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Abstract

Bradykinin increases during cardiopulmonary bypass (CPB) and stimulates the release of nitric

oxide, inflammatory cytokines, and tissue-type plasminogen activator (t-PA), acting through its B2

receptor. This study tested the hypothesis that endogenous bradykinin contributes to the

fibrinolytic and inflammatory response to CPB and that bradykinin B2 receptor antagonism

reduces fibrinolysis, inflammation, and subsequent transfusion requirements. Patients (N = 115)

were prospectively randomized to placebo, ε-aminocaproic acid (EACA), or HOE 140, a

bradykinin B2 receptor antagonist. Bradykinin B2 receptor antagonism decreased intraoperative

fibrinolytic capacity as much as EACA, but only EACA decreased D-dimer formation and tended

to decrease postoperative bleeding. Although EACA and HOE 140 decreased fibrinolysis and

EACA attenuated blood loss, these treatments did not reduce the proportion of patients transfused.

These data suggest that endogenous bradykinin contributes to t-PA generation in patients

undergoing CPB, but that additional effects on plasmin generation contribute to decreased D-

dimer concentrations during EACA treatment.

Cardiac surgery requiring cardiopulmonary bypass (CPB) is associated with an increased

risk of blood product transfusion. Estimates of red cell transfusion risk range from 8% to

more than 90% and vary dramatically across institutions.1 The etiology of postoperative
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bleeding and blood product transfusion is multifactorial and includes platelet dysfunction,

hemodilution and consumption of coagulation factors, fibrinolysis, and surgical bleeding.

Enhanced intraoperative fibrinolysis appears to play an important role in postoperative

bleeding as suggested by the blood transfusion sparing effects of antifibrinolytic drugs such

as ε-aminocaproic acid (EACA) and tranexamic acid.2–5

CPB activates the kallikrein–kinin system, leading to increased bradykinin

concentrations.6–8 Bradykinin, acting through its B2 receptor, stimulates the release of nitric

oxide, inflammatory cytokines, and tissue-type plasminogen activator (t-PA).9–14

Specifically, we have found that during CPB, bradykinin concentrations correlate inversely

with mean arterial pressure (MAP) and directly with t-PA.6 Studies in animals suggest that

bradykinin B2 receptor antagonism inhibits reperfusion-induced increases in vascular

permeability and neutrophil recruitment.15,16 A randomized, placebo-controlled clinical trial

of a bradykinin B2 receptor antagonist demonstrated some effect on survival in patients with

systemic inflammatory response syndrome and Gram-negative sepsis.17 In addition, we and

others have shown that bradykinin B2 receptor antagonism reduces vascular t-PA release

during angiotensin-converting enzyme (ACE) inhibition.14,18 Taken together, these findings

suggest that blocking the effects of bradykinin with a specific receptor antagonist could

potentially reduce bradykinin-mediated inflammation, fibrinolysis, and ensuing transfusion

requirements in patients undergoing CPB.

This study tested the hypothesis that endogenous bradykinin contributes to the fibrinolytic

and inflammatory response to CPB and that bradykinin B2 receptor antagonism will reduce

fibrinolysis, inflammation, and subsequent transfusion requirements.

RESULTS

Subject characteristics

One hundred and fifty patients consented to participate in the study (Figure 1). Of these

patients, 13 were excluded, 12 withdrew before randomization, 4 had their surgeries

canceled, 3 had their surgery dates changed, and 3 patients did not proceed with the study

for other reasons. The remaining 115 patients were randomly assigned to one of three groups

and were included in the intention-to-treat analysis. There were no protocol violations for

study drug administration. Table 1 provides baseline characteristics for the three treatment

groups. The groups were similar in all baseline characteristics before treatment except that

preoperative statin use was higher in the HOE 140 group. Intraoperative characteristics are

provided in Table 2. The three treatment groups were similar with regard to the type of

surgical procedure, CPB duration, use of aortic cross-clamp, use of hemoconcentration, use

of steroids in pump prime, use of intropes/vasopressor drugs, and fluids given. Blood loss as

measured by 24-h chest tube output tended to be lower in the EACA group as compared

with the placebo group (424 ± 44 vs. 568 ± 68 ml, P = 0.09 by Mann–Whitney U test).

