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Abstract

The effect of Atorvastatin on transcriptional activity in murine experimental autoimmune encephalomyelitis (EAE) induced by PLP peptide
139e151 was analyzed by DNA microarray technique in lymph nodes and spinal cord at onset (10 days), height (20 days) and first remission (30
days) of disease. Fourteen genes were selectively influenced by Atorvastatin in EAE mice. They are mainly related to immune cell functions and
regulation of cell-to-cell interaction. Interestingly, seven genes were also differentially regulated in CFA-injected control mice. But qualitative
and quantitative differences to EAE mice argue for a dependency of statin effects on the activation status of target cells. Differential regulation of
the newly detected candidate genes of statin effects COX-1 and HSP-105 and the previously known statin-responsive genes ICAM-1 and CD86
was confirmed by Western blot and immunohistochemistry. Flow cytometric analysis of lymph node cells revealed that the effect of Atorvastatin
treatment in non-immunized healthy animals resembled the effect of immunization with PLP peptide regarding changes of T helper cells,
activated B cells and macrophages. In EAE mice, these effects were partially reversed by Atorvastatin treatment. Monitoring of expression
of the newly identified candidate genes and patterns of lymphocyte subpopulations might predict the responsiveness of multiple sclerosis patients
to statin treatment.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Statins competitively inhibit 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase which is the rate limiting
enzyme for the catalysis of the conversion of HMG-CoA to L-
mevalonate. Consequently, there also occurs a reduction of the
downstream metabolites of L-mevalonate including isoprenoid
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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intermediates like geranylgeranylpyrophosphates and farnesyl-
pyrophosphates. Isoprenoids such as the GTP-binding proteins
Ras and Ras-like proteins Rac, Ral, Rap and Rho, are essential
for the assembly of plasma and organelle membranes [1] and
have pleiotropic effects on leukocytes, endothelial cells and
osteocytes [2].

In the last years, a broad spectrum of pleiotropic effects of
statins in various cell types and tissues has been described,
including the central nervous system (CNS) and the immune
system. These pleiotropic effects include the inhibition of ex-
pression and secretion of pro-inflammatory cytokines [3, 4],
the inhibition of lymphocyte migration [5], the inhibition of
T-cell activation and proliferation [6, 7] and the inhibition of
adhesion molecules such as LFA-1, VCAM-1 and E-selectin
[8, 9]. Statins have the advantage of oral application, relatively
few adverse side-effects and permission for clinical use in cer-
tain diseases such as hypertension.

Promising results mostly from animal experiments have
raised broad interest in the potential for treating multiple scle-
rosis (MS) with statins [10]. Findings in pilot studies point to
anti-inflammatory effects of statins in autoimmune diseases, in-
cluding experimental autoimmune encephalomyelitis (EAE)
[6,11], as well as to anti-apoptotic and neuroprotective proper-
ties [12]. Studies of Refs. [13] and [14] suggested a benefit of
oral statin therapy in patients with relapsing-remitting MS.
Consequently, there are several ongoing clinical trials investi-
gating the clinical statin efficacy in MS [10].

Recently, new paradigms have changed our understanding of
the pathogenesis and the therapeutic options of MS and its ani-
mal model EAE. PLP 139e151 peptide-induced EAE in SJL
mice mimics clinical, histological and electrophysiological fea-
tures of the most common MS type, i.e. the relapsing-remitting
form [15]. EAE is mainly driven by a proinflammatory T-cell
response that involves type 1 T helper cells (Th1 cells). Atorvas-
tatin, a prototype reagent of type 2 statins containing an open
ring structure and a strong hydrophobic group linked to
a HMG-like moiety [16] has been proven to be a potent inhibitor
of EAE [5,6,11]. These effects have also been seen in some stud-
ies even when the treatment was started after the onset of disease
[6, 11]da constellation which would be necessary in the
clinical setting. Also Lovastatin, another type 2 statin, could
attenuate active and adoptive EAE, if given prophylactically
or therapeutically [3]. It induced a shift from Th1 to Th2 cy-
tokines via the expression of the transcription factor GATA3
and phosphorylation of STAT6 [17]. A similar Th2 cytokine
shift was induced by Atorvastatin via reduction of ERK and
p38 phosphorylation [18].

The analysis of global transcriptional activity by DNA mi-
croarray technique (RNA profiling) has been a useful tool to
identify genes, which are involved in the initiation and progres-
sion of EAE [19,20] including those responsible for EAE
resistance in C57BL/B10 mice [21,22], and for evaluation of
the effect of therapeutic drugs such as interferon-b [23,24],
17b-estradiol [25], histamine receptor type 1 antagonists [26]
and Lovastatin [27].

It was the aim of the present study to identify new targets
which are important for the effect of Atorvastatin in EAE
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutary
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mice compared to healthy mice. The global gene expression
approach by microarray technique was chosen in order to
achieve a most comprehensive analysis of statin-sensitive
genes during the course of the disease. To avoid any analytical
bias we did not intend to set any premise, neither regarding
presumably relevant metabolic or signal pathways, nor known
intercellular mediators or contact molecules. The animal model
of PLP 139e151 peptide-induced EAE was chosen because it
best resembles the most wide-spread relapsing-remitting type
of MS. In addition, the effect of Atorvastatin on lymph node
cell subpopulations in both healthy and EAE mice has been
compared in order to disclose statin-specific changes of the
cells responsible for the induction and maintenance of this
most prevalent autoimmune disease of the nervous system.

