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Effects of Ethyl Pyruvate on Allodynia, TNF-a. Expression,
and Apoptosis in the Dorsal Root Ganglion after
Spinal Nerve Ligation Injury
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Background:

It has been demonstrated that the expression of tumor necrosis factor-o (TNF-o)) and apoptotic cell death
in the dorsal root ganglion (DRG) following spinal nerve constriction injury play a role in the initiation and
continuation of hyperalgesia and allodynia. The present study was designed to investigate the effects of ethyl
pyruvate (EP) on mechanical and cold allodynia, TNF-a expression, and apoptosis in DRG after spinal nerve
ligation injury.

Methods:

Rats were divided into 3 groups: control, pre-EE and post-EP. EP (50 mg/kg) was intraperitoneally injected
30 minutes before (pre-EP) or after (post-EP) surgery. Behavioral tests to determine mechanical and cold
allodynia were conducted before surgery and 4 and 7 days after surgery. Seven days after surgery, TNF-a protein
levels in DRG were evaluated by enzyme-linked immunosorbent assay, and DRG apoptosis was determined by
immunohistochemical detection of activated caspase-3.

Results:

Treatment with EP significantly reduced mechanical and cold allodynia following spinal nerve ligation injury.
TNF-a protein levels in the pre-EP (4.7 = 1.2 pg/200 pg; P < 0.001) and post-EP (6.4 + 1.8 pg/200 ng;
P < 0.001) groups were 2—3 times lower than the control group (14.4 = 1.2 pg/200 pg). The percentages
of neurons and satellite cells that co-localized with caspase-3 were also significantly lower in the pre-EP and
post-EP groups than the control group.

Conclusions:

These results demonstrate that EP has a strong anti-allodynic effect that acts through the inhibition of TNF-a
expression and apoptosis in DRG after spinal nerve ligation injury. (Korean J Pain 2012; 25: 213-220)
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INTRODUCTION

Neuropathic pain that consists of hyperalgesia, spon—
taneous pain, and mechanical and thermal allodynia may
result from peripheral nerve injury. Unilateral tight ligation
of the fifth and sixth lumbar (L5 and L6) spinal nerves re—
produces some of the representative features of neuro—
pathic pain [1]. Previous studies have provided evidence of
the release of pro—inflammatory cytokines after nerve in—
jury in relation to neuropathic pain, including tumor necrosis
factor—o, (TNF—a) [2-11]. The increase in TNF—a expression
has been observed in the dorsal root ganglion (DRG) after
peripheral nerve injury [2—6]. Application of TNF—a to nor—
mal or compression—injured DRG results in mechanical allo—
dynia [7-9]. Furthermore, the inhibition of TNF—a by se-
lective antibody therapy attenuates mechanical allodynia in
animals with spinal nerve ligation injury [10,11].

Apoptosis is dlso evident in DRG neurons following pe—
ripheral nerve injury, although the mