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RESEARCH ARTICLE Open Access

Renoprotective RAAS inhibition does not
affect the association between worse renal
function and higher plasma aldosterone
levels
Christina M. Gant1,2*, Gozewijn D. Laverman2, Liffert Vogt3, Maartje C. J. Slagman1, Hiddo J. L. Heerspink4,
Femke Waanders5, Marc H. Hemmelder6, Gerjan Navis1 and Holland Nephrology Study (HONEST) Network

Abstract

Background: Aldosterone is elevated in chronic kidney disease (CKD) and may be involved in hypertension. Surprisingly,
the determinants of the plasma aldosterone concentration (PAC) and its role in hypertension are not well studied in CKD.
Therefore, we studied the determinants of aldosterone and its association with blood pressure in CKD patients. We also
studied this during renin-angiotensin-aldosterone system inhibition (RAASi) to establish clinical relevance, as RAASi is the
treatment of choice in CKD with albuminuria.

Methods: We performed a post-hoc analysis on data from a randomized controlled double blind cross-over trial in non-
diabetic CKD patients (n = 33, creatinine clearance (CrCl) 85 (75–95) ml/min, proteinuria 3.2 (2.5–4.0) g/day). Patients were
treated with losartan 100 mg (ARB), and ARB + hydrochlorothiazide 25 mg (HCT), during both a regular (200 ± 10 mmol
Na+/day) and low (89 ± 8 mmol Na+/day) dietary sodium intake, in 6-week study periods. PAC data at the end of each
study period were analyzed. The association between PAC and blood pressure was analyzed continuously, and according
to PAC above or below the median.

Results: Lower CrCl was correlated with higher PAC during placebo as well as during ARB (β = −1.213, P = 0.008 and
β = −1.090, P = 0.010). Higher PAC was not explained by high renin, illustrated by a comparable association between
CrCl and the aldosterone-to-renin ratio. The association between lower CrCl and higher PAC was also found in a
second study with single RAASi with ACE inhibition (ACEi; lisinopril 40 mg/day), and dual RAASi (lisinopril 40 mg/
day + valsartan 320 mg/day). Higher PAC was associated with a higher systolic blood pressure (P = 0.010) during
different study periods. Only during maximal treatment with ARB + HCT + dietary sodium restriction, blood pressure
was no longer different in subjects with a PAC above and below the median.

Conclusions: In CKD patients with a standardized regular sodium intake, worse renal function is associated with a
higher aldosterone, untreated and during RAASi with either ARB, ACEi, or both. Furthermore, higher aldosterone is
associated with higher blood pressure, which can be treated with the combination of RAASi, HCT and dietary sodium
restriction.
The first study was performed before it was standard to register trials and the study was not retrospectively registered.
(Continued on next page)
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The second study was registered in the Netherlands Trial Register on the 5th of May 2006 (NTR675).

Keywords: Aldosterone, Chronic kidney disease, Creatinine clearance, RAAS inhibition, Systolic blood pressure, Dietary
sodium restriction

Background
Aldosterone is involved in sodium and volume
homeostasis, and consequently regulation of extracel-
lular volume and blood pressure. It has a main role
in the homeostatic response to volume depletion,
where higher aldosterone levels contribute to renal
retention of sodium and water, and followingly restor-
ation of the extracellular volume. In chronic kidney
disease (CKD), derangement of volume status and
hypertension are common. Several studies indicate an
inverse association between plasma aldosterone levels
and creatinine clearance [1–4].
Inappropriately high aldosterone levels in CKD have

been suggested to contribute to CKD-associated
hypertension, as well as to progressive kidney damage
by direct profibrotic effects of aldosterone [5–7]. In-
hibition of the renin-angiotensin-aldosterone system is
a cornerstone of therapy in CKD, for treatment of
hypertension and proteinuria [8]. Whether RAAS in-
hibition (RAASi) ameliorates the high aldosterone
levels associated with CKD, however, has not been
systemically assessed.
Therefore, we aim to investigate, first, the determi-

nants of the plasma aldosterone concentration (PAC)
and aldosterone-to-renin ratio (ARR) in non-diabetic
CKD, both without and with RAAS inhibition
(RAASi). Second, we aim to investigate whether in
CKD, high aldosterone is associated with blood
pressure.
To this purpose, we studied the association between

PAC, ARR and renal function during different treat-
ment conditions in a previously performed random-
ized controlled trial. Here, ARB (losartan 100 mg/day)
and placebo were compared in combination with diet-
ary sodium restriction and HCT (hydrochlorothiazide
25 mg/day) in non-diabetic proteinuric CKD patients
[9]. In this analysis we found that during ARB, renal
function was negatively correlated with PAC, similarly
as during placebo. To provide independent confirm-
ation of the lack of efficacy of RAASi on the associ-
ation between lower renal function and higher PAC,
we analysed the association between PAC, ARR and
creatinine clearance in a second study with compar-
able design. This second study had study periods of
single RAASi with ACE inhibition (ACEi), and dual
RAASi with ACEi + ARB, both during a standardized
regular and low sodium intake [10].

Methods
Patients and study design
This is a post-hoc analysis of a previously performed
randomized controlled cross-over trial, the protocol is
described in detail elsewhere [9]. For all clinical ex-
perimentation, approval was obtained from the Insti-
tutional Review Board (Medical Ethics Committee of
the University Medical Centre Groningen) with over-
sight authority for the protection of human research
subjects. The study was performed according to the
Declaration of Helsinki of 1975, as revised in 2000.
All participants gave written informed consent before
study-related procedures were performed. In short,
patients had stable proteinuria due to non-diabetic
CKD, were middle aged, and had stable creatinine
clearance (>30 mL/min, <6 mL/min/year decline).
Patients were randomized to a low sodium diet
(target sodium intake 50 mmol Na+/day; approxi-
mately 1200 mg Na+/day or 3 g NaCl/day) or a regu-
lar sodium diet (target sodium intake 200 mmol Na
+/day; 4800 mg Na+/day or 12 g NaCl/day). Dietary
counselling was aimed at avoiding salty foods while
keeping other dietary habits unchanged. Patients
remained on the assigned diet for 18 weeks, consist-
ing of three consecutive 6-week study periods.
Placebo was always as the first treatment, followed by
ARB (losartan 100 mg/day), and ARB + HCT (losartan
100 mg/day + hydrochlorothiazide 25 mg/day), where
ARB and ARB + HCT were given in random order.
After 18 weeks, the patients changed their diet and
the three 6-week periods were repeated in the same
order as the first three 6-week periods. Therefore, in
total there were 4 possible treatment sequences.
Additional antihypertensive drugs were allowed if re-
quired; these were kept constant during the study.

Independent confirmation: No effect RAASi on the
association of creatinine clearance and PAC
We assessed the effect of single RAASi with ACEi vs
dual RAASi with ACEi + ARB, respectively, on the as-
sociation between PAC, ARR and creatinine clearance
in an independent second study, with a comparable
cross-over design during different sodium intakes.
The protocol is described in detail elsewhere [10].
Patients had comparable non-diabetic CKD with stable
proteinuria and creatinine clearance (>30 mL/min, <6 mL/
min/year decline) In this trial (n = 45) the 6-week study
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periods consisted of single RAASi (lisinopril 40 mg/day)
and dual RAASi (lisinopril 40 mg/day + valsartan 320 mg/
day), both during a regular sodium diet (target 200 mmol
Na+/day) and a low sodium diet (target 50 mmol Na+/day),
in random order. As 7 patients participated in both trials,
we excluded them from the second analysis, to avoid dupli-
cation of the results.

Measurements and calculations
Proteinuria was measured by the pyrogallol red-molyb-
date method in 24-h urine samples. Blood pressure was
determined at 1 min intervals with an automatic device
(Dinamap, GE Medical Systems, Milwaukee, WI, USA)
with the patient in a supine position. After 15 min of
measurements, we used the mean of the last three read-
ings for further analyses. Dietary sodium intake was
assessed from 24-h urinary sodium excretion. We calcu-
lated creatinine clearance from creatinine concentrations
in plasma and in 24-h urine samples. Peripheral blood
was drawn by venipuncture, and aliquots from serum
were stored (−80 °C) until plasma aldosterone concen-
tration (PAC) and active plasma renin concentration
(APRC) analysis. Samples were taken in a standardized
manner, with the patient in a supine position, and were
directly put on ice. Aldosterone was measured with a
commercially available RIA kit (Diagnostic Products
Corp., Los Angeles, CA). Plasma renin activity was
measured as described previously with a RIA that
detects the amount of angiotensin I produced per hour
in the presence of excess angiotensinogen (nanograms of
angiotensin I produced per millilitre of plasma per hour)
[11]. This assay measures the enzymatic activity of
active plasma renin in the presence of an excess of
its (exogenous) substrate.
In the second study, renin was determined using direct

renin measurements, in this respect, data regarding the
aldosterone-to-renin ratio in both studies could not be
pooled. The remaining measurements and calculations
in the second study used for the independent analysis
were performed equally [10].

Statistics
All 33 patients were included in our data analysis, and
are presented here. Skewed variables were natural log
(LN) transformed in order to achieve a normal distribu-
tion for linear regression and linear mixed model
analyses. Data is given as mean with standard deviation
when normally distributed, and geometric mean with
95% confidence interval when data is skewed. SPSS 22.0
for Windows was used for all analyses.
To assess the determinants of PAC and ARR, linear re-

gression analyses were performed. The log transformed
PAC and ARR were used as the dependent factors.
Analysed variables are: age, gender, body mass index,

serum sodium, 24-h urinary sodium excretion, serum po-
tassium, 24-h urinary potassium excretion, log trans-
formed plasma renin activity, log transformed proteinuria
and log transformed creatinine clearance. This analysis
was equally performed in data from the second study.
Treatment effects were determined using linear mixed

model analyses, with Sidak post-hoc analyses to localize
the differences. Statistical significance was assumed at the
5% level of probability. The covariance structure for all
mixed model analyses was based on Akaike’s information
criterion. The association between PAC, and systolic blood
pressure (SBP) was studied using linear mixed model ana-
lyses. First the association between aldosterone and SBP,
and possible confounders (gender, age, creatinine clear-
ance), were tested univariately. In univariate analysis, SBP
was the dependent variable, and sodium diet, ARB, HCT,
their interaction (sodium diet x ARB x HCT), and log
transformed PAC (or gender, age, creatinine clearance)
were fixed factors. Subjects was used as a random factor.
Covariates with a P < 0.100 were included in the multivari-
ate mixed model.
To ensure there were no carryover effects from the

different treatment regimens, we performed linear mixed
model analyses. Log transformed PAC was the
dependent factor, and treatment and sequence as well as
their interaction (treatment x sequence) were fixed
factors. We did similar analyses with log transformed
ARR, and systolic blood pressure as the dependent
factors. Carry-over effects were not detected (treatment x
sequence was not a statistically significant predictor), and
for the sake of conciseness these data are not shown.

Results
Baseline characteristics and responses to treatment
Patient characteristics and adherence to the program
have been described previously [9], (see also
Additional file 1: Table S1). In total 33 participants have
completed the study. During regular dietary sodium intake,
mean 24-h urinary sodium excretion was 197 ± 63 mmol
Na+/day (approximately 4600 mg Na+/day or 12 g NaCl/
day), and during low dietary sodium intake (LS) this was
92 ± 46 mmol Na+/day (approximately 2100 mg Na+/day or
5 g NaCl/day; Table 1). Systolic blood pressure dropped
stepwise with the lowest value on ARB + HCT + LS,
whereas diastolic blood pressure was lowest on ARB
+ HCT on either sodium intake. Creatinine clearance
fell significantly after sodium restriction during both
ARB and ARB + HCT treatment. Proteinuria declined
after each additional treatment step, with the lowest
value in ARB + HCT + LS.

PAC and ARR during different treatment conditions
PAC did not change during ARB as compared to placebo,
neither during the regular nor during low sodium intake
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(P = 0.9 and P > 0.999 respectively, Table 1). However, the
ARR declined significantly during ARB in both sodium in-
takes, illustrating pharmacological inhibition of the RAAS
by ARB. The addition of HCT to ARB increased PAC in
both sodium intakes (P < 0.01 and P = 0.01), illustrating

reduction of extracellular fluid volume. Dietary sodium re-
striction was associated with a higher PAC during ARB
and ARB +HCT, but not during placebo treatment.

Determinants of PAC and ARR, during placebo and single
RAASi with ARB
As anticipated, during placebo, creatinine clearance
was negatively and significantly associated with PAC
(β = −1.213, P = 0.008; Table 2). During ARB, the negative
correlation between creatinine clearance and PAC was
similarly present (Fig. 1). Neither plasma renin activity
(placebo β = 0.274, P = 0.29; ARB β = 0.171, P = 0.30),
nor serum potassium (placebo β = 0.346, P = 0.42;
ARB β = 0.011, P = 0.9) were significant determinants
of PAC in either treatment condition. During low
dietary sodium intake results were virtually similar. In
multivariate analysis, when adjusting for age and gen-
der, creatinine clearance remained the only significant
predictor of PAC in both treatment conditions
(Additional file 2: Table S2).
Predictors of the aldosterone-to-renin ratio (ARR)

were similar to those of PAC (Table 2, Fig. 1). Again, as
anticipated, during placebo treatment, creatinine
clearance was negatively significantly correlated with
ARR (β = −1.215, P = 0.02). During ARB, the association
was similarly present (β = −1.475, P = 0.01), although the
regression line was shifted downwards, illustrating
pharmacological inhibition of the RAAS by ARB treat-
ment (Fig. 1). During low dietary sodium intake results
were virtually similar.

Second study. Association between CrCL and PAC during
single RAASi with ACEi and dual RAASi
In a second study, we assessed the effect of single RAASi
with ACEi (lisinopril 40 mg/day) and dual RAASi

Table 2 Determinants of the plasma aldosterone concentration and aldosterone-to-renin ratio during placebo and during ARB,
during a regular sodium intake

Plasma aldosterone concentration Aldosterone-to-renin ratio

Placebo ARB Placebo ARB

β P-value β P-value β P-value β P-value

Age (years) 0.011 0.41 0.006 0.67 0.027 0.06 0.350 0.049

Gender (women) −0.030 0.94 0.492 0.17 0.494 0.22 0.760 0.11

BMI baseline (kg/m2) 0.009 0.81 −0.009 0.80 0.015 0.70 0.029 0.56

Serum sodium (mmol/l) 0.041 0.53 −0.086 0.13 0.034 0.64 0.260 0.74

24 h urinary sodium excretion (mmol/day) 0.001 0.85 −0.002 0.35 <0.001 0.93 −0.003 0.38

Serum potassium (mmol/l) 0.346 0.42 0.011 0.98 0.377 0.42 0.355 0.61

24 h urinary potassium excretion (mmol/day) −0.001 0.88 −0.003 0.60 <−0.001 >0.99 −0.004 0.64

LN Proteinuria (g/day) 0.078 0.75 −0.135 0.58 0.003 0.99 0.075 0.82

LN Creatinine clearance (ml/min) −1.213 0.008 −1.090 0.01 −1.215 0.02 −1.475 0.009

LN Active plasma renin concentration (ng AI/ml x h) 0.274 0.29 0.171 0.30

ARB angiotensin receptor blocker (losartan 100 mg/day), LN natural logarithm

Table 1 Clinical and biochemical parameters during different
study periods

Placebo ARB ARB + HCT

Systolic blood
pressure (mmHg)

RS 143 (4) 135 (3)† 125 (3)†‡

LS 136 (3)* 128 (3)*† 121 (2)†‡

Diastolic blood
pressure (mmHg)

RS 86 (2) 80 (2)† 75 (1)†‡

LS 83 (1)* 78 (1)† 74 (1)†‡

Plasma potassium
concentration
(mmol/l)

RS 4.3 ± 0.1 4.4 ± 0.1 4.0 ± 0.1†‡

LS 4.3 ± 0.1 4.5 ± 0.1† 4.0 ± 0.1†‡

24 h sodium
excretion (mmol/day)

RS 200 ± 10 197 ± 11 193 ± 11

LS 89 ± 10* 92 ± 8* 93 ± 8*

Creatinine clearance
(ml/min)

RS 85 (73–98) 90 (77–106) 81 (69–95)‡

LS 80 (67–94) 79 (67–93)* 72 (61–85)*

Proteinuria (g/day) RS 3.4 (2.6–4.3) 2.3 (1.8–3.0)† 1.3 (1.0–1.7)†‡

LS 2.3 (1.7–3.1)* 1.3 (0.9–1.7)†* 0.9 (0.6–1.2)*†‡

Active plasma renin
concentration
(ng AI/ml x h)

RS 15 (12–18) 33 (23–45)† 64 (47–87)†‡

LS 19 (15–23) 51 (38–70)*† 130 (103–163)*†‡

Plasma aldosterone
concentration (ng/l)

RS 66 (48–91) 57 (41–79) 96 (74–125)‡

LS 106 (73–152) 113 (86–149)* 164 (129–207)*†‡

Aldosterone-to-renin
ratio (ng/ng AI × h)

RS 19 (13–26) 7 (4–11)† 6 (4–9)†

LS 22 (14–32) 9 (6–13)† 5 (4–7)†‡

ARB angiotensin receptor blocker (losartan 100 mg/day), HCT hydrochlorothiazide
(25 mg/day), RS regular sodium intake, LS low sodium intake
*P < 0.05 vs regular sodium on same treatment (effect of LS)
†P < 0.05 vs placebo on same sodium diet
‡P < 0.05 vs ARB on same sodium diet (effect of HCT)
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(lisinopril 40 mg/day + valsartan 320 mg/day) on the
negative association between creatinine clearance and
PAC and ARR during a standardized regular sodium in-
take [10]. Patient characteristics are shown in Additional
file 1: Table S1. The plasma aldosterone concentration
during single RAASi with lisinopril was 60 (73–89) ng/L,
and did not differ from the PAC in the original study
during single RAASi with losartan (P = 0.543). During
dual RAASi the PAC did not change (71 (59–86) ng/L,
P = 0.993). Also in this second study, creatinine clearance
was significantly and negatively correlated with PAC
during single RAASi, albeit with lisinopril (β = −0.646,
P < 0.003). With ARR it did not quite reach statistical
significance (β = −1.019, P = 0.07). During dual RAASi
treatment with lisinopril and valsartan, creatinine
clearance was significantly and negatively correlated
with both PAC and ARR (β = −0.805, P = <0.001 and
β = −2.020, P = 0.005 respectively).

Aldosterone and blood pressure
To study the association between PAC and systolic
blood pressure (SBP) in different treatment conditions,
we performed linear mixed model analyses. Sodium diet
ARB, HCT, gender and log transformed aldosterone
were significant predictors of SBP (Table 3), demonstrat-
ing an association between PAC and SBP, which was in-
dependent of creatinine clearance, age, and gender.
To visualize the association between PAC and SBP, we

dichotomized the group in subjects with a baseline PAC
above the median and a baseline PAC below the median,
also shown in Fig. 2. During placebo, SBP was significantly
higher in the high PAC group than in the low PAC group
(157 ± 25 mmHg vs 130 ± 13; P = 0.001). This difference
was also seen during placebo + LS (146 ± 17 vs 126 ± 12;

P = 0.001), ARB (143 ± 20 vs 125 ± 12; P = 0.005), during
ARB + LS (136 ± 14 vs 119 ± 9; P < 0.001) and during ARB
+HCT (132 ± 17 vs 117 ± 9; P = 0.004). Only during the
most extensive treatment regimen of ARB +HCT + LS,
there was no statistical significant SBP difference between
the groups, while the mean blood pressure is still higher is
patients with a high PAC (126 ± 13 vs 117 ± 14; P = 0.05).

Discussion
In this study, we found that pharmacological effective
RAASi did not affect the correlation between worse
renal function and higher aldosterone. This was true for
single RAASi with either ARB or ACEi, as well as for
dual RAASi. This indicates that the association between
creatinine clearance and aldosterone levels is not suscep-
tible to RAASi, not even with dual inhibition. Further-
more, higher PAC was associated with a higher systolic
blood pressure, independent of age, gender and creatin-
ine clearance. During stepwise treatment with losartan,
hydrochlorothiazide and dietary sodium restriction this

Fig. 1 Correlation between creatinine clearance and the plasma aldosterone concentration (left panel), and aldosterone-to-renin ratio (right panel)
during placebo and ARB treatment, during a regular sodium intake. Creatinine clearance is significantly and negatively correlated with PAC, and
this correlation is similar during placebo and ARB treatment. ARR is similarly, and negatively correlated with creatinine clearance. During RAASi
the regression line is parallel and shifted downwards. PAC: plasma aldosterone concentration; ARR: aldosterone-to-renin ratio; ARB: angiotensin
receptor blocker (losartan 100 mg/day)

Table 3 Linear mixed model analysis on the association
between different predictors and the systolic blood pressure

Parameter Parameter estimate P-value

Low sodium diet −7.753 <0.001

ARB −8.385 <0.001

HCT −10.537 0.008

Gender (women) −7.705 0.01

Age (years) 0.159 0.16

LN Creatinine Clearance (ml/min) −5.513 0.14

LN Aldosterone (ng/l) 6.477 <0.001

ARB losartan 100 mg/day, HCT hydrochlorothiazide 25 mg/day, PAC plasma
aldosterone concentration
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difference decreased to the point where this difference
was no longer statistically significant at the final treat-
ment step (losartan, hydrochlorothiazide and a low so-
dium diet).
The association between lower creatinine clearance and

higher PAC and ARR we observed is consistent with older
data [1]. However, the older data were obtained before the
era of RAASi, and did not control for sodium status. The
authors reported that in patients with reduced creatinine
clearance of more than 50% of normal, PAC was high
while serum potassium and APRC were within normal
values. Our data are consistent, and extend these findings
by demonstrating that the association holds during RAASi
with either ARB or ACEi. This is relevant to show, as
RAASi is the treatment of choice for CKD with albumin-
uria. In line, Hannemann et al. describe an inverse associ-
ation between renal function and aldosterone in a large
general population cohort uncontrolled for sodium status
[3]. McQuarrie et al. however, found that sodium status,
and not renal function determined urinary mineralocortic-
oid excretion in CKD [12]. In our study sodium intake
was standardized, which allowed to examine the effect of
renal function and RAASi on PAC.
To our knowledge, the association we describe

between high aldosterone and blood pressure has not
been described before in CKD patients under RAASi.
These data suggest that treatment with MRA is effica-
cious to treat hypertension in CKD. Indeed, a meta-
analysis of patients with mild or moderate CKD has
shown that intervention with a mineralocorticoid recep-
tor antagonist (MRA) as adjunct to RAASi reduces
blood pressure [13]. In resistant hypertensive patients
without CKD, the association between high aldosterone
and volume expansion has been previously established

[14]. The recent PATHWAY study has shown that in
treatment-resistant hypertension spironolactone as an
adjunct treatment is more efficacious in lowering blood
pressure than doxazosin or bisoprolol [15]. However, in
this study the blood pressure lowering effect of MRA
was correlated with baseline plasma renin, but not
plasma aldosterone levels. In addition, in obesity, which
is a different pathophysiological condition where aldos-
terone levels are inappropriately increased, aldosterone
has also been shown to be associated with sodium-
sensitive hypertension [16–19]. We show for the first
time that also in CKD, high aldosterone levels are associ-
ated with higher blood pressure, even despite RAASi.
The mechanism underlying the consistent association

between lower renal function and high PAC during RAASi
is unknown. The parallel association between worse renal
function and ARR, and the persistence of both associations
during RAASi, with either ARB or ACEi, suggest that the
higher aldosterone with lower renal function is not due to
renin activation. This is further supported by the persist-
ence during dual RAASi, which makes it unlikely that the
association persists due insufficient pharmacological
blockade of angiotensin II and the RAAS. Furthermore,
the association between worse renal function and PAC
was similarly present during ARB and ACEi, which differ
in various pharmacological aspects; i.e. during ARB there
is a compensatory rise in angiotensin II and increased
angiotensin II type 2 receptor activation, and during ACEi
bradykinin levels may increase. This renders it unlikely
that pharmacologically different modes of RAASi play a
role in the association between renal function and PAC.
The consistent association between renal function and
PAC during different modes of RAASi may suggest other
mechanisms and pathways are involved, which are not
susceptible to RAASi. Recent data show a link between al-
dosterone and the calcium-phosphate-PTH-FGF23 axis
[20]. There is evidence of a correlation between increased
phosphaturic hormone fibroblast growth factor 23
(FGF23) and increased aldosterone through unknown
mechanisms [21, 22]. Also, a bidirectional interplay be-
tween PTH and aldosterone has been suggested [23–26].
Alternatively, increased intrarenal RAAS activation might
be involved. In this context, it is interesting to note that it
has been shown that a putative marker for intrarenal
RAAS activation, is inversely correlated with renal func-
tion in diabetic kidney disease [27]. Additionally, the link
between low creatinine clearance and high aldosterone
could be a compensatory response to the reduced clear-
ance of potassium that occurs when glomerular filtration
rate falls, however, as the plasma potassium concentration
is very tightly regulated, this hypothesis could not be tested
in this study while data regarding potassium intake in re-
spect to potassium excretion is unknown. Another pos-
sible explanation could be that it is the other way around,

Fig. 2 Systolic blood pressure during different treatment conditions
in patients with a PAC above the median, and a PAC below the
median. SBP is higher in the high PAC group in all treatment conditions,
but the difference tends to decrease when treatment was intensified.
Error bars represent standard error of the mean. SBP: systolic blood
pressure; PAC: plasma aldosterone concentration; ARB: angiotensin
receptor blocker (losartan 100 mg/day); LS: dietary sodium restriction;
HCT: hydrochlorothiazide (25 mg/day)
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so that the high PAC leads to a decline in renal function
due to the pro-fibrotic effects of aldosterone [5–7]. Several
studies found a high PAC and ARR to be associated with
the development of CKD [28, 29].
What are the implications of our study? Our data show

that patients with renal function impairment, over a range
from mild to moderately impaired, have high aldosterone,
which is associated with higher blood pressure, even des-
pite RAASi. Thus, aldosterone might play a role in volume
derangement and hypertension, even in early CKD. One
might wonder whether there is a further rise in aldoster-
one as renal function declines, and if so, whether this
translates into hypertension. Future research is imperative
to investigate the link between creatinine clearance and
high aldosterone across all spectra of renal function im-
pairment, and what would be the implications for blood
pressure treatment, in particular the role of MRA treat-
ment on top of RAASi.
The primary limitation to our study was the post-hoc

design. However, the robustness of our findings is
supported by the independent study in which we found
that the correlation between renal function and PAC
was similarly present during RAASi with ACEi, and
during dual RAASi. Furthermore, in our study the
addition of MRA was not investigated.

Conclusions
Our data show a consistent association between worse
renal function and higher plasma aldosterone concentra-
tion, related to a higher ARR, during RAASi with either
ARB, ACEi or both. Consequently, our data support the
involvement of high aldosterone levels in hypertension
in CKD with mildly impaired renal function – and show
that a treatment regimen of RAASi combined with step-
wise sodium intervention might be effective in correct-
ing blood pressure.

Additional files

Additional file 1: Table S1. Patient characteristics. This Table depicts the
patients characteristics of patients included in the study. (DOCX 19 kb)

Additional file 2: Table S2. Multivariate analysis on the determinants
of the plasma aldosterone concentration during placebo and during
losartan treatment. In this table we illustrate the association between
creatinine clearance and the plasma aldosterone concentration during
placebo and losartan treatment, while adjusting for age and gender.
(DOCX 13 kb)

Abbreviations
ACEi: Angiotensin converting enzyme inhibitor; APRC: Active plasma renin
concentration; ARB: Angiotensin II receptor blocker; ARR: Aldosterone-to-
renin ratio; CKD: Chronic kidney disease; CrCl: Creatinine clearance;
FGF23: Fibroblast growth factor 23; HCT: Hydrochlorothiazide; LN: Natural
logarithm; LS: Low dietary sodium intake; MRA: Mineralocorticoid receptor
antagonist; PAC: Plasma aldosterone concentration; RAASi: Renin-
angiotensin-aldosterone system inhibition; RS: Regular dietary sodium intake;
SBP: Systolic blood pressure

Acknowledgements
Not applicable.

Funding
The original RCT was supported by Merck Sharp & Dohme (grand MSGP
NETH-15-01). The second study was supported by an unrestricted grant from
Novartis (CVAL489ANL08). The funding bodies had no role in study design,
data collection, data analysis or data interpretation.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
GDL, LV, MCJS, FW, MHH, GN: Study conception and design. GDL, LV, MCJS,
FW, MHH, GN: Acquisition of data. CMG: Analysis and interpretation of data,
drafting of manuscript. GDL, LV, MCJS, FW, MHH, HJLH, GN: Critical revision.
All authors have read and approved the final version of this manuscript.

Ethics approval and consent to participate
For all clinical experimentation, approval was obtained from the Institutional
Review Board (Ethics Committee of the UMCG) with oversight authority for the
protection of human research subjects. The study was performed according to
the Declaration of Helsinki of 1975, as revised in 2000. All participants gave
written informed consent before study-related procedures were performed.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Internal Medicine, Division of Nephrology, University of
Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ
Groningen, The Netherlands. 2Department of Internal Medicine/Nephrology,
ZGT Hospital, Zilvermeeuw 1, 7609 PP Almelo, The Netherlands. 3Department
of Internal Medicine, Academic Medical Centre, University of Amsterdam,
Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands. 4Department of
Clinical Pharmacy and Pharmacology, University Medical Centre Groningen,
University of Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands.
5Department of Internal Medicine/Nephrology, Isala Hospital, Dokter van
Heesweg 2, 8025 AB Zwolle, The Netherlands. 6Department of Internal
Medicine/Nephrology, Medical Centre Leeuwarden, Henri Dunantweg 2,
8934 AD Leeuwarden, The Netherlands.

Received: 15 March 2017 Accepted: 11 December 2017

References
1. Hene RJ, Boer P, Koomans HA, Mees EJ. Plasma aldosterone concentrations

in chronic renal disease. Kidney Int. 1982;21(1):98–101.
2. Quinkler M, Zehnder D, Eardley KS, Lepenies J, Howie AJ, Hughes SV,

Cockwell P, Hewison M, Stewart PM. Increased expression of
mineralocorticoid effector mechanisms in kidney biopsies of patients with
heavy proteinuria. Circulation. 2005;112(10):1435–43.

3. Hannemann A, Rettig R, Dittmann K, Volzke H, Endlich K, Nauck M,
Wallaschofski H. Aldosterone and glomerular filtration–observations in the
general population. BMC Nephrol. 2014;15:44.

4. Roldan J, Morillas P, Castillo J, Andrade H, Guillen S, Nunez D, Quiles J,
Bertomeu V. Plasma aldosterone and glomerular filtration in hypertensive
patients with preserved renal function. Rev Esp Cardiol. 2010;63(1):103–6.

5. Ritz E, Tomaschitz A. Aldosterone and kidney: a rapidly moving frontier (an
update). Nephrol Dial Transplant. 2013;

6. Williams JS. Evolving research in nongenomic actions of aldosterone. Curr
Opin Endocrinol Diabetes Obes. 2013;20(3):198–203.

Gant et al. BMC Nephrology  (2017) 18:370 Page 7 of 8

dx.doi.org/10.1186/s12882-017-0789-x
dx.doi.org/10.1186/s12882-017-0789-x


7. Gant CM, Laverman GD, Navis GJ. MRA inhibition in CKD: more than salt
and water. In: Goldsmith D, Covic A, Spaak J, editors. Cardio-renal clinical
challenges. Switzerland: Springer International Publishing; 2015. p. 41–50.

8. Inker LA, Astor BC, Fox CH, Isakova T, Lash JP, Peralta CA, Kurella Tamura M,
Feldman HI. KDOQI US commentary on the 2012 KDIGO clinical practice
guideline for the evaluation and management of CKD. Am J Kidney Dis.
2014;63(5):713–35.

9. Vogt L, Waanders F, Boomsma F, de Zeeuw D, Navis G. Effects of dietary
sodium and hydrochlorothiazide on the antiproteinuric efficacy of losartan.
J Am Soc Nephrol. 2008;19(5):999–1007.

10. Slagman MC, Waanders F, Hemmelder MH, Woittiez AJ, Janssen WM, Lambers
Heerspink HJ, Navis G, Laverman GD, HOlland NEphrology STudy Group.
Moderate dietary sodium restriction added to angiotensin converting enzyme
inhibition compared with dual blockade in lowering proteinuria and blood
pressure: randomised controlled trial. BMJ. 2011;343:d4366.

11. Derkx FH, Tan-Tjiong L, Wenting GJ, Boomsma F, Man in ‘t Veld AJ,
Schalekamp MA. Asynchronous changes in prorenin and renin secretion after
captopril in patients with renal artery stenosis. Hypertension. 1983;5(2):244–56.

12. McQuarrie EP, Freel EM, Mark PB, Fraser R, Connell JM, Jardine AG. Urinary sodium
excretion is the main determinant of mineralocorticoid excretion rates in patients
with chronic kidney disease. Nephrol Dial Transplant. 2013;28(6):1526–32.

13. Bolignano D, Palmer SC, Navaneethan SD, Strippoli GF. Aldosterone
antagonists for preventing the progression of chronic kidney disease.
Cochrane Database Syst Rev. 2014;4:CD007004.

14. Gaddam KK, Nishizaka MK, Pratt-Ubunama MN, Pimenta E, Aban I, Oparil S,
Calhoun DA. Characterization of resistant hypertension: association between
resistant hypertension, aldosterone, and persistent intravascular volume
expansion. Arch Intern Med. 2008;168(11):1159–64.

15. Williams B, MacDonald TM, Morant S, Webb DJ, Sever P, McInnes G, Ford I,
Cruickshank JK, Caulfield MJ, Salsbury J, Mackenzie I, Padmanabhan S,
Brown MJ, British Hypertension Society's PATHWAY Studies Group.
Spironolactone versus placebo, bisoprolol, and doxazosin to determine the
optimal treatment for drug-resistant hypertension (PATHWAY-2): a
randomised, double-blind, crossover trial. Lancet. 2015;386(10008):2059–68.

16. Bentley-Lewis R, Adler GK, Perlstein T, Seely EW, Hopkins PN, Williams GH,
Garg R. Body mass index predicts aldosterone production in normotensive
adults on a high-salt diet. J Clin Endocrinol Metab. 2007;92(11):4472–5.

17. Tuck ML, Sowers J, Dornfeld L, Kledzik G, Maxwell M. The effect of weight
reduction on blood pressure, plasma renin activity, and plasma aldosterone
levels in obese patients. N Engl J Med. 1981;304(16):930–3.

18. Rocchini AP, Key J, Bondie D, Chico R, Moorehead C, Katch V, Martin M. The
effect of weight loss on the sensitivity of blood pressure to sodium in
obese adolescents. N Engl J Med. 1989;321(9):580–5.

19. Kawarazaki W, Fujita T. The role of Aldosterone in obesity-related
hypertension. Am J Hypertens. 2016;29(4):415–23.

20. de Borst MH, Vervloet MG, ter Wee PM, Navis G. Cross talk between the
renin-angiotensin-aldosterone system and vitamin D-FGF-23-klotho in
chronic kidney disease. J Am Soc Nephrol. 2011;22(9):1603–9.

21. Imazu M, Takahama H, Asanuma H, Funada A, Sugano Y, Ohara T, Hasegawa T,
Asakura M, Kanzaki H, Anzai T, Kitakaze M. Pathophysiological impact of serum
fibroblast growth factor 23 in patients with nonischemic cardiac disease and early
chronic kidney disease. Am J Physiol Heart Circ Physiol. 2014;307(10):H1504–11.

22. Shimada T, Yamazaki Y, Takahashi M, Hasegawa H, Urakawa I, Oshima T,
Ono K, Kakitani M, Tomizuka K, Fujita T, Fukumoto S, Yamashita T. Vitamin D
receptor-independent FGF23 actions in regulating phosphate and vitamin
D metabolism. Am J Physiol Renal Physiol. 2005;289(5):F1088–95.

23. Tomaschitz A, Pilz S, Rus-Machan J, Meinitzer A, Brandenburg VM, Scharnagl
H, Kapl M, Grammer T, Ritz E, Horina JH, Kleber ME, Pieske B, Kraigher-
Krainer E, Hartaigh BO, Toplak H, van Ballegooijen AJ, Amrein K, Fahrleitner-
Pammer A, Marz W. Interrelated aldosterone and parathyroid hormone
mutually modify cardiovascular mortality risk. Int J Cardiol. 2015;184:710–6.

24. Maniero C, Fassina A, Guzzardo V, Lenzini L, Amadori G, Pelizzo MR, Gomez-
Sanchez C, Rossi GP. Primary hyperparathyroidism with concurrent primary
aldosteronism. Hypertension. 2011;58(3):341–6.

25. Spat A, Hunyady L. Control of aldosterone secretion: a model for
convergence in cellular signaling pathways. Physiol Rev. 2004;84(2):489–539.

26. Zhang Y, Feng B. Association of serum parathyrine and calcium levels with
primary aldosteronism: a meta-analysis. Int J Clin Exp Med. 2015;8(9):14625–33.

27. Yamamoto T, Nakagawa T, Suzuki H, Ohashi N, Fukasawa H, Fujigaki Y, Kato
A, Nakamura Y, Suzuki F, Hishida A. Urinary angiotensinogen as a marker of
intrarenal angiotensin II activity associated with deterioration of renal

function in patients with chronic kidney disease. J Am Soc Nephrol. 2007;
18(5):1558–65.

28. Terata S, Kikuya M, Satoh M, Ohkubo T, Hashimoto T, Hara A, Hirose T,
Obara T, Metoki H, Inoue R, Asayama K, Kanno A, Totsune K, Hoshi H, Satoh
H, Sato H, Imai Y. Plasma renin activity and the aldosterone-to-renin ratio
are associated with the development of chronic kidney disease: the
Ohasama study. J Hypertens. 2012;30(8):1632–8.

29. Fox CS, Gona P, Larson MG, Selhub J, Tofler G, Hwang SJ, Meigs JB, Levy D, Wang
TJ, Jacques PF, Benjamin EJ, Vasan RS. A multi-marker approach to predict
incident CKD and microalbuminuria. J Am Soc Nephrol. 2010;21(12):2143–9.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Gant et al. BMC Nephrology  (2017) 18:370 Page 8 of 8


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients and study design
	Independent confirmation: No effect RAASi on the association of creatinine clearance and PAC
	Measurements and calculations
	Statistics

	Results
	Baseline characteristics and responses to treatment
	PAC and ARR during different treatment conditions
	Determinants of PAC and ARR, during placebo and single RAASi with ARB
	Second study. Association between CrCL and PAC during single RAASi with ACEi and dual RAASi
	Aldosterone and blood pressure

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

