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Abstract

Background: In this study, we have analyzed the response of human monocyte-derived macrophages to mineralocorticoid axis

modulators.

Methods: Human monocyte-derived macrophages were incubated with aldosterone alone, eplerenone alone, and the combination of

aldosterone and eplerenone. The analyzed variables were nitric oxide and reactive oxygen species production, and the gene and pro-

tein expression of inducible nitric oxide synthase, arginase I, and mannose receptor.

Results: We showed that aldosterone promotes a classic inflammatory response in macrophages, whereas its antagonist, eplerenone,

attenuates aldosterone-induced activity.

Conclusion: Eplerenone did not quantitatively weaken the response of macrophages to aldosterone but instead qualitatively

changed their behavior.

Key words:

human macrophages, eplerenone, aldosterone, mineralocorticoid receptor, alternative activation

Introduction

Eplerenone, along with spironolactone, belongs to

a class of mineralocorticoid receptor antagonists, also

known as aldosterone antagonists. It is indicated as

a treatment for disorders of the renin-angiotensin-

aldosterone axis, such as hepatic cirrhosis, heart fail-

ure, and hypertension [10].

Aldosterone is a mineralocorticoid hormone that is

synthesized by the cortex of the adrenal gland. It is the

ligand of a nuclear receptor known as the mineralocor-

ticoid receptor. Mineralocorticoid activity is classically

described in relation to its effects on the kidney epithe-

lium, namely salt and water retention. However, in re-

cent years, there has been increased interest in the ex-

trarenal actions of this hormone, especially in the

heart, blood vessels and adipose tissue [6].

Most research devoted to the aldosterone axis

focuses on the interactions between mineralocorticoid

activity and parenchymal cell behavior; frequently,

a dysregulation of sodium-potassium ATPase and

intracellular oxidative equilibrium is implied. Several

recent studies have shown that inflammation,

macrophage activity, and macrophage phenotype may

be downstream effects of aldosterone [4, 5, 22].

However, at present, it is still unknown whether

aldosterone induces significant physiological changes

in human macrophages. Alternative activation

produces macrophages with an anti-inflammatory
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phenotype that opposes the pro-inflammatory and

toxic phenotype. Alternative activation is induced by

interleukin-4 (IL-4), and it is distinguished by high

levels of arginase I and mannose receptor expression

and low levels of inducible nitric oxide synthase

(iNOS) expression, as well as low levels of nitric oxide

(NO) and reactive oxygen species (ROS). Dysregula-

tion of the macrophage phenotype is thought to be

involved in the pathogenesis of vascular, granuloma-

tous and parasitic diseases [7]. In this study, we

analyzed the influence of aldosterone and its antago-

nist eplerenone on human monocyte-derived macro-

phages. We investigated how aldosterone and eplere-

none affect the phenotypes of these cells and

compared the effects of these compounds to those of

IL-4. The phenotypes of these cells and their activity

were parameterized with commonly used indices of

alternative activation and toxic molecule production.

Materials and Methods

Cell cultures and drug treatments

Twelve healthy volunteers (6 men and 6 women) aged

18–30 years who were taking no drugs participated in

the study. Peripheral blood mononuclear cells were

separated from blood samples by histopaque density

gradient centrifugation using protocols previously de-

scribed by Flo et al. [3] and Okopieñ et al. [13].

Monocytes were isolated from the peripheral blood

mononuclear cells by negative immunomagnetic

separation using Pan-T and Pan-B Dynabeads (Dynal,

Oslo, Norway). The isolated cells were labeled with

monoclonal antibody (Dako, Glostrup, Denmark)

against the monocyte-specific positive antigen CD14.

