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Abstract

Peroxisome Proliferator Activated Receptor (PPAR)-a is a key regulator of lipid metabolism and
recent studies reveal it also regulates inflammation in several different disease models.
Gemfibrozil, an agonist of PPAR-a, is a FDA approved drug for hyperlipidemia and has been
shown to inhibit clinical signs in a rodent model of multiple sclerosis. Since many studies have
shown improved outcome from spinal cord injury (SCI) by anti-inflammatory and neuroprotective
agents, we tested the efficacy of oral gemfibrozil given before or after SCI for promoting tissue
preservation and behavioral recovery after spinal contusion injury in mice. Unfortunately, the
results were contrary to our hypothesis; in our first attempt, gemfibrozil treatment exacerbated
locomotor deficits and increased tissue pathology after SCI. In subsequent experiments, the
behavioral effects were not replicated but histological outcomes again were worse. We also tested
the efficacy of a different PPAR-a agonist, fenofibrate, which also modulates immune responses
and is beneficial in several neurodegenerative disease models. Fenofibrate treatment did not
improve recovery, although there was a slight trend for a modest increase in histological tissue
sparing. Based on our results, we conclude that PPAR-a agonists yield either no effect or worsen
recovery from spinal cord injury, at least at the doses and the time points of drug delivery tested
here. Further, patients sustaining spinal cord injury while taking gemfibrozil might be prone to
exacerbated tissue damage.
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Introduction

There is a vital need for therapeutic treatments for spinal cord injured patients. To date,
methylprednisolone is the only clinically approved treatment for spinal cord injury (SCI),
and its use remains controversial (Hulbert and Hamilton, 2008; Ito et al., 2009). SCI
involves tissue destruction and cell death due to physical injury to the spinal cord followed
by secondary injury cascades initiated after the trauma (Profyris et al., 2004). These include
breach of the blood—brain barrier and a robust influx of immune cells, including blood-
derived monocytes, neutrophils and T cells, which are thought to exacerbate tissue damage
(Donnelly and Popovich, 2008; Profyris et al., 2004). The recruitment of reactive
inflammatory cells and subsequent proinflammatory cascades offer a prime target for
neuroprotective agents, which may regulate the inflammatory component of SCI and in turn
salvage the remaining healthy tissue.

Agonists of the transcription factor peroxisome proliferator activated receptor (PPAR) have
been recognized for their neuroprotective functions, in part through their anti-inflammatory
actions (Bordet et al., 2006). There are three isoforms of the PPAR receptors, a., (/6 and -y
that are differentially distributed throughout the body and exert pleiotropic functions. PPAR-
a, well known for its role in lipid metabolism, also displays beneficial effects in a number of
neurodegenerative models through anti-inflammatory and anti-oxidant mechanisms (Pyper
et al., 2010). Agonists of PPAR-a such as fenofibrate and Wy-14643 confer protection in a
cerebral ischemia model and reduce the incidence of stroke in mice (Inoue et al., 2003;
Deplanque et al., 2003). PPAR-a agonists tested in an Alzheimer’s model inhibited release
of proinflammatory cytokines such as TNF-a and IL-6 in response to amyloid B peptide
(Combs et al., 2000). Using a SCI model, Genovese et al (2009) demonstrated that PPAR-a
knockout mice have impaired behavioral recovery compared to wild type mice. The same
group examined the effect of palmitoylethanolamide, a PPAR-a agonist, in spinal cord
injured mice, and observed improved functional recovery and anatomical changes such as
decreased pro-inflammatory cytokines and fewer infiltrating cells (Genovese et al., 2008).
Thus, activation of PPAR-a in multiple models suggests this molecule may be a potent
neuroprotective agent.

