
Creatine kinase inhibits ADP-induced
platelet aggregation
D. L. Horjus1, R. Nieuwland2, K. B. Boateng1, M. C. L. Schaap2, G. A. van Montfrans1,3, J. F. Clark5, A. Sturk2

& L. M. Brewster1,3,4

1Dept. of Vascular Medicine, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands, 2Dept. of
Laboratory Medicine, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands, 3Dept. of Internal
Medicine, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands, 4Dept. of Social Medicine, Academic
Medical Center, University of Amsterdam, Amsterdam, the Netherlands, 5Dept. of Neurology, Cincinnati Children’s Hospital,
Cincinnati, Ohio, USA.

Bleeding risk with antiplatelet therapy is an increasing clinical challenge. However, the inter-individual
variation in this risk is poorly understood. We assessed whether the level of plasma creatine kinase, the
enzyme that utilizes ADP and phosphocreatine to rapidly regenerate ATP, may modulate bleeding risk
through a dose-dependent inhibition of ADP-induced platelet activation. Exogenous creatine kinase (500 to
4000 IU/L, phosphocreatine 5 mM) added to human plasma induced a dose-dependent reduction to
complete inhibition of ADP-induced platelet aggregation. Accordingly, endogenous plasma creatine kinase,
studied in 9 healthy men (mean age 27.9 y, SE 3.3; creatine kinase 115 to 859 IU/L, median 358), was
associated with reduced ADP-induced platelet aggregation (Spearman’s rank correlation coefficient, 20.6;
p , 0.05). After exercise, at an endogenous creatine kinase level of 4664, ADP-induced platelet aggregation
was undetectable, normalizing after rest, with a concomitant reduction of creatine kinase to normal values.
Thus, creatine kinase reduces ADP-induced platelet activation. This may promote bleeding, in particular
when patients use platelet P2Y12 ADP receptor inhibitors.

B
leeding risk associated with antiplatelet therapy for prevention or treatment of cardiovascular events is an
increasing clinical challenge, in particular in the context of multiple drug therapy1–4. There is a strong
association between bleeding and adverse outcomes1,2. In patients with acute coronary syndromes enrolled

in 3 large studies, OASIS, OASIS-2, and CURE, major bleeding events resulted in a 5-fold higher incidence of
death during the first 30 days, and a 1.5 fold higher incidence of death between 30 days and 6 months1.
International societies hasten up development of management strategies to minimize bleeding and subsequent
adverse consequences in acute thrombolysis with coronary syndromes and percutaneous coronary intervention,
while reports on greater bleeding risk with platelet P2Y12 ADP receptor inhibitors raise concern1–4. However, it
remains unclear, why some patients have greater bleeding risk than others1–4.

We hypothesize that inter-individual differences in plasma creatine kinase (CK, EC 2.7.3.2) activity modulates
bleeding risk. The enzyme utilizes ADP to catalyze the reversible transfer of a phosphoryl group (P) from
phosphocreatine, yielding ATP and creatine5–7:

ADPzPcreatinezHz<ATPzCreatine

High CK activity commonly occurs after exercise and in patients with damage of CK-rich tissue, including
cardiac muscle, brain, and skeletal muscle5,6,8. Moreover, the inter-individual variation in CK activity in the
general population is wider than previously suggested, ranging from below 25 to up to 5000 IU/L5, with par-
ticularly high levels in men and in persons of African ancestry. Taking the central role of ADP in platelet
activation into account, we assessed whether plasma CK activity inhibits ADP-induced platelet aggregation.

Methods
Study design and ethics statement. The protocol was approved by the Medical Ethical Committee of our hospital, and all participants gave
their written informed consent before enrolment. The methods were carried out in accordance with the approved guidelines. In this single-
center study, we executed a 3-step conditional protocol. In the first step, the main CK isoenzyme in human blood, CK MM was added in a
clinically relevant activity range (500 to 4000 IU/L) to low-CK plasma obtained from women5, to assess the effect on platelet aggregation. The
target CK activity levels for the second and third step of the protocol depended on the outcome of the first step. In the second step, we planned
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to assess platelet aggregation in healthy men with relatively low to high endogenous
CK activity levels. Finally, we assessed platelet aggregation with highly elevated CK
after exercise.

