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Abstract

Multiple Sclerosis (MS) is an incurable central nervous system (CNS) demyelinating disease affecting several
million people worldwide. Due to the multifactorial and complex pathology of MS, FDA approved drugs often show
limited efficacy inpatients. We earlier documented that both lovastatin (cholesterol lowering drug) and metformin
(anti-diabetic drug) attenuate experimental autoimmune encephalomyelitis (EAE), a widely used model of MS via
different mechanisms of action. Since combination therapy of two or more agents has advantage over monotherapy,
we here assessed the therapeutic efficacy of metformin and lovastatin combination in EAE. We found that sub-
optimal doses of these drugs in combination had additive effect to attenuate established EAE in treated animals
than their individual treatments. Histological, immunohistochemistry and western blotting analyses revealed that the
observed demyelination and axonal loss as evident from reduced levels of myelin and neurofilament proteins in the
spinal cords of EAE animals were attenuated by treatment with these drugs in combination. Accordingly, the observed
infiltration of myelin reactive T cells (CD4 and CD8) and macrophages (CD68) as well as the increased expression of
their signatory cytokines in the spinal cords of EAE animals were attenuated by this regimen as revealed by enzyme-
linked immune-sorbent assay and real-time PCR analyses. In the periphery, this regimen biased the class of elicited
anti-myelin basic protein immunoglobulins from IgG2a to IgG1 and 1gG2b, suggesting a Th1 to Th2 shift which was
further supported by the increased expression of their signatory cytokines in EAE animals. Taken together, these
data imply that metformin and lovastatin combination attenuates T-cell autoimmunity and neurodegeneration in
treated EAE animals thereby suggesting that the oral administration of these FDA approved drugs in combination

has potential to limit MS pathogenesis.
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Introduction

Multiple sclerosis (MS) is an autoimmune inflammatory disease
of the central nervous system (CNS) that affects 2.5 million people
worldwide [1]. Experimental autoimmune encephalomyelitis (EAE)
is the murine model of MS which can be induced by immunization
of animals with myelin basic proteins [2]. The overall pathology of
EAE/MS is the activation of myelin reactive CD4" Thl and Th17 cells
including CD8* T cells in the periphery and that cross the blood brain
barrier resulting in inflammatory demyelination in the brain and spinal
cord [3,4]. While Th2 and T regulatory (Treg) cells keep in check the
generation of Thl and Th17 cells, respecively, in the CNS of EAE/MS
[5,6]. Different classes of immunomodulatory agents i.e., interferon
(IFN)-B, glatiramer acetate (GA), mitoxantrone, natalizumab, and
fingolimod are available for MS treatment [7-11]. However, these
agents except fingolimod are partially effective as they specifically target
the inflammatory phase, but not neurodegenerative phase of MS to
limit long-term disability [12]. In addition, these current medications
are associated with undesirable side-effects and potential toxicities [13-
16]. Therefore, there is an urgent need to develop agent(s) that targets

both inflammatory and neurodegenerative phases of MS with greater
efficacy [17]. Secondly, the inherent complexity of MS pathogenesis is
suggestive of combining existing or novel agents that may complement
one another to limit clinical symptoms in patients [18].

Metformin (Metf) is an oral biguanide drug used to treat type-2
diabetes and its mechanism of protection is ascribed to the activation
of AMP-activated protein kinase (AMPK), a sensor of cellular energy
status [19,20]. Similar to the pharmacological AMPK activator,
5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside (AICAR),
Metfalso attenuates inflammatory response in the brain and endothelial
cells [21,22]. In EAE, Metf attenuates the expansion of Th1 and Th17
cells, but enhances the differentiation and expansion of Th2 and Treg
cells [23]. Likewise, Metf is reported to regulate Th17 cells generation
in other autoimmune disease i.e., rheumatoid arthritis (RA) and type-2
diabetes patients [24,25]. In addition, Metf is reported to be safe and
beneficial in diabetic patients [26,27].

Large body of evidence suggests that statin as cholesterol lowering
drug has potential to treat T-cell mediated, organ specific autoimmune
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diseases or other inflammatory diseases [28,29]. Promising results were
obtained in clinical trials of statin in MS and RA including inhibition
of optic neuritis in MS patients [30-32]. In EAE, statin promotes the
differentiation and expansion of Th2 cells and Treg cells, and inhibits
the activation of antigen presenting cells [33,34] and the differentiation
of Th1 and Th17 cells [35,36]. In addition, statin is reported to protect
the breaching of blood brain barrier and inhibit the expression of
intracellular adhesion molecules to limit cellular infiltration in the CNS
of EAE animals [37,38]. These effects of statin were accompanied with
neuroprotection and induction of myelin repair in EAE [39,40].

