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The Journal of Immunology

Aldosterone Promotes Autoimmune Damage by Enhancing
Th17-Mediated Immunity

Andrés A. Herrada,* Francisco J. Contreras,* Natacha P. Marini,* Cristian A. Amador,†

Pablo A. González,* Claudia M. Cortés,‡ Claudia A. Riedel,‡ Cristián A. Carvajal,*,x

Fernando Figueroa,{ Luis F. Michea,† Carlos E. Fardella,*,x and Alexis M. Kalergis*,‖

Excessive production of aldosterone leads to the development of hypertension and cardiovascular disease by generating an inflam-

matory state that can be promoted by T cell immunity. Because nature and intensity of T cell responses is controlled by dendritic cells

(DCs), it is important to evaluate whether the function of these cells can be modulated by aldosterone. In this study we show that

aldosterone augmented the activation of CD8+ T cells in a DC-dependent fashion. Consistently, the mineralocorticoid receptor

was expressed by DCs, which showed activation of MAPK pathway and secreted IL-6 and TGF-b in response to aldosterone. In

addition, DCs stimulated with aldosterone impose a Th17 phenotype to CD4+ T cells, which have recently been associated with the

promotion of inflammatory and autoimmune diseases. Accordingly, we observed that aldosterone enhances the progression of

experimental autoimmune encephalomyelitis, an autoimmune disease promoted by Th17 cells. In addition, blockade of the miner-

alocorticoid receptor prevented all aldosterone effects on DCs and attenuated experimental autoimmune encephalomyelitis de-

velopment in aldosterone-treated mice. Our data suggest that modulation of DC function by aldosterone enhances CD8+ T cell

activation and promotes Th17-polarized immune responses, which might contribute to the inflammatory damage leading to hyper-

tension and cardiovascular disease. The Journal of Immunology, 2010, 184: 191–202.

A
ldosterone is widely known as a mineralocorticoid hor-
mone involved in the regulation of blood electrolyte
concentration and physiological volume homeostasis (1).

These processes require the interaction of aldosterone and the
mineralocorticoid receptor (MR), an intracellular receptor ex-
pressed by cells of target organs, such as kidneys. However, this
traditional view of aldosterone activity has been challenged during
the past few years, with numerous reports showing MR expression
in tissues other than kidneys, such as blood vessels and the brain (2,
3). Moreover, both experimental and clinical data indicate that al-
dosterone can promote inflammatory damage to the heart, kidneys,
and vasculature (4, 5). In vitro and in vivo studies have shown that
MR activation by aldosterone induces oxidative stress, vascular

inflammation, and an increase in the expression of inflammatory
biomarkers, such as fibrinogen and plasminogen activator inhibitor-
1 (6, 7). It is possible that these proinflammatory actions induced by
aldosterone can contribute to progressive renal dysfunction and
congestive heart failure (8, 9). Consistent with this notion, in-
filtration of mononuclear leukocytes in the perivascular space oc-
curs during early stages of ventricular dysfunction and heart failure
(10). In primary aldosteronism (PAL), a highly prevalent form of
secondary hypertension (11–13), the pathologic effects triggered by
the excessive secretion of aldosterone are partially due to the pro-
motion of myocardial and vascular fibrosis (14, 15), the induction
of oxidative stress (16), perivascular inflammation, and the in-
filtration of APCs (17). Furthermore, it has been recently shown
that T cells are required for the induction of hypertension by an-
giotensin II, a hormone that regulates blood pressure by promoting
aldosterone production and directly affecting blood vessel con-
striction (1, 18). Although the participation of adaptive immunity in
the genesis of hypertension and the activation of peripheral immune
cells during PAL has been documented (19), the ability of aldo-
sterone to modulate APC-T cell interactions and the initiation of
adaptive immunity remains unclear.
Among all APCs, dendritic cells (DCs) have the unique capacity

to efficiently prime and modulate naive CD4+ and CD8+ T cells
during an adaptive immune response (20). DCs with an immature
phenotype can present self-Ags onMHCmolecules and induce Ag-
specific T cell anergy or tolerance (21). In contrast, maturation
induced by recognition of pathogen-associated molecular patterns
(i.e., bacterial LPS or CpG DNA) empowers DCs to promote the
differentiation of naive CD8+ and CD4+ T cells, into cytotoxic
T cells and polarized Th cells, respectively (22–24). It is thought
that alterations in the function of DCs can contribute to the loss of
tolerance to self constituents that can lead to autoimmune disorders
(25). Because of the key role of DCs in modulating immunity and
tolerance, their function must be strictly regulated to prevent au-
toimmune or inflammatory damage (26).
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The development of autoimmune and inflammatory disorders has
been shown to be influenced by a recently described subset of CD4+

T cells that are characterized by the secretion of IL-17 (Th17 cells)
(27). Several autoimmune disorders that were initially thought to be
driven by Th1 T cell responses, such as rheumatoid arthritis and
multiple sclerosis, are now considered to be triggered by Th17
immune responses (28, 29). Considering that Th17 cells can con-
tribute to autoimmunity, their development, proliferation, and
survival require appropriate regulation (30). It has been shown that
CD4+ T cells can be induced to polarize toward a Th17 phenotype
by Ag-loaded DCs (31, 32). Th17 polarization in mice depends on
the presence of two cytokines, TGF-b and IL-6 (33, 34), both of
which can be produced by DCs.
In this study, we have evaluated the capacity of aldosterone to

modulate the activation of Ag-specific CD8+ and CD4+ T cells by
DCs. Our data show that DCs express the MR and that receptor
stimulation by aldosterone leads to p38 and JNK phosphorylation,
along with IL-6 and TGF-b secretion and diminished programmed
death-ligand 1 (PD-L1) expression. In addition, aldosterone in-
creases the capacity of DCs to prime CD8+ T cells and induce Th17
polarization of CD4+ T cells. The effect of aldosterone on T cell
activation andpolarization is strictlymediated throughDCs, because
no modulation of T cell activation is observed in APC-independent
T cell activation assays. Consistent with these data, aldosterone can
exacerbate clinical symptoms associated with experimental auto-
immune encephalomyelitis (EAE) and promote the production of
IL-17bymyelin-specificT cells.All activating effects of aldosterone
on DC function and T cell activation and polarization could be
blocked by eplerenone, an MR inhibitor and selective aldosterone
blocker. Similarly, spironolactone, a competitive and nonselective
aldosterone inhibitor widely used in PAL patients, also prevented
aldosterone-mediated effects on DCs, suggesting an MR-dependent
effect. Consistently, spironolactone is able to significantly diminish
the severity of EAE in mice receiving the mineralocorticoid hor-
mone. Our results suggest that aldosterone enhances CD8+ T cell
activation and promotes Th17 polarization of CD4+ T cells by di-
rectly modulating DC function. Consequently, aldosterone treat-
ment enhances the severity of aTh17-mediated autoimmunedisease,
suggesting that vascular inflammation caused by aldosterone could
be in part mediated by an exacerbated Th17 immune response.