The procedure yielded 92% CD14-positive cells in

the isolated fraction. The viability of immunomag-

netically isolated monocytes was > 98%, as assessed

by the 0.1% trypan blue exclusion test to measure cell

membrane integrity. Monocytes were suspended in

RPMI 1640 medium supplemented with 10% FCS,

2 mM glutamine, 100 U/ml penicillin, 100 µg/ml

streptomycin and 10 µg/ml Fungizone (Gibco, Grand

Island, NY). The cells were counted, and the number

of monocytes was adjusted to 1 × 106/ml. Equal num-

bers of cells (1 × 106 monocytes per well) were placed

in each well of a plastic 24-well plate (Becton-

Dickinson, NJ, USA) and left intact for 2 h to allow

them to adhere to the bottom. Then, the medium was

changed, and the cultures were incubated for 24 h.

Incubations were performed in triplicate at 37°C in

a humidified atmosphere containing 5% CO2 in air.

After a 24-h incubation, the supernatant was carefully

removed and replaced with medium supplemented

with aldosterone (10�7 M), eplerenone (10�7 M or 10�5 M)

and IL-4 (50 ng/ml) (Sigma-Aldrich, USA) for

another 24 h. In wells containing both eplerenone and

aldosterone, cells were pre-incubated with eplerenone

for 1 h before the aldosterone was added. Eplerenone

was dissolved in DMSO (Sigma-Aldrich, USA) at an

initial concentration of 10 µM. Further dilutions were

performed using the appropriate medium. A corre-

sponding amount of DMSO was added to negative

controls. The final DMSO concentration in the

medium did not exceed 0.05% and, as previously

confirmed, did not have any effect on the monocyte

cultures. The cells were incubated in the described

conditions for an additional 24 h. At the end of the

incubation, the supernatant was collected and stored

until used for nitrite measurements using colorimetric

assay kits according to the manufacturer’s recommen-

dation (Cayman Chemicals, Ann Arbor, USA). MTT

conversion, ROS measurement and RT-PCR were

conducted in the cultures adhered to the bottom of

24-well plates (see below). Cells destined for western

blot analysis were seeded onto 35 mm plastic dishes

at a density of 2 × 106 per dish. Cell viability was

determined using trypan blue and MTT (Sigma-

Aldrich, USA).

MTT conversion

The viability of monocytes treated with the studied

compounds was evaluated using the MTT conversion

method [11]. MTT (2.5 µg/ml) was added to the

medium 3 h before the scheduled end of the experi-

ment, and then the cultures were incubated at 37°C in

5% CO2/95% air. Then, the monocytes were lysed in

100 µL DMSO, which enabled the release of the blue

reaction product, formazan (RT, 10 min in the dark).

Absorbance at the wavelength of 570 nm was read

using a microplate reader (Dynex Technologies,

Chantilly, VA, USA,), in three measurements per

well, for 12 independent experiments (the number

corresponding to the number of the participants).
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ROS measurement

Monocytes incubated in 24-well tissue culture plates

(1 × 106 cells/well) were treated with the studied com-

pounds (37°C, 5% CO2/95% air). After 24 h, the cells

were resuspended in DMEM containing NBT (1 mg/ml,

Sigma-Aldrich). Next, the monocytes were lysed using

sonication, and NBT reduction was measured by absor-

bance at 550 nm in triplicate using a microplate reader.

RT-PCR

The relative gene expression of iNOS, mannose

receptor and arginase I was measured in a two-step,

reverse transcription-quantitative polymerase chain

reaction (RT-QPCR) and normalized against the

expression level of the glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) gene. Total RNA was ex-

tracted from cells using the TriPure Isolation Reagent

(Roche, Switzerland) according to standard protocol.

The concentrations and quality of the RNA extracts

were estimated by spectrophotometry. Total RNA

from each sample (1 µg) was reverse transcribed

using MMLV Reverse Transcriptase 1st-Strand cDNA

Synthesis Kit (Epicentre Technologies, Madison,

USA) in a reaction volume of 20 µl.