Study population. All participants were volunteers recruited by public
advertisements. We included healthy adults, aged , 50 years, BMI # 30 kg/m2, who
did not smoke, used no prescription or other drugs, and had no personal or family
history of bleeding or muscle disease, and no personal history of sickle cell disease,
diabetes mellitus, or other disorder. Furthermore, physical examination and
laboratory studies needed to be without abnormalities. Extended laboratory studies
were performed after overnight fasting in the participants of step 2 of the protocol,
including haemoglobin, sickle cell test (by haemoglobin phenotyping), thrombocyte
count, lipid spectrum (total and HDL cholesterol; triglycerides), thyroid stimulating
hormone (since subclinical hypothyroidism may increase plasma CK)8, ASAT,
ALAT, alkaline phosphatase, gamma-GT, albumin, renal function (creatinine,
eGFR), coagulation tests (activated partial thromboplastine time and prothrombine
time), and intrinsic platelet function (as assessed by platelet aggregation in platelet
rich plasma upon addition of ADP 1, 2 and 5 mM; collagen 1 mg/mL; arachidonic acid
1 and 2 mM; ristocetin 1.25 and 2.5 mg/mL).

CK and platelet aggregation. Platelet aggregation was assessed in by light
transmittance aggregometry (PAP-8E platelet aggregation profiler, Bio/Data
Corporation, Horsham, PA, USA). Citrate-anticoagulated blood (0.32%) was
centrifuged (Rotina 420R, Hettich Lab Technology, Tuttlingen, Germany) during 15
minutes at 180 3 g to obtain platelet rich plasma. Platelet poor plasma was prepared
by 10 minutes centrifugation at 1550 3 g. Experiments were performed at 37uC under
stirring conditions. Thrombin receptor-activated peptide (TRAP; 15 mM, Bachem,
Bubendorf, Switzerland) was used to induce maximum platelet aggregation as an
indicator to interpret the ADP aggregation curves. In the first step of the protocol, the
addition of external CK, ADP-induced platelet aggregation was assessed at the lowest
ADP concentration (1 mM) where a second aggregation wave was visible, in the
presence of both phosphocreatine (CrP; 5 mM, Sigma-Aldrich, St. Louis, MO, USA)
and human CK MM isoenzyme (Sigma-Aldrich), at 500, 1000, 2000, and 4000 IU/L.
At the threshold ADP concentration the aggregation is likely to be very sensitive to the
CK activity, but differs between subjects and could therefore not be chosen for the
second and third part of the studies. In the second step, the assessment of endogenous
CK, ADP-induced platelet aggregation was performed at ADP 2 mM before and after
supplementation with CrP 5 mM, both in excess. In the third step, 1 day after
intensive exercise, ADP-induced platelet aggregation was assessed at ADP (2 mM)
without other additions. In all steps of the protocol, the main readout parameter was
the area under the aggregation curve after 10 minutes.

Statistical analysis. The main outcome was the association between endogenous CK
activity and ADP-induced platelet aggregation. Based on reported differences in
ADP-induced platelet aggregation in subgroups of the population known to have
high vs. low circulating CK activity, we conservatively estimated to find a negative
correlation between endogenous CK activity and platelet aggregation, with a
Spearman’s correlation coefficient of 20.65,9, and calculated we needed at least 7
participants for this outcome, to assess this difference with an alpha of 0.05 and a
12beta of 0.80.

The correlation between the area under the curve of the platelet aggregation test
after 10 minutes and endogenous plasma CK activity was calculated using Spearman’s
rank correlations coefficient. Since the direction of the outcome was postulated before
the experiment, a one-tailed p value of 0.05 or less was considered statistically sig-
nificant, to avoid or reduce bias in favor of H0. Data are expressed as mean 1/2 SE,
unless stated otherwise. Data were analyzed using SPSS Statistics version 22 for
Windows (IBM SPSS, New York, NY, USA).

Results
All eligible healthy volunteers met the inclusion criteria. In the first
experimental step, we added exogenous CK (500 to 4000 IU/L) to
plasma obtained from 7 healthy white women (mean age 23.1 y, SE
0.8; mean BMI 21.6 kg/m2, SE 0.7) with relatively low endogenous
plasma CK activity (45 to 128 IU/L, median 82). With higher doses
exogenous CK, ADP-induced platelet aggregation became increas-
ingly attenuated, and was completely abolished at CK 4000 IU/L (a
typical aggregometer tracing is depicted in Figure 1, Panel A).

Secondly, platelet aggregation was assessed with relatively low to
high endogenous CK activity, in 9 healthy men, 4 of African ancestry;
with a mean age of 28.8 y (SE 3.3), and a mean BMI of 23.6 kg/m2 (SE
0.9). Plasma CK activity in these men ranged from 115 to 859 IU/L
(median 358). Thrombocyte count was within the normal range (151
to 257 3 109/L, median 203). Furthermore, we detected no intrinsic
platelet disorders, and activated partial thromboplastin time or pro-
thrombin time were within the normal range, with a mean duration
of respectively 27.0 (SE 0.5) and 11.3 (SE 0.2) seconds. The remaining
laboratory tests as described in the method section were without

abnormalities. In the platelet aggregation assay, baseline ADP-sti-
mulated area under the aggregation curve was 415.7 (SE 113.1). With
ADP and creatine phosphate added, the area under the curve was
reduced to 66.6 (SE 16.2), a difference of 349.1, with a 95% CI of
(113.3 to 584.9); p 0.005. Importantly, we found a greater reduction
in area under the aggregation curve with higher endogenous CK
activity, with a Spearman’s rank correlation coefficient of 20.59; p
0.046, indicating that the ADP-induced platelet aggregation became
increasingly inhibited at higher levels of CK.

