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We have reported that creatine kinase (CK, EC 2.7.3.2) is a main 
predictor of blood pressure in the general population.1 The CK 
enzyme system serves as a conduit for high-energy phosphoryl 
groups. Sequential phosphotransfers through the enzyme are 
responsible for transmission of ATP from mitochondria to ATP-
consuming sites and maintenance of ATP/ADP ratios near the 
ATPases. At the ATP-consuming site, CK rapidly regenerates 
ATP from creatinephosphate, catalyzing the reaction1–5:

 MgADP  creatine P  H  MgATP  creatine+ + ↔ ++~ . 

Thus, the enzyme may facilitate highly energy-demanding 
functions such as salt retention and vascular contractility, 
thus promoting hypertension.1,2,5–7

The activity of the enzyme in plasma was reported to 
be strongly and independently associated with blood pres-
sure in the general population, with an increase in systolic 
blood pressure of 8.0 mm Hg (95% confidence interval: 
3.3–12.7) mm Hg per log CK increase after adjustment for 
age, sex, body mass index, and ethnicity.1 Similar outcomes 
were found in a replication study.8 Furthermore, analy-
sis of human resistance arteries showed a high correlation 
between microvascular CK gene expression and clinical 
blood pressure (R  =  0.9).6 Finally, in pregnant normoten-
sive women, vascular contractility was found to be highly 
CK-dependent.7 However, the CK system undergoes pro-
found qualitative as well as quantitative changes during 
gestation,3 and more work is needed to further characterize 
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BACKGROUND
Creatine kinase (CK) is a main predictor of blood pressure, and this is 
thought to largely depend on high resistance artery contractility. We 
previously reported an association between vascular contractility and 
CK in normotensive pregnancy, but pregnancy is a strong CK inducer, 
and data on human hypertension are lacking. Therefore, we further 
explored CK-dependency of vascular contractility outside the context 
of pregnancy in normotensive and hypertensive women.

METHODS AND RESULTS
Nineteen consecutive women, mean age 42 years (SE 1.3), mean sys-
tolic/diastolic blood pressure respectively 142.6 (SE 5.9)/85.6 (3.4) mm 
Hg (9 hypertensive), donated an omental fat sample during abdomi-
nal surgery. We compared vasodilation after the specific CK inhibitor 
2,4-dinitro-1-fluorobenzene (DNFB; 10−6 mol/l) to sodium nitroprus-
side (10−6 mol/l) in isolated resistance arteries using a wire myograph. 
Additionally, we assessed predictors of vasoconstrictive force. DNFB 
reduced vascular contractility to 24.3% (SE 4.4), P < 0.001, compared to 

baseline. Sodium nitroprusside 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 mN [9.1–23.9] per unit DNFB effect in univariable and 
10.35 mN [2.10–18.60] in multivariable regression analysis.

CONCLUSION
This study extends 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 primary hypertension outside the context of preg-
nancy. Further studies should explore the effect of CK inhibitors on 
clinical blood pressure.
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the role of this enzyme in pressor responses as despite the 
accumulating data indicating its clinical relevance, there is 
no direct evidence that the enzyme affects resistance artery 
function in normotension and primary hypertension out-
side the context of pregnancy. Therefore, we assessed the role 
of CK in contractility of isolated human resistance arteries 
from nonpregnant normotensive and hypertensive women.

METHODS

Participants

Protocols were in accordance with institutional guidelines 
and approved by the local institutional review board. The 
study was performed in compliance with the declaration of 
Helsinki. Consecutive women of self-defined European or 
African ancestry undergoing an abdominal procedure for 
uterine fibroids with or without high blood pressure were 
eligible for inclusion. We excluded patients with second-
ary hypertension, patients with a history of cardiovascular 
events (angina pectoris, myocardial infarction, or stroke), 
patients who smoked, patients with vasculitis, diabetes mel-
litus, or other endocrine disorders; HIV infection; infectious 
hepatitis; malignancies, or bleeding disorders. All partici-
pants gave written informed consent.