Materials and Methods
Animals

Six- to 8-wk-old female C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). OVA-specific OT-I and OT-II transgenic mice
strains expressing specificTCRs forH-2Kb/OVA257–264 and I-A

b/OVA323–339

respectively, were obtained from Dr. R. Steinman (The Rockefeller Uni-
versity, New York, NY). All mice were maintained and manipulated ac-
cording to institutional guidelines at the specific pathogen free facility of the
Pontificia Universidad Católica de Chile.

Reagents and peptides

Stock solutions of aldosterone (10 mM), spironolactone (5 mM; Sigma-
Aldrich, St. Louis, MO) and eplerenone (5 mM; provided by Pharmacia,
Peapack, NJ) were prepared in ethanol. Working solutions were freshly
prepared in RPMI 1640 culture medium without FBS immediately before
each experiment. Spironolactone or eplerenone were added to cultures at
a final concentration of 5 mM, 10 min before aldosterone treatment. Al-
dosteronewas added to cultures at a final concentration of 100 nM. Controls
with vehicle (ethanol) were included when applicable. Myelin oligoden-
drocyte glycoprotein (MOG)-derived peptide MOG35–55 was synthesized as
described previously (21).

T cell activation assays

Bone marrow-derived DCs from C57/BL6 were prepared as previously
described (22, 24, 35). DCs were grown in RPMI 1640 medium supple-
mented with 5% heat-inactivated FBS, supplemented with 20 ng/ml re-

combinant mouse GM-CSF (PeproTech, Rocky Hill, NJ) (35). On day five,
DCs were treated with vehicle, aldosterone, aldosterone plus eplerenone,
aldosterone plus spironolactone, or only inhibitors; 10 min later, cells were
pulsed with 12.5, 25, or 50 mg/ml OVA. Twenty-four hours later, DCs were
washed three times, and viability was evaluated by trypan blue exclusion.
Next, cells were cocultured with either 13 105 OT-I T cells in the presence
of vehicle, aldosterone alone, or aldosterone plus spironolactone, or 13 105

OT-II T cells in medium alone. After 20 h, T cells were double-stained with
PE-conjugated anti-CD69 mAb (clone H1.2F3; BD Pharmingen, San
Diego, CA) plus FITC-conjugated anti-CD4 mAb (clone H129.19; BD
Pharmingen) or FITC-conjugated anti-CD8 mAb (clone 53-6.7; BD Phar-
mingen), and CD69 expression was determined by using a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA). Data were analyzed by
using WinMDI software (downloaded from http://facs.scripps.edu). IL-2
and IFN-g secretion was determined by ELISA as previously described (36).
For IL-17 determination, DCs were cocultured with 1 3 105 OT-II T cells
for 48 h, and culture supernatants were quantified by ELISA (Capture mAb:
clone TC11-18H10; detection mAb: clone TC11-8H4; BD Pharmingen).
For intracellular detection of IL-17, purified CD4+ T cells were cocultured
with DCs previously treated with vehicle, aldosterone alone, or aldosterone
plus spironolactone by 72 h. During the last 6 h, cells were restimulated with
PMA (10 ng/ml; Sigma-Aldrich), ionomycin (1 mg/ml; Calbiochem, San
Diego, CA) and brefeldin A (5 mg/ml; Sigma-Aldrich). Cells were washed
and stained with FITC-conjugated anti–IL-17 (clone eBio17B7, eBiosience,
San Diego, CA) in permeabilization buffer (PBS/BSA 3%/Saponin 0.5%).
In some experiments, purified CD8+ T cells were treated during 20 h with
vehicle, aldosterone, aldosterone plus eplerenone, aldosterone plus spi-
ronolactone, or only the MR inhibitors; washed three times with PBS; and
cocultured with DCs pulsed with 12.5, 25, or 50 mg/ml OVA, during 20 h. T
cell activation was analyzed by IL-2 secretion as described above. Alter-
natively, in other assays, DCs pulsed with 12.5, 25, or 50 mg/ml OVA and
treated during 24 h with vehicle, aldosterone, aldosterone plus eplerenone,
aldosterone plus spironolactone, or only the MR inhibitors, were washed
and cocultured with purified CD8+ T cells during 20 h. T cell activation was
analyzed by IL-2 secretion and CD69 expression, as described above. For
anti-CD3e T cell activation, 96-well cell culture plates were coated over-
night at 4˚C with increasing concentrations of anti-mouse CD3emAb (clone
145-2C11; BD Pharmingen). After washing and blocking with PBS-BSA
3%, 1 3 105 OT-I T cells per well were plated and treated with vehicle,
aldosterone alone or aldosterone plus spironolactone, or eplerenone for 20 h.
After this time, surface CD69 expression and IL-2 secretion were de-
termined as described previously. For Ab blocking experiments, anti–IL-6
(Capture mAb: clone MP5-20F3) and anti-TGF-b (Capture mAb: clone
A75-2) were added during the coculture at a concentration of 3 mg/ml.

Laser confocal microscopy

BonemarrowDCs at day fivewere untreated or treated with aldosterone plus
eplerenone, aldosterone plus spironolactone, or only the inhibitors for 24 h.
Afterward, DCs were labeled with 0.5 mM CMTMR-Orange (Molecular
Probes, Eugene OR; Invitrogen) in RPMI 1640 medium (Invitrogen-Life
Technologies, Carlsbad, CA), 5% FBS (Biological Industries, Beit Haemek,
Israel) at 37˚C for 15 min, washed twice, and pulsed with OVA. In parallel,
T cells were labeled with 1 mM BODIPY FL C5-Ceramide for 30 min at
37˚C (Molecular Probes, Invitrogen). DCs and T cells were seeded into
microchambers (Lab-Tek Chamber coverglass; Nalge Nunc International,
Rochester, NY) previously coated with poly-D-lysine (Sigma-Aldrich). After
a 2-h coculture, cell-derived fluorescence was registered on a FluoView
FV1000 Confocal Microscope (603 oil objective, NA 1.35; Olympus,
Melville, NY). To evaluate immunologic synapse assembly between T cells
and DCs, at least 50 randomly selected fields per treatment were scored
visually, counting the number of T cells with Golgi apparatus polarized
toward DCs within total DC-T cell conjugates. A minimum of 500 con-
jugates were analyzed per treatment in three independent experiments.