2. Materials and methods

2.1. Immunization, statin treatment
and assessment of disease

SJL mice were obtained from Charles River Wiga (Sulzfeld,
Germany) and kept under standard conditions at the animal fa-
cility of the University of Rostock. Seven-weeks-old male mice
were immunized subcutaneously with 150 mg of the encephali-
togenic peptide corresponding to amino acids 139e151 of
mouse PLP [28] purchased from American Peptide Company
(Sunnyvale, CA) in complete Freund’s adjuvant (CFA, Sigma,
St. Louis, MO). Male mice were preferred to female mice in
order to achieve a potentially milder disease imitating the typ-
ically stealthy beginning of human MS and to avoid influences
of the female hormone cycle on the distribution of lymphocyte
subpopulations and on gene expression to be investigated. Mice
received an intraperitoneal injection of 500 ng pertussis toxin
(Sigma) simultaneously with the PLP peptide and at day 3 post-
immunization (p.i.). For statin treatment, animals received
200 mg Atorvastatin (Sortis, Pfizer, Karlsruhe, Germany) dis-
solved in 100 ml of phosphate-buffered saline (PBS) per mouse
and day applied orally using a microliter pipette. The dosage is
equal to 10 mg/kg body weight. Control EAE mice received
100 ml of vehicle substance PBS only. To mimic a clinical sit-
uation, Atorvastatin treatment was started only after onset of
first signs of disease, i.e. on day 10 p.i. (Fig. 1). The following
groups of experimental animals consisting of four mice each
were compared (see Fig. 1): (A) normal healthy control mice
corresponding to day 0 p.i., (BeD) EAE mice of days 10, 20
and 30 p.i., respectively, (E, F) control mice receiving no im-
munization but Atorvastatin for 10 and 20 days, respectively,
(G, H) EAE mice receiving Atorvastatin for 10 and 20 days, re-
spectively, starting on day 10 p.i. The clinical scores of animals
were assessed by two blinded investigators before immuni-
zation (day 0) and thereafter daily until day 30 p.i. Severity
of paresis was graded as follows: 0, normal; 1, flaccid tail; 2,
moderate paraparesis; 3, severe paraparesis; 4, tetraparesis.
Mice were sacrificed at days 10, 20 and 30 p.i., respectively,
corresponding to onset of first signs of disease, height of dis-
ease and recovery from disease, respectively (for experimental
design see Fig. 1). Control mice were injected with CFA only
l coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Fig. 1. Experimental design of the study to investigate immune response and gene expression in lymph nodes and spinal cord of EAE mice with and without

Atorvastatin treatment. Mice of groups BeD were immunized with PLP peptide 139e151 and CFA at day 0 and sacrificed at days 10 (group B), 20 (group

C) and 30 (group D) post-immunization (p.i.), respectively. Mice of groups G and H additionally received Atorvastatin orally from day 10 to day 20 p.i. and

day 10 to day 30 p.i., respectively. Control mice of groups E and F were injected with CFA and received Atorvastatin for 10 and 20 days post-injection, respec-

tively. Control mice of group A were neither immunized nor Atorvastatin treated.
and four of these mice (group A) were sacrificed for compara-
tive analyses, too. Lymph nodes of the popliteal, preperitoneal,
inguinal, mesenterial and axillary regions of each individual
mouse of the experimental animal groups (AeH) were asepti-
cally removed and used for cell cultures, flow cytometry, and
RNA and protein extraction as described below. The spinal
cords of each individual mouse of the experimental animal
groups (AeH) were dissected into cervical, thoracic and
lumbo-sacral parts to be used for histochemical staining, and
RNA and protein extraction, respectively, as described below.
Experiments were approved by the authorities of the county
of Mecklenburg-Western Pomerania, Germany.

2.2. Isolation of lymph nodes MNC and cell culture

For proliferation assay, lymph nodes of each individual
mouse of the above mentioned experimental groups (AeH)
were removed and single cell suspensions of mononuclear cells
(MNC) of pooled lymph nodes from individual mice were pre-
pared and cultured as described [21]. The specific antigen PLP
139e151 peptide was added to cultures to a final concentration
of 10 and 25 mg/ml and the mitogen concanavalin A (ConA)
(Difco, Detroit, MI) to 4 mg/ml.

2.3. Proliferation Assay

After 60 h of incubation, cells were pulsed with 10 ml 3H-
methylthymidine (1 mCi/well, Amersham Pharmacia Biotech,
Freiburg, Germany) and cultured for additional 12 h. Cells
were harvested onto glass fiber filters (Titertek, Skatron,
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar
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Lierbyen, Norway). 3H-thymidine incorporation was analyzed
in a liquid b-scintillation counter (Wallac 1214, LKB, Bromma,
Sweden). The results were measured as counts per minute (cpm).

2.4. Flow cytometric characterization
of leukocyte populations

Single cell suspensions were prepared from pooled lymph
nodes from each individual animal as described for lymph
node cell cultures [21] of the four mice belonging to one of
the experimental groups (see Fig. 1). Cell suspensions were di-
vided into four aliquots, and double- or triple-stained for CD3-
FITC/CD25-PE/CD4-Cy5, CD25-PE/CD8-FITC, CD19-FITC/
CD25-PE, and CD11c-FITC/CD4-Cy5/CD11b-PE, respec-
tively at 2 mg/ml in PBS/0.5%BSA for 10 min at room temper-
ature. The staining allowed for quantification of the following
lymph node cell subpopulations: (1) CD3þ total T cells, (2)
CD4þCD3þ T helper cells, (3) CD4þCD3þ/CD3þ proportion
of T helper cells among total T cells, (4) CD25þCD4þ activat-
ed or regulatory T helper cells, (5) CD25þCD4þ/CD4þCD3þ

proportion of activated or regulatory T helper cells among total
T helper cells, (6) CD8þ cytotoxic T cells, (7) CD25þCD8þ

activated cytotoxic T cells, (8) CD25þCD8þ/CD8þCD3þ pro-
portion of activated among total cytotoxic T cells, (9) CD19þ

total B cells, (10) CD25þCD19þ activated B cells, (11)
CD25þCD19þ/CD19þ proportion of activated among total B
cells, (12) CD11bþ macrophages, (13) CD11cþ dendritic cells.
Isotype control staining was performed to exclude non-specific
binding. CD4-Cy5 was a gift of the German Rheumatology
Research Center, Berlin. All other antibodies were purchased
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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from BD Biosciences Pharmingen (Heidelberg, Germany).
Cells were subsequently fixed in 2% paraformaldehyde for
10 min. After washing, cellular composition was analyzed by
flow cytometry on a FACSCalibur� flow cytometer (Becton
Dickinson, Mountain View, CA) with respect to the different
leukocyte subpopulations.

