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Abstract
Aims/hypothesis Aldosterone antagonism improves endothe-
lial function (and reduces deaths) in chronic heart failure. It
is not known whether similar effects occur in other high-risk
groups such as patients with diabetes and hypertension. We
therefore assessed the full effects of aldosterone blockade in
poorly controlled hypertensive patients with type 2 diabetes,
focussing on blood pressure, endothelial function, glycaemic
control and key hormones.
Methods We performed a randomised, placebo-controlled,
double-blind, crossover study on 50 patients with type 2
diabetes and treated but poorly controlled hypertension,
comparing spironolactone versus placebo. Patients had their
endothelial function assessed by standard forearm venous
occlusion plethysmography.
Results There was no significant improvement in endothelium-
dependent vasodilatation in response to acetylcholine, despite
highly significant reductions in systolic and diastolic blood
pressure. However, spironolactone significantly worsened
glycaemic control, plasma angiotensin II and cortisol.
Conclusions/interpretation Spironolactone is highly effec-
tive in lowering blood pressure in patients with type 2 diabetes
and poorly controlled hypertension on standard treatment,
but does not improve vascular endothelial function in this
group. We speculate that any tendency for the spironolactone-
induced lowering of blood pressure to improve endothelial
function is offset by its tendency to worsen glycaemic control

and increase the levels of angiotensin II and even possibly
cortisol.
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ARB angiotensin receptor blocker
BNP brain natriuretic peptide
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PIIINP procollagen III N-terminal peptide
RAAS renin–angiotensin–aldosterone system

Introduction

Patients with diabetes are at particularly high risk of cardio-
vascular disease [1, 2]. The combination of diabetes and
hypertension is a particularly strong cardiovascular risk
factor and blood pressure control is often suboptimal in
patients with diabetes [3, 4]. Blocking the renin–angiotensin–
aldosterone system (RAAS) has obviously been a very
successful therapeutic strategy in both heart failure and
diabetes mellitus. In heart failure, the concept of blocking the
RAAS has been taken a stage further, with aldosterone
blockade, in addition to ACE inhibitors, now shown to
reduce mortality rates [5, 6]. Thus it is now legitimate to ask
whether such benefits would also occur if aldosterone
blockade were given on top of ACE inhibition in patients
with diabetes mellitus. This is a distinct possibility, as both
heart failure and diabetes are strongly characterised by high
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levels of oxidative stress while mineralocorticoid blockade
is thought to produce many of its benefits by reducing oxi-
dative stress. Also of interest is a recent proof-of-concept,
pilot study [7] showing that short-term treatment with an
aldosterone antagonist was better than hydrochlorthiazide in
improving coronary circulatory function in diabetic patients
on ACE inhibitors, again suggesting a major role for miner-
alocorticoid receptor in diabetes. It seems a sensible first
approach to see whether aldosterone blockade favourably
effects the same factors in diabetes that are thought to
contribute to the favourable effects on mortality rates in heart
failure. The key factors favourably affected by aldosterone
blockade in heart failure are endothelial function and myo-
cardial collagen markers (procollagen III N-terminal peptide
[PIIINP]) [8, 9]. These factors could potentially be altered
by aldosterone blockade in diabetes mellitus as well.

As a backdrop to this question, we previously found that,
to our surprise, spironolactone actually worsened the key
prognostic marker of endothelial function in a normotensive
population of patients with type 2 diabetes, while also
worsening glycaemic control [10]. The situation could, how-
ever, be very different in patients with diabetes and poorly
controlled hypertension. This possibility arises because even
in the Eplerenone Post-Acute Myocardial Infarction Heart
Failure Efficacy and Survival Study (EPHESUS) trial [6],
aldosterone blockade significantly improved mortality rates
only in the subgroup of heart failure patients who were also
hypertensive and/or had a high pulse pressure at baseline.
The second major reason for studying this group is because
poor blood pressure control is common in diabetes and
aldosterone blockade is often recommended in ‘resistant’
hypertension because it is an effective antihypertensive in
those with frankly high blood pressures [11, 12]. Yet the full
effects of spironolactone in patients with diabetes and poorly
controlled hypertension have not been studied before.