Statin-mediated immunomodulatory and neuroprotective effects
in EAE are ascribed to the inhibition of Rho and Ras family GTPases
[38,41,42]. The inhibition of Rho family GTPases is reported to up-
regulate peroxisome proliferator activated receptors (PPARs) activity
in cells [43-45]. PPAR activity is reported to be regulated by AMPK
in cells and that the agonists of PPARs are reported to attenuate EAE
[46-49]. Based upon this knowledge, we hypothesized that Metf may
complement to lovastatin (LOV) mediated attenuation of EAE by
targeting PPARSs, albeit with different mechanisms of action. Therefore,
we here tested whether LOV and Metf in combination attenuate T-cell
autoimmunity and neurodegeneration in EAE model.

Material and Methods
Chemicals and reagents

Unless otherwise stated, all chemicals were purchased from Sigma.
LOV and Metf were purchased from EMD Millipore (Billercia, MA).
TRIzol reagent was purchased from Invitrogen (Carlsbad, CA), and
RNA easy cleaning kits were from Qiagen (Valencia, CA). Antibodies
for myelin basic protein (MBP) (clone 1, 129-138) were purchased from
Serotec (Raleigh, NC). Antibodies for phosphorylated-neurofilament-H
(SMI-31), non-phosphorylated-neurofilament-H  (SMI-32) and
proteolipid protein (PLP) were purchased from Chemicon (Temecula,
CA) and abcam (Cambridge, MA). Mouse anti-rat CD68 antibodies
were purchased from Biosource (Camarillo, CA). Secondary antibodies
i.e., goat anti-mouse IgG and anti-rabbit IgG conjugated with Texas
Red (for CD68 and MBP) and FITC (for SMI-31) were purchased from
Vector Laboratories, Inc. (Burlingame, CA). ECL-detecting reagents
and nitrocellulose membranes were purchased from GE Healthcare
Biosciences (Pittsburg, PA).

Animals

Adult female Lewis rats weighing 250-300g were purchased from
Charles River laboratory (Wilmington, MA) and housed in the animal
care facility at the Medical University of South Carolina (MUSC)
throughout the experiment and provided with food and water ad
lib. All animal experimentations were conducted in accordance with
accepted standards of humane care, as outlined in the ethical guidelines
and approved by MUSC’s Animal Ethics Committee.

EAE induction and evaluation

Procedures used for an induction of EAE are as described previously
in our publications with slight modifications [39,50]. In brief, rats
received a subcutaneous injection of 25 pg of guinea pig MBP in 0.1 ml
of PBS emulsified with equal volume of CFA supplemented with 2 mg/
ml of mycobacterium tuberculosis H37Ra (Difco, Detroit, MI) in the
hind limb footpads on days 0 and 7. Immediately and again 24 h later,
rats received pertussis toxin (200 ng, intraperitoneally) in 0.1 ml PBS.
Pertussis toxin was used as per the standardized protocol reported by
us and other investigators for EAE induction. Similarly, healthy control

group rats received subcutaneous injection of PBS and CFA emulsion
in the hind limb footpads on days 0 and 7. Rats were examined for
clinical scores by an experimentally blinded investigator daily. Clinical
score assessed on a 0-5 scale: 0, no clinical disease; 1.0, piloerection;
2.0, loss in tail tonicity; 3.0, hind-leg paralysis; 4.0, paraplegia, and
5.0, moribund or dead. At several times during the study, rats were
weighed. The clinical data of rats with clinical score >4.0 were not
included for statistical analysis. On the peak clinical day of the disease
(13™ of 14™ dpi) and at the conclusion of study (25% dpi), rats were
euthanized, perfusion was done and lumbar spinal cords (SCs) were
removed and snap frozen with liquid nitrogen and stored at -700C till
use. Alternatively, SCs of each rat was cut into 4 small pieces and fixed
in 4% paraformaldehyde for histopathology or immunohistochemistry
studies.

Drug treatments

Metf (150 mg/ml) was suspended in PBS and LOV (1 mg/kg)
was suspended in ethanol/NaOH solution and administered alone or
in combination by gavages, every day in 200 ul volumes. Treatment
was started in rats with established EAE on 10% or 11" day of post
immunization (dpi) and continued till the lessening of paralytic
symptoms (on 25% dpi; recovery). EAE rats without drug treatment
received PBS, once daily. Likewise, healthy control rats received vehicle
or Metf dose, once daily.