Blood product transfusion

Blood product transfusion data are presented in Table 3. The overall transfusion exposure

for all patients was 44% (51/115) for packed red blood cells, 24% (28/115) for fresh frozen
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plasma, 19% (22/115) for platelets, and 6% (7/115) for cryoprecipitate. The primary

outcome of any blood product transfusion, as well as the individual blood component

exposure, was not significantly different among the three treatment groups. As compared

with the placebo group, the odds ratio of any transfusion was 1.20 (95% confidence interval

0.77–1.86) for the EACA group and 1.11 (95% confidence interval 0.71–1.73) for the HOE

140 group. In addition, the number of units of packed red blood cells, fresh frozen plasma,

and cryoprecipitate, and the volume of platelets transfused were not significantly different

among the treatment groups. Excluding patients who were taken back to the operating room

for postoperative bleeding did not change the transfusion exposure or number of units

transfused results among the three treatment groups.

Secondary outcomes

MAP decreased significantly from a baseline of 84.3 ± 1.3 mm Hg to a nadir of 60.7 ± 1.2

mm Hg at 30 min of bypass (P < 0.001) in all patients, with no significant effect of study

drug on intraoperative MAP (P = 0.16 for effect of study drug in mixed-effects model).

Other secondary outcomes are presented in Table 4. There were no significant differences in

rate of re-exploration for bleeding, prolonged ventilation, new-onset postoperative atrial

fibrillation, placement of a permanent pacemaker, acute kidney injury (AKI), length of

hospital stay, or rate of readmission among the three treatment groups. The two active

treatment groups, however, compared favorably with the placebo group in prolonged

ventilation, AKI, length of hospital stay, or rate of readmission.

Fibrinolytic response

CPB activates the kallikrein–kinin system, causing a subsequent increase in bradykinin

concentrations. Because bradykinin stimulates t-PA release through the bradykinin B2

receptor, we evaluated the effect of HOE 140 (bradykinin B2 receptor antagonist) on

fibrinolysis as quantified by the t-PA antigen, plasminogen activator inhibitor-1 (PAI-1)

antigen, PAI-1 to t-PA molar ratio, and D-dimer response (Figure 2a–d). CPB was

associated with a significant increase in t-PA antigen (from a baseline of 13.1 ± 1.1 to a peak

of 30.9 ± 1.8 ng/ ml postbypass, P < 0.001), PAI-1 antigen (from a baseline of 14.6 ± 0.9 to

a peak of 32.3 ± 1.8 ng/ml postbypass, P < 0.001), and D-dimer concentrations (from a

baseline of 95.4 ± 7.9 to a peak of 542.3 ± 75.4 ng/ml postbypass, P < 0.001) and a

significant decrease in PAI-1 to t-PA molar ratio (from a baseline of 1.8 ± 0.1 to 1.35 ± 0.1

at 30 min of bypass, P < 0.001). Baseline t-PA antigen (P = 0.85), PAI-1 antigen (P = 0.77),

and D-dimer (P = 0.86) concentrations and PAI to t-PA molar ratio (P = 0.75) were not

significantly different among the three treatment groups. Although there was no significant

effect of study drug on t-PA antigen (Figure 2a) or PAI-1 antigen (Figure 2b) concentrations

over time, active study drug tended to decrease fibrinolytic capacity as indicated by an

increased PAI-1 to t-PA molar ratio (Figure 2c). Because of this trend and the fact that the

fibrinolytic response following CPB surgery is characterized by an initial hyperfibrinolytic

intraoperative phase and a subsequent hypofibrinolytic postoperative phase,19 we

investigated the effect of study drug on intraoperative PAI-1 to t-PA molar ratio separately.

The intraoperative PAI-1 to t-PA molar ratio for both EACA (P = 0.05) and HOE 140 (P =

0.04) was increased as compared with placebo, indicating decreased intraoperative
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fibrinolytic capacity. D-dimer concentrations were significantly lower in the EACA group as

compared with either the placebo or HOE 140 group (Figure 2d).

Inflammatory response

Because bradykinin also contributes to inflammation, we evaluated the effect of HOE 140

(bradykinin B2 receptor antagonist) on the inflammatory response as quantified by the

proinflammatory interleukin (IL)-6 and IL-8 and the anti-inflammatory IL-10. CPB was

associated with a significant increase in IL-6 (from a baseline of 5.4 ± 0.6 pg/ml to a peak of

148.6 ± 20.1 pg/ml on postoperative day 1, P < 0.001), IL-8 (from a baseline of 14.0 ± 2.1

pg/ml to a peak of 59.0 ± 18.6 pg/ml postsurgery, P < 0.001), and IL-10 (from a baseline of

2.9 ± 0.5 pg/ml to a peak of 431.6 ± 55.4 pg/ml postsurgery, P < 0.001) concentrations.