Methods

Study procedures

This study was carried out in the Division of Medicine and
Therapeutics at Ninewells Hospital, Dundee, UK. Patients
were recruited from the Diabetes Clinic at Ninewells Hospital
and through GP practices in Dundee. All participants gave
written informed consent to participate in the study, which
had prior approval by the Tayside Committee on Medical
Research Ethics and was conducted in accordance with the
Declaration of Helsinki.

We recruited 50 patients with type 2 diabetes mellitus
and poorly controlled hypertension who were on standard
treatment. All patients were on either ACE inhibitors or
angiotensin receptor blockers (ARB). The doses used were

close to those recommended, e.g. mean of 21.5 mg for
lisinopril and 8.5 mg for ramipril, which were the common-
est ACE inhibitors used. Patients underwent screening by
history, clinical examination, blood investigations and a
baseline ECG. In all instances, blood pressure was recorded
using the Omron HEM-705CP system (Omron Health Care
Company, Kyoto, Japan) and an average of two readings was
used with the patient sitting and rested. Poorly controlled
hypertension was defined as a systolic blood pressure of
>140 mmHg and/or a diastolic blood pressure of >80 mmHg
in patients on standard treatment for hypertension. Patients
were excluded if they had: (1) a blood pressure <140 mmHg
systolic and <80 mmHg diastolic (done to make the study
population not too heterogeneous and to select a more
hypertensive group of patients, although the target systolic
blood pressure in type 2 diabetes was 130 mmHg); (2) been
admitted to hospital within the last 4 weeks; (3) a history of
alcohol abuse, liver or renal impairment, or heart failure, or
if they were on potassium-sparing diuretics or warfarin
(procedural risks). We also excluded patients on insulin due
to procedural issues as the endothelial function test was
done in a fasting state.

After baseline assessments, study patients were random-
ised in a double-blind crossover fashion to spironolactone
(4 weeks) or placebo (4 weeks). The starting dose of
spironolactone was 25 mg once daily. If the potassium levels
were <5 mmol/l after the first week, the dose was increased
to two tablets of spironolactone (50 mg) or to two tablets of
matching placebo. After a 4 week treatment period, each
patient attended a 3 h morning study after an overnight fast,
for assessment of endothelial function. This was to avoid
the recognised diurnal fluctuations in endothelial function
[13] Also, they were requested to refrain from caffeine,
alcohol or smoking for 12 h prior to the test. Following the
procedure, there was a 2 week washout period, after which
the same participants were crossed over to 4 weeks of the
opposite treatment followed by a repeat endothelial function
test at the same time of the day. Endothelial function is
known to be changed quickly by treatments that alter it [14],
so a 4 week treatment period followed by a 2 week washout
period was sufficient to observe changes in endothelial
function.

Endothelial function testing was performed with the
patient supine, in a temperature controlled room at 20–24°C.
Blood pressure was measured by an Omron HEM-705CP
monitor prior to the start of the test as previously mentioned.
Blood samples were taken for renal function, liver function,
HbA1c, glucose, magnesium, insulin, brain natriuretic pep-
tide (BNP) (Bachem, St Helens, UK), procollagen type III N-
terminal peptide (Oxford Biosystems, Oxford, UK). Patients
then underwent cannulation of the non-dominant brachial
artery with a 27 gauge steel needle (Coopers Needleworks,
Birmingham, UK) mounted on to a 16 gauge epidural
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catheter (Portex, Kent, England) under local anaesthesia.
Normal 0.9% saline was infused (3100 syringe pump;
Graseby, Watford, UK) for 10 min prior to the assessment
of baseline readings. Three baseline forearm blood flow
(FBF) readings taken 10 min apart were measured by means
of forearm venous occlusion plethysmography. This tech-
nique has been well described [15–18].

