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Chapter 2

ABSTRACT

Background Serum creatine kinase (CK) was reported to be the main predictor of blood
pressure in the general population, with an increase in SBP and DBP of resp. 14 and 8
mm Hg per log CK increase. The enzyme is tightly bound near Na*/K*-ATPase in the
kidney, where it rapidly regenerates ATP for tubular sodium reabsorption. Therefore, we
hypothesized that sodium excretion is reduced in subjects with high serum CK activity.
Method Eligible for inclusion were healthy men with normotension or untreated
hypertension, younger than 50 years, on 7 days of low sodium (<50 mmol/d) followed
by 3 days of high sodium (>200 mmol/d). Examination included sitting resting blood
pressure, serum CK after rest, and sodium, potassium, and creatinine in serum and 24-h
urine. After correlation analysis, we assessed the difference in sodium excretion after a
high salt diet between the lowest and the highest CK tertile.

Results We included 52 subjects, 27 white and 25 black, with a mean age of 37.0 (SE 1.4)
y and mean BMI of 24.7(0.4) kg/m2. Median serum CK activity was 205.0 IU/L (Range,
63 to 1648 1U/L). After logarithmic transformation, serum CK was negatively correlated
with 24-h urinary sodium excretion after a high salt diet; a correlation coefficient of
-0.40 (p=0.002). Sodium excretion after a high salt diet was significantly lower in the
highest compared to the lowest log CK tertile; respectively 279.6 (34.1) versus 403.9
(25.5) mmol/day (p=0.007).

Discussion Subjects with high CK activity display reduced sodium excretion after a
high salt diet. Under the assumption that serum CK reflects tissue CK, this may imply
that high CK activity promotes sodium reabsorption in the renal tubules, as the enzyme

regenerates ATP near Na*/K*-ATPase, the primary force for tubular sodium transport.
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BACKGROUND

Salt plays a major role in the regulation of blood pressure and an extensive amount
of evidence links higher salt intake with higher blood pressures and increased
cardiovascular risk.1-3 There is a wide interindividual variability in sensitivity to changes
in salt balance.* Salt sensitivity is associated with increased cardiovascular risk and
mortality in hypertensive and normotensive subjects.*> However, the pathophysiological
mechanism leading to sodium retention in some individuals, whereas others exposed to
the same intake are able to excrete sodium, has not yet been defined.

We propose that differences in activity of the enzyme creatine kinase (CK) may
be related to differences in sodium handling.®? By catalyzing the reversible transfer
of a phosphate group from phosphocreatine to ADP, the enzyme connects sites of ATP
production (glycolysis and mitochondrial oxidative phosphorylation) with subcellular
sites of ATP utilization, including myosin ATPase and myosin light chain kinase at the
contractile proteins and Ca2*-ATPase and Na*/K*-ATPase at cellular membranes, where
it rapidly regenerates ATP in situ from phosphocreatine.®%? In this way, the enzyme is
thought to lead to greater ATP buffer capacity for cardiovascular contractility and renal
sodium retention.®’ In line with this, serum CK was found to be the main predictor of
blood pressure in the population, independent of age, sex, BMI, or ethnicity, with an
increase in systolic and diastolic blood pressure of resp. 14 and 8 mm Hg per log CK
increase.”-10

In the kidney, sodium reabsorption is primarily driven by basolateral Na*/K*-
ATPase, coupling hydrolysis of ATP to the active exchange of three intracellular Na* ions
for two K* ions. CK is tightly bound near this enzyme, where it regenerates ATP for
tubular sodium reabsorption. High CK activity near this enzyme is may thus enhance
ATP availability for this highly energy demanding process (Figure 1).1112 Therefore, we

hypothesized that sodium excretion is reduced in subjects with high CK activity.
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Figure 1. Mechanism of sodium reabsorption in the kidney.

Basic mechanisms of sodium transport in the proximal tubule, thick ascending limp, distal tubule, and
collecting duct, modified from Greger etal.!! In all parts of the nephron, basolateral Na*/K*-ATPase is the
primary force for the vectorial transport of sodium from the tubular lumen to the blood compartment,?*
by coupling hydrolysis of ATP to the active exchange of three intracellular Na* ions for two K* ions.!!
Evidence indicates that creatine kinase (CK) is functionally coupled to renal Na*/K*-ATPase and that
ATP produced by colocalized CK is preferentially used for the high and fluctuating ATP demand of
sodium transport across the tubular epithelial cells.}8-21 Both mitochondrial and the cytosolic B isoform
of CK have been found in mammalian kidney.”'26 NHE3, Na*/H exchanger; CA, carbonic anhydrase;
CK, creatine kinase; Cr, creatine; CrP, phosphocreatine; ENaC, epithelial sodium channel; matrix,
mitochondrial matrix; IMS, mitochondrial intermembrane space; TAL, thick ascending limb.

