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Abstract

The blood pressure increase associated with the cholesteryl ester transfer protein (CETP)

inhibitor, torcetrapib is probably attributable to an off-target effect but it is unknown whether

activation of the renin–angiotensin–aldosterone system (RAAS) may be related to variation in

the plasma CETP level. We questioned whether the plasma CETP level would affect RAAS

responsiveness to low sodium diet and the blood pressure response to angiotensin-II infusion

in healthy subjects. 

RAAS parameters and blood pressure were determined during liberal sodium diet (200

mmol/24 h) and low sodium diet (50 mmol/24 h) in 67 healthy men. Blood pressure response

to incremental angiotensin-II infusion was assessed in 34 subjects during liberal sodium diet.

Correlation analysis was performed to test whether RAAS responsiveness and blood pressure

were related to plasma CETP mass, high-density lipoprotein-cholesterol (HDL-C),and

apolipoprotein A-I measured during liberal sodium diet. 

CETP mass ranged from 1.29 to 2.95 mg/L. No significant differences in (changes) in mean

arterial pressure, aldosterone and plasma renin activity in response to low sodium were

observed between the lowest and highest tertiles of CETP mass, HDL-C and apolipoprotein

A-I. These outcome variables were also not significantly correlated with CETP, HDL-C and

apolipoprotein A-I, except for a modest relation of aldosterone measured during low sodium

with apolipoprotein A-I (R = 0.28, p = 0.022). Blood pressure response to angiotensin-II was

similar between CETP tertiles. 

Mineralocorticoid and blood pressure responsiveness to dietary salt intake are not

significantly related to physiological interindividual differences in plasma CETP. We suggest

that a lower CETP mass does not exert adverse effects on blood pressure regulation.
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Introduction

The well-established cardioprotective effects of high-density lipoproteins (HDL) (1-3) and

the recognition that there remains a high residual incidence of cardiovascular disease, even

after aggressive low-density lipoprotein-cholesterol (LDL-C) lowering therapy (3), has intensified

interest in the development of pharmacological interventions that are aimed at increasing HDL-

cholesterol (HDL-C)(4).

Cholesteryl ester transfer protein (CETP) transfers cholesteryl esters from HDL towards

triglyceride-rich lipoproteins, thereby contributing to an atherogenic lipoprotein profile (5).

Moreover, HDL-C is markedly elevated in subjects with (partial) genetic CETP deficiency (6).

In view of its key role in HDL metabolism, CETP has been considered to be a therapeutic

target (4;7;8). Several CETP inhibitors including JTT 705, torcetrapib and more recently

anacetrapib have been developed, which are able to elicit a marked rise in HDL-C in humans

(9-11). Of note, the development program of one of the CETP inhibitors, torcetrapib, has been

discontinued because when combined with atorvastatin administration of this agent has been

shown to result in increased cardiovascular morbidity and mortality when compared to

atorvastatin treatment alone (12). Several clinical trials have shown that torcetrapib

administration results in an increase in systemic blood pressure (13), leading to the hypothesis

that torcetrapib could evoke mineralocorticoid excess (12). It is likely that the blood pressure

increase, associated with its use, is attributable to an off-target effect of torcetrapib (7).

However, it is uncertain whether other mechanisms consequent to lower levels of active CETP

could be involved. In this respect it may be relevant that systolic blood pressure is decreased

in genetically modified Dahl salt-sensitive hypertensive rats that express human CETP (14),

although blood pressure is not increased in humans with rare (partial) CETP deficiency (15).

In one preliminary report, plasma aldosterone was found to be highest in subjects with the

lowest plasma CETP concentration (16). Therefore, a hitherto unrecognized interaction between

CETP and mineralocorticoid regulation can be anticipated to have important consequences

for the further development of CETP inhibiting strategies.

We, therefore, carried out a study in healthy subjects aiming to determine whether the

responsiveness of the renin–angiotensin–aldosterone system (RAAS) is related to interindividual

differences in the plasma CETP level. To this purpose, we tested both endogenous stimulation

of the RAAS, elicited by low sodium diet, and the blood pressure response to exogenous

stimulation by infusion of angiotensin-II.
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Materials and Methods

Subjects

The study was approved by the local medical ethics committee and all subjects gave written

informed consent. The study population consisted of 67 healthy men. All subjects were

normotensive, having a sitting systolic blood pressure < 140 mmHg and diastolic blood

pressure < 90 mmHg measured by Dinamap 
®

(GE medical systems, Milwaukee, WI, USA).

