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Spironolactone inhibits production of proinflammatory cytokines, including
tumour necrosis factor-o and interferon-7% and has potential in the treatment
of arthritis
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SUMMARY

Evidence suggests that spironolactone, an aldosterone antagonist, has effects on many cell types inde-
pendent of its binding to cytosolic mineralocorticoid receptors. We tested the effects of spironolactone
on ex vivo-activated human blood leucocytes using gene expression analyses (GeneChip®, 12 000
genes) and enzyme immunoassay for quantitating secreted pro- and anti-inflammatory cytokines. Fur-
thermore, to evaluate the safety and efficacy of spironolactone as an anti-inflammatory drug 21 patients
with rheumatoid arthritis (RA), juvenile idiopathic arthritis (JIA) or other arthritides were treated for
up to 22 months with 1-3 mg/kg/day. Spironolactone, at in vivo attainable doses, markedly suppressed
transcription of several proinflammatory cytokines and, accordingly, inhibited release of tumour necro-
sis factor, lymphotoxin, interferon-y, granulocyte-macrophage colony-stimulating factor and interleukin
6 (70-90% inhibition). Release of these cytokines was also suppressed when testing whole blood from
RA patients receiving 50 mg spironolactone twice daily, indicating that pharmaceutical use of the drug
may suppress the release of inflammatory cytokines. Spironolactone therapy was generally well toler-
ated, although treatment had to be stopped in two adults on concomitant methotrexate therapy. Sixteen
patients (76%) responded favourably. American College of Rheumatology criteria (ACR)20 or better
was achieved in six of nine RA patients; four reached ACR70. Eight of nine JIA patients improved. In
conclusion, spironolactone inhibits production of several proinflammatory cytokines considered to be
of pathogenic importance in many immunoinflammatory diseases and shows positive effect in patients
with chronic arthritis. Its effect as an anti-inflammatory drug should be explored, because prolonged
spironolactone therapy is reasonably safe and economically attractive compared with many modern

anti-inflammatory therapies.
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INTRODUCTION

Spironolactone (SPIR) is a competitive aldosterone receptor
antagonist used for over 40 years to treat diseases associated with
primary or secondary hyperaldosteronism [1]. SPIR, however,
also binds to other steroid receptors, as evidenced by progesta-
tional and antiandrogenic side effects associated with long-term
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therapy, and as SPIR inhibits voltage-dependent Ca®* channels, it
may affect many cell types independent of its interaction with
cytosolic mineralocorticoid receptors [1,2]. SPIR has been shown
recently to improve endothelial dysfunction and increase survival
in congestive heart failure [3.,4].

Cytokines are small (glyco)proteins involved primarily in
growth processes and in host responses to tissue injury, infections
and many diseases mainly, but not invariably associated with
immunoinflammation [5,6]. One of the clinically most important
cytokines, tumour necrosis factor (TNF), is produced by macroph-
ages and T-lymphocytes activated by a wide variety of stimuli,
including endotoxin (lipopolysaccharide, LPS) and other micro-
bial components, and various stress-related processes [7]. TNF
recruits and activates inflammatory cells through increased
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production of chemokines and induction of adhesion molecules on
endothelial cells and leucocytes. TNF also induces other cytokines
with major roles in inflammation, for example interleukin (IL)-1¢,
IL-18, IL-6, IL-18 and granulocyte-macrophage colony-
stimulating factor (GM-CSF). The involvement of TNF as a patho-
genic factor has been documented in several immunoinflammatory
diseases, including arthritic diseases, inflammatory bowel diseases,
type 1 diabetes mellitus, multiple sclerosis, and Guillain-Barré
syndrome [7]. In patients with rheumatoid arthritis (RA), juvenile
idiopathic arthritis (JIA) and ankylosing spondylitis, for example,
neutralizing anti-TNF antibodies and soluble TNF receptors are
powerful means of controlling disease activity [8-12].