Outcomes

The primary outcome was the extent of vasodila-
tion induced with the specific CK blocker 2,4-dinitro-
1-fluorobenzene (DNFB), as compared to baseline. The 
secondary outcome was the difference in vasodilation 
induced by DNFB vs. vasodilation with the NO donor 
sodium nitroprusside (SNP). Other, hypothesis-generating 
outcomes included the effect of bradykinin, predictors of 
maximum contractility, and outcomes based on blood pres-
sure categories.

Sample size calculation

We based our sample size calculation on previous data,7 
and we conservatively estimated to find a 65% vasodila-
tion (35% residual contractility) compared to baseline with 
DNFB 10−6 mol/l as a primary outcome, with an σ of 15, 
needing 6 patients. In the secondary outcome we expected 
vasodilation to 25% (75% residual contractility) with SNP 
at 10−6 mol/l, with an σ of 15, and we calculated that a total 
number of 19 persons needed to enter the study to detect 
this within-person difference with one-tailed α = 0.05 and 
1 − β = 0.80.

Blood pressure

Blood pressure was measured with a Datascope Accutorr 
Plus monitor (Datascope, Mahwah, NJ) during the preop-
erative assessment 1 month before the surgery, after 5 min-
utes of rest with the subject in the sitting position, using an 
appropriately fitted cuff on the nondominant arm supported 
at heart level. High blood pressure was defined as systolic 

blood pressure ≥140, or diastolic blood pressure ≥90 mm 
Hg, or the use of antihypertensive drugs.

CK-specificity of DNFB

DNFB in the micromolar range is a specific CK inhibi-
tor that forms a covalent derivative with a single cysteine 
residue to inactivate CK, inducing a rapid depletion of ATP 
while creatine phosphate is preserved.9–16 Although DNFB 
is an amino and sulfhydryl group reagent that could react 
with many targets, and aspecific effects may occur at very 
high (millimolar or higher) dose ranges, when appropriately 
dosed in the micromolar range, the effect of DNFB is CK 
specific.9,11,12,14,16 Micromolar DNFB typically inhibits both 
the forward and the reverse reaction of cytoplasmic as well 
as mitochondrial CK stoichiometrically,9 and the effect of 
DNFB is used to estimate tissue CK activity.10 Importantly, 
the inhibition of CK activity is immediate and dose-depend-
ent, at around 40% at DNFB 10−6 mol/l, and 55% at 3.10−6 
mol/l, to 90% at 10−5 mol/l.9 DNFB does not affect the intrin-
sic ability of myofibrils to develop tension, and tissues retain 
the ability for respiration and responses to ATP.13,14 CK 
repletion completely reverses the inhibitory effect of DNFB, 
and muscle contractility and function is restored.13

Microvessels’ preparation and tension measurements

The procedure was described previously.6,7 In brief, after 
omental biopsy, performed at the start of the surgical pro-
cedure, the omental fat pad sample was immediately placed 
into cold (4 °C), oxygenated, physiologic salt solution con-
sisting of (mmol/l) NaCl 118.2, NaHCO3 24.8, KCl 4.6, 
KH2PO4 1.2, MgSO4 1.2, CaCl2 2, EDTA 0.26, and HEPES 
50. Vessels were dissected under a microscope and cleaned 
of adherent adipose and connective tissues. Segments of 
resistance-sized arteries (~200 to 400 µm normalized inter-
nal diameter) were cut into 2-mm-long rings (2–4 per par-
ticipant) that were mounted on 40-µm stainless steel wires 
in a Mulvany-Halpern myograph (Danish Myo Technology, 
Copenhagen, Denmark). The myograph bath contained 
physiologic salt solution at 37 °C bubbled with CO2 5% and 
oxygen 95%, to maintain a pH of 7.4. The caliber of the vessel 
and the settings for distension were calculated using stand-
ard methods for wire myography.7 We included vessels that 
were able to generate active tension against at least 50 mm 
Hg equivalent pressures. Each ring was normalized and 
set to the optimal diameter for active tension at 90% of the 
diameter of a passive (relaxed) vessel at a transmural pres-
sure of 100 mm Hg. To assess integrity of the endothelium, 
vessels were contracted with noradrenaline (10−5 mol/l) and 
if relaxation to bradykinin (10−6 mol/l) was greater than 70% 
of the contraction the vessels were considered to be endothe-
lium-intact. Maximum contractility was induced in the iso-
lated arteries in duplicate with noradrenaline (10−5 mol/l) 
in KCl (125  mmol/l) substituted physiologic salt solution 
(KPSS-NE). We also used KPSS-NE to reach a stable con-
traction during the long lasting experiment. We studied two 
main pathways of vasodilation after maximum contractility, 
inhibition of CK-dependent contractility and stimulation of 
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the NO/cGMP pathway (Figure 1). First, the effect of SNP 
(10−9 to 10−4 mol/l) and bradykinin (10−10 to 10−6 mol/l)-
induced vasodilation were studied, and lastly, the specific 
CK blocker DNFB (10−7 to 10−5 mol/l) was added. All con-
centrations refer to final bath concentrations.

