
Effects of spironolactone on human blood mononuclear cells:

mineralocorticoid receptor independent effects on gene expression
and late apoptosis induction

1Søren Ulrik Salling Sønder, 1Marianne Mikkelsen, 1Klaus Rieneck, 1Chris Juul Hedegaard
& *,1Klaus Bendtzen

1Institute for Inflammation Research IIR 7521, Rigshospitalet National University Hospital, Blegdamsvej 9, DK-2100
Copenhagen, Denmark

1 Spironolactone (SPIR) binds to cytoplasmic mineralocorticoid receptors (MR) and functions as an
aldosterone antagonist. Recently, the drug was shown to have an early suppressive effect on several
immunoactive and proinflammatory cytokines.

2 To elucidate the mechanism behind this, the four MR-binding steroids SPIR, canrenone,
7a-thiomethyl-spironolactone and aldosterone (ALDO) were investigated for effects on lipopoly-
saccharide- and phytohemagglutinin-A-activated human blood mononuclear cells. Gene expression
was examined after 4 h using microarrays, and SPIR affected 1018 transcripts of the (¼ ) 22,000
probed. In contrast, the SPIR-related steroids affected 17 or fewer transcripts. Combining SPIR and
ALDO resulted in 940 affected transcripts, indicating that SPIR has an early gene-regulatory effect
independent of MR.

3 The affected genes encode a large number of signalling proteins and receptors, including
immunoinflammatory response genes and apoptosis and antiapoptosis genes. Apoptosis was evident
in CD3-, CD14- and CD19-positive cells, but only after 18 h of exposure to SPIR.

4 The transcriptional network involving the differentially regulated genes was examined and the
results indicate that SPIR affects genes controlled by the transcription factors NF-kB, CEBPb and
MYC.

5 These observations provide new insight into the non-MR-mediated effects of SPIR.
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Introduction

The steroids, aldosterone (ALDO) and spironolactone (SPIR),

as well as the two SPIR metabolites, 7a-thiomethyl-spirono-

lactone (7TS) and canrenone (CAN), bind to the mineralo-

corticoid receptor (MR) located in the cytoplasm of many cell

types including blood mononuclear cells (MNC) (Armanini

et al., 1985; Zennaro et al., 1995; 1997). While the metabolic

effect of ALDO is mediated through translocation of the

ALDO–MR complex to the nucleus and subsequent gene

activation, SPIR, 7TS and CAN function as ALDO antago-

nists in that the SPIR–, 7TS– and CAN–MR complexes

remain largely in the cytoplasm (Lombes et al., 1994; Los &

Colby, 1994). About 90% of SPIR is bound to proteins in the

circulation; maximum free plasma levels of about 0.5 mM are

reached 2–4 h after oral administration of 100–200mg SPIR

and the drug is cleared from the circulation after about 8 h

(Overdiek et al., 1985; Gardiner et al., 1989; Jankowski et al.,

1996; Takamura et al., 1997). In contrast, the major

metabolites of SPIR, 7TS, 6b-hydroxy-7a-thiomethyl-spirono-

lactone (6HTS) and CAN, can be detected at higher maximum

levels and for up to 24 h after a single oral administration of

the drug. A daily dose of 100mg SPIR causes accumulation of

7TS, 6HTS and CAN, and peak serum levels of 7TS are 5–6

times higher than those of SPIR (Gardiner et al., 1989;

Jankowski et al., 1996). It has been argued that some of the

in vivo effects of SPIR are partially attributable to 7TS, 6HTS

and/or CAN (Los & Colby, 1994; Klauber et al., 1996).

SPIR’s ability to bind MR and thus function as an ALDO

antagonist has been used for more than 40 years to treat

patients with hyperaldosteronism. In recent years, however,

clinical investigations indicate that SPIR may have effects

beyond inhibition of signal transduction through MR. For*Author for correspondence; E-mail: kben@mail.dk
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example, SPIR increases the survival of patients with congestive

heart failure, improves endothelial dysfunction and reduces

turnover of cardiac and vascular collagen, all due to effects

thought to be at least partly unassociated with the drugs anti-

ALDO function (Pitt et al., 1999; Zannad et al., 2000; Doggrell

& Brown, 2001). It has also been demonstrated that SPIR has

an early suppressive effect on the production by human blood

MNC of inflammatory cytokines, including tumour necrosis

factor (TNF)-a and -b, interferon (IFN)-g, interleukin (IL)-6

and granulocyte–macrophage colony-stimulating factor (GM-

CSF), and the drug alleviated inflammatory symptoms in

patients with rheumatoid arthritis (RA) and juvenile idiopathic

arthritis (Bendtzen et al., 2003; Hansen et al., 2004).