2.5. Oligonucleotide array hybridization

For gene expression analysis, individual mRNA of the mice
of the experimental groups (AeH) was investigated as de-
scribed [21]. RNA from thoracic spinal cord and pooled lymph
nodes of individual animals was used. Analysis of gene expres-
sion was carried out with the MOE430 gene chip (Affymetrix,
Santa Clara, CA) with a capacity of more than 22 000 probe
sets. Hybridization and washing of gene chips were done as
previously described [29,30].

2.6. Analysis of microarray data

We used the Affymetrix Microarray Suite (MAS) 5.1 (Affy-
metrix) to process raw microarray probe set data (for details see
[21] and www.affymetrix.com, Statistical Algorithms Refer-
ence Guide, Part No. 701110 Rev2). The MAS expression
data were analyzed with the software suite gEn0M [31,32].
We analyzed four individual mRNA samples from spinal cord
and lymph nodes of each experimental group (AeH, Fig. 1).
The individual gene ‘‘signals’’ of replicate samples were aver-
aged by the median, if at least three out of the four correspond-
ing ‘‘detection call’’ values were ‘‘present’’. The medians were
used for group comparisons. The differential expression of
genes is presented as fold changes of expression levels compar-
ing different experimental animal groups (see Fig. 1). Genes
with at least two-fold changes in gene expression are to be
considered relevant. Our former microarray experiments and
published work by others [19,21,22,24,29,30,33e37] showed
that a change of two-fold in the expression level is a cut off
to consider expression changes to be significant.

2.7. Western blot

The lumbo-sacral parts of spinal cord and pooled lymph no-
des, respectively, of each individual mouse of the experimental
animal groups (AeH, Fig. 1) were dissected and lysed, the
lysates were mixed with Laemmli-buffer, denaturated and frac-
tionated by SDS-polyacrylamide gel electrophoresis and the
proteins were blotted according to standard procedure [21].
The membranes were blocked with Odyssey� Blocking Buffer
(LI-COR Bioscience, Bad Homburg, Germany) and incubated
with the following primary antibodies: rat anti-mouse CD86
(B7-2) monoclonal antibody (BD Biosciences Pharmingen),
rabbit anti-cyclooxygenase-1 (COX-1) polyclonal antibody
(Chemicon, Hofheim, Germany), goat anti-mouse intercellular
adhesion molecule-1 (ICAM-1) polyclonal antibody (R&D
Systems, Wiesbaden, Germany), goat anti-heat shock protein-
105 (HSP-105) polyclonal antibody (Santa Cruz, Heidelberg,
Germany), goat anti-suppressor of cell signaling-3 (SOCS-3)
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar
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polyclonal antibody (Santa Cruz), mouse anti-b-actin mono-
clonal antibody (Sigma). For detection the following secondary
antibodies were used: Alexa Fluor 680 goat anti-rabbit IgG,
Alexa Fluor 680 goat anti-rat IgG, Alexa Fluor 680 donkey
anti-goat IgG (all from Molecular Probes, purchased from In-
vitrogen, Karlsruhe, Germany), and IRDye 800CW conjugated
goat-anti-mouse IgG (Rockland, purchased from BIOMOL,
Hamburg, Germany). Quantitative assessment of proteins was
enabled by Odyssey� Infrared Imaging System (LI-COR
Bioscience). The intensity of the signals was quantified by
Odyssey software version 1.2 using normalization to
b-actin values thereby compensating for different protein con-
centrations in the samples.

2.8. Immunohistochemistry

Cervical parts of spinal cord of each individual mouse of the
experimental animal groups (AeH, Fig. 1) were fixed in 4%
paraformaldehyde, snap frozen and cut into 12-mm-thick
sections. Sections were immunostained according to standard
procedure [38e40] using the primary antibodies monoclonal
rat anti-mouse CD86 (BD Biosciences Pharmingen) and poly-
clonal rabbit anti-mouse COX-1 (Chemicon) and the corre-
sponding biotinylated secondary antibodies donkey anti-rabbit
IgG and donkey anti-rat IgG from Jackson ImmunoResearch
(West Grove, PA). Morphometric examination was done by an-
alyzing four digital pictures from each section of the grey matter
of the spinal cord (200-fold magnification, 3CCD color camera,
Hitachi HV-C20M Hitachi-Denshi, Rodgau, Germany) using
KSRun software (imaging system KS400, release 3.0; Zeiss, Vi-
sion GmbH, Munich, Germany) (for illustration see Fig. 8D).
The optical density of the white background was standardized
to 250 and the mean optical density and the quantity of pixels
that showed a positive immune reaction for CD86 and COX-1
were assessed.

2.9. Statistics

Data of clinical score have been tested for significant differ-
ences between statin-treated (n¼ 9e18 depending on the day
p.i.) and untreated (n¼ 8e22 depending on the day p.i.) ani-
mals by ManneWhitney’s U test. Data of proliferation assay
and flow cytometric analysis of the four individual mice be-
longing to one group were averaged and groups were compared
using Student’s t-test statistics. Statistical analysis of microar-
ray data was done as described in the respective section.

3. Results

3.1. Clinical course of the disease

First clinical signs of EAE usually appear around day 10
p.i., first remission around day 20 p.i., and complete recovery
around day 30 p.i. Therefore, these time points were chosen
to sacrifice animals and take out lymph nodes and spinal
cord for further investigations (cell culture, flow cytometry, mi-
croarray analysis, Western blot and immunohistochemistry).
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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The PLP-EAE imitates best the most common type of MS, i.e.
the relapsing-remitting type [15]. It also induces mild symp-
toms of the disease, which resemble the stealthy beginning of
MS. Atorvastatin was applied at the dosage of 10 mg/kg
body weight, which exceeds the recommended dose for treat-
ment of hypercholesterolaemia in humans, but reduces maxi-
mally the clinical signs of EAE in PLP-EAE according to
previous reports [6,11], although the disease was more severe
in those reports. In our study, Atorvastatin-treated animals
revealed a significantly lower ( p< 0.05) clinical score than
control mice receiving CFA and vehicle (PBS) without statin
only at day 12 p.i. A tendency towards a lower clinical score
( p< 0.1) in statin-treated animals was also seen at days
13e15. The sequential usage of animals for lymph node and
spinal cord extirpation precluded a scoring of clinical symp-
toms of all animals over the whole study period.