The current study builds on this previous work by examining the efficacy of gemfibrozil, a
commercially available agonist of PPAR-a that is FDA approved for treating
hyperlipidemia. Work by several groups, including the Lovett-Racke lab, has demonstrated
beneficial effects of gemfibrozil in a mouse experimental autoimmune encephalomyelitis
(EAE) model, which is a model for multiple sclerosis (MS). EAE animals treated with
gemfibrozil displayed significantly better clinical scores and had fewer demyelinating
lesions (Lovett-Racke et al., 2004; Gocke et al., 2009; Yang et al., 2008; Dasgupta et al.,
2007). Gemfibrozil reduced tissue pathology by up-regulating the transcription factor
GATA-3, a key regulator of IL-4. This resulted in a decreased Th1 proinflammatory
response and caused a shift towards the Th2 anti-inflammatory phenotype, thereby
ameliorating EAE. Additionally, in vitro treatment of microglia and astrocytes with
gemfibrozil significantly reduced proinflammatory cytokine production (Gocke et al., 2009).
Thus, the beneficial actions of gemfibrozil in various models of CNS disease and injury
indicate it may be a good therapeutic agent for SCI, as modulation of the immune response
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led to improved functional outcomes after SCI in several studies (Popovich et al., 1999;
Jones et al., 2005; Fleming et al., 2006; Ankeny et al., 2009).

To this end, our first experiment mimicked the paradigm used successfully in the EAE
model. That is, to maximize the potential of obtaining a beneficial effect, we began by
studying oral pre-treatment of gemfibrozil in mice receiving a spinal contusion injury. This
is also relevant as a large population of patients currently take gemfibrozil (known as Lopid)
or similar fibrates to control hyperlipidemia. Our hypothesis was that animals receiving pre-
injury gemfibrozil would have improved locomotor recovery and reduced histopathology.
Surprisingly, animals treated with gemfibrozil for 3 days prior to SCI and continuing after
injury had markedly worse locomotor recovery compared to vehicle controls. This was
matched by a trend for reduced tissue sparing and a significant increase in T cell infiltration
in drug-treated animals compared to controls. To confirm this result, the study was
replicated; in the repeat study, however, there was no difference in locomotor recovery or
tissue sparing between gemfibrozil and vehicle-treated mice. Two subsequent studies also
tested gemfibrozil treatment with a lower injury severity and a higher drug dose,
respectively. Neither of these studies showed behavioral changes but did show evidence of
increased tissue pathology with gemfibrozil treatment. To determine if the histological
deterioration was specific to gemfibrozil, we also tested a second PPAR-a agonist
(fenofibrate) after SCI; mice treated with this drug showed no differences compared to
control. Overall, PPAR-a agonists were found to be an ineffective and/or deleterious drug
therapy after SCI at the doses tested in these studies.

Materials and methods

Spinal cord injury

Adult female C57/BL 6 mice (17-23 g, Jackson Labs) were anesthetized with ketamine (80
mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and a dorsal laminectomy was performed at the T9
vertebral level. Mice then received a moderate spinal contusion injury using the Infinite
Horizons device (Precision Systems and Instrumentation, Lexington, KY) with a pre-set
force of 75 kdyn (Studies I, 11, 1V; actual forces ranged between 75 and 81 kdyn) or 65 kdyn
(Study 11; actual forces ranged between 65 and 72 kdyn). The muscles overlying the spinal
cord were then sutured and the skin was closed using surgical clips. Animals were given 2 cc
of saline and placed into warm recovery cages. Post-surgical care included 5 days treatment
with antibiotics (Gentomicin, 5 mg/kg) and saline to maintain hydration, and twice a day
manual bladder expression until spontaneous voiding returned. All procedures conformed to
NIH and The Ohio State University approved animal use protocols.

Drug administration

Study [—Mice were given vehicle or gemfibrozil (Sigma-Aldrich) beginning 3 days before
SCI to ensure drug availability at the time of the injury (n=5-6/group). The drug was
delivered orally by dissolving it in ethanol (0.25% w/w of gemfibrozil) and coating food
pellets such that each animal received ~62 mg/kg/day; chow for control groups was treated
with ethanol. Ethanol for each group was allowed to completely evaporate before giving the
food to the animals. In addition, animals received an intraperitoneal injection of vehicle or
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gemfibrozil (500 pg dissolved in 200 pl PBS) 1 h after the injury, and then continued to
receive the drug in their food until the end of the study (28 days post-injury). It does not
appear that the drug or vehicle caused an altered or novel taste to the chow, as animals
consumed an expected amount of chow each day compared to previous studies we have
performed using the mouse SCI model. In addition, they gained weight along an expected
post-injury time course.