The medical histories of the participants were without significant disease, and physical

examination did not reveal any abnormalities.

Study protocol

The study protocol consisted of two consecutive 7-day periods in which the subjects used

a low sodium (LS, 50 mmol/24h) and a high sodium diet, (HS, 200 mmol/24h) in random order.

A sodium intake of 200 mmol/24 h corresponds to the average habitual dietary intake of sodium

in the Western societies (17), and is also observed in our region (18). Potassium intake was

standardized at 80 mmol/24h. Otherwise the subjects continued their usual dietary habits. At

day 4 and day 6 of each period, subjects collected 24h urine for assessment of dietary

compliance.

At day 7 of each period the participants were studied at the research unit at 8 am after

having abstained from food and alcohol overnight. Height and body weight were measured

at the start of this day, and BMI (body mass index) was calculated as the ratio of body weight

(kg) and the square of height (m). Baseline values for blood pressure were obtained from 10

to 12 am and were determined by Dinamap at 15 min intervals. Mean arterial pressure was

calculated as diastolic pressure plus one-third of the pulse pressure. Blood samples for

determination of plasma RAAS components and electrolytes were obtained at 8 am at the end

of the HS and LS diet periods. Fasting plasma lipids, apolipoprotein A-I (apoA-I), CETP-mass

and glucose were determined at the end of the HS period in the expectation that this most

closely reflects the usual dietary habits of the participants. 

During the study day, subjects remained in a semisupine position after a light standardized

breakfast in a quiet room for 4 h. At 11 am blood was withdrawn for determination of aldosterone

and plasma renin activity (PRA).

Angiotensin-II infusion

In a subset of 34 subjects we did extra measurements of blood pressure during infusion of
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angiotensin-II. Between 12 am and 3 pm angiotensin-II (Clinalfa, Merck Biosciences AG,

Läufelfingen, Switzerland) was infused at a constant rate of 0.3, 1 and 3 ng/kg/min, each for

a 1-h period, in a consecutive manner. During the infusion of angiotensin-II blood pressure

was determined at 5 min intervals.

Blood sampling and analysis

Venous blood samples for measurement of aldosterone, PRA, electrolytes, total cholesterol,

HDL-C, apoA-I, triglycerides and CETP concentration were collected into EDTA-containing

tubes (1.5 mg/mL), and were immediately placed on ice. Plasma was obtained by

centrifugation at 1400 g for 15 min at 4 ° C. Samples were kept frozen at -80 °C until analysis. 

Plasma cholesterol and triglycerides were assayed by routine enzymatic methods (Randox,

Westburg, Leusden, The Netherlands: total cholesterol kit number: CH-200; triglycerides kit

number: TR-213). HDL-C was measured with a homogeneous enzymatic colorimetric test

(WAKO, Daiichi, Japan). ApoA-I was measured by immunonephelometric assay (WAKO). All

analyses were performed on a Cobas Mira autoanalyzer (Roche, Basel, Switzerland). Plasma

CETP was analyzed using a double-antibody sandwich ELISA (19). A combination of

monoclonal antibodies TP1 and TP2 was used as coating antibodies and monoclonal antibody

TP20, labeled with digoxigenine, as the secondary antibody. The CETP control samples were

validated using a radioimmunoassay (carried out by Dr RM McPherson, Montreal, Canada).

PRA was determined in terms of angiotensin-I generation using a radioimmunoassay (20).

Aldosterone was measured with a commercially available radioimmunoassay kit (Diagnostic

Products Corp., Los Angeles, CA, USA).

Data analysis

Data were analyzed using SPSS 14.0 (SPSS, Inc., Chicago, IL, USA). Variables with a normal

distribution are expressed as mean ± s.d. Non-parametric data are expressed as median

(interquartile range). The effect of CETP mass, HDL-C and apoA-I on the response of circulating

parameters of the RAAS and blood pressure elicited by LS intake, as well as the blood pressure

response to angiotensin-II infusion were analyzed by dividing these parameters into tertiles.