Chemicals

All chemicals were obtained from Sigma-Aldrich 
Chemical, St. Louis, MO.

Data analysis

Data from multiple rings from the same subject were 
averaged. Residual contractility was calculated as the frac-
tional decrement in contractile response after the addition of 
a vasodilator. Based on the dose finding analysis in our pre-
vious study7 and the specificity studies of DNFB,9–16 we used 
the efficacy of the vasodilators at 10−6 mol/l for the main 
analysis. As DNFB is reported to stoichiometrically and spe-
cifically inactivate CK,9–16 residual contractility after DNFB 
10−6 mol/l was used as a measure of intravascular CK activ-
ity as previously described.7,9,10 Since the CK distribution is 
known to be skewed to the right,21 we expected a skewed 
distribution for the residual contractility after DNFB and 
planned to perform a logarithmic transformation to base 10 
with these and other skewed data to achieve a more symmet-
ric distribution. We used a paired Student’s t-test to assess 
the primary outcome of vasodilation after DNFB compared 
to baseline. As a secondary outcome, we compared DNFB 
with SNP-mediated vasodilation in a paired t-test. Finally, 
as hypothesis-generating outcomes, we calculated the Imax 
and pIC50 (the negative logarithm to base 10 of IC50, which 

is the concentration leading to half-maximal inhibition) of 
DNFB, SNP, and bradykinin and one-tailed Pearson’s cor-
relations between maximum resistance artery contractility 
and potentially predictive parameters such as the extent of 
vasodilation with different inhibitors, vessel size, and clinical 
characteristics including ethnicity, blood pressure, and body 
mass index, before entering variables with correlating sig-
nificantly at P ≤ 0.05 into multivariable regression analysis to 
further quantify the independent association with maximum 
vascular contractile force, using forced entry. Numerical 
ranges in square brackets are 95% confidence intervals. For 
the primary and secondary outcomes, the P value was one-
tailed as there was preexistent evidence on the direction of 
the outcome. For all other hypothesis-generating outcomes, 
we conservatively used a two-sided P value of 0.05 or less to 
indicate statistical significance. Statistical analyses were per-
formed with SPSS statistical software package for Windows, 
version 22.0 (SPSS, Chicago, IL).

RESULTS

Clinical characteristics and blood pressure

Nineteen consecutive women participated in the study. 
The clinical characteristics are depicted in Table  1. In this 
study group, 11 of 19 women were of African descent, 
and 9 were hypertensive (6 African-Dutch), reflecting the 
greater occurrence of fibroids and hypertension in women 
of African descent.23 Only 4 hypertensives were treated, with 
angiotensin-converting enzyme inhibitors, beta-adrenergic 
blockers, calcium channel blockers, or thiazide diuretics, 
as monotherapy or as combination therapy. None reached 
control. The 5 untreated hypertensives (3 with stage 1 hyper-
tension and 2 with stage 2 hypertension) had never received 