Study [I—Mice were treated as in Study | with the exception of receiving an intraperitoneal
injection 1 h post-injury (n=6-7/group). To determine if starting the drug after injury would
be beneficial, a separate group of animals did not receive vehicle or drug in their chow until
the day of injury when chow was placed in their recovery cages (n=6-7/group). Mice
typically begin to consume chow the first night after injury so animals on average began
receiving the drug 6- 8 h post-injury. Animals were sacrificed at 3, 7 and 28 days post-
injury.

Study Ill—Despite using the same injury severity (75 kdyn) in Studies I and I1, animals in
Study | appeared to have milder injuries based on final locomotor scores. This suggested that
there might have been a threshold effect of the drug, where the deleterious actions were only
detectable after a mild injury. To test this, a milder injury severity was intentionally
produced, using 65 kdyn rather than 75 kdyn. To provide a more stringent drug treatment
rather than relying on animals within a cage to consume similar amounts of food, animals
were randomly divided into three groups and fed by oral gavage with vehicle (0.5%
carboxymethyl cellulose), gemfibrozil (100 mg/kg) or fenofibrate (50 mg/kg; Sigma-
Aldrich), another potent PPAR-a. agonist (n=7/ group). All treatments were initiated at 2 h
post-injury and continued daily for two weeks. The animals were sacrificed at 14 dpi.

Study IV—As a final attempt to determine if gemfibrozil has therapeutic value, we tested
whether a higher dose begun after injury would be beneficial. Animals in this study were fed
300 mg/kg gemfibrozil by oral gavage starting 2 h post-injury and continuing once/day for 7
days post-injury (n=8). Beginning on day 8 post-injury, animals were given 200 mg/kg of
gemfibrozil by oral gavage and 0.25% w/w of gemfibrozil in their chow. Control animals
received vehicle (0.5% carboxymethyl cellulose) by gavage and were given ethanol treated
chow throughout the second week post-injury. Animals were sacrificed on day 20 post-
injury.

Behavioral testing

Locomotor testing was conducted using the Basso Mouse Scale (BMS) as a measure of
functional recovery (Basso et al., 2006). Mice were tested at 1, 3, 7, 10, 14, 21 and 28 days
post-injury (dpi) by investigators blind to the treatment groups. Locomotor scores and sub-
scores were averaged for both hindlimbs and then analyzed using two-way ANOVA with
repeated measures followed by Bonferroni post-hoc analysis.

Immunohistochemistry

At the appropriate time for each study, animals were anesthetized with an overdose of
ketamine/xylazine (1.5x surgery dose) and intracardially perfused with 0.1 M PBS followed
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by 4% paraformaldehyde. The spinal cords were isolated and post-fixed for 2 h then
transferred to 0.2 M phosphate buffer (PB) overnight. Spinal tissue was cryopreserved in
30% sucrose for 48 h after which cords were blocked into 1 cm pieces centered on the injury
epicenter, frozen in OCT (Electron Microscopy Sciences, Hatfield, PA), then sectioned at 10
um on a cryostat.

Standard laboratory immunohistochemical techniques were used for visualization of the
different antibodies (Tripathi and McTigue, 2007). Cross-sections were first rinsed with 0.1
M PBS and incubated in the blocking solution BP+ (4% BSA/0.1% triton-x-100) for 1 h and
then incubated overnight with the antibody of interest. The following antibodies were used
at the given concentration: chicken antineurofilament (Aves, 1:1000) to label axons; rabbit
anti-GFAP (Dako, 1:20,000) for astrocytes; rat anti-CD68 (Serotec, 1:1000) for activated
microglia and macrophages; and rat anti-CD3 (Serotec, 1:400) for T cells. After overnight
incubation, sections were rinsed in 0.1 M PBS and then overlaid with the respective
secondary antibody at the appropriate dilution for 2 h followed by incubation with the
avidin-biotin complex for 1 h. The sections were then developed using the chromogens
diaminobenzamide (DAB, Vector) or SG substrate (\Mector). Sections were rinsed in distilled
water and dehydrated, and then the slides were coverslipped with Permount.

Lesion epicenters were identified as sections containing the least amount of white matter
sparing using standard immunchistochemistry protocols to label myelin and axons (Tripathi
and McTigue, 2007; McTigue et al., 2007).