Baseline IL-6 (P = 0.99), IL-8 (P = 0.45), and IL-10 (P = 0.89) concentrations were not

significantly different among the three treatment groups. There was no significant effect of

study drug on IL-6 (Figure 3a, P = 0.92), IL-8 (Figure 3b, P = 0.58), or IL-10 (Figure 3c, P

= 0.77) concentrations over time. Adjusting for the effect of preoperative statin use did not

change the effect of study drug on any of the inflammatory markers measured.

DISCUSSION

This prospective randomized clinical trial demonstrated that bradykinin B2 receptor

antagonism decreased intraoperative fibrinolytic capacity to the same extent as EACA, but

only EACA, not surprisingly, decreased D-dimer formation or bleeding via the chest tube.

Although EACA and HOE 140 decreased fibrinolysis, and EACA tended to decrease blood

loss, these treatments did not reduce the proportion of patients transfused. These data

suggest that endogenous bradykinin contributes to t-PA generation in patients undergoing

CPB, but that additional effects on plasmin generation contribute to decreased D-dimer

concentrations during treatment with EACA.

Bradykinin exerts both detrimental and beneficial effects mainly through its constitutively

expressed bradykinin B2 receptor. 20 For example, we and others have demonstrated that

during ACE inhibition, endogenous bradykinin enhances fibrinolysis, potentially

contributing to the cardioprotective effects of ACE inhibitors.14,21 On the other hand,

bradykinin promotes vasodilation and increases vascular permeability and inflammation.20

Whether or not bradykinin produces detrimental effects may depend on the underlying

activity of the kallikrein–kinin system. During CPB, the kallikrein–kinin system is

activated6,7 and increased bradykinin may cause detrimental effects such as enhanced

stimulation of t-PA release, with resulting fibrinolysis and bleeding. The endothelium is the

principal site of t-PA synthesis and storage, whereas PAI-1 is synthesized and secreted from

several sources including endothelium, adipose tissue, liver, and platelets.22,23 Various

agonists, including bradykinin and factors related to the coagulation cascade (for example,

thrombin), stimulate the release of t-PA through G protein–coupled receptors (Figure 4).

Once released, active t-PA catalyzes the conversion of plasminogen to plasmin that in turn

degrades fibrin to fibrin degradation products. t-PA is inactivated mainly by circulating

PAI-1, thereby inhibiting the fibrinolytic cascade.
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Bradykinin B2 receptor antagonism did not alter the t-PA antigen or PAI-1 antigen response.

The intraoperative PAI-1 to t-PA molar ratio, however, was higher in the bradykinin B2

receptor antagonist group as compared with the placebo group, indicating decreased

intraoperative fibrinolytic capacity. Although bradykinin B2 receptor antagonism decreased

intraoperative fibrinolytic capacity, it did not alter the activation of plasminogen by active t-

PA and subsequent degradation of fibrin to D-dimers. Although bradykinin is a potent

stimulus of endothelial t-PA release through its B2 receptor, bradykinin B2 receptor

antagonism is not expected to affect alternative pathways of endothelial t-PA release by

agonists such as thrombin, which is also increased during CPB. In addition, HOE 140 is a

weak thrombin inhibitor and at the micromolar concentrations used may have had an

anticoagulant effect that contributed to bleeding and masked its effect as an

antifibrinolytic.24 Therefore, bradykinin B2 receptor antagonism does not appear to be an

effective strategy in reducing fibrinolysis as measured by D-dimer formation, blood loss, or

blood product transfusions after CPB.

Bradykinin B2 receptor antagonism did not attenuate the inflammatory response. No prior

studies have evaluated the anti-inflammatory effect of bradykinin B2 receptor antagonism in

patients undergoing CPB. In other models in which activation of the kinin system is thought

to contribute to the inflammatory response, bradykinin B2 receptor antagonism has

conflicting results. In patients undergoing maintenance hemodialysis, bradykinin B2

receptor antagonism reduces monocyte chemoattractant protein-1 concentrations but

enhances IL-8 and IL-10 concentrations and has no effect on IL-6 concentrations.25 In an

animal model of Gram-negative sepsis, however, bradykinin B2 receptor antagonism had no

effect on edema, shock, or inflammatory markers.26 Our results suggest that endogenous

bradykinin does not significantly contribute to the inflammatory response following CPB.

Antifibrinolytic drugs are used to inhibit fibrinolysis during CPB (Figure 4). EACA and

tranexamic acid are synthetic lysine analogs that competitively inhibit plasmin. They adhere

to the lysine-binding sites of plasminogen and plasmin and interfere with plasmin’s ability to

digest fibrinogen, fibrin, and platelet glycoprotein receptors.5 EACA also promotes the

release of α2-antiplasmin, further inhibiting fibrinolysis.27 The antifibrinolytic effect of

EACA, as indicated by decreased D-dimer formation, is consistent with previous

studies.28–30 In addition, EACA treatment also had an antifibrinolytic effect as compared

with placebo, as indicated by higher intraoperative PAI-1 to t-PA molar ratios. This

observation is in agreement with the study by Eisses et al.30 in which EACA significantly

reduced active t-PA during CPB.

