Baseline)
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Figure 3.
Plasma tumor necrosis factor-α (TNF), TNF receptor I (TNFRI) and TNFRII were computed
in referent wild type (WT) control mice (maintained under equivalent conditions without I/R)
receiving vehicle or aprotinin (APRO), in WT mice following I/R with or without aprotinin,
and in TNFRInull mice following I/R with or without aprotinin. In both WT and TNFRInull
mice following I/R, plasma TNF levels increased, with a more robust increase observed in the
TNFRInull mice. Aprotinin administration prior to I/R blunted TNF release. TNFRI levels
were reduced with aprotinin administration only, in the absence of I/R. However, TNFRI levels
significantly increased with aprotinin administration following I/R. As expected, TNFRI levels
were not detectable in the TNFRInull mice. Plasma TNFRII levels were significantly elevated
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across all treatment groups as compared to referent vehicle controls. (*p<0.05 vs referent
vehicle controls; +p<0.05 vs respective WT values, #p<0.05 vs respective vehicle values)
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