Western blot, RT-PCR and flow cytometry analyses for MR
expression

Protein extracts fromkidney,B16, bonemarrow-derivedDCs, or purifiedCD4+

or CD8+ T cells were obtained using Totex lysis buffer (20 mM HEPES, 350
mMNaCl, 20% glycerol, 1%Nonidet P-40, 1 mMMgCl2, 0.5 mMEDTA, 0.1
mMEGTA, 1mMDTT, 0.1%PMSF, 0.1%aprotinin). Proteinswere denatured
at 95˚C for 10 min, and 25 mg of protein were loaded on a 12% SDS poly-
acrylamide gel and electro-blotted onto a nitrocellulose membrane. Mem-
braneswere blocked overnight at 4˚Cwith PBS containing 0.2%Tween 20 and
10% fat-freemilk, washed twicewith PBS-0.2%Tween 20, and incubatedwith
MCR(N-17; SantaCruzBiotechnology, SantaCruz,CA) at 1:200 in 5%nonfat
milk PBS. Later, HRP-conjugated anti-mouse Ab was added at a 1:2000
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dilution (GIBCOBRL Life Technologies, Grand Island, NY), washed and
developed using Supersignal West Pico stable peroxide solution (Pierce
WestPico Super Signal; Pierce Biotechnology, Rockford, IL). For intracellular
staining, DCs, kidney, B16, and purified CD4+ or CD8+ T cells, were washed
twice with PBS and fixed for 10 min at 4˚C in 4% paraformaldehyde in PBS
(Fluka, Deisenhofen, Germany). After washing, cells were permeabilized
(PBS/BSA 3%/Saponin 0.5%) for 10 min and then stained for MR with an
unlabeled primary mouse polyclonal anti–MR-derived peptide METKGYH-
SLPEGLDMERR [kindly provided by Dr. Gomez-Sanchez (37)] and a sec-
ondary polyclonal FITC-conjugated goat anti-mouse Ab (BD Pharmingen;
catalog number 555988), both for 1 h at 4˚C in permeabilization buffer. Real-
timePCR reactionswere performedusing a StrategeneMx300P thermal cycler
(Stratagene, La Jolla, CA). Briefly, cDNAs amplified out of total RNA from
kidney cells, B16 cells, bonemarrow-derivedDCs, and purifiedCD4+ or CD8+

T cells were tested for amplification of MR, using the following primers (59to
39): forward TAGTCGGTCTGGGATTTTGC and reverse AGTGTGGAG-
GACCTGTGACC. PCR amplification of the 18S ribosomal RNAwas used as
an internal control. Reaction volume was 20 ml, containing 0.5 mmol/l of pri-
mers, 2.0 U Taq polymerase (MBI Fermentas, Vilnius, Lithuania), PCR buffer,
0.2 mmol/l 2’-deoxynucleoside 5’-triphosphate, 3.5 mmol/lMgCl2, 1/200,000
dilution of SYBRGreen (Molecular Probes-Invitrogen, Carlsbad, CA), 2ml of
template cDNA. To confirm amplification specificity, PCR products were
subjected to a melting curve program. Abundance of MR mRNA was de-
termined from standard curves (correlation coefficient$ 0.98). The results are
expressed as the ratio of theMR amount relative to the amount of 18S for each
sample, measured in triplicates.

Expression of costimulatory molecules and cytokine secretion
by DCs

DCswere treatedwithvehicle, aldosterone, or aldosteroneplus spironolactone
for 24 h, and then double-stained with allophycocyanin-conjugated anti-
CD11c mAb (clone HL3; BD Pharmingen) plus FITC-conjugated anti-CD80
mAb (clone 16-10A1;BDPharmingen) or FITC-conjugated anti-CD86mAb
(clone GL1; BD Pharmingen), fixed with 1% paraformaldehyde in PBS, and
analyzed by FACS. PD-L expression on DCs was determined using
PE-conjugated anti–PD-L1 (clone MIH5; BD Pharmingen) mAb and anti–
PD-L2 (clone TY25; BD Pharmingen) mAb. DC supernatants were ana-
lyzed for the secretion of IL-6 (capture mAb: clone MP5-20F3; detection
mAb: clone MP5-32C11; BD Pharmingen); IL-10 (capture mAb: clone
JES5-2A5; detection mAb: clone SXC-1; BD Pharmingen) IL-12 (capture
mAb: clone 9A5; detection mAb: clone C17.8; BD Pharmingen) and TGF-b
(capture mAb: clone A75-2; detection mAb: clone A75-3 ; BD Pharmingen)
by cytokine ELISA, as previously described (38).

Detection of phosphorylated MAPKs

DCs were treated with vehicle, aldosterone, or aldosterone plus spi-
ronolactone for 10min. As a positive control, cells were treatedwith 1mg/ml
LPS (Sigma-Aldrich). Cells were fixed in 2% formaldehyde at 37˚C for
10min and permeabilized in 90%methanol at220˚C for 3 h. DCswere then
washed three times and resuspended in blocking buffer (2% inactivated
FBS, 0.05% NaN3 in PBS). Each sample was separated in three equal ali-
quots and stained with AlexaFluor488-conjugated anti-diphosphorylated
ERK 1/2 mAb (clone 20a; BD Pharmingen), AlexaFluor488-conjugated
anti-diphosphorylated p38 mAb (clone 36/p38; BD Pharmingen) or un-
conjugated anti-diphosphorylated JNK1 mAb (Santa Cruz Biotechnology,
catalog number sc12882). In addition, all samples were stained with PE-
conjugated anti-CD11c mAb by incubating at 4˚C for 1 h. Cells were
washed twice with blocking buffer and resuspended in blocking buffer.
Samples stained with unconjugated anti-diphosphorylated JNK1 were in-
cubated with FITC-conjugated donkey anti-goat IgG (Santa Cruz Bio-
technology, catalog number sc2024) at 4˚C for 1h. Some samples were
stained with FITC-conjugated donkey anti-goat IgG, but without un-
conjugated anti-diphosphorylated JNK1 as a negative control. Cells were
washed twice and resuspended in blocking buffer. Fluorescence for di-
phospho ERK1/2-, diphospho p38- and diphospho JNK1-labeling were
analyzed in the CD11c+ gated population by FACS.

EAE induction

Six- to 8-wk-old female C57BL/6 mice were injected s.c. in the flank with
50 mg MOG35–55 peptide emulsified in CFA (Invitrogen, Carlsbad, CA)
supplemented with heat-inactivated Mycobacterium tuberculosis H37 Ra
(Difco Laboratories, Detroit, MI). In addition, mice received i.p. injections
of 500 ng of Pertussis toxin (Calbiochem, La Jolla, CA) at the time of
sensitization and 48 h later. Clinical signs of disease were usually seen
between days 15 and 18 after sensitization and assessed daily according to
the following scoring criteria: 0, no detectable signs of EAE; 1, flaccid tail;

2, hind limb weakness or abnormal gait; 3, complete hind limb paralysis;
4, paralysis of fore and hind limbs; and 5, moribund or dead. To prevent
unnecessary animal suffering, mice severely affected by the disease were
euthanized with the supervision of a veterinarian.

Deoxycorticosterone acetate and spironolactone treatments

The effect of aldosterone on the anti-myelin response causing EAE was
evaluated using the MR agonist deoxycorticosterone acetate (DOCA),
which is characterized by longer plasma half-lives, as compared with al-
dosterone (39). EAE-induced mice were injected s.c. twice per week with
either DOCA (0.75 mg/kg body weight) in olive oil (total volume, 100 ml)
or vehicle alone. All treatments started 2 d after MOG sensitization and
continued throughout the entire experiment. All groups were paired and
fed with a standard rodent diet (3 g/d; Rodent Purified Diet; Dyets,
Bethlehem, Pennsylvania). Animals treated with spironolactone received
identical food pellet supplemented with 1.8 mg spironolactone per mouse
daily. Treated and control mice were clinically evaluated on a daily basis.
DOCA doses used were well tolerated by mice, and no significant increase
in blood pressure was observed as determined by the tail cuff method in
conscious animals (data not shown).

Detection of Anti-MOG Ab response

Serum samples frommicewere obtained at days 14 and 21 after sensitization
with MOG35–55 peptide and analyzed for the presence of MOG-specific IgG
by ELISA, as previously described (40). ELISA plates (BD Biosciences)
were coated at 4˚C overnight with 50 ml of 10 mg/ml MOG35–55 peptide in
PBS (pH 7.2) and blocked with PBS-BSA 1% for 2 h at room temperature.
Serum samples were diluted in PBS-BSA 1% starting at dilution 1:100 and
incubated for 3 h at room temperature. IgG was detected using a rabbit anti-
mouse IgG Ab conjugated to horseradish peroxidase (GE Healthcare, Little
Chalfont, Buckinghamshire, U.K.). After washing, 3,39,5,59 tetrame-
thylbenzidine substrate (Sigma-Aldrich) was added, and absorbance was
measured on a microplate reader at an optical density of 450 nm.

Isolation of CNS-infiltrating mononuclear cells

Transcardialperfusionwasperformedonanestheticzedmicewith20mlsterile
PBS to clear all vascular blood cells in the CNS. Immediately after perfusion,
brainsandspinalcordswereremovedbydissectioninalaminarflowunitplaced
on ice-coldPBSsupplementedwith2mMEDTA.Tissueswere forced through
100-mesh stainless steel screens to obtain single-cell suspensions. Cells were
thenpelletedbycentrifugationat 1500 rpmfor10min at 4˚Cand subsequently
separated by centrifugation (500 3 g) at 24˚C on a 0–70% discontinuous
Percoll gradient (Pharmacia, Piscataway, NJ). Live cells were collected,
washed twice by centrifugation, and used for T cell activation assays.

MOG-specific T cell activation assays

Cell suspensions were obtained from draining lymph nodes and the CNS on
day 21 after EAE induction from control and treated mice and cultured (53
105 cells/well) in RPMI 1640 containing 5% FCS with increasing concen-
trations of MOG35–55 peptide. Cells from lymph nodes and CNS-infiltrating
mononuclear cells were incubated at 37˚C in 96-well round bottom plates
for 48 h or 16 h, respectively. IL-2, IFN-g, and IL-17 release or IL-17 in-
tracellular staining, respectively in response to MOG35–55 peptide, were
determined as previously described (21). For IL-17 intracellular staining,
cells were restimulated with PMA (10 ng/ml; Sigma-Aldrich), ionomycin
(1 mg/ml; Calbiochem) and brefeldin A (5 mg/ml; Sigma-Aldrich) and
stained with anti–IL-17, as described above. The following Ab pairs were
used for detection of IL-2 (capture mAb: clone JES6-1A12; detection mAb:
clone JES6-5H4, BD Pharmingen), IFN-g (capture mAb: clone R4-6A2;
detection mAb: clone XMG1.2; BD Pharmingen) and IL-17 (capture mAb:
clone TC11-18H10; detection mAb: clone TC11-8H4; BD Pharmingen).

Real-time semiquantitative PCR analysis of IL-17 transcripts

For measurement of IL-17 transcripts, CNS tissues were homogenized in
Trizol reagent (Invitrogen). Total RNA samples were treated with DNAse I,
according to manufacturer instructions (DNA-free TM; Ambion, Austin,
TX).RNA(0.5mg)was reverse transcribedwith randomhexamers (ImProm-
IITM Reverse Transcription System; Promega, Madison, WI) and amplified
using primers: 59-TCC AGA AGG CCC TCA GAC TA-39(sense) and 59-
CTC GAC CCT GAA AGT GAA GG-39 (antisense). PCR amplification of
the 18S ribosomal RNA served as internal control.

Statistical analyses

Values are reported as means 6 SEM. Differences between mean values
were assessed by one-way ANOVA. To assess differences in EAE clinical
scores, Mann-Whitney rank sums two-tailed test was used.
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Results
Aldosterone enhances the capacity of DCs to prime CD8+

T cells

Todeterminewhether the ability ofDCs to primenaiveT cells can be
modulated by aldosterone, OVA-pulsed DCs were treated with al-
dosterone and cocultured with OVA-specific T cells in the presence
of aldosterone. We observed that aldosterone-enhanced priming of
CD8+ T cells by DCs, as shown by upregulation of the early acti-
vation marker CD69 and secretion of IL-2 by T cells, compared
with DCs pulsed with OVA alone (Fig. 1A, 1B). Furthermore, al-
dosterone increased IFN-g secretion by OVA-specific CD8+ T cells
(Fig. 1C). The enhancing effect of aldosterone on DC-mediated
priming of CD8+ T cells was dose dependent, because activation
parameters showed a positive correlation with increasing concen-
trations of aldosterone (Fig. 2). To control the effect of endogenous
steroids contained in FBS, we performed a control experiment using
media without FBS, and we did not find any effect of endogenous
steroids in the parameters determinate (data not shown).The notion
that theMR receptor is required for the enhancement of CD8+ T cell
priming by aldosterone-treated DCs was supported by the obser-

vation that this phenomenon was blocked by two MR-specific in-
hibitors: spironolactone, a competitive inhibitor, and eplerenone, an

MR antagonist (Fig. 1). In addition, we observed that direct treat-

ment with spironolactone alone significantly inhibited activation of

CD8+ T cells, as measured by IL-2 secretion. These results suggest

thatMR signaling couldmediate aldosterone-induced enhancement

on the capacity of DCs to prime CD8+ T cells.
Considering that in the experiments described above, both DCs

and T cells could be influenced by aldosterone, we assessed whether

this hormonecoulddirectlymodulateTcell priming.Toevaluate this

hypothesis, we used three different approaches. First, T cells were

stimulated with immobilized anti-CD3e and exposed to vehicle,

aldosterone alone, or aldosterone plus spironolactone or eplerenone

for 24 h.Although no significant effect on anti–CD3e-inducedT cell

activation was observed in response to aldosterone, as determined by

CD69 upregulation and IL-2 release, cotreatmentwith spironolactone

significantly suppressed IL-2 release by CD3e-stimulated T cells

(Supplemental Fig. 1A). This effect was not observed when T cells

were cotreated with the other MR-specific antagonist eplerenone

(Supplemental Fig. 1A). As a second approach, T cells were treated

FIGURE 1. Aldosterone enhances CD8+ T cells activation by DCs. DCs were pulsed with different amounts of OVA protein, treated with vehicle, 100 nM

aldosterone, 100 nMaldosterone plus 5mMspironolactone, 100nMaldosterone plus 5mMeplerenone, orwith the inhibitors alone, and then coculturedwithCD8+

OT-IT cells, as described inMaterials andMethods.A, Representative histograms for CD69 expression inT cells culturedwithOVA-loadedDCs (25mg/ml).After

20 h,CD69 expression (A) and IL-2 (B) release byT cellswere determined.C, After 36 h, INF-g release byT cellswas determined. pp,0.05byone-wayANOVA.
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directly with aldosterone before culturing them with OVA-pulsed
DCs. Similar to the findings described above, no significant increase
on IL-2 secretion was induced by direct exposure of T cells to al-
dosterone (Supplemental Fig. 1B). However, spironolactone alone
was able to inhibit IL-2 secretion by T cells. As a third approach,

DCs pulsed with OVA were treated either with aldosterone, aldo-
sterone plus spironolactone, aldosterone plus eplerenone or with the

inhibitors alone for 24 h, washed, and cocultured with purified

T cells during 24 h. Consistently with data shown above, in these

assays aldosterone treatment caused an enhancement of CD8+ T cell

activation (Fig. 3A). Furthermore, the enhancement of T cell acti-

vation by aldosterone was also suppressed by eplerenone and spi-

ronolactone, suggesting an MR-dependent effect in these assays.

Together, these data suggest that aldosterone-induced enhancement

of T cell activation is mediated through DCs and not caused by

a direct effect on T cell function.
Because the enhancement of CD8+ T cell activation by aldo-

sterone appears to be mediated by modulating DC function, we

decided to directly evaluate the capacity of aldosterone to modulate

DC-T cell interactions. T cell activation is mediated by TCR en-

gagement by peptide-loaded MHCs on the DC surface and the

formation of a supramolecular structure at the DC-T cell interface,

known as immunological synapse (41). This process is character-

ized by the early relocation of the secretory machinery of the T cell

toward the DC surface. Thus, we tested whether the enhancement

of CD8+ T cell activation induced by aldosterone could be due to

an increased T cell polarization toward hormone-treated DCs. With

this aim, Golgi apparatus polarization toward the cell-cell contact

FIGURE 2. Enhancement of CD8+ T cell activation by DCs is dependent

on aldosterone concentration. DCs were pulsed with 50 mg/ml OVA, treated

with vehicle or treated with different amounts of aldosterone, and cocultured

with CD8+ OT-I T cells. After 20 h, CD69 expression and IL-2 release by

T cells were determined. Left panel, Expression of CD69 by CD8+ T cells.

Right panel, IL-2 release by T cells. Aldosterone concentrations are shown

as log of molarity. Data are means 6 SEM of triplicates from at least two

independent experiments. pp , 0.05; ppp , 0.01 by one-way ANOVA.

FIGURE 3. Aldosterone directly increases the capacity of DCs to activate T cells. DCs were pulsed with different amounts of OVA protein, treated with

either vehicle, 100 nM aldosterone, 100 nM aldosterone plus 5 mM spironolactone, 100 nM aldosterone plus 5 mM eplerenone, or the inhibitors alone,

washed, and cocultured with purified CD8+ (A) or CD4+ (B) T cells during 20 h. CD69 expression and IL-2 release by T cells were determined. Data are

means 6 SEM of triplicates from three independent experiments. pp , 0.05 by one-way ANOVA.
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site was analyzed using confocal microscopy on OVA-specific
CD8+ T cells stimulated with OVA-pulsed DCs that were treated
with aldosterone. As expected, although no significant T cell
Golgi polarization was observed in conjugates formed with un-
pulsed DCs, a major fraction of conjugates showed T cell Golgi
apparatus polarization toward OVA-pulsed DCs (Fig. 4). How-
ever, no differences in T cell polarization were observed when
conjugates were formed with OVA-pulsed DCs treated with al-
dosterone, compared with OVA-pulsed DCs treated with vehicle
(Fig. 4). Surprisingly, a marked inhibition of T cell polarization
was observed in conjugates containing OVA-pulsed DCs that
were treated with aldosterone and spironolactone or spi-
ronolactone alone (Fig. 4). This phenomenon was not due to
a decreased Ag uptake in spironolactone-treated DCs, as shown
by Dextran-FITC phagocytosis assays (Supplemental Fig. 2A).
These data suggest that the aldosterone-induced enhancement of
CD8+ T cell activation is not mediated by an increase in T cell-
DC synapse assembly.