Finally, as a proof of principle experiment, one of the male volun-
teers underwent intensive exercise to achieve a highly elevated
plasma CK activity (4664 IU/L) after 1 day, without clinical signs
of rhabdomyolysis. At this CK level, the ADP-induced platelet
aggregation was completely absent, with a negligible area under the
curve (Figure 1, Panel B). As expected, plasma CK activity returned
to a normal level (258 IU/L) after 7 days of rest5,6, with a concomitant
complete normalization of ADP-induced platelet aggregation.

Discussion
To our knowledge, this is the first report suggesting that plasma CK
in clinical relevant ranges may reduce platelet aggregation. This
finding may have clinical implications for patients and healthy sub-
jects with high plasma CK activity, in particular when using antipla-
telet or anticoagulant therapy.

CK is the main ADP scavenger within the circulation10. The
enzyme can scavenge ADP as a binding protein, or convert ADP
to ATP via its catalytic activity. The relative affinity of platelets and
CK for ADP is approximately 10 mM. Traditional kinetic theories for
the binding of a substrate (ADP) by competing binding sites (CK and
platelets) often assume the substrate concentration to be infinitely
high with a low concentration of binding sites. In the blood stream,
this assumption is not valid. The platelet and CK concentration can
change greatly compared to the ADP concentration and thereby
become significant modulators of the free ADP concentration.
Therefore, it is reasonable to suggest that when CK levels in the blood
stream increase, with concomitant binding of its substrates via the
random order Bi-Bi ping-pong binding mechanisms, there will be a
decrease in the concentration of free ADP available for activation of
platelets.

In healthy people, intravascular CK is mainly the skeletal muscle
type MM isoenzyme. This is thought to be due to a ‘‘proportional
leak’’ from the abundant CK pool in healthy skeletal muscle, with the
resulting level of plasma activity proportional to the level of intra-
muscular activity5,6. Several subgroups may have relatively high
plasma CK levels. The highest intramuscular and plasma activities
in healthy people are found in persons of sub-Saharan African ances-
try. Furthermore, with exercise, increased lymphatic drainage is
thought to lead to increased plasma CK activity within hours, and
also damage of CK-rich tissue may lead to highly elevated plasma CK
levels. In a random sample of the general population (n 5 1444) we
found values between 14 and 5783 IU/L (median 111) after 3 days of
rest5.

These high CK levels may lead to less sticky platelets, and greater
bleeding risk. In patients of African ancestry with ST-segment eleva-
tion myocardial infarction who underwent fibrinolysis, an unex-
plained higher risk of severe bleeding (adjusted OR 1.36; 95% CI
1.14 to 1.62), with higher mortality (HR 2.83; 95% CI, 2.08 to 3.86)
was found11, with similar findings in carotid endarterectomy12.
Furthermore, patients of African descent displayed an unexplained
greater risk of microbleeds and bloody stroke after adjustment for
blood pressure (OR 3.31; 95% CI, 1.14 to 9.57)13. Notably, in the
CHARISMA study, a high unexplained bleeding risk was found in
the African ancestry subgroup with the use of the platelet ADP
receptor inhibitor clopidogrel, (adjusted HR 3.78; 95% CI, 1.35 to
10.60)14, despite lower plasma concentrations of the active drug15.
Although these data support our hypothesis that high CK in this
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population subgroup may enhance bleeding risk, further clinical
studies are warranted.

With regard to exercise-induced CK increase, acute strenuous
exercise is reported to induce enhanced ADP-dependent platelet
aggregation up during and up to one hour past the muscle strain,
potentially related to increased sympathetic nervous system activ-
ity16. However, lower ADP-induced platelet aggregability is generally
found with moderate or regular exercise, or when aggregation is
measured after a time lapse from hours to days after exercise17–19.
The cause of the lower aggregability, linked to the health benefits of
exercise, is not clear17, but the preliminary data presented in this
paper indicate that the plasma creatine kinase ADP scavenging sys-
tem, increasing in plasma activity within hours and peaking 1 to 2
days after exercise5,6, is a likely candidate to contribute to attenuated
ADP-dependent platelet aggregation post-exercise.