METHODS

Participants and protocol
The protocol was approved by our local institutional review board. All of the
procedures were in accordance with institutional guidelines. All participants gave

written informed consent. We included healthy men, normotensive or with untreated
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primary hypertension, of self reported white or black ethnicity. Subjects with treated or
secondary hypertension, glucose, lipid spectrum, thyroid, kidney, or liver abnormalities,
CK-increasing drugs including statins, cardiovascular, neuromuscular, or endocrine
disorders, vasculitis, HIV infection, or infectious hepatitis were excluded. Participants
were instructed to abstain from heavy exercise three days before the baseline visit to
our hospital. Physical examination was unremarkable. After the baseline visit, subjects
were instructed to adhere to a low sodium diet (50 mmol Na* per day, LS) during 7 days
followed by a high sodium diet (>200 mmol Na* per day, HS) during 3 days. During HS
a minimal daily amount of sodium (200 mmol) was provided to the participants by the
research physician. A dietician was consulted before start of the protocol. During the
study, participants were supported daily by the research physician. At baseline, day 1,
and day 4 of LS overnight urine was sampled to assess dietary compliance. At the final
day of each level of sodium intake all participants collected 24-h urine, and, after an

overnight fast, body weight and blood pressure was measured, and blood were sampled.

Study measures

Physical examination included height, weight, and blood pressure levels. Office blood
pressure was measured with an Omron M4 oscillometric device (Omron Healthcare
Europe BV, Hoofddorp, the Netherlands). In a quit room with the subject seated following
a5-minute rest period. An appropriately adjusted cuff size was used on the non-dominant
arm, supported at heart level. Blood pressure was calculated as the mean of the second
and third reading, with a maximum of 5 mm Hg difference.!3> Body mass index (BMI)
was calculated as weight (kg) divided by the height (rounded to the nearest centimeter)
squared. Laboratory studies included serum CK activity after 3 days of rest, creatinine,
sodium, potassium, urea, fasting glucose, fasting lipids, including total cholesterol, low-
density lipoprotein (LDL), high-density lipoprotein (HDL), and triglycerides. Urine
analysis included sodium, potassium, creatinine, and urea. All laboratory analyses
were performed on a Modular Cobas 8000 (Roche Diagnostics, Darmstadt, Germany).
Plasma levels of CK, glucose, total cholesterol and triglycerides were estimated by
enzymatic spectrofotometric; high-density lipoprotein - cholesterol by colorimetric/
spectrofotometric; plasma creatinine and urea by kinetic/spectrofotometric; and

sodium and potassium by Indirect lon-Selective Electrode methods.
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Data analysis and statistics
The primary outcome was the difference in 24-h urinary sodium excretion after a high
salt diet between the lowest and the highest serum CK tertile. Other outcomes included
correlations of 24-h sodium excretion after high salt with serum CK, age, and BMI, and
ethnic differences in sodium excretion. Finally, we assessed whether correction for 24-h
creatinine excretion, as a measure of the accuracy of sampling, influenced the outcomes.

Based on previously reported differences in sodium excretion of 10-50% between
salt sensitives and controls,1* we calculated to need 40 subjects to detect this difference
with a one-sided alpha of 0.05 and a 1-beta of 0.80. Because serum CK distribution was
expected to be extremely skewed to the right, a logarithmic transformation to base 10
was performed to achieve a more symmetrical distribution. For statistical analysis,
unpaired and paired t-tests were used for between group (low vs high CK tertile, white
vs black ethnicity) and within-group (HS effect) comparisons respectively. To assess
associations, 1-tailed Spearman’s rank correlations were calculated for 24-hour urinary
sodium excretion versus log serum CK, age, and BML

We considered a one-sided probability value of <0.05 to be significant. Data were
analyzed with SPSS statistical software package for Windows, version 19.0 (SPSS Inc,,
Chicaco, IL, USA). Data are presented as mean with the standard error in square brackets

unless stated otherwise.