Figure 1. Intracellular pathways of vascular smooth muscle contraction. This is a schematic representation of the main intracellular regulatory path-
ways of vascular smooth muscle contraction and mechanisms of action of vasodilators used in this study, based on Brewster et al.1 Creatine kinase (CK) is 
depicted to rapidly regenerate ATP near ATPases. Calcium-dependent signalling pathways, as well as NO, cyclic GMP, and RhoA/Rho kinase pathways con-
verge on metabolic processes fuelled by CK.1–7,9,17–20 In this study, vasodilation was achieved with the specific CK inhibitor dinitrofluorobenzene (DNFB), 
or through stimulation of NO-dependent pathway with sodium nitroprusside (SNP) and bradykinin. cGMP, guanosine cyclic 3′, 5′-(hydrogen phosphate); 
MLCP, myosin light chain phosphatase; Mysosin LC Kinase, myosin light chain kinase; SER, sarcoendoplasmic reticulum.
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antihypertensive drugs, although 2 had previously been 
diagnosed with hypertension by a medical doctor. Women 
with treated uncontrolled hypertension had a higher body 
mass index than normotensives and never-treated hyperten-
sives, as well as the highest mean systolic and diastolic blood 
pressure, as per national hypertension treatment protocol, in 
the absence of additional risk factors, family doctors in the 
Netherlands are not compelled to start treatment in patients 
with uncomplicated hypertension unless systolic blood pres-
sure is >180 mm Hg.22

Vessel characteristics

We assessed two to three 2-mm-long artery segments per 
participant, at 90% of the diameter of the passive segment 
under a standardized transmural pressure of 100 mm Hg. 
Vessels were resistance artery-sized, with a mean internal 

diameter of 395.6 µm (SE 22.9). At this standardized pres-
sure, we found no significant differences in vessel charac-
teristics between blood pressure categories as a tertiary, 
hypothesis-generating outcome (Table 2).

Inhibition of vascular contractility

The vascular contractile force was reduced to 24.3% (SE 
4.4, P < 0.001) after DNFB 10−6 mol/l, as the primary out-
come. Residual contractility after SNP 10−6 mol/l was 89.8% 
(SE 2.3), a difference of 65.5% [54.9 to 76.1%], P  <  0.001 
with DNFB (Figure 2). Residual force after bradykinin was 
similar to SNP, 89.6% (SE 2.0). The Imax and pIC50 of these 
vasoactive agents were respectively 87.44 (SE 1.94) and 6.55 
(0.08) for DNFB; 21.52 (2.92) and 6.09 (0.12) for SNP; and 
11.26 (2.19) and 7.78 (0.11) for bradykinin. Thus, the relative 
potencies were in the order bradykinin > DNFB > SNP. In 

Table 2. Resistance artery characteristics by blood pressure status

Parameters Total group Normotension

Uncontrolled hypertension

Untreated Treated

N 19 10 5 4

Microvessel diameter, µma 395.6 (22.9) 368.3 (29.2) 457.0 (55.7) 387.1 (34.8)

Maximum force, mN 11.6 (1.3) 11.0 (1.9) 14.4 (3.0) 9.3 (2.0)

Force/100 µm vessel diameter 2.7 (0.2) 2.7 (0.3) 3.1 (0.4) 2.4 (0.4)

DNFB residual force, %b 24.3 (4.4) 23.1 (5.1) 33.3 (13.4) 16.4 (2.7)

Bradykinin residual force, %b 89.6 (2.0) 91.8 (3.2) 86.0 (3.5) 88.4 (2.4)

SNP residual force, %b 89.8 (2.3) 87.0 (3.8) 91.8 (2.0) 94.5 (4.6)

All arteries were assessed at an estimated transmural pressure of 100 mm Hg. Data are mean (SE), unless specified otherwise. There were 
no significant differences in vessel characteristics based on clinical blood pressure status in this standardized test (P values ranging from 0.29 
to 0.65).

Abbreviations: DNFB, dinitrofluorobenzene; SNP, sodium nitroprusside. 
 aMicrovessel internal diameter. bResidual contractile force with 10−6 mol/l of the vasodilator.

Table 1. Clinical characteristics of included participants

Parameters Total group Normotension

Uncontrolled hypertension

Untreated Treated

N/African ancestry 19/11 10/5 5/3 4/3

Age, years 42.4 (1.3) 40.2 (1.9) 44.8 (1.0) 44.5 (3.1)

Heart rate, min−1 82.0 (3.0) 75.3 (4.4) 85.0 (5.3) 90.8 (3.6)

SBP, preoperative, mm Hga 143 (6) 127 (3) 146 (4) 174 (16)b

SBP on surgery day, mm Hgc 126 (6) 115 (4) 129 (11) 148 (19)d

DBP, preoperative, mm Hga 86 (3) 74 (3) 94 (4) 102 (3)b

DBP on surgery day, mm Hgc 74 (3) 67 (4) 82 (7) 82 (6)d

Body mass index, kg/m2 25.9 (1.3) 24.5 (0.9) 24.7 (3.2) 31.0 (4.0)

Data are mean (SE), unless specified otherwise; Based on blood pressure status, patients were American Society of Anesthesiologists 
Physical Status (ASA PS) class I–III.

Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure.
aHypertension was defined as a blood pressure ≥140 mm Hg systolic (SBP) or ≥90 mm Hg diastolic (DBP), or the use of antihypertensive 

drugs. bPatients with treated hypertension had higher blood pressure levels than untreated hypertensives, as according to the national guide-
lines22 treatment of uncomplicated hypertension is only imperative at SBP >180 mm Hg. cPreoperative blood pressure measured in the supine 
position, 1 to 3 hours before the omentum biopsy, and after the use of standard preoperative sedative drugs. dWith preoperative sedative and 
antihypertensive drug treatment.
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line with the presumed mode of action depicted in Figure 1, 
with CK-dependent contractility as the final common step, 
we found large differences in vasodilation response, with 
DNFB showing the greatest inhibitory efficacy (the maxi-
mal inhibitory effect of SNP and bradykinin was respectively 
24.6 and 12.9% of DNFB effect).

Predictors of the maximum contractile response

In the correlation analysis, only DNFB effect and vessel 
diameter were significantly associated with the maximum 
contractile response, with a correlation coefficient of respec-
tively 0.76 and 0.74 (P  <  0.001); Figure  3. In contrast, the 
correlation coefficient was 0.02 for both bradykinin and SNP 
(P = 0.46). Other parameters as mentioned in the Methods 
section did not significantly correlate with maximum con-
tractility (r values 0.00–0.18, P values 0.23–0.50; data not 
shown).

We further quantified the association between the CK 
inhibitor, vessel size, and maximum contractile response in 
univariable regression analysis. Vascular contractile force 
increased 16.48 [9.09–23.87] mN per unit increase in DNFB 
effect (log residual contractility after DNFB 10−6 mol/l, as a 
proxy for CK activity), and 4.27 mN [2.31–6.24] per 100 µm 
increase in vessel diameter.

Finally, in multivariable regression analysis, the multiple 
correlation coefficient (R) was 0.83, with an R2 of 0.69, an 
adjusted R2 of 0.65, and a standard error of estimate of 3.39; 
thus 65% of the variance in vessel contractility was predicted 
by measures of CK and vessel diameter. The beta-coefficients 
were respectively 10.35 [2.10–18.60] for estimated CK and 
2.58 [0.42–4.72] per 100  µm vessel diameter, without sig-
nificant interaction (P = 0.95). This indicates a strong inde-
pendent association of CK and vessel size with vascular 
contractility.