In an effort to clarify the cellular signalling of the MR-

binding steroids, we investigated the gene-regulatory effects

of SPIR, 7TS, CAN and ALDO using human blood MNC.

Surprisingly, SPIR, but not the SPIR-related steroids, affected

a large number of genes, including apoptosis-related genes,

which resulted in late apoptosis affecting both monocytes, and

T- and B lymphocytes.

Methods

Cell cultures

MNC from three healthy and unmedicated individuals, one

female and two male subjects, aged 23–61 years, were isolated

by density gradient centrifugation on Ficoll-Hypaque (Lym-

phoprep, Nycomed, Oslo, Norway). The cells, 2.0� 106ml�1,

were cultured at 371C in a humidified 5% CO2 atmosphere

in 1640 RPMI media (Biological Industries, Kibbutz Beit

Haemek, Israel), containing 10% autologous serum. Unless

otherwise stated, the monocytes and lymphocytes were stimu-

lated with 100 ngml�1 of lipopolysaccharide (LPS; Escherichia

coli 055 : B5; Difco Laboratories, Detroit, MI, U.S.A.) plus

20mgml�1 of phytohaemagglutinin-A (PHA; Difco).

Gene transcription

MNC, 10ml, 2� 106ml�1, were incubated at 371C with PBS,

100 mM SPIR, 100 mM 7TS, 100 mM CAN, 100mM ALDO or

100 mM SPIRþ 100mM ALDO. After 15min, LPS and PHA

were added and the cells were further incubated at 371C.

After 4 h, the cells were isolated by centrifugation and the cells

were lysed directly in the tubes by adding Trizol (Invitrogen,

Tåstrup, Denmark). Total RNA was then prepared for

analysis using human genome U133A GeneChips according

to the Affymetrix GeneChip Expression Analysis Manual 2001

(Affymetrix, Santa Clara, CA, U.S.A.). The chips were

scanned on a Hewlett Packard 2500 Gene Array Scanner

from Affymetrix. Data analyses were performed using Data

Mining Tools 3.1 (DMT) from Affymetrix and DNA-Chip

Analyser 1.3 (dCHIP) (Schadt et al., 2001). The signal intensity

of the perfect match probes was corrected using the intensity of

the mismatch probes (PM/MM analysis).

Comparative analyses were initially performed for the five

samples SPIR, 7TS, CAN, ALDO and SPIRþALDO using

the PBS sample from the respective individual as baseline.

Using DMT, a differentially regulated gene was scored as

either increased (I) or decreased (D) with a change of at least

50%, that is, with signal log ratios 40.59 or o�0.59,

respectively, Po0.0025. Furthermore, all I and D transcripts

had to be scored as present in the treated and the nontreated

baseline samples, respectively. Using dCHIP, a differentially

regulated gene had to fulfil the following criteria: (a) an over

1.5 normalised ratio between baseline (B) and experimental

samples (E), that is, E/B41.5 or B/E41.5, using lower 90%

confidence bound of change, and (b) a more than 50 difference

in signals between B and E, that is, E�B450 or B�E450.

Genes scored as differentially regulated in all three replicates

and in both DMT and dCHIP were analysed further. Gene

ontology (GO) classifications were carried out using the GO

browser in the Affymetrix NetAffx analysis centre (Liu et al.,

2003). Pathway analysis and visualisation were carried out

using the Ingenuity pathways analysis (Ingenuity, Mountain

View, CA, U.S.A.; see http://www.ingenuity.com/), as des-

cribed (Kasamatsu et al., 2005).

Apoptosis

MNC, 2.0� 106ml�1, were incubated with either PBS, 10 mM
SPIR, 100mM SPIR, 100 mM 7TS, 100mM CAN, 100 mM
ALDO or 100 mM SPIRþ 100mM ALDO and assessed for

apoptosis after timed intervals from 4 to 22 h. Analyses were

carried out on both unstimulated and LPSþPHA-activated

MNC, and 5mM EDTA was added to loosen adhesive cells

10min prior to harvest. Cell surface receptor antibodies were

CD14 PerCP (monocytes), CD3 PerCP (T cells) and CD19 PE

(B cells), all from BD Biosciences (Erembodegem, Belgium).