Although EACA tended to reduce postoperative chest tube drainage, the efficacy of EACA

in reducing blood product transfusion is supported by some4,31 but not all studies.32–34 Our

results support a reduction in blood loss with the use of EACA, however, as in previous

studies,32–34 we did not observe a reduction in blood product transfusion. In the current

study, the lack of efficacy of EACA in reducing blood product transfusions may be

attributable to differences in study population and/or drug dosing. Most studies

demonstrating a reduction in blood product transfusion with EACA were in patients

undergoing coronary artery bypass graft (CABG) surgery or combined CABG plus valve

surgery, whereas our population was predominantly valve surgery patients.31,35 The efficacy
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of EACA in reducing blood product transfusion in low risk valve-only surgery patients is

not known.35 The dosing regimen for EACA in cardiac surgery varies widely.36–38

Although dose-ranging outcome studies for EACA are lacking, the effective plasma

concentration has been suggested to be two to four times the half-maximal effective

concentration (65–70 μg/ml).37,39 We used a dosing regimen similar to that of Greilich et

al., who achieved plasma concentrations approximately four times the half-maximal

effective concentration.37 Although we did not measure EACA plasma concentrations, the

inhibition of fibrinolysis as demonstrated by a reduction in D-dimer formation suggests that

an adequate dose of EACA was achieved during CPB.

Previous studies suggest that EACA reduces IL-8 concentrations with no significant effect

on IL-6 or IL-10 concentrations. 28,40 Our results are in agreement with these studies except

that we did not observe an effect of EACA on IL-8 concentrations. Differences in study

population may in part explain these findings because the type of surgery affects IL

concentrations in some but not in other studies;41,42 our study population was predominantly

valve surgery patients whereas the prior studies were exclusively CABG surgery

patients.28,40

One limitation warrants mention. This study was conducted largely in a single center in a

population that predominantly underwent valve-only surgery. EACA reduces the rate of red

cell transfusion by 40% in CABG surgery and by 23% in CABG plus valve surgery, with no

estimates for valve-only surgery. 35 Moreover, tranexamic acid use is associated with a 40%

increased risk of red cell transfusion in valve-only surgery.35 We cannot exclude the

possibility that our results may have been different if we studied only CABG surgery

patients.

In conclusion, bradykinin B2 receptor antagonism decreased intraoperative fibrinolytic

capacity (higher PAI-1 to t-PA molar ratio) to the same extent as EACA, but only EACA

decreased D-dimer formation or bleeding via the chest tube. Although EACA and HOE 140

decreased fibrinolysis and EACA tended to decrease blood loss, these treatments did not

reduce the proportion of patients transfused. These data suggest that endogenous bradykinin

contributes to t-PA generation in patients undergoing CPB, but that additional effects on

plasmin generation contribute to decreased D-dimer concentrations during treatment with

EACA. Future studies are needed to determine if lysine analogs are effective in reducing

blood product transfusion in a valve-only surgery population.

METHODS

The Bradykinin Receptor Antagonism during CPB study (ClinicalTrials.gov identifier:

NCT00223704) was approved by the Vanderbilt University Institutional Review Board for

Research on Human Subjects and the TN Valley Healthcare System Institutional Review

Board and conducted according to the Declaration of Helsinki. Patients were enrolled by the

research nurse at the time of the preoperative evaluation for surgery. All patients provided

written informed consent. The study period was from June 2007 until June 2012. Patients

were eligible for the study if they were undergoing primary elective on-pump cardiac

surgery including CABG or valvular surgery. Exclusion criteria included impaired renal
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function (creatinine >1.6 mg/dl), anemia (hematocrit <30%), evidence of coagulopathy

(international normalized ratio >1.7), platelet count of <100 × 109 ml−1, and taking a

glycoprotein IIb/IIIa antagonist within 48 h of surgery. Preoperative medications were

continued until the day of surgery. C.Y. generated the randomization schedule using an R

program to generate blocks of three or six for three treatment arms. Randomization was

stratified by prior ACE inhibitor use because ACE inhibition affects kinin concentrations6

and valve surgery status. Patients were randomized by the investigational pharmacy to

receive HOE 140 (also known as Icatibant; bradykinin B2 receptor antagonist; Clinalfa,

Switzerland, and Anaspec, Freemont CA), EACA (lysine analog; Hospira, Lake Forest, IL),

or placebo (normal saline) in a 1:1:1 ratio. Drug administration was double blind. No

patient, research nurse, investigator, or other medical or nursing staff was aware of the

treatment assignments for the duration of the study. Unblinding of study drug occurred only

after closure of the study protocol. The study drugs were all prepared and labeled in an

identical fashion with the bolus provided in a 50 ml bag and the infusion in a 250 ml bag.