Differences between these tertiles were analyzed using ANOVA (analysis of the variance) for

parametric data and Kruskal–Wallis test for non-parametric data. Spearman’s rank correlation

analysis was used for continuous analysis of the influence of CETP mass, HDL-C and apoA-I

on blood pressure and RAAS responsiveness to LS. A two-sided p value < 0.05 was considered

to be significant.
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Tertiles of CETP-mass during liberal sodium intake

P1

n=22

2

n=23

3

n=22

Range of CETP mass HS (mg/L) 1.29-1.73 1.77-2.11 2.13-2.95

HDL-C LS (mmol/L) 1.24 ± 0.27 1.24 ± 0.23 1.31 ± 0.28 0.206

ApoA-I HS (g/L) 1.77 ± 0.17 1.70 ± 0.17 1.84 ± 0.26 0.095

HDL/apoA-I ratio HS (mmol/g) 0.78 ± 0.13 0.72 ± 0.08 0.71 ± 0.09 0.048

MAP HS (mmHg) 88.9 ± 7.0 86.8 ± 7.2 86.0 ± 7.3 0.400

MAP LS (mmHg) 86.6 ± 8.7 86.7 ± 6.9 84.5 ± 6.1 0.519

MAP (mmHg) -2.3 ± 4.4 -0.1 ± 6.5 -1.6 ± 6.0 0.644

Na HS (mmol/L) 139 ± 3 141 ± 3 139 ± 4 0.145

Na LS (mmol/L) 138 ± 4 139 ± 3 138 ± 3 0.276

K HS (mmol/L) 4.0 ± 0.2 4.1 ± 0.4 4.0 ± 0.3 0.173

K LS (mmol/L) 4.0 ± 0.2 4.1 ± 0.3 4.1 ± 0.4 0.109

Aldosterone HS (nmol/L) 0.09 (0.07-0.13) 0.12 (0.06-0.21) 0.13 (0.07-0.19) 0.235

Aldosterone LS (nmol/L) 0.35 (0.22-0.54) 0.36 (0.21-0.47) 0.36 (0.24-0.45) 0.946

∆ Aldosterone (nmol/L) 0.28 (0.14-0.41) 0.15 (0.08-0.40) 0.22 (0.13-0.33) 0.475

PRA HS (ng Ang-I/ml/h) 1.74 (1.20-2.65) 2.49 (1.07-3.39) 2.29 (1.49-3.23) 0.329

PRA LS (ng Ang-I/ml/h) 5.15 (4.13-7.28) 6.90 (3.31-8.90) 5.75 (3.21-8.10) 0.636

∆ PRA (ng Ang-I/ml/h) 3.58 (2.74-4.99) 4.17 (1.30-5.90) 3.10 (1.77-5.20) 0.674

Table 1: Cholesteryl ester transfer protein (CETP) mass, HDL cholesterol (HDL-C), apolipoprotein (apo)

A-I, HDL-C/apo A-I ratio, blood pressure and serum sodium and potassium, circulating renin-angiotensin-

aldosterone parameters according to tertiles of CETP mass, measured during high sodium diet.

Data in mean ± SD or in median (interquartile range). PRA: plasma renin activity, HS: high sodium diet, LS: low

sodium diet, MAP: mean arterial pressure, ∆: difference between HS and LS diets.

Results

In the whole group (n = 67), age was 25 ± 7 years, BMI was 23.3 ± 2.5 kg/m
2

and fasting

plasma glucose during HS was 4.6 ± 0.6 mmol/L. Urinary sodium excretion decreased from

228 ± 77 mmol/24h during HS intake to 36 ± 27 mmol/24h during LS (p < 0.001). Serum sodium

decreased from 140 ± 3 mmol/L during HS to 138 ± 3 mmol/L during LS (p < 0.01). Serum

potassium was not significantly different between the diets (4.0 ± 0.3 and 4.1 ± 0.3 mmol/L
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Tertiles of HDL-C during HS

