
Page 1 of 16

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2018;6(15):292atm.amegroups.com

Creatine kinase, energy reserve, and hypertension: from bench to 
bedside

Lizzy M. Brewster

Department of Cardiovascular Disease, Creatine Kinase Foundation, Amsterdam, The Netherlands

Correspondence to: Lizzy M. Brewster, MD, PhD. Creatine Kinase Foundation, POB 23639, 1100 EC Amsterdam, The Netherlands.  

Email: CKF@lizzybrewster.net. 

Abstract: We hypothesized that human variation in the activity of the ATP regenerating enzyme creatine 
kinase (CK) activity affects hypertension and cardiovascular disease risk. CK is tightly bound close to 
ATP-utilizing enzymes including Ca2+-ATPase, myosin ATPase, and Na+/K+-ATPase, where it rapidly 
regenerates ATP from ADP, H+, and phosphocreatine. Thus, relatively high CK was thought to enhance 
ATP-demanding processes including resistance artery contractility and sodium retention, and reduce  
ADP-dependent functions. In a series of studies of our group and others, CK was linked to hypertension 
and bleeding risk. Plasma CK after rest, used as a surrogate measure for tissue CK, was associated with high 
blood pressure and failure of antihypertensive therapy in case-control and population studies. Importantly, 
high tissue CK preceded hypertension in animal models and in humans, and human vascular tissue CK gene 
expression was strongly associated with clinical blood pressure. In line with this, CK inhibition substantially 
reduced the contractility of human resistance arteries ex vivo. We also presented evidence that plasma CK 
reduced ADP-dependent platelet aggregation. In subsequent intervention studies, the oral competitive CK 
inhibitor beta-guanidinopropionic acid (GPA) reduced blood pressure in spontaneously hypertensive rats 
(SHRs), and a 1-week trial of sub-therapeutic dose GPA in healthy men was uneventful. Thus, based on 
theoretical concepts, evidence was gathered in laboratory, case-control, and population studies that high CK 
is associated with hypertension and with bleeding risk, potentially leading to a new mode of cardiovascular 
risk reduction with CK inhibition.
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Introduction

Hypertension is an important worldwide public-health 
challenge (1). It is a common disease, with more than 
25% of the adult people worldwide affected, totaling 
nearly a billion people. Because of its high frequency 
and concomitant risks of cardiovascular and kidney 
disease, hypertension has been called “the silent killer”. 
Hypertension is the main risk factor for premature 
mortality, and is ranked third as a cause of disability-
adjusted life-years. Cardiovascular diseases are now 
responsible for 30% of all deaths worldwide (1).

Environmental as well as biological factors are thought 
to contribute to the occurrence of hypertension (1), but by 
modeling physiological systems controlling blood pressure, 
Guyton forwarded that sustained elevation of arterial 
pressure could be achieved through only two pathways: 
general vasoconstriction including the renal arteries, or 
excess renal sodium retention (2). The dominant role 
of the kidney was confirmed by the discovery that in all 
Mendelian forms of hypertension renal sodium reabsorption 
is affected (3). We explored these two pathways leading 
to hypertension in more detail, focusing on the energy 
demands of blood pressure generation.
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Methods

In this paper, we summarize and synthesize the body of 
work of the past 20 years on the association between the 
activity of the ATP-regenerating enzyme creatine kinase 
(CK, EC 2.7.3.2) and cardiovascular function. A theoretical 
framework is presented detailing on the energetic demands 
of hypertension and how high CK activity may alter pressor 
responses on a molecular level. Furthermore, studies 
are described on tissue and plasma CK activity levels of 
different population subgroups and on the association of 
CK with blood pressure. Clinical and laboratory studies 
consider vascular contractility and salt retention in the 
context of high CK. We also address the response to 
antihypertensive drugs with high CK. Finally, important 
evidence is presented regarding the effect of CK inhibition 
on blood pressure, and we discuss related subjects such as 
obesity and bleeding risk with high CK, as well as future 
research directions. Data in parentheses are mean ± SE, and 
data in square brackets are 95% confidence intervals (CI) 
unless indicated otherwise.

Results

Theoretical modeling: the energy expenditure of blood 
pressure generation

Cardiovascular work
Mean arterial pressure depends on cardiac output and 
the total vascular peripheral resistance, expressed in the 
equation: MAP = CO × TPR; where MAP = mean arterial 
pressure, CO = cardiac output, and TPR = total peripheral 
resistance (4). The cardiovascular system is essentially a 
pump that propels fluid through a set of tubes of decreasing 
size. The heart beats around 100,000 times a day, pumping 
approximately 10 tons of blood through the body. This 
highly energy demanding function requires more ATP 
than any other organ, around 6 kg per day. To acquire this, 
the heart uses chemical energy stored in fatty acids and 
glucose to fuel actin-myosin interaction of myofibrils (5). 
The enzyme CK is central to cellular energy metabolism, 
as it rapidly regenerates ATP from phosphocreatine near 
subcellular locations of high energy demands. In established 
hypertension, cardiac output is normal or even low (4,6), 

and a raised vascular resistance is mostly responsible for the 
elevated pressure. Still, the heart has to generate the energy 
to create the cardiac output against this higher pressure. 

The energy used by the heart to create and sustain 
pressure is partly “stored” through in the arteries that 

are actively stretched by the heart’s pumping action. This 
stored heart's energy is returned to the vascular system 
between heartbeats through passive elastic recoil. This 
recoil prevents the blood flow and pressure from falling to 
zero between heartbeats. Thus, there is a constant supply of 
blood to tissues. This keeps the efficiency of blood delivery 
high (7).

Total peripheral resistance of the small arteries is affected 
by blood viscosity, and by the diameter and total length 
of the vessels. The greatest contribution to peripheral 
resistance is made by the small (resistance) arteries and 
arterioles (8). Flow resistance (R) in a cylindrical tube, such 
as a blood vessel, can be calculated by Poiseuille’s formula: 
R= L × ŋ/ri

4, where L= the length of vessel, ŋ= viscosity of 
fluid and ri = the inner radius of the vessel. Therefore, ri 
plays an important role, and even minute changes in ri will 
have marked effect on R (4). The natural baseline of ri is 
thought to be set by structurally determined dimensions 
and geometric arrangements. In hypertension, arteriolar 
and capillary rarefaction (obliteration of preexisting blood 
vessels) is the most commonly observed change that 
affects the structure of the microvascular network (4,9), 
while microvascular tonus is thought to be influenced by 
nervous and humoral factors. Vascular smooth muscle 
contraction is an active process, myosin light chains must 
be phosphorylated before shortening can occur. This 
phosphorylation is performed by myosin light chain 
kinase (MLCK) activated by the Calcium-Calmodulin 
complex. Tension maintenance in vascular smooth muscle 
is a graded phenomenon without twitch tension, and the 
vessels can generate and maintain tension along their entire  
length (7,10). 

Smooth muscle is generally considered to have a slower 
metabolism and lower concentration of metabolites 
compared to striated muscle. However, metabolites and 
energetic processes are highly organized and structured. CK 
is present and active in mitochondria, contractile elements, 
membrane pumps, cytoplasm, where it is involved in 
distribution and regeneration of ATP (7,10,11).

Murphy et al. (11) discussed that smooth muscle has 
attached but dephosphorylated cross-bridges, which are 
slowly cycling cross-bridges that maintain tension with 
high economy of energy consumption. This state of the 
cross-bridges termed “latch”, has a 5-fold slower rate of 
detachment than phosphorylated cycling cross-bridges. 
Thus, tension is maintained at low Ca2+ with low ATP 
consumption. However, the energetic cost of generating 
tension is high (7,10,11). Oxidative and glycolytic utilization 
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of glucose are increased in the aorta of hypertensive rats, 
and energy consumption is increased by 10–15% (12). This 
increase in energy consumption might be attributable to 
increased work (associated with increased tensions) and/
or decreased energy efficiency (decrease in contribution of 
latch) (7,12).

Compared with heart muscle, vascular smooth muscle 
is extremely glycolytic (13). The flux of energy substrates 
in vascular smooth muscle is relatively slow compared 
to the heart in resting condition with ATP hydrolysis of 
respectively 1.2 vs. 4.3 μM/min/g ww). In stimulated tissue, 
the comparison changes to 4.3 and 32, respectively. During 
pathology such as hypertension, the vascular smooth muscle 
increases energy flux as reflected by significant increases 
in enzyme activities and net flux. Clark et al. (14) reported 
a 200% increase in citrate synthase in rat aorta during 
hypertension. This increase was resolved with adequate 
antihypertensive treatments.

Aside functional alterations there are structural changes 
to myocardium and arteries in response to high blood 
pressure. Muscle cells enlarge, with increased extracellular 
proteins. During the established phase of hypertension, 
total peripheral resistance remains increased, structural 
vascular changes cause decreased compliance, and changes 
in smooth muscle activity or sensitivity of the vessels to 
extracellular stimuli may increase peripheral resistance and 
work for the heart (4-6).

Renal work
Sodium retention in the kidney requires ATP, as  
Na+/K+-ATPase couples the energy of hydrolysis of ATP 
to the active exchange of three intracellular Na ions for 
two extracellular K. The filtration rate of human kidneys 
amounts to 180 L/day, which corresponds to 1.7 kg of 
NaCl. This is approximately 11 times our total extracellular 
space. The largest part of this filtered load must be 
conserved for the body and absorbed by renal tubules. The 
overall O2 consumption of both kidneys is approximately 
20 L/day, which corresponds to 6 mol, or with a molecular 
weight of 573.1, about 3 kg of ATP/day (on the basis 
of 1 mol O2/6 mol ATP). This energy is invested in the 
absorption of 30 mol of Na+/day. In other words, 5 mol 
of Na+ are absorbed for each mol of ATP hydrolyzed to  
ADP (15,16).

Throughout the kidney, in the proximal nephron, in the 
thick ascending limb of the loop of Henle, as well as in the 
distal tubule, filtered Na+ is absorbed. Although the exact 
quantities are determined by many regulatory factors such 

as glomerulotubular balance, hormonal factors, sympathetic 
innervation, and acid base status, the essential component 
of absorption throughout the kidney is basolateral  
Na+/K+-ATPase. CK rapidly provides ATP to this ATPase 
(15,17). It can be concluded that both components of 
pressor responses, vasoconstriction and renal sodium 
retention, are highly energy demanding processes. To 
generate and sustain high blood pressure, the cellular 
energy system needs to regenerate ATP at a higher rate.

The enzyme CK and energy demands of hypertension
CK is the central regulatory enzyme of energy metabolism. 
The enzyme catalyzes the rapid and reversible transfer of 
the high-energy phosphate moiety (P) between creatine and 
ADP: 

MgADP + PCreatine + H+ ↔ MgATP + Creatine.
Importantly, the rate of transfer of the phosphoryl 

group from phosphocreatine (Pcreatine) to ADP by CK 
is greater than the maximum rate of ATP generation by 
oxidative phosphorylation and glycolysis together (18,19). 
CK is specifically located at subcellular compartments 
where energy is produced such as in the mitochondrial 
intermembranous space and near glycolytic enzymes; as well 
as at compartments where energy is used, including near 
motor proteins involved in force generation at acto-myosin 
ATPase, at sarcoplasmatic reticulum-Ca2+-ATPase, and 
ATPases involved in ion transport, such as Na+/K+-ATPase 
and Ca2+-ATPase (18).

On the energy-producing site, dimeric/octameric 
mitochondrial CK facilitates the transphosphorylation 
of matrix-generated ATP into phosphocreatine and its 
subsequent export out of the mitochondrion. At subcellular 
compartments of energy consumption, ATP is directly 
regenerated by dimeric cytosolic CK via phosphocreatine, 
thus keeping local ATP/ADP ratios near ATPases very 
high, thereby increasing the thermodynamic efficiency of 
ATP hydrolysis. Thus, via phosphocreatine and creatine, 
the CK system buffers and transports energy produced by 
glycolysis and oxidative phosphorylation, to sites of energy 
production, such as myofibrils and membrane ion pumps, 
forming a spatial and temporal energy buffer (18-20). While 
phosphocreatine helps maintain the ATP concentration, 
creatine and ADP can signal the mitochondria to stimulate 
oxidative phosphorylation and ATP production.

Another important function of CK is proton buffering. 
Using ADP and H+ to synthesize ATP, CK prevents local 
and global acidification of the cell. Acidification hampers 
cell function and seriously diminishes the force of muscle 
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contraction. Taking the metabolic enzymes and processes 
controlled by ADP, ATP, and pH into account, CK has a 
central role in intracellular homeostasis, and significantly 
higher activities of the enzyme could profoundly alter 
cellular metabolism and functions dependent on ADP, ATP, 
and pH (18-23).

CK and pressor responses
We proposed that relative high CK activity in cardiovascular 
muscle and other tissues with high energy demands increases 
cardiovascular contractile reserve, enhances trophic 
responses, and increases renal tubular ability to retain salt, 
facilitating the development of arterial hypertension (18).

Central to the effects of CK is the ability of the enzyme 
to lower ADP (18-23). Vascular smooth muscle contraction 
consists of a fast, force generating component at relatively 

high energy costs, and a slow tonic maintenance of tension 
(23-25), which is thought to depend on the ability to have 
attached but dephosphorylated cross bridges (latch) for 
which ADP is required (11,25-27). CK is thought to reduce 
ADP at the smooth muscle contractile proteins, leading 
to excessive shortening and contractile responses delaying 
or hindering latch formation (18). Even small increases 
in vascular contractility could profoundly increase blood 
pressure, as resistance to flow is strongly affected with small 
changes in ri. In addition, vascular CK activity is relatively 
low compared to striated muscle, with very rapid rates 
of myosin ATPase (7,23). Even small changes in vascular 
smooth muscle CK activity may then result in at least a local 
alteration in the levels of ATP, ADP, and H+ and profoundly 
enhance contractility (18,19) (Figure 1).

In addition, calcium-dependent, vasoconstrictive 
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Figure 1 Smooth muscle contraction with high creatine kinase activity. A model of the four-state contractile system of vascular smooth 
muscle adapted from Brewster (18), based on Murphy (25), and Hai and Murphy (26). Ca2+ initiates contraction with activation of MLCK. 
MLCK phosphorylates myosin light chains to activate myosin ATPase (MA) and the MyosinP-ADP interacts generates tension with actin 
through an Actin-MyosinP-ADP complex. Shortening occurs through cross bridge cycling. The MyosinP-ADP can be dephosphorylated 
to form the so-called “latch bridges”, which are slowly cycling cross bridges depending on ADP (27). Controlled exit from the latch bridge 
occurs by re-phosphorylation of myosin, while dephosphorylation of MyosinP and a decrease in Ca2+concentration inactivates the high-
tension state. Smooth muscle creatine kinase (CK) activity is relatively low compared to striated muscle (23). With relatively high CK 
activity, lower ADP levels might hinder the ADP-dependent latch bridge formation and enhance myosin ATPase activity, leading to greater 
microvascular contractility (18). MLCK, myosin light chain kinase. 
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pathways as well as vasodilative RhoA/Rho kinase and 
nitric oxide (NO)-cGMP pathways, the main intracellular 
effectors of blood pressure regulating systems in vascular 
smooth muscle, converge on metabolic processes fueled 
by CK as a final common pathway to vascular contractility. 
Thus, CK is thought to have a strong modulatory effect 
on vascular contractility. Moreover, evidence indicates 
that high creatine demands with high CK might reduce 
the bioavailability of L-arginine and the rate of NO 
synthesis (19). Creatine and NO are both synthesized from 
L-arginine, but creatine synthesis demands more plasma 
L-arginine than NO synthesis, and the rate of NO synthesis 
is limited by the rate of endothelial L-arginine uptake (19).

Regarding cardiac function, higher tissue CK is 
understood to provide greater protection from myocardial 
ischemia, while promoting left ventricular hypertrophy (18).  
CK is closely involved in trophic responses of tissues. 
Growth promoting substances including growth hormone, 
sex steroids, vitamin D metabolites, and insulin-like growth 
factor-I increase the expression of cellular CK (28-30),  
and high tissue CK might enhance hyperplastic and 
hypertrophic reactions that sustain hypertension (18). 
Although the hypertrophic myocardium performs better 
under increased demands, naturally there is a limit to the 
metabolic effects of greater CK activity. With increasing 
workload, the ATP and H+ buffer function of CK will 
become increasingly inadequate and heart failure may  
occur (5,18).

The highest blood pressures are found in persons of 
West-African ancestry (AA) (31). As persons of West-AA 
were reported to have high plasma and skeletal muscle 
CK activity in anecdotal studies (18,32,33), questions 
arose as to whether blood pressure and CK activity are 
associated, whether vascular contractility and salt retention 
are enhanced with high CK, and whether CK inhibition 
reduces blood pressure.

Tissue and plasma CK
CK is expressed in a variety of cells and tissues with high 
and fluctuating energy demands, such as muscle, brain, and 
kidney (18). Nuclear genes on chromosomes 5, 15, 19, and 
14 encode four CK subunits: mitochondrial sarcomeric 
(sMt), mitochondrial ubiquitous (uMt), cytoplasmatic 
muscle (M) and cytoplasmatic ubiquitous or brain (B) 
subunits respectively, with a preferential expression in 
skeletal muscle (sMt and M), cardiac muscle (sMt, M and B), 
and smooth muscle, brain, and other tissue (uMt and B) (18).  
In physiologic and pathological states, such as at rest, 

after exercise, or after tissue damage, CK is released from 
tissue and transported through lymphatic vessels to the 
circulation. Plasma CK activity is the resultant of tissue CK 
concentration, the release of CK from tissues, lymphatic 
flow, and CK clearance by the liver (19).