Apoptosis was detected as phosphatidylserine externalisation

and DNA fragmentation using annexin-V and propidium

iodide (PI) staining and terminal deoxynucleotidyl transferase

dUTP nick-end labelling flow cytometry kits (TUNEL APO-

BRDU kit; BD Biosciences) according to the manufacturer’s

instructions. FACScalibur with CellQuest software v. 4.0.2

(BD Biosciences) was used for data acquisition and WinList 32

(Verity Software House, Topsham, ME, U.S.A.) was used for

data analysis. Annexin-V and PI 10,000 events were gated in

each experiment when staining with CD3, CD14, CD19. In the

TUNEL assay, 10,000 events were gated in each experiment

according to the manufacturer’s instructions.

Cytokines

MNC, 2.0� 106ml�1, were incubated with either PBS, 100 mM
SPIR or 100 mM 7TS 15min prior to LPSþPHA challenge.

After 22 h, the supernatants were collected and stored

at �201C until cytokine quantifications using Luminex 100

IS (Luminexcorp, Austin, TX, U.S.A.). StarStation v.1.1B

(Applied Cytometry Systems, Dinnington, U.K.) was used for

data acquisition and analysis. The concentrations of IL-1b,
IL-2, IL-6, IL-10, TNF-a, IFN-g and GM-CSF in cell cultures

were measured simultaneously using the Human Cytokine

Panel I Kit (Biosource, Nivelle, Belgium), and the levels of

TNF-b, IL-1a and IL-15 were measured simultaneously using

Beadlytes Human Multi-Cytokine Standard 6 (Upstate, Lake

Placid, NY, U.S.A.). All the samples were diluted 1þ 1 before

assay, and the detection limit was 20 pgml�1.

Drugs and chemicals

SPIR and CAN were purchased from Sigma (St Louis, MO,

U.S.A.), ALDO was purchased from Research Plus (Bayonne,
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NJ, U.S.A.) and 7TS was purchased from SynFine Research

(Richmond Hill, Ontario, Canada) and kindly donated by

Novo Nordisk (Måløv, Denmark). A 10mM PBS suspension

was prepared at 371C before each assay and added to the cells

at 1 : 100 dilution yielding a final total (free and protein-

bound) concentration of 100mM.

Results

Effects of SPIR- and ALDO-related steroids on mRNA
expression

As shown in Table 1, SPIR affected 1018 transcripts in

activated MNC at 4 h: 831 were downregulated and 187 were

upregulated. CAN did not differentially regulate any gene, and

ALDO affected only 17 transcripts. SPIR and ALDO together

affected 940 transcripts, 792 of which were also influenced

by SPIR alone. 7TS was tested only once and affected only

17 transcripts (results not shown).

SPIR effects on apoptosis- and immune-related genes

All genes scored as differentially regulated by SPIR (see

Table 1) were divided into groups based on their GO anno-

tation, see http://www.iir.suite.dk/IIR/PubS/+PubS.htm.

Many genes had more then one GO annotation and several

genes were represented in more than one GO group. Of the

1018 transcripts affected, those involved in apoptosis and the

I-kB/NF-kB cascade, as well as in immune and inflammatory

responses and in cytokine/chemokine activities, were signifi-

cantly over-represented (Table 2). The SPIR-regulated genes

involved in apoptosis are both apoptosis-inducing and

-inhibiting. To investigate which transcription factor(s) were

responsible for the gene-regulatory effects of SPIR, the

differentially regulated genes were analysed with the Ingenuity

database. The analysis showed that NF-kB, CEBPb and MYC

control the expression of many of the genes differentially

regulated by SPIR (Supplementary Figures S1 and S2; see

http://www.iir.suite.dk/IIR/PubS/+PubS.htm). The affected

genes controlled by NF-kB are highlighted in Table 3. The

table also shows that SPIR influenced the expression of several

cytokines and chemokines as well as their receptors. Thus,

genes encoding many clinically important proinflammatory

cytokines were downregulated by SPIR, including TNFa, and
the drug also downregulated the TNF receptor encoding genes

TNFRSF1A and TNFRSF1B. Within the IL-1 system of

cytokines, SPIR downregulated IL1a and IL1R1, whereas the

genes encoding two IL-1 decoy receptors, the single Ig IL-1R-

related molecule (SIGIIR) and IL1R2, were upregulated.