All protocols included controls in which the primary or secondary antibodies were omitted.
These controls consistently revealed no labeling. Digital plates were constructed using
Adobe Photoshop (Adobe, San Jose, CA); brightness and contrast were enhanced when
necessary on microscopic images to reproduce immunolabeling as viewed through the
microscope.

Histological analysis

Tissue sparing analysis—This and all histological analyses were performed in a blinded
fashion. A set of tissue double-labeled with eriochrome cyanine to label myelin and anti-
neurofilament to label axons was used to quantify the area of spared white matter and spared
gray matter stereologically. The Cavalieri method was used for this analysis on sections
spanning from 0.75 mm rostral and caudal to the lesion epicenter as described previously by
McTigue et al. (2007). The area measured in each region of interest was plotted against the
distance from the lesion epicenter and was analyzed by two-way repeated measures ANOVA
followed by Bonferroni post-hoc analysis.

CD68 measurements—Images of cross-sections from 3, 7 and 28 dpi spinal cords
immunolabeled with anti-CD68 were digitized at 10x magnification. Using an image
analysis system (MCID Elite), the area of CD68 immunoreactivity was measured on
sections spanning the injury site by thresholding for CD68 signal. The groups were
compared by two-way repeated measures ANOVA followed by Bonferroni post-hoc test.
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T-cell measurements—The number of infiltrating T cells was quantified by
immunolabeling sections with anti-CD3 antibody, a pan T cell marker. The number of T
cells in the lesion or spared tissue on each section was counted manually at 40x
magnification. Two-way ANOVA analysis was conducted on these counts followed by
Bonferroni post-hoc tests.

Study I: Gemfibrozil treatment initiated 3 days before SCI results in decreased locomotor
function after injury

Open field locomotor function was tested using the Basso Mouse Scale (BMS) starting one
day post-injury (dpi) through the end of the study. As shown in Fig. 1A, the gemfibrozil
treated animals scored significantly lower compared to controls as early as 5 dpi on the BMS
score and by 14 dpi on the BMS sub-score (Fig. 1B). The gemfibrozil animals were also
worse at individual aspects comprising the sub-score, including forelimb-hindlimb
coordination (Fig. 1D), paw position (Fig. 1E) and trunk stability (Fig. 1F). These
differences were most striking at weeks 2-3 after injury.

Gemfibrozil treatment caused a trend for decreased white matter sparing after SCI

Spinal cords isolated at 28 dpi from animals in Study | were used to quantify the area of
spared white and gray matter and frank lesion area (Figs. 2A, B). As shown in Figs. 2A and
B, frank lesion was defined as the lesion core which did not include intact myelin or axons;
this is illustrated by the dotted line in Figs. 2A and B. The three different areas were
analyzed using the Cavalieri sampling technique (McTigue et al., 2007) for serial sections
spanning from 0.75 mm rostral to caudal from the epicenter.

Gemfibrozil treatment showed a trend for decreased area of spared white matter compared to
the control mice (Fig. 2C). No differences were observed in the area of spared gray matter
(Fig. 2D) and frank lesion area (data not shown).

Gemfibrozil treatment decreased macrophage immunoreactivity but increased T cell
infiltration into spared tissue

Previous work in the EAE model revealed that gemfibrozil treatment decreased the number
of macrophages infiltrating the spinal cord (Lovett-Racke et al., 2004). Therefore, we
examined the distribution of activated macrophages and microglia using the anti-CD68
antibody in tissue sections at and near the lesion epicenter. The core lesion (indicated by the
black dotted line) and the spared tissue outside the lesion were examined separately (Figs.
3A, B). Gemfibrozil did not alter macrophage distribution at acute time points (3 dpi and 7
dpi) (data not shown). However, similar to the EAE study, gemfibrozil treatment decreased
the number of activated macrophages in spared tissue outside the lesion at 28 dpi (p<0.05;
Figs. 3C, D). Importantly, the total area outside the lesion core was not different between
control and treated animals, which means that the reduced CD68 immunoreactivity was not
due to measurement in a smaller area.
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Since previous EAE studies also detected reduced T cell numbers in EAE spinal cords
following gemfibrozil treatment (Lovett-Racke et al., 2004), we examined sections
immunolabeled with a pan T cell marker to determine if T cell numbers or distribution were
altered by gemfibrozil (Figs. 4A, B). Typically after SCI, infiltrating T cells localize to the
frank lesion/scar area (Jones et al., 2005); therefore, T cells were counted separately in the
lesion and in spared tissue at the epicenter. This revealed a significant interaction between
the groups (p<0.05) and a significant effect of the drug treatment (p<0.001) based on two-
way ANOVA analysis. T cells were present within the scar area of both groups, with slightly
more present on average in the gemfibrozil animals compared to vehicle-treated mice (524
vs. 311, respectively; Fig. 4C). In tissue outside the scar, the vehicle treated animals had
fewer T cells on average while gemfibrozil animals had significantly more T cells (p<0.001
vs. Veh; Fig. 4C). Thus, gemfibrozil treatment caused an unexpected and abnormally large
accumulation of T cells in spared tissue after SCI.