In a random population sample, we found that mean 
resting plasma CK activity is higher in men, and around 
70% higher in healthy persons of AA as compared 
to persons of European ancestry (EA), (median value  
149 vs. 88 IU/L) with persons of South Asian ancestry 
having intermediate values (34). The distribution of 
isoenzymes was similar (19,35,36). When subjected to 
electrophoresis, the plasma of healthy individuals contains 
predominately CK-MM isoenzyme, with less than 6% 
CK-MB and CK-BB (35,37). With frank tissue damage, 
large quantities of the enzyme enter the circulation 
through the lymphatic system, with the type of isoenzyme 
as an indication of the tissue of origin. CK has been used 
for the diagnosis of myocardial infarction and skeletal 
muscle disease (37,38). Although largely displaced by 
troponin (39,40), CK is still in use as a diagnostic enzyme 
to diagnose myopathy including during statin therapy 
for hypercholesterolemia, and more recently in CK-
MB to estimate myocardial infarct size and clinical  
outcomes (41,42).

We hypothesized that the relatively high resting plasma 
CK activity levels found across West-AA populations are 
a physiological phenomenon mainly due to generalized 
higher tissue CK activity (18,34,43). Healthy persons of 
West-AA were found to have around twice the CK activity 
of persons of EA in skeletal muscle, with a predominance 
of fast, type II muscle fibers (33). We further assessed CK 
activity spectrophotometrically in multiple tissues with 
high and fluctuating energy demands including cerebrum, 
cerebellum, heart, renal artery, and skeletal muscle, obtained 
post-mortem in 17 men of EA and 10 of West-AA, mean 
age 62 years old (SE 4). Mean tissue CK activity was 76% 
higher with AA in all tissues studied [estimated marginal 
means 188.6 mU/mg (range, 148.8 to 228.4 mU/mg) 
protein, vs. 107.2 (95% CI, 76.7 to 137.7) with EA, P<0.01]. 
Our data implied a large variation in CK-dependent ATP 
buffer capacity across population’s ancestry subgroups, 
which may alter cellular function under high energy 
demands (44). The molecular basis of the coordinated 
expression of different isoenzymes at specific subcellular 
sites in specific tissues, and of these large differences in CK 
activity found between human subgroups are not known 
(18,19,33,43,44).
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CK: a risk factor for cardiovascular disease

After it became clear that subgroups of the population 
had relatively high plasma and tissue CK, we conducted 
studies to refute the hypothesis that CK increases vascular 
contractility, renal sodium retention, blood pressure, and 
reduces ADP-dependent platelet aggregation. These 
studied are summarized and synthesized below. 

Blood pressure
In a small cohort of 46 predominantly white men, aged 
18 to 67 years, diagnosed with high CK activity without 
neuromuscular disease (i.e., idiopathic hyperCKemia) 
followed for up to 20 years, 48% of the subjects were 
hypertensive, as compared to 19% of random population 
controls (n=22,612, aged 20 to 65 years old), an odds ratio 
of 2.0 (range, 1.1 to 3.8) after adjustment for sex, age, and 
body mass index Importantly, we found that high CK had 
preceded the development of hypertension (45,46). 

We further analyzed a random sample of the population 
of Amsterdam, of 1,444 citizens (503 white European, 292 
South Asian, 580 West-African, and 69 of other ancestry), 
aged 34 to 60 years. Resting plasma CK activity was 
relatively low in women of EA, and was associated with an 
increase in systolic and diastolic pressure of respectively  

8 mmHg (range, 3 to 13 mmHg) and 5 mmHg (range, 2 to 
8 mmHg) per log CK increase after adjustment for age, sex, 
body mass index, and ethnicity (19) (Figure 2). Subclinical 
cardiovascular damage is unlikely to contribute to this 
association, as healthy hypertensive people with high resting 
plasma CK have normal isoenzyme distribution patterns 
(35,36,45). 

The association between CK and blood pressure was 
replicated in a population sample of the arctic city Tromsø 
(n=12,776, aged 30 to 87 years). The authors found a 
3-mmHg increase in systolic blood pressure (SBP) per log 
plasma CK increase after adjustments including age, sex, 
BMI, and glucose (47). CK was obtained in non-resting 
conditions, potentially diluting this association (19,48). 
However, this carefully executed, large and independent 
replication study shows that even in subgroups with 
relatively low CK and in non-resting conditions, CK 
predicts blood pressure on a population level. Later studies 
in a large asymptomatic Asian cohort confirmed this  
finding (49).
Vascular contractility
We assessed contractility characteristics in isolated 
resistance arteries ex vivo from normotensive pregnant 
women of self-defined AA (n=11) and EA (n=20), mean 
age 34 years, who donated an omental fat pad during 
caesarean section from which resistance-sized arteries 
were isolated as previously described (50). We studied two 
main pathways of vasodilation after maximum contractility, 
inhibition of CK-dependent contractility and stimulation 
of the NO/cGMP pathway. First, the NO donor sodium 
nitroprusside (SNP) (10−9 to 10−4 mol/L) and bradykinin  
(10−10 to 10−7 mol/L)-induced vasodilation were studied, and 
lastly, the specific CK blocker dinitrofluorobenzene (DNFB) 
(10−7 to 10−6 mol/L) was added. All concentrations refer to 
final bath concentrations.

Morphology assessed with electron microscopy 
was similar in AA and EA women, but significantly 
greater maximum contractions to norepinephrine 
were seen in vessels from in AA women [14.0 mN (1.8 
SE) compared with EA (8.9 mN (1.4 SE), P=0.02]. 
Furthermore, we found greater residual contractility 
after DNFB in AA, 55% (6 SE) vs. 28% (4 SE) in EA 
(P=0.001), and attenuated vasodilation after bradykinin 
in  AA women,  103% (6  SE)  vs .  with white  84%  
(5 SE) in EA (P=0.023). Responses to SNP and amlodipine 
were similar. We concluded that compared with EA women, 
normotensive pregnant AA women displayed greater 
resistance artery contractility and evidence of higher 