P1

n=22

2

n=23

3

n=23

Range of HDL-C (mmol/L) during HS 0.70-1.19 1.20-1.40 1.41-2.02

MAP HS (mmHg) 85.8 ± 6.7 87.6 ± 8.0 88.2 ± 6.8 0.505

MAP LS (mmHg) 83.1 ± 5.7 87.3 ± 8.1 87.4 ± 7.2 0.074

∆ MAP (mmHg) -2.7 ± 5.9 -0.3 ± 5.9 -0.8 ± 5.2 0.342

Aldosterone HS(nmol/L) 0.11 (0.06-0.17) 0.09 (0.07-0.14) 0.12 (0.07-0.18) 0.570

Aldosterone LS (nmol/L) 0.29 (0.19-0.45) 0.38 (0.23-0.54) 0.35 (0.24-0.50) 0.307

∆ Aldosterone (nmol/L) 0.18 (0.10-0.29) 0.29 (0.12-0.46) 0.26 (0.10-0.38) 0.305

PRA HS (ng Ang-I/mL/h) 2.08 (1.41-3.03) 2.59 (1.57-3.40) 1.75 (1.04-3.05) 0.288

PRA LS (ng Ang-I/mL/h) 5.85 (3.29-7.52) 6.50 (4.50-8.10) 4.82 (3.78-7.73) 0.484

∆ PRA (ng Ang-I/mL/h) 3.51 (1.65-5.42) 3.50 (1.80-5.40) 3.58 (1.90-5.30) 0.941

Table 2: Blood pressure and circulating renin-angiotensin-aldosterone parameters according to tertiles

of HDL- cholesterol (HDL-C), measured during high sodium diet. 

Data in mean ± SD or in median (interquartile range). PRA: plasma renin activity, HS: high sodium diet, LS: low

sodium diet, MAP: mean arterial pressure, ∆: difference between HS and LS diets.

during HS and LS, respectively, p = 0.70). Mean arterial pressure decreased from 88 ± 7

during HS to 86 ± 8 mmHg during LS (p < 0.05). As expected, in the whole group, aldosterone

and PRA levels were significantly suppressed during HS from 0.36 (0.22 – 0.47) to 0.11 (0.07

– 0.16) nmol/L and from 5.7 (3.9 – 7.8) to 2.1 (1.4 – 3.1) ng Ang-I/mL/h, respectively (both p

< 0.001). During HS, plasma total cholesterol was 3.96 ± 0.78 mmol/L, HDL-C was 1.31 ± 0.27

mmol/L, apoA-I was 1.77 ± 0.21 g/L and the median plasma triglyceride concentration was

1.02 (0.73 – 1.34) mmol/L. Plasma CETP mass was 1.94 ± 0.37 mg/L, ranging from 1.29 to

2.95 mg/L.

In Table 1 , HDL-C, apoA-I, the HDL-C:apoA-I ratio during HS, as well blood pressure, serum

sodium, serum potassium and circulating RAAS parameters during HS and LS are given,

divided according to tertiles of CETP mass, as measured during HS. There were no significant

differences in HDL-C and apoA-I across the CETP tertiles but the HDL-C:apoA-I ratio varied

inversely with plasma CETP mass. No significant associations of CETP mass with blood

pressure, serum sodium, serum potassium, aldosterone and PRA obtained during HS and LS

were found. The responses in these parameters were also unrelated to plasma CETP. Table

2 shows that blood pressure and RAAS parameters and their response to LS did not vary
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Tertiles of ApoA-I during HS