DISCUSSION

In this article we extend on our findings of CK as a main 
determinant of vascular contractile force in normotensive 
pregnancy,7 to resistance artery contractility outside the con-
text of gestation. During pregnancy, the CK enzyme is highly 
induced, particularly in smooth muscle.3 Hence we studied, 
to our knowledge for the first time, the effect of direct CK 
inhibition on isolated resistance arteries from nonpregnant 
normotensives and treated and never-treated stage 1 and 2 
primary hypertensive subjects under standardized in vitro 
conditions. Our data indicate that the CK phosphoryl trans-
fer system has a strong contribution to resistance artery con-
tractility in humans across the spectrum of normotension to 
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Figure 2. Vasodilation in isolated resistance arteries. We stimulated the NO-dependent pathway with (A) sodium nitroprusside (SNP) or (B) bradykinin, 
and compared the effect on maximum contractile responses with (C) the specific creatine kinase (CK) inhibitor dinitrofluorobenzene (DNFB). P < 0.001 for 
the difference between DNFB and SNP. -Log concentration (mol/l).
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hypertension. The results are consistent with animal,24 case 
control,25 and population studies1,8 on CK and blood pres-
sure, which indicated CK is relevant for pressor responses.

CK is central to a spatially arranged intracellular enzy-
matic network, which also includes adenylate kinase, car-
bonic anhydrase, and glycolytic enzymes, that functions to 
support high-energy phosphoryl transfer, such as in smooth 
or striated muscle contraction, and signal communication 
between intracellular ATP-generating and ATP-consuming/
ATP-sensing processes.1–7

The association of CK with blood pressure is present 
across the blood pressure spectrum, and is reported to 
concern enhanced ATP buffer capacity and attenuated 
NO-mediated functions. High intracellular CK activity, 
whether constitutive, induced, or both, may rather directly 
enhance contractile responses by enhancing cellular energy 
and contractile reserve, thus promoting hypertension. In 
addition, CK-dependent microvascular structural altera-
tions including trophic responses of the artery wall and rar-
efaction of the vascular bed (associated with skeletal muscle 
Type II fiber predominance, and high resting serum CK), as 
well as greater CK-dependent renal sodium retention, are 
thought to contribute to higher blood pressure levels with 
high CK.1,2,5–7,26,27

Regarding vascular contractility, as previously reported by 
us and others, CK acts as an energy transducer at the vas-
cular smooth muscle contractile proteins, supplying ATP 
for the contractile process as a final and rate limiting step 
at myosin ATPase (Figure  1).1–7 Vascular smooth muscle 
contraction is thought to consist of a fast, force-generating 
component at relatively high-energy costs, and a slow, tonic 
ADP-dependent maintenance of tension.1–7 With greater CK 
activity, ADP levels at the contractile proteins may not reach 
the level required for tonic maintenance of tension, leading 
to excessive vascular contractility, delayed relaxation, and 
enhanced pressor responses.1,2,5–7

The subsequent work of our group and others has resulted 
in experimental, clinical, and population data indicating 
that CK might enhance pressor responses.1,2,5–8,24–27 CK gene 
expression in human resistance arteries was found to have a 
near perfect correlation with clinical blood pressure levels 

(R = 0.9 [0.6–1.0]).6 In line with these findings, a strong 
association was reported between blood pressure levels and 
plasma CK at rest, in population studies of White European, 
South Asian, as well as African subgroups.1,8 We also found a 
high risk to develop hypertension in a retrospective analysis 
of White men with idiopathic hyperCKemia.25 Furthermore, 
it was shown in animal models, that high CK activity in car-
diovascular tissue precedes the development of hyperten-
sion, further increases during hypertension and lowers upon 
effective antihypertensive drug therapy.24,28,29 Finally, resting 
plasma CK activity was found to be the main independent 
predictor of failure of antihypertensive therapy.27 However, 
hitherto, direct evidence was lacking that CK affects micro-
vascular contractility in human hypertension outside the 
setting of gestational induction of CK.3

The main strength of this study is that we now provide 
evidence that the contractile response of resistance arteries 
of nonpregnant human normotension as well as treated and 
never-treated primary stage 1 and 2 hypertension is highly 
CK-dependent; with an efficacy of the CK inhibitor as a vas-
odilator that is higher than of known NO-dependent vasodi-
lators used in the same protocol. This implies that rapid ATP 
regeneration near ATPases is relevant for vascular function 
across the blood pressure spectrum.