In contrast, IL1RN encoding the IL-1 receptor antagonist

(IL-1Ra) was downregulated by SPIR.

Interestingly, SPIR downregulated both IL2 and IL15, the

products of which control T- and B-cell activation and

proliferation. IFNg, another important T cell-activating cyto-

kine, was also downregulated.

Some of the most profoundly reduced transcripts were those

of IL-17 and granulocyte-colony-stimulating factor (G-CSF),

both involved in neutrophil recruitment and host defences

against certain bacteria. Several chemokine transcripts were

also strongly suppressed, again in line with the clinically

observed anti-inflammatory effect of the drug.

SPIR-induced apoptosis

As SPIR affected several genes involved in cell survival,

annexin-V, PI and TUNEL assays were carried out to

investigate if SPIR induces apoptosis in MNC in vitro. The

results show that o15% of the cells were apoptotic or dead

after 4 and 6 h, and SPIR did not affect the proportions of

annexin-V-positive MNC at these time points (Figure 1). After

18 h, however, there was a significant increase in both annexin-

V-positive (apoptotic) and annexin-VþPI double-positive

(dead) cells in the SPIR-treated cultures. A lower concentra-

tion of SPIR, 10 mM, also induced apoptosis at 18 h, although

the percentage of apoptotic cells was lower compared to that

obtained with 100 mM SPIR. CAN, 7TS and ALDO had no

effect after 18 h of incubation, and ALDO did not inhibit

SPIR’s ability to induce apoptosis.

Table 1 Numbers of affected transcripts in in vitro
activated human MNC treated for 4 h with mine-
ralocorticosteroids

Donors Data analysis SPIR CAN ALDO SPIR+ALDO

1 DMT 2987 61 200 2793
dCHIP 2673 270 346 2761
Both 1673 6 73 1575

2 DMT 3519 26 138 3483
dCHIP 3458 148 268 3206
Both 2104 4 38 2202

3 DMT 2942 58 131 3004
dCHIP 3017 191 439 2734
Both 1606 17 55 1679

1+2+3 DMT 1871 0 27 1718
dCHIP 1525 0 21 1309
Both 1018 0 17 940

MNC from three healthy individuals were incubated with
100mM of SPIR, CAN, ALDO, or SPIR+ALDO, and the
monocytes and lymphocytes were activated with 100 ngml�1

LPS plus 20 mgml�1 PHA. Cellular mRNA was analysed
using U133A GeneChips, and LPS+PHA-activated cells
added PBS alone were used as baseline for each analysis.

Table 2 Numbers of apoptosis- and immune-related
transcripts affected by SPIR

Upregulated Downregulated P

All transcripts 187 831
Apoptosis 7 73 o0.001
Antiapoptosis 1 25 o0.001
Induction of apoptosis 2 19 0.007
I-kB/NF-kB cascade 1 25 o0.001
Immune response 24 120 o0.001
Inflammatory response 7 30 o0.001
Cytokine binding 1 20 o0.001
Cytokine activity 1 32 o0.001
Chemokine activity 0 11 o0.001

Genes scored as differentially regulated by SPIR were divided
into groups based on their GO annotation, and the w2 test was
performed for each group to calculate if there was an over-
representation of affected transcripts in a specific group. The
numbers of up- and downregulated genes in the different GO
groups are shown together with the P-values.
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Table 3 SPIR-induced differential gene regulation in in vitro activated human MNC

