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Abstract
We earlier documented that lovastatin (LOV)-mediated inhibition of small Rho GTPases activity
protects vulnerable oligodendrocytes (OLs) in mixed glial cell cultures stimulated with Th1
cytokines and in a murine model of multiple sclerosis (MS). However, the precise mechanism of
OL protection remains unclear. We here employed genetic and biochemical approaches to
elucidate the underlying mechanism that protects LOV treated OLs from Th1 (tumor necrosis
factor-α) and Th17 (interleukin-17) cytokines toxicity in in vitro. Cytokines enhanced the reactive
oxygen species (ROS) generation and mitochondrial membrane depolarization with corresponding
lowering of glutathione (reduced) level in OLs and that were reverted by LOV. In addition, the
expression of ROS detoxifying enzymes (catalase and superoxide-dismutase 2) and the
transactivation of peroxisome proliferators-activated receptor (PPAR)-α/-β/-γ including PPAR-γ
coactivator-1α were enhanced by LOV in similarly treated OLs. Interestingly, LOV-mediated
inhibition of small Rho GTPases, i.e., RhoA and cdc42, and Rho-associated kinase (ROCK)
activity enhanced the levels of PPAR ligands in OLs via extracellular signal regulated kinase
(1/2)/p38 mitogen-activated protein kinase/cytoplasmic phospholipase 2/cyclooxygenase-2
signaling cascade activation. Small hairpin RNA transfection-based studies established that LOV
mainly enhances PPAR-α and less so of PPAR-β and PPAR-γ transactivation that enhances ROS
detoxifying defense in OLs. In support of this, the observed LOV-mediated protection was lacking
in PPAR-α-deficient OLs exposed to cytokines. Collectively, these data provide unprecedented
evidence that LOV-mediated inhibition of the Rho–ROCK signaling pathway boosts ROS
detoxifying defense in OLs via PPAR-α-dependent mechanism that has implication in
neurodegenerative disorders including MS.
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Introduction
Growing evidence suggests that oligodendrocyte (OL) health is crucial for neuronal axon
survival under various neurodegenerative disorders including multiple sclerosis (MS)
(Funfschilling et al., 2012; Oluich et al., 2012). Cytokines secreted by myelin reactive CD4+

Th1 and Th17 cells play a critical role in the pathogenesis of experimental autoimmune
encephalomyelitis (EAE), the murine model of MS (Brosnan and Raine, 1996; Gocke et al.,
2007). Accumulating evidence suggests that proinflammatory cytokines largely affect OLs
in MS brain (Oluich et al., 2012; Soulika et al., 2009). Th1 cytokines, i.e., tumor necrosis
factor (TNF)-α and interferon-γ, enhance the generation of reactive oxygen species (ROS) in
OLs leading to their apoptotic cell death in in vitro (Andrews et al., 1998; Pang et al., 2005).
In line with this, we earlier documented that TNF-α reduces cellular glutathione level and
enhances ceramide generation in OLs that eventually contribute to their apoptotic cell death
(Singh et al., 1998). In addition, we recently documented that synergy between TNF-α- and
Th17 cytokine-, interleukin-17 (IL-17), induced signaling mechanisms exacerbate the
apoptotic cell death of OLs in in vitro (Paintlia et al., 2011). These findings indicate that the
understanding of molecular mechanism(s) that protects OLs from Th1/Th17 cytokine holds
promise for search of better therapeutics for MS and related neurodegenerative disorders.

Statins as cholesterol lowering drugs are documented to provide anti-inflammatory and
neuroprotective activities in EAE and in in vitro culture systems (Paintlia et al., 2005;
Youssef et al., 2002) and decline the gadolinium-enhancing MRI lesions in MS brain
(Vollmer et al., 2004). Statin-mediated inhibition of small Rho GTPases activity reduces
inflammatory components (myelin reactive CD4+ Th1 and Th17 cells), endothelial
dysfunction, and CNS inflammation in the EAE model (Dunn et al., 2006; Floris et al.,
2004; Greenwood et al., 2003). Importantly, small Rho GTPases and peroxisome
proliferator-activated receptors (PPARs) activities are reported to exhibit an inverse
relationship in statin-treated cells (Yano et al., 2007). For instance, statin-mediated
inhibition of RhoA activity increases PPAR-γ transactivation in immune cells that, in turn,
modulate their pathogenicity under pathological conditions (Shen et al., 2010; Yano et al.,
2007). We and others earlier reported that statin-mediated inhibition of RhoA activity
enhances the differentiation of OL progenitor cells (OPCs) into myelin-forming OLs via
PPAR-γ activation (Miron et al., 2007; Paintlia et al., 2010; Sim et al., 2008).

PPARs are a group of nuclear receptor proteins that function as transcription factors to
regulate the expression of key genes involved in the cellular lipid metabolism (Amri et al.,
1995; Forman et al., 1995). In addition, PPARs play a significant role in the development
and differentiation of OPCs (Saluja et al., 2001; Woods et al., 2003). Moreover, PPAR
agonists are reported to diminish clinical symptoms in the EAE model (Dunn et al., 2010;
Klotz et al., 2009). In light of this information, we asked whether statin-mediated regulation
of PPARs activity protects OLs from Th1/Th17 cytokine toxicity in the EAE/MS brain. To
address this, we employed genetic and biochemical approaches in primary OLs and B12
cells (OL cell line) exposed to Th1 (TNF-α) and Th17 (IL-17) cytokines in the presence or
absence of lovastatin (LOV) in in vitro settings. Our findings demonstrated that LOV-
mediated inhibition of Rho family GTPases and Rho-associated kinase (ROCK) activity
increases ROS detoxifying defense in OLs exposed to cytokines via PPAR-α-dependent
mechanism.

Materials and Methods
Chemicals and Reagents

Dulbecco's modified eagle's medium (DMEM; containing 4.5 g/L glucose), fetal bovine
serum (FBS), and poly-D-lysine (PDL; 50 μg/mL) including rat and rabbit polyclonal IgGs,
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Alexa Fluor conjugated with anti-rabbit IgG or anti-mouse IgG, and/or phalloidin were from
Life Technologies (Grass Island, NY). Recombinant platelet derived growth factor-aa
(PDGF-aa), basic fibroblast growth factor-2 (bFGF-2), ciliary neurotrophic factor (CNTF),
TNF-α, and IL-17 proteins including anti-myelin basic protein (MBP), anti-
galactocerebroside (GalC), and anti-neuronal cell surface antigen (A2B5) antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-A2B5 MicroBeads and MS columns
were from MACS, Miltenyi Biotec (Auburn, CA). Lovastatin (LOV), Y27632, WY14643,
GW6471, ciglitazone, GW9662, L-165041, cyclooxygenase-2 (COX-2) inhibitor 1,
arachidonyl trifluoromethyl ketone, and SB203580 were from EMD4Biosciences
(Savannah, GA). Antibodies against PPAR-α/-β/-γ, phosphorylated extracellular-regulated-
receptor-kinase (ERK) 1/2, phosphorylated p38 MAPK, PPAR-γcoactivator-1α (PGC-1α),
catalase, manganese superoxide dismutase (SOD2), and CREB binding protein (CBP) were
from Affinity BioReagents (Golden, CO). Antibodies against RhoA, cdc42, Rac1, and
phosphocytoplasmic phospholipase 2 (cPLA2) were from Cell Signaling Technology
(Danvers, MA).