Quantitative PCR was conducted using Brilliant II

SYBR Green QRT-PCR 2X Master Mix (Agilent

Technologies Inc., Santa Clara, USA) and 4 µl of

cDNA mixture (equivalent to 40 ng of total RNA) in

25 µl of total reaction volume, analyzed in a LightCy-

cler 480 Real-Time PCR System using standard

2-step thermal profile for QPCR (95°C for 2 min.,

40 × [95°C 15 s, 60°C 30 s]). The primers used for

quantitative analysis (mannose receptor, arginase

I and iNOS) were designed using eprimer3 software

(EMBOSS platform, [15]). The GAPDH primer pair

was published previously [9] and was retrieved from

a primer database [14]. All primers were used at a fi-

nal concentration of 300 nM. After amplification,

melting curve was plotted for each sample to confirm

the specificity of the reaction, and randomly chosen

samples from the QPCR assay were analyzed by aga-

rose gel electrophoresis (Agagel Mini, Biometra,

Germany) to confirm the amplification specificity.

Isolation of cytosolic extracts

Cytosolic extracts were prepared using a standard

protocol previously described by Towbin et al. [21].

Monocyte cultures were washed from 35 mm dishes

with ice-cold PBS, and proteins were extracted with

100 µl of lysis buffer supplemented with protease in-

hibitors. The cell lysates were incubated on ice,

scraped off, and shaken for 20 min on ice, and the nu-

clear fraction was precipitated by centrifugation at

10,000 × g for 30 min at 4°C.

Protein electrophoresis

The total protein concentrations of each sample were

determined spectrophotometrically as described by

Bradford [1]. Bovine serum albumin (Fermentas,

Lithuania) was used as a concentration standard. Equal

amounts of total protein (50 µg) were denatured and

resolved on an SDS-polyacrylamide gel [18].

Western blot analysis

Separated proteins were transferred to PVDF mem-

branes (Pall Poland Ltd., Warszawa, Poland) by wet

electrotransfer [21]. Membranes were blocked by in-

cubation in blocking buffer (TBST containing 5%

non-fat dried milk) for 1 h. Primary antibodies against

the mannose receptor, iNOS (C-terminus) (both from

Santa Cruz Biotechnology, CA, USA) and arginase I

(BD Biosciences, CA, USA) were used at dilutions of

1 : 300, 1 : 500 and 1 : 1000, respectively. Antibodies

against b-actin were used at a concentration of

1 : 3000 (Abcam plc, UK). Membranes were incu-

bated with primary antibodies overnight at 4°C and

subsequently incubated for 60 min at RT with alkaline

phosphatase-conjugated secondary antibodies (diluted

1 : 2000 in blocking buffer) (Bio-Rad Laboratories

Inc., Hercules, CA, USA). Finally, membranes were

washed, and color precipitates were developed di-

rectly on the membrane using AP chromogenic sub-

strates (Bio-Rad Laboratories) [20]. The PageRuler

Unstained Protein Ladder (Fermentas, Lithuania)

served as molecular weight marker. The integrated op-

tical density (IOD) of the signals was measured semi-

quantitatively using ImageJ software (National Insti-

tutes of Health, USA) and expressed as the ratio of the

IOD of the tested proteins to the IOD of b-actin.

The study was approved by the Bioethics Commit-

tee of the Medical University of Silesia. The experi-

ments comply with the current laws of Poland
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Statistical analysis

The results are expressed as the mean ± standard de-

viation (SD). The normality of each distribution was

estimated by means of the Shapiro-Wilk test. Statisti-

cal analysis of the data was performed using one-way

ANOVA followed by the post-hoc Tukey honest sig-

nificant difference test (for normally distributed data)

or the Kruskal-Wallis test followed by Dunn’s test

(for non-normally distributed data). The Bonferroni

adjustment was applied for multiple comparisons.

Differences were considered significant at p < 0.05.

Statistical analysis was performed in the SPSS statis-

tical software package (SPSS 19.0 for Windows).

Results

The effects of aldosterone, eplerenone,

the combination of aldosterone and eplere-

none, and IL-4 on cell viability

The concentrations of mineralocorticoid modulators

were selected based on a study conducted in human en-

dothelial vein cells [12], and the concentration of IL-4

was selected based on a study performed on human

monocytes [8]. Prior to the evaluation of the MR block-

ade, we determined whether the compounds used in this

study affected the viability of the cells in our experimen-

tal settings. Neither the drugs nor their combination af-

fected the cell viability, as determined by MTT and try-

pan blue exclusion assays (data not shown).