Aldosterone induces MAPK signaling and concerted IL-6 and
TGF-b secretion by DCs in a MR dependent manner

Considering that DCs are required for the aldosterone-induced en-
hancement of CD8+ T cell activation, we evaluated whether DC
function is altered in response to this hormone. First,MR expression
by DCs was demonstrated by western blot, real-time PCR, and flow
cytometric analyses (Fig. 5A–5C), suggesting that binding of al-
dosterone to this receptor could influence DC function. To evaluate
the Ab specificity, mouse B16 melanoma cells were included as
a negative control (Fig. 5A–5C). In contrast, no significant MR
expressionwas detected for CD8+ and CD4+ T cells, compared with
DCs or positive controls (Fig. 5A–5C). Next, we tested whether
aldosterone could induce DC maturation by measuring the surface
expression of CD80, CD86, and CD40, three costimulatory mole-
cules that are required for efficient T cell activation (42). No dif-
ferences in the expression of these molecules were found
(Supplemental Fig. 2A). Furthermore, no difference in the phago-
cytic capacity of DCs, another parameter of DC maturation, was
observed in response to aldosterone, as determined by Dextran-
FITC internalization (Supplemental Fig. 2A).
Because no differences in the expression of costimulatory

molecules by DCs were observed in response to aldosterone, we
evaluated whether this hormone can modulate the expression of
PD-L1 and PD-L2, two ligands that suppress CD8+ T cell acti-
vation (43, 44). Our results showed that aldosterone significantly
decreased the expression of PD-L1 on DCs. This effect was
completely suppressed by spironolactone (Fig. 5D). In contrast, no
differences in PD-L2 surface expression were observed in re-
sponse to aldosterone (data not shown). Spironolactone alone did
not affect expression of PD-L1 or PD-L2 (data not shown). These
results are consistent with the notion that enhancement of the
capacity of DCs of activating CD8+ T cells caused by aldosterone
can be partially mediated by reduced PD-L1 expression on DCs.
Next,weevaluatedthesecretionofcytokinesbyDCsinresponseto

aldosterone and observed significant amounts of IL-6 (237.66 33.6
versus 98.96 6.8 pg/ml; p, 0.05) and TGF-b (101.66 36.8 versus
33.76 6.5 pg/ml; p, 0.05), as compared with untreated DCs (Fig.
5E). In contrast, no significant secretion of IL-10 (93.1 6 24.1
versus 90.16 35.3 pg/ml; NS) or IL-12 (91.66 19.4 versus 108.16
23.1 pg/ml; NS) by DCs was observed in response to aldosterone
(Supplemental Fig. 2B). In addition, spironolactone inhibited the in-
duction of IL-6 (237.66 33.6 versus 92.76 6.9 pg/ml; p, 0.05) and
TGF-b (101.66 36.8 versus 36.66 7.5 pg/ml; p, 0.05) secreted in
response to aldosterone, suggesting that this process required MR
signaling on DCs (Fig. 5E). Our data are consistent with the notion

that aldosterone is able to promote the concerted secretion of IL-6 and
TGF-b by DCs in an MR-dependent fashion.
To characterize the mechanism involved in the modulation of DC

function by aldosterone, we assessed whether this hormone could
promote the activation of MAPKs ERK 1/2, p38, and JNK in DCs.
There is evidence showing that aldosterone action on target cells
can be in part mediated by MAPK signaling (45). In response to
aldosterone, increased p38 phosphorylation (mean fluorescence
intensity [MFI], 12.4 6 1.2 versus 5.4 6 0.8; p , 0.05) and JNK
phosphorylation (MFI, 27.7 6 2.4 versus 18.4 6 1.7; p , 0.05)
was observed in DCs compared with vehicle, which could be
partially suppressed by spironolactone-mediated blockade of the
MR (p38 MFI, 4.6 6 0.5 versus 12.4 6 1.2; p , 0.05; JNK MFI,
21.9 6 3.9 versus 27.7 6 2.4; NS; Fig. 5F).
In contrast, no significant phosphorylation of ERK 1/2 was

induced by aldosterone in DCs (MFI, 5.2 6 1.4 versus 5.8 6 0.7;
NS; Fig. 5F), implying that aldosterone activates only a specific
fraction of the MAPK cascade in DCs. These data support the
notion that aldosterone modifies DC function in an MR-dependent
mechanism by stimulating p38 and JNK MAPKs.

Aldosterone-treated DCs promote IL-17 secretion by CD4+

T cells

Because the secretion of IL-6 and TGF-b byDCs has been shown to
promote Th17 polarization of naive CD4+ T cells (46), we in-
vestigated whether the capacity of DCs to prime and polarize naive
CD4+ T cells toward a Th17 phenotype can be modulated by aldo-
sterone. To test this, OVA-pulsed DCswere treated with aldosterone
and cocultured with OT-II T cells. In contrast to what was observed
for CD8+ T cells, aldosterone treatment of Ag-pulsed DCs failed to
increase activation ofCD4+T cells asmeasured byCD69 expression
and unexpectedly caused a significant reduction of IL-2 secretion by
T cells (Fig. 3B, 6A). This effect was reverted by eplerenone but not
by spironolactone (Fig. 6A). Furthermore, aldosterone-treated DCs
showed an enhanced capacity to promote IL-17 production byOT-II
CD4+ T cells, a proinflammatory cytokine produced by Th17 cells,
as observed by cytokine secretion and intracellular staining (Fig. 6B,
6C). Aldosterone induction of IL-17 release by CD4+ T cells was
suppressed by both MR inhibitors, suggesting that MR signaling in
DCs is required to promote a Th17-polarizing phenotype. In addi-
tion, Ab blockade of IL-6 and TGF-b secreted by DCs completely
suppressed IL-17 release by CD4+ T cells (Fig. 6B). These data
support the notion that aldosterone-treated DCs acquire the capacity
to induce a Th17 phenotype on Ag-specific CD4+ T cells.

Mineralocorticoid hormone enhances EAE severity by
promoting anti-myelin Th17 immunity

To further evaluate the notion that Th17 polarization can be pro-
moted by aldosterone, we tested whether this hormone can enhance
the clinical and immunological parameters associated to EAE,
a Th17-mediated autoimmune disease (29, 47). Because of its short
half-life in plasma, aldosterone was replaced by the more stable
mineralocorticoid analog DOCA (39). Control (vehicle-injected)
mice showed disease signs 14 d after EAE induction and a disease
progression equivalent to previous reports (Fig. 7A) (40). How-
ever, a significant enhancement on the severity of EAE was ob-
served in mice treated with DOCA (Fig. 7A). Importantly,
combined DOCA and spironolactone treatment delayed EAE onset
and significantly reduced the severity and incidence of disease
(Fig. 7A). The diminished EAE severity was also observed when
mice were treated only with the inhibitor (Fig. 7A). These results
suggest that increased DOCA levels lead to an exacerbation of
EAE symptoms in mice, which is consistent with the notion that
mineralocorticoid promotes Th17 immunity. In addition, our data
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suggest that spironolactone can work as a suppressor of autoim-
mune damage in the EAE model.
One of the histopathologic features of multiple sclerosis is the

focal infiltration of inflammatory cells, such asCD4+ IL-17 + T cells.
Thus, we evaluated the frequency of infiltrating Th17 polarized
cells in EAE-suffering mice. Consistent with the capacity of aldo-
sterone to promote in vitro Th17 polarization and EAE progression,
we observed an increased frequency of infiltrating CD4+ IL-17+

