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Background: Decrease of peroxisome proliferator-activated receptors-6 (PPARS) expression
has been observed after spinal cord injury (SCI). Increase of PPARS may improve the damage
in SCI. Telmisartan, the antihypertensive agent, has been mentioned to increase the expression
of PPARS. Thus, we are going to screen the effectiveness of telmisartan in SCI for the develop-
ment of it in clinical application.

Methods: In the present study, we used compressive SCI in rats. Telmisartan was then used to
evaluate the influence in rats after SCI. Change in PPARS expression was identified by Western
blots. Also, behavioral tests were performed to check the recovery of damage.

Results: Recovery of damage from SCI was observed in telmisartan-treated rats. Additionally,
this action of telmisartan was inhibited by GSK0660 at the dose sufficient to block PPARS.
However, metformin at the dose enough to activate adenosine monophosphate-activated
protein kinase failed to produce similar action as telmisartan. Thus, mediation of adenosine
monophosphate-activated protein kinase in this action of telmisartan can be rule out. Moreover,
telmisartan reversed the expressions of PPARS in rats with SCI.

Conclusion: The obtained data suggest that telmisartan can improve the damage of SCI in
rats through an increase in PPARS expression. Thus, telmisartan is useful to be developed as
an agent in the therapy of SCI.
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Introduction

Spinal cord injury (SCI) is defined as a damage to the spinal structure and/or function
that can be caused by a host of etiological factors, including labor injuries and traf-
fic accidents; the condition also creates enormous physical and emotional cost to
individuals.! SCI easily leads to motor paralysis and sensory dysfunction while both
afferent sensory and efferent motor innervations are passing through the spinal cord.?
The sensory dysfunction is associated with urinary impairment, which is a major factor
in morbidity and even mortality in those with SCI.?

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcrip-
tion factors belonging to the nuclear hormone receptor superfamily, which includes
the classical steroid, thyroid, and retinoid hormone receptors.* At present, three PPAR
subtypes have been identified to be designed as PPARa, PPARS, and PPARY. PPARs
are involved in the pathogenesis of several diseases, including diabetes mellitus, obe-
sity, atherosclerosis, neurological diseases, and SCI.%® It has been documented that
GWO0742 (a selective agonist of PPARJ) can reduce the development of inflammation
and tissue injury associated with SCL.* However, application of useful medication in
patients with SCI is still not enough.

Angiotensin II (Ang II) receptor blockers (ARBs) are commonly used to lower
the blood pressure.'® In addition to antihypertensive effect, several clinical trials show
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that ARBs have some effects on energy metabolism.!" The
pleiotropic effects of ARBs include the upregulation of
uncoupling protein 1 or Ang II receptor type 1 expression
and the activation of PPAR."? Recently, telmisartan, one of
the ARBs, has been found to increase the expressions of
PPARS and adenosine monophosphate-activated protein
kinase (AMPK) in skeletal muscle of rats.'* Additionally, the
activation of PPARS is helpful to improve the injury from
SCI in diabetic rats.!* The present study is thus designed to
investigate the therapeutic potential of telmisartan in SCI
using animal model as pre-clinical evidence.

Materials and methods

Experimental animals

The male Wistar rats obtained from the animal center of
National Cheng Kung University Medical College (Tainan,
Taiwan) were maintained in a temperature-controlled room
(25°C£1°C) under a 12-hour light—dark cycle (lights on at
06 am). All rats received water and standard chow (Purina
Mills, LLC, St Louis, MO, USA) ad libitum. All animal-
handling procedures were performed according to the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health and followed the guidelines of the Animal
Welfare Act.

Spinal cord injury

We performed the SCI mainly according to our previous
method" with some modifications.' In brief, the laminectomy
for removal of the vertebral peduncle was performed between
T8 and T9 on rats under anesthesia with sodium pentobarbital
(30 mg/kg, intraperitoneally; Sigma Chemical Co, St Louis,
MO, USA). We used a calibrated aneurysm clip with a closing
pressure of 55 g to place between the dorsal and ventral surfaces
of spinal cord for 1 minute. Animals that received the same
laminectomy without compression with clip were grouped
as the sham-operated control. Then, we injected 0.1 mL
of cefazolin (10 mg/kg body weight; China Chemical Pharma-
ceutical Co, Ltd, Taipei, Taiwan) into all animals for 3 days
after the surgery. Animals that received SCI were individu-
ally housed on a special bedding to prevent the formation of
pressure sores. Additionally, rats had their bowel and bladder
manually compressed twice daily. Food and water were sup-
plied at a lowered height in their cages for free accessibility."
Similar to the previous report," the rats typically did not
survive beyond 4-5 weeks after the SCI. In the present study,
telmisartan, metformin and GSK0660 (a selective antagonist
of PPAROJ) purchased from Tocris Bioscience (Ellisville,
MO, USA) were dissolved in dimethyl sulfoxide and diluted
with saline. The oral solution of metformin (320 mg/kg),"”

