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Abstract Background Administration of agents that enhance platelet reactivity may reduce
the perioperative bleeding risk in patients treated with the adenosine diphosphate
(ADP)-receptor antagonist ticagrelor. Adrenaline potentiates ADP-induced aggregation
and activation in blood samples from ticagrelor-treated patients, but it has not
previously been evaluated in vivo.
Methods Ten healthy male subjects were included in an interventional study. A loading
dose of ticagrelor (180 mg) was administered, followed 2 hours later by a gradually
increased intravenousadrenaline infusion (0.01,0.05,0.10and0.15µg/kg/min;15minutes
at each step). Blood pressure, heart rate, platelet aggregation (impedance aggregometry),
platelet activation (flow cytometry), clot formation (rotational thromboelastometry) and
adrenaline plasma concentration were determined before and after ticagrelor administra-
tion and at the end of each adrenaline step.
Results Infusion of adrenaline increased ADP-induced aggregation at all doses above
0.01 µg/kg/min. The aggregation increased from median 17 (25�75th percentiles:
14�31) to 25 (21�34) aggregation units (p ¼ 0.012) at 0.10 µg/kg/min. Adrenaline
infusion also increased ADP-induced fibrinogen receptor activation (from 29 [22–35] to
46 [38�57%]) and P-selectin expression (from 3.7 [3.0�4.3] to 7.7 [4.7�8.6%]), both
p ¼ 0.012. Adrenaline infusion reduced clot formation time (97 [89�110] to 83
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Introduction

Dual antiplatelet therapy (DAPT) with acetylsalicylic acid
and the reversible adenosine diphosphate (ADP) receptor
(P2Y12) antagonist ticagrelor reduces the risk of thrombotic
events compared with acetylsalicylic acid and clopidogrel in
acute coronary syndrome patients.1 However, DAPT with
ticagrelor is also associated with an increased risk of exces-
sive perioperative bleeding if acute surgery becomes
necessary.2

There is no antidote available for ticagrelor and platelet
transfusion has no or very limited effect on ADP-dependent
platelet aggregation.3–5 It is therefore recommended that
ticagrelor should be discontinued 3 days before surgery,6 but
this cannot always be achieved due to the condition of the
patient. Hence, new alternatives to reduce the perioperative
bleeding risk in patients on ticagrelor are warranted.

The perioperative bleeding risk in cardiac surgery
patients with on-going or recently discontinued DAPT
correlates to the residual ADP-dependent platelet aggreg-
ability.7–9 Even small differences in preoperative platelet
aggregability have significant impact on the bleeding
risk.7,8 Perioperative administration of agents that increase
ADP-dependent aggregability might thus be one way to
reduce bleeding complications. Adrenaline is a potential
agent since platelets express α2A-receptors10–13 which have
the same downstream effects as the P2Y12-receptor.14–16

We have previously shown that adrenaline supplementa-
tion concentration-dependently enhances ADP-induced
platelet activation and aggregation in blood samples from
patients on DAPT with acetylsalicylic acid and ticagrelor.17

With adrenaline supplementation in vitro, platelet aggrega-
tion reached levels above a previously suggested cut-off of
22 aggregation units for when coronary artery bypass
grafting can be performed without an increased bleeding
risk.7,8,17

In the present study,wehypothesized that adrenaline also
improves platelet activation and aggregation, and clot for-
mation in vivo. To test this hypothesis, a study with clinically
relevant infusion rates of adrenaline, administered to tica-
grelor-treated healthy volunteers, was designed. Further-
more, we wanted to investigate if there is any indirect
negative effect of a β-blocker on platelet reactivity during
adrenaline infusion, as β-blockers may be used to counteract
adrenaline’s effects on heart rate and blood pressure.

Methods

Ethical Considerations
The study was approved by the Regional Research Ethics Com-
mittee (no. 669–17, approved September 19, 2017) and the
Swedish Medical Products Agency (EudraCT 2017–003111–18)
and registered at ClinicalTrials.gov (NCT03441412). The study
wasperformedaccording to theDeclarationofHelsinki andGood
Clinical Practice (GCP) guidelines. All study participants gave
informed written consent.

Study Participants
Ten healthy men with a median age of 24 (range: 18�37)
years were included in an interventional study during Feb-
ruary andMarch 2018. Exclusion criteriawere age>40 years,
any chronic physical or mental disease or disorder, previous
intracranial bleeding, electrocardiography (ECG) abnormal-
ities, chronic medication of any kind and any occasional
intake of non-steroidal anti-inflammatory drugs (NSAIDs),
aspirin or any other substances that potentially interact with
ticagrelor, adrenaline or metoprolol less than 1 week before
the investigational visit. Further exclusion criteria were
known intolerance or contraindication to ticagrelor, adrena-
line or metoprolol, known drug abuse of any kind or unwill-
ingness to refrain from caffeine intake or nicotine use within
24 hours before the start of the treatment. Characteristics of
the study participants are given in ►Table 1.