After the baseline resting flows were established, FBF
was measured during the last 2 min of 7 min drug infusions.
Drugs infused were acetylcholine 50 and 100 nmol/min
(Novartis, Basel, Switzerland), sodium nitroprusside 12.6
and 37.8 nmol/min (Mayne Pharma, Leamington, UK). Each
drug infusion was separated by a washout period with 0.9%
saline to normalise flows. All FBF values are expressed as
ml min−1 100 ml−1 forearm tissue.

Statistical analysis

Power calculations showed that with 38 participants ran-
domly allocated to spironolactone and placebo in a crossover
study, there would be an 80% power to demonstrate a 20%
treatment difference in endothelial function at two dose
levels, this being based on previous data with the technique
in our department. Data were analysed using SPSS for
Windows 14.0 (SPSS, Chicago, IL, USA). Results of clinical
parameters are expressed as mean±SD (unless stated
otherwise) and data from forearm venous occlusion plethys-
mography are expressed as mean±SEM. Comparisons
between groups used paired t test or Wilcoxon signed rank
test for non-normal data. FBFs for individual patients were
compared by repeated measures ANOVA and the Bonferroni
method of calculating 95% CI, correcting for multiple
comparisons for within group effects, treatment order effects
and carryover effects. A probability value of p<0.05 was
considered significant.

Results

Participant characteristics

Of the 50 patients recruited, 38 patients completed the study
successfully. Of the 12 who failed to complete the study,
one developed significant hyperkalaemia (K+ >6 mmol/l)
on spironolactone, four had to withdraw from the study due
to technical difficulties in cannulation and seven dropped
out because they could not tolerate the plethysmography
test. Of the 38 patients, six were diet-controlled, 16 were
on metformin alone, nine were on a combination of met-
formin and sulfonylurea, six were on a combination of met-
formin and a glitazone and one was on a combination of
sulfonylurea and a glitazone. Twenty-nine patients were on
ACE inhibitors and nine were on ARB. All 38 participants

underwent treatment with spironolactone and placebo. The
starting dose of spironolactone was 25 mg/day. The dose
was increased to 50 mg/day after 1 week in 24 parti-
cipants, with 14 patients having to stay on the 25 mg/day
dose based on the potassium results after a week’s
treatment (if K+ >5 mmol/l, the dose was not increased).
The average dose of spironolactone for all patients during
the course of 4 weeks was 35 mg. Spironolactone was well
tolerated with no particular adverse effects. The baseline
clinical characteristics are summarised in Table 1.

Biochemical parameters

For an overview of the biochemical parameters, see Table 2.

Urea, electrolytes and HbA1c There was a significant
increase in potassium levels with spironolactone by a mean
of 0.37 mmol/l (p<0.001, 95% CI 0.23–0.45) compared
with placebo. Sodium level was decreased by a mean of
1.1 mmol/l (p=0.01, 95% CI −2.02, −0.23), and urea and
creatinine levels were increased by a mean of 0.7 mmol/l
(p<0.001, 95% CI 0.33, 1.17) and 5.9 μmol/l (p<0.001,
95% CI 3.41, 8.8), respectively. We also saw a significant
increase in HbA1c by 0.21% with spironolactone compared
with placebo (p=0.01, 95% CI 0.05, 0.37).

PIIINP, BNP, aldosterone, cortisol and angiotensin II
PIIINP levels were significantly lower by 0.46 μg/l with
spironolactone compared with placebo (p=0.005, 95% CI
−0.79, 0.13). However, BNP levels were similar between