(a) Signalling proteins and receptors Fold change DMT Fold change dCHIP

Cytokine activity
IL1R2 Interleukin 1 receptor type II 3.7 4.3
CSF3R Colony-stimulating factor 3 receptor granulocyte 2.9 2.7
SIGIRR Single Ig IL-1R-related molecule 2.3 2.1
IL2Rb Interleukin 2 receptor beta �1.7 �2.6
IL1R1 Interleukin 1 receptor type I �2.3 �2.6
IL15 Interleukin 15 �2.6 �2.7
IL10Ra Interleukin 10 receptor alpha �2.6 �3.6
IL15Ra Interleukin 15 receptor alpha �2.6 �4.7
IL18R1 Interleukin 18 receptor 1 �2.7 �3.2
IL2Ra Interleukin 2 receptor alpha �2.8 �3.5
TNFRSF1A Tumour necrosis factor receptor 1A �2.9 �4.6
TNFRSF1B Tumour necrosis factor receptor 1B �3.2 �4.3
IL10 Interleukin 10 �3.4 �4.6
IL6 Interleukin 6 �3.4 �4.5
TNFa Tumour necrosis factor alpha �3.6 �5.1
Il1RN Interleukin 1 receptor antagonist �3.9 �6.3
IL1a Interleukin 1 alpha �5.4 �8.5
IFNc Interferon gamma �9.4 �15.5
TNFSF14 Tumour necrosis factor 14 �14.4 �297.4
G-CSF3 Granulocyte colony-stimulating factor 3 �16.1 �589.2
IL2 Interleukin 2 �29.2 �53.4
IL17 Interleukin 17 �56.0 �390.1

Chemokine activity
CXCL5 Chemokine ligand 5 �2.5 �3.5
CCR1 Chemokine receptor 1 �4.2 �3.8
CXCL9 Chemokine ligand 9 �8.8 �12.9
CCL7 Chemokine ligand 7 �10.4 �11.1
CXCL10 Chemokine ligand 10 �20.2 �38.3
CXCL11 Chemokine ligand 11 �22.5 �29.5
CCL2 Chemokine ligand 2 �51.7 �45.2

Cell adhesion
VEGF Vascular endothelial growth factor 2.1 1.9

ICAM1 Intercellular adhesion molecule 1 �4.0 �5.3

(b) Intercellular signalling and transcription
CUTL1 Cut-like 1 CCAAT displacement protein 9.8 2.8
STAT1 Signal transducer and activator of transcription 1 �1.9 �2.5
NR3C1 Nuclear receptor subfamily 3 group C member 1 �1.9 �2.3
NFkBIE NF-kB inhibitor E �2.2 �3.9
MAP3K8 Mitogen-activated protein kinase kinase kinase 8 �2.2 �2.5
CEBPg CCAAT/enhancer-binding protein (C/EBP), gamma �2.6 �3.9
NF-jBIa NF-jB inhibitor alpha �2.7 �4.4
SOCS1 Suppressor of cytokine signalling 1 �2.8 �3.6
PC4 Activated RNA polymerase II transcription cofactor 4 �3.2 �5.5
CEBPd CCAAT enhancer-binding protein delta �3.5 �4.9
CEBPb CCAAT enhancer binding protein beta �8.6 �13.6
MYC MYC transcription factor �10.3 �12.6

(c) Immune response
ALOX5 Arachidonate 5-lipoxygenase 2.8 2.5
S100A12 S100 calcium-binding protein A12 2.7 2.4
IRF1 Interferon regulatory factor 1 �1.9 �3.1
APOL3 Apolipoprotein L 3 �2.0 �3.1
RIPK2 Receptor-interacting serine-threonine kinase 2 �2.2 �1.9
IRF2 Interferon regulatory factor 2. �2.5 �3.4
IRF4 Interferon regulatory factor 4 �2.9 �4.4
PTX3 Pentaxin-related gene rapidly induced by IL-1 beta �3.4 �3.9
SOD2 Superoxide dismutase 2 mitochondrial �4.4 �5.5

(d) Apoptosis
NALP1 NACHT, leucine-rich repeat and PYD containing 1 2.9 2.4
BAG1 BCL2-associated athanogene �1.7 �1.9
TNFAIP3 TNF alpha-induced protein 3 (A20) �1.7 �3.0
CASP1 Caspase 1 apoptosis-related cysteine protease �1.9 �2.3
TNFSF6 Tumour necrosis factor 6 �2.4 �4.4
TNFSF10 Tumour necrosis factor 10 �2.7 �3.4
CASP4 Caspase 4 apoptosis-related cysteine protease �2.8 �3.0
CFLAR CASP8 and FADD-like apoptosis regulator �2.9 �4.5
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Results obtained by the TUNEL assay further support the

notion that SPIR induces late apoptosis in MNC. The data

also show that while stimulation with LPSþPHA by itself

failed to significantly affect cell viability, the apoptotic effect of

10 mM SPIR was lower in activated MNC compared to

nonactivated MNC.