Figure 2 SBP by increasing plasma creatine kinase activity. Crude 
SBP according to resting plasma creatine kinase (CK) tertiles, 
adapted from Brewster et al. (19). I–III are the first through the 
third tertile of log plasma CK (IU/L), of a random population 
sample stratified by ethnicity, with respectively 447, 444 and 452 
subjects in each tertile. Values are mean ± 2 (SEM). Similar values 
were found for DBP, and both SBP and DBP differed significantly 
among the CK tertiles (P<0.001; Kruskal-Wallis test). SBP, systolic 
blood pressure. 
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vascular CK activity with attenuated nitric oxide synthesis (50).
However, since pregnancy is a strong CK inducer 

and we lacked data on human hypertension and CK, we 
further explored CK-dependency of vascular contractility 
in non-pregnant normotensive and hypertensive women. 
We included 19 consecutive non-pregnant women, 
mean age 42 years (SE 1.3), mean systolic/diastolic 
blood pressure respectively 142.6 (SE 5.9)/85.6 (3.4) 
mmHg (9 hypertensive), who donated an omental fat 
sample during abdominal surgery. We isolated resistance 
ar ter ies  and compared vasodi la t ion a f ter  DNFB  
(10−6 mol/L) to SNP (10−6 mol/L) ex vivo. Additionally, 
we assessed predictors of vasoconstrictive force. DNFB 
reduced vascular contractility to 24.3% (SE 4.4), P<0.001, 
compared to baseline. SNP reduced contractility to 89.8% 
(SE 2.3). Maximum contractile force correlated with DNFB 
effect as a measure of CK (r=0.8), and with vessel diameter  
(r=0.7). The increase in contractile force was 16.5 (9.1 to 
23.9) mN per unit DNFB effect in univariable, and 10.35 
(2.10 to 18.60) mN in multivariable regression analysis. 
This study extended on our previous findings in pregnant 
normotensive women of CK-dependent microvascular 
contractility, indicating that CK contributes significantly to 
resistance artery contractility across human normotension 
and hypertension (51). 

Finally, we assessed resistance artery CK isoenzyme 
mRNA using quantitative real-time polymerase chain 
reaction, and studied the association with blood pressure (52).  
Thirteen women were included, 6 normotensive and  
7 hypertensive, mean age 42.9 years (SE, 1.6) and mean 
systolic/diastolic blood pressure, 144.8 (8.0)/86.5 (4.3) 
mmHg. Normalized CK B mRNA copy numbers, ranging 
from 5.2 to 24.4 (SE, 1.9), showed a near-perfect correlation 
with diastolic blood pressure (correlation coefficient, 0.9; 
95% CI, 0.6–1.0) with similar results for SBP. Hypertensives 
displayed a 90% relative increase in resistance artery CK 
B mRNA compared with normotensives [normalized copy 
numbers respectively, 19.3 (SE, 2.0) vs. 10.1 (SE, 2.1), 
P<0.01]. Thus, CK was found to be a main predictor of 
blood pressure, and human resistance artery contractility 
was highly CK dependent, strengthening the evidence 
that this enzyme is involved in human hypertension. 
We theorized that hyperexpression of resistance artery 
CK serves to meet the increased metabolic demands of 
enhanced peripheral resistance in hypertension.
Sodium retention
As CK rapidly regenerates ATP for Na+/K+-ATPase driven 
sodium retention throughout the kidney (15,17,53), we 

assessed whether resting plasma CK is associated with 
sodium retention. Sixty healthy men (29 EA and 31 AA) 
with a mean age of 37.2 years (SE 1.2) were assigned to 
low sodium intake (<50 mmol/d) during 7 days, followed 
by 3 days of high sodium intake (>200 mmol/d). Sodium 
excretion (mmol/24-h) after high sodium was 260.4 (28.3) 
in the high CK tertile vs. 415.2 (26.3) mmol/24-h in the 
low CK tertile (P<0.001), with a decrease in urinary sodium 
excretion of 98.4 mmol/24-h for each increase in log CK, 
adjusted for age and AA (53). The findings did not reject 
the hypothesis of an association between CK and sodium 
retention, but more direct assessments of kidney CK are 
needed to establish whether variation in its activity is 
relevant for sodium sensitivity.
Failure of antihypertensive drug therapy
Since evidence indicates that CK enhances vascular 
contractility, salt retention, and pressor responses, we 
assessed whether CK was associated with therapy-
resistance (54). We analyzed the Amsterdam cross-sectional, 
random multiethnic sample of the general population  
(n=1,444), aged 34–60 years. The primary outcome was the 
independent association between resting plasma CK and 
treated uncontrolled hypertension in the population, using 
multinomial logistic regression analysis. In line with our 
finding of an association with blood pressure, we found that 
hypertension prevalence was respectively, 26.8%; 30.8%; 
and 41.2% for the lowest (<88 IU/L) through the highest 
population CK tertile (>145 IU/L; P<0.001). Importantly, 
further analyses showed that CK was high in uncontrolled 
hypertension (Figure 3), and antihypertensive drug 
treatment failed in 72.9% of participants with high resting 
CK activity, vs. 46.7% with low CK (P=0.004). In logistic 
regression analysis, CK was the main predictor of treatment 
failure (adjusted OR 3.7; 95% CI, 1.2–10.9), independent 
of age, sex, BMI, fasting glucose, ethnicity, or education 
level. Thus, our hypothesis that high CK is associated with 
therapy resistance, was not refuted (54).

More specifically, we addressed the question how high 
CK might affect the response to different antihypertensive 
drugs (55-57). With AA as a proxy for high CK, we 
synthesized the evidence on the differential clinical 
efficacy of antihypertensive drugs. We retrieved 3,763 
papers, and included 72 reports that mainly considered the  
4 major classes of antihypertensive drugs, calcium blockers, 
diuretics, drugs that interfere with the renin-angiotensin 
system and β-adrenergic blockers. Pharmacokinetics, plasma 
renin and genetic polymorphisms did not well predict 
the response of patients of AA to antihypertensive drugs. 
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We provided evidence indicating that low nitric oxide 
availability and high CK activity may explain individual 
responses to antihypertensive drugs (57).