3.2. Immune response in lymph nodes

3.2.1. Proliferative response as analysed
by 3H-thymidine incorporation

In order to compare the strength of the immune response to
the mitogen ConA and to the specific immunizing antigen PLP
139e151 peptide lymph node cell reactivity was assessed by
proliferation assay in EAE mice on days 10, 20 and 30 p.i.
with and without Atorvastatin treatment and in control mice
with and without Atorvastatin treatment (Fig. 2). The basal
3H-thymidine incorporation corresponding to the spontaneous
DNA synthesis was 10e40 times higher in the control mice
(about 6000 cpm in group A) compared to all other animal
groups (between 150 and 400 cpm in groups BeH). Exposure
of cells to mitogenic ConA resulted in higher levels of 3H-thy-
midine incorporation being for each group between 40 000 and
60 000 cpm. Hence, any treatment either by immunization or
by Atorvastatin application led to a decrease of the basal lym-
phocyte proliferation but did not change the maximum prolif-
eration induced by mitogen. The specific immune response to
the immunizing peptide PLP 139e151 was pronounced with
an about 10-fold stimulation above background at 10 days
p.i. However, prolonged disease was accompanied by a reduc-
tion of DNA synthesis to basal background level independent
on Atorvastatin treatment, although there was a trend to a small
increase of proliferation at the higher PLP 139e151 concentra-
tion (25 mg/ml). This phenomenon was seen in all immunized
animals with (groups G and H) and without Atorvastatin treat-
ment (groups C and D), but also in Atorvastatin-treated control
animals (groups E and F).

3.3. Leukocyte subpopulations as
analyzed by flow cytometry

Changes of leukocyte subpopulations were found in lymph
nodes with respect to both (1) response to the immunization of
the mice with PLP 139e151 peptide, i.e. during the course of
EAE, and (2) response to Atorvastatin treatment in healthy, but
CFA-injected as well as in EAE mice. The following signifi-
cant changes were registered (Fig. 3).
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutary
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Effect of immunization with PLP 139e151 for EAE induction
(compare white columns of Fig. 3B and D to white columns of
Fig. 3A and C, respectively): (i) T helper cells increased among
total lymph node cells and among total T cells at both time
points of analysis (10 and 20 days p.i.), (ii) activated or regula-
tory T helper cells decreased among total T helper cells at both
time points of analysis (10 and 20 days p.i.), (iii) activated B
cells increased among total lymph node cells and among
total B cells after prolonged immunization (20 days p.i.), and
(iv) macrophages increased at both time points of analysis
(10 and 20 days p.i.). The observed changes of leukocyte
subpopulations are statistically significant ( p< 0.05; not
indicated in Fig. 3 to avoid confusion with the effect of
Atorvastatin).

Effect of Atorvastatin treatment in non-immunized control
animals (Fig. 3A and C): (i) T helper cells increased among to-
tal lymph node cells and among total T cells at both time points
of analysis, (ii) activated or regulatory T helper cells increased
among total lymph node cells at both time points of analysis,
(iii) activated or regulatory T helper cells among total T helper
cells decreased at the later time point of analysis (Fig. 3C only),
(iv) total B cells and activated B cells, but also the proportion of
activated among total B cells increased at both time points of
analysis, and (v) macrophages increased at both time points
of analysis. The observed changes of leukocyte subpopulations
are statistically significant as indicated in Fig. 3A and C.

Effect of Atorvastatin treatment in PLP-immunized EAE an-
imals (Fig. 3B and D): (i) T helper cells increased among total
T cells initially (Fig. 3B only), (ii) cytotoxic T cells decreased
initially (Fig. 3B) and increased after prolonged treatment
(Fig. 3D), (iii) B cells decreased after prolonged treatment
(Fig. 3D only). The observed changes of leukocyte subpopula-
tions are statistically significant as indicated in Fig. 3B and D).

CD11cþ dendritic cells comprised less than 1% of total
lymph node cells in all samples tested and did not change sig-
nificantly in response to PLP-immunization or Atorvastatin
treatment (data not shown).

Comparison of PLP-immunization (EAE induction) with
Atorvastatin treatment (Fig. 4): Analysis of flow cytometric
data revealed the interesting finding that changes in the pro-
portions of T helper cells, activated B cells and macrophages
during PLP-induced EAE were similar to those observed after
Atorvastatin treatment of healthy, only CFA-injected control
mice. This is illustrated in Fig. 4 by direct comparison of
data of Atorvastatin-treated CFA-injected animals (black col-
umns) with data of corresponding non-Atorvastatin-treated
PLP-immunized animals (white columns), which were not sig-
nificantly different.

3.4. Gene expression in lymph nodes and spinal cord

In order to identify candidate genes that are differentially
regulated in response to (i) the immunization of SJL mice
with PLP 139e151 peptide and (ii) more importantly in re-
sponse to Atorvastatin treatment, we compared gene expres-
sion levels between different groups of animals as indicated
in Fig. 5.
l coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Fig. 3. Changes of leukocyte subpopulations in lymph nodes of EAE mice (B and D) and CFA-injected healthy control mice (A and C) with and without Ator-

vastatin treatment as detected by flow cytometry. Mice correspond to the experimental animal groups AeH described in Fig. 1 as follows: (A) black columns

(group E, CFA-injected and 10 days Atorvastatin treated), white columns (group A, no immunization and no Atorvastatin treatment); (B) black columns (group

G, 20 days PLP 139e151 immunized and 10 days Atorvastatin treated), white columns (group C, 20 days PLP 139e151 immunized only); (C) black columns

(group F, CFA-injected and 20 days Atorvastatin treated), white columns (group A, no immunization and no Atorvastatin treatment); (D) black columns (group

H, PLP 139e151 immunized and 20 days Atorvastatin treated), white columns (group D, 30 days PLP 139e151 immunized only). Columns and bars represent

mean values� SD of groups of four animals per experiment. The Atorvastatin effect was tested for significance by Student’s t-test of corresponding values of

leukocyte subpopulations of animals with and without Atorvastatin treatment. p-Values are indicated by asterisks as follows: *p< 0.05 and **p< 0.01.
The analysis of replicated samples of gene expression values
showed a high similarity of arrays within all experimental
groups (A and CeH) and both tissues (lymph nodes and spinal
cord) with r2� 0.85. Thus, we confirmed homogeneous
experimental material within groups (replicate samples) as a
basis for the analysis of differential gene expression between
groups.