Cultures and Treatments of OLs
Pregnant Sprague-Dawley rats were purchased from Harlan Laboratories (Dublin, VA) and
the pregnant wild-type and PPAR-α(–/–) mice was generated by breeding of their colonies.
Pups were euthanized by decapitation in accordance with the protocol approved by the
Medical University of South Carolina Institutional Animal Care and Use Committee as per
the National Institute of Health Guide for the Care and Use of Laboratory Animals. The
dissociated cortices were cultured in DMEM as described earlier (Paintlia et al., 2013). De-
attached OPCs obtained from mixed glial cultures after shaking were incubated with anti-
A2B5 MicroBeads for 1 h and passed through MS columns (MACS, Miltenyi Biotec) that
showed >99.9% purity of OPCs (FACS analysis). OPCs (2,000 cells/cm2) were plated in
PDL-coated culture dishes or glass cover slips in serum-free modified Bottenstein–Sato-
based medium (Bottenstein and Sato, 1979) supplemented with trophic factors, i.e., PDGF-
aa and basic FGF (10 ng/mL each) as described earlier (Paintlia et al., 2010). After 24 h,
fresh Sato-based medium supplemented with CNTF (10 ng/mL) was replaced in cells and
further incubated for 48 h which showed the transformation of OPCs into OL-lineages, i.e.,
O4+ (50% ± 5%), O1+ and O1+/MBP+ (35% ± 2%), and MBP+ (15% ± 1%) as analyzed by
FACS analysis. For treatment studies; OLs were cultured in Sato-based medium
supplemented with 2% FBS and exposed to TNF-α (10 ng/mL) and IL-17 (25 ng/mL). OLs
were treated with LOV (2.0 μM) or other pharmacological agents for 2 h prior to cytokine
exposure. B12 cells were a kind gift from David Schubert (Salk Institute, La Jolla, CA),
which are rat OL cell lines that express O1, CNPase, and MBP (Roth et al., 2003). B12 cells
were preferred for transfection studies over primary OLs due to their better transfection
efficiency. B12 cells (2,000 cells/cm2) were cultured in DMEM containing 5% FBS and 25
μg/mL gentamycin (Nunc, Roskilde, Denmark) and incubated at 37° C in a humidified
atmosphere of 95% air and 5% CO2 (Calderon et al., 1998). Seventy to eighty percent
confluence cultures of B12 cells were transfected with plasmids and used for experimental
studies. Concentrations of the pharmacological agents or LOV used in the study
demonstrated no cell death as measured by trypan blue exclusion and LDH release assays.

ROS Measurements
Cellular ROS levels were measured using cell-permeable fluorescent dye 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-DCFDA; Invitrogen) as
described previously (Paintlia et al., 2011). For positive control, cells were treated with
0.3% H2O2 in culture media and incubated for 30 min at 37° C (data not shown). Data were
plotted as percentage of controls.
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Glutathione Measurements
The concentration of glutathione (GSH) (reduced) in cells was measured immediately after
homogenization in lysis buffer using a Glutathione assay kit (Biotium, Hayward, CA). This
kit is based on monochlorobimane that forms a fluorescent conjugate with GSH as described
earlier (Keelan et al., 2001). Samples were read after 30 min at 380/460 nm using a Soft
Max Pro spectrofluorometer (Molecular Devices, Sunnyvale, CA). Cells treated with
staurosporine (1 micro gram/mL) were used as positive control (data not shown). Changes in
GSH levels are expressed as nmol/mg of cellular protein.

Mitochondrial Membrane Potential ( Δ Ψ m) Measurements
Changes in ΔΨm were measured in treated cells using JC-1 (5,5′,6,6′-tetrachloro-1,1′,
3,3′tetraethylbenzimidazolylcarbocyanine iodide) and rhodamine-123 (Rh-123) dyes
(Invitrogen). Cells were incubated with 1 μM of JC-1 dye or 10 μM of Rh-123 for 15 min at
37° C followed by washing of cells with PBS and examined under a fluorescence
microscope (Olympus BX-60) to photograph with an attached Olympus digital camera
(Optronics; Goleta, CA). ROS usually disrupts ΔΨm that can be measured with JC-1 dye
with the shift of fluorescence from red to green. Green (Ex 485 nm, Em 535 nm) and red
(Ex 540 nm, 590 nm) JC-1 signals indicate monomers and J-aggregates, respectively, in
cells that were measured on a SpectroMax M5 microplate reader (Molecular Device,
Sunnyvale, CA) and the ratio of J-aggregates to monomers was plotted. Likewise, cells
incubated with Rh-123 were examined under a fluorescence microscope (Olympus BX-60)
and photographed. Green (Ex 505 nm, Em 534 nm) Rh-123 signals of treated cells were
measured on a SpectroMax M5 microplate reader (Molecular Device, Sunnyvale, CA) and
results were plotted. Valinomycin (10 μM) was used as a positive control in all experiments
(data not shown).

Measurement of ROCK and β-Galactosidase Activities
ROCK activity was measured in cell lysates by using a ROCK assay kit as instructed in the
product manual (Millipore). Data are presented as absorbance in 200 μg of protein.
Likewise, β-galactosidase reporter activity was measured in cell lysates by using a β-
galactosidase reporter activity kit as per instructions in the product manual (Invitrogen,
Carlsbad, CA).

Detection of Cell Death and Cell Viability
Cell death was determined by measuring lactate dehydrogenase (LDH) release in the culture
supernatants using a LDH assay kit (Roche Diagnostics, Indianapolis, IN). Cell viability was
measured by trypan blue exclusion using trypan blue (0.4%) in cells (1:1) and reading on
TC10 automated cell counter (BIO-RAD).