The enhanced response to calcium blockers and 
diuretics, with lower efficacy of ACE inhibitors and beta-
adrenergic blockers seen in AA patients is in accord with 
the enhanced ATP buffer capacity proposed with high 
tissue CK (Figures 4,5). CK fuels Ca2+-ATPase at the 
sarcoendoplasmic reticulum and thereby calcium uptake, 
as well the ATPases directly leading to vasoconstriction 
and renal sodium retention (17-24,50-53). Calcium 
antagonists and diuretics directly antagonize this effect. 
On the other hand, the reduced bioavailability of NO 
with high creatine demand may hamper the effect of 
ACE inhibitors as these drugs promote NO synthesis in 
the endothelium (58). Renin levels did not predict the 
efficacy of ACE inhibitors (57). We showed that high CK 
is associated with low vascular NO bioavailability in vitro 
(50,51), and L-Arginine was found to be low in persons of 
AA (59), with supplementation restoring NO bioavailability 
in vivo (60). Finally, beta-adrenergic blockers inhibit  
β2-mediated vasodilation, which is thought to induce 
greater peripheral vasoconstriction in the context of 
high vascular CK activity (55-57,61). The data indicate 

that resting plasma CK is a strong predictor of failure of 
antihypertensive therapy, stronger than glucose values, and 
that the specific pattern of response to antihypertensive 
drugs of a high CK subgroup is congruent with the 
molecular effects of CK on pressor responses.

Obesity
The focus of our work has been on the enhanced 
cardiovascular contractility and renal sodium retention 
with high CK, but skeletal muscle characteristics have 
been reported to be relevant for hypertensive disease and 
obesity (62). CK activity is tightly coupled to glycolytic 
skeletal muscle type II fibers, lower oxidative capacity, and 
capillary rarefaction, which may contribute to the greater 
peripheral resistance and higher blood pressure levels seen 
in population subgroups with high CK (18,43,44,62,63). 
Furthermore, these fibers are fit for burst activity and 
typically display an attenuated mitochondrial fatty acid 
oxidation and glucose uptake. This promotes the storage of 
lipid as fat tissue resulting in insulin resistance and obesity, 
and resting plasma CK activity is independently associated 
with different markers of obesity in a multi-ethnic 
population (63).

Bleeding risk
We had proposed that high plasma CK might reduce plasma 
ADP and ADP-dependent platelet aggregation resulting 
in greater bleeding risk (64,65). CK is a main scavenger 
of ADP in the circulation (66). The enzyme can scavenge 
ADP as a binding protein, or convert ADP to ATP via its 
catalytic activity (64). As outlined above, high plasma CK 
occurs mainly in persons of AA ancestry, after exercise, and 
with damage of CK-rich tissue, including cardiac muscle, 
brain, and skeletal muscle (34,37,43,47-49). Taking the 
central role of ADP in platelet activation into account, we 
assessed whether high plasma CK inhibits ADP-induced 
platelet aggregation.

In a single-center study, we added CK MM isoenzyme 
in a clinically relevant activity range (500 to 4,000 IU/L),  
to low-CK plasma obtained from EA women. With 
increasing CK, ADP-induced platelet aggregation became 
increasingly attenuated and was completely abolished at CK 
4,000 IU/L (64).

Secondly, we studied platelet aggregation in relation to 
endogenous CK activity in 9 healthy men, 4 AA and 5 EA 
and found that ADP-induced platelet aggregation became 
increasingly inhibited at higher levels of CK (64). Finally, 
we assessed ADP-induced platelet aggregation with high 

Figure 3 Plasma creatine kinase activity in normotension and 
treated hypertension. Values depict significant differences in mean 
plasma creatine kinase (CK) activity (SE) after rest in a random 
population sample as assessed with ANOVA (P<0.001) (54). *, in 
the post-test, CK levels between “normotension” and “controlled 
hypertension” were not significantly different. †‡, CK in “treated”, 
but “uncontrolled hypertension” was significantly higher than 
“normotension”, and “treated controlled hypertension” (P<0.001).
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endogenous CK after exercise. One day after a bout of 
intensive exercise in a volunteer of West-AA, plasma CK 
was 4,664 IU/L, without clinical signs of rhabdomyolysis. 
At this CK level, ADP-induced platelet aggregation was 
completely abrogated. After 7 days of rest, CK normalized 
to 258 IU/L, with concomitant normalization of the  
ADP-induced platelet aggregation (64). To our knowledge, 
this was the first report suggesting that plasma CK in 
clinical relevant ranges may reduce platelet aggregation. 
High plasma CK levels may thus lead to less sticky platelets, 
and greater bleeding risk (64).

We subsequently analyzed the evidence on bleeding in 
subgroups of patients known to have high plasma CK. AA 
patients with ST-segment elevation myocardial infarction 
who underwent fibrinolysis were reported to have an 

unexplained 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), with similar findings after carotid 
endarterectomy (64,67,68). Furthermore, AA patients 
are at greater risk of microbleeds and bloody stroke after 
adjustment for blood pressure (OR 3.31; 95% CI, 1.14 
to 9.57) (69). Importantly, a high unexplained bleeding 
risk was found in the AA subgroup of the CHARISMA 
study after the use of platelet ADP receptor inhibitor 
clopidogrel (adjusted HR 3.78; 95% CI, 1.35 to 10.60), 
despite lower plasma concentrations of the active drug 
(70,71). A higher bleeding risk was also observed in AA 
patients using dabigatran as compared to warfarin (65,72). 
Both dabigatran and warfarin interfere with the generation 
of the potent platelet agonist thrombin (73,74), but the 

Figure 4 Molecular modulators of microvascular contractility. This schematic representation of vascular smooth muscle contraction is based 
on Brewster et al. (57). Creatine kinase (CK) is tightly bound near Ca2+ ATPase and myosin ATPase, and evidence suggests the enzyme is 
also located near myosin light chain (LC) kinase. Here, CK serves to rapidly regenerate ATP from phosphocreatine (Creatine ~ P) (18-27,57). 
Nitric oxide (NO) and creatine compete for bioavailable L-Arginine (19,57). Importantly, NO, RhoA/Rho kinase, and calcium-dependent 
pathways involved in the regulation of vascular contractility, converge on metabolic processes modulated by CK (57). Antihypertensive drugs 
and vasodilators may enhance NO-dependent pathways, such as in ACE inhibitor (ACE-i) induced NO synthesis, or inhibit CK-dependent 
pathways. Calcium blockers (CaB) directly antagonize CK dependent processes by reduction of cellular Ca2+ uptake and release from the 
sarcoendoplasmic reticulum (SER), while β-adrenergic agonists inhibit myosin LC kinase. High CK is thought to amplify contractile 
responses, including of β-adrenergic blockers and the high creatine demand with high CK is thought to compromise nitric oxide synthesis, 
further enhancing contractility (57). cGMP, guanosine cyclic 3',5'-(monophosphate); MLCP, myosin light chain phosphatase.
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direct thrombin inhibitor dabigatran has a stronger effect 
on thrombin-induced platelet aggregation (73). The effect 
of direct thrombin inhibitors on platelets is potentiated 
by inhibition of ADP receptors, as concurrent signaling 
through the ADP receptors is reported to be necessary for 
full platelet activation by thrombin (64,65,74). Therefore, 
we suggested that the risk of severe bleeding in AA patients 
using dabigatran might be due to synergy of the direct 
thrombin inhibitory effect with CK-induced reduction 
of ADP-dependent responses, to strongly inhibit platelet  
activation (65).

