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A B S T R A C T

Background: Bradykinin is an important mediator of inflammation and vascular permeability and could have an
important role in the development of septic shock. Measurement of bradykinin by immunological methods may
suffer from interference and lack of specificity. We developed and validated a liquid chromatography mass
spectrometry assay (LC-MS/MS) for plasma bradykinin.
Methods: We used plasma samples from healthy volunteers (n= 19) and patients with septic shock (n= 47).
Stable isotope bradykinin internal standard was added to samples before solid-phase extraction and quantifi-
cation by LC-MS/MS. Stability of bradykinin was studied for 12months.
Results: Our assay has good sensitivity (0.1 nmol/l) and a wide linear range (0.1–1000 nmol/l). Bradykinin
added to plasma was stable for 12months at −20 °C when a mixture of protease inhibitors was added at
sampling but degraded during repeated freezing and thawing. Bradykinin concentration in plasma from septic
shock patients (< 0.1–0.6 nmol/l) did not change significantly during shock and recovery but differed slightly
from that in healthy individuals (0.5–1.1 nmol/l).
Conclusions: Our bradykinin assay was successfully used to determine bradykinin concentrations in plasma
samples. Intensive care unit patients with septic shock had low concentrations of plasma bradykinin during both
shock and recovery phases.

1. Introduction

Definition of sepsis has been recently updated as a “life threatening
organ dysfunction due to a dysregulated host response to infection” [1].
Septic shock is a subset of sepsis with high mortality. The pathophy-
siology leading to organ failure is characterized by tissue hypoperfusion
due to vasodilatation, hypotension, microvascular thrombosis and
myocardial depression. In addition, inflammation causes endothelial
dysfunction, loss of endothelial barrier leading to capillary leakage and
edema. Impaired respiratory chain function, due to oxidative damage to
mitochondria further contributes to energy deprivation in tissues [2].

Bradykinin (BK) is among the effectors causing increased vascular
permeability and capillary leakage. It is a nonapeptide (RPPGFSPFR)
produced by proteolytic cleavage by kallikrein from high molecular

weight kininogen (HMWK) and has been found to contribute to several
inflammatory processes and hereditary angioedema (HAE). The pre-
sence of bradykinin further stimulates the release of known potent
vasodilators such as nitric oxide from the endothelium via two G-pro-
tein coupled receptors (BK1 and BK2) [3,4]. The effects of excess bra-
dykinin on endothelial cells can be blocked by bradykinin-2-receptor
antagonist, icatibant, currently used for the treatment of HAE. How-
ever, during septic shock the contribution of bradykinin on capillary
leakage and vasodilatation still needs to be established. We were
prompted to study bradykinin in septic shock since patients with very
severe hantavirus infection manifested by capillary leakage syndrome
and shock were recently suggested to benefit from icatibant [5–7].

Analysis of bradykinin is challenging due to the very low con-
centration present in circulation. In addition, the nonapeptide is rapidly
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degraded in vivo [8]. Bradykinin can also form ex vivo during sampling
and storage due to enzymatic processes unless protease inhibitors, such
as angiotensin converting enzyme (ACE) inhibitors, are used to prevent
this (Fig. 1). Due to the pre-analytical challenges of preserving the in-
tact peptide, some laboratories have instead opted to assay bradykinin
metabolites such as bradykinin 1-5 (BK(1-5)), a pentapeptide fragment
of bradykinin, which is considered more stable [9]. Another issue en-
countered with immunochemical assays is that the antibodies used may
exhibit some cross-reactivity for the precursors and metabolites of
bradykinin [10,11].

In this paper we present an analytically and clinically validated li-
quid chromatography tandem mass spectrometry (LC–MS/MS) assay for
determination of plasma bradykinin. We determined bradykinin con-
centrations in samples from patients with septic shock treated in in-
tensive care unit (ICU) in Helsinki University Central Hospital. Multiple
samples were collected from each patient to detect changes in plasma
bradykinin concentration from shock to recovery.