Figure 2 shows that there was a reduction in CD14-, CD3-

and CD19-positive cells and a slight increase in CD3-positive,

annexin-V double-positive cells after 9 h with SPIR. Almost all

CD14- and CD19-positive cells disappeared after 22 h of

incubation with the drug.

SPIR effects on production of specific cytokines

Some of the detected GeneChip expression patterns were

verified at the protein level. Figure 3 shows the significant

decrease in the extracellular levels of TNF-a, TNF-b, IL-2, IL-
6, IL-10, IFN-g and GM-CSF resulting from SPIR treatment.

This is in agreement with the results of the gene expression

experiments (Table 3). SPIR did not affect the concentration

of IL-1a, whereas 7TS markedly increased the level of this

cytokine. Even though IL1b was unaffected by SPIR (Table 3),

both SPIR and 7TS increased the level of IL-1b. 7TS did not

TNFRSF6 Tumour necrosis factor receptor 6 �3.4 �3.3
TRAF1 TNF receptor-associated factor 1 �3.9 �6.7
TRAF4 TNF receptor-associated factor 4 �4.5 �4.4
IER3 Immediate early response 3 �11.1 �17.7

SPIR affected 1018 transcripts and a few of the encoding genes are shown here; for a complete list, see http://www.iir.suite.dk/IIR/PubS/
+PubS.htm. The table shows the gene prefix and full name together with the average fold changes of the three independent GeneChip
experiments. The fold change was calculated using DMT and dCHIP. For D genes, the scale ranges from [�N-�1], where �1 represents
no change and �2 represents a reduction to 1/2 the baseline expression. For I genes, the scale ranges from [1-N], where 1 represents no
change and 2 represents a doubling in expression. Genes transcribed by NF-kB are in bold.

Table 3 Continued

Fold change DMT Fold change dCHIP

Apoptotic/dead cells at 18 hours

Annexin-V + PI
Annexin-V

Apoptotic/dead cells

Hours of incubation

%

TUNEL

PBS

7TS
CAN

ALDO
SPIR+ALDOPBS SPIR 10

SPIR 10
SPIR 100 SPIR 100

0

20

40

LPS + PHA
No stimulation

%

*

*

*

*

* *

*

*

*
*

0 6 12 18

0

25

50
%

0

25

50

PBS Annexin-V + PI
SPIR Annexin-V + PI

PBS Annexin-V
SPIR Annexin-V

Figure 1 SPIR-induced apoptosis in MNC in vitro. MNC from three healthy individuals were incubated with SPIR, at 10 and
100mM, 7TS, CAN, ALDO, or SPIRþALDO. Apoptosis and cell death were measured at various times using annexin-V/PI; the
TUNEL assays were carried out after 22 h of incubation. Apoptotic cells are annexin-V positive and dead cells are annexin-VþPI
double-positive. The cells were not challenged with LPSþPHA unless noted. Data represent mean values7s.d., n¼ 3. A paired
Student’s t-test was used for comparisons. *Po0.05 versus cells added with PBS alone.

Monocytes (CD14 positive)

PBS SPIR PBS + Annexin-V SPIR + Annexin-V

Hours of incubation

T cells (CD3 positive)

Hours of incubation

B cells (CD19 positive)

Hours of incubation
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24

%

0

10

20

%

0

25

50

75

%

0

5

10

*

*
**

Figure 2 SPIR-induced apoptosis in MNC in vitro. MNC from the same individuals as in Figure 1 were incubated with SPIR, and
apoptosis was measured at various times using the annexin-V assay together with phenotype markers specific for monocytes (CD14
positive), T cells (CD3 positive) and B cells (CD19 positive). Data are shown as in Figure 1.
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influence the concentrations of any of the other tested

cytokines. The levels of IL-15 were below the detection limit

in all samples.

We also investigated the effect of two androgen receptor

antagonists, flutamide and cyproterone acetate, and they did

not affect the extracellular levels of TNF-a, IL-2, IL-6, IL-10,
IFN-g and GM-CSF (results not shown).