Outcome Variables
The main objective was to assess ADP-induced platelet aggre-
gation at different infusion rates of adrenaline. In addition,
platelet aggregation in response to arachidonic acid (AA) and
thrombin-receptor activating peptide-6 (TRAP), unstimulated
and ADP- and TRAP-induced platelet activation (P-selectin
expression and PAC-1 binding), clot formation parameters,
adrenaline plasma concentration, blood pressure, heart rate
and dyspnoea were assessed.

Study Design
The study was performed at the Clinical Trials Centre at
Sahlgrenska University Hospital. Once informed consent was
obtained during the screening visit, information about med-
ical history and medication was collected, followed by a
physical examination including heart and lung auscultation,
height, weight, blood pressure and heart rate registrations

[76�90] seconds, p ¼ 0.008) and increased maximum clot firmness (59 [57�60] to 62
[61�64] mm, p ¼ 0.007).
Conclusion Infusion of adrenaline at clinically relevant doses improves in vivo platelet
reactivity and clot formation in ticagrelor-treated subjects. Adrenaline could thus
potentially be used to prevent perioperative bleeding complications in ticagrelor-
treated patients. Studies in patients are necessary to determine the clinical importance
of our observations.
Trial Registry Number ClinicalTrials.gov NCT03441412.
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and ECG. Screening laboratory tests included haemoglobin
and platelet concentration, electrolytes, liver function tests
and a urine drug test. If the results showed that the parti-
cipant was still eligible for participation, the investigational
visit was scheduled within 21 days.

On the morning of the investigational visit, a new physical
examination aswell as a urine drug test was performed before
the investigation started. An arterial catheter (BD Arterial
Cannula; BD Infusion Therapy Systems Inc., Utah, United
States)was inserted in the radial artery forcontinuous invasive
blood pressure and heart rate registration as well as for blood
sampling. In addition, a catheter (BD Venflon Pro Safety; BD
InfusionTherapyAB,Helsingborg, Sweden)was inserted in the
brachial vein for drug administration. After the study partici-
pant had rested for at least 10 minutes, baseline registrations
were conducted including blood pressure and heart rate,
dyspnoea assessment (Borg scale)18 and blood sampling. An
oral loading dose (2 � 90mg) of ticagrelor (Brilique; AstraZe-
neca, Mölndal, Sweden)was then administered (►Fig. 1). Two

hours after ticagrelor administration, new registrations and
blood sampling were conducted. Adrenaline (Adrenalin 1mg/
mL; Mylan, Canonsburg, Pennsylvania, United States) diluted
in glucose (Glucose Baxter Viaflo 50 g/L; Baxter International
Inc., Deerfield, Illinois, United States) to a concentrationof 0.05
mg/mL was prepared and given at a weight-adjusted rate of
0.01 µg/kg/min. The adrenaline infusion rate was gradually
increased from 0.01 to 0.05, 0.10 and then to 0.15 µg/kg/min.
After 15 minutes of each infusion, registrations and blood
sampling were conducted according to ►Fig. 1. At each time-
point, a maximum time deviation of 3 minutes was accepted.
The last adrenaline infusion rate (0.15 µg/kg/min) was main-
tained after the registrations and blood sampling had been
performed and given in combination with an intravenous
injection of 5 mg metoprolol (Metoprolol 1 mg/mL; Abcur,
Helsingborg, Sweden) and registrations and blood sampling
were then repeated after 10 minutes (►Fig. 1). The study
procedure lasted for approximately 4 hours and the study
participant was kept under observation for an additional 4
hours. Blood pressure and heart rate registrations were con-
ducted at all seven time-points as well as every 30 minutes
post last blood sampling during the following 4 hours of
observation.

The study protocol stipulated that the adrenaline infusion
should be stopped if the systolic blood pressure exceeded
180 mm Hg or the heart rate exceeded 120 beats/min.

Phone follow-up calls were conducted to each participant
24 � 4 and 72 � 4 hours after ticagrelor administration.
During the calls, the study participants were asked about
their well-being and if they had had any adverse events since
the investigational visit.

Analyses
At each time-point for blood sampling (►Fig. 1), one EDTA
tube (Greiner Bio-One, International GmbH, Kremsmünster,
Austria) was collected for analysis of adrenaline plasma
concentration. The blood tube was placed on ice directly
after sampling andwas centrifuged for 10minutes at 2,000 g
and 4°C within 30 minutes of collection. The plasma was
stored in cryotubes (Sarstedt, Nümbrecht, Germany) at�70°
C for subsequent analysis with high-performance liquid
chromatography. In addition, two hirudin tubes were col-
lected (0.15 mg/L, Roche Diagnostics GmbH, Mannheim,
Germany) for platelet aggregation and activation analysis
and one citrated tube (0.109 M citrate, BD, Franklin Lakes,
New Jersey, United States) for clot formation analysis.