Other cytokines than TNF may be critically involved in the
pathogenesis of arthritides. For example, IL-1 receptor antagonist
(IL-1ra), which inhibits the effects of IL-10/IL-1f, and neutraliz-
ing antibody to interferon-y (IFN-y) is effective in RA [13,14]. In
addition, GM-CSF therapy worsens arthritis in patients with
Felty’s syndrome, and antibody to IL-6 receptor inhibits the
development of collagen arthritis in monkeys [15-17].

Against this background, we investigated the effects of SPIR
on in vitro production of cytokines. The use of massive gene
expression analyses, combined with measurements of cytokines
induced in and released from blood leucocytes, revealed a marked
suppressive effect of the steroid on several proinflammatory
cytokines. This finding prompted initiation of a phase II clinical
trial of SPIR as an anti-inflammatory drug in patients with chronic
arthritic diseases.

MATERIALS AND METHODS

Preparation and stimulation of human whole-blood and blood
mononuclear cells

To mimic the in vivo conditions most effectively, whole-blood
cultures were prepared from heparinized peripheral venous
blood from healthy donors or from patients. The blood, diluted
1:4 with RPMI-1640, was cultured for 22 h in 10 ml polypropy-
lene tubes (Nunc, Roskilde, Denmark) at 37°C in a humidified
5% CO, atmosphere in the presence or absence of reagents as
indicated.

Human blood mononuclear cells (MNC) were prepared from
healthy donors by density gradient centrifugation on Ficoll-
Hypaque (Lymphoprep, Nycomed, Oslo, Norway). The cells,
1 x 10%ml, were suspended in RPMI-1640 containing 5% heat-
inactivated, pooled normal human serum and cultured as men-
tioned above. For GeneChip experiments, 20 x 10° MNC were
cultured in 10 ml RPMI-1640 containing 10% autologous human
serum (see below).

Antigen non-specific induction of cytokine production from
blood cells was achieved by addition of 0-1 pg/ml of LPS (Escher-
ichia coli 055:B5; Difco Laboratories, Detroit, MI, USA) and
20 pg/ml of phytohaemagglutinin-P (PHA; Difco). SPIR and can-
renoic acid were purchased from Sigma (St Louis, MO, USA), and
aldosterone was purchased from Research Plus (Bayonne, NJ,
USA). These hydrophobic reagents were dispersed by vigorous
vortexing of a 1-M suspension in preheated (60°C) phosphate-
buffered saline (PBS), with subsequent cooling to 37°C under
repeated vortexing before the final dilutions in each experiment.
The reagents were added at total (free and protein-bound) con-
centrations of 10 and 100 uM. LPS + PHA-stimulated controls
received equal of drug vehicle (PBS) alone, and were processed in
parallel. Cell viability was ascertained by >95% trypan blue exclu-

sion after overnight incubation of activated blood mononuclear
cells without/with up to 1000 uMm levels of SPIR.

GeneChip investigations

The protocols from Affymetrix (Santa Clara, CA, USA) were fol-
lowed as detailed previously [18]. Briefly, MNC, isolated and cul-
tured as mentioned above, were preincubated with 100 uM of
SPIR or vehicle alone (control). After 15 min, 0-1 ug/ml of LPS
and 20 ug/ml of PHA were added. After 4 h at 37°C, the cells were
isolated by centrifugation and total RNA was prepared and sub-
sequently repurified. Synthesis of double-stranded cDNA using
an oligo-dT primer with the T7 RNA polymerase recognition
sequence appended was performed, followed by in vitro tran-
scription/biotin labelling with T7 RNA polymerase using the Bio-
Array™ High Yield™ RNA Transcript Labelling Kit (Enzo
Diagnostics, Farmingdale, NY, USA). After fragmenting the
biotin-labelled transcripts, the hybridization mixture was spiked
with Bio B, C, D and cre for control of arrays. The human genome
U95Av2 chips were used for hybridization; each contains gene
expression data for =12-000 human full-length genes. After 16 h,
the chips were washed and the biotin groups reacted with strepta-
vidin-coupled phycoerythrin (Molecular Probes, Eugene, OR,
USA). Antibody enhancement was used during washing, and the
GeneChips were scanned using a Hewlett Packard HP G2500A
GeneArray scanner. The hybridization results were processed
using the Microarray Suite MAS 5-0 software and analysed fur-
ther using MicroDB 3-0 and DMT 3.0 software (Affymetrix).