2. Materials and methods

2.1. Reagents and materials

An inhibitor mix containing aprotinin (10,000 KIU/ml), trypsin
inhibitor (800 μg/l), hexadimethrin bromide (4mg/ml), 1,10-phenan-
throlin (10mg/ml) and EDTA-K2 (20mg/ml) was prepared in water
and stored aliquoted at −20 °C [12]. Stock solutions of 5 μmol/l
(5.3 mg/l) bradykinin, BK(1–5) (2.8 mg/l) and corresponding stable
isotope-labeled internal standards (IS; 13C9,15N for BK, 13C,15N for BK
(1-5)) were prepared in a mixture of albumin solution (10mg/l)/in-
hibitor mix (9/1, vol/vol). All bradykinin peptides were from In-
novagen AB, Lund, Sweden. Bradykinin calibrators (0.1–1000 nmol/l)
and IS working solution (100 nmol/l) in water were freshly prepared
from the stock solutions. Sample pretreatment was performed em-
ploying 96-well Oasis WCX μElution plates (Waters, Milford, MA, USA).
MS-grade methanol, acetonitrile (ACN), formic acid, acetic acid and
ammonium hydroxide were from Fluka (Sigma-Aldrich Co.). Tri-
fluoracetic acid was from Thermo Scientific. All reagents were of the
highest analytical grade.

2.2. Samples and patients

Blood samples (5.5 ml) were drawn into Monovette syringes
(Sarstedt, Nümbrecht, Germany) containing 500 μl of the inhibitor mix.
Samples were placed on ice for 60min, and then centrifuged for 10min
at 3000×g in 4 °C. Samples from healthy volunteers were collected
during 2015–2016 from laboratory staff (16 women and 3 men) with a
median age of 48 yrs. (range 30–63 yrs). The samples were kept at
−20 °C until analysis unless otherwise stated. Patient samples were
collected from 47 patients with septic shock (28 men) with a median
age of 58 yrs. (range 33–82 yrs) and kept at −80 °C until analyzed.

For quality assurance (QA), we employed healthy donor plasma
spiked with 0.5, 9, 50 and 400 nmol/l bradykinin.

The study was approved with a waiver of informed consent by the
local ethical committee. An informed consent was obtained from all
healthy individuals and from 47 patients of the 53 screened. Adult
patients who fulfilled the 2016 definition of septic shock were included
in the study (1). Both community acquired or hospital related infections
were included. The patients were treated following the surviving sepsis
guidelines including appropriate and timely antimicrobial therapy and
source control. Most patients developed multiple organ failure and re-
quired fluid replacement, vasoactive agents, mechanical ventilation and
continuous renal replacement therapy (CRRT)(Table 1).

Due to previous studies showing wide interindividual variation in
plasma bradykinin concentrations, six samples for bradykinin de-
termination were collected from each patient. Bradykinin concentra-
tions were thus followed individually from shock phase to recovery
(Table 2). Three samples (with 8 h intervals) were collected both during
the shock phase as well as the recovery phase. The patient was con-
sidered to enter the recovery phase when there were no more signs of
tissue hypoperfusion and no more vasoactive drugs.

2.3. Sample and calibrator preparation

Calibrators, QA samples and plasma samples (500 μl) were mixed
with 100 μl of IS working solution and transferred to a WCX μElution
plate pre-wetted with 500 μl of methanol and 500 μl water. The plate
was washed with 500 μl of 40% (v/v) ACN and 500 μl 5% (vol/vol)
ammonium hydroxide. Bradykinin was then eluted with 100 μl of ACN/
water/trifluoracetic acid (75/24/1, vol/vol), dried under in nitrogen
flow, and re-suspended into HPLC eluent (ACN/90mmol/l ammonium
formate, 10/90, vol/vol).

Fig. 1. Bradykinin formation and enzymatic metabolism products according to
Campbell et al. [1]. ACE, angiotensin converting enzyme; NEP, neutral en-
dopeptidase.

Table 1
Characteristics of the patients. The patients included in the study (n= 47)
had septic shock according to its third (2016) definition (1): sepsis with
persisting hypotension requiring vasopressors to maintain mean arterial
pressure over 65mmHg and serum lactate level > 2mmol/l as a sign for
tissue hypoperfusion, despite adequate volume resuscitation.

Characteristic Median (range)

M/F 28/19
Age, yrs 58 (33–82)
LOSa, days 11.0 (3–47)
MPFBb, liters 6.3 (0–21.3)
Hospital mortality 23%
CRRTc 51%
Norepinephrine dose, ug/kg/min 0.6 (0.1–1.6)
Infection
Blood culture positive 45%
Gram negative infection identified

or likely due to focus
40%

a Length of stay in ICU.
b Maximum positive fluid balance in liters in ICU during sampling period

1 (shock).
c Continuous renal replacement therapy during sampling period 1

(shock).