Impedance Aggregometry
Whole blood impedance aggregometry (Multiplate; Roche
Diagnostics, Basel, Switzerland)was used to evaluate platelet
aggregation as previously described.19 This method has an
intra-assay variability of 6 � 3% (mean coefficient of varia-
tion � standard deviation) while the maximum intra-indi-
vidual variability was 18% when measured over a period of 4
months.19 Briefly, platelet aggregation is induced by agonists
and the impedance between two sets of electrodes in a test
cell is measured. The impedance increases as platelets
aggregate on the electrodes and the results are presented

Table 1 Baseline characteristics anddemographics. Characteristics
of the study participants. Values in the left column are the
laboratory’s normal ranges for adult males and values in the right
column are results presented as median (25–75th percentiles).
Laboratory values are from the screening visit

N 10

Age (y) 24 (19�30),
range: 18�37

Height (m) 1.82 (1.76�1.93)

Weight (kg) 83 (74�103)

BMI (kg/m2) 24 (23�30)

Platelet concentration
(145�348 �109/L)

235 (222�249)

Haemoglobin (134�170 g/L) 145 (141�151)

Serum sodium (137�145 mmol/L) 142 (140�143)

Serum potassium (3.6�4.6 mmol/L) 4.3 (4.1�4.5)

Serum calcium (2.15�2.50 mmol/L) 2.37 (2.33�2.42)

Serum creatinine (60�105 µmol/L) 87 (83�101)

Serum protein (64�79 g/L) 72 (66�75)

Serum ASAT (0.25�0.75 µkat/L) 0.47 (0.34�0.55)

Serum ALAT (0.15�1.10 µkat/L) 0.43 (0.35�0.54)

Serum ALP (0.7�1.9 µkat/L) 1.4 (1.1�1.5)

Serum bilirubin (5�25 µmol/L) 7.2 (6.3�14.0)

Abbreviations: ALAT, alanine aminotransferase; ALP, alkaline phospha-
tase; ASAT, aspartate aminotransferase; BMI, body mass index.

Fig. 1 Flow chart of the treatment during the investigational visit.
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as aggregation curves. The area under the curve (mean value
of the two aggregation curves) was used to quantify platelet
aggregation and is reported in aggregation units (U). The
tests used in the present study were ADP-HS test (final
concentration: 6.3 µM ADP and 9.4 nM prostaglandin E1),
which evaluates P2Y12-receptor-dependent aggregation,
ASPI test (final concentration: 0.5 mM AA), which assesses
cyclooxygenase-dependent thromboxane formation and its
subsequent aggregation, and TRAP test (final concentration:
32 µM TRAP), which evaluates PAR-1-receptor-dependent
aggregation.

Flow Cytometry
To evaluate platelet activation, flow cytometry was used to
measure thebindingof PAC-1 (binds to the activatedfibrinogen
receptor glycoprotein IIb/IIIa)20 and expression of the platelet
activation marker P-selectin (CD62P). Duplicate samples were
prepared containing either no agonists (unstimulated), ADP
(6.5 µM) or TRAP (32 µM, positive control). To keep the volume
constant, NaCl (9 mg/mL; Fresenius Kabi, Bad Homburg, Ger-
many)wasadded tounstimulatedsamples.Antibodies binding
to the platelet activation markers were added to the tubes:
anti-GPIb-PE (final concentration: 2.5 µg/mL; CD42b, platelet
surface marker; Dako, Agilent Technologies, Santa Clara, Cali-
fornia, United States), PAC-1-FITC (final concentration: 0.56 µg/
mL; BD Biosciences, San José, California, United States) and
anti-P-selectin-APC (final concentration: 0.17 µg/mL; BD Bios-
ciences). For dilution and avoidance of non-specific binding of
antibodies, HEPES-buffer (137 mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, 5.6 mM glucose, 20 mM Hepes and 0.1% BSA, pH 7.40)
was added.20 Background control samples were prepared for
the first, second and sixth blood sampling time-points. The
backgroundcontrols consistedof IgG-APC(final concentration:
0.17 µg/mL; BD Biosciences) as control for anti-P-selectin-APC
to set the boundary between positively and negatively stained
platelets. To set the PAC-1-FITC gate, the background control
sample was diluted in HEPES-buffer with 10 mmol/L ethyle-
nediaminetetraacetic acid (EDTA)as thispreventsall bindingof
PAC-1 to the fibrinogen receptor (GPIIb/IIIa). Gates were set to
approximately acquire 1.5% positive platelets in the back-
groundcontrol samples.21Blood (3µL)wasaddedat 10-second
intervals between the tubes resulting inafinal volumeof36µL.
The reaction was stopped after 10 minutes of incubation at
room temperature by the addition of 700 µL HEPES-buffer at
10-second intervals. Flow cytometry (FACSCalibur flow cyt-
ometer; BD Biosciences) was performed within 30 minutes
after blood collection and 10,000 GPIb-positive platelet events
were acquired and analysed using CellQuest Pro software (BD
Biosciences). The within-run imprecision for PAC-1 and P-
selectin expression was 11.3 � 5.9% (mean coefficient of var-
iation � standarddeviation)and6.8 � 2.0%respectivelywhen
unstimulated, 2.2 � 1.3 and 6.5 � 4.0% respectively when
induced by ADP and 1.1 � 0.6 and 2.7 � 2.2% respectively
when induced by TRAP.