Other clinical conditions with highly elevated plasma 
CK might be relevant to study ADP-dependent platelet 
aggregation and bleeding risk, including the unexplained 
increased hemorrhagic stroke risk with statin use, especially 
in men (75); bleeding after myocardial infarction, in 
particular with the use of (multiple) antiplatelet therapy 
during peak CK activities around 24 hours after the 
event (37,64,76); as well as the extensive high CK tissue 
damage with highly elevated plasma CK in “trauma-
induced coagulopathy” and “traumatic brain injury 
platelet dysfunction”, where an unexplained near-complete 
inhibition of ADP-dependent platelet aggregation and near 
uncontrollable hemorrhage with high mortality rates is 
observed (64). 

Thus, highly elevated plasma CK might be a hitherto 

unrecognized factor that might greatly increase bleeding 
risk because of the resulting lower plasma ADP and ADP-
dependent platelet aggregation (64,76), and subgroups of 
patients with high CK may be particularly sensitive to the 
use of platelet ADP receptor blockers. Further studies are 
needed to establish whether plasma CK induces a distinct 
coagulopathy, in particular with concomitant use of statins 
or antithrombotic drugs in persons with high plasma CK 
activity.

Intervention studies

CK Inhibition in the spontaneously hypertensive rat 
(SHR)
Because of the cardiovascular effects associated with high 
CK, we assessed whether CK inhibition with the creatine 
analogue and competitive inhibitor beta-guanidinopropionic 
acid (GPA) would safely reduce blood pressure. We studied 
the SHR, an animal model with high tissue CK activity that 
precedes the development of hypertension (77-79).

Creatine is either absorbed in the intestine from dietary 
sources or synthesized de novo. Kidney L-arginine:glycine 
amidinotransferase (AGAT, EC 2.1.4.1) catalyzes the 
first, rate-limiting step of L-arginine and glycine into 
guanidinoacetic acid, demanding a major part of bioavailable 
L-arginine (80,81). Subsequently, liver S-adenosyl-L-

Figure 5 Creatine kinase and sodium retention. Renal sodium retention is driven by basolateral Na+/K+ ATPase (15). Depicted is the kidney 
distal convoluted tubule. Creatine kinase (CK) is tightly bound near basolateral Na+/K+ ATPase to regenerate ATP for sodium retention 
(17,53). Thiazide diuretics may antagonize this effect indirectly as these drugs inhibit luminal Na+/Cl−-cotransport (53,57).
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methionine:N-guanidinoacetate methyltransferase (GAMT, 
EC 2.1.1.2), methylates guanidinoacetic acid to creatine, 
which is utilized by peripheral tissues after cellular uptake 
through a membrane bound creatine transporter.

AGAT also synthesizes GPA, from L-arginine and 
beta-alanine. The estimated GPA plasma concentration 
in healthy rats is 0.06 (SD 0.02) μmol/L, and clearance 
is probably renal (80,82). The physiological function is 
unknown, but when given to animals GPA reduces the 
flux through the cytoplasmic CK reaction, by competitive 
inhibition of creatine, in the gut, at AGAT, or at the 
cellular creatine transporter. Reduced intracellular creatine 
attenuates the non-enzymatic conversion to creatinine 
(80,81). GPA can also be phosphorylated by cytoplasmic, 
but not mitochondrial CK, to PGPA. This further reduces 
CK-dependent ATP buffer capacity, as GPA and PGPA are 
“inefficient substrates” for the CK reaction (80).

In previous studies, the reduced flux through the CK 
reaction with GPA induced greater resistance against 
brain ischemia. Furthermore, a shift from high CK, 
predominantly glycolytic type II skeletal muscle fibers, to 
low CK, predominantly oxidative type I fibers was reported, 
resulting in greater endurance capacity, enhanced glucose 
tolerance, and weight loss. Left ventricular systolic pressure, 
cardiac output, and rate of tension development were 
unchanged in the unstressed heart or during high workload 
in the intact animal, but mortality after acutely induced 
myocardial infarction was increased (80), an effect that was 
not replicated in myocardial infarction induced in creatine-
depleted knock-out mice (83). Since blood pressure, 
vascular contractility, kidney function, or lipid spectrum 
were not studied, we randomly assigned 16 male 16-week-
old SHR to GPA (3%) in chow vs. standard chow with 
blood pressure as the main outcome (79).

In line with previous studies on creatine depletion 
(80,81,83), animals appeared healthy and displayed normal 
physical activity after GPA in our study, without apparent 
adverse effects. GPA reduced blood pressure with 42.7 
(5.5) systolic and 35.6 (5.0) mmHg diastolic (P<0.001) vs. 
controls. Heart rate did not significantly change. Mean 
NO-dependent vasodilation at 10−5 mmol/L methacholine 
in mesenteric artery was 24% higher with GPA (52.0, 
vs. 41.7% in controls). In line with a diuretic effect (84) 
we found higher renin mRNA in the kidney, normalized 
copy number 1.7 (0.2) with GPA vs. 1.1 (0.2) in controls 
(P=0.03). Furthermore, we found evidence of a shift to 
low CK type I skeletal muscle fibers. Since type I fibers 
have more oxidative metabolism, with a higher capillary 

density and NO generation (62,63), this shift might have 
contributed to blood pressure lowering and weight loss 
with GPA. Although body weight was lower in the GPA 
group throughout the trial, this was not significant at day 
28 [GPA 338 g (5 g) vs. control 356 g (9 g), P=0.06]. In 
addition, mean heart weight and mean heart weight/body 
weight ratio were not significantly different between GPA 
and control groups as previously reported (79). Plasma 
creatinine concentration was lower with GPA as expected 
(11.6 mg/L with GPA vs. 24.1 mg/L in controls; P<0.001).