T cells in the CNS of DOCA-treated mice, compared with control
animals (Fig. 7B). The observation that spironolactone suppressed
the DOCA-mediated enhancement of EAE (Fig. 7B) would suggest
an MR-dependent effect of DOCA. No significant infiltration of
CD4+ T lymphocytes could be detected in naive mice (Fig. 7B).
Consistent with the flow cytometric data, increased levels of IL-17
transcripts were observed in CNS-derived cells fromDOCA treated
mice (Fig. 7B). These results suggest a direct role of mineralocor-
ticoid hormone in Th17 polarization. Next, to evaluate whether the
enhancement on EAE severity observed in DOCA-treated micewas
caused by an increase in anti-myelin Th17 cell response, we mea-
sured the IL-17, IFN-g and IL-2 production by lymph node-derived
T cells obtained from immunized mice in response to DCs pulsed
with an MOG-derived peptide. A significant increase in IL-17 se-
cretion and IL-17 intracellular staining was observed for MOG-
specific T cells obtained from DOCA-treated mice, as compared
with control animals (Fig. 7C). No significant differences in IFN-g
and IL-2 secretion were observed between DOCA and control mice
(Fig. 7D, 7E). Accordingly with their exacerbated T cell response to
MOG, DOCA-treated mice showed increased anti-MOG IgG titers,
as compared with control animals (Fig. 7F). In agreement with the
complete EAE suppression observed in mice treated simulta-
neously with DOCA and spironolactone or spironolactone alone,
T cells from these animals secreted no detectable levels of IL-17,
IFN-g, and IL-2 in response to MOG (Fig. 7C–E). These data
support the notion that increasedMR-agonist levels can enhance the
severity of EAE by promoting the expansion of Th17 cells.

Discussion
It has been increasingly acknowledged that aldosterone plays an
important role as a mediator of cardiovascular and renal morbidity
by promoting perivascular inflammation, reactive oxygen species
production, immune complex deposition, and immune cell infiltration
(17). However, despite thewell-documented involvement of elements
of the adaptive immune response in the progression of cardiovascular
and kidney damage (6), the direct effect of aldosterone on the acti-
vation of adaptive immunity has not yet been reported. In this study,
we show that aldosterone can directly increase the capacity of DCs
to prime CD8+ T cells, induce Th17 polarization of CD4+ T cells,
and enhance EAE development. MR activity in DCs was required
for the response to aldosterone, because the effects induced by the
hormone were antagonized by the MR inhibitors spironolactone
and eplerenone.
DCshave theunique ability toprimenaiveTcells and are essential

for the initiation of adaptive immunity (22–24) and for maintaining
tolerance to self-constituents (25, 40). Based on the previously
reported proinflammatory capacity of aldosterone (19), we decided
to study whether this hormone could modulate T cell activation by

FIGURE 4. T cell polarization toward OVA-pulsed DCs is not affected

by aldosterone. OVA-pulsed DCs were treated for 24 h with vehicle, 100

nM aldosterone or 100 nM aldosterone plus 5 mM spironolactone, or 100

nM aldosterone plus 5 mM eplerenone or with the inhibitors alone, then

stained with CMTMR-Orange (red) and conjugated with OT-I T cells

stained with BODIPY FL C5-Ceramide (green) at a 1:1 ratio. Unpulsed DCs

treated with vehicle alone were included as controls. After incubating for

2 h at 37˚C, Golgi apparatus polarization toward DCs (A, arrowheads) was

registered by confocal microscopy, as described inMaterials and Methods.

Scale bars are equal to 2 mm. Quantitative analysis was performed by

double-blinded scoring of random fields (B). Data are means 6 SEM from

three independent experiments. pp , 0.05 by one-way ANOVA.
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FIGURE 5. Aldosterone promotes MAPK signaling and IL-6 and TGF-b secretion by DCs through an MR-dependent pathway. Western blot detection

(A) real-time PCR amplification (B) or flow cytometric detection (C) for MR expression on DCs. Homogenates from kidney (lane 2) bone marrow DCs

(lane 3), CD4+ T cells (lane 4), and CD8+ T cells (lane 5) were analyzed. B16 cells were included as a negative control. D and E, DCs were treated with

vehicle, 100 nM aldosterone, or 100 nM aldosterone plus 5 mM spironolactone for 24 h. Expression of costimulatory molecule PD-L1 (inset: histogram of
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DCs. We observed an increased priming of CD8+ T cells by DCs in
the presence of aldosterone, as determined by CD69 upregulation
and IL-2 and IFN-g secretion. The enhancing effect of aldosterone
was not caused by increased T cell polarization toward Ag-
presenting DCs, nor to a direct effect on T cells, because activation
induced by plate-bound anti-CD3ewas not affected by this hormone.
Furthermore, MR expression by T cells seems not to be significant as
compared with DCs or positive controls (Fig. 5A–C). Consistently,

aldosterone diminishes the surface expression of PD-L1 on DCs,
a negative costimulatory molecule involved in the suppression of
CD8+ T cell activation (44). It is possible that downmodulation of
PD-L1 induced by aldosterone would increase DC capacity to
prime CD8+ T cells. Furthermore, Ab blockade of PD-L1 on the
surface of DCs led to an increase of T cell activation (data not
shown). Although DCs did not change the expression of activating
costimulatory molecules, a significantly increased secretion of

FIGURE 6. Aldosterone-treated DCs enhance IL-17 secretion by CD4+ T cells. DCs were pulsed with different amounts of OVA protein and treated

either with vehicle, 100 nM aldosterone, 100 nM aldosterone plus 5 mM spironolactone, 100 nM aldosterone plus 5 mM eplerenone, 100 nM aldosterone

plus neutralizing Abs, or with the inhibitors alone. DCs were then cocultured with CD4+ OT-II T cells, as described in Materials and Methods. A, T cell

activation was evaluated by CD69 expression (upper panel) and IL-2 release (lower panel) at 24 h. Th17 polarization was evaluated by IL-17 release after

36 h of culture (B) and intracellular cell staining (C) as described in Materials and Methods. C, Quantitative analyses of CD4+ IL-17+ T cells are shown.

Data are means 6 SEM from at least three independent experiments. pp , 0.05 aldosterone versus vehicle, one-way ANOVA.