telmisartan (5 mg/kg),"*"® and/or GSK0660 (0.1 mg/kg)™
was intravenously injected into the rats via tail vein for
20 days after 1 week of SCI every morning (10 am). Addition-
ally, we employed the vehicle at the same volume to treat the
control group in the same manner. The behavioral test took
place every Monday evening (6 pm) after 1 week of drug
administration. The rats that cannot survive until the end of
this study (28 days) were excluded. The results were obtained
from each group of six rats for further analysis.

Locomotor scale

According to the earlier report,'” the Basso, Beattie and
Bresnahan (BBB) locomotor rating scale (locomotor scale)
from 0 to 21, where 0 reflects no locomotor function and 21
reflects normal performance, is used to evaluate the effects
of metformin (320 mg/kg),"” telmisartan (5 mg/kg),"* and/or
GSK0660 (0.1 mg/kg)'* on functional recovery after SCI.
We arranged the rats to walk around freely in a 90 cm? field
(width and length) for 4 minutes, and movements of the
hind limb were observed continuously. Rats were trained to
gently adapt to the field at first. Two investigators conducted
4-minute testing sessions on each leg of the rats that walked
continuously in the field. This study started one day postin-
jury and continued for 20 days or over. The functional deficits
were double-blind checked by the trained investigators. The
results of behavior outcomes and examples of locomotor
scores were also recorded in the digital video.

Inclined plane test

We applied the inclined plane test (IPT) to evaluate the
ability of rats to maintain their position for 5 seconds on an
inclined plane that was covered with a rubber mat containing
horizontal ridges (1 mm deep, spaced 3 mm apart, and self-
made), as described previously.?’ The rats were determined
as the angle of the surface was increased from 5° to 90° at
5° intervals. The angle at which the rat could not maintain
its position was the outcome measured.

Limb hanging test

This test is used for evaluating both forelimb and hind limb
function. However, it is mainly employed for testing muscle
function in the forelimbs of animals with SCI, as mentioned
in previous reports.”! The test is conducted using a 12 cm long
and 1.8 mm wide rounded metal rod that is applied to the
volar surface of the forepaw, and the presence or absence of
grasping and the release time in seconds are recorded. When
the rod is lifted above the surface and suspended, the testing
of animal’s forelimb muscle strength is possible. In addition,
contact of the body, hind limb, or tail with the ground or
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parts of the equipment on the sides should be prevented. The
time that the rat hangs suspended on the rod is measured and
recorded. This testing should typically be repeated five times.
The mean values of each administration were calculated, as
described previously.?!

Pain test

All rats were adapted to testing chambers for at least 2 days.
The occurrence of foot withdrawal in response to the mechani-
cal notching of the plantar surface of each hind paw was
measured using a flat-tipped cylindrical probe that measured
200 wm in diameter, following previous methods.? Von Frey
filaments capable of exerting forces with a uniform tip diam-
eter were applied to a designated loci on the plantar surface
of the foot. During each experiment, the rat was placed in an
obvious plastic cage with a floor of wire with approximately
1 cm? openings. The cage was elevated so that stimulation was
practical for each hind foot from underneath the rodent. The
duration of each stimulus was approximately 1 second, and
the interstimulus interval was approximately 10—15 seconds.
The force unit was expressed in Newtons (N).

Western blotting analysis

Spinal cord tissues were isolated from all the six rats in each
group treated with telmisartan and/or GSK0660, and met-
formin after SCI. Tissues were homogenized in the ice-cold
buffer solution containing 10 mM Tris-HCI (pH 7.4), 20 mM
ethylenediaminetetraacetic acid, 10 mM ethylene glycol
tetraacetic acid, 20 mM [B-glycerophosphate, 50 mM NaF,
50 mM sodium pyrophosphate, | mM phenylmethylsulfonyl
fluoride, and the protease inhibitors 25 pg/mL leupeptin
and 25 pg/mL aprotinin. The mixture was then centrifuged
at 1,000x g for 10 minutes. The obtained supernatant was
further centrifuged at 48,000% g for 30 minutes. After resus-
pension of the pellet in ice-cold Triton X-100 lysis buffer,
samples were centrifuged at 14,010x g for 20 minutes. All
the above centrifugations were performed at 4°C. The super-
natant was collected in an Eppendorf tube to store at —80°C.
The membrane extracts (20—80 |Lg) in the supernatant were
applied for separation using 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The obtained proteins
were transferred onto a BioTrace™ polyvinylidene fluoride
membrane (Pall Corporation, Pensacola, FL, USA) for
2 hours. The blots were developed through the reaction with
primary antibodies (1:1,000) of receptor for advanced glyca-
tion endproducts (RAGE), high-mobility group box 1 protein
(HMGBI1), phosphorylated AMPK (p-AMPK), PPARSJ, and
actin (Abcam, Cambridge, UK) for 16 hours. Then, they were
hybridized with horseradish peroxidase-conjugated rabbit