The comparison of gene expression differences allows for
detection of changes of gene expression in lymph nodes and
spinal cord of EAE mice during the course of the disease
with and without Atorvastatin treatment and in Atorvastatin-
treated control mice. Fig. 5 demonstrates the total numbers
of differentially regulated genes. The Atorvastatin-responsive
genes have been attributed to functional groups with emphasis
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar
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on immune-related and CNS-related genes. The results of this
detailed analysis as well as a complete list of all statin-
dependently differentially expressed genes are provided by
Tables S1eS6 as supplementary information (made available
on-line at www.neurobiology.med.uni-rostock or at doi: 10.
1016/j.jaut.2006.09.006). In Tables S5 and S6 additionally
the fold changes of the respective comparisons between exper-
imental animal groups (E and F versus A, G versus C and H
versus D) are given. Concisely, one can summarize the major
findings of microarray analysis as follows: (1) the highest num-
bers of differentially regulated genes were found in the spinal
cord of mice in response to EAE induction (Fig. 5). However,
Atorvastatin treatment influenced more genes in lymph nodes
than in spinal cord. (2) The majority of regulated genes could
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Fig. 4. EAE induction (without Atorvastatin treatment) has similar effects on proportions of total CD4þCD3þ and activated CD25þCD4þ T helper cells,

CD25þCD19þ activated B cells and CD11bþ macrophages as Atorvastatin treatment of healthy (only CFA-injected) control mice. Mice correspond to the exper-

imental animal groups AeH described in Fig. 1 as follows: (A) black columns (group E, CFA-injected and 10 days Atorvastatin treated), white columns (group C,

20 days PLP 139e151 immunized only); (B) black columns (group F, CFA-injected and 20 days Atorvastatin treated), white columns (group D, 30 days PLP 139e
151 immunized only). Columns and bars represent mean values� SD of groups of four animals per experiment as detected by flow cytometry.
be attributed to general cell functions such as regulation of cell
cycle, gene transcription, protein processing and turnover, sig-
nal transduction, assembly of cytoskeleton, oxidative stress res-
ponse and DNA repair (Tables S1eS4). (3) If more specifically
immune-related genes and CNS-related genes are regarded, the
most surprising finding was that CNS-related genes were
expressed in lymph nodes and that many of them were up-
regulated by Atorvastatin in both EAE and control mice
(Tables S1eS4). (4) Fourteen genes have been found to be
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar
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selectively influenced by Atorvastatin, i.e. they were not
affected by induction of EAE alone (Table 1). Five of
them were only influenced in EAE mice and nine in both
EAE and control mice. None of them was only affected in
control mice.

With regard to their function, the 14 solely Atorvastatin-
responsive genes belong to rather heterogeneous groups of
molecules, which prevents their attribution to common path-
ways or mediators of the disease (see Table 1). Most of them
Fig. 5. Changes of gene expression detected by Affymetrix microarray assay in lymph nodes (LN, upper line values) and spinal cord (SC, lower line values) by

comparing the experimental animal groups that are indicated according to the designation in Fig. 1. Numbers refer to genes that are more than twofold upregulated

(bold italic) or downregulated (normal typing), when comparing the group at position two with the group at position one. For example, in (B) the comparison of

group B (10 days after PLP 139e151 immunization) with group A (no immunization) revealed 16 upregulated and 62 downregulated genes in lymph nodes and

386 upregulated and 42 downregulated genes in spinal cord. A complete list of statin-dependently differentially regulated genes is available on-line as supplemen-

tary information (Table S5). The list comprises comparisons between groups E and F (Atorvastatin-treated control mice) versus group A (untreated control mice)

and between groups G and H (Atorvastatin-treated EAE mice) and groups C and D (corresponding untreated EAE mice).
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Table 1

Atorvastatin-responsive genes in EAE mice and control mice

Gene Accession no. Direction

of change

in EAE

mice

Time of

Atorvastatin

treatment

(days)

Tissue

Direction

of change

in control

mice

Time of

Atorvastatin

treatment

(days)

Tissue Functional

group

Thrombospondin-1 (TBS-1) AI385532 Up 20 lna Up 10 ln Adhesion molecules/

adhesion regulatorsDown 10 ln

Connexin-43 NM_010288 Down 10 ln Up 10 ln

Galectin-3 X16834 Up 20 scb Down 20 sc

Down 10 sc

Dectin-1 NM_020008 Up 20 sc

Pentraxin-3 (PTX-3) NM_008987 Up 20 ln, sc Up 10 ln Cytokines/chemokines/

cytokine regulatorsDown 10 ln, sc 20 ln

Suppressor of cell

signaling-3 (SOCS-3)

NM_007707 Up 20 sc Up 10 ln, sc

Down 10 sc 20 ln

Chemokine (CC motif)

ligand-11 (CCL-11)

NM_011330 Up 20 ln Up 10 ln

B cell marker CD20 BE686578 Up 10 sc B cell molecules

B cell receptor component

CD79B

NM_008339 Up 10 sc

Cyclooxygenase-1 (COX-1) NM_008969 Down 10 ln Metabolic enzymes

Carbonic anhydrase-3 (CAR-3) AK003671 Up 10 sc Up 20 sc

20 sc

Caþþ-binding protein S100-A4 D00208 Up 20 sc Signaling molecules

Heat shock protein-105

(HSP-105)