Rotational Thromboelastometry
For analysis of clot formation, rotational thromboelastome-
try (ROTEM; Pentapharm GmbH, Munich, Germany) was

used. Technical details have previously been described else-
where.22 The EXTEM test was used to assess the extrinsic
pathway of coagulation by activation with tissue factor. The
clotting time (CT), clot formation time (CFT) and maximum
clot firmness (MCF) are reported.

Statistics
Data are presented in tables and boxplots with median
and 25�75th percentiles. The different blood sampling
time-points were compared in terms of blood pressure,
heart rate, dyspnoea, adrenaline concentration, platelet
aggregation, activation and clot formation using the non-
parametric Friedman test for repeated measures. If a parti-
cipant had missing data in a variable at some time-points,
this test excludes the participant only at the specific time-
point and for that specific variable. A p-value of <0.05 was
considered statistically significant. To determine which
pairs of samples were significantly different, Wilcoxon
signed-rank test (matched pairs) was used for post hoc
analysis.

The sample size was based on preliminary results from
our previous in vitro study.17 To achieve 80% power to detect
a difference of 8.6 U in ADP-induced aggregationwith a two-
sided test at α ¼ 0.05 and a standard deviation of 8.7 U, a
sample of at least eight subjects was required. To control for
attrition, a sample size of 10 was chosen. All statistical
analyses were performed with SPSS version 22 (IBM Cor-
poration, Armonk, New York, United States).

Results

Participants
Thirteen healthy volunteers were screened for eligibility and
three were excluded due to meeting any exclusion criterion,
yielding 10 eligible volunteers. Thereweremissing data in all
variables for one participant at sampling time-point 0.15 µg/
kg/min with and without metoprolol due to hypertension
during the treatment. Platelet activationwas only assessed in
the last eight participants due to technical issues with the
flow cytometer.

General
One study participant suffered a mild vagal reaction with
hypotension (systolic blood pressure: 80 mm Hg) when
standing up from the bed 1 hour after the last blood
sampling. Another participant became hypertensive during
the treatment (197 mm Hg at 0.10 µg/kg/min). All partici-
pants were followed up by phone calls. No adverse events
were reported during the phone follow-up calls.

Haemodynamic Effects of Adrenaline and Metoprolol
Adrenaline infusion after ticagrelor administration
increased systolic blood pressure and heart rate while the
diastolic blood pressure and mean arterial pressure
decreased (►Table 2). Metoprolol did not significantly influ-
ence blood pressure and heart rate 10 minutes after admin-
istration, compared with the same dose of adrenaline alone
(►Table 2).
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Adrenaline Plasma Concentration
Adrenaline infusion increased the plasma concentration of
adrenaline significantly at all doses after ticagrelor adminis-
tration (►Table 2). Metoprolol did not significantly influence
the adrenaline concentration 10minutes after administration,
comparedwith the same dose of adrenaline alone (►Table 2).

Platelet Activation
Ticagrelor administration or adrenaline infusion did not sig-
nificantly influence the unstimulated expression of active
fibrinogen receptor (PAC-1 binding; Friedman test p ¼ 0.24;
►Table 3). In contrast, ticagrelor administration decreased
bothADP-inducedandTRAP-inducedPAC-1binding compared

Table 2 Haemodynamic effects and adrenaline plasma concentration. Results of blood pressure, heart rate, dyspnoea and
adrenaline plasma concentration after ticagrelor administration and adrenaline infusion with and without metoprolol in healthy
volunteers (n ¼ 10). The laboratory’s normal range for adrenaline plasma concentration is given in the left column. Values are
median (25–75th percentiles)

Baseline After
ticagrelor
(2 h)