Real time polymerase chain reaction (PCR)

The expression of six genes selected from the GeneChip experi-
ment (TNF, lymphotoxin (LT)-c, IFN-y% osteopontin, IL-18 and
IL-6) was verified on RNA from other healthy individuals using
real time PCR with CYBR Green technology and GAPDH as the
housekeeping reference gene (ABI protocol 2001; Applied Bio-
system, Foster City, CA, USA).

Quantification of cytokines

Human cytokines were measured by a double sandwich ELISA
using either monospecific, polyclonal rabbit antibody or mono-
clonal antibodies to purified human recombinant cytokines [19].
Human IL-15 was measured by a triple sandwich ELISA which
largely excludes quantification of bioinactive pro-IL-1 [20]. The
sensitivity limits ranged from 0-2 to 30 pg/ml with the intra- and
interassay coefficients of variation below 15%.

Patients

Nine patients with RA, one patient with ankylosing spondylitis
and arthritis, one patient with Reiter’s disease and severe plantar
pustulosis, one patient with systemic lupus erythematosus (SLE)
with arthritis and nine patients with JIA were treated in an open
trial with SPIR 1-3 mg/kg/day. Each fulfilled the internationally
accepted criteria for diagnosis [21-23]. The inclusion criterion was
clinically overt inflammatory arthritis. Most patients suffered
from long-term disease and were controlled insufficiently by con-
ventional disease-modifying antirheumatic drugs (DMARDS).
Patients receiving more than 15 mg prednisolone daily were
excluded, as were patients with hypotension or renal insufficiency.
Patients on DMARDS/glucocorticoids were required to be on
stable medication for at least 1 month before and after initiation
of SPIR therapy. Patients gave informed consent, and the study
was approved by the regional ethics committees.
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RESULTS

Effect of SPIR on gene expression in blood mononuclear cells
To evaluate the sites of action of SPIR in maximally stimulated
leucocytes, and to reveal cytokines or other molecules whose syn-
thesis might be affected by the drug, we tested the in vitro effect
of the drug on expression of approximately 12 000 genes in
human blood MNC stimulated with both PHA and LPS. Almost
700 of these genes were scored as significantly inhibited, and
approximately 600 were scored as significantly increased in acti-
vated cells cultured for 4 h with SPIR. Table 1 shows some of the
results of one such experiment emphasizing the effects on cytok-
ines. The most down-regulated of all genes was that encoding
recombinant IFN-y(top transcript); the most up-regulated gene is
shown at the bottom.

Interestingly, the genes that were suppressed the most by
SPIR included a number of genes encoding proinflammatory
cytokines. Thus, the level of osteopontin mRNA decreased mark-
edly after SPIR exposure as assessed by two different probe sets.
Other negatively affected genes were those encoding IFN-7, Fas
ligand (FasL), GM-CSF, oncostatin M and IL-6. The TNF gene
was also significantly down-regulated, whereas LT-o was scored
as unchanged (only small amounts of LT-¢ transcripts were pro-
duced after culture for 4 h). Transcripts of a number of IFN-y

induced genes also decreased significantly, a further indicator of
the biological effect of SPIR-induced suppression of the IFN-y
gene.

Transcripts of other proinflammatory cytokines, notably IL-
1o and IL-1p, did not change (using probe sets for IL-1¢ and the
IL-1J precursor) or decreased only slightly (mature IL-1p). It is
noteworthy that the genes encoding the anti-inflammatory cytok-
ines IL-4 and transforming growth factor  (TGF-f) were unaf-
fected, whereas the levels of IL-lra and IL-10 transcripts
decreased slightly.

Similar results were obtained when the GeneChip experiment
was repeated twice using MNC from different healthy individuals
and GeneChip U133A interrogating approximately 35 000 tran-
scripts.

When RNA samples from cells of other individuals were
tested by real time PCR, the data obtained for all the selected
cytokines (TNF, LT-¢, IFN-y, osteopontin, IL-1f, IL-6) were in
complete agreement with the GeneChip results, except that SPIR
diminished the level of LT-o mRNA (data not shown).

