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Effect of eplerenone on insulin action in essential hypertension:
a randomised, controlled, crossover study
EM McMurray, IR Wallace, C Ennis, SJ Hunter, AB Atkinson and PM Bell

An association exists between hyperaldosteronism, hypertension and impaired insulin action. Eplerenone is a selective
mineralocorticoid receptor antagonist; however, little is known about its effects on insulin action. The aim of this study was to
determine the effect of eplerenone on insulin action in hypertensive adults, using the hyperinsulinaemic euglycaemic clamp.
A randomised, controlled, double-blind, crossover design was employed. After a 6-week washout period, hypertensive,
non-diabetic patients were treated with either eplerenone 25 mg twice daily or doxazosin 2 mg twice daily for 12 weeks. After
each treatment period, insulin action was assessed by a hyperinsulinaemic euglycaemic clamp, with isotope dilution methodology.
After washout, treatment groups were crossed over. Fifteen patients completed the study. There were no differences in fasting
glucose, or fasting insulin between treatment with eplerenone or doxazosin. The measure of overall insulin sensitivity, exogenous
glucose infusion rates during the last 30 min of the clamp, was similar with both treatments; 23.4 (3.9) mmol kg! 1 min! 1 after
eplerenone and 23.3 (3.6) mmol kg! 1 min! 1 after doxazosin (P¼ 0.83). Isotopically determined fasting endogenous glucose
production rates were similar after both treatments (eplerenone 9.4 (0.6) mmol kg! 1 min! 1 vs doxazosin 10.6 (0.7)
mmol kg! 1 min! 1). There was a trend for lower endogenous glucose production rates during hyperinsulinaemia following
eplerenone compared with doxazosin (2.0 (0.8) mmol kg! 1 min! 1 vs 4.1 (0.9) mmol kg! 1 min! 1). There was no difference in insulin
stimulated peripheral glucose utilisation rates after treatment with eplerenone or doxazosin (25.4 (3.6) mmol kg! 1 min! 1 vs
27.0 (3.9) mmol kg! 1 min! 1). This study gives reassuring evidence of the neutral effect of eplerenone on insulin action in
hypertensive, non-diabetic patients.
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INTRODUCTION
The association between hypertension and insulin resistance is
well established. It is also well known that antihypertensive
medications have important effects on glucose metabolism. Beta
blockers and thiazide diuretics cause impaired insulin sensitivity,
whereas there is conflicting evidence on the effect of angiotensin-
converting-enzyme (ACE) inhibitors and angiotensin II receptor
blockers (ARBs). ACE inhibitors have been shown to be neutral in
their effects on glucose metabolism in patients with essential
hypertension,1 obesity2 and type 2 diabetes mellitus,3,4 whereas
others report that treatment with ACE inhibitors5 or ARBs6

attenuates insulin resistance.
Insulin resistance is also associated with hyperaldosteronism,7

with estimates of the prevalence of impaired glucose tolerance in
primary aldosteronism between 15 and 25%.8 The relationship
between aldosterone and insulin sensitivity appears to be
independent of blood pressure, body mass index and age.9–11

Eplerenone is a well-tolerated selective mineralocorticoid
receptor antagonist. A reduction in mortality has been demon-
strated following treatment with eplerenone in post-myocardial
infarction left ventricular dysfunction12 and in mild systolic heart
failure.13 Animal data suggest that eplerenone may have a
beneficial effect on insulin action;14 however, there is limited
data on its effect in man. The aim of this study was to describe the
effect of selective mineralocorticoid receptor antagonism on
insulin action in hypertensive adults.

MATERIALS AND METHODS
Subjects
Adult patients aged o70 years with essential hypertension were studied.
Patients were recruited from local general practices and in response to a
poster advertisement. Individuals with a history of secondary hypertension
or who required more than three antihypertensive agents to control blood
pressure were excluded. Diabetes, significant hepatic or renal disease and
body mass index 4 35 kg m! 2 were also exclusion criteria.

All subjects gave written informed consent and the protocol was
approval by the Regional Ethics Committee and the Administration of
Radioactive Substances Advisory Committee. An International Standard
Randomised Controlled trial Number was issued for the study
(ISRCTN21269614). A grant was received from the Research and
Development Office, Northern Ireland Health and Social Care Agency.

Study design
At the start of the study, participants’ antihypertensive medication was
stopped and placebo lactose tablets substituted for 6 weeks. Blood
pressure was monitored every 2 weeks during this washout period, and
every 4 weeks during active treatment periods. Blood pressure was
measured using an automated blood pressure machine (Omron Electronics
Ltd, Milton Keynes, UK) taken as the mean of the second and third
readings after 10 min seated.