Adrenaline Adrenaline Adrenaline Adrenaline Adrenaline þ
metoprolol
(5 mg)

Adrenaline infusion rate
(µg/kg/min)

0.01 0.05 0.10 0.15 0.15

Systolic blood
pressure (mmHg)

131
(124�142)

137
(136�141)

142
(137�150)

148
(137�159)b

160
(147�175)a

154
(140�166)b

152
(136�157)b

Diastolic blood
pressure (mmHg)

66 (53�72)b 69 (61�73) 65 (59�67)b 59 (51�61)a 57 (50�63)a 54 (48�57)b 60 (52�60)a

Mean arterial
pressure (mmHg)

85 (71�92) 89 (81�93) 88 (79�90) 82 (74�85)a 81 (73�85)b 76 (70�83)b 80 (73�84)b

Heart rate (beats/min) 66 (62�67) 61 (54�68) 72 (63�74)a 77 (71�82)a 82 (74�86)a 86 (72�87)b 78 (75�80)b

Dyspnoea
(Borg scale 1–10)

0 (0�0.5) 0 (0�0) 0 (0�0) 0 (0�0.5) 0.25 (0�1)b 0.5 (0�1)b 0 (0�0)

Adrenaline plasma
concentration
(0.16�0.55 nM)

0.20
(0.16�0.30)

0.25
(0.20�0.40)

1.23
(0.90�1.62)a

5.70
(5.41�6.49)a

9.95
(8.99�10.66)a

14.28
(14.13�16.82)a

16.19
(15.50�20.00)a

ap < 0.01 vs. after ticagrelor (2 h).
bp < 0.05 vs. after ticagrelor (2 h).

Table 3 Effects on platelet aggregation, activation and clot formation. Results of platelet aggregation (n ¼ 10), activation (n ¼ 8)
and clot formation analysis (n ¼ 10) after administration of ticagrelor and adrenaline infusion with and without metoprolol in
healthy volunteers. Values are median (25–75th percentiles)

Baseline After
ticagrelor (2 h)

Adrenaline Adrenaline Adrenaline Adrenaline Adrenaline þ
metoprolol (5 mg)

Adrenaline infusion
rate (µg/kg/min)

0.01 0.05 0.10 0.15 0.15

ADP (U) 59 (54�68)a 17 (14�31) 20 (17�37) 25 (22�34)a 25 (21�34)b 22 (21�27)b 25 (22�28)b

AA (U) 79 (77�83)a 55 (32�60) 55 (45�75) 72 (55�97)a 79 (68�92)a 82 (72�92)a 89 (77�92)a,c

TRAP (U) 106 (95�118)a 86 (76�94) 87 (74�94) 98 (92�114)a 107 (101�124)a 108 (100�112)a 113 (107�118)b

PAC-1 binding (%)

Unstimulated 1.9 (1.5�2.3) 1.5 (1.3�1.9) 1.7 (1.3�2.2) 2.0 (1.5�2.4) 2.2 (1.6�3.0) 1.8 (1.5�2.2) 1.5 (1.4�1.9)

ADP-induced 92 (91�94)b 29 (22�35) 33 (26�42)b 42 (32�53)b 46 (38�57)b 41 (39�59)b 37 (34�58)b,c

TRAP-induced 95 (94�96)b 64 (50�69) 68 (58�70)b 71 (64�76)b 73 (69�79)b 72 (68�79)b 72 (70�78)b

P-selectin (%)

Unstimulated 2.5 (2.1�2.8) 2.3 (1.8�3.0) 2.8 (2.2�3.5) 2.8 (2.1�3.9) 3.0 (2.3�3.9) 2.8 (2.5�3.3) 3.3 (2.4�3.4)

ADP-induced 14.6 (7.7�21.4)b 3.7 (3.0�4.3) 4.5 (3.6�6.0)b 6.3 (3.5�7.3)b 7.7 (4.7�8.6)b 6.3 (4.1�9.2) 6.0 (4.5�7.9)b

TRAP-induced 74 (53�82)b 57 (36�72) 60 (44�73) 64 (49�76)b 67 (55�80)b 68 (56�82)b 68 (54�82)b

EXTEM CT (s) 78 (71�85) 77 (75�80) 80 (76�91) 78 (73�82) 76 (69�83) 75 (72�78) 73 (70�78)

EXTEM CFT (s) 101 (94�110) 97 (89�110) 98 (89�101) 92 (82�99)a 88 (70�91)a 83 (76�90)a 77 (73�86)a

EXTEM MCF (mm) 57 (56�58) 59 (57�60) 58 (57�60) 61 (58�63)b 62 (60�64)b 62 (61�64)a 62 (62�63)a