anti-rabbit IgG (Jackson ImmunoResearch Laboratories,
Inc, PA, USA) for 2 hours and developed with the Western
Lightning Chemiluminescence Reagent PLUS (PerkinEl-
mer Life Sciences Inc., Boston, MA, USA). We employed
Gel-Pro analyzer software 4.0 (Media Cybernetics, Silver
Spring, MD, USA) to quantify the densities of the obtained
immunoblots at 35 KDa for RAGE, 29 KDa for HMGBI,
62 KDa for p-AMPK, 40 KDa for PPARJ, and 43 KDa for
actin, respectively.

Statistical analysis

All results were expressed as the mean * standard error of
each group. Statistical analysis was performed using analysis
of variance with the Newman—Keuls post-hoc. A P-value
of =0.05 was considered statistically significant.

Results
Effects of telmisartan on motor function

and pain response in rats with SCI
Overground locomotion using the BBB scoring system
showed consistent weight support and consistent forelimb—
hindlimb coordination.”® As shown in Figure 1A, telmisartan
improved the BBB locomotor scale in rats with SCI.

The inclined plane evaluates the ability of the animal to
maintain its body position on a surface that is gradually raised
to increasing angles. In the rat models of SCI, this test has
been shown reliable, consistent, and sensitive and that has
been used to assess the therapeutic modalities.** As shown
in Figure 1B, telmisartan improved the behaviors including
the result of IPT in rats with SCI.

Limb hanging wire test evidenced a reduction of muscle
strength in rats.”® As shown in Figure 1C, telmisartan
improved the results of limb hanging test in rats with SCI.

Pain test evaluates the nociceptive mechanical threshold.
As shown in Figure 1D, telmisartan decreased the mechanical
threshold in rats with SCI.

As shown in Figure 1, telmisartan combined injection of
GSK0660 (0.1 mg/kg, once daily) to these rats that attenu-
ated the improvements of motor function and pain responses
induced by telmisartan.

Effects of telmisartan on PPARS and
p-AMPK expressions in rats with SCI

After evaluating the behavioral tests, we used the spinal
cord from each rat in the same group to perform the Western
blotting analysis. As shown in Figure 2, the PPARS and
p-AMPK expressions in spinal cord of SCI rats were mark-
edly lower than that in normal rats. The expressions of
PPARS and p-AMPK were both reversed by telmisartan in
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Figure | Changes in behavioral and pain tests in rats with SCI after receiving telmisartan and/or GSK0660.

Notes: The rats with SCl were treated with telmisartan (5 mg/kg) and/or GSK0660 (0.1 mg/kg) intravenously once daily for 28 days. Tests showed (A) BBB locomotor scale,
(B) inclined plane test, (C) limb hanging test, and (D) pain test. Values (mean * SE) were obtained from each group of six rats. *P<<0.05, **P<<0.0| and ***P<0.00| compared
with the vehicle-treated SCI rats.

Abbreviations: BBB, Basso, Beattie and Bresnahan; GSK, glycogen synthase kinase; SCI, spinal cord injury; SE, standard error.
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Figure 2 The expressions of PPARS and p-AMPK in spinal cord of rats with SCI after treatment with metformin, telmisartan and/or GSK0660.

Notes: The rats with SCI were treated with metformin (320 mg/kg), telmisartan (5 mg/kg) and/or GSK0660 (0. mg/kg) intravenously once daily for 28 days. Expressions
of PPARS (A) and p-AMPK (B) were identified using Western blotting analysis. Protein expression was normalized against that of B-actin used as a loading control. Data
represent the mean * SEM of six animals. **P<<0.00| compared with the vehicle-treated SCI rats.