Histology and immunohistochemistry studies

For single-labeling standard methodology was used. Briefly, slides
were blocked by using Tmage-iT® fixation and permeabilization kit’
(Life technologies, Grand Island, NY) and incubated with appropriately
diluted primary antibody (1:100) at 4°C overnight followed by washing
and further incubation with secondary antibodies (1:500) for 1 h. For
double-labeling, slides were incubated simultaneously or separately
with both types of primary antibodies after blocking with a serum-PBS
solution at 4°C overnight as described above. Secondary antibodies
conjugated with Texas Red (MBP or CD68) or conjugated with FITC
(SMI-31 or CNPase) were used. Slides were also incubated with Texas
Red or FITC conjugated IgG antibodies without primary antibody as
negative controls and an appropriate mouse IgG or rabbit polyclonal IgG
as isotype controls. After thorough washings, slides were mounted with
Fluoromount-G (Electron Microscopy Sciences) containing Hoechst.
Slides were examined under fluorescence microscope (Olympus BX-
60) and images were captured at magnifications x400 with an Olympus
digital camera (Optronics; Goleta, CA) using a dual-band pass filter.
The contrast and brightness of images were processed using Adobe
Photoshop CS 5 software.

RNA preparation, cDNA synthesis and real-time PCR
analysis

Cells or tissues were carefully processed for RNA isolation using
TRIzol reagent followed by cDNA synthesis and real-time PCR analysis
using BIO-RAD CFX96 (BIO-RAD Laboratories). Primer sets used
in the study were described previously [39,51]. IQTM SYBR Green
Supermix was purchased from BIO-RAD (Hercules CA). Thermal
cycling conditions were as follows: activation of iTaqTM DNA
polymerase at 95°C for 10 min, followed by 40 cycles of amplification
at 95°C for 30 s and 59-60°C for 30 s. The specificity and detection
methods for data analysis are as described earlier [44]. In brief, real-
time PCR specificity for each analysis was determined by melting curve
analysis of the amplified product. The level of target gene transcripts
was calculated relative to the expression of reference gene, B-actin in
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each sample. The detection of threshold was set above the mean baseline
fluorescence determined by the first 20 cycles. A standard curve for each
template was generated with a serial dilution of the template (cDNA).

Western blot analysis

Total cell lysates were prepared in ice-cold lysis buffer (RIPA buffer)
and used for western blot analysis as described previously [52].

IgGisotype quantification

Anti-MBP-specific IgG isotypes were determined following solid
phase ELISA as per the instructions of the manufacturer in serum
samples of experimental animals. Briefly, the plates were coated with
anti-MBP (2 pg/ml) in PBS overnight in a humidity controlled chamber.
Coated plates were washed with PBS containing 0.05% Tween-20 and
blocked with 1% BSA for 1 h at room temperature (RT). After washing,
plates were incubated with serum samples diluted (1:100) with PBS for
2 h at RT. Bound antibody was detected by using anti rat IgG1, IgG2a
and IgG2b secondary antibody: HRP enzyme system (Serotec, Raleigh,
NC) employing Luminata Forte ELISA HRP substrate (EMD Millipore,
Billerica, MA) and read in a luminometer.

Quantification of cytokines

Levels of various cytokines in serum and spinal cord samples
were quantified by ELISA kits (eBiosciences Inc., San Diego,CA) as
per instructions in the product manuals. Slices of the spinal cords (50
to 100 mg) of rats were sonicated in 0.5 mL of PBS and centrifuged
at 12,000xg for 10 minutes at 4°C. The protein concentration in each
sample supernatant was determined using DC Protein Assay (Bio-Rad).
To quantify the levels of various cytokines in sample, recombinant
cytokine proteins were used as standards. Levels of cytokines in each
sample in triplicate were measured using an ELISA reader (UV-VIS
spectrophotometer), and data were normalized with total protein
concentration in each sample.

Statistical analysis

Data are given as mean + S.E.M and analyzed by using Student’s
t test for two groups comparison or one-way multiple range analysis
of variance (ANOVA) for multiple columns comparison followed by
a Bonferroni post-test. P values were determined for three to four
separate samples in each experiment using GraphPad Prism 5.0
software (Graph Pad Software Inc. San Diego, CA). P values <0.05 were
considered significant.