Abbreviations: AA, arachidonic acid; ADP, adenosine diphosphate; CFT, clot formation time; CT, clotting time; MCF, maximum clot firmness; TRAP,
thrombin receptor-activating peptide-6.
ap < 0.01 vs. after ticagrelor (2 h).
bp < 0.05 vs. after ticagrelor (2 h).
cp < 0.05 vs. adrenaline alone (0.15 µg/kg/min).
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with baseline (p ¼ 0.012 for both). Adrenaline infusion
increased both ADP-induced and TRAP-induced PAC-1 binding
after ticagrelor administration, frommedian 29 (22�35) to 46
(38�57%) (p ¼ 0.012) for ADP and from 64 (50�69) to 73
(69�79%) (p ¼ 0.017) for TRAP at 0.10 µg/kg/min for both. In
the presence of ticagrelor, metoprolol reduced ADP-induced
PAC-1 binding compared with the same dose of adrenaline
alone, from 41 (39�59) to 37 (34�58%) (p ¼ 0.028).

Ticagrelor administration or infusion of adrenaline
did not significantly change unstimulated expression of
P-selectin (Friedman test p ¼ 0.22; ►Table 3). Both ADP-
induced and TRAP-induced P-selectin expression decreased
after ticagrelor administration compared with baseline
(p ¼ 0.017 and 0.012, respectively). Adrenaline infusion
increased both ADP-induced and TRAP-induced P-selectin
expression after ticagrelor administration, from median 3.7
(3.0�4.3) to 7.7 (4.7�8.6%) (p ¼ 0.012) at 0.10 µg/kg/min for
ADP and from 57 (36�72) to 68 (56�82%) (p ¼ 0.012) at
0.15 µg/kg/min for TRAP. In the presence of ticagrelor,
addition of metoprolol did not significantly influence P-
selectin expression compared with the same dose of adre-
naline alone (p ¼ 0.24).

Platelet Aggregation
ADP-induced aggregation decreased after ticagrelor adminis-
tration compared with baseline (p ¼ 0.005; ►Fig. 2 and
►Table 3). Adrenaline infusion increased ADP-induced aggre-
gation after ticagrelor administration without evident dose–
response relationship, from median 17 (25�75th percentiles:
14�31) to25 (21�34)aggregationunits (p ¼ 0.012)at0.10µg/
kg/min. In the presence of ticagrelor, the addition of meto-
prolol didnot significantly influenceADP-inducedaggregation
compared with the same dose of adrenaline alone (p ¼ 0.18).
Six of the seven study participants that had an ADP-induced
aggregation lower than 22 units after ticagrelor administra-
tion showed increased levels above 22 units during adrenaline

infusion (►Supplementary Fig. S1, available in the online
version).

AA-induced aggregation decreased after ticagrelor
administration compared with baseline (p ¼ 0.005; ►Table

3). Adrenaline infusion increased AA-induced aggregation
after ticagrelor administration (p ¼ 0.008 for 0.15 µg/kg/
min). In the presence of ticagrelor, the combination of
adrenaline and metoprolol increased AA-induced aggrega-
tion more than adrenaline alone (p ¼ 0.011).

TRAP-induced aggregation decreased after ticagrelor
administration compared with baseline (p ¼ 0.007; ►Table

3). Adrenaline increased TRAP-induced aggregation after
ticagrelor administration (p ¼ 0.008 for 0.15 µg/kg/min). In
the presence of ticagrelor, the addition of metoprolol did not
significantly influence TRAP-induced aggregation compared
with adrenaline alone (p ¼ 0.68).

Clot Formation
Ticagrelor administration did not significantly change CT,
CFT andMCF (►Table 3). Adrenaline infusion after ticagrelor
administration did not significantly alter CT while it shor-
tened CFT and increased MCF. In the presence of ticagrelor,
metoprolol did not have any significant influence on CFT or
MCF compared with the same dose of adrenaline alone.

Discussion

The main finding of the present study was that infusion of
clinically relevant doses of adrenaline to ticagrelor-treated
subjects enhanced agonist-induced platelet activation and
aggregation, and clot formation. However, the effect was
limited and did not normalize platelet function.

On-going or recently discontinued treatment with a
P2Y12-receptor antagonist such as ticagrelor increases the
risk of major perioperative bleeding during cardiac sur-
gery.2,7 The bleeding risk in patients on P2Y12-receptor
antagonists correlates to the residual ADP-dependent plate-
let aggregability7–9 and a cut-off value of 22 U with impe-
dance aggregometry has in two independent studies been
suggested for when cardiac surgery can be performed with-
out an increased bleeding risk.7,8 In the present study,
adrenaline enhanced median ADP-induced platelet aggrega-
tion from 17 units to 25 units. Seven participants had ADP-
induced aggregation <22 units after ticagrelor administra-
tion, six of these reached >22 units during adrenaline
infusion.