After spinal cord injury, astrocytes hypertrophy and upregulate the cytoskeletal protein
GFAP. To determine if gemfibrozil altered astrocytic reactivity, cross-sections were
immunolabeled for GFAP and the amount of positive staining was quantified. No difference
in astrocyte reactivity was detected between the treatment groups (data not shown).

Study II: Deleterious effects of gemfibrozil were not reproduced

The results obtained in Study | were contrary to our hypothesis and contrasted with the
neuroprotective role of gemfibrozil in other models of CNS injury such as TBI and stroke
(Chen et al., 2007; Inoue et al., 2003). These conflicting results are important documentation
of how the same drug could have opposite effects in different injury models. Thus, to verify
these results, we performed a replication study. Unlike Study I, however, BMS scores and
sub-scores were not different at any time post-injury between the gemfibrozil and vehicle
groups (Figs. 5A, B). Histological analyses also revealed no differences in white matter or
gray matter sparing or in T cell infiltration between the two groups (data not shown).

To determine if initiating gemfibrozil treatment after SCI instead of before would be
beneficial, animals were also included in this study that received chow containing
gemfibrozil or vehicle in their recovery cages immediately after injury. Mice typically begin
to consume chow that first evening so these animals would begin receiving drug (or vehicle)
~6-8 h post-injury. Gemfibrozil-treated animals in this group displayed a slightly
accelerated rate of recovery on the BMS scale and a trend for higher BMS sub-scores (Figs.
5C, D). These results, however, were not significantly different from controls.

Study lll: Fenofibrate and gemfibrozil showed no significant effects after SCI

Although Study Il was designed to replicate Study | and the same injury parameters were
used (75 kdyn force), the injuries in Study Il appear to have been more severe based on the
final average BMS scores of the control groups (7 vs. 5.7). Therefore, we speculated that
gemfibrozil might have had a threshold effect that was only detectable in mildly injured
mice. To address this, Study I11 was conducted using a milder injury severity (65 kD) and a
more exact drug delivery route (daily oral gavage beginning 2 h post-injury). A separate
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group of mice was included that received similar oral gavage regimen of the more potent
PPAR-a agonist fenofibrate (50 mg/kg).

BMS testing revealed no differences in locomotor recovery between PPAR-a agonist and
control (Figs. 6A, B). In addition, spared white matter was not different between vehicle,
gemfibrozil or fenofibrate groups (Fig. 6C), although a trend for decreased white matter at
every distance examined was again noted in gemfibrozil animals. Interestingly, fenofibrate-
treated mice had significantly more spared gray matter than gemfibrozil animals caudal to
the injury epicenter (Fig. 6D). No differences were detected in the lesion area between the
groups (data not shown). Thus, fenofibrate did not alter functional recovery after SCI;
however, its marginal effect on tissue sparing may hold some promise. On the other hand,
gemfibrozil had no significant positive or negative effects on locomotor or anatomical
outcomes in this study.

Study IV: Higher dose of gemfibrozil decreased tissue sparing after SCI

The dose of gemfibrozil tested so far in our studies was based on effectiveness in EAE
studies. To verify that gemfibrozil is not beneficial after SCI, we next tested whether a
higher dose (300 mg/kg) would be efficacious in SCI mice. Animals were given gemfibrozil
by oral gavage at 2 h post-injury and then daily for the first week after injury, after which
they received 200 mg/kg of drug through oral gavage supplemented with 0.25% w/w of
gemfibrozil in their food (as in previous studies). This higher dose of gemfibrozil did not
alter locomotor recovery compared to controls (Figs. 7A, B). Histological analysis revealed
the gemfibrozil treatment caused a significant reduction in gray matter sparing and greater
lesion size caudal to the lesion epicenter (Figs. 7C, D). Thus, not only did the higher dose of
gemfibrozil fail to alter functional recovery, it also led to increased tissue pathology.