Results

Metf and LOV combination alleviates EAE clinical symptoms
in treated rats

We earlier reported that 2 mg/kg dose of LOV attenuates EAE in
MBP immunized rats [39,50]. Likewise, 100 mg/kg dose (orally; 3x) of
Metf attenuated EAE clinical symptoms in mice immunized with MOG
or PLP peptides [23]. To test whether these agents in combination
provide synergistic or additive effect to limit EAE, we treated EAE
rats with the suboptimal dose of each drug in combination or alone.
Drug treatment was started in established EAE (clinical score >3.0)
rats to mimic MS clinical symptoms that are related to inflammatory
demyelination. On clinical peak day (13™ or 14" dpi), EAE clinical
scores in rats treated with vehicle were higher (3.7 £ 0.28) as compared
to those were treated with Metf (2.8 + 0.16) or LOV (2.8 + 0.1) alone.
However, Metf and LOV combination demonstrated better suppression
of EAE disease in rats (2.5 £ 0.15; P<0.05) as compared to their

individual treatments (Figure 1A). On 25" dpi (Figure 1A), Metf and
LOV combination significantly suppressed EAE disease in rats (0.36
+ 0.17; P<0.01) as compared to their vehicle treated counterparts (2.0
+ 0.5). These data provide evidence that Metf and LOV combination
provides additive effect to attenuate EAE in animals.

Metf and LOV combination reduces
demyelination and axonal loss in EAE

inflammation,

Since inflammatory demyelination and axonal loss are the
pathological hallmark of EAE/MS [3,4], we examined the SCs of
similarly treated EAE rats for cellular infiltration, demyelination and
axonal loss on peak clinical day of EAE (13% or 14" dpi). As expected,
cellular infiltration was increased in the lumbar region of the SCs of
EAE rats treated with vehicle than controls and that was attenuated by
treatment with Metf and LOV in combination or alone (Figure 1B).
However, Metf and LOV combination effect was additive and greater
than their individual treatments (Figure 1B). Consistent with cellular
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Figure 1: Metf and LOV combination limits clinical impairments via
inhibition of inflammation and demyelination in the SCs of EAE rats.
EAE was induced with guinea pig MBP (25 pg/rat) in female Lewis rats and
treatment of LOV (1 mg/kg) and/or Metf (150 mg/kg) or vehicle were started
orally by gavages in rats with established EAE or in healthy controls (CON).
A: Shown is the composite mean + SEM of clinical scores in rats (n=9)/group
evaluated in three separate experiments. B: Shown is the composite mean
+ SEM of three to four samples/group analyzed for cellular infiltration in the
SCs of EAE rats on peak clinical day. C: Representative photographs of the
cross-section of lateral funiculi of the SCs of rats (n=6)/group on peak clinical
day, stained with LFB plus H&E (left panel) depicting cellular infiltration and
demyelination, bielschowsky staining (middle panel) depicting axonal integrity
and immunostaining with anti-CNPase (right panel) depicts demyelination.
Asterisks depict cellular infiltration and demyelination in the white mater of
the SC. Triangles depict neuronal axonal loss in the white matte of the SC.
Differences were statistically significant as indicated: *p<0.05, **p<0.01 and
***p<0.001, and NS (not significant).
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Figure 2: Metf and LOV combination inhibits inflammatory response in
the blood of EAE rats.

The induction of EAE in rats and treatment with Metf and/or LOV or vehicle
were as detailed in Figure 1 legend. Shown are the composite mean + SEM
of three to four samples/group analyzed in triplicate to determine the levels
of IFN-y (A), IL-17A (B), anti-MBP IgG1 (C), anti-MBP 1gG2b (D) and anti-
MBP IgG2a (E) in the sera of EAE rats on peak clinical day. Differences were
statistical significance as described for Figure 1 legend.

infiltration data, demyelination was greater in the SCs of EAE rats
treated with vehicle than controls and that was rescued by treatment
with Metf and LOV combination (Figure 1C; left panel). These data
were further supported by the loss of CNPase, OL specific marker in the
SCs of EAE rats treated with vehicle than controls and that was rescued
by treatment with Metf and LOV combination (Figure 1C; right panel).
Likewise, axonal loss was severe in the SCs of similarly treated EAE rats
with vehicle than controls and that was attenuated by treatment with
Metf and LOV combination (Figure 1C; middle panel). This Metf and
LOV combination mediated attenuation of myelin and axonal loss in
the SCs of EAE rats was greater than their individual treatments (not
depicted). Together, these data provide evidence that Metf and LOV
combination protects CNS integrity in EAE animals via attenuation of
cellular infiltration, demyelination and axonal loss.

Metf and LOV combination limits T-cell autoimmunity in
the peripheral and CNS compartments of EAE animals

Myelin reactive T cells are reported to play important role in the
induction, maintenance and regulation of inflammatory demyelination
in EAE/MS brain [53]. Therefore, we next determined as to what degree
the protective effects of Metf and LOV combination in EAE rats are
indeed due to their effects on the immune response in periphery or

locally in the CNS. Levels of IFN-y and IL-17A, signatory cytokines
of Thl and Th17 cells, respectively, were higher in the sera of EAE rats
treated with vehicle than controls and that were attenuated significantly
by treatment with Metf and/orLOV (Figures 2A and 2B). Since Thl
response mainlyprovokes IgG2a, while Th2 response provokes IgG1
in sera [54], we next assessed whether Metf and LOV influences the
levels of MBP-specific immunoglobulin isotypes in treated EAE rats.
As shown in the Figure 2E, level of anti-MBP immunoglobulin isotype
IgG2a was elevated in the sera of EAE rats treated with vehicle than
controls and that was reduced significantly by treatment with Metf and/
or LOV. Conversely, levels of anti-MBP immunoglobulin isotype IgG1
and IgG2b were significantly elevated in the sera of EAE rats treated
with the Metf and/or LOV than their vehicle treated counterparts
(Figures 2C and 2D). Of note, the combinatorial effect of Metf and
LOV on the regulation of anti-MBP immunoglobulin isotypes in the
sera of EAE rats was additive, but not significant when compared to
their individual treatments (Figures 2C-2E).

Next to determine whether Metf and LOV combination protects
CNS functions via regulation of the local inflammatory responses, we
performed ELISA and real-time PCR based analyses for T cell markers
and their signatory cytokines in the SCs of EAE rats. Consistent with
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Figure 3: Metf and LOV combination inhibits inflammatory response in
the SCs of EAE rats.

The induction of EAE in rats and treatment with Metf and/or LOV or vehicle
were as detailed in Figure 1 legend. Shown are the composite mean + SEM
of three to four samples/group analyzed in triplicate to determine the levels of
IFN-y (A), IL-4 (B), ROR-yt (C) and IL-10 (D) mRNA transcripts in the SCs of
EAE rats on peak clinical day. Shown are the composite mean + SEM of three
to four samples/group analyzed in triplicate to determine the levels of IFN-y
(A\), IL-17A (B) protein in the SCs of EAE rats on peak clinical day. Differences

were statistical significance as described for Figure 1 legend.
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Figure 4: Metf and LOV combination limits the expression of
proinflammatory cytokines and T cells markers in the SCs of EAE rats.
The induction of EAE in rats and treatment with Metf and/or LOV or vehicle
were as detailed in Figure 1 legend. Shown are the composite mean + SEM
of three to four samples/group analyzed in triplicate to determine the levels
of TNF-a (A), IL-23 (B), CD4 (C) and CD8 (D) mRNA transcripts in the SCs
of EAE rats on peak clinical day. Differences were statistical significance as
described for Figure 1 legend.
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the observed higher levels of IFN-y and IL-17A in sera (Figures 2A
and 2B), levels of these cytokines were also elevated in the SCs of EAE
rats treated with vehicle as compared to controls and that were reversed
by treatment with Metf and/or LOV (Figures 3E and 3F). Likewise,
levels of the mRNA transcripts for Thl (IFN-y) and Th2 (IL-4 and IL-
10) cytokines including Th17 cell transcription factor, ROR- yt were
elevated in the SCs of EAE rats treated with vehicle than controls and
that were reversed by treatment with Metf and/or LOV (Figures 3A-
3D). The observed effect of Metf and LOV combination was additive to
attenuate IFN-y (mRNA and protein) and IL-17A (protein) or induce
IL-4 (mRNA) than their individual treatment in EAE rats (Figures 3A-
3F). In addition, the activation of macrophages/microglia (CD68+ve)
was greater in the SCs of EAE rats treated with vehicle than controls
and that was attenuated by treatment with Metf and/or LOV (Figure
4). Furthermore, levels of IL-23 and TNF-a mRNA transcripts were
elevated as the marker of antigen presenting cells activation in the
SCs of EAE rats treated with vehicle than controls and that were
attenuated by treatment with Metf and/or LOV (Figures 5A and 5B).
The observed combinatorial effect of Metf and LOV on the attenuation
of IL-23 and TNF-a expression in the SCs of EAE rats was additive,
but not significant when compared with their individual treatments
(Figures 5A and 5B). Consistent with cellular infiltration data (Figure
1B), levels of the CD4 and CD8 mRNA transcripts were significantly
elevated indicating of the increased infiltration of CD4 and CD8 T cells
in the SCs of EAE rats treated with vehicle than controls and that were

reversed by treatment with Metf and/or LOV (Figures 5C and 5D).
The observed combinatorial effect of Metf and LOV on the attenuation
of CD4 and CD8 expression in the SCs of EAE rats was additive and
that was greater than their individual treatments (Figures 5C and 5D).
Together, these data suggest that Metf and LOV combination limits
T-cell autoimmunity in the peripheral and CNS compartments of EAE
animals via regulation of Th1, Th2 and Th17 cells immune responses.

Metf and LOV  combination
neurodegeneration in EAE rats

treatment  limits

To assess the effect of Metf and LOV combination on CNS repair,
we next determined the expression of trophic factors in the SCs of
ameliorating EAE rats on 25" dpi. Levels of CNTF (ciliary neurotrophic
factor) mRNA transcripts and protein were significantly reduced in
the SCs of EAE rats treated with vehicle as compared to controls and
that were reversed by treatment with Metf and/or LOV (Figures 6A
and 6E). Likewise, levels of brain derived neurotrophic factor (BDNF),
insulin like growth factor-1 (IGF-1) and leukemia inflammatory factor
(LIF) mRNA transcripts were found to be reduced significantly in
the SCs of EAE treated with vehicle as compared to controls and that
were reversed by treatment with Metf and/or LOV (Figures 6B-6D).
This effect of Metf and LOV combination on the expression of trophic
factors in the SCs of EAE rats was additive, however not significant as
compared to their individual treatments (Figures 6A-6E). Further, to
determine that these trophic factors contribute to neuroprotection in
EAE animals, we analyzed the SCs of similarly treated EAE rats using
anti-myelin and neurofilament proteins antibodies by western blotting
and immunohistochemistry. As shown in Figure 6F levels myelin
(MBP and PLP) and neurofilament (SMI-31 and SMI-32) proteins were
reduced in the SCs of EAE rats treated with vehicle compared with
controls and that were protected by treatment with Metf and/or LOV.
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Figure 5: Metf and LOV combination reduces CD68+ve in the SCs of EAE
rats.

The induction of EAE in rats and treatment with Metf and/or LOV or vehicle
were as detailed in Figure 1 legend. Representative photographs depicts
CD68*¢ cells in the lateral funiculi of the SCs of rats (n=6)/group on peak
clinical day. Arrowhead depicts CD68* cells in the white matter of the SC.
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Figure 6: Metf and LOV combination enhances promyelinating milieu in
the SCs of EAE rats.

The induction of EAE in rats and treatment with Metf and/or LOV or vehicle
were as detailed in Figure 1 legend. Shown are the composite mean + SEM
of three to four samples/group analyzed in triplicate to determine the levels
of CNTF (A), BDNF (B), IGF-1(C) and LIF (D) mRNA transcripts in the SCs
of EAE rats on 25" dpi. Shown is the composite mean + SEM of three to four
samples/group analyzed in triplicate to determine the level of CNTF (A) protein
in the SCs of EAE rats on 25" dpi. Representative western blot (IB) depicts
levels of different proteins in the SCs of EAE rats on 25" dpi. Differences were
statistical significance as described for Figure 1 legend.

Consistent with these data, intensities of the neuronal axon-specific,
phosphorylated-neurofilament heavy chain protein (SMI-31) and that
of MBP were reduced in the SCs of EAE rats treated with vehicle as
compared to controls and that were reversed by treatment with Metf
and/or LOV (Figure 7). These effects of Metf and LOV combination
on neuroprotection in EAE rats were greater than their individual
treatments (Figures 6F and 7). Taken together, these data provide
evidence that Metf and LOV combination influences the expression of
trophic factors to limit neurodegeneration in EAE animals.

Discussion

Single drug therapy often lacks its effectiveness in MS patients due
to the complex pathology of disease. Clinical studies conducted recently
using different immunomodulatory agents i.e., fingolimod, cladribine
and teriflunomide demonstrated promising results in MS patients, but
these medications were associated with serious side-effects [11,55,56].
We believe that combination of two or more agents using their sub-
optimal doses could minimize their potential side-effects and improve
their beneficial effects to combat MS.

Major criteria of selecting agents for combination therapy for MS
should be if: (a) agents act through different mechanisms of action,
(b) each agent offers excellent safety profile and (c) agents not create
potential toxicity when used in combination [57]. Metf and LOV meet
these criteria as both characteristically attenuate clinical symptoms and
provide neuroprotection in EAE animals [33,34,50]. In addition, both
LOV and Metf [58] are reported to cross the BBB thereby these drugs
can interfere with the neurodegeneration in MS brain. Our findings
demonstrated that Metf and LOV combination treatment attenuates
clinical symptoms in established EAE animals via inhibition of cellular
infiltration and T-cell autoimmunity. Autoreactive Thl and Th17
immune responses were reduced, while Th2 immune responses were
enhanced in the peripheral and CNS compartments of EAE animals
treated with Metf and LOV combination. In addition, demyelination
and axonal loss were reduced, but the expression of trophic factors
was enhanced suggesting that Metf and LOV combination limits
neurodegeneration in EAE.

EAE model used in this study is widely used for preclinical testing
of agents for MS. Several combinations of different agents including
FDA approved MS drugs are tested in EAE model [18,57,59,60] as
well as in MS patients [61]. Use of statins for MS is still under debate

CON + LOV + Metf  CON + Vehicle

EAE + Metf EAE + Vehicle

EAE + LOV

EAE + LOV + Metf

Figure 7: Metf and LOV combination restricts neurodegeneration in the
SCs of EAE rats.

The induction of EAE in rats and treatment with Metf and/orLOV or vehicle
were as detailed in Figure 1 legend. Representative photographs depicts MBP
(left panel) and SMI-31 (middle panel) in the lateral funiculi of the SCs of rats
(n=6)/group on 25" dpi. Arrowhead depicts loss of myelin and axonal protein
in the white matter. Sections were counter stained with Hoechst dye (right
panel).
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as mixed results are reported by combination of statins with IFN in
different MS clinical studies [62-66]. The major cause of this observed
inconsistency with the addition of statin to IFN therapy in MS is
ascribed to their antagonizing mechanisms of action [67]. It suggests
that statin should be tested in combination with immunomodulatory
agents that does not interfere or negate its mechanism of action or
vice versa. In this context, we and other earlier demonstrated that
statin provides beneficial effects in combination with GA or other
disease modifying in EAE [51,57,68,69]. In addition, we reported
that AICAR in combination with LOV attenuates inflammation and
provides neuroprotection in EAE animals [70]. The mechanism of
action of both Metf and AICAR however is via AMPK activation,
but Metf has greater cellular/tissue penetration than AICAR [19,20].
Therefore, Metf is the ideal candidate to be tested in combination with
LOV in EAE. Atorvastatin and rapamycin combination has recently
been documented to provide immunomodulatory synergy in EAE
[71]. Rapamycin is known to block the activity of a serine/threonine
protein kinase called mammalian target of rapamycin (mTOR) which
is crucial for cell growth [72] and it is the downstream target of AMPK
in cells [73]. Our findings demonstrate that LOV complements to the
inhibitory effect of Metf in EAE animals that could be ascribed to their
immunomodulatroy and neuroprotective activities as discussed below.

Immunomodulatory activities

The susceptibility of EAE development is thought to correlate with
the expression of Th1 cytokines i.e., IL-23, IFN-y and TNF-a, while that
is controlled by Th2 cytokines i.e., IL-4 andIL-10 [3-6]. Activation of
resident glial cells following infiltration of autoreactive Th1/Th17 cells
and macrophages (CD68") is responsible for CNS inflammation that
eventually cause loss of myelin and axons in EAE animals. Statin is
reported to shift the Thl to Th2 biased phenotype responses in EAE
[33] via regulation of T-bet and GATA3 transcriptional activities
[34] and it inhibits Th17 cells generation and enhances the Treg cells
expansion [35,36]. Likewise, Metf is reported to induce Thl to Th2
biased phenotype responses and inhibits Th17 phenotype response in
EAE [23]. Mechanistically, statin inhibits mevalonate pathway thereby
reduces the biosynthesis of cholesterol and isoprenoids. The reduced
level of cholesterol in statin treated cells is compensated by the uptake
of extracellular cholesterol through LDL-receptors, while the reduced
isoprenoids affects the secondary modification of Rho family GTPases
in the cell membrane [74]. The statin-mediated depletion of isoprenoids
is reported to shift the Th1 to Th2 bias in EAE animals via inhibition
of the Ras and RhoA activities [41]. Metf is reported to attenuate EAE
development via AMPK activation in T cells [23]. AMPK has also
been implicated in different disease pathologies and the attenuation
of cytokine-induced activation of endothelial cells via inhibition of
the NF-xB activation [21,75]. In addition, we earlier documented that
AICAR attenuates EAE via modulation of T-cell autoimmunity and the
protection of blood-brain barrier [76,77].