Finally, plasma HDL-cholesterol unexpectedly increased 
with 46% after GPA. The mode of action is unclear. Rats 
are naturally deficient in cholesteryl ester transfer protein, 
with relatively high HDL fractions (85). Theoretically, GPA 
might have increased HDL through augmentation of the 
concentration of Apo A-I, mimicking of the functionality 
of Apo A-I, enhanced reverse cholesterol transport, or 
inhibition of endothelial lipase (86). In line with the 
mitochondrial dependency of ABC transporter proteins (87),  
we speculate that the stimulatory effect of GPA on 
mitochondrial function promotes reverse cholesterol 
transport, but further study is needed.

To our knowledge, this was the first report on the 
blood pressure lowering effect of reversible competitive 
CK inhibition. This experimental evidence adds to 
the data indicating that the enzyme is involved in the 
pathophysiology of hypertension. In addition, the presented 
data also indicate that creatine is not indispensable, and 
suggests that CK is potentially a new systemic arterial 
hypertension treatment target.

First-in-human tolerance study with CK inhibition 
After collecting evidence indicating that CK is intimately 
involved in hypertension and that the CK inhibitor GPA 
reduces blood pressure in a high-CK-hypertensive animal 
model, we assessed the tolerability of a sub-therapeutic 
GPA dose in healthy men (88).
In this active and placebo-controlled, triple-blind, single-
center trial, we recruited 24 healthy men (18–50 years old, 
BMI 18.5–29.9 kg/m2) in the Netherlands. Participants 
were randomized (1:1:1) to one week daily oral GPA  
100 mg, creatine 5 g, or matching placebo. Creatine, which 
has an identical molecular formula to GPA, was chosen to 
assess the effect of the synergist. The average daily rate of 
creatine synthesis in healthy omnivorous males is estimated 
to be 1.3 g. We used 5 g as recommended in studies on 
creatine supplementation (88). The GPA dose, 100 mg, was 
calculated according to the Food and Drug Administration 
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(FDA) ‘Guidance on Estimating the Maximum Safe 
Starting Dose in Initial Clinical Trials in Adult Healthy  
Volunteers’ (89), to ensure the safety of the human 
volunteers. The primary outcome of the trial was the 
tolerability of GPA in humans, in an intent-to-treat analysis.

All 24 randomized participants received the allocated 
intervention, and 23 completed the study. One participant 
in the placebo arm dropped out for personal reasons. This 
participant experienced no side effects (including during a re-
challenge with the assigned drug). GPA was well tolerated, 
without serious or severe adverse events. No changes were 
found in blood pressure, weight, ADP-dependent platelet 
aggregation, heart rate, cardiac contractility, cardiac output 
and total peripheral resistance monitored noninvasively. 
Furthermore, no abnormalities were reported in clinical 
safety parameters, including physical examination, laboratory 
studies, and a 12-Lead ECG. At day 8, mean plasma GPA 
was 213.88 (SE 0.07) in the GPA arm vs. 32.75 (SE 0.00) 
nmol/L with placebo arm (P<0.01).

This first-in-human study raised no safety or tolerability 
concerns, including no adverse effects reported and no 
significant differences detected compared to baseline 
or placebo in physical examination, biochemistry or 
cardiovascular function, including blood pressure, liver 
enzymes, cardiac contractility, and QT interval.

Conclusions

Blood pressure reduction may be challenging despite the 
availability of several classes of antihypertensive drugs, and 
a substantial proportion of treated hypertensive patients 
does not achieve blood pressure control despite adequate 
treatment (54-57,90,91).

Risk factors for poor blood pressure control include 
obesity, age, AA, the presence of diabetes or end organ 
damage; but non-adherence of the patient, the white-coat 
effect, therapeutic inertia of the physician, dietary factors, 
or the concomitant use of blood pressure increasing drugs 
may also contribute. However, a subgroup of patients with 
uncomplicated, primary hypertension remains uncontrolled 
despite adequate use of antihypertensive drugs, and 
antihypertensive acting via new mechanisms might aid in 
achieving better control in these patients (90,91).

We presented a new theoretical model on the creation 
of high blood pressure and therapy resistance, based on 
the energy needed to create high blood pressure. We 
conducted laboratory, clinical, and population studies on 
CK and hypertension, and developed a novel modus of 

blood pressure lowering in CK inhibition. We hypothesized 
that hypertension is a highly energy demanding condition, 
and that therefore, individuals with high activity of the 
energy buffering enzyme CK might create higher blood 
pressures. We detailed on the main energy buffer and ATP-
regenerating function of CK, with the enzyme tightly 
bound near motor proteins involved in force generation 
at acto-myosin ATPase, and near ion channels at Na+/K+-
ATPase and Ca2+-ATPase, where it rapidly buffers ADP 
to regenerate ATP from phosphocreatine, enhancing the 
function of these ATPases (18).

Thus, the aggregated evidence indicates that tissue CK 
increases hypertension risk and that circulating plasma 
CK increases bleeding risk, both through enhanced ADP 
utilization. CK is a main independent determinant of 
blood pressure, resistance artery contractility, sodium 
excretion, obesity, and of failure of antihypertensive therapy  
(19,34,43-47,50-57,62-65). Our study in a high CK 
hypertension animal model indicated that CK inhibition 
with oral GPA lowers blood pressure (79), and our first 
in human tolerance study with GPA was uneventful (88). 
Future studies should focus on safe reduction of tissue 
CK and associated cardiovascular disease risk, and address 
bleeding risk and the safe use of statins and antithrombotic 
therapy in patients with high plasma CK. 
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