Drug concentrations were calculated for each patient so that a constant infusion rate of 50

ml/h was used. The study drug was started in the operating room after induction of

anesthesia and before heparinization, continued throughout the bypass period, and

discontinued at the end of surgery. HOE 140 was given as an intravenous bolus of 22 μg/kg

over one-half hour followed by an infusion of 18 μg/kg/hr. This dose of HOE 140 has been

shown to suppress bradykinin-stimulated t-PA release in the forearm (data not shown). In

addition, HOE 140 plasma concentrations measured at 60 min of CPB in five pilot subjects

were 1,672 ± 138 ng/ ml (1.28 ± 0.11 μmol/l). These HOE 140 plasma concentrations

compare favorably to that achieved after the subcutaneous administration of 30 mg HOE

140 (a peak plasma concentration of 974 ± 29 ng/ml; manufacturer prescriber information)

used for the treatment of hereditary angioedema. EACA was given as an intravenous bolus

of 100 mg/kg over one-half hour followed by an infusion of 30 mg/kg/h. This dose of EACA

suppresses proinflammatory cytokine concentrations.28 No pump prime dose was given

because of the routine practice of retrograde autologous priming, which removes crystalloid

pump prime and replaces it with autologous blood. Patients randomized to placebo received

an equivalent volume of normal saline throughout the study period.

Primary outcome

The primary end point of the study was the occurrence (yes or no) of any blood product

transfusion. Blood product transfusion was recorded from the start of surgery until discharge

from the hospital.

Secondary outcomes

Secondary end points measured were the proportion as well as the number of blood product

units transfused, blood loss as measured by 24-h chest tube output, reexploration for

bleeding, intraoperative MAP, prolonged ventilation (>24 h), new-onset postoperative atrial

fibrillation, placement of permanent pacemaker, AKI, length of hospital stay, and 30-day

readmission rate. AKI was defined according to Acute Kidney Injury Network criteria, 43

specifically any increase in subject serum creatinine concentration of 50% or 0.3 mg/dl (26.5

μmol/l) within 48 h of surgery. The Acute Kidney Injury Network urine output criteria for

AKI diagnosis were not used due to confounding by intravascular hypovolemia and diuretic
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use,44 both of which are common among cardiac surgery patients. Predefined biomarkers

included t-PA antigen, PAI-1 antigen, D-dimer, IL-6, IL-8, and IL-10 to quantify the

fibrinolytic and inflammatory response.

Standardized patient treatment

Anesthesia management and CPB were conducted according to institutional protocols.

Patients received general endotracheal anesthesia. Induction of anesthesia was achieved with

either etomidate or propofol and maintained with isoflurane, fentanyl, air, and oxygen.

Muscle relaxation was achieved and maintained with rocuronium or vecuronium. CPB was

achieved with a nonpulsatile roller pump (Medtronic, Minneapolis, MN) and a trillium-

coated circuit (Medtronic, Minneapolis, MN). Heparin was used for anticoagulation during

CPB at an initial dose of 400 U/kg supplemented with additional heparin to achieve and

maintain an activated clotting time of >400 s. Heparin was neutralized with protamine

sulfate, after separation from CPB, at an initial dose of 250 mg and an additional 50 mg if

activated clotting time remained >140 s. Retrograde autologous priming was performed in

all patients if blood pressure permitted; only two patients, both in the placebo group, did not

undergo retrograde priming. Moderate systemic hypothermia and cold retrograde and

antegrade cardioplegia solution were applied to all patients if an aortic cross-clamp was

used. Cardiotomy suction was used to retrieve blood from the surgical field and return it to

the reservoir during the period of heparinization. After the administration of protamine,

excess blood was collected in a Cell Saver (Haemonetics, Braintree, MA) before being

washed and returned to the patient. During the period of CPB, the MAP was to be

maintained between 50 and 70 mm Hg. If MAP decreased to <50 mm Hg, then pump flow

was increased. If increasing pump flow did not restore MAP to >50 mm Hg, then a

vasoconstrictor was administered. Inotropes were used for separation from CPB according

to the following criteria: left-ventricle ejection fraction <40%, CPB time longer than 120

min, cardiac index <2 l/min/m2, or evidence of new-onset left-ventricular dysfunction by

transesophageal echocardiography.