To see whether SPIR selectively affected the cytokine release

process, MNC were lysed and the intra- and extracellular levels

of the above-mentioned cytokines were assessed. SPIR showed

the same pattern of responses as seen in the supernatants

(results not shown).

Discussion

The gene-regulatory effects of the four MR-binding steroids

ALDO, SPIR, 7TS and CAN were investigated on in vitro

activated (LPSþPHA) human blood MNC. While ALDO

affected 17 transcripts, SPIR influenced 1018 transcripts in the

same cells and under the same culture conditions. 7TS, the

immediate in vivo metabolite of SPIR, regulated only 17

transcripts, and the other metabolite, CAN, failed to affect any

of the more than 22,000 transcripts investigated. ALDO did

not inhibit SPIR’s gene-regulatory effects. All four steroids

bind MR, but only ALDO causes translocation of the ALDO–

MR complex to the nucleus (Lombes et al., 1994). These data

suggest, therefore, that SPIR affects transcription of many

genes through cellular pathways other than MR.

SPIR is also known to bind to androgen-, glucocorticoid-

and progesterone receptors with antagonist and agonist

functions, respectively (Cumming, 1990; Couette et al.,

1992). However, binding to these receptors is very weak

(Garthwaite & McMahon, 2004), and it is unlikely that this

binding can explain the effects observed in the present study.

In addition, two known androgen receptor antagonists,

flutamide and cyproterone acetate, did not affect TNF-a,
IL-2, IL-6, IL-10, IFN-g or GM-CSF, the production of

which was profoundly suppressed by SPIR.

GO analyses of the SPIR-induced effects showed that there

was a significant over-representation of differentially regulated

genes involved in immune responses, including inflammatory

and cytokine/chemokine responses. While it has previously

been shown that SPIR affects the ex vivo expression of several

proinflammatory cytokines and that SPIR seems to have an

anti-inflammatory potential in vivo (Bendtzen et al., 2003;

Hansen et al., 2004), we now show that SPIR also affects early

transcription of genes encoding chemokines and certain

cytokine receptors, and cell adhesion molecules. Most of these

genes were downregulated.

TNFSF14, also known as LIGHT, and the genes encoding

the TNF receptors, TNFRSF1A and TNFRSF1B, were also

downregulated by SPIR after 4 h. This is of potential clinical

interest, because they are all known to be upregulated in

patients with RA (Ware, 2005), and the data thus substantiate

previous observations that SPIR alleviates inflammatory

symptoms in RA patients (Bendtzen et al., 2003).

SPIR downregulated IL2, IL2R, IL6, IL15, IL15R and

IFNg, all of central importance in T-cell responses, and

suppression of production of these cytokines was verified at

the protein level. In the case of IL-15, however, protein

expression was below the detection limit, most likely due to

strict regulation of IL-15 translation (McInnes & Gracie,

2004).

It is interesting that there are two decoys for IL-1a/b
signalling among the few genes upregulated by SPIR, namely

IL1R2 and SIGIRR (Bourke et al., 2003; Wald et al., 2003).

Thus, SPIR downregulates functional IL-1 receptors and

upregulates cellular protection against IL-1 agonists. IL-1b
expression was upregulated at the protein level but not at the

mRNA level, in agreement with previous observations (Bend-

tzen et al., 2003; Hansen et al., 2004). Whether this is a late

consequence of apoptosis induction is unknown (Hogquist

et al., 1991).

Two of the genes most affected by SPIR were IL17 and

G-CSF. This is of potential clinical interest as IL-17 is

thought to play a major role in immunoinflammatory diseases

and cancer (Kolls & Linden, 2004). IL-17 signalling is also

critical for pulmonary neutrophil recruitment and host

defence against Gram-negative bacteria through the coordi-

nated release of G-CSF and CXC chemokines (McAllister

et al., 2005), many of which were also downregulated by

the drug.

Genes involved in both pro- and antiapoptotic processes

were also significantly affected by SPIR: 73 of the 80 affected

transcripts were downregulated after only 4 h of exposure.