BI499717 Up 20 ln Up 20 ln Stress molecules

Inhibin-B1 BB353211 Up 20 ln Up 10 ln Hormones

Down 10 ln

10 sc

a ln¼ lymph nodes.
b sc¼ spinal cord.
belong to adhesion molecules or regulators of cell adhesion (4)
and cytokines, chemokines or regulators of cytokine expression
(3), while the remaining genes were scattered among B cell
molecules (2), metabolic enzymes (2), signal molecules (1),
stress molecules (1), and hormones (1). The majority of these
genes (12) was upregulated in EAE mice, either in lymph nodes
(thrombospondin-1¼ TBS-1, chemokine ligand-11¼ CCL-11,
HSP-105, inhibin-B1, all upregulated after 20 days of Atorvas-
tatin treatment) or in spinal cord (CD20, CD79B, carbonic
anhydrase-3¼ CAR-3, all upregulated after 10 days of Atorvas-
tatin treatment; galectin-3, dectin-1, SOCS-3, S100-A4, CAR-
3, all upregulated after 20 days of Atorvastatin treatment) or
in both tissues (pentraxin-3¼ PTX-3, not PiTX-3 biocid!, after
20 days of Atorvastatin treatment). Only connexin-43 and
COX-1 were downregulated, i.e. in lymph nodes after 10 days
of Atorvastatin treatment. In control mice, almost all (8/9) Ator-
vastatin-responsive genes were upregulated and mainly in
lymph nodes (7/9).

3.5. Protein expression in lymph nodes and spinal cord

To compare the changes on transcription level observed by
microarray technique with changes on protein level, the
expression of four genes was investigated by quantitative
Western blot (Odyssey system, LiCor technology) and
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar

activation status of target cells in PLP-EAE, J Autoimm (2006), doi:10.1016/j.
immunohistochemistry. Two of these genes (COX-1, HSP-
105) have been found to be differentially regulated in micro-
array analysis and two genes (ICAM-1 and CD86) reported
to be statin-responsive in the literature [41e46]. The gene ex-
pression of both molecules was not found to be differentially
regulated in our study. However, Western blot and immunohis-
tochemistry revealed changes of the expression of these mol-
ecules on the protein level. The genes have been selected on
the basis of optimum technical results of preliminary experi-
ments for protein detection in tissues of normal control ani-
mals (group A).

For illustration, Western blot detection of ICAM-1 is shown
in lymph nodes of the EAE animals (Fig. 6). For quantitative
Western blot analysis, the relative protein expression levels in
lymph nodes and spinal cord of the animal groups with different
types of treatment (groups BeH) were calculated with refer-
ence to the animal group of healthy control mice (group
A¼ 100%) (Fig. 7). Generally, we found higher protein expres-
sion levels in lymph nodes than in spinal cord, whereby the dif-
ferences were most pronounced for ICAM-1, smaller for CD86
and HSP-105 and not striking for COX-1 (data not shown). The
highest relative changes of protein expression during the natural
course of EAE as well as in response to Atorvastatin treatment
were seen for HSP-105, which was strikingly upregulated by
Atorvastatin treatment in lymph nodes and spinal cord of both
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Fig. 6. Protein expression of the ICAM-1 gene in spinal cord of EAE mice during the course of disease with and without Atorvastatin treatment as detected by

quantitative Western blot technique. Western blot was performed on spinal cord extracts of mice of the different experimental animal groups as designated in

Fig. 1., i.e. group A (no immunization and no Atorvastatin treatment), group B (10 days after PLP 139e151 immunization, no Atorvastatin treatment), group

C (20 days after PLP 139e151 immunization, no Atorvastatin treatment), group D (30 days after PLP 139e151 immunization, no Atorvastatin treatment), group

G (20 days after PLP 139e151 immunization, 10 days of Atorvastatin treatment) and group H (30 days after PLP 139e151 immunization, 20 days of Atorvastatin

treatment). Primary antibodies were directed against ICAM-1 and against the reference household protein b-actin. Near infrared emitting fluorescence-labeled

antibodies served as secondary antibodies. Scanning of fluorescent bands and quantitative evaluation of fluorescence signals was performed by LiCor technology

(Odyssey software). Results of fluorescence data of ICAM-1-labeled bands normalized to b-actin-labeled bands are the basis for the calculation of relative changes

of ICAM-1 expression in groups B-H compared to group A given in Fig. 7. The molecular weight of the markers is given in kDa.
EAE and control mice (Fig. 7). This finding correlates to the
finding on the transcriptional level only in lymph nodes (see
Table 1). COX-1 expression was downregulated by Atorvastatin
treatment in spinal cord of both EAE and control mice and in
lymph nodes of EAE mice only. Only the latter finding correlates
with the microarray results (see Table 1). Unfortunately, there was
not enough lymph node material available from all animal groups
to allow for Western blot analysis of all proteins. Therefore, the
Western blot results of COX-1 from groups B, C and E are miss-
ing. Prominent findings of ICAM-1 and CD86 expression were
(1) an Atorvastatin-related upregulation of both proteins in lymph
nodes of control mice, i.e. after 20 days of Atorvastatin treatment
(group F), and (2) an Atorvastatin-related downregulation of
ICAM-1 in spinal cord of both EAE and control mice, i.e. after
10 days of Atorvastatin treatment (groups E and G).

At the cellular level, protein expression was assessed for the
candidate genes of statin effects COX-1 and CD86 by immuno-
histochemistry. For this purpose, spinal cord sections were
used. For illustration, an example of immunostaining is given
for CD86 in Fig. 8. Relative expression levels of COX-1 and
CD86 in the spinal cord of the eight animal groups were
done by semi-quantitative analysis. The main results were
(see Fig. 9): (1) an increase of the COX-1 expression by Ator-
vastatin treatment of control mice (group E) and (2) a downre-
gulation of CD86 expression by Atorvastatin treatment of EAE
mice (groups G and H) and by 20 days of Atorvastatin treat-
ment of control mice (group F). The latter finding is in accor-
dance with the Western blot results.