Patients were transfused according to the following guidelines: packed red blood cells were

transfused for a hematocrit <20% during CPB and for a hematocrit <27% after CPB, CPB

time >120 min, or evidence of end-organ dysfunction. Platelets were transfused for ongoing

microvascular bleeding despite a normalized activated clotting time and a platelet count

<100 × 109 ml−1. Fresh frozen plasma was given for continued bleeding and an international

normalized ratio >1.5. Cryoprecipitate was given in six-pack units if fibrinogen

concentrations were <200 mg/dl.

Safety and efficacy analyses

Before initiation of the trial, a Data Safety Monitoring Board (DSMB) was established, and

the DSMB charter was approved by the DSMB. The DSMB consisted of Matt B. Weinger

(chairman), Lorraine B. Ware, David Gailani, Brian S. Donahue, and Daniel W. Byrne

(biostatistician), all at Vanderbilt University. Briefly, the DSMB charter stated that the study

planned to have two interim analyses. The guidelines for decision making by the DSMB

followed O’Brien and Fleming’s boundary for group sequential testing for the primary end

point; specifically, if the two-sided test is significant at the levels of 0.00052 and 0.014 at
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the first and second interim analyses, respectively, the DSMB would recommend

terminating the trial for efficacy. Consequently, the final analysis would need a two-sided P

value <0.045 for declaring efficacy to ensure an overall type I error rate of 0.05. The DSMB

could terminate the trial due to safety concerns at any time. In conducting the trial, the study

team amended the trial by turning the first interim analysis into a safety assessment only.

The stopping rule, however, remained in place. The DSMB completed a safety assessment

after the first 30 subjects were enrolled and one interim analysis after 90 subjects were

enrolled. Mock unblinded data were presented to the DSMB. The trial was completed as

planned.

Assays

Blood samples were obtained to measure t-PA antigen, PAI-1 antigen, D-dimer, and

inflammatory markers at six time points: after induction of anesthesia and before surgical

incision (baseline); at 30 min of CPB; at 60 min of CPB; after separation from CPB and

administration of protamine (postbypass); on postoperative day 1; and on postoperative day

2. All blood samples were taken from the indwelling arterial line. Not all markers were

assayed at each time point. Blood for measurement of PAI-1 and t-PA was collected in

vacutainer tubes containing 0.5 ml 0.5 mol/l citrate buffer (Tcoag Ireland, Wicklow,

Ireland). Blood for measurement of D-dimer was collected in a citrate collection tube. All

blood samples were collected on ice and centrifuged immediately at 4 °C for 20 min. Plasma

samples were stored at −80 °C until the time of assay. PAI-1 antigen (TriniLIZE PAI-1

Antigen, Tcoag Ireland), t-PA antigen (TriniLIZE t-PA Antigen, Tcoag Ireland), and D-

dimer (TintElize D-dimer, Tcoag Ireland) levels were determined using commercially

available two-site enzyme-linked immunosorbent assays. The PAI-1 and t-PA molar ratio

was determined by dividing plasma concentrations (ng/ml) by the molecular weights of the

two proteins, with a value of 70,000 g/mol used for t-PA and a value of 50,000 g/mol used

for PAI-1.45 The PAI-1 to t-PA molar ratio is indicative of the fibrinolytic balance, with a

decrease in the ratio signifying a profibrinolytic state. A panel of human inflammatory

cytokines consisting of IL-6, IL-8, and IL-10 were simultaneously measured by the

Vanderbilt University Immunology Core laboratory using the Human Inflammation

Cytokine Cytometric Bead array kit (BD Biosciences Pharmingen, San Diego, CA).

Statistical considerations

Data are presented as mean ± SEM unless otherwise indicated. Preliminary data from the

Vanderbilt Cardiac Registry indicated the proportion of patients receiving any transfusion in

cardiac surgery requiring CPB and not receiving an antifibrinolytic to be 71%. We powered

the study to detect a decrease in transfusion of 30% in both the EACA and HOE 140 group.

Forty-two subjects per group provide 80% power with a 0.05 two-sided significance level.

Discrete variables were compared among treatment groups using χ2 test or Fisher’s exact

test depending on the number of events for three-group or pair-wise comparisons.