The effects of aldosterone, eplerenone, the

combination of aldosterone and eplerenone,

and IL-4 on NO production (Fig. 1)

Treatment with 10�7 M aldosterone or the combina-

tion of 10�7 M aldosterone and 10�7 M eplerenone sig-

nificantly increased the production of NO. In contrast,

treatment with 10�7 M or 10�5 M eplerenone, the com-

bination of 10�7 M aldosterone and 10�5 M eplere-

none, and treatment with 50 ng/ml IL-4 had no effect

on the production of NO.

The effects of aldosterone, eplerenone,

the combination of aldosterone and eplere-

none, and IL-4 on ROS production (Fig. 1)

Treatment with 10�7 M aldosterone or the combination

of 10–7 M aldosterone and 10�7 M eplerenone signifi-

cantly increased ROS production. In contrast, treat-

ment with 10�7 M or 10�5 M eplerenone, the combina-

tion of 10�7 M aldosterone and eplerenone at 10�5 M,

and 50 ng/ml IL-4 had no effect on ROS production.

The effects of aldosterone or eplerenone on

the expression of the iNOS, arginase I and

mannose receptor genes (Figs. 2–5)

Treatment with 10�7 M aldosterone significantly in-

creased the expression of iNOS mRNA but did not af-

fect the expression of arginase I or mannose receptor

mRNAs in macrophages. Treatment with 10�7 M eplere-

none did not influence any of the analyzed variables.

However, 10�5 M eplerenone up-regulated the expres-

sion of both arginase I and mannose receptor mRNAs.

The effects of aldosterone or eplerenone on

the expression of iNOS, arginase I and man-

nose receptor’s proteins (Figs. 2–5)

The changes in the expression of iNOS, arginase I and

mannose receptor proteins paralleled the changes in

the expression of their mRNAs.

The combined effects of eplerenone and

aldosterone on the expression of the iNOS,

arginase I and mannose receptor genes

(Figs. 2–5)

The combination of 10�5 M eplerenone and 10�7 M al-

dosterone significantly increased the expression of the

iNOS, arginase I and mannose receptor genes. Inter-

estingly, eplerenone attenuated the effects of aldoster-

one, while aldosterone amplified the effects of eplere-

none on iNOS and arginase I mRNAs.

The combined effects of eplerenone and

aldosterone on the expression of the iNOS,

arginase I and mannose receptor proteins

(Figs. 2–5)

The changes in the expression of the iNOS, arginase I

and mannose receptor proteins paralleled the altera-

tions in their mRNA levels.
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The effects of IL-4 on the expression of

the iNOS, arginase I and mannose receptor

genes (Figs. 2–5)

Treatment with 50 ng/ml IL-4 significantly increased the

expression of the arginase I and mannose receptor genes

but did not affect the expression of iNOS mRNA.

The effects of IL-4 on the expression of iNOS,

arginase I and mannose receptor’s proteins

(Fig. 2–5)

The changes in the expression of the iNOS, arginase I

and mannose receptor proteins paralleled the changes

in their mRNA levels.

Discussion

In this study, we analyzed the response of human

monocyte-derived macrophages to modulators of the

mineralocorticoid axis. We showed that aldosterone is

a pro-inflammatory hormone and that its antagonist,

eplerenone, attenuates aldosterone-induced activity.