Table 2
Sampling time points for the ICU patients.

Sample number Sampling time

1 ICU patient screened and fulfilled criteria of septic shock [1]
2 8 h after the first sample
3 16 h after the first sample
4 Noradrenaline administration stopped
5 8 h after stopping noradrenaline administration
6 16 h after stopping noradrenaline administration
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2.4. LC–MS/MS

Our instrument setup comprised an Agilent 1200 liquid chromato-
graph (Agilent Technologies, Santa Clara, CA, USA) and a TQ 5500
triple quadrupole mass spectrometer (AB Sciex, Toronto, Canada)
equipped with a Turbo-V electrospray ion (ESI) source.
Chromatographic separation was achieved using Kinetex Biphenyl
column (50× 2.10mm, 2.6 μm, Phenomenex) operated at 40 °C.
Mobile phase A was ACN and mobile phase B 90mmol/l ammonium
formate, pH 4. For gradient, A was kept at 10% for 1min, then ramped
to 98% in 6min, kept at 98% for 2min, then ramped back to 10% in
1min and kept at 10% for 3min. The flow rate was 400 μl/min. For
MS/MS detection of bradykinin we followed the transitions of m/z
177→ 115 and m/z 181→ 164.2 for bradykinin and IS, respectively.
While not quantitated, bradykinin metabolite BK(1–5) was monitored
(transitions m/z 573.5→ 417.1 for BK(1–5) and 583.4→ 427.3 for BK
(1–5) IS) to observe whether the bradykinin in the samples was de-
graded, i.e. if BK(1–5) was present. MS instrument settings for curtain,
nebulizer and heater gasses were 20, 55 and 45 l/min, and collision gas
setting at 8. Data was collected by the Analyst software (Version 1.6.2,
AB Sciex).

2.5. Analytical validation of the method

The linearity was determined by preparing and analyzing 15 cali-
brator dilutions (0.025–1000 nmol/l) on three different days. The ca-
libration curve was derived using 1/x2 weighted linear least-squares
regression. The limit of detection (LOD) was determined as the lowest
concentration with a signal to noise ratio of 3. Relative error (RE) and
the coefficient of variation (CV) were calculated. Limit of quantification
(LOQ) and linear range was determined as the lowest concentration and
range, respectively, that could be measured with RE and CV<20%.
Intra- and inter-assay variation were calculated from the QA sample
results in a single analysis (n= 12) and on 14 separate days, respec-
tively. Accuracy of added bradykinin was determined using three
plasma samples (endogenous bradykinin concentration 0.8–1.0 nmol/l)
with and without bradykinin spike of 0.5, 9, 100 and 300 nmol/l.
Matrix effect was studied by extracting two plasma samples in tripli-
cate, spiking with 200 nmol/l of bradykinin after sample extraction and
comparing with spiked elution buffer. Effect (attenuation or enhance-
ment) on the measured signal was calculated from the peak areas.

2.6. Preanalytical validation

We studied sample stability at −20 °C using fresh plasma samples
from healthy individuals (n= 15) spiked with 100 nmol/l bradykinin.
The sample aliquots were analyzed on days 0–7 (daily), 28, 56, 77, 98,
140, 260 and 360. The effect of repeated freezing and thawing from the
same aliquot was studied by analysis at 1 week intervals until brady-
kinin decomposition. Samples with< 20% change from initial con-
centration were considered stable.

2.7. Statistical methods

We used Analyse-it for Microsoft Excel 2016 (Ver. 4, Analyse-it
software Ltd., http://www.analyse-it.com) to run Deming regression
and paired t-tests. A p-value<0.05 was considered statistically sig-
nificant. A value of 0.05 nmol/l was used for patient sample
results< LOQ.

3. Results

3.1. Analytical validation of the bradykinin assay

The retention time of bradykinin and IS was 5.9 min (Fig. 2). The
method was linear over the concentration range 0.1–1000 nmol/l

(Fig. 3), the LOD was 0.03 nmol/l and LOQ 0.1 nmol/l. After analytical
validation we used 0.1–10 (0.1, 0.5, 1, 5 and 10) nmol/l calibrators
only. The intra-assay CVs were 5.6%, 3.6% and 3.2% and the inter-
assay CVs 8.8%, 7.6%, 6.5% and 4.6% at 0.5, 9, 50 and 400 nmol/l
bradykinin, respectively. The mean accuracy of bradykinin (0.5, 9, 100
and 300 nmol/l) spiked into plasma samples (n=3) containing
0.8–1.0 nmol/l endogenous bradykinin were 97% (range 93–110%),
88% (range 83–92%), 82% (range 79–87%) and 80% (range 73–84%),
respectively. Plasma matrix attenuates MS-signal by 50%.