Table 1. Baseline characteristics of the participants.

Participants Total* White Black
(n=52) (n=27) (n=25)
Age (y)' 37.0 (1.4) 33.7 (1.7) 40.6 (2.0)
BMI (kg/m2) 24.7(0.4) 23.7 (0.5) 25.8(3.4)
CK (IU/L) ¥8 205.0 (63.0to 1648.0) 132.0 (63.0 to 680.0) 319.0 (116.0 to 1648.0)
Creatinine (umol/L) 1§  96.4 (1.6) 92.8(2.1) 100.3 (2.4)
SBP (mm Hg) * 125.6(1.8) 122.8 (2.0) 128.7 (3.0)
DBP (mm Hg) * 76.8(1.4) 74.7 (1.8) 79.0 (2.0)
Hypertension (N) 8 2 6
Cholesterol(mmol/L) 1§ 4.8 (0.1) 4.9 (0.2) 4.8 (0.1)
Glucose (mmol/L) 1§ 5.5(0.1) 5.4 (0.1) 5.6 (0.1)

BM]I, body mass index; SBP, DBP, systolic/diastolic blood pressure; Hypertension, systolic/diastolic
blood pressure 2140/90 mm Hg; CK, serum creatine kinase after 3 days of rest; * Includes participants
with “other” ethnicity (n=5); T Mean (SE); ¥ Median (Range); § fasting plasma concentration
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RESULTS

Fifty-two men, including 27 white and 25 black, were included, with a mean age of
37.0(1.4) y and mean BMI of 24.7(0.4) kg/m?. Mean systolic/diastolic blood pressure
(SBP/DBP) was 125.6(1.8)/ 76.8(1.4) mm Hg. Eight subjects were hypertensive
(SBP/DBP 2140/90 mm Hg). The baseline characteristics of the included participants
are shown in Table 1. Crude CK activities ranged from 63.0 to 1648.0 IU/L (Median,
205.0 IU/L). We identified one possible outlier (1648 1U/L, black ethnicity), and after
applying Dixon’s one-third rule, this subject was excluded from further analysis. As the
data still showed significant skewness and kurtosis, a logarithmic transformation was
performed to acquire a normal distribution.

General parameters during LS and HS are shown in Table 2. Mean 24-h urinary
sodium excretion during LS and HS was 28.1 (3.1) and 328.0 (23.0) mmol/day
respectively (p<0.001), indicating an adequate dietary compliance. Mean body
weight and SBP increased significantly during HS, as expected, whereas DBP was not
significantly changed. The 24-h urinary creatinine, potassium, and urea excretion were

higher during HS.

Table 2. General parameters during low and high sodium diet (N=52).

Parameter Low sodium High sodium P-value
Body weight (kg) 79.1 (1.6) 81.0 (1.6) <0.001
SBP (mm Hg) 1209 (1.4) 124.6 (1.5) <0.001
DBP (mm Hg) 73.7 (1.0) 74.4 (1.1) 0.353
Heart Rate 66.3 (1.5) 60.7 (1.4) <0.001
Urinary sodium excretion (mmol/day) 28.1 (3.1) 328.0 (23.0) <0.001
Urinary creatinine excretion (mmol/day) 14.1 (0.6) 15.8(0.9) 0.036
Urinary potassium excretion (mmol/day) 68.9 (4.5) 77.7 (5.3) 0.079
Urinary urea excretion (mmol/day) 308.9 (19.0) 387.3 (20.7) <0.001
Plasma sodium (mmol/L) 139.9 (0.2) 142.1 (0.2) <0.001
Plasma potassium (mmol/L) 4.12 (0.04) 4.08 (0.03) 0.208
Plasma creatinine (pmol/L) 97.5 (1.8) 92.4 (1.5) 0.001

SBP, DBP, systolic/diastolic blood pressure; All values are mean (SE).
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After logarithmic transformation, we found a negative correlation between serum CK

and 24-h urinary sodium excretion after a high salt diet, with a correlation coefficient of

-0.40 (p=0.002). Subsequently, we assessed differences between the lowest and highest
CK tertile. Parameters during LS and HS for the first and the third CK tertile are shown

in Table 3. The highest tertile included more black men, as expected.15 Sodium excretion

after a high salt diet was significantly lower in the highest compared to the lowestlog CK
tertile; respectively 279.6 (34.1) versus 403.9 (25.5) mmol/day (p=0.007) (Figure 2).