Table 1 Baseline patient characteristics

Characteristic Value

Age, years (range) 62.6 (48–78)
BMI (kg/m2) 30.6 (3.8)
SBP (mmHg) 162.7 (17.2)
DBP (mmHg) 88.9 (9.2)
Sodium (mmol/l) 140.1 (2.6)
Potassium (mmol/l) 4.3 (0.3)
Urea (mmol/l) 6.1 (1.8)
Creatinine (μmol/l) 94.4 (18.3)
HbA1c (%) 7.03 (1.5)
Total cholesterol (mmol/l) 4.2 (0.8)
Sex (male:female) 28:10
ACE inhibitor/ARB (n/n) 29/9
Calcium channel blockers (%) 55.3
Thiazides (%) 18.4
Beta blockers (%) 26.3
Doxazosin (%) 18.4
Statins (%) 71.1
Smokers, % (non smokers) 23.7 (76.3)

Unless otherwise indicated, values are mean (SD), participants n=38
DBP, diastolic blood pressure; SBP, systolic blood pressure
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the two groups (p=0.626, 95% CI −40.5, −38.2). There
was a significant increase in aldosterone levels with
spironolactone compared with placebo by a mean of
113.4 pmol/l (p<0.001, 95% CI 79.1, 147.7). Angiotensin
II levels were also increased (mean difference 12.2 pmol/l;
p=0.008, 95% CI 1.13, 23.38) with spironolactone com-
pared with placebo. Serum cortisol was significantly higher
in the spironolactone group than in the placebo group
(mean difference 92.35 nmol/l; p=0.003, 95% CI 37.80,
146.89; Table 2).

Blood pressure, basal flows and washouts

There was a significant reduction in both systolic and
diastolic blood pressures with spironolactone compared
with placebo. The mean reductions in systolic and diastolic
blood pressures were 14.2 mmHg (p<0.001, 95% CI −19.7,
−8.6) and 5.3 mmHg (p=0.001, 95% CI −8.8, −2.3),
respectively. Baseline FBF levels while on spironolactone
or placebo were not significantly different (2.37±0.20 vs
2.29±0.13 ml min−1 100 ml−1, p=0.69). For each treatment
phase, no significant difference was seen between baseline
and washout FBF levels.

Vascular response to acetylcholine and sodium
nitroprusside

No significant difference in endothelial function was seen
between spironolactone or placebo treatment, whether
analysed in the infusion arm alone or as the ratio between
the infusion and control arms. The mean percentage increase
in FBF in response to acetylcholine (both doses combined)
for spironolactone was 90.6±12.2% (95% CI 65.71, 115.52)

vs 92.4±9.5% (95% CI 73.14, 111.82) for placebo, p=0.8
(Fig. 1). There was no significant difference in response to
sodium nitroprusside between spironolactone and placebo
(Fig. 2).

Baseline aldosterone level as a determinant of response
to spironolactone

When patients above and below the median baseline level
of aldosterone were compared, there were no significant
differences between the two groups in the placebo-corrected
effect of spironolactone on any parameters including blood
pressure, endothelial function, PIIINP and HbA1c.

Table 2 Mean haemodynamic and biochemical parameters during each treatment phase

Parameter Participants (n) Spironolactone Placebo p value

SBP (mmHg) 38 135.5 (16.4) 149.7 (16.7) <0.001
DBP (mmHg) 38 75.5 (9.5) 80.6 (10.8) 0.001
Sodium (mmol/l) 38 139.3 (2.6) 140.4 (2.5) 0.01
Potassium (mmol/l) 38 4.8 (0.37) 4.4 (0.30) <0.001
Urea (mmol/l) 38 6.9 (2.0) 6.2 (1.7) <0.001
Creatinine (μmol/l) 38 100.9 (23.2) 95.0 (20.2) <0.001
HbA1c (%) 38 7.26 (0.96) 7.05 (0.84) 0.01
Magnesium (nmol/l) 37 0.79 (0.11) 0.79 (0.08) 0.95
Cortisol (nmol/l) 37 597.27 (132.08) 505.02 (182.40) 0.003
QTc maximum 37 429.65 (23.79) 437.37 (24.63) 0.01
Aldosterone (pmol/l) 33 264.33 (107.81) 150.84 (83.1) <0.001
Angiotensin II (pmol/l) 32 27.2 (6.5)a 14.1 (3.7)a 0.008
PIIINP (pmol/l) 34 3.26 (1.54) 3.73 (1.76) 0.005
BNP (pg/ml) 34 59.15 (14.2)a 60.35 (13)a 0.626