4. Discussion

In the present study, statin effects on PLP-EAE of SJL mice
resembling the relapsing-remitting form of MS have been in-
vestigated with two major aims, (1) to define statin-dependent
changes of leukocyte subpopulations in the peripheral immune
system and (2) to disclose statin-induced changes of gene
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutary
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expression in the immune and nervous system. Thereby, it
was anticipated to eventually identify new predictors of statin-
responsiveness in EAE and probably also MS.

Investigations were performed at onset of clinical symp-
toms (day 10 p.i.), at height of the disease (day 20 p.i.) and
at first remission (day 30 p.i.). Atorvastatin was applied
between days 10 and 30 p.i. to simulate the clinical situation.
As control, healthy CFA-treated animals received Atorvastatin
for 10 and 20 days, respectively. The peripheral immune
response as measured by lymphocyte proliferation after
mitogenic (ConA-induced) and antigen-specific (PLP peptide
139e151-induced) stimulation was not significantly different
between Atorvastatin-treated and untreated EAE mice. How-
ever, the basal lymphocyte proliferation was decreasing over
time both in EAE mice and in Atorvastatin-treated control
mice. This finding raises the question whether the statin influ-
ences signaling pathways in lymphocytes that are concomi-
tantly activated during EAE, but which may nevertheless
counteract the disease process. The missing Atorvastatin effect
on mitogenic and antigenic immune response at later stages of
the disease is not contradictory to this hypothesis, since there
was no pronounced specific immune response seen in lymph
nodes of EAE mice at height of the disease and during the re-
covery phase. Deviating findings of Refs. [6] and [11] may be
due to the following differences to our study: (1) the clinical
signs of the disease were milder in our study, (2) we used
male animals only, (3) we studied draining lymph node cells,
but not splenocytes and T cell lines, (4) the basic proliferation
of control lymphocytes from healthy animals was higher in our
study than in the studies of [6] and [11]. We intended to ap-
proach the human situation of MS as close as possible by ap-
plying an initially mild disease and by analysing draining
lymph nodes that are supposed to represent the major site of
the primary autoimmune reaction to degenerated myelin
cross-reacting antigens [47] and to release myelin-specific T
cells to the CNS [48,49].
l coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Fig. 7. Quantitative evaluation of protein expression of the genes for CD86, HSP-105, ICAM-1 and COX-1 in lymph nodes and spinal cord of EAE and control

mice with and without Atorvastatin treatment by Western blot technique. Western blot was performed with fluorescence-labeled secondary antibodies and assessed

by fluorescence scanner (Odyssey system, Licor) as illustrated for ICAM-1 in Fig. 6. The fluorescence signals of bands of the indicated proteins are normalized to

fluorescence signals of parallel assessed b-actin bands by division of fluorescence signals of the candidate proteins of Atorvastatin effect through the fluorescence

signals of the house-keeping protein b-actin. Relative changes in percent (rel. change) of normalized protein expressions refer to the comparison of groups BeH

with group A, i.e. the reference group of healthy control animals, which has been set to 100%. The designation of the experimental animal groups corresponds to

that described in Fig. 1. ‘‘-’’ indicates not done.
The anti-inflammatory statin effect may involve changes of
the distribution of lymphocytes and macrophages within the
lymphatic system and between the lymphatic and the nervous
system. This is indicated by flow cytometric analysis of leuko-
cyte subpopulations in the peripheral lymph nodes in our study,
which argue for a strong effect of Atorvastatin on the distribu-
tion of functional subpopulations of T cells, B cells and macro-
phages. Interestingly, the effect of Atorvastatin treatment in
non-immunized healthy animals resembled the effect of dis-
ease-inducing immunization with PLP peptide 139e151. Par-
ticularly, the proportion of T helper cells among total T cells,
the proportion of activated among total B cells and the propor-
tion of macrophages among all lymph node cells increased in
both situations and the proportion of activated or regulatory T
helper cells among total T helper cells decreased after
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar
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prolonged disease and after Atorvastatin treatment of healthy
animals, respectively. These effects were partially reversed by
Atorvastatin treatment in EAE mice. The mechanisms of action
behind the changes of leukocyte subpopulations are presently
not known, but influences on signaling pathways controling
the cytoskeleton, cell-to-cell interaction via adhesion mole-
cules, cell migration and homing between the peripheral
immune system and the CNS are feasible. Therefore, Atorvas-
tatin-specific alterations of gene and protein expression in the
EAE mice in comparison to healthy animals are of special
interest.

A respective analysis was the second focus of our study. To
approach this aim and to avoid a hypothesis-driven premise re-
garding metabolic and signal pathways as well as intercellular
mediators and contact molecules that may be involved in statin
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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Fig. 8. Protein expression of the gene CD86 in spinal cord of EAE SJL mice without (A, B and D) and with 10 day Atorvastatin treatment (B) corresponding to the

experimental animal groups C and G described in Fig. 1 as detected by immunohistochemistry. Primary antibodies were rat anti-mouse CD86 monoclonal anti-

bodies. The antigen CD86 was visualized by biotinylated donkey anti-rat polyclonal antibodies and avidineperoxidase complex. For negative control, the primary

antibody was omitted (shown in C). The micrograph (D) illustrates the segmentation for quantitative evaluation of the histochemical staining of using KSRun

software (Imaging System KS400, Zeiss). The demonstrated areas are localized in the anterior horn of the spinal cord. They illustrate the prevailing CD86

expression in immunized mice (shown in A and D), which is downregulated by Atorvastatin treatment (shown in B). Scale bar: 50 mm.
effects, we applied the microarray technique for gene expres-
sion analysis. This method has been proven to be a useful
tool to elucidate gene expression changes that differentiate
between autoimmune diseases [50], tissue compartments
[51], disease stages [20] and therapeutic interventions