In addition, the urinary 24-h potassium excretion was significantly lower in the highest

CK tertile.

Table 3. Parameters during low and high sodium in the lowest versus the highest log CK

tertile.
Parameter Tertile I (N=17) Tertile III (N=16) P-value
Age 35.7 (2.5) 35.5(2.4) 0.973
BMI 23.6 (0.6) 25.8(0.9) 0.053
Black ethnicity (%) 17.6 76.5 0.001
Sodium excretion (mmol/day)
LS 27.9 (4.9) 25.5 (4.4) 0.0543
HS 403.9 (105.3) 279.6 (34.1) 0.007
Creatinine excretion (mmol/day)
LS 15.4 (1.0) 13.1(0.8) 0.089
HS 18.3 (2.1) 14.9 (0.84) 0.145
Potassium excretion (mmol/day)
LS 90.4 (7.9) 60.1 (6.3) 0.005
HS 100.5 (10.7) 63.9 (6.8) 0.008
Systolic blood pressure (mm Hg)
LS 119.3 (2.7) 121.8 (2.6) 0.778
HS 124.8 (3.1) 124.1 (2.6) 0.630
Diastolic blood pressure (mm Hg)
LS 75.0 (1.8) 73.4 (1.5) 0.464
HS 74.7 (1.7) 73.7 (1.7) 0.448

LS, low sodium diet; HS, high sodium diet; All values are mean (SE)
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In line with previous reports on ethnic differences in sodium handling,'#1¢ the 24-h
urinary sodium excretion during HS was lower in blacks compared to whites, the 24-h
urinary sodium excretion during HS was lower in black compared to white men, 213.4
(24.3)and 434.2 (24.2) mmol/day respectively (p<0.001). The 24-h potassium excretion
was 58.8 (6.8) and 95.0 (6.5) mmol/day for black and white men respectively. Correlation
coefficients for age and BMI with 24-h sodium excretion were -0.30 (p=0.014) and -0.12
(p=0.203). Correction for 24-h creatinine excretion, as a measure for urine sampling

accuracy, had no major influence on the direction and magnitudes of the outcomes.
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Figure 2. Urinary sodium excretion after a high salt diet in the lowest and the highest

creatine Kinase tertile.

The 24 h urinary sodium excretion after a high salt diet is shown for the lowest (N=17) and the
higest (N=17) log creatine kinase (CK) tertile. Sodium excretion was significantly higher in the lowest
compared to the highest tertile (p<0.001).

DISCUSSION

In this study we report for the first time that serum CK is associated with urinary sodium
excretion after a high salt diet. This may imply that CK has a contribution to sodium
reabsorption in the renal tubules (Figure 1). In the kidney, Na*/K*-ATPase is the primary

force for regulating sodium handling and plays a key role in both ion homeostasis and
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blood pressure regulation.!>1718 Evidence indicates that CK is functionally coupled
to renal Na*/K*-ATPase and that ATP produced by colocalized CK is preferentially
used for the high and fluctuating ATP demand of sodium transport across the tubular
epithelial cells.1-22 Thus, high CK activity in the kidney tubule cells may lead to
increased availability of ATP for the active process of sodium reabsorption. This process
is achieved by tight cooperation of exchangers, transporters, and ion channels in the
nephron.23 Proximal tubule sodium handling accounts for 60-70% of reabsorption of all
filtered sodium, 20 to 30% of the filtered load is absorbed in the thick ascending loop
of Henle, and 5 to 10% in the distal tubule.!»2# Importantly, in all parts of the nephron,
Na*/K*-ATPase resides at the basolateral surface, where it provides the force for the
vectorial transport of sodium from the tubular lumen to the blood compartment,?5 by
coupling hydrolysis of ATP to the active exchange of three intracellular Na* ions for two
K* ions.!1

In the absence of tissue damage, serum CK at rest is thought to reflect tissue CK
activity. In the mammalian kidney, both the cytosolic B isoform and a mitochondrial
form of CK have been found.1826 Healthy tissue looses a small fraction of intracellular
CK into the interstitial space, which is transported to the bloodstream via the lymphatic
system. This release is proportional to tissue CK activity.27-28 Therefore, as the high CK
state is a generalized condition, high serum CK activity may partly reflect high renal CK
activity.