Conversely, some may suggest that the general anes-
thesia used when procuring the human samples might 
have affected vascular contractility, but it is unlikely that 
the anesthetic would have affected vessels differently, 
and we reported similar inhibitory effect of DNFB on 
omental vessels from pregnant women receiving epidural 
anesthesia.7

Sixteen included women were either normotensive or had 
been diagnosed with hypertension by a doctor previously. 
However, theoretically, we could have falsely classified the 
remaining 3 women as hypertensive as we used only one 
blood pressure measurement. This is a limitation of this 
study. On the other hand, even single standardized clinical 
blood pressure readings are relevant and strongly related to 
mortality.30 Furthermore, the main and secondary outcomes 
were analyzed as a continuous measure, without categoriz-
ing blood pressure levels.
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All women had fibroids, and our findings could be related 
to or exaggerated by this condition. The presence of uterine 
fibroids is known to be associated with greater hypertension 
risk, and this may involve CK.23 However, as the association 
between CK and blood pressure does not depend on the 
presence of uterine fibroids, as it has also been described in 
the general population1,8 and in men.25

A limitation of the study is the small sample size typical 
for studies on small arteries in humans31,32 as the tissue har-
vesting requires a surgical procedure. The sample size was 
sufficient for the primary outcome, indicating a robust effect 
of CK inhibition on vascular contractility across all blood 
pressure categories, but limits statistical analysis in sub-
groups including blood pressure status.

This study was designed to assess the dependency of 
resistance artery contractile responses on CK, using the 
gold standard of in vitro assessment of vascular contrac-
tility under standardized isometric circumstances at a 
“normotensive” equivalent pressure of 100 mm Hg for 
all vessels studied.31–35 With standardized measurements 
at 100 mm Hg, the main limitation of the method is that 
it impedes inferences regarding vessel responses based on 
clinical blood pressure categories (up to 220 mm Hg in 
these patients), and the results do not reflect or consider 
vessel characteristics or total energy expenditure at higher 
pressures.19,32,33 The total energy expenditure of resistance 
arteries is reported to depend on blood pressure levels.6,19,28 
This probably reflects the in vivo demands of contractility 
and active stiffening against higher blood pressure levels 
than measured in our study, in changing circumstances 
that are neither continuously isometric, isobaric, or iso-
tonic.6,19,28,31–35 Also, high tension with increased stiffness 
is associated with increased turbulence in vivo, which exac-
erbates energy costs, but we do not model turbulence in 
our study. In addition, in established hypertension, struc-
tural vascular abnormalities are found, including vessel wall 
remodeling and rarefaction.19,31–35 Both adaptations are 
associated with enhanced CK activity.1,2,26,27 Thus, existing 
evidence indicates that ATP-demanding functions such as 
narrowing, stiffening, and reduced relaxation of the resist-
ance artery wall may increase vascular energy expenditure 
in hypertension.1–8,19,25–28,31–35 Our proof-of-principle data 
of CK-dependency of resistance artery contractility pro-
vide compelling evidence to support further, larger studies 
to evaluate energy expenditure of human vascular smooth 
muscle at higher pressures.

In summary, in the present work we extend on previous 
population-level, clinical, and experimental evidence of the 
potential role of CK in human pressor responses. We had 
showed that CK is the main independent predictor of blood 
pressure and of failure of antihypertensive therapy.1,2,6,27 In 
addition, CK inhibition reduced resistance artery contrac-
tility in pregnant normotensive women.7 As gestation is a 
strong inducer of smooth muscle CK, we further character-
ized the role of the enzyme in resistance arteries in human 
normotension and hypertension outside the context of preg-
nancy, measured under standardized test conditions. Our 
results indicate that across the spectrum of human normo-
tension to hypertension, CK activity is a major determinant 

of microvascular contractility. This work might help initiate 
exploration into the development of CK inhibitors as means 
to reduce blood pressure in hypertensive patients.
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