Continuous data were compared among treatment groups using a Kruskal–Wallis test. The

time courses of PAI-1, t-PA, D-dimer, and IL concentrations were analyzed using mixed-

effects models with fixed effects of drug treatment (placebo, EACA, HOE 140) and time

since randomization. We included a random subject effect and a first-order autoregressive

process1 to account for the correlation in the response variable in the mixed-effects model.
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Because smoking affects endothelial t-PA release,46 we included smoking status as a

covariate in the mixed-effects model to assess t-PA and the PAI-1 to t-PA molar ratio. In

separate mixed-effects models, preoperative statin use was included to adjust for its potential

effect on the inflammatory response. A two-tailed P value <0.05 was considered statistically

significant. Statistical analyses were performed with the statistical package IBM SPSS for

Windows (version 20.0; IBM, New York, NY) and SAS for Windows (version 9; SAS

Institute, Cary, NC).
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

• Fibrinolysis contributes to postoperative bleeding and blood product transfusion

in patients undergoing cardiac surgery requiring CPB. Bradykinin increases

during CPB and stimulates the release of inflammatory cytokines and t-PA

acting through its B2 receptor.

WHAT QUESTION DID THIS STUDY ADDRESS?

• This study tested the hypothesis that endogenous bradykinin contributes to the

fibrinolytic and inflammatory response to CPB and that bradykinin B2 receptor

antagonism would reduce fibrinolysis, inflammation, and subsequent transfusion

requirements.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

• Bradykinin B2 receptor antagonism decreased intraoperative fibrinolytic

capacity but not inflammation, bleeding via the chest tube, or blood product

transfusion requirements. Aminocaproic acid decreased fibrinolysis and tended

to decrease blood loss but also failed to reduce transfusion requirements.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND
THERAPEUTICS

• Bradykinin B2 receptor antagonism reduces intraoperative fibrinolytic capacity

but is not an effective strategy to decrease blood loss or transfusion

requirements in patients undergoing CPB.
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Figure 1.
Enrollment. HOE 140 is a specific bradykinin B2 receptor antagonist.
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Figure 2.
Fibrinolytic response to surgery as measured by (a) tissue-type plasminogen activator (t-PA)

antigen concentrations, (b) plasminogen activator inhibitor-1 (PAI-1) antigen

concentrations, (c) PAI-1 to t-PA antigen molar ratio, and (d) D-dimer concentrations in the

three study groups. “30 min” indicates 30 min of cardiopulmonary bypass (CPB), “60 min”

indicates 60 min of CPB, and “post” indicates postbypass. The intraoperative PAI-1 to t-PA

molar ratio was decreased in the placebo group as compared with either active treatment

group (P = 0.05 as compared with EACA and P = 0.04 as compared with HOE 140, a

specific bradykinin B2 receptor antagonist), indicating enhanced fibrinolysis. Data are

presented as mean ± SEM. EACA, ε-aminocaproic acid; POD, postoperative day.
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Figure 3.
Inflammatory response as quantified by (a) interleukin (IL)-6, (b) IL-8, and (c) IL-10

concentrations in the three study groups. Data are presented as mean ± SEM. “Post”

indicates postbypass. HOE 140 is a specific bradykinin B2 receptor antagonist. EACA, ε-

aminocaproic acid; POD, postoperative day.
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Figure 4.
Antifibrinolytic drugs’ mechanisms of action. Activation of the kallikrein–kinin system

results in the release of bradykinin from HMWK through the action of kallikrein.

Bradykinin activates the B2R and stimulates the release of tissue-type plasminogen activator

(t-PA) from the endothelium. Bradykinin is inactivated by ACE to its inactive metabolite,

BK1-5. Other substances such as thrombin and substance P can also stimulate t-PA release

through specific membrane-bound receptors. Free active t-PA converts plasminogen to

plasmin, which subsequently degrades fibrinogen and fibrin to fibrin degradation products

that include D-dimer. Endogenous antifibrinolytics include PAI-1, α2AP, and TAFI. The

antifibrinolytic drug aprotinin, a nonspecific serine protease inhibitor, inhibits kallikrein,

plasmin, and thrombin. EACA inhibits plasmin and increases α2-antiplasmin. HOE 140 is a

specific bradykinin B2 receptor antagonist. α2AP, α2-antiplasmin; ACE, angiotensin-

converting enzyme; B2R, bradykinin B2 receptor; EACA, ε-aminocaproic acid; HMWK,

high-molecular-weight kininogen; PAI-1, plasminogen activator inhibitor-1; TAFI, thrombin

activatable fibrinolysis inhibitor.
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Table 1