However, eplerenone did not quantitatively weaken

the response of macrophages to aldosterone; instead,

it qualitatively changed their behavior. Mineralocorti-

coid receptors are expressed in macrophages [5, 16,

22], and experiments in a mouse model that its ago-

nist, aldosterone, induces macrophages to produce

TNF a [22]. In our study, aldosterone induced the re-
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Fig. 1. The effects of aldosterone,
eplerenone and interleukin-4 (IL-4) on
nitrite and ROS release in cultures of
human monocytes. Monocytes were
treated with aldosterone (10�7 M),
eplerenone (10�7M or 10�5M) and IL-4
(50 ng/ml). To inhibit aldosterone re-
ceptors, the cultures of macrophages
were pre-incubated with eplerenone
(10�7 M, 10�5 M) for 1 h before aldo-
sterone (10�7 M) was added, and the
cultures were then incubated for 24 h.
Nitrite concentrations were evaluated
by ELISA. ROS was measured by ab-
sorbance at 550 nm using a micro-
plate reader. The results in the control
group were set to 1. The results shown
are the mean ± SD of three independ-
ent experiments



lease of toxic molecules, such as nitric oxide and re-

active oxygen species, from macrophages (Fig. 1).

Our results are in line with those obtained in healthy

rat mesenteric arteries and perivascular fat macro-

phages [17]. Therefore, aldosterone may exert its

deleterious effects by interacting with tissue macro-

phages, in contrast to the dominant view that aldoster-

one dysregulates the function of proprietary organ

cells. The capacity of macrophages to produce reac-

tive oxygen species and the role of these mediators in

the process of fibrosis support this hypothesis.

In our model, the pro-inflammatory action of al-

dosterone occurred at the level of gene expression, as

indicated by the parallel changes in iNOS mRNA and

protein level (Figs. 4 and 5). Moreover, the antago-

nism of mineralocorticoid activity with eplerenone at-

tenuated the above described effects of aldosterone.

Therefore, it seems that an aldosterone and mineralo-

corticoid receptor interaction was the basis for the ob-

served phenomenon.

However, we cannot exclude the possibility that the

putative membrane receptor for aldosterone influenced

our results [2]. We did not use any general inhibitor of

gene transcription or translation, which may have re-

vealed extragenomic effects of aldosterone, and we did

not apply any ligand, such as hydrocortisone, that may

have distinguished between the effects of aldosterone

on membrane and nuclear receptors. Furthermore, we
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Fig. 3. The effects of aldosterone, eplerenone and interleukin-4 (IL-4)
on mannose receptor transcription (RT-PCR) and protein expression
(western blot) in cultures of human monocytes. Monocytes were
treated with aldosterone (10�7 M), eplerenone (10�5 M) and IL-4
(50 ng/ml). To inhibit aldosterone receptors, the cultures of macro-
phages were pre-incubated with eplerenone (10�5 M) for 1 h before
aldosterone (10�7 M) was added, and the cultures were then incu-
bated for 24 h. Transcription was evaluated by RT-PCR, and protein
expression was evaluated by western blot analysis using antibodies
specific for mannose receptor and b-actin. The results shown are the
mean ± SD of three independent experiments

Fig. 2. The effects of aldosterone, eplerenone and interleukin-4 (IL-4)
on arginase I transcription (RT-PCR) and protein expression (western
blot) in cultures of human monocytes. Monocytes were treated with
aldosterone (10�7 M), eplerenone (10�5 M) or IL-4 (50 ng/ml). To in-
hibit aldosterone receptors, the macrophage cultures were pre-incu-
bated with eplerenone (10�5 M) for 1 h before aldosterone (10�7 M)
was added, and the cultures were then incubated for 24 h. Transcrip-
tion was evaluated by RT-PCR and protein expression was evaluated
by western blot analysis using antibodies specific for arginase I and
b-actin. The results shown are the mean ± SD of three independent
experiments



did not measure our variables on short time scales

(i.e., seconds or minutes) after the cells were exposed

to aldosterone, which might have revealed some

rapid, extragenomic effects for the hormone.