We have previously shown that adrenaline improves ADP-
inducedaggregationandactivationalso in blood samples from
patients onDAPTwith acetylsalicylic acid and ticagrelor.17 The
present study extends this in vitro observation to healthy
subjects treated with ticagrelor and clinically relevant doses
of adrenaline. Markedly lower plasma concentrations of adre-
naline were needed in the present study to significantly
increase ADP-induced aggregation in vivo (6�14 nM) com-
pared to those in our in vitro study (153 and 770 nM). Even
higher concentrations of adrenaline (1 µM) restored ADP-
induced aggregation in the presence of ticagrelor in blood
samples from healthy donors in another in vitro study.23 The

Fig. 2 Effect of ticagrelor, adrenaline (Adr) infusion (0.01, 0.05, 0.10 and
0.15 µg/kg/min) and metoprolol (5 mg) on ADP-induced aggregation in
healthy volunteers (n ¼ 10). The blue diamond shapes denote aggregation
for each study participant while the black lines denote the median values.
The dashed red line denotes the level of 22 units. Friedman test for repeated
measures was used with Wilcoxon signed-rank test for post hoc analysis.
ap < 0.01, bp < 0.05 vs. after ticagrelor.
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reason for why so much higher adrenaline concentrations are
needed in vitro to enhance platelet reactivity is unclear. No
previousstudieshaveassessed theeffectofadrenaline infusion
in ticagrelor-treated subjects. However, in healthy volunteers
without platelet inhibition, an adrenaline infusion at 0.07 µg/
kg/min and a resulting plasma concentration of 3.34 nM
improved platelet aggregation.24 In the present study, the
ADP-induced aggregation after an in vivo adrenaline infusion
increased to the same extent as in the in vitro study, i.e.,
approximately to 25 U. No obvious dose-dependent effect of
adrenalinewas observed invivo; instead all doses from0.05 to
0.15 µg/kg/min increased ADP-induced aggregation to the
same extent. This may be explained by desensitization of
the α2A-receptors on the platelets during the continuous
infusion of adrenaline. In a previous study, the affinity for
the α2A-receptor was shown to decrease after 2 hours of
infusion of adrenaline at 0.05 µg/kg/min.25 In another study
onuntreated healthy volunteers, adrenaline’s ability to reduce
the level of cyclic adenosine monophosphate (cAMP) was
diminished after 2 hours of infusion of adrenaline (gradually
increased to 0.06 µg/kg/min).26 In that study, the aggregation
in response to ADP in vitro did not significantly change after 2
hours of infusion.26 The lack of dose-dependency in the
present study is in contrast to our in vitro study where the
effect was concentration-dependent.17 In the present study,
the concentrationwas increased step-wise in contrast to the in
vitro study, which as stated abovemay lead to desensitization.
Larger invivo studies are thusnecessary todeterminewhether
an optimal dose of adrenaline for improvement of ADP-
induced platelet aggregation can be determined.

No previous studies have evaluated platelet function
during increasing infusion rates of adrenaline in subjects
on P2Y12-receptor antagonist treatment. However, in two
studies infusion of adrenaline (0.07 µg/kg/min) enhanced
platelet aggregation in healthy volunteers without platelet
inhibition.24,27 In contrast, adrenaline infusion (0.06 µg/kg/
min) did not improve ADP-induced aggregation compared
with saline only in another study in untreated healthy
volunteers.28 The conflicting results between the previous
studiesmay at least partially be due to the different methods
used for platelet aggregation analysis. In the first two stu-
dies,24,27 filtragometry was used which detects the time it
takes for platelet aggregates to occlude a filter, while in the
other study,28 an aggregometer detecting changes in optical
density in platelet-rich plasma was used.

The effect of adrenaline on ADP-induced platelet activation
and aggregation in ticagrelor-treated subjects may possibly be
explained by its action on signalling pathways in the platelets.
ADP induces activation and aggregation via the G-protein-
coupled receptors P2Y1

29 and P2Y12.30,31 Responses from
both signalling pathways are needed for a normalADP-induced
activation and aggregation response.14,32–34Ticagrelor binds to
the P2Y12-receptor and inhibits its activation by ADP. Adrena-
line binds to the α2A-receptor resulting in the activation of a
pathway mimicking the P2Y12-mediated pathway.14–16 Thus,
adrenaline may increase ADP-induced activation and aggrega-
tion in ticagrelor-treated subjects as responses from both
pathways may be achieved. An alternative explanation is that

the platelet concentration increaseswith infusionofadrenaline
resulting in a better aggregation response. Adrenaline infusion
haspreviously been shown todecrease the splenic platelet pool
size and increase the venous platelet concentration.35 In the
present study, we did not measure platelet concentration
during the adrenaline infusion and can therefore not verify
this. However, all participants had a platelet concentration
within the normal range (ranged between 180�307 � 109/L)
at the screening visit. Only a platelet concentration of
�100 � 109/L has previously been shown to affect platelet
aggregation measured with impedance aggregometry.36