Preoperative subject characteristics

Characteristic Placebo (n = 38) EACA (n = 37) HOE 140 (n = 40) P value

Age, years 60.1 ± 1.8 58.5 ± 2.0 61.0 ± 2.0 0.61a

Gender, women n (%) 12 (31.6) 18 (48.6) 18 (45.0) 0.28b

Race, Caucasian n (%) 36 (94.7) 33 (89.2) 39 (97.5) 0.49b

Body mass index (kg/m2) 27.5 ± 0.8 27.2 ± 0.8 28.3 ± 0.9 0.55a

Mean arterial pressure (mm Hg) 96.2 ± 2.0 91.1 ± 2.1 92.3 ± 1.5 0.15a

Medical history, n (%)

 Hypertension 27 (71.1) 22 (59.5) 27 (67.5) 0.55b

 Atrial fibrillation 11 (28.9) 7 (18.9) 10 (25.0) 0.60b

 Diabetes 6 (15.8) 5 (13.5) 8 (20.0) 0.74b

 Smoking history 16 (42.1) 17 (45.9) 17 (42.5) 0.93b

Preoperative medications, n (%)

 β-Blockers 18 (47.4) 14 (37.8) 23 (57.5) 0.23b

 ACE inhibitors 15 (39.5) 14 (37.8) 13 (32.5) 0.80b

 ARB 10 (26.3) 3 (8.3) 9 (22.5) 0.12b

 Statins 13 (34.2)* 10 (27.8)* 24 (60.0) 0.01b

 Diuretic 19 (50.0) 12 (32.4) 16 (40.0) 0.30b

 Aspirin 12 (31.6) 13 (35.1) 20 (50.0) 0.21b

 Clopidogrel 2 (5.3) 3 (8.1) 3 (7.5) 0.88b

Preoperative

 Hematocrit, % 41.7 ± 0.7 41.4 ± 0.6 41.4 ± 0.6 0.99a

 Platelet count, (109 ml−1) 209.4 ± 8.9 217.1 ± 7.1 216.5 ± 7.5 0.66a

 Creatinine, mg/dl 1.03 ± 0.04 0.95 ± 0.03 0.95 ± 0.03 0.09a

 Potassium, mmol/l 4.1 ± 0.1 4.2 ± 0.1 4.1 ± 0.1 0.51a

 Ejection fraction, % 58.6 ± 1.5 61.0 ± 1.2 58.7 ± 1.4 0.46a

HOE 140 is a specific bradykinin B2 receptor antagonist.

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; EACA, ε-aminocaproic acid.

a
Kruskal–Wallis test.

b
χ2 test.

*
P < 0.05 vs. HOE 140.
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Table 2

Intra- and postoperative subject characteristics

Characteristic Placebo (n = 38) EACA (n = 37) HOE 140 (n = 40) P value

Surgery type 0.93a

 CABG surgery, n (%) 4 (10.5) 4 (10.8) 4 (10.0)

 Valvular surgery, n (%) 33 (86.8) 30 (81.1) 34 (85.0)

 Other surgery, n (%) 1 (2.6) 3 (8.1) 2 (5.0)

Cardiopulmonary bypass time, min 111.7 ± 6.0 122.2 ± 6.3 115.3 ± 5.9 0.56b

Cardioplegia, n (%) 17 (44.7) 14 (37.8) 18 (45.0) 0.78a

Cross-clamp time, min 80.6 ± 6.4 82.4 ± 6.7 76.7 ± 3.4 0.70b

Lowest hematocrit on pump, % 27.0 ± 0.7 25.8 ± 0.7 27.0 ± 0.6 0.40b

Hemoconcentration used, n (%) 7 (18.4) 12 (32.4) 11 (27.5) 0.37a

Steroids in pump prime, n (%) 26 (68.4) 28 (75.7) 34 (85.0) 0.22a

Inotropes in OR, n (%)

 Dobutamine 12 (31.6) 6 (16.2) 8 (20.0) 0.25a

 Milrinone 8 (21.1) 7 (18.9) 4 (10.0) 0.38a

 Epinephrine 4 (10.5) 5 (13.5) 3 (7.5) 0.69a

 Norepinephrine 36 (94.7) 33 (89.2) 35 (87.5) 0.53a

Cell saver blood, ml 645.1 ± 51.8 715.3 ± 49.0 651.2 ± 36.1 0.37b

Total crystalloid given in OR, ml 3,297 ± 165 3,054 ± 121 3,206 ± 140 0.56b

Total colloid given in OR, ml 97 ± 42 95 ± 43 75 ± 29 0.97b

Chest tube output in 24 h (ml) 568 ± 68 424 ± 44 508 ± 62 0.22b

HOE 140 is a specific bradykinin B2 receptor antagonist.

CABG, coronary artery bypass graft; EACA, ε-aminocaproic acid; OR, operating room.

a
χ2 test;

b
Kruskal–Wallis test.
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