Another subgroup of patients at risk of developing high plasma
CK activity is statin users. Statins are associated with an increased
hemorrhagic stroke risk, in particular in men. Although these drugs
are reported to directly affect platelet function and coagulation in
vitro, this does not explain clinical effects, and the true mechanism
linking statins to brain haemorrhage remains a mystery20,21. Our
observations on the potential role of CK might provide new clues,
and even moderate elevations of plasma CK, as seen with statin use,
might potentiate subclinical effects of statins on platelet function and
increase bleeding risk.

Finally, after frank damage of CK-rich tissue such as striated mus-
cle and brain tissue, plasma CK activities may be highly elevated, up
to .10,000 IU/L8,22–24. We propose that the unexplained uncontrol-
lable haemorrhage reported in trauma victims and brain injury
patients, a condition with a high mortality rate, might be due to high
plasma CK.

In both ‘‘trauma-induced coagulopathy’’ and ‘‘traumatic brain
injury platelet dysfunction’’, an unexplained near-complete inhibi-
tion of ADP-dependent platelet aggregation is observed25. Taking
our data into account, highly elevated plasma CK known to occur
after injury of CK-rich tissue8,22–24 might contribute to the stark inhi-
bition of ADP-dependent platelet aggregation in these conditions.

In the same line of thinking, this pathophysiology may include
acute myocardial infarction. Although commonly associated with
increased platelet reactivity, distinct hypoaggregability is noted up
to 3 days after myocardial infarction, with hyperaggregability there-
after26. We suggest that high CK levels appearing within a few hours
after myocardial infarction, with a peak around 24 hours attenuating
after 2 to 3 days24, may be a factor that inhibits platelet aggregation.
Since recent data suggest that low on-treatment platelet reactivity to
ADP is associated with a higher risk of bleeding3, the use of (multiple)
antiplatelet therapy might act synergistically in the individual patient
with high CK to increase bleeding risk (Figure 2). Thus, the sub-
groups of patients with high CK may be particularly sensitive to
the use of platelet ADP receptor blockers.

This study has strengths and limitations. We report herein an in
vitro assay testing the effect of CK on human platelet aggregation,
suggesting the possibility of coagulopathy with elevated plasma CK
in the presence of phosphocreatine and ADP. The findings fit hith-
erto unexplained observations of reduced platelet aggregation or
increased bleeding risk in population subgroups with a relatively
high plasma CK such as statin users, and after exercise or tissue
trauma. However, the sample size was rather small, and although
evidence of statistical significance was found at only 9 participants,
potentially indicating a major effect size of creatine kinase, the data
should be considered hypothesis-generating, and larger studies will
be needed to confirm our findings. Despite the strengths of this new

Figure 1 | Panel a: Inhibition of ADP-induced platelet aggregation with increasing exogenous creatine kinase. Typical aggregometer tracing after

exogenous creatine kinase, with tests performed at 1 mM ADP. Platelet aggregation is depicted with (a) The substrates ADP and phosphocreatine (CrP;

5 mM), without addition of exogenous creatine kinase (CK) enzyme; (b) ADP and CK (4000 IU/L); (c) ADP and thrombin receptor activating peptide

(TRAP; 15 mM); and (d) ADP only. Tests (e) to (h) were performed in the presence of both substrates, CrP and ADP. Importantly, with increasing

exogenous CK enzyme added (respectively 500, 1000, 2000, and 4000 IU/L), the second, irreversible phase of platelet aggregation became increasingly

inhibited compared to the 100% aggregation reference with TRAP, to be completely abrogated at CK 4000 IU/L (h). Panel b: ADP-induced platelet

aggregation with high endogenous creatine kinase after exercise. Tests were performed at 2 mM ADP, without further addition. A day after a bout of

intensive exercise, plasma creatine kinase (CK) activity was 4664 IU/L, without signs of rhabdomyolysis. At this CK level, ADP-induced platelet

aggregation was completely abrogated (a). After 7 days of rest, CK normalized to 258 IU/L, with concomitant normalization of the ADP-induced platelet

aggregation (b).
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concept, including biological plausibility, dose-dependency, and the
existing trial evidence indicating that patients with high CK activity
have a high bleeding risk, further clinical data are needed.

In summary, bleeding is an important complication of antiplatelet
therapy, but gaps remain in knowledge of the underlying mechan-
isms1–4. To our knowledge, we are the first to present data indicating
that high plasma CK in the range found within the general popu-
lation, and in clinical conditions such as myocardial infarction, or
damage of other CK-rich tissue such as skeletal muscle or brain may
abrogate ADP-induced platelet activation. This may lead to higher
bleeding risk in patients with high plasma CK, in particular when on
antiplatelet or anticoagulant therapy. Larger, prospective studies are
needed to establish whether high plasma CK activity increases bleed-
ing risk, and if so, the threshold CK activity at which this effect may
occur, in particular with concomitant use of antithrombotic drugs.
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