Fig. 9. Results of the quantitative evaluation of histochemical staining of spi-

nal cord for COX-1 and CD86 using KSRun software (Imaging System

KS400, Zeiss) as illustrated for CD86 in Fig. 8. The designation of the exper-

imental animal groups corresponds to Fig. 1. Note that COX-1 is upregulated

by 10 day Atorvastatin treatment in control mice (group E), whereas CD86 is

downregulated by 10 and 20 days of Atorvastatin treatment in EAE mice

(groups G and H), but only by 20 days of Atorvastatin treatment in control

mice (group F).
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutar
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[23,24,27,52]. As a major result Atorvastatin treatment influ-
enced general cell functions such as regulation of cell cycle,
cellecell interaction, gene transcription, protein processing
and turnover, signal transduction, assembly of cytoskeleton,
oxidative stress response and DNA repair, and immune cell
functions such as T cell, B cell and cytokine responses, rather
than specific nerve cell functions (see Tables S1eS4). A some-
what surprising finding was the expression of CNS-related
genes in lymph nodes. However, this might be explained by
the fact that these genes belong to the neurotrophic factors
and their receptors, which are actually pleiotrophic in nature.
The most striking differences in the expression of statin-
responsive genes were found between EAE mice and healthy
control mice rather than between different phases of the dis-
ease. However, only 14 genes have been found to be solely
influenced by the Atorvastatin treatment (see Table 1). They
belong to rather heterogeneous functional groups, whereby
the majority of genes could be attributed to adhesion molecules
und their receptors (TBS-1, connexin-43, galectin-3, dectin-1)
and cytokines/chemokines and their regulators and receptors
(PTX-3, SOCS-3, CCL-11). The remaining Atorvastatin-
responsive genes represented B cell markers (CD20, CD79),
metabolic enzymes (COX-1, CAR-3), signal molecules
(S100), stress molecules (HSP-105) and hormones (inhibin-
B1). Interestingly, 12 genes were upregulated by Atorvastatin
in lymph nodes and/or spinal cord of EAE mice and only con-
nexion-43 and COX-1 were downregulated. Also in control
yl coenzyme A reductase inhibitor Atorvastatin mediated effects depend on the
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mice, the majority of Atorvastatin-responsive genes (8/9) was
upregulated. This result points to a general activating role of
statins in EAE, which might affect cells and pathways that
are involved in attenuation of the disease process and eventu-
ally even in restorative processes. In this context it is of interest
that galectin-3, a promoter of neural cell adhesion and neurite
growth, was downregulated by Atorvastatin in spinal cord of
control mice and of EAE mice at height of the disease. How-
ever, it was upregulated in the recovery phase of the disease.
Generally, it appears that Atorvastatin affects multiple path-
ways and mediators of EAE and that the outcome of its action
depends on the activation state of target tissues as exemplified
by the changes of galectin-3 expression in the spinal cord,
which is not infiltrated by inflammatory cells in healthy control
mice, but heavily infiltrated in EAE mice [22].

In addition to the microarray investigation, we liked to
compare in selected cases the gene expression results with
the expression of the gene products on protein level. Thereby,
it turned out that the protein expression of the statin-respon-
sive genes HSP-105 and COX-1 as assessed by quantitative
Western blot and immunohistochemistry was only partially
concordant with the microarray results. This was also true
for ICAM-1 and CD86, which were additionally investigated
because of their pathogenic role in autoimmune diseases
[41e43] and their statin-induced downregulation reported in
the literature [44e46], although they were not found to be
downregulated by our microarray method. Reasons for these
discordant results could be (1) changes of gene expression
are not detected by our threshold of two-fold changes for
the definition of significance (e.g. some authors [53,54]
recently preferred a threshold value of 1.5 for the definition
of significant changes of gene expression detected by micro-
array technique), (2) gene expression and protein expression
follow different kinetics (e.g. the suppression of ICAM-1
and CD86 proteins in spinal cord of control mice is a result
of earlier downregulation of their respective genes, which is
not seen as late as 10 days p.i. in microarray analysis, (3)
suppression of protein expression results from inhibition of
posttranslational lipid modification (protein prenylation) of
signaling proteins controling the level of the respective
proteins.

Our data on gene expression, protein expression, leukocyte
subpopulation distribution and T-cell proliferation in PLP-
EAE leads to the general conclusion that the statin effects
strongly depend on the immunological status of the animals.
Most interestingly, the statin effects on healthy animals seem
to mimic at least partially the effect of disease-inducing immu-
nization, especially with regard to the pattern of leukocyte
subpopulations in the lymph nodes. This issue raises the ques-
tion, whether at least during early phases of EAE (and perhaps
of MS) signal pathways are activated, which counteract the
promotion of the disease, but which do not overcome the
proinflammatory, demyelinating and degenerative mechanisms
during the natural course of the disease. Statins may serve to
amplify anti-inflammatory and regenerative mechanisms by
inhibiting RhoA-dependent signal pathways such as the RhoA/
ROCK pathway responsible for cytoskeleton arrangement and
Please cite this article in press as: Eilhard Mix et al., 3-Hydroxy-3-methylglutary
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cell motility and the RhoA/FAK/AKT pathway responsible for
cell proliferation [37]. This hypothesis will be tested by loss-
of-function (knockdown) and gain-of-function (overexpres-
sion) experiments in the same system.

In summary, there are two most surprising results of our
study: (1) similarity of Atorvastatin effects on leukocyte sub-
populations with changes seen during the natural course of
PLP-EAE, and (2) detection by microarray technique of new
statin-sensitive genes, which do not belong to the genes
published before in reports of Atorvastatin-treated PLP-EAE
[6,11]. Since in our study the disease was milder and the inves-
tigations have been done on draining lymph nodes of the injec-
tion site and CNS, the results may reflect the conditions in
human MS more closely and, therefore, the findings impera-
tively warrant respective investigations in MS. The clinical rel-
evance of our results, especially the position of candidate genes
in the chain of pathological events leading to a clinical end-
point, i.e. the correlation with disease activity, will be tested
within the scope of clinical studies, i.e. phase I/II proof-of-
principle trials [55].
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