Values are mean (SD) or a (SEM)
BNP, Brain natriuretic peptide; DBP, diastolic blood pressure; SBP, systolic blood pressure
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Fig. 1 Percentage increase in FBF response to acetylcholine. †p=0.8.
Black circles, spironolactone control arm; white circles, placebo
control arm; black triangles, spironolactone infusion arm; white
triangles, placebo infusion arm. Ach, acetylcholine

Diabetologia (2008) 51:762–768 765



Discussion

Our principal finding was that aldosterone antagonism does
not improve endothelial function in type 2 diabetes patients
with poorly controlled hypertension, despite considerable
reductions in systolic and diastolic blood pressure. On the
other hand, spironolactone did not actually worsen endothe-
lial function, as it did in our previous study in normotensive
patients with type 2 diabetes [10].

Endothelial dysfunction has been shown to be a good
predictor of cardiovascular events [19–24] and has been
described as a ‘barometer for cardiovascular risk’ [25]. We
were therefore somewhat surprised by our previous study,
which showed that in a normotensive population of patients
with type 2 diabetes, spironolactone actually worsened the
key prognostic marker of endothelial function [10]. We
therefore selected a more hypertensive group of type 2
diabetes patients in the present study, as the additional risk
of being hypertensive may well tip the scales in favour of
spironolactone improving endothelial function. Furthermore,
spironolactone is an effective add-on antihypertensive, but its
effects, when used as such in type 2 diabetes patients with
hypertension, have not been studied in detail.

In our study, spironolactone in addition to standard anti-
hypertensive therapy resulted in an additional blood pressure
reduction of 14.2 mmHg systolic and 5.3 mmHg diastolic
compared with placebo. The blood pressure reduction seen
in our study is also in line with more dramatic reductions
seen with other studies [11, 12], including the largest reported
cohort of resistant hypertensive participants, the Anglo-
Scandinavian Cardiac Outcomes Trial—Blood Pressure
lowering arm [11].

Spironolactone therapy, in our study, resulted in signif-
icant decreases in PIIINP levels compared with placebo.
PIIINP is a marker of collagen synthesis and myocardial

fibrosis. Collagen is a major extracellular matrix protein in
the heart and represents an important target for cardio-
protective and re-modelling therapy. Excessive collagen
deposition leading to cardiac fibrosis is a major determinant
of cardiac dysfunction and sudden cardiac death due to
increased arrythmogenecity. Circulating or locally produced
aldosterone stimulates collagen accumulation in the heart
directly via the mineralocorticoid receptors [26] and aldo-
sterone blockade was associated with marked reduction in
PIIINP levels in heart failure [9]. In fact, limitation of
aldosterone-stimulated collagen synthesis was thought to
be a major mechanism explaining the clinical benefit of
spironolactone in one trial [5]. We previously saw a similar
decrease in PIIINP in a small group (n=10) of hypertensive
patients with type 2 diabetes [27], but all other studies of
PIIINP reduction with aldosterone blockade have been
performed in patients with heart failure [8, 9], where PIIINP
levels have been linked to survival outcomes.

Increased QTc intervals are known to be associated with
increased mortality rate [28]. Also, a prolonged QTc interval
is thought to provide additional prognostic information for
cardiovascular morbidity and mortality rates beyond that
obtained from conventional risk markers in type 2 diabetic
patients with hypertension [29]. Spironolactone therapy, in
our study, resulted in a significant reduction in QTc intervals
compared with placebo.

Spironolactone therapy also caused a significant rise in
serum potassium (mean increase 0.37 mmol/l, p<0.001), as
would be expected. Only one patient had to withdraw from
the study due to severe hyperkalaemia (K+ 6.3 mmol/l).
This is reassuring, as there is always a concern of dangerous
hyperkalaemia with a combination of ACE inhibitors or
ARB and spironolactone, although we acknowledge that
the patient numbers are not large enough to draw conclusions
on ‘safety’. Also, a high-normal potassium level may be
beneficial in the context of diabetes and hypertension [30].