In the CNS, local antigen presentation is a critical event to initiate
and perpetuate chronic inflammatory responses. While the CNS
is devoid of professional antigen presenting cells (dendritic cells),
however, MHC class II antigens and co-stimulatory CD80 and CD86
molecules are upregulated in microglia and macrophages in response to
local cytokine production [33,78]. LOV has been reported to inhibit the
expression of TNF-a and IL-1f in microglia and astrocytes including
IFN-y inducible transcription of MHC class II expression in microglia
[79,80]. Likewise, AMPK is reported to inhibit IFN-y induced
expression of TNF-a and chemokines in astrocytes and microglia
[81]. In addition, Metf-mediated induction of AMPK signaling is

reported to attenuate inflammatory response in vascular cells [82].
In line with this, we earlier documented that AICAR attenuates LPS
induced inflammatory response in glial cell cultures and in the rat
brain [22]. These above described different mechanisms of action of
Metf (as AMPK activator) and LOV (inhibitor Rho prenylation) may
complement to restrict T-cell autoimmunity in the peripheral and CNS
compartments of EAE animals.

Neuroprotective activities

Trophic factor secreted by brain glial cells play important role in
many cellular events i.e., cell proliferation and differentiation [83].
We observed the increased levels of trophic factors i.e., CNTE, BDNE,
LIF and IGF-1 in the SCs of EAE animals treated with Metf plus LOV
combination suggesting that these drugs provide a promyelinating
milieu in the CNS of EAE animals. In agreement with this, we earlier
reported that LOV induces a promyelinating milieu in the CNS of
ameliorating EAE animals [39]. Trophic factorsi.e., IGF-1 and CNTF are
reported to protect neurons and OL progenitor cells [84,85]. In addition,
astrocytes, microglia and Th2 cells are known to secrete trophic factors
i.e., BDNF and LIF [86,87]. Importantly, CNTF and BDNF induced
AMPK activation was reported to regulate synaptic plasticity and
cognitive functions [88,89]. In addition, we recently documented that
Metf induced AMPXK signaling protects OLs to restore CNS functions
in EAE animals [90]. Statin-mediated PPAR-a activation protects
OLs from cytokine toxicity, while PPAR-y activation enhances their
differentiation via inhibition of Rho family GTPase functions [44,91,92].
Accordingly, Metf and LOV combination treatment attenuated the loss
of myelin and axonal proteins thereby clinical impairments in EAE
animals (Figure 6F). The above described neuroprotective activities of
Metfand LOV indicate that the combinatorial effect of these drugs may
contribute to limit neurodegeneration in EAE animals.

In conclusion, our findings document that Metf and LOV
combination treatment provides greater efficacy limiting clinical
impairments in EAE animals. The overall contribution of the
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Figure 8: The possible mechanism of action of Metf and LOV in immune
and CNS cells in EAE.

LOV inhibits mevalonate pathway via inhibition of HMG-CoA reductase and
lowers levels of cholesterol and isoprenoids. The depletion of isoprenoids
affects Rho family GTPases functions that are reported to regulate PPARs
activity in cells. Metformin (Metf) activates AMPK which in turn, regulates
PPARs activity in cells. The observed targeting of PPARs by LOV and Metf
in combination may inhibit Th1/Th17 cell expansion, but enhance Th2 cells

generation that eventually inhibit CNS inflammation and demyelination in EAE.

J Clin Cell Immunol
ISSN: 2155-9899 JCCI, an open access journal

Multiple Sclerosis

Volume 4 -« Issue 3 * 1000149



Citation: Paintlia AS, Mohan S, Singh | (2013) Combinatorial Effect of Metformin and Lovastatin Impedes T-cell Autoimmunity and Neurodegeneration
in Experimental Autoimmune Encephalomyelitis. J Clin Cell Immunol 4: 149. doi:10.4172/2155-9899.1000149

Page 8 of 10

immunomodulatory and neuroprotective activities of these drugs in
combination is complementing to limit EAE development. However,
the precise mechanism behind this protection is not fully understood.
As discussed above the beneficial mechanism of action of Metf and LOV
are possibly ascribed to the regulation of PPARs activity both in the
immune and CNS glial cells (Figure 8). Both statins and Metf are FDA
approved oral medications for human patients other than MS. Based on
the safety profile in humans and the observed efficacy of these drugs in
combination in EAE warrants future clinical trials in MS patients.
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