Effect of SPIR on cytokine production
We next tested the effect on the in vitro production/release of
cytokines. Figure 1 shows the results from whole-blood cultures,
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Fig. 1. Effect of spironolactone on whole-blood cytokine production. Human whole blood was diluted to 20% v/v with medium RPMI-
1640 and incubated with drugs, or with medium alone. After 22 h, the supernatants were isolated and tested by ELISA for cytokines. Results
are shown as percentage of controls cultured in parallel with PHA + LPS, but without drug (mean * s.e.m., n = 6). Asterixes mark values
significantly different from those of controls (*P<0-05 and **P<0-01, Student’s t-test). The levels of cytokines in the controls were IL-1cz
348 £ 128, IL-1: 2588 + 1019, TNF: 1063 £ 201, LT-0z 592 + 228, IFN-y: 2550 £ 357, GM-CSF: 2175 + 685, IL-6: 10 490 + 2737, IL-10: 97 + 24

(pg/ml, mean * s.e.m., n = 6).
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where SPIR significantly (70-90%) suppressed release of cytok-
ines whose genes were also inhibited by the drug. In contrast, the
release of IL-1f3, a monocyte/macrophage-derived proinflamma-
tory cytokine, was not inhibited, showing that the suppressive
function cannot be ascribed to an overall cytotoxic effect of the
drug; this was also supported by viability studies.

SPIR caused a similar pattern of response when testing the
release of the same cytokines from human blood MNC isolated as
described for the GeneChip studies (data not shown).

Effect of aldosterone and a major SPIR metabolite on

cytokine production

Because SPIR and its major non-sulphated metabolite, can-
renone, both function as competitive aldosterone antagonists at
the level of cytosolic and nuclear mineralocorticoid receptors
[24], we tested whether canrenone and/or aldosterone had effects
similar to SPIR. Canrenone, up to 100 uM, failed to affect the
release of the cytokines shown in Fig.1 to be suppressed by
SPIR; this was seen when using whole blood as well as MNC cul-
tures. Aldosterone, had no effect up to 10 uM (= 10 000 times the
physiological level). Neither of these compounds affected sup-
pression of cytokine production afforded by 10 um SPIR. This
suggests that SPIR-induced inhibition of production of proin-
flammatory cytokines is unrelated to its effect on mineralocorti-
coid receptors.

Effect of SPIR therapy on cytokine production ex vivo

It is unknown whether the in vitro effects of SPIR on cytokine
production depend solely on the free, non-protein-bound fraction
of the drug and, hence, whether the SPIR levels used in the in
vitro studies might have pharmaceutical relevance. For this rea-
son, it was important to ascertain whether blood leucocytes iso-
lated from individuals receiving conventional therapeutic doses of
SPIR were prevented from producing proinflammatory cytokines
ex vivo. As shown in Table 2, leucocytes from two patients suffer-
ing from RA, who had been treated with SPIR 50 mg twice daily
for 2 weeks, produced less TNF, LT-¢, IFN-y, GM-CSF and IL-6
compared with leucocytes isolated from the same patients imme-
diately before SPIR therapy.

marginal). Columns C and F show the detection P-values before/after SPIR. Column G shows the signal changes in percentage
no change, I = increased). Column I shows the change in P-values, where values >0-95 indicate significant suppression and values <0-05

Effect of SPIR therapy in patients with arthritides
To evaluate whether SPIR therapy might have anti-inflammatory
potential in patients suffering from immunoinflammatory disor-
ders, a phase II study was carried out in patients with chronic
arthritic diseases largely unaffected by conventional therapies.
As shown in Table 3, 16 of 21 arthritis patients (76%)
responded favourably. American College of Rheumatology crite-
ria (ACR)20 [21] or better was achieved in six of nine RA patients
(67%), in some cases within 2-4 weeks of therapy, and ACR70
was achieved in four (44%). Interestingly, a patient with Reiter’s
disease experienced complete clearing of pustules affecting the
soles. A patient with long-standing ankylosing spondylitis failed
to improve even when given 200 mg SPIR/day. Eight of nine
patients with JIA (89%) improved according to the Giannini cri-
teria: at least 30% improvement from baseline in three of six
defined clinical variables, with no more than one of the remaining
variables worsening by over 30% [23]. One of these patients,
number 14, stopped therapy with methotrexate on entering the
study, but the dose of prednisolone was augmented in the second
week of the trial, making it difficult to assess the efficacy of SPIR
in this case.