Participants were assigned to a randomised crossover trial consisting of
a 12-week period of either eplerenone 25 mg twice daily (Inspra; Pfizer Inc.,
New York, NY, USA) or doxazosin mesilate followed by a 12-week period
taking the complementary medication separated by a 6-week placebo
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washout. The clinical trials pharmacist in the Royal Victoria Hospital, Belfast
undertook the blinded block randomisation procedure, and dispensed the
overencapsulated medication in identical containers. The investigators
were unblinded after the last patient completed the trial. If blood pressure
was above 160/95 mm Hg on two occasions, then open-label extended
release doxazosin (Cardura XL; Pfizer Inc.) was introduced and titrated to a
maximum of 12 mg per day, as required. Doxazosin was used as a
comparator as it has been shown to have a neutral effect on insulin
action.15

Assessment of insulin action
Insulin action was assessed in the last week of each active treatment
period by a one-step hyperinsulinaemic euglycaemic clamp, as previously
described.16,17 A cannula was placed in the left arm for all infusions and in
the right arm for blood sampling. The right hand was placed in a plexiglass
box maintained at 55 1C (Department of Medical Physics, Nottingham
University) to arterialise the venous blood.

A primed-continuous infusion of high-performance liquid
chromatography-purified [3-3H]glucose was administered during a 2-h
equilibration period (! 120 min to zero time). The initial tracer prime was
adjusted, based on fasting plasma glucose.18 A continuous infusion of
insulin was commenced at 1 mU kg! 1 min! 1 (zero to þ 120 min).

Plasma glucose was measured at 5 min intervals on a bedside analyser
(Beckman Glucose Analyser2; Beckman, High Wycombe, UK) and main-
tained at the subject’s fasting glucose concentration by an infusion of 20%
glucose, prelabelled with [3-3H]glucose to match the predicted basal
plasma glucose-specific activity, with the modification that the primed
continuous tracer infusion was reduced to 50% of the basal rate at
þ 20 min and to 25% at þ 40 min to maintain tracer steady state.16

Analytical techniques
Arterialised venous blood was used for all analyses in the glucose clamp
studies. Plasma for measurement of glucose-specific activity was
deproteinised with barium hydroxide and zinc sulphate by the method
of Somogyi.19 Aliquots of tracer infusate and labelled exogenous glucose
infusion were spiked into non-radioactive plasma and processed in parallel
to allow calculation of [3-3H]glucose infusion rates (GIR). Glucose was
measured using an automated glucose oxidase method using a Beckman
Glucose Analyser 2.

Insulin and C-peptide were measured using a chemiluminescent
substrate. Insulin was measured on an Abbott Architect i2000SR
immunoassay analyser (Abbot Diagnostics, Maidenhead, UK) and
C-peptide on an Immulite 2500 immunoassay analyser (Siemens
Healthcare Diagnostics Ltd, Camberly, UK). Serum aldosterone was
measured using the Coat-A-Count solid phase radioimmunoassay (Siemens
Medical Solution Diagnostics, Ulster Diagnostics, Moneyrea, UK).

Calculations
The non-steady state equations of Steele et al.20 as modified by DeBodo
et al.21 were used to calculate rates of glucose turnover during the periods
! 30 min to time zero and 90–120 min, assuming a pool fraction value of
0.65 and an extracellular volume of 190 ml kg! 1. The radioactivity of tracer
and exogenous glucose infusate ‘spikes’, calculated as the mean of
quadruplicates after subtraction of background counts, was used directly
to calculate [3-3H]GIRs. Infusion rates of [3-3H]glucose were calculated as
the sum of the tracer infused continuously and the tracer in the labelled
exogenous glucose infusion. Rates of endogenous (hepatic) glucose
production were then calculated by subtraction of the exogenous GIRs
required to maintain euglycaemia from the isotopically determined rates
of glucose appearance. Exogenous GIRs were calculated for each 10 min
interval by multiplying the mean infusion pump rate (ml min! 1) by the
measured concentration of infused glucose and expressed per kilogram
body weight.

Statistical methods
Statistical analysis was by Hills and Armitage,22 enabling comparison of the
effects of treatment to be adjusted for period effects. Results are described
as mean (s.e.m.). Variables that were non-normally distributed are
described as median (lower quartile, upper quartile). The power of the
study, calculated from previous clamp data,18 gave a 90% chance of
detecting a 10% change in insulin action at the 5% level of significance.

RESULTS
Sixteen subjects started the study, with one subject withdrawing
following the loss of venous access during the assessment of
insulin action. Clinical, anthropometric and biochemical data of
the subjects after 6-week placebo run-in are presented in Table 1.
The nine males and six females who completed the study were
overweight (mean body mass index 28.9 (0.8) kg m! 2). Blood
pressure was 137/87 (4/2) mm Hg with five patients required
additional therapy with open-label doxazosin during the run-in, at
a mean dose of 8.8 (1.5) mg. The subjects who required doxazosin
during run-in remained on this for the duration of the study.