Although eplerenone alone did not change the

release of toxic molecules in macrophages, it affected

the gene and protein expression in these cells. Notably,

it affected the expression of arginase I and the mannose

receptor at the mRNA and protein levels (Figs. 2, 3 and

5). Both of these molecules are markers of alternative

macrophage activation. This pattern of macrophage

activity counteracts inflammation and is detected in

healing tissues. In our study, IL-4, which is commonly

used to induce alternative activation in macrophages

[6, 19], caused the same alterations in gene and

protein expression as eplerenone. Fraccarollo et al. [4]

have shown that selective MR blockade applied im-

mediately after myocardial infarction augmented

macrophage infiltration and transiently increased the

expression of healing-promoting cytokines in the

injured myocardium, resulting in enhanced infarct

neovascularization and reduced early cardiac remod-

eling and dysfunction. Moreover, the abrogation of

macrophages with clodronate, a drug that induces

macrophage apoptosis, attenuated the beneficial

effects of these cells. It was reported that mineralocor-

ticoid deficiency acts synergistically with IL-4 to

enhance alternative activation and protected against

cardiac hypertrophy, fibrosis, and vascular damage

caused by angiotensin II and L-NAME, a substrate for

iNOS, in a mouse model [4]. Our results are in line

with those obtained from animal models of vascular

and heart disease, suggesting that macrophages and

their alternative activation may play prominent role in

the effects of mineralocorticoid receptor antagonists

on human cardiovascular disorders.

Because aldosterone partly counteracts the effects

of eplerenone in our study, it seems that the influence

of eplerenone on mineralocorticoid activity likely ex-

plain the effects of this drug. In contrast to a mouse

model, our results may suggest that eplerenone is an
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Fig. 5. The representative immunoblots of b-actin, mannose receptor,
arginase I and iNOS expression patterns. The cultures of human
monocytes were treated with medium containing (a) DMSO alone
(control), (b) aldosterone (10�7 M), (c) eplerenone (10�5 M), (d) eple-
renone (10�5 M, 1-h preincubation) with aldosterone (10�7 M), or
(e) interleukin-4 (50 ng/ml). b-Actin was measured as a protein load-
ing control. The integrated optical density (IOD) of the signals was
measured semi-quantitatively using Image Pro Plus software and ex-
pressed as the ratio of the IOD of the tested proteins to the IOD of
b-actin. Each experiment was repeated three times, and the relative
density values were subjected to statistical analysis

Fig. 4. The effects of aldosterone, eplerenone and interleukin-4 (IL-4)
on iNOS transcription (RT-PCR) and protein expression (western blot)
in cultures of human monocytes. Monocytes were treated with
aldosterone (10�7 M), eplerenone (10�5 M) and IL-4 (50 ng/ml). To
inhibit aldosterone receptors, the cultures of macrophages were
pre-incubated with eplerenone (10�5 M) for 1 h before aldosterone
(10�7 M) was added, and the cultures were then incubated for 24 h.
Transcription was evaluated by RT-PCR, and expression was evalu-
ated by western blot analysis using antibodies specific for iNOS and
b-actin. The results shown are the mean ± SD of three independent
experiments



inverse agonist of the mineralocorticoid receptor and

that this receptor is constitutionally active in human

macrophages. Therefore, the basal activity of the min-

eralocorticoid receptor may either suppress alterna-

tive activation or promote classic activation in human

macrophages.

In summary, the inhibition of mineralocorticoid

activity via the aldosterone antagonist eplerenone

promotes alternative macrophage activation. The

resulting phenotype may prevent macrophages from

producing toxic molecules in the presence of

aldosterone. However, whether eplerenone shows

similar activity in aldosterone-primed macrophages

and the degree of stability of the phenotype in the

presence of other pro-inflammatory molecules

remains to be investigated. Furthermore, the cells

used in this study were obtained from young, healthy

volunteers, and the treatment with aldosterone was

short; macrophages harvested from patients affected

with chronic disorders of the aldosterone axis may

respond differently. The application of eplerenone

may modify the course of other diseases in which

alternative activation of macrophages has been

implicated, such as granulomatous, parasitic, and

neoplastic diseases. Nonetheless, our results highlight

that human macrophages are an important focus of

aldosterone research and that the effects of

aldosterone antagonists should be considered in the

context of the phenotype of these cells.
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