present, M

decreased, NC

the signal change (column G), showing the most negatively affected genes at the top and the most enhanced genes at the bottom. Columns A and D show the signals before/after SPIR. Columns B and E

show the detection scores before/after SPIR (A = absent, P

of controls. Column H shows the change scores (D
indicate significant enhancement of gene expression. Column J shows the cytokine acronyms, and column K shows the gene accession number/identifier. This study was repeated two times with essentially

similar responses. FasL: Fas ligand, G-CSF: granulocyte colony-stimulating factor, GM-CSF: granulocyte-macrophage colony-stimulating factor, IFN-y: interferon y (various IFN- and IFN-yinduced genes
are shown as IFN+ and IFN-#, respectively), IL: interleukin, IL-1ra: IL-1 receptor antagonist, LT-o: lymphotoxin o, M-CSF: macrophage colony-stimulating factor, OPN: osteopontin, OSM: oncostatin M,

12 000 full-length genes represented on the human genome U95Av2 chip and the selection highlights the impact of SPIR on the expression of genes encoding cytokines. The data were sorted according to
PF4: platelet factor 4, TGF-f: transforming growth factor-f. Det.: detection.

Data were obtained with MNC from a healthy adult, stimulated with PHA + LPS before (control) and after addition of 100 uM of SPIR (free and protein-bound). Genes shown were selected from the

Footnote to Table 1
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Table 2. Effect of spironolactone therapy on whole-blood cytokine production ex vivo

Patient 1 Patient 2
Cytokine Before SPIR (control) During SPIR therapy Before SPIR (control) During SPIR therapy % of control mean
TNF 1110 130 1850 650 23
LT-« 170 48 270 54 24
IFN-y 4300 1140 1230 700 42
GM-CSF 3460 2740 1090 610 68
IL-6 22350 9700 14200 4355 37
IL-1 425 440 530 530 102
IL-18 1490 1450 2300 2530 104

Diluted whole-blood cultures from two RA patients were used, one prepared from before start of spironolactone (SPIR) therapy, and the other after
14 days of treatment with SPIR tablets 50 mg x 2 daily. The supernatant cytokine levels are shown as pg/ml.

SPIR was generally well tolerated, although the drug was
withdrawn from two RA patients on concomitant methotrexate
therapy. Hyperkalaemia (serum potassium >5 mM) was seen in
four adult patients (33%). Three had only slightly elevated serum
potassium levels; two of these experienced ACR70 responses and
had no subjective side-effects and one relapsed after an initial
ACR20 response. One patient had pronounced hyperkalaemia
and was discontinued after only 2 weeks of therapy. Two female
patients complained of disturbed menstruational cycle. One
patient was treated with SPIR for 22 months without detectable
side effects.

DISCUSSION

SPIR is administered orally with dosages to adults from 25 to
200 mg/day, but up to 400 mg/day may be given for 3—4 weeks as
a diagnostic measure of primary hyperaldosteronism. Absorption
from the intestinal tract is almost complete, especially if admin-
istered with food intake, and SPIR and its immediate metabolite,
7o~thiomethylspirolactone, reach serum levels of 1-2 um 1-4 h
after intake [25]. Because more than 90% of the drug and its
immediate metabolites are bound to plasma proteins, total (free
and protein-bound) SPIR concentrations of 10-100 uM were con-
sidered relevant for the ex vivo studies.