Discussion

Several studies have shown beneficial effects of PPARa activation in models of multiple
sclerosis, traumatic brain injury, stroke and SCI (Inoue et al., 2003; Besson et al., 2005;
Chen et al., 2007; Genovese et al., 2009; Genovese et al., 2008; Lovett-Racke et al., 2004).
Therefore, our goal in these studies was to test the hypothesis that gemfibrozil, a FDA
approved PPARa agonist, would be beneficial in a rodent model of spinal contusion injury.
Gemfibrozil is currently used clinically to treat hyperlipidemia and has not been tested to
date in SCI models. This drug should have good penetration to the CNS as a study
examining the distribution of gemfibrozil in rats consuming chow supplemented with drug
for 3 days at a similar concentration as that used here (0.3% vs. 0.25% in our study) showed
that the drug reaches the brain and activates PPAR response elements in the cortex
(Sanguino et al., 2003). In addition, the disturbed blood-brain barrier present for several
days post-injury will likely enhance drug delivery to the spinal cord. In our first study, we
mimicked the design of successful EAE studies by administering gemfibrozil orally to mice
before injury and continuing treatment throughout the study. Contrary to our hypothesis,
gemfibrozil, at a dose that is efficacious in EAE, was deleterious to SCI mice, resulting in
decreased locomotor recovery and greater histopathology compared to controls. A follow-up
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replication study, however, did not reproduce the adverse effects observed in Study | but also
revealed no beneficial effect of the drug on locomotor function or tissue sparing.

The conflicting results from Studies | and Il and the milder injury phenotype in Study 11
(refer to results) led us to postulate that the gemfibrozil effects are only manifested at certain
injury thresholds. To test this, a milder injury severity was intentionally produced in Study
I11. To rule out any possibility of variable food intake, we used oral gavage for drug delivery
in Study I11. We also included a group of animals that received fenofibrate, a different and
potent PPARa agonist, to determine if deleterious effects were specific to gemfibrozil. The
results again revealed that gemfibrozil treatment had no impact on locomotor recovery and
led to a trend for decreased tissue sparing. Fenofibrate treatment was also ineffective on
locomotor recovery but did significantly increase gray matter sparing caudal to the lesion
epicenter compared to gemfibrozil.

Because traumatic contusion injury is a much more rapid and severe injury in terms of tissue
damage compared to EAE, it is feasible that gemfibrozil concentrations that are effective in
EAE may be too low for SCI. Therefore, a final study was performed to determine if
increased levels of gemfibrozil would improve recovery from SCI. In this study we tested a
higher dose of gemfibrozil that was still well below the toxic range reported in rodents
(Kurtz et al., 1976).Again, behavioral recovery in gemfibrozil animals was not different from
controls. Furthermore, this concentration of gemfibrozil resulted in significantly increased
lesion area and decreased gray matter sparing. Thus, four out of four studies resulted in
either no change or worse behavioral and/or histological outcomes after gemfibrozil
treatment in SCI mice, leading us to conclude that gemfibrozil is not neuroprotective and
may in fact be injurious after SCI.

One feature of our studies that is consistent with others is the decrease in intraparenchymal
activated microglia and macrophages following PPARa activation in Study 1. In vitro work
has shown that treating activated microglia with a PPARa agonist decreases NF-kB activity
and production of nitric oxide and pro-inflammatory cytokines (Xu et al., 2005; Ramanan et
al., 2008; Jana et al., 2007). Activation of PPARa also reduced microglial activation in the
CNS in multiple models, including whole-brain irradiation, intracerebral injection of
lipopolysaccharide, and in EAE spinal cords (Lovett-Racke et al., 2004; Ramanan et al.,
2009; Wang and Namura, 2011). PPARa activation is reported to induce apoptosis of
macrophages in the presence of TNF-a/ IFN-y (Chinetti et al., 2001), perhaps contributing
to the decreased number of activated macrophages detected in gemfibrozil-treated animals in
the current study.