Our findings are in accord with previous studies showing that serum CK was the
main predictor of systolic and diastolic blood pressure in the population, independent
of age, BMI, sex, and ethnicity.”10 Regarding the effect of sodium retention on blood
pressure, sodium and commensurate water induce an expansion of intravascular fluid
volume, leading to an increase in cardiac output, that alone was primarily thought by
some to initiate the pressor effect of salt.2329 However, it was shown in salt sensitive but
not salt resistant subjects that the increase in cardiac output with dietary salt loading
was accompanied by inhibition of normal vasodilatation.3%31 Thus, vascular dysfunction
with increased peripheral resistance is thought to be critical to the initiation of pressor
responses to dietary salt loading.3? We previously found that patients with relatively
high serum CK had greater vascular contractility in vitro, and that CK inhibition reduced
contractility.3? Therefore, the high CK phenotype, including high renal CK and high
vascular CK may augment the vasodilatory response to volume expansion with dietary

salt loading.
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Relatively high tissue and serum CK activity is found in black people.}>33:34 Black
people are known to have a reduced ability to excrete sodium.!* This is accompanied
by lower potassium excretion and higher urine concentration, whereas levels of renin
are, on average, lower in blacks than whites.3>3¢ The reduced capacity of the kidney
to excrete sodium is thought to play a major role in the greater prevalence of (salt-
sensitive) hypertension this population subgroup.1637:38 The findings of this study are
in line, as we reported reduced sodium and potassium excretion after a high salt diet
in blacks compared to whites. Besides the relatively reduced ability to excrete sodium,
evidence indicates that blacks have enhanced vascular reactivity to sympathetic
stimulation, attenuated responses to vasodilators, in particular due to reduced nitric
oxide availability, and a relatively narrow vascular lumen diameter.3° However, despite
extensive research, the the pathophysiological mechanism underlying enhanced sodium
retention and hypercontractility of the vasculature in black people is not completely
understood. The results from this study combined with previous reports may suggest
thata genetically determined high CK phenotype, including high renal and cardiovascular
CK, underlies the greater tendency of black people for sodium retention and attenuated
vasodilatory responses, leading to a greater burden of hypertension and its associated
cardiovascular morbidity and mortality in this population subgroup.*%-41

This study has several strengths and limitations. The main strength is that we were
able to show for the first time that healthy men with high serum CK activity excrete
less sodium on a high salt diet. Furthermore, we standardised for exercise. Serum CK
activity is elevated up to 3 days with regular exercise, and up to a week after strenuous
eccentric exercise, where the muscle lenghthens and contracts at the same time against
an external load. This leads to disruption of muscle fibers, and highly elevated serum
CK, up to 10.000 IU/L during a week or longer.*2 However, none of the participants
stated to be involved in such eccentric exercise. Still, we cannot exclude an exercise
induced component in the CK values. Third, during the diet the participants were closely
monitored and supported by the research physician and during HS the minimal daily
amount of sodium (200 mmoles) was provided to the participants. However, as the
monitoring of sodium intake in a real life setting is difficult, we cannot exclude that
the dietary intake of sodium during HS was below the target of minimally 200 mmoles
sodium per day.

A limitation is that we were not able stratify for ethnicity, as most subjects with
high CK activity were black, in line with the distribution of serum and tissue CK in the

population.’> However, we provide a biologically plausible mechanism for the reduced
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ability of black people to excrete sodium, as skin colour per se does not explain the
observed ethnic differences. Another limitation is the use of serum CK as an indirect
measure of the renal CKB isoform. Although serum CK is known to reflect tissue CK, is
not clear whether this accurately reflects CK activity in the kidney. Therefore, further
studies should assess renal CK activity in relation to sodium handling.

In summary, we showed that subjects with high CK activity display reduced
urinary sodium excretion after a high salt diet. Under the assumption that serum CK
reflects tissue CK, this may imply that high CK activity promotes sodium reabsorption
in the renal tubules, as CK regenerates ATP near Na*/K*-ATPase, which provides the
primary force for tubular sodium transport. Our findings support the hypothesis that
the high CK phenotype is hypertension prone, through greater ATP buffer capacity for

cardiovascular contractility as well as sodium retention in the kidney.
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