P1

n=22

2

n=23

3

n=22

Range of apo A-I (g/L) during HS 1.39-1.65 1.68-1.83 1.84-2.48

MAP HS (mmHg) 85.8 ± 6.8 88.2 ± 7.4 87.6 ± 7.5 0.531

MAP LS (mmHg) 83.6 ± 5.8 87.5 ± 6.9 86.6 ± 8.5 0.179

∆ MAP (mmHg) -2.2 ± 6.1 -0.7 ± 4.9 -1.0 ± 6.2 0.648

Aldosterone HS (nmol/L) 0.10 (0.06-0.14) 0.07 (0.07-0.13) 0.14 (0.10-0.19) 0.017

Aldosterone LS (nmol/L) 0.32 (0.21-0.52) 0.37 (0.26-0.44) 0.37 (0.23-0.50) 0.847

∆ Aldosterone (nmol/L) 0.20 (0.10-0.44) 0.24 (0.15-0.37) 0.23 (0.08-0.37) 0.533

PRA HS (ng Ang-I/mL/h) 1.75 (1.35-3.00) 2.06 (1.57-3.40) 2.48 (1.43-3.23) 0.600

PRA LS (ng Ang-I/mL/h) 5.55 (3.29-8.22) 6.94 (4.91-7.73) 4.99 (3.70-7.93) 0.600

∆ PRA (ng Ang-I/mL/h) 3.05 (1.66-5.46) 4.20 (2.60-5.40) 2.94 (1.54-5.36) 0.425

Table 3: Blood pressure and circulating renin-angiotensin-aldosterone parameters according to tertiles

of apolipoprotein (apo) A-I, measured during high sodium diet.

Data in mean ± SD or in median (interquartile range). PRA: plasma renin activity, HS: high sodium diet, LS: low

sodium diet, MAP: mean arterial pressure, ∆: difference between HS and LS diets

when the data were divided according to HDL-C tertiles, as measured during HS. Likewise,

these parameters were not different between apoA-I tertiles, except for plasma aldosterone

during HS, which was lower in the middle apoA-I tertile compared to the highest apoA-I tertile

(Table 3 , p < 0.05). Table 4 provides univariate correlations among CETP-mass, HDL-C,

apoA-I and blood pressure, serum sodium, potassium, aldosterone and PRA, respectively.

No significant correlations were present, except for a modest correlation between apoA-I and

aldosterone during HS.

Figure 1 demonstrates the blood pressure response to incremental doses of angiotensin-II

infusion according to CETP tertiles (n = 34). The increase in mean arterial pressure was similar

for the increasing tertiles of CETP during HS, being 1 ± 4, 2 ± 4 and 1 ± 4 mmHg at 0.3

ng/kg/min (p = 0.783), 7 ± 4, 9 ± 7 and 11 ± 7 mmHg at 1 ng/kg/min (p = 0.303) and 16 ± 6,

18 ± 8 and 18 ± 7 mmHg at 3 ng/kg/min (p = 0.568). When the blood pressure responses

were divided according to HDL-C and apoA-I tertiles again no differences were observed (p

> 0.30 for all comparisons between the tertiles at every dose of angiotensin-II).
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CETP mass HDL-C Apo A-I

MAP HS -0.138 0.061 0.029

MAP LS -0.112 0.234 0.179

∆ MAP -0.018 -0.137 -0.154

Na HS 0.003 -0.061 -0.082

Na LS 0.076 0.036 0.066

K HS -0.121 -0.195 -0.084

K LS 0.144 -0.234 -0.012

Aldosterone HS 0.166 0.039 0.280 #

Aldosterone LS -0.088 0.156 0.090

∆ aldosterone -0.159 0.151 0.002

PRA HS 0.088 -0.109 0.073

PRA LS -0.092 0.003 -0.005

∆ PRA -0.167 0.075 0.004

Table 4: Spearman’s correlation coefficients of CETP mass, HDL cholesterol (HDL-C) and apolipoprotein

(apo) A-I (measured during high sodium diet) with mean arterial pressure (MAP), serum sodium,

potassium, aldosterone and plasma renin activity (PRA) during HS and LS. # p<0.05

Apo: Apolipoprotein, CETP: cholesteryl ester transfer protein, HDL-C: high density lipoprotein cholesterol, HS: high

sodium diet, LS: low sodium diet, MAP: mean arterial pressure, PRA: plasma renin activity. * P < 0.05

Discussion

In this study, we have demonstrated that in healthy male subjects endogenous activation

of the RAAS, as elicited by a low dietary sodium intake, is not related to interindividual

differences in plasma CETP mass. Furthermore, the systemic blood pressure response to

angiotensin-II infusion was also not associated with the plasma CETP level. The presently

observed lack of effect of circulating CETP on the dynamics of the RAAS, therefore, does not

support the possibility that there is an important physiological interaction among circulating

levels of CETP, mineralocorticoid regulation and blood pressure responsiveness to angiotensin-

II. 