Despite the many studies showing reduced microglial activation and improved neurological
recovery after activating the PPARa. pathway, other studies have shown deleterious effects.
For instance, cell death of stressed cerebellar neurons was exacerbated by addition of a
PPARa agonist in vitro (Smith et al., 2001). Other in vitro studies revealed that both
fenofibrate and gemfibrozil impaired mitochondrial function and, consequently, cellular
respiration (Brunmair et al., 2004). Interestingly, several studies have documented a
deleterious effect of PPARa activation on myocytes. PPARa-induced myotoxicity has been
detected in both human and rat cells in vitro and in a primate in vivo model (Johnson et al.,
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2005; Liu et al., 2009; Liu et al., 2011; Zhao et al., 2010). Similar to the mice in Study I,
primates treated with gemfibrozil displayed significant behavioral deficits. A potential
mechanism for increased cell toxicity was decreased Akt phosphorylation, which would
reduce signaling through intracellular cell survival pathways (Zhao et al., 2010).

Chronic use of gemfibrozil in some human patients has led to deleterious side effects,
including gastrointestinal disturbances, nausea, depression, dizziness and allergy. In
addition, a small proportion of patients developed rhabdomyolysis resulting in muscle
weakness and kidney dysfunction, similar to the studies mentioned above (Roy and Pahan,
2009). Thus, in our first study, gemfibrozil treatment may have mediated systemic effects in
the injured mice impinging on their overall health and affecting locomotor function. In fact,
in Study I, recovery of bladder function in gemfibrozil-treated mice was noticeably delayed
compared to the vehicle treated mice. The side effects of gemfibrozil can also be mediated
by several reactive metabolites that can react with cellular proteins and DNA and lead to
cellular dysfunction (Rubenstrunk et al., 2007).

PPARa activation also can potently alter T cell function. For instance, T cells treated with
gemfibrozil show reduced proliferation and increased production of the anti-inflammatory
cytokine IL-4, which favors differentiation of T cells into the Th2 type cells (anti-
inflammatory) (Lovett-Racke et al., 2004). This accounts for the reduced T cell numbers and
improved clinical scores in an EAE model (Lovett-Racke et al., 2004). Surprisingly, in Study
I, gemfibrozil treatment led to a greater number of T cells distributing outside the lesion and
into spared tissue, a region that usually contains few T cell after SCI. This elevation in T
cells may have led to decreased function of white matter tracts, as T cell infiltration in a
mouse model of MS was directly involved in motor impairment and axonal demyelination
(Deb et al., 2010). In SCI, infiltration of myelin reactive T cells greatly exacerbates lesion
size, tissue pathology and functional recovery (Popovich et al., 1997; Jones et al., 2002). In
the Jones et al. (2002) study, enhanced T cell infiltration resulted in less white matter sparing
and increased demyelination after SCI. Similarly, in Study | we detected a trend for reduced
white matter sparing which correlated with a significant increase in the number of T cells in
this region. Thus, it appears that gemfibrozil has the potential to change the lesion
microenvironment after SCI such that activated macrophages are reduced yet T cell numbers
are increased.

Our current work adds gemfibrozil and fenofibrate to the growing list of pharmaceutical
agents tested in SCI studies. The commercial availability made gemfibrozil an attractive
potential treatment for SCI; in addition, thousands of patients are currently using this
medication to control hyperlipidemia. The long-term treatment of gemfibrozil in many
chronic inflammatory conditions such as heart disease, rheumatoid arthritis, diabetes and
murine EAE motivated us to test its effects on inflammation occurring post-SCI. However,
in contrast to other studies, our work shows that gemfibrozil did not yield protective effects
after SCI. Although effective in other disease models, gemfibrozil may in fact be harmful
after SCI. Given that fenofibrate showed a trend for increased gray matter sparing in this
study, it is possible that this or other PPAR-a agonists may be reparative in SCI although
this still needs to be rigorously tested. Finally, our research may help design different
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treatment regimens for those researchers interested in pursuing PPAR-a agonists for SCI
treatment.
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Locomotor assessment of SCI animals treated with gemfibrozil (GEM) or vehicle in Study I.
Mice were tested after SCI (75 kdyn) using the BMS locomotor scale starting at 1 day post-
injury (dpi) until 28 dpi. Vehicle controls had significantly higher BMS scores starting at 5
dpi (A). BMS sub-scores were also significantly lower in the gemfibrozil treatment group
(B). Specific behavioral categories were compared between groups. Gemfibrozil treated
animals had a trend for reduced stepping (C), significantly reduced coordination at 21-28

Exp Neurol. Author manuscript; available in PMC 2017 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Almad et al.