Adrenergic agents such as adrenaline and noradrenaline
are often used in cardiac surgery during and after cardio-
pulmonary bypass to increase blood pressure in hypotensive
patients. Thus the use of adrenaline during cardiac surgery is
already established, although not for the purpose of enhan-
cing platelet reactivity. Adrenaline causes an increase in
heart rate and systolic blood pressure37 and this may limit
its use as a platelet-enhancing agent during and immediately
after surgery in patients on DAPT. To counteract the effect of
adrenaline on heart rate and systolic blood pressure, a β-
blocker may be administered. However, it has not previously
been investigated if this would also reduce the effect of
adrenaline on platelet reactivity. This was tested in the
present study by concomitant administration of metoprolol
with the highest dose of adrenaline. The results suggest that
administration of a β1-selective blocker, such as metoprolol,
does not negatively impact the effect of adrenaline on
platelets (with the exception of lower ADP-induced PAC-1
binding). Hence, β1-selective blockers may be used if tachy-
cardia and hypertension occur during adrenaline infusion.

In the present study, infusion of adrenaline also improved
clot formation. The antiplatelet effect of ticagrelor cannot be
detected using viscoelastic coagulation tests alone, as evi-
dent by the absence of significant differences in coagulation
parameters between baseline and measurements after tica-
grelor administration (►Table 3). However, after ticagrelor
administration, adrenaline infusion still shortened CFT and
increased MCF. This improvement is most likely due to
adrenaline’s effect on platelets yielding a better platelet
function and ultimately a better clot formation. Alternative
explanations include increased platelet concentration as
discussed above35 and effects on von Willebrand factor
and factor VIII coagulant activity.38

The present study has important limitations. Only men
were included to avoid effect of the hormone cycle on platelet
function.39 Also, adrenaline has many off-target effects which
could limit its use. However, the use of adrenaline is already
established in cardiac surgery patients. Furthermore, ticagre-
lor is mostly used together with acetylsalicylic acid as DAPT.
We used only ticagrelor since we wanted to avoid a further
increased bleeding risk for the participants as our primary
objectivewas to study the effect of adrenaline onADP-induced
aggregation. This could limit the clinical relevance of the
present study. However, an effect of adrenaline in patients
treatedwithbothacetylsalicylicacidand ticagrelor isplausible
since adrenaline also improves in vitro platelet aggregation in
the presence of acetylsalicylic acid.17,40 The sample size was
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small and therefore it cannot be excluded that the observed
results were found by chance. Hence, this study is hypothesis-
generating rather than conclusive and the results need to be
confirmed in larger studies on healthy volunteers and patients
with coronary artery disease. In addition, we did not include a
control group receiving placebo instead of adrenaline. Also,we
did not measure platelet function and clot formation after the
adrenaline infusionwas completed. Moreover only one device
was used to measure ADP-induced aggregation, we only used
the ADP-HS test, and not the ADP test, and only a single
concentration of each agonist was tested. Finally, platelet
concentration was only analysed at the screening visit and
notduring the adrenaline infusion. It is not known if there is an
association between platelet concentration and the antiplate-
let effect of ticagrelor.

Conclusion

The results demonstrate that infusionofadrenalineat clinically
relevant doses improves platelet reactivity and clot formation
inticagrelor-treatedsubjects.Adrenalinecouldthuspotentially
beused toprevent bleeding complications in ticagrelor-treated
patients. Larger studies in patients on DAPT are necessary to
confirmour findings and to evaluate if the effects are sufficient
to improve perioperative haemostasis.

What is known about this topic?

• Ticagrelor inhibits ADP-induced platelet aggregation
by binding to the platelet P2Y12-receptor. Platelet
supplementation has limited effect on ADP-induced
platelet aggregation in the presence of ticagrelor.

• Adrenaline binds to platelet α2A-receptor which has
the same downstream effects as the P2Y12-receptor.

• Adrenaline enhances in vitro ADP-induced platelet
activation and aggregation in blood samples from
patients with on-going ticagrelor treatment.

What does this paper add?

• In this paper, we report for the first time that adrena-
line infusion at clinically relevant doses enhances ADP-
induced platelet activation and aggregation, and clot
formation in ticagrelor-treated healthy volunteers.

• Low-dose adrenaline infusion could potentially be
used to prevent or reduce bleeding complications in
ticagrelor-treated patients in need of acute surgery.
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