The current study has been driven by the recent observation that torcetrapib, a potent CETP

inhibitor that raises HDL-C considerably, causes a substantial increase in blood pressure

(12;13;21;22), possibly contributing to an increased cardiovascular risk (12). Based on post

hoc laboratory analyses, showing a decrease in potassium and an increase in bicarbonate
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Figure 1: Response of mean arterial pressure during incremental doses of angiotensin-II infusion

according to increasing tertiles of CETP mass during HS intake. The lines represent the mean values,

according to CETP tertiles. CETP: Cholesteryl ester transfer protein.

and the aldosterone levels, it was hypothesized that torcetrapib may promote mineralocorticoid

secretion in susceptible individuals (12). In a group of middle-aged men and women, we have

recently observed that serum aldosterone was modestly higher in subjects with a lower CETP

concentration, in accordance with the notion that there could be some interaction between

low CETP and mineralocorticoid excess (16). In that preliminary report, sodium intake was not

standardized nor prospectively modulated (16), which is likely to explain the discrepancy with

the present study. Another difference is that we studied exclusively men in this present report,

avoiding bias due to effects of the menstrual cycle on plasma lipids (23). 

Aldosterone originates from cholesterol, which is either synthesized by the adrenal cortex

itself or is derived from circulating cholesterol that is taken up by the adrenal gland through

the low-density lipoprotein receptor and through scavenger receptor class B type 1 (SR-BI),

an important HDL receptor (24-26). SR-BI interacts with mature HDL particles and this pathway

probably becomes more important when cholesterol availability through HDL is enhanced

(24;25). Furthermore, angiotensin-II is able to stimulate SR-BI expression in adrenocortical

cells, thereby stimulating HDL derived cholesteryl ester uptake and aldosterone synthesis

(26;27). Based on these data, a diminished CETP-mediated transfer of cholesteryl esters out

of HDL, resulting in a high cholesterol content of HDL particles, may enhance cholesterol

uptake by the adrenal cortex through the HDL-SR-BI pathway. Thus, the cholesteryl ester
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transfer process could affect adrenal aldosterone secretion indirectly through effects on HDL.

In this context, we also evaluated whether renin–aldosterone responsiveness was associated

with the HDL-C and the apoA-I concentration. However, the aldosterone response to a low

sodium diet was found to be unrelated to HDL-C and plasma apoA-I concentrations. In

comparison, circulating aldosterone has been shown to be higher in obesity, which in turn is

a determinant of lower HDL-C (28;29).

This study is initiated to reveal whether in healthy subjects physiological variations in

mineralocorticoid responsiveness elicited by manipulation in dietary sodium intake could be

related to variations in circulating CETP mass. In the interpretation of our results it is important

to note that it has been consistently demonstrated that under physiological circumstances

plasma CETP activity is strongly correlated with plasma CETP mass (30-33). Thus, the CETP

mass levels provided in this report closely correspond to plasma levels of active CETP, which

contrasts the decrease in CETP activity and the increase in CETP mass elicited by

pharmacological CETP inhibition (5;9). In our study, plasma CETP mass varied about twofold

between individuals, and these differences were large enough to affect the HDL-C:apoA-I

ratio, a measure of HDL particle size and of the HDL particle cholesterol content (34;35).

Obviously, the effects of pharmacological CETP inhibition on HDL composition are greater

(5;9;10) than those related to normally occurring variations in plasma CETP (36). Thus, it cannot

be completely excluded that increased mineralocorticoid responsiveness could be associated

with a more extreme decrease in plasma CETP activity. Importantly, recent animal experiments

have shown torcetrapib increases the release of aldosterone from primary adrenocortical cells

in vitro , whereas such effects are not observed with anacetrapib (37). These results clearly

favor an off-target effect of torcetrapib by itself on blood pressure regulation. Nonetheless, it

may be relevant that the promoter of both the renin and the CETP gene contain an liver X

receptor responsive element (38;39). Thus, it seems possible that interactions between genes

involved in the expression of CETP and RAAS or gene-environment interactions could explain

why torcetrapib elicits a rise in blood pressure increase in only a subset of subjects [12] . 

This study indicates that it is unlikely that mineralocorticoid responsiveness to a low sodium

diet is associated with physiological interindividual variations in the plasma CETP level. We

surmise that a decrease in the plasma CETP level by itself does not exert adverse effects on

blood pressure regulation.
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