Immunofluorescence
For single or double labeling, standard methodology was used. Briefly, slides were blocked
by using an Image-iTV® fixation and permeabilization kit (Invitrogen) and incubated with
appropriately diluted primary antibody (1:100) at 4° C overnight followed by washing and
incubation with Alexa Fluor conjugated antibodies (1:500). Slides incubated with Alexa
Fluor conjugated IgG antibodies without primary antibodies were negative control.
Appropriate mouse IgG and rabbit polyclonal IgG antibodies were used as Isotype controls.
After thorough washings, slides were mounted with Fluoromount-G (Electron Microscopy
Sciences) containing Hoechst. Slides were analyzed by immunofluorescence microscopy
(Olympus BX-60) 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.
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Western Blotting
Cellular protein levels were measured by western blot analysis as previously described
(Paintlia et al., 2005). Likewise, protein levels in cytosolic and nuclear fractions were
measured as described earlier (Paintlia et al., 2008a). For co-immunoprecipitation, 200 μg of
nuclear proteins were incubated with anti-CBP antibodies (20 μg) in 1 mL of PBS
containing 0.01% Tween-20 for overnight at 4° C on orbital shaker. After 24 h, 50 μL (1.5
mg) of Dynabeads protein A (Enzo life Technologies, Grass Island, NY) were added and
incubated for 10 min followed by collection of beads using magnet. Beads were washed
twice with PBS/w Tween-20 and samples were analyzed by Western blot analysis.
Autoradiographs were scanned and the band intensity was quantified by using image J
software free download from the NIH (http://rsb.info.nih.gov/ij).

Transfection Studies
Lipofectamine was used for transfection of B12 cells in six-well cell culture plates. For
PPRE reporter activity, cells were transiently transfected with 1–3 μg of each dominant-
negative (DN) or constitutively active (CA) form of RhoA, cdc42, or Rac1 plasmids along
with 0.3 μg of ptk-PPRE3-luc (kind gift from Dr. R. Evans, Salk Institute, La Jolla, CA) and
50 ng of pCMV-βgal (β-galactosidase; Clonetech, CA) plasmids. For chloramphenicol
acetyltransferase (CAT) reporter activity, cells were transiently transfected with 1–3 μg of
GAL4-UAS5-tk-CAT plasmids and the plasmid coding the nuclear receptor of interest
(GAL4 DNA-BD/PPAR-α LBD, GAL4 DNA-BD/PPAR-β LBD, and GAL4 DNA-BD/
PPAR-γ LBD) and 50 ng of pCMV-βgal plasmids as described previously (Kliewer et al.,
1994). After 24 h, cells were cultured in fresh DMEM with 10% FBS for another 48 h
followed by treatment with cytokines or pharmacological agents for the next 24 h and
harvesting. Luciferase reporter activity was measured with a Luciferase assay kit (Promega,
Madison, WI) and data were expressed relative to β-galactosidase activity. Likewise, CAT
reporter activity in cell lysates was assessed by using a CAT enzyme assay system (Promega
Corporation, Madison, WI) and the data were expressed as relative to β-galactosidase
activity. For knockdown of PPAR subtypes gene expression in cells, 3.3 nmol of shRNA
plasmids that generally consist of a pool of three to five lentiviral vector plasmids each
encoding target-specific 19-25 nt (plus hairpin) shRNAs designed to knockdown the gene
expression of PPAR-α/-β/-γ (Santa Cruz) were used. Control shRNA plasmids (Santa Cruz)
that encodes a scrambled shRNA sequence that does not lead to the specific degradation of
any cellular message were used. Knockdown of the targeted protein in cells was examined
by Western blot analysis.

Quantitative Real-Time PCR Analysis
Cells were carefully processed for RNA isolation using TRIZOL reagent followed by cDNA
synthesis and real-time PCR analysis using iCycler iQ Real-Time PCR Detection System
(BIO-RAD Laboratories) as described previously (Paintlia et al., 2005). Gene-specific
primers (Table 1) were designed using Primer Quest and purchased from Integrated DNA
Technologies (Coralville, IA). Thermal cycling conditions were as follows: activation of
iTaq™ DNA polymerase IQ™ in SYBR Green super mix 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 (Paintlia et al., 2008a).

Statistical Analysis
Data are given as the composite mean ± SE and analyzed using Student's t test or one-way
multiple range analysis of variance (ANOVA) followed by a Bonferroni posttest for the
comparison of all columns. P values were determined for three to four separate samples in
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each experiment using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA).
P values < 0.05 were considered significant.

Results
LOV Protects Vulnerable OLs from Cytokine Toxicity via PPARs Transactivation

Th1 and Th17 cytokines are known to play a significant role in EAE/MS pathogenesis
(Brosnan and Raine, 1996; Gocke et al., 2007; Renno et al., 1995). Therefore, we here
investigated the effect of the signatory cytokines of Th1 and Th17, i.e., TNF-α and IL-17,
respectively, in OLs. We previously demonstrated that LOV protects OLs in mixed glial
cultures stimulated with Th1 cytokines and in the EAE model (Paintlia et al., 2005, 2008a).
In addition, we recently documented that IL-17 exacerbates TNF-α induced apoptotic cell
death of OLs (Paintlia et al., 2011). Figure 1A depicts that LDH release was enhanced in the
culture supernatants of OLs exposed to TNF-α and IL-17 compared with controls and that
was attenuated by LOV treatment. This TNF-α plus IL-17-induced LDH release in the
culture supernatants of OLs was greater than their individual treatment (Fig. 1A). Likewise,
this cytokine-induced LDH release in the culture supernatants of B12 cells was attenuated
by LOV (Supp. Info. Fig. 1A). This LOV-mediated protection of OLs from cytokine toxicity
was measurable till eighth day posttreatment, however, that required changes of fresh media
containing LOV plus cytokines every 72 h. Accordingly, MBP+ve cell numbers were
reduced in OL cultures exposed to cytokines that were rescued by LOV treatment (Fig. 1B).
In addition, OLs differentiation was impaired due to cytokine toxicity as revealed by anti-
MBP staining and that was reversed by LOV (Fig. 1C). Importantly, LOV plus cytokine
treated OLs demonstrated thicker processes and more cytoplasm compared with controls
(Fig. 1C). Likewise, LOV plus cytokine treated B12 cells demonstrated more processes
compared with controls (Supp. Info. Fig. 1B). This LOV-mediated enhanced differentiation
of OLs/B12 cells exposed to cytokines could be attributed to the controlled ROS generation,
which are known to play an important role in the maturation of OLs (Cavaliere et al., 2012).
These effects of LOV in OLs exposed to cytokine was reversed by L-mevalonate co-
treatment (Fig. 1A,B), suggesting that the modulation of mevalonate pathway is crucial to
protect OLs under pathological conditions.

We earlier documented that TNF-α- and IL-17-induced signaling mechanisms enhance ROS
generation in OLs (Paintlia et al., 2011). Therefore, we next investigated whether LOV
attenuates ROS generation in OLs exposed to cytokines. As expected, LOV attenuated ROS
generation in OLs exposed to cytokines (Fig. 2A). It was true with similarly treated OLs
with N-acetyl cysteine (NAC), a GSH precursor (Fig. 2A). Accordingly, the decreased GSH
(reduced) level in OLs exposed to cytokines was reversed by NAC or LOV (Fig. 2B). In
addition, cytokine-induced mitochondrial membrane depolarization in OLs was attenuated
by LOV as revealed by the enhanced J-aggregates to monomers ratio (Fig. 2C) and the shift
of JC-1 fluorescence emission from green to red (Fig. 2D). Likewise, LOV-mediated
restoration of mitochondrial membrane potential in OLs exposed to cytokines was
corroborated by another mitochondria specific Rh-123 dye staining (Supp. Info. Fig. 2A,B).
Together, these data imply that LOV attenuates ROS generation thus protects mitochondria
in OLs exposed to cytokines via restoration of GSH (reduced) level.

We next investigated the effect of LOV on the expression of ROS detoxifying enzymes, i.e.,
catalase (peroxisome) and SOD2 (mitochondrial), in similarly treated OLs. SOD2 is
important to convert superoxide (O2·) into H2O2 and later is metabolized by catalase into
H2O (St-Pierre et al., 2006). Cytokine reduced levels of the catalase mRNA transcripts and
protein in OLs compared with controls and that were reversed by LOV (Fig. 3A,C,D).
Likewise, cytokine reduced the levels of SOD2 mRNA transcripts and protein in OLs
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compared with controls and that were reversed by LOV (Fig. 3B–D). These data suggest
that LOV enhances ROS detoxifying defense in OLs to protect them from cytokine toxicity.

We next determined the transcriptional co-activation of transcription factors, i.e., PPARs
and PGC-1α (co-activator), in similarly treated OLs which are known to participate in the
expression of ROS detoxifying enzymes in cells (Baar, 2004; St-Pierre et al., 2006). The
transcriptional co-activation of PPAR subtypes, i.e., PPAR-α/-β/-γ, as well as PGC-1α was
increased in LOV-treated OLs in the presence or absence of cytokines than controls or OLs
exposed to cytokines (Fig. 3E,F). Importantly, CBP interaction with PPAR-α and PGC-1α
was greater than so with PPAR-β or PPAR-γ in LOV-treated OLs in the presence or absence
of cytokines (Fig. 3E,F). These data suggest that LOV enhances ROS detoxifying defense in
OLs via induction of PGC-1α and PPAR-α > PPAR-γ/or PPAR-β transactivation.

LOV Enhances PPARs Transactivation in OLs via Inhibition of Rho-ROCK Activity
Statins are reported to induce PPARs transactivation in different cell types (Landrier et al.,
2004; Yano et al., 2007) and the statin-mediated induction of PPAR-γ transactivity via
inhibition of RhoA activity participates in OLs differentiation (Miron et al., 2007; Paintlia et
al., 2010). Therefore, it was of interest to investigate whether LOV-mediated inhibition of
small Rho GTPases participates in the protection of OLs from cytokine toxicity. Statins
inhibit small Rho GTPases activity in cells via inhibition of their membrane localization
from cytoplasm due to impaired isoprenylation (Cordle et al., 2005). However, the GTP
loading of small Rho GTPases, which is required for their activation, was not affected by
statins in cells (Cordle et al., 2005). Therefore, we next measured the cytoplasmic levels of
small Rho family GTPases, i.e., RhoA, cdc42, and Rac1, in treated OLs. Accumulation of
RhoA and cdc42 proteins was enhanced in the cytoplasm of LOV-treated OLs in the
presence or absence of cytokines than controls (Fig. 4A,B). However, Rac1 protein level in
the cytoplasm was not affected in LOV-treated OLs, but it was enhanced in the presence of
cytokines (Fig. 4A,B). ROCK activity was enhanced concomitantly in OLs exposed to
cytokines compared with controls which were attenuated by LOV treatment (Fig. 4C). These
data suggest that LOV inhibits Rho-ROCK activity in OLs exposed to cytokines.

Because the activities of small Rho GTPases and PPARs are inversely related in statin-
treated OLs (Paintlia et al., 2010; Sim et al., 2008), we asked whether the observed PPARs
transactivation in LOV-treated OLs is ascribed to the increased levels of their endogenous
ligands. For this, we determined the activation of signaling mechanism that participates in
the production of PPAR ligands in cells. The cPLA2 phosphorylation and COX-2 expression
were enhanced in LOV-treated OLs in the presence or absence of cytokines compared with
controls (Fig. 4D,E). These enzymes are reported to increase arachidonic acid release from
phospholipids that eventually metabolized to produce endogenous PPAR ligands in cells
(Pham et al., 2006; Xu et al., 2006). The phosphorylation of ERK (1/2) and p38 MAPK was
also enhanced in similarly treated OLs (Fig. 4D,E). TNF-α and IL-17 are reported to induce
p38 MAPK phosphorylation in cells (Li et al., 2007; Ma et al., 2010; Yagi et al., 2007).
Therefore, cytokine induced p38 MAPK phosphorylation in OLs which was augmented by
LOV treatment (Fig. 4D,E). These effects of LOV were mimicked by similarly treated OLs
with ROCK inhibitor, Y27632 (Fig. 4D,E). Given the bioavailability of endogenous PPARs
ligands is important to regulate the expression of their cognate transcription factors in cells
(Bernardo et al., 2000), we next measured the expression of PPAR subtypes in treated OLs.
Levels of PPAR-α and PPAR-γ, but not of PPAR-β mRNA, transcripts were reduced in OLs
exposed to cytokines compared with controls which were reversed by LOV or Y27632 (Fig.
4F–H). Levels of all PPAR subtypes mRNA transcripts were however enhanced in control
OLs treated with LOV or Y27632 (Fig. 4F–H). Consistent with primary OLs data, levels of
PPAR subtypes mRNA transcripts were also altered in LOV-treated B12 cells in the
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presence or absence of cytokines (Supp. Info. Fig. 1C). Altogether, these data suggest that
the inhibition of Rho-ROCK activity enhances the level of PPARs ligands that, in turn,
enhances their transactivation in LOV-treated OLs.

We next discerned which member of small Rho family GTPases is involved in PPARs
transactivation in LOV-treated OLs (Fig. 3E,F). To address this, we modulated the activities
of small Rho GTPases in B12 cells by transfecting them with plasmids that express
constitutively active (CA) or dominant-negative (DN) forms of Rho A, cdc42, and Rac1
along with plasmids that express luciferase (ptk-PPRE-luc) and β-galactosidase (pSV-β-gal)
proteins. As reported earlier (Paintlia et al., 2010), PPRE reporter activity was enhanced in
B12 cells transfected with control plasmids and treated with LOV or Y27632 in the presence
or absence of cytokines (Fig. 5A). These effects of LOV in B12 cells exposed to cytokines
were mimicked by transfection with RhoA-DN or cdc42-DN plasmids, but not with Rac1-
DN plasmids (Fig. 5A). Importantly, LOV-induced PPRE reporter activity in B12 cells was
reversed by transfection with RhoA-CA or cdc42-CA plasmids, but not with Rac1-CA
plasmids (Fig. 5A). In addition, this LOV-induced PPRE reporter activity in B12 cells was
attenuated by co-treatment with COX-2 inhibitor 1, arachidonyl trifluoromethyl ketone
(cPLA2 inhibitor), and/or p38 MAPK inhibitor, SB203580 (Fig. 5A). Together, these data
suggest that the inhibition of RhoA and cdc42 and thus ROCK activity is involved in PPARs
transactivation in LOV-treated OLs via ERK (1/2)/p38 MAPK/cPLA2/COX-2 signaling
cascade activation.

Comprehensive analysis using PPAR-α/-β/-γ GAL4/(UAS)5-CAT reporter system was
performed to measure the endogenous levels of PPAR ligands in B12 cells. The GAL4-
PPAR ligand binding domain (LBD) chimera reporter assay is very responsive to
peroxisome proliferators (Wang et al., 2010). The CAT reporter activity was enhanced in
LOV-treated B12 cells transfected with PPAR-α, PPAR-β, and/or PPAR-γ LBD plasmids
compared with their respective controls (Fig. 5B). Importantly, the increased CAT reporter
activity in LOV-treated B12 cells transfected with PPAR-α or PPAR-γ LBD plasmids was
greater than those were transfected with PPAR-β LBD plasmids (Fig. 5B). This LOV-
induced CAT reporter activity in B12 cells was mimicked by similar treatment with the
agonists of PPAR-α (WY14643), PPAR-β (L165041), and/or PPAR-γ (ciglitazone) (Fig.
5B). In contrast, the LOV-induced CAT reporter activity in B12 cells was reversed by co-
treatment with antagonists of PPAR-α (GW6471) or PPAR-γ GW9662) and/or SB203580
(Fig. 5C). PPAR-β antagonist was not available commercially at the time of study. These
data show that the inhibition of Rho-ROCK activity increases the levels of PPAR ligands to
a greater extent for PPAR-α and PPAR-γ than for PPAR-β in LOV-treated B12 cells via
ERK (1/2)/p38 MAPK/cPLA2/COX-2 signaling activation.

LOV Enhances ROS Detoxifying Defense in OLs via PPAR-α-Dependent Mechanism
The above described findings demonstrate that LOV-mediated inhibition of Rho-ROCK
activity enhances PPARs transactivation in OLs. It was of interest to discern which PPAR
subtype is crucial to protect OLs from cytokine toxicity. To do this, we assessed the effect of
LOV on ROS generation in B12 cells exposed to cytokines after depletion of PPAR-α/-β/or
-γ proteins. As expected, cytokine-induced ROS generation in B12 cells transfected with
control shRNA plasmids (scramble) was attenuated by LOV (Fig. 6A). This LOV-mediated
attenuation of ROS generation was reversed in similarly treated B12 cells depleted of
PPAR-α or PPAR-β, but not of PPAR-γ protein (Fig. 6A). Importantly, cytokine-induced
ROS generation was enhanced in B12 cells depleted of PPAR-α or PPAR-β protein
compared with controls or those were depleted of PPAR-γ protein (Fig. 6A). This observed
LOV-mediated attenuation of ROS generation in B12 cells was reverted by transfection with
RhoA-CA plasmids (Fig. 6A). Like treatment with LOV, the observed cytokine-induced
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ROS generation in B12 cells was attenuated by transfection with RhoA-DN plasmids (Fig.
6A). Together, these data indicate that Rho-ROCK activity inhibition attenuates oxidative
stress in LOV-treated B12 cells via PPAR-α or PPAR-β transactivation.

We next asked whether PPAR-α or PPAR-β is involved in the expression of ROS
detoxifying enzymes in LOV-treated OLs. To address this question, the expression of
catalase and SOD2 genes was determined in LOV-treated B12 cells depleted of PPAR
subtypes using shRNA plasmids based transfections. There were increased levels of both
catalase and SOD2 mRNA transcripts in LOV-treated B12 cells compared with controls
which were reverted by depletion of PPAR-α protein (Fig. 6B). In contrast, LOV-mediated
increased catalase and SOD2 expression was unaffected in B12 cells depleted of PPAR-β or
PPAR-γ protein (Fig. 6B). However, level of catalase mRNA transcripts was increased ≃2-
fold in LOV-treated B12 cells depleted of PPAR-γ protein compared with controls (Fig.
6B). Levels of catalase and SOD2 mRNA transcripts were also elevated in B12 cells
depleted of each PPAR subtype compared with controls (Fig. 6B). Together, these data
provide evidence that PPAR-α transactivation is crucial to enhance ROS detoxifying
defense in LOV-treated OLs.

To determine whether gene redundancy is responsible for the regulation of ROS detoxifying
defense in LOV-treated B12 cells, PPRE reporter activity was measured in LOV-treated B12
cells depleted of each PPAR subtype using shRNA plasmids based transfections. LOV-
induced PPRE reporter activity in B12 cells transfected with control shRNA plasmids was
reduced remarkably by depletion of PPAR-α or PPAR-β protein (Fig. 7A). This LOV-
induced PPRE reporter activity was also reduced significantly (P < 0.05) in B12 cells
depleted of PPAR-γ protein, but it was not as impressive as observed in B12 cells depleted
of PPAR-α or PPAR-β protein (Fig. 7A). These PPRE reporter activity data were consistent
with the reduced level of each PPAR subtype mRNA transcripts in LOV-treated B12 cells
depleted of each PPAR subtype protein (Fig. 7B). Importantly, LOV increased the levels of
each PPAR subtypes mRNA transcripts in B12 cells transfected with control shRNA
plasmids which were reversed by depletion of respective PPAR subtype protein (Fig. 7B).
Consistent with mRNA data, Western blotting demonstrated the reduced level of each PPAR
subtype in LOV-treated B12 cells transfected with respective shRNA plasmids (Fig. 7C).
Interestingly, levels of PPAR-α and/or both PPAR-α and PPAR-β mRNA transcripts and
protein were especially enhanced in LOV-treated B12 cells depleted of PPAR-β or PPAR-γ
proteins, respectively (Fig. 7B,C). Double knockdown of PPAR subtypes, i.e., PPAR-α plus
PPAR-γ or PPAR-γ plus PPAR-β and/or PPAR-α plus PPAR-β, proteins in B12 cells further
demonstrated that the reduced LOV-induced PPRE reporter activity in B12 cells depleted of
single PPAR subtype protein was worsened by depletion of two PPAR subtype proteins
(Fig. 7D). Western blotting demonstrated the reduced levels of PPAR subtype proteins in
LOV-treated B12 cells depleted of two PPAR subtypes proteins (Fig. 7C). These data
provide evidence that the observed alterations in LOV-induced PPRE reporter activity in
B12 cells depleted of single PPAR subtype protein is attributed to gene redundancy (Fig.
7D) and suggesting that LOV greatly influences PPAR-α than so PPAR-β or PPAR-γ
transactivation in OLs/B12 cells.

To further confirm these findings that PPAR-α transactivation participates in OL protection
from cytokine toxicity, we assessed the effect of LOV in WT and PPAR-α deficient OLs
exposed to cytokines. As expected, the observed LOV-mediated protection of OLs (WT)
from cytokine toxicity was lacking in similarly treated PPAR-α deficient OLs as revealed by
LDH release (Fig. 8A) and by trypan blue exclusion assays (data not shown). Importantly,
cytokine toxicity was severe in PPAR-α deficient OLs compared with WT OLs (Fig. 8A).
Consistent with OL survival data, LOV-mediated increase in the number of MBP+ve cells in
WT OLs exposed to cytokines was reversed in similarly treated PPAR-α deficient OLs (Fig.
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8B). Together, these data reinforce our conclusions that LOV protects OLs from cytokine
toxicity via PPAR-α transactivation.

Discussion
The present study extends our previous observations (Paintlia et al., 2005, 2008a) and
demonstrates that LOV-mediated inhibition of Rho-ROCK activity enhances ROS
detoxifying defense in OLs to protect them from cytokine toxicity. Our findings demonstrate
for the first time that the inhibition of small Rho GTPases, i.e., RhoA and cdc42, thus
ROCK activity enhances PPARs transactivation in OLs (Figs. 3E,F, 4, and 5).
Characteristically, small Rho GTPases are reported to regulate actin-binding proteins that
are involved in the regulation of the dynamics of the actin cytoskeleton in cells (Cordle et
al., 2005). RhoA controls the formation of contractile stress fibers and focal adhesions
(Liang et al., 2004; Osterhout et al., 1999). Rac1 participates in membrane ruffling, cell
motility, and actin polymerization, while cdc42 participates in filopodia formation and cell–
cell adhesions (Liang et al., 2004). Rac1 as the subunit of NADPH oxidase participates in
the generation of ROS in cells, which are reported to be inhibited by statins (Maack et al.,
2003). In agreement with this, we observed the inhibition of cytokine-induced Rac1 activity
in LOV-treated OLs exposed to cytokines (Fig. 4A,B). It was accompanied with LOV-
mediated attenuation of ROS generation and the mitochondrial membrane depolarization in
OLs (Fig. 2A–D; Supp. Info. Fig. 2A,B). In addition, LOV or NAC treatment reversed the
cytokine mediated lowering of GSH (reduced) level in OLs (Fig. 2B). The expression of
catalase (peroxisome) and SOD2 (mitochondria) (Fig. 3A–D) and the transactivation of
PGC-1α and PPARs (Fig. 3E,F) were enhanced in LOV-treated OLs. PGC-1α is reported to
suppress ROS generation and limit neurodegeneration under pathological conditions (Baar,
2004; St-Pierre et al., 2006). Statin-mediated inhibition of RhoA is reported to enhance
PPAR-γ transactivation in cells under pathological conditions (Shen et al., 2010; Yano et al.,
2007). We found that LOV-mediated induction of PPAR transactivation in OLs is ascribed
to the inhibition of RhoA and cdc42 and thus ROCK activity (Figs. 4 and 5). By combining
biochemical and genetic approaches, we demonstrated that LOV-mediated induction of
PPAR-α transactivation boosts ROS detoxifying defense in OLs (Fig. 6A,B). However,
further studies are required to determine a possible link that may exist between activities of
small Rho GTPases and PPAR-α in in vivo using OL specific conditional knockout mice for
RhoA or cdc42 protein.

PPARs are known to regulate the gene activity of key enzymes involved in the lipid
metabolism of cells (Amri et al., 1995; Forman et al., 1995). In addition, PPARs are reported
to exhibit anti-inflammatory activities in glial cells and their protective effects in various
neurodegenerative disorders (Defaux et al., 2009; Paintlia et al., 2006). PPAR
transactivation in cells is largely regulated by the bioavailability of their natural ligands,
produced by COX-2 via p38 MAPK-dependent mechanism (Pham et al., 2006; Yano et al.,
2007). The cPLA2 is reported to increase the release of arachidonic acid from
phospholipids, the substrate for COX-2 to produce endogenous PPAR ligands in cells
(Smith et al., 2002, 2005). In agreement with this, we observed the increased expression of
COX-2 and the enhanced phosphorylation of cPLA2 in LOV-treated OLs (Fig. 4D,E). It was
accompanied with the increased phosphorylation of ERK (1/2) and p38 MAPK in similarly
treated OLs (Fig. 4D,E). The activation (phosphorylation) of p38 MAPK and ERK (1/2) is
reported to increase the phosphorylation of cPLA2 (Borsch-Haubold et al., 1998; Siegel et
al., 2001). In agreement with this, we found that LOV increases the bioavailability of
endogenous PPAR ligands in B12 cells as revealed by the CAT reporter activity assay (Fig.
5B,C) and the induction of PPARs expression in LOV-treated OLs or B12 cells (Fig. 4F–H;
Supp. Info. Fig. 1C). We concluded that LOV enhances the production of PPAR ligands in
OLs via activation of ERK (1/2)-p38 MAPK-cPLA2-COX-2 signaling cascade.
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Interestingly, LOV-mediated attenuation of ROS generation in B12 cells exposed to
cytokines was reversed by the depletion of PPAR-α or PPAR-β protein (Fig. 6A). In
contrast, this effect of LOV on ROS generation in B12 cells exposed to cytokines was
unaffected by the depletion of PPAR-γ protein (Fig. 6A). The exact cause of the observed
variation in ROS generation in LOV-treated B12 cells exposed to cytokines after depletion
of PPAR-γ protein may be due to gene redundancy (Fig. 7A–D). Our conclusions are
supported by the increased expression of catalase and SOD2 in LOV-treated B12 cells after
depletion of PPAR-γ protein (Fig. 6B). It suggests a positive feedback loop that may exist in
cells and that allows the endogenous activators to sustain the responsiveness of these cells
by increasing the expression of their cognate receptors. Secondly, the observed enhanced
PPAR-α expressions with a corresponding increase in the expression of catalase and SOD2
in LOV-treated B12 cells depleted of PPAR-γ or PPAR-β proteins (Fig. 6B) is suggesting
that LOV-mediated induction of PPAR-α transactivation is crucial to protect OLs from
cytokine toxicity. These conclusions were further reinforced by the absence of LOV-
mediated protective effects in OLs deficient of PPAR-α from cytokine toxicity (Fig. 8A,B).
In support of this, we earlier documented that NAC treatment protects OLs against cytokine
toxicity via PPAR-α-dependent mechanism (Paintlia et al., 2008c). In addition, PPAR-α
transactivation is reported to mediate the anti-inflammatory activities of statin in different
disease models (Esposito et al., 2012; Rinaldi et al., 2011).

Importantly, PPARs are known to regulate ROS detoxifying defense and the expression of
proteins for cellular organelles, i.e., peroxisomes and mitochondria (Liao et al., 2008;
Williams et al., 2008). The observed LOV-mediated increase in the expression of catalase
and SOD2 accompanied with the induction of PGC-1α and PPAR-β co-transactivation (Fig.
3E,F) are suggestive of an increase in the density of peroxisomes/mitochondria in OLs. In
support of this, we earlier documented that LOV attenuates impaired peroxisomal functions
in the EAE model (Singh et al., 2004). NAC treatment attenuated the peroxisomal
dysfunctions in the white matter injury model via PPAR-α-dependent mechanism (Paintlia
et al., b,c). The biogenesis of organelles, i.e., peroxisomes and mitochondria, and the
suppression of ROS generation in cells are reported to be regulated by PPARs and PGC-1α
transactivation (Baar, 2004; St-Pierre et al., 2006). P38 MAPK is an important inducer of
PGC-1α transactivation in cells (Akimoto et al., 2005). We found that the phosphorylation
of ERK (1/2) and p38 MAPK (Fig. 4D,E) and the PGC-1α transactivation (Fig. 3E,F) were
concomitantly enhanced in OLs by LOV. Recent studies provide evidence that the
functioning of mitochondria and peroxisomes exhibits a closer relationship. For instance, the
inhibition of peroxisomal catalase activity not only enhances H2O2 levels thus peroxisomal
dysfunction, but that consequently inhibits mitochondrial functions as evidenced by an
increase in the level of mitochondrial ROS generation and the mitochondrial membrane
depolarization in cells (Koepke et al., 2008). In line with this, the inhibition of catalase
activity in human fibroblasts showed mitochondrial aconitase activity inhibition by 85%
with a concomitant increase in mitochondrial ROS production (Walton and Pizzitelli, 2012).
Moreover, the absence of functional peroxisomes in the CNS is reported to cause
demyelination and axonal damage as well as the ablation of PGC-1α is reported to increase
the susceptibility of neuron to oxidative injury (Camacho et al., 2012; Hulshagen et al.,
2008). In light of these data and our findings, we surmise that LOV-mediated induction of
PPAR-α and PGC-1α transactivation may enhance the density of peroxisome and
mitochondria to enhance ROS detoxifying defense in OLs. However, detailed investigations
in this context are warranted.

In summary, the present study describes the novel role of Rho-ROCK activity in the
regulation of ROS detoxifying defense in OLs. LOV-mediated inhibition of Rho-ROCK
activity induces PPAR-α- and PGC-1α-dependent transcriptional activities to enhance
catalase (peroxisome) and SOD2 (mitochondria) expression in OLs to protect them from
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cytokine toxicity (Fig. 9). These findings open up new avenues in the investigation of
PPAR-α agonists especially those can cross the blood–brain barrier as standalone therapy or
in combination with statins or ROCK inhibitors (fasudil) in MS and related
neurodegenerative disorders.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CAT chloramphenicol acetyl transferase

EAE experimental autoimmune encephalomyelitis

LDH lactate dehydrogenase

LOV lovastatin

PDL poly-D-lysine

PGC-1α PPAR-γ co-activator 1α

PPAR peroxisome proliferators activated receptor

ROCK Rho-associated kinase

ROS reactive oxygen species

SOD2 superoxide dismutase
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FIGURE 1.
LOV protects OLs from cytokine toxicity. OLs (2,000 cells/cm2) were incubated with TNF-
α (10 ng/mL) and IL-17 (25 ng/mL) in the presence or absence of LOV (2.0 μM)/or L-
mevalonate (MEV; 100 μM). (A) The composite mean ± SE of three to four samples
analyzed in triplicate depicts LDH release in the culture supernatants of treated OLs for 96
h. (B) The composite mean ± SE of similarly treated OLs on three to four slides depicts
MBP+ve OLs in 8–10 fields/slide. (C) The representative field of similarly treated OLs on
slides depicts MBP+ve OLs. Slides were counterstained with nuclear Hoechst dye. Inserts
are the magnified region (square) in the representative field. Statistically significant as
indicated: *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant; ICC,
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immunocytochemistry; CON, control. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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FIGURE 2.
LOV attenuates ROS generation and protects mitochondrial health in OLs exposed to
cytokines. OLs were exposed to cytokines in the presence or absence of LOV (2.0 μM)/or
N-acetyl cysteine (NAC; 5 mM) as detailed in the Fig. 1 legend. (A) The composite mean ±
SE of three to four samples analyzed in triplicate depicts ROS levels in treated OLs for 48 h.
Data are presented as changes % of controls. (B) The composite mean ± SE of three to four
samples analyzed in triplicate depicts GSH (reduced) level in treated OLs for 48 h. (C) The
composite mean ± SE of three to four samples analyzed in triplicate in treated OLs for 48 h
depicting the ratio of J-aggregates/monomers (arbitrary units; AU). (D) The representative
fields of slides depict a shift of fluorescence from orange red (mitochondrial membrane
polarized) to green (mitochondrial membrane depolarized) in treated OLs for 48 h.
Statistical significance as indicated in Fig. 1 legend. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Paintlia et al. Page 19

Glia. Author manuscript; available in PMC 2014 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://wileyonlinelibrary.com


FIGURE 3.
LOV enhances ROS detoxifying defense in OLs exposed to cytokines. OLs were exposed to
cytokines and LOV as detailed in the Fig. 1 legend for different durations. The composite
mean ± SE of three to four samples analyzed in triplicate depicts levels of catalase (A) and
SOD2 (B) mRNA transcripts in treated OLs for 24 h. Data is presented as the ratio to β-actin
mRNA transcript level. Representative immunoblots (C) and the composite mean ± SE (D)
of three to four samples depict levels of catalase and SOD2 protein normalized to β-actin
protein level in treated OLs for 24 h. Representative immunoblots (E) and the composite
mean ± SE (F) of three to four samples depict levels of the targeted proteins normalized to
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CBP protein and presented as % input of protein analyzed by immunoprecipitation (IP)
using anti-CBP antibodies in the nuclear fractions of treated OLs for 24 h. CBP and histone
3b (H3b) were used as gel loading controls. Statistical significance as indicated in Fig. 1
legend. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 4.
LOV-mediated inhibition of Rho-ROCK activity enhances PPARs transactivation in OLs.
OLs were exposed to cytokines and LOV as detailed in the Fig. 1 legend. Representative
immunoblots (A) and the composite mean ± SE (B) of three samples depict levels of Rho
family GTPases normalized to β-actin in the cytoplasm of treated OLs for 24 h. (C) The
composite mean ± SE of similarly treated three samples depicts ROCK activity in the lysate
(200 μg of protein) of OLs. Representative immunoblots (D) and the composite mean ± SE
(E) of three to four samples depict protein levels in treated OLs for 24 h. (F–H) The
composite mean ± SE of three to four samples depicts PPAR subtype mRNA transcripts
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normalized to β-actin in treated OLs for 24 h. Statistical significance as indicated in Fig. 1
legend. For E, $P < 0.05 and $$P < 0.01 versus CON and **P < 0.01 versus TNF + IL-17.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 5.
LOV enhances PPARs transactivation in B12 cells via production of PPARs ligands. B12
cells (2,000 × cm2) were treated with LOV (2.0 μM) or other pharmacological agents after
transient transfection with the plasmids for PPRE and β-galactosidase activity or with
PPAR-GAL4/(UAS)5-CAT reporter system. (A) The composite mean ± SE of three to four
samples analyzed in triplicate depicts PPRE reporter activity/β-galactosidase activity in
treated B12 cells for 24 h after transfection with control/or DN/CA forms of the RhoA,
cdc42, and Rac1 plasmids and/or treated with inhibitors of COX-2 (0.25 μM), p38 MAPK
(SB203580; 2 μM), and cPAL2 (2 μM). (B and C) The composite mean ± SE of three to
four samples analyzed in triplicate depict CAT reporter activity in treated B12 cells for 24 h.
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Data are presented as counts per minute (cpm) normalized to β-galactosidase activity.
Pharmacological agents were agonists of PPAR-γ (ciglitazone; 0.5 μM), PPAR-α
(WY14643; 100 μM), and PPAR-β (L-165041; 20 nM) or inhibitors of PPARγ(GW9662;
0.25 μM), PPAR-α (GW6471; 0.1 μM), and p38 MAPK (SB203580; 2 μM). Statistical
significance as indicated in Fig. 1 legend for B and C. For A, ***P < 0.001 and NS (not
significant) versus TNF-α and IL-17; ###P < 0.001 versus TNF + IL-17 + LOV or Y27632
and $$$P < 0.001 versus no treatment. RLU; relative light units.
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FIGURE 6.
PPARs depletion affects the attenuation of ROS generation and the expression of ROS
detoxifying enzymes in LOV treated B12 cells. The expression of PPARs in B12 cells was
reduced by transfection with single/or double PPAR subtypes shRNA plasmids. Likewise,
RhoA expression was increased or reduced in B12 cells by transfection with RhoA-CA and
RhoA-DN plasmids, respectively. (A) The composite mean ± SE of three to four samples
analyzed in triplicate depicts a ROS level in B12 cells and treated with LOV or TNF plus
IL-17 for 48 h. (B) The composite mean ± SE of the three samples analyzed in triplicate
depicts catalase and SOD2 mRNA transcripts levels normalized to β-actin in treated B12
cells for 24 h. Statistical significance as indicated in Fig. 1 legend.
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FIGURE 7.
PPAR depletion affects LOV-induced PPRE reporter activity in B12 cells. The knockdown
of single/or double PPAR subtype expression in B12 cells was performed by using shRNA
plasmids. (A and D) The composite mean ± SE of three to four samples analyzed in
triplicate depicts PPRE reporter activity (RLU) in treated cells for 24 h. (B) The composite
mean ± SE of three to four samples analyzed depicts PPAR subtype/β-actin mRNA
transcripts ratio in treated B12 cells for 24 h. (C) Representative immunoblots (IB) depict
PPAR protein levels in treated B12 cells for 24 h after transfection with single/or double
PPAR subtype shRNA plasmids. Statistical significance as indicated in Fig. 1 legend.
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FIGURE 8.
LOV-mediated protective effects were lacking in PPAR-α-deficient OLs exposed to
cytokines. OLs from wild type (WT) and PPAR-α(–/–) mice were exposed to TNF plus IL-17
and LOV as detailed in the Fig. 1 legend. (A) The composite mean ± SE of three to four
samples analyzed in triplicate depicts LDH release in the culture supernatants of treated OLs
for 96 h. (B) The composite mean ± SE of three to four slides analyzed in triplicate depicts a
MBP+ve OLs/field of the slide in treated OLs for 96 h. Statistical significance as indicated
in Fig. 1 legend.
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FIGURE 9.
Schematic diagram depicts the underlying mechanism by which LOV protects OLs from
cytokine toxicity. 1, TNF-α and IL-17-induced signaling mechanisms induce ROS
generation thereby affecting peroxisome (P) and mitochondria (M) functions via activation
of NADPH oxidase in OLs (Paintlia et al., 2011). 2, LOV-mediated inhibition of mevalonate
synthesis depletes the intracellular level of isoprenoids including geranylgeranyl-
pyrophosphate (GGPP) leading to the inhibition of small Rho family GTPases, i.e., RhoA,
cdc42, and Rac1 thus Rho-associated kinase (ROCK) activity in OLs. 3, ROCK activity
inhibition enhances cPLA2 phosphorylation that releases arachidonic acid from
phospholipids (membrane), a substrate of COX-2 that produces PPARs ligands via
activation of ERK (1/2) and p38 MAPK in OLs. P38 MAPK also induces PGC-1α
transactivation that, in turn, enhances PPAR-α-dependent transcription of catalase and
SOD2 genes in OLs.
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TABLE 1

List of Primers Used for Quantitative Real-Time PCR Analysis

Gene name Primer sequence

β-Actin FP: 5'-agctgtgctatgttgccctagact-3'; RP: 5'-accgctcattgccgatagtgatga-3'

PPAR-α FP: 5'-tcgggatgtcacacaatggaatcc-3'; RP: 5'-cgtgttcacaggtaaggatttctgcc-3'

PPAR-γ FP: 5'-gcggaagccctttggtgactttat-3'; RP: 5'-tgggcggtctccactgagaattat-3'

PPAR-β FP: 5'-tcatccacgacattgagacgctgt-3'; RP: 5'-cacatgcacgctgatctcgttgta-3'

Catalase FP: 5'-gagaggaaacgcctgtgtgag-3'; RP: 5'-aagagcctggactcgggccc-3'

SOD2 FP: 5'-aaactgacagctgtgtctgtggga-3'; RP: 5'-gtactgatgctggctactgatg-3'

FP, forward primer

RP, reverse primer.
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