Abbreviations: AMPK, adenosine monophosphate-activated protein kinase; GSK, glycogen synthase kinase; p-AMPK, phosphorylated AMPK; PPAR, Peroxisome proliferator-
activated receptors; SCI, spinal cord injury; SEM, standard error of mean.
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rats with SCI. This action of telmisartan was attenuated by
GSKO0660 at an effective dose to block PPARS as described
previously.!* However, metformin failed to modify the
expression of PPARS in rats with SCI.

Metformin failed to improve the motor

function and pain response in rats with
SCl

As shown in Figure 3, metformin failed to improve the
behaviors in rats with SCI including the BBB locomotor
scale, IPT, limb hanging test and pain test. The treated dose
of metformin is enough to increase p-AMPK in these rats as
shown in Figure 2B.

Effects of telmisartan on HMGBI and

RAGE expressions in rats with SCI

PPARGS has been indicated to show anti-inflammatory effects
in neurological and inflammatory-related diseases.?® As
shown in Figure 4, the inflammatory indicators, HMGB1 and
RAGE expressions, in the spinal cords of rats with SCI were
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markedly higher than that in normal rats. The expression of
HMGBI (Figure 4A) or RAGE (Figure 4B) was reversed
by telmisartan in rats with SCI. This action of telmisartan
was also attenuated by GSK0660. Additionally, as shown
in Figure 4, metformin failed to modify the expressions of
HMGBI and RAGE in rats with SCI.

Discussion
In the present study, we found that the motor dysfunction
and pain responses were improved by telmisartan in rats with
SCI. This action of telmisartan was inhibited by a blockade
of PPARJ. PPARS expression was not reduced after SCI in
rats treated with telmisartan. Moreover, the expression of
p-AMPK was also raised by telmisartan. Metformin at the
dose enough to activate AMPK failed to modify the motor
dysfunction and pain responses in rats with SCI. The thera-
peutic potential of telmisartan in rats with SCI is mainly
through the restoration of PPARS expression.

Recently, the pharmacological activation of PPARS
has been considered as the potential target due to its
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Figure 3 Changes of behavioral and pain tests in rats with SCI by metformin.

Notes: The rats receiving SCl was further treated with metformin (320 mg/kg) intravenously once daily for 28 days. Responses show (A) BBB locomotor scale, (B) inclined
plane test, (C) limb hanging test, and (D) pain test. Values (mean + SE) were obtained from each group of six rats. Each group compared with the vehicle-treated SCI rats

without statistical difference.

Abbreviations: BBB, Basso, Beattie and Bresnahan; SCI, spinal cord injury; SE, standard error.
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Figure 4 The expressions of HMGBI and RAGE in spinal cord from rats with SCI after treatment with metformin, telmisartan and/or GSK0660.

Notes: The rats with SCI were treated with metformin (320 mg/kg), telmisartan (5 mg/kg) and/or GSK0660 (0.1 mg/kg) intravenously once daily for 28 days. Expressions
of (A) HMGBI and (B) RAGE were identified using Western blotting analysis. Protein expression was normalized against that of B-actin used as a loading control. Data
represent the mean * SEM of six animals. **P<<0.01 and ***P<<0.00| compared with the vehicle-treated SCl rats.

Abbreviations: GSK, glycogen synthase kinase; HMGBI, high-mobility group box | protein; RAGE, receptor for advanced glycation endproducts; SCI, spinal cord injury; SEM,

standard error of mean.

anti-inflammatory/antioxidant/anti-excitotoxic/pro-energetic
profile in some neurological and inflammatory-related dis-
eases.” PPARS has also drawn much attention as a drug
discovery target for regulating glucose and lipid metabolism?’
because PPARs are widely distributed throughout the body
and are mainly known for their effects on metabolism. Three
isoforms of PPARs have been identified as PPARo, PPARS
(also called PPARP), and PPARY.*® PPARc and PPARYy are
involved in the metabolism of lipid and glucose. Basically,
PPARS is the most abundant PPAR isoform in the body
and many studies have demonstrated its role in antioxida-
tive stress? and neuroprotection.’® Moreover, decrease of
PPARGJ delayed the recovery of motor behaviors in animals
with SCI, which was related to a reduced ability to repair
the injured tissue and to recover the neurological functions.’!
As shown in Figures 1 and 2, rats with SCI showed poor
motor behaviors than normal rats while the expression of
PPARS in spinal cord was also decreased. Our results are
consistent with the previous report’ showing the usefulness
of this animal model.

Selective B1-adrenoceptor antagonists have demonstrated
areduction in neurological injury in a rat model of spinal cord
ischemia-reperfusion under its’ effective dosage for treating
hypertension.’? Additionally, calcium channel blocker has
been identified to ameliorate the disease in a mouse model
of multiple sclerosis.*

ARBs are also widely used for the treatment of hyperten-
sion in clinics. By blocking type-1 Ang II receptors, ARBs

not only ameliorate hypertension but also inhibit the Ang
[I-stimulated induction of profibrotic cytokines and oxida-
tive stress, thereby retarding the progression of chronic
renal parenchymal injury.>* Some ARBs have also been
shown to act as activators of PPAR and consequently induce
anti-inflammatory effects by interfering with inflamma-
tory signaling.*> Telmisartan, one of ARBs, has recently
been attracting attention due to its putative PPARS action'’
and ensuing anti-inflammatory effects.***’ Previous report
also indicated that telmisartan can activate the PPARS and
increase the p-AMPK."* However, the effect of ARBs in
SCI is still unclear. Thus, we employed the same dose of
telmisartan'? in our investigation in the present study.

In the central nervous system, PPARS is expressed mainly
in oligodendrocytes and neurons.*® Activation of PPARS
reduced the cellular and molecular changes occurring in
SCI by targeting different downstream pathways, thereby
modulating PPARGJ receptors.® Also, this protective effect
is significantly blocked by GSK0660.° Comparable results
were observed in the present study using rats with SCI, in
which the PPARGJ expression and behavioral responses were
both improved by telmisartan (Figures 1 and 2).

To evaluate the effects of motor function and pain
responses in rats after SCI, several behavioral tests were
applied, including the BBB locomotor scale, IPT, and limb
hanging test.>*4%4! The motor functions in diabetic rats can
be influenced after SCI by the pharmacological manipula-
tion of PPARS activity, as described earlier.” As shown in
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Figure 1, an activation of PPARS by telmisartan improved
the motor dysfunction and increased pain sensitivity. Addi-
tionally, the blockade of PPARS using GSK0660 reversed
these actions of telmisartan. Thus, PPARS is mediated in
the telmisartan-induced recovery of damage in rats with
SCI. It is also observed that PPARS is highly expressed in
the central nervous system,* with a great influence on neu-
ronal cell functioning.” Thus, we identified the changes of
PPARGJ expression by telmisartan in rats with SCI. As shown
in Figure 2, PPARS expression in spinal cords of these rats
was markedly increased by telmisartan; this result is con-
sistent with a previous reporton skeletal muscle.’* Our data
shows that an activation of PPARS by telmisartan is help-
fulin improving the injury from SCI in rats. However, more
investigations are required in the future for understanding the
molecular action mechanism(s) of PPARS in SCI.

Metformin has widely been used to treat type-2 diabetes
patients.** The key molecular mechanism of metformin
is introduced to produce an activation of AMPK.*® A pre-
vious report has indicated that telmisartan can enhance
the phosphorylation of AMPK through increased PPARJ
expression.” It is similar to the present study using rats
with SCI. However, the benefit of AMPK activation in
the recovery of SCI is still obscure. In the present study,
we used metformin as positive reference to test the role of
p-AMPK in rats with SCI. The data showed that metformin
failed to improve the motor behaviors (Figure 3) in SCI rats
although it increased the expression of p-AMPK (Figure
2) similar to telmisartan. Metformin (the AMPK activa-
tor) treatment may not activate all the necessary factors
and cofactors that mediate recovery in this compressive
SCI model. Thus, mediation of AMPK seems not to be the
major factor in the action of telmisartan for improvement
of SCI in rats.

It has been indicated that ARBs inhibit the HMGB1/
RAGE axis® to benefit patients with stroke.” The extracellular
release of HMGB1 appears to be common to the etiology and
progression of multiple diseases leading to stroke, and may act
in a multistage process in stroke.’! Inhibition of the HMGB1/
RAGE axis may prove to be a novel therapeutic strategy for
treating stroke.> This action was not related to the change of
blood pressure by ARBs.*? Thus, it seems there is no correla-
tion of SCI improvement and hypotensive effects in rats. Addi-
tionally, it has been demonstrated that activation of PPARy
inhibits the HMGB 1-RAGE pathway.>*>* In the present study,
we are the first to demonstrate that blockade of PPARS using
GSKO0660 can inhibit the telmisartan-induced changes of
HMGBI1 and RAGE expressions. However, the underlying
mechanisms need more investigations in the future.

Conclusion

We found that telmisartan is effective in improving the
motor behaviors in rats with compressive SCI through an
increased expression of PPARS and a marked reduction in
the expressions of HMGB1 and RAGE in spinal cords. In
the current study, the therapeutic potential of telmisartan in
SCI is addressed for the first time. However, more studies
on the different models of SCI should be conducted in the
future.
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