The suppressive effect of these doses of the drug on the in
vitro transcription of several proinflammatory cytokines, includ-
ing TNF, IFN-y and GM-CSF, with modest effects on anti-
inflammatory cytokines, suggested that SPIR may indeed have
anti-inflammatory potential. This was corroborated through
direct quantification of cytokine release from LPS- and PHA-
stimulated blood monocytes and B and T lymphocytes, because
the drug inhibited release of several of the proinflammatory
cytokines whose transcription was shown to be affected. This pat-
tern of response was also seen when testing blood cells from RA
patients receiving SPIR, indicating that cytokine-suppressive lev-
els of the drug may indeed be achieved by administration of con-
ventional doses of SPIR.

The major non-sulphated metabolite of SPIR, canrenone, had
no effect on cytokine production. Because canrenone has
retained an aldosterone antagonistic effect at the receptor level,
these findings indicate that the cytokine-suppressive function of
SPIR is unrelated to its ability to interact with mineralocorticoid

receptors. This is supported by the finding that aldosterone itself
also failed to affect the release of the proinflammatory cytokines
listed in Table 2. In this context, it is noteworthy that aldosterone
appears to inhibit the release of the anti-inflammatory cytokine
IL-1ra, an effect counteracted by SPIR [26].

The observed suppressive effects of SPIR on several proin-
flammatory cytokines is likely to be of clinical interest. For exam-
ple, some of the symptoms of autoimmune diseases, tissue
transplantations, graft-versus-host disease, heart failure, asthma,
sepsis and reactions to tissue injury, including complications to
surgery, have been attributed to TNF. Direct involvement of TNF
as a pathogenic factor has indeed been documented in several
immunoinflammatory diseases, including RA, JIA, psoriasis with
or without arthritis, inflammatory bowel diseases and atheroscle-
rosis [5,6,11,27-29].

In RA and, most probably, in JIA, TNF is near the
beginning stage of a sequential induction cascade that involves
up-regulation of other proinflammatory cytokines such as IL-1,
IL-18 and GM-CSF [30]; several of these have critical roles in
arthritic diseases [13,15,17]. It is likely that other effector
mechanisms contribute to the inflammatory activities attrib-
uted to TNF, for example recruitment and activation of inflam-
matory cells through increased production of chemokines,
induction of adhesion molecules on endothelial cells and blood
leucocytes and activation of chondrocytes, osteoclasts and sy-
novial cells. Other cytokines than TNF and the TNF-induced
cytokines may also be involved in the pathogenesis of RA.
IFN-y, for example, is up-regulated in synovial T-lymphocytes
in RA and enhances IL-12 production in rheumatoid synovial
cells, and monoclonal antibody to IFN-yis effective even when
administered to patients with treatment-resistant forms of RA
[14].

Because the in vitro production of almost all cytokines con-
sidered of pathogenic importance in RA and JIA was suppressed
by SPIR, we initiated an open-label study of safety and efficacy
parameters in patients with therapy resistant arthritic diseases.
The result of this first clinical study of SPIR as an anti-
inflammatory drug shows that the drug was reasonably well tol-
erated and that most patients improved in clinical assessments of
disease activity. Many of these patients had previous or current
unfavourable responses to disease-moditying antirheumatic drugs
and were considered candidates for anti-TNF therapies [8-11].

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 134:151-158
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Although inhibition of the function of a single cytokine may
be therapeutically effective, as in the case of anti-TNF therapies
in arthritis patients, it is likely that prolonged and simultaneous
inhibition of several pathogenically important cytokines may
prove superior in many diseases, particularly if suppression is
exerted at the level of production rather than function of these
cytokines. This, however, is difficult to achieve, and modern bio-
logicals suffer from several major limitations in this regard. These
frequently include a narrow spectrum of activity, a need for
repeated parenteral administration, a limited half-life in vivo,
development of neutralizing antibodies with prolonged therapy
and huge costs for the individual and society.

Against this background, the implications of the present study
for future research are important and should include phase III
clinical trials of SPIR or SPIR derivatives for the treatment of
patients with a range of immunoinflammatory diseases. The drug
not only inhibits production of several cytokines considered to be
of pathogenic importance in many diseases, but decades of clinical
experience suggest that SPIR may be administered for prolonged
periods and hence provide an economically attractive contribu-
tion to modern anti-inflammatory therapies.
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