PDL-1 expression on CD11c+ DCs) (D) and IL-6 and TGF-b release (E) by CD11c+ DCs was evaluated by FACS and ELISA, respectively. F, DCs were

treated with vehicle, aldosterone, or aldosterone plus spironolactone for 10 min, and the phosphorylation of ERK1/2, p38 and JNK kinases was determined

in CD11c+ cells by FACS. Representative histograms for MAPK phosphorylation in CD11c+ cells (top). Percentage of MAPK phosphorylation in DCs

(bottom). Data are means 6 SEM from at least four independent experiments. pp , 0.05; ppp , 0.01; pppp , 0.001, one-way ANOVA.
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FIGURE 7. EAE symptoms are

exacerbated by DOCA-mediated en-

hancing of myelin specific-Th17 im-

munity. Starting 72 h after EAE

induction, mice received two s.c. in-

jections per week of either vehicle or

DOCA. A group of DOCA-treated

mice also received spironolactone

orally, as described in Materials and

Methods. A vehicle subgroup was

also treated with spironolactone. A,

Clinical score was determined on

a daily basis after EAE-induction.

pp , 0.05; pppp , 0.005, Mann-

Whitney rank sums two-tailed test.B,

CNS-infiltrating T cells, purified as

described inMaterials and Methods,

were stimulated with MOG35–55

peptide during 16 h, restimulated

with PMA/ionomicyn and stained

with anti–IL-17 Ab. Quantitative

analysis of CD4+ IL-17+ T cells are

shown. Semiquantitative real-time

PCR analysis of IL-17 mRNA ex-

pression from 1 gr of total brain is

shown on the right. Results were

normalized to 18S RNA. C–F,

Draining lymph node cell suspen-

sions were obtained from control and

DOCA-treated mice 3 wk after EAE

induction. IL-17 intracellular stain-

ing (C), IFN-g (D), and IL-2 (E)

production in response to MOG35–55

peptidewere determined after 72 h of

culture. F, To evaluate the anti-mye-

lin Ab response, sera were collected

from mice 3 wk after EAE induction.

Data are means 6 SEM of two in-

dependent experiments of 6 mice in

each group. #p , 0.05 DOCAversus

vehicle, one-way ANOVA.
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TGF-b and IL-6 was observed in response to aldosterone. All ob-
served aldosterone effects could be suppressed by the MR in-
hibitors spironolactone and eplerenone. Because these molecules
failed to block several nongenomic actions of aldosterone (48), it
seems likely that DC response to aldosterone would be mediated
predominantly by a combination of genomic and nongenomic ef-
fects mediated by MR. Consistent with this notion is the observa-
tion that DCs express MR and show p38 and JNKMAPK signaling
in response to aldosterone.
An important finding of this study was the remarkable ability of

aldosterone to confer DCs with the ability to polarize CD4+ T cells
toward Th17 phenotype, which is consistent with the increased IL-6
and TGF-b secretion shown by DCs in response to aldosterone. In
the mouse, these two cytokines have been shown to be directly
involved in Th17 cell differentiation (33). Moreover, Ab blockade
of IL-6 and TGF-b secreted by DCs prevented Th17 polarization of
T cells. Our data agree with previous studies describing the in-
duction IL-6 expression in several tissues by a MR-dependent
mechanism, as one of the proinflammatory manifestations of al-
dosterone (49). In addition, treatment with DOCA causes leukocyte
infiltration and increased expression of TGF-b in the kidney (6).
The reduced IL-2 secretion by CD4+ T cells observed in response to
aldosterone-treated DCs is also consistent with the capacity of this
hormone to promote Th17 differentiation, because IL-2 release has
been documented to be detrimental for Th17 polarization (50). In
addition, a significant increase in IL-17 secretion and intracellular
staining by CD4+ T cells was observed in response to aldosterone-
stimulated DCs, an effect that was blocked by MR inhibitors and
blockade of IL-6 and TGF-b.
The Th17 inducing capacity of aldosterone was also observed in

an in vivo immune response. Treatment with the MR agonist
DOCA, a physiologic mineralocorticoid in rodents, enhances the
severity of EAE, an autoimmune disease dependent on Th17 cell
activity (29, 47). In addition to higher clinical scores, DOCA-
treated mice showed increased T cell and Ab responses to MOG.
DOCA caused a significant increase in IL-17 secretion by lymph
node T cells in response to MOG, an important proinflammatory
cytokine that contributes in EAE pathogenesis (29, 51). Moreover,
although we did not observe an increase in the number of total
infiltrating CD4+ T cells, we observed a higher frequency of in-
filtrating CD4+ IL-17+ T cells in the CNS of DOCA-treated mice
(Fig. 7B). These data suggest the notion that aldosterone can
promote the polarization of CD4+ T cells into a Th17 phenotype
during an in vivo immune response.
It is noteworthy that all stimulatory effects of aldosterone were

suppressed by spironolactone, both in vitro and in vivo, attributing
a potential anti-inflammatory capacity to this MR inhibitor. In ad-
dition, IL-2 secretion by CD4+ and CD8+ T cells was inhibited by
spironolactone alone (Fig. 1A, 6A). The direct T cell suppressor ef-
fect of spironolactone could be in part explained by its previously
reported capacity to inhibit NF-kB activity (52), a transcription
factor required for the expression of the IL-2 (53). Thus, the decrease
on IL-2 production by T cells could contribute to the observed im-
mune modulating capacity of spironolactone. Consistent with this
notion is the previous observation that blockade of NF-kB activity
can suppress DC function and T cell immunity and can contribute to
preventing autoimmune responses, such as EAE and type-I diabetes
(21, 40). Thus, the protective effects of spironolactone observed in
patients with severe congestive heart failure through the randomized
aldactone evaluation study, could be in part explained by an immu-
nomodulatory effect of this molecule. Although these data support
spironolactone as a potentially new immunomodulatory molecule,
further research is required to consider it as a potential therapy for
attenuating inflammatory and autoimmune diseases.

In summary, the data presented in this study suggests that min-
eralocorticoids, such as aldosterone and DOCA, can enhance the
capacity of DCs to activate CD8+ T cells and secrete cytokines that
promote CD4+ T cell polarization toward a proinflammatory Th17
immune response. These newly described features of aldosterone
would suggest that this hormone may also contribute to the path-
ophysiology of PAL-associated chronic cardiac failure by en-
hancing inflammation via Th17 immune responses.
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M. Pinto, A. Huete, E. Oestreicher, A. Foradori, and J. Montero. 2000. Primary
hyperaldosteronism in essential hypertensives: prevalence, biochemical profile,
and molecular biology. J. Clin. Endocrinol. Metab. 85: 1863–1867.
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