3.2. Preanalytical validation

Bradykinin (100 nmol/l) spiked into plasma containing the protease
inhibitor mix was stable for one year at−20 °C. However, bradykinin is
not stable during repeated freezing and thawing. After the first thawing
bradykinin concentration was 81% of the initial concentration and after
the second freezing and thawing cycle it was only 55%.

3.3. Bradykinin in plasma samples

Bradykinin concentration was below the assay LOQ of 0.1 nmol/l in
137 (59%) out of 248 patient samples (Fig. 4). In the remaining samples

Fig. 2. Chromatograms of bradykinin 1-5 (BK1-5) and bradykinin (BK1-9) ca-
librator, containing 10 and 1 nmol/l of respective analyte (A), QA sample
containing 0.5 nmol/l bradykinin (BK1-9) (B) and a patient sample containing
0.4 nmol/l bradykinin (BK1-9).

Fig. 3. Linear range (R2= 0.9959) and accuracy (CV and relative error) of the
bradykinin assay.
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the median concentration was 0.2 nmol/l (range of 0.1–0.6 nmol/l).
Although most patients (80%) showed no difference in plasma brady-
kinin concentrations between the shock and recovery phases, three had
slightly elevated plasma bradykinin on admission only (shock phase),
while seven had an increase during the recovery phase (sampling points
4–6). The median bradykinin concentration was 0.7 nmol/l (range
0.5–1.1 nmol/l) in the samples from healthy volunteers (n= 15), which
is higher (p < 0.0001) than that in the patient samples.

4. Discussion

We have developed and validated a new LC-MS/MS assay for
plasma bradykinin. Our assay is sensitive (LOQ 0.1 nmol/l) and has a
broad linear range (0.1–1000 nmol/l), but due to very low patient
bradykinin concentrations, only 0.1–10 nmol/l calibrators were used
for clinical validation. The reproducibility is good, with both intra- and
inter-assay CVs below 10%. Analytically, our assay compares favorably
to the previous ones based on LC-MS/MS with LOQs of 10 nmol/l or
higher [13,14].

In humans, bradykinin is formed from HMWK by plasma kallikrein
(Fig. 1) [15]. In tissues, tissue kallikrein generates kallidin (Lys0-BK),
which can be converted into bradykinin by aminopeptidase-mediated
enzymatic cleavage. Several enzymes, such as ACE, neutral en-
dopeptidase and caxboxypeptidase can further cleave bradykinin into
BK(1-5), BK(1-7) and BK(1-8), respectively. While a low detection limit
of few pmol/l has been claimed for an immunoassay in a previous study
[16], the assay may lack specificity and suffer from cross-reactions
caused by bradykinin precursors, degradation products, other kinins
and their metabolites. MS/MS based detection has superior specificity
towards the bradykinin molecule.

Bradykinin concentrations assessed in this study (< 0.1–1.1 nmol/l,
n= 264) were overall lower than those (< 10–162 ng/ml or <
10–153 nmol/l) reported by van den Broek et al. [14] using an LC-MS/
MS assay and samples from breast cancer patients (n=6) and healthy
controls (n= 6). In their limited study, serum samples were used after a
clotting time of 30 mins at room temperature. Thus, the measured
bradykinin concentrations are likely to be affected by both ex vivo
bradykinin production and rapid degradation to an unknown extent.
We did not observe detectable concentrations of BK(1–5) in our sam-
ples, whilst Seip et al. [17], using LC-MS/MS, reported an increase in
BK(1–5) during a HAE attack. In their study, Seip et al. [17] used an
indirect assay for estimating bradykinin by quantitating BK(1-5). The
amount of BK(1-5) was below 35 pmol/l (detection limit) in healthy
donor serum separated at room temperature, while patients showed
concentrations of up to 1.7 nmol/l.