Despite this, unequivocal apoptosis appeared to be a late event

in MNC challenged with SPIR. Even though staining with

annexin-V is capable of detecting apoptosis as early as 1.5 h

after induction (Martin et al., 1995), apoptosis revealed by

annexin-V staining was not observed with certainty until after

18 h of culture. Since most of the cytokines measured here are

produced and secreted within 2–6 h of cell activation, it

appears unlikely that SPIR-induced suppression of cytokine

production is solely a consequence of cell death.
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Figure 3 SPIR effects on production of selected cytokines. MNC
from six healthy individuals were incubated with PBS, SPIR or 7TS
and challenged with LPSþPHA. After 22 h at 371C, supernatant
cytokine concentrations were measured. The extracellular levels of
cytokines in cultures of LPSþPHA-activated MNC without SPIR
(controls) were set to 100%, and the experimental data were in
each setup normalised to these controls. The control levels in
pgml�17s.d. were: 19,17371342 (TNF-a), 173765 (TNF-b),
150071255 (IL-1a), 361973301 (IL-1b), 421872899 (IL-2),
18,14372567 (IL-6), 364472549 (IL-10), 153171153 (IFN-g) and
115725 (GM-CSF). Data represent mean values7s.d., n¼ 6. The
Wilcoxon signed rank test was used for comparisons. *Po0.05
versus control.
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Separate experiments using annexin-V staining together with

flow cytometry of phenotypically marked cells revealed that

SPIR induced apoptosis in all major cell types present in the

MNC cultures. Monocytes and B cells, however, were affected

faster than T cells.

The mechanism by which SPIR induces apoptosis in MNC

is unknown, but it is unlikely that the effect is mediated

through the death domain of the TNF superfamily of receptors

because the drug suppressed the expression of TNFSF1A/

TNFa, TNFRSF1A/TNF receptor type 1, TNFSF6/FasL,

TNFRSF6/Fas and TNFSF10/TRAIL already after 4 h. 7TS,

CAN and ALDO, all tested at 100 mM, did not induce

apoptosis in MNC, and ALDO was unable to inhibit SPIR-

induced apoptosis, suggesting that induction of apoptosis was

independent of MR signalling.

Our data indicate that SPIR affects the I-kB/NF-kB cascade

and suppresses the activities of the transcription factors NF-

kB, MYC, CEBPb and the homologues CEBPd and CEBPg.
NF-kB is an important transcription factor during inflamma-

tory and apoptotic responses, and it transcribes several of the

genes differentially regulated by SPIR, including TNFa,
TNFAIP3, TNFSF6, TNFRSF6, IL2, IL2Ra, IL6, IL15,
IL17, GCSF3, CXCL5, CXCL10, CXCL11, CCL2, ICAM1,

NF-kBIA, IER3, TRAF4, and IRF1 and -2. The expression of

NF-kB was not differentially regulated, but NF-kBIA and

TNFAIP3, both of which inhibit NF-kB, were downregulated.
NF-kB transcribes both of them, and both act as negative

feedback regulators of NF-kB (Auphan et al., 1995; Lee et al.,

2000; Wertz et al., 2004). MYC controls processes governing

both cell proliferation and apoptosis, and hence immunoin-

flammation (Levens, 2002). Interestingly, SPIR downregulated

MYC and, accordingly, suppressed several of the genes under

positive control of MYC and upregulated four of the genes

under negative control of MYC. SPIR also suppressed the

transcripts of CEBPb, -d and -g, which regulates some of the

same genes as NF-kB, and the drug upregulated the CCAAT

displacement protein, CUTL1, that blocks transcription by

CEBPb (Snyder et al., 2001).

We have not yet determined whether SPIR inhibits these

transcription factors directly or indirectly, but comparisons of

the gene-regulatory effects of SPIR and those of NF-kB-,
MYC- and CEBPb inhibitors are topics of current studies.

In conclusion, the data extend recent findings that SPIR

inhibits in vitro production of proinflammatory cytokines from

human blood MNC. Suppression of several cytokines/chemo-

kines of known clinical importance was substantiated at the

gene and protein levels. Both monocytes and T- and B cells

were affected. In addition, SPIR affected a host of genes

encoding factors involved in apoptotic processes resulting in

late MNC apoptosis. Examination of the affected transcripts

indicates that SPIR downregulates many genes transcribed

by NF-kB, MYC and CEBPb. All of these effects were

independent of the classical MR-mediated anti-aldosterone

effect of SPIR. The findings may have pharmacological

interest in that systemic and/or local administration of SPIR

may be used as an inexpensive treatment of autoimmune and

inflammatory diseases.
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