Subjects were not diabetic, mean fasting glucose 5.4 (0.1)
mmol l! 1. One patient demonstrated impaired fasting glucose,
with a fasting glucose of 6.7 mmol l! 1. There was no evidence of
secondary hypertension, in particular mean aldosterone was
357 (58) pmol l! 1.

There were no significant differences in fasting glucose or
fasting insulin between treatment with eplerenone or doxazosin.
There was no difference in blood pressure or serum potassium
between treatments (Table 2). Serum aldosterone was higher after
treatment with eplerenone than with doxazosin (778 (130)
pmol l! 1 vs 507 (65) pmol l! 1), confirming adherence to the
study medication, although this difference did not reach statistical
significance.

During the clamp studies, plasma glucose was maintained
at a constant level by exogenous glucose infusion with mean
coefficients of variation of 4.5% after eplerenone therapy and 5.8%
following doxazosin. The measure of overall insulin sensitivity,
exogenous GIRs during the last 30 min of the clamp (Figure 1), was
similar after both treatments; 23.4 (3.9) mmol kg! 1 min! 1 after
treatment with eplerenone vs 23.3 (3.6) mmol kg! 1 min! 1 after
doxazosin (P¼ 0.83). The insulin infusion rate of
1 mU kg! 1 min! 1 resulted in a small difference in insulin
concentration between treatment groups in the last 30 min of
the clamp (Figure 1) (78.4 (5.4) mU l! 1 after eplerenone vs 70.9
(4.6) mU l! 1 after doxazosin). The ratio of GIR/insulin during this
time gives a measure of glucose metabolised per unit of insulin,
which is an index of insulin sensitivity.23 There was no difference
in the ratio between treatments (eplerenone 0.35 (0.07) vs
doxazosin 0.38 (0.08)).

Isotopically determined endogenous glucose production rates
in the fasting state (9.4 (0.5) mmol kg! 1 min! 1 after eplerenone
and 10.6 (0.7) mmol kg! 1 min! 1 after doxazosin) were not
different and suppressed during hyperinsulinaemia to a similar
extent following both treatments. Although there was a trend
towards lower endogenous glucose production following treat-
ment with eplerenone 2.0 (0.8) mmol kg! 1 min! 1 vs 4.1 (0.9)
mmol kg! 1 min! 1 after doxazosin, this association did not reach
statistical significance (P¼ 0.085).

Peripheral glucose utilisation rates during hyperinsulinaemia
were not different after treatment with eplerenone (25.4 (3.6)
mmol kg! 1 min! 1) or doxazosin (27.0 (3.9) mmol kg! 1 min! 1).

Table 1. Baseline characteristics

Characteristic Mean s.e.m.

Sex (M/F) 9/6
Age (years) 55.3 1.8
Height (m) 1.73 0.03
Weight (kg) 86.9 3.7
Body mass index (kgm! 2) 28.9 0.8
Blood pressure (mmHg) 137/87 4/3
Fasting plasma glucose (mmol l! 1) 5.4 0.1
Fasting insulin (mU l! 1)a 8.3 4.3, 12.6
Aldosterone (pmol l! 1) 357 57

aMedian (interquartile range).
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Non-esterified free fatty acids were significantly higher during
the fasting state after treatment with eplerenone (eplerenone 1.2
(0.1) mmol l! 1 vs doxazosin 0.9 (0.1) mmol l! 1, Po0.01); however,
there was no difference in non-esterified free fatty acid
concentration during hyperinsulinaemia (eplerenone 0.9 (0.1)
mmol l! 1; doxazosin 0.7 (0.1) mmol l! 1).

DISCUSSION
There is increasing evidence to support the use of mineralo-
corticoid receptor antagonists in patients with hypertension,24

heart failure,13,25 post-myocardial infarction12 and diabetic
nephropathy.26 Of the two mineralocorticoid receptor
antagonists currently available, eplerenone is the more selective
agent, and is better tolerated than spironolactone, particularly
because of the absence of antiandrogenic side effects.

In this study, we have demonstrated for the first time that short-
term treatment with the selective mineralocorticoid receptor
antagonist eplerenone has a neutral effect on insulin action in
non-diabetic, hypertensive adults. GIR required to maintain
euglycaemia during the final 30 min of a 2-h insulin infusion were
almost identical after both 12-week treatment periods. Inclusion
of isotope dilution methodology in the hyperinsulinaemic
euglycaemic clamp allows assessment of hepatic insulin sensitivity
by calculating endogenous glucose production in both fasting
state and following hyperinsulinaemia. There was no effect of
treatment with eplerenone compared with doxazosin on either
fasting hepatic glucose production or its suppression during
hyperinsulinaemia.