Our LC-MS/MS assay employs a similar sample pretreatment by SPE

as that by van den Broek et al.. Published radioimmunoassays (RIAs)
[10–12,16,18] predominantly use organic solvent precipitation and
extraction of the samples. Earlier reports [18] without enzyme in-
hibitors have reported blood kinin concentrations of up to 460 ng/ml,
while following studies with different inhibitor mixes [10,12,16] claim
bradykinin concentrations of 0.2–7 pmol/l in healthy controls. The
differences in sample preparation may explain the difference between
the RIA results of Nussberger et al. (0.2–7.1 pmol/l) [10] and our LC-
MS/MS assay (0.6–1.1 nmol/l), because the inhibitor mix used was
largely the same in both studies. Additionally, precipitation may lead to
loss of peptides due to the nonselective nature of the method. In our
study the use inhibitor mix in the sampling syringes and immediate
cooling of the samples are likely to prevent both ex vivo production and
degradation of bradykinin after sampling. This is supported by the
absence of BK(1–5) in our samples.

We found that bradykinin was stable in human plasma when frozen
with the inhibitor mix but not during repeated freezing and thawing.
The inhibitor mix used consists of reversible protease inhibitors. The
samples were allowed to reach room temperature during repeated
freezing stability testing. It is thus possible, that chosen inhibitor mix
may only work, when kept at ≤4 °C. To overcome this issue of in-
stability, it is necessary to keep the blood samples chilled at ≤4 °C
during preparation. This meant drawing the blood into pre-chilled
syringes, placing the syringes on ice and centrifuging them at 4 °C, and
finally aliquoting the fresh plasma samples prior to freezing. Van den
Broek et al. observed a 30–60min half-life for spiked bradykinin in
bovine plasma and human serum when no inhibitors were used [14],
which is similar to the findings by Heudi et al., who report a value of
40min for untreated human plasma. [19]. Seip et al. reported an up to
60% increase in BK(1–5) degradation fragment concentration in four
hours, when blood samples (with added EDTA) were left at room
temperature or repeatedly frozen and thawed [17]. With the inhibitor
mix chosen for this study, we found that bradykinin in plasma samples
was stable for at least 3 h from drawing the blood. We found that
plasma bradykinin was stable for one year at −20 °C. To our knowl-
edge, earlier studies have not assessed the long-term stability of bra-
dykinin.

In our study bradykinin concentrations measured in samples from
patients with septic shock were very low or below the LOQ. A pre-
viously published porcine model for septic shock using an LC-MS/MS
method reported similar findings despite a massive capillary leakage
observed in the animals [20]. There are several possible reasons for the
low concentrations of plasma bradykinin found in this study. Brady-
kinin may be locally released and effectively bound to its G-protein
coupled B2R receptor on the surface of endothelial cells thus mediating
capillary leakage and the concentrations in circulation may not reflect
the bradykinin in action. The half-life of bradykinin in human serum is
estimated to be< 30 s [21]. Large percentage (51%) of these septic
shock patients received CRRT during the sampling periods. CRRT may
remove small molecules like bradykinin from the circulation. Further-
more, plasma of the patients may be diluted by fluid replacement and
vascular leakage. To support this, we have also observed, that plasma
HMWK concentration in acute phase is lower than that in recovery
phase (unpublished data). In addition, our mixed-ICU patients had
several different infection focuses as well (Table 1).

Previously, bradykinin-2 –receptor antagonist deltibant led to re-
duced mortality in human cases with pure gram-negative etiology [22]
and severe hantavirus infection for septic shock suggesting bradykinin
involvement in these conditions. However, we did not find higher
bradykinin concentrations in our patients with proven or suspected
gram-negative origin for septic shock (Table 1). Instead, we found that
bradykinin concentration in samples from healthy individuals was
higher than that in patient samples (p < 0.0001), although still in the
low nanomolar range. Thus, determination of plasma bradykinin in
septic shock patients cannot be suggested to support the definition of
use of bradykinin-2 receptor antagonists.

Fig. 4. Bradykinin concentrations in 248 samples from ICU patients (n= 47) at
different sampling points. Squares represent the individual samples, while the
black line is the median concentration. We used value 0.05 nmol/l for con-
centrations< 0.1 nmol/l.
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In conclusion, our newly developed LC-MS/MS assay is well suited
for research purposes. Although the majority of patient plasma brady-
kinin concentrations turned out too low to quantify accurately, healthy
individual plasma concentrations were within the linear measurement
range. The protease inhibitor mix preserved the samples when frozen
for at least 12months. The developed assay can potentially be utilized
for studying other bradykinin mediated medical conditions in the fu-
ture.
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