Page 15

dpi (D), worse paw position at 14 dpi (E), and reduced trunk stability at 24 dpi (F). *p<0.05,
**p<0.01 and ***p<0.001.
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Spared tissue analysis of SCI animals in Study I. Spinal cord cross-sections spanning 0.75
mm rostral and caudal to the lesion epicenter (Epi) were stained for eriochrome cyanine to
label myelin (blue) and neurofilament for axons (brown) (A, B). Black lines demarcate the
border between intact spared tissue and pathological tissue. Stereologic analysis of spared
white matter and gray matter revealed that gemfibrozil (GEM) treatment did not
significantly change tissue sparing but did cause reduced white matter compared to vehicles
at every distance examined (C, D).
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Fig. 3.

Ar?alysis of the area of tissue occupied by activated microglia and macrophages in cross-
sections from Study I. (A, B) Images of spinal cord sections immunolabeled for CD68 were
used to outline the frank lesion core and tissue outside the lesion core (delineated by dotted
line). Areas demarcated by black boxes are shown in high power adjacent to cross-sections.
The area of immunoreactivity was measured separately for tissue inside (C) and outside (D)
the lesion core at 28 dpi. Gemfibrozil (GEM) treated animals had significantly reduced
CD68 immunoreactivity in tissue outside the lesion core (Two-way ANOVA with repeated
measures, pb0.05). Low power image scale bar=100 pum, high power image scale bar=50
pm.

Exp Neurol. Author manuscript; available in PMC 2017 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Almad et al. Page 18

A Vehicle B GEM C CD3+ cells at epicenter
1200 o
E 900
E
™ '
¢ £ 600
- o
&
300
: - 0
< | — 2 epi inside lesion  outside lesion
Fig. 4.

Quantification of T cells inside and outside lesion core in Study I. Spinal cord sections were
immunolabeled for CD3, a pan T cell marker (A, B), and the number of CD3 positive cells
inside and outside the lesion was counted in vehicle and gemfibrozil (GEM) treated animals.
Tissue sections and lesion cores are outlined. Areas in boxes are shown at high power below
cross-sections. There were significantly more CD3+ cells outside the lesion in gemfibrozil
treated mice compared to controls (C) (p<0.001). Low power image scale bar=100 pum, high
power image scale bar=25 pm.
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Fig. 5.
BMS locomotor analysis of mice in Study Il that received gemfibrozil (GEM) or vehicle

(VEH) beginning either before (A, B) or after SCI (C, D). Two-way repeated measures
ANOVA revealed no differences between the groups for BMS scores or sub-scores.
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Fig. 6.

thavioral and histological analyses of mice in Study 11 that received gemfibrozil (GEM),
fenofibrate (FEN) or vehicle beginning 2 h post-injury. (A, B) Locomotor recovery was
tested using the BMS locomotor scale starting at 1 day post-injury (dpi). No differences
were detected in the BMS scores or sub-scores. Stereological analysis of spared white matter
(C) and gray matter (D) revealed no significant differences between vehicle and drug groups.
However, the fenofibrate group had significantly more gray matter sparing at 0.45 mm
caudal to epicenter (Epi) compared to gemfibrozil treated mice (p<0.01).
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Behavioral and histological analyses of SCI animals in Study IV receiving post-SCI vehicle
or a higher dose of gemfibrozil (GEM) compared Studies I-I11. (A, B) The BMS locomotor
scale was used starting at 1 day post-injury; no significant differences were detected between
groups. (C, D) Stereological analysis of tissue sparing revealed gemfibrozil-treated mice had
significantly less spared gray matter (C) and greater lesion size (D) caudal to the lesion
epicenter (Epi). Two-way repeated measures ANOVA followed by Bonferroni post-hoc

analysis, *p<0.05, **p<0.01.
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