It is recognised that hyperaldosteronism is associated with
impaired glucose tolerance though the mechanism is less well
established. In a cohort of patients with aldosterone producing
adenoma, surgical treatment with normalisation of aldosterone
improved insulin sensitivity as measured by a glucose clamp.
Treatment with spironolactone—while normalising blood
pressure but not reducing serum aldosterone concentration—did
not improve insulin sensitivity. Importantly, potassium was normal
during the glucose clamps in this study removing hypokalaemia as
a possible confounder.27 This study suggests that aldosterone may
have direct effects on insulin action, which may not be attenuated
by blocking the mineralocorticoid receptor.

Spironolactone use in patients without hyperaldosteronism
suggests that it may have negative effects on insulin action. One
month’s treatment with spironolactone resulted in a significant
increase in HbA1c in normotensive patients with type 2 diabetes
mellitus.28 Similarly, in hypertensive, obese, diabetic patients
HbA1c was shown to rise following treatment with spironolactone
50 mg.29

In a direct comparison of 4 months treatment with eplerenone
or spironolactone in mild chronic heart failure HbA1c levels

increased significantly after treatment with spironolactone though
HbA1c was unchanged following eplerenone. Cortisol also
increased significantly following spironolactone treatment, but
not after eplerenone. The negative effect of spironolactone
on HbA1c may be related to this increase in cortisol, as
spironolactone has a 100-fold higher affinity for the glucocorticoid
receptor than eplerenone.30 However, neither assessment of
glucocorticoids by measurement of random cortisol nor use of
HbA1c as a marker of insulin action is the most sensitive measure
of these indices.

Rodent work with eplerenone also supports its more neutral
effect on insulin sensitivity, demonstrating that mineralocorticoid
receptor blockade reversed obesity-related changes in gene
expression.14 The incidence of diabetes is higher in patients
with heart failure than in the general population. However, in mild
chronic heart failure, treatment with eplerenone was not
associated with increased rates of new-onset diabetes mellitus
in this high-risk patient population.31

Our study showing a neutral effect of eplerenone in non-
diabetic, hypertensive patients is therefore in keeping with other
studies,14,30,31 but our use of a glucose clamp technique, the gold
standard assessment of insulin action, makes the results all the
more compelling.

The findings of this study are timely given the renewed interest
in aldosterone and its deleterious effects. Primary aldosteronism,
an important cause of secondary hypertension,32 is associated
with increased cardiovascular events compared with essential
hypertension of similar degree,33 and is treated with a
mineralocorticoid receptor antagonist where surgery is not
appropriate and there is increasing recognition of the role of
mineralocorticoid receptor antagonists in the treatment of all
stages of heart failure;12,13,25 therefore, wider use of eplerenone
may be anticipated.

Table 2. Blood pressure and biochemical parameters after eplerenone
and doxazosin

Characteristic Eplerenone Doxazosin P

Systolic blood pressure
(mmHg)

142 (4) 146 (4) NS

Diastolic blood pressure
(mmHg)

90 (3) 90 (3) NS

Fasting glucose (mmol l! 1) 5.3 (0.1) 5.3 (0.1) NS
Fasting insulin (mU l! 1)a 9.1 (5.3, 13.2) 8.7 (4.4, 9.9) NS
Sodium (mmol l! 1) 140 (0.48) 142 (0.49) NS
Potassium (mmol l! 1) 4.2 (0.07) 4.2 (0.07) NS
Creatinine (mmol l! 1) 82 (3.82) 82 (3.32) NS
Aldosterone (pmol l! 1) 778 (130) 507 (65) NS

aMedian (interquartile range).
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Figure 1. Plasma glucose, serum insulin and glucose infusion rates
during the final 30min of the hyperinsulinaemic euglycaemic clamp
(mean±s.e.m.). Exogenous glucose infusion rates during the final
30min of the clamp are a measure of overall insulin sensitivity, and
they were similar after both eplerenone and doxazosin.
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CONCLUSION
Eplerenone 25 mg twice daily was shown to have a neutral effect
on insulin sensitivity in hypertensive patients. While these results
are reassuring, further work on eplerenone is required in diabetic
and obese patients where the adverse metabolic effects of
antihypertensive treatment may be greater.

What is known about this topic
$ Hypertension and hyperaldosteronism are associated with impaired

insulin action.
$ Antihypertensive medications can have important metabolic effects,

with evidence suggesting spironolactone worsens HbA1c in patients
with hypertension and type 2 diabetes mellitus.

What this study adds
$ In patients with essential hypertension, eplerenone has a neutral

effect on insulin action, as measured by a hyperinsulinaemic,
euglycaemic clamp technique, which is the gold standard for
assessing insulin action.

$ Using isotope dilution methodology to study whole body insulin-
stimulated glucose metabolism, we also show that eplerenone has a
neutral effect on endogenous glucose production and peripheral
glucose uptake in patients with essential hypertension.
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