However, despite a large reduction in blood pressure, no
significant difference in endothelial function was observed
with spironolactone compared with placebo (Fig. 1). The
question naturally arises as to why spironolactone failed to
improve endothelial function in our study patients, despite
significant reductions in blood pressure. This finding is
interesting as virtually all other antihypertensives improve
endothelial function, although the effect of some antihy-
pertensives may be greater than that of others because of
possible blood pressure-independent effects on endothelial
function [31–35]. We can only speculate that the blood
pressure-lowering benefit on endothelial function was
prevented as a result of several possible factors, as follows.

First, spironolactone therapy resulted in a small, but sta-
tistically significant worsening of glycosylated haemoglobin
(%; mean difference in HbA1c 0.21, p=0.01) compared with
placebo. Intriguingly, a worsening of glycaemic control
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with spironolactone in type 2 diabetes has been previously
reported in two other studies [10, 36]. Furthermore, in the
EPHESUS study, aldosterone blockade significantly reduced
hypoglycaemia by 43%, which again could be consistent
with a worsening of glycaemic control and the attendant
negative impact on endothelial function [37–39]. Second,
spironolactone doubled plasma levels of angiotensin II,
which could be an additional factor in worsening endothe-
lial function [40, 41]. The increase in angiotensin II in
patients treated with spironolactone and ACE inhibitors
may have been due to non-ACE pathways that mediate the
production of angiotensin II [42, 43]. It could then be
speculated that an ARB and spironolactone combination
might be better than an ACE inhibitor and spironolactone
combination, because the ARB would neutralise the effect
of any extra circulating angiotensin II that occurs when
spironolactone is added to either ACE inhibitors or an ARB.
However, when patients on ARBs were analysed separately
in our study, there was again no significant difference in
endothelial function between spironolactone and placebo
groups, although number of patients ARBs in our study was
too small [n=9] to make any firm conclusions in this sub-
group. Third, spironolactone significantly increased plasma
cortisol, which has been reported before [10]. Several
possible mechanisms may mediate the adverse effects of
cortisol on endothelial function. Glucocorticoids suppress the
production of vasodilators such as nitric oxide and prostacy-
clins in endothelial cells, reduce production of essential co-
factor tetrahydrobiopterin [44], enhance vascular superoxide
production and potentiate vascular reactivity by their
permissive response to catecholamines on vascular smooth
muscle cells [45]. The reason for the increase in cortisol
could have been that when the mineralocorticoid receptor is
blocked, one clearance route for glucocorticoids is lost,
since the mineralocorticoid receptor itself has equal affinity
for glucocorticoids and mineralocorticoids.

We, therefore speculate that a combination of worsening
glycaemic control, an increase in angiotensin II and an
increase in cortisol may have neutralised any beneficial
effects of blood pressure-lowering on the endothelium with
spironolactone. Admittedly, two of these three possible
adverse effects (glycaemia and cortisol) are small in mag-
nitude but when acting synergistically with a doubling of
angiotensin II, they could still make a contribution.

Our study shows that aldosterone antagonism is extremely
effective in lowering blood pressure as an add-on agent in
type 2 diabetes patients with poorly controlled hypertension.
But it also raises the possibility that any spironolactone-
induced benefits of blood pressure lowering on the endothe-
lium might be offset by the worsening of glycaemic control,
the increase in angiotensin II and possibly by an increase in
cortisol, i.e. spironolactone may not reduce vascular events
by the magnitude that its blood pressure-lowering alone

would suggest. On the other hand, spironolactone might exert
favourable anti-arrhythmic effects by way of its apparently
beneficial effects on myocardial collagen and on QT interval
length, as has also been seen in other populations [46, 47].
Further work is required to explore the full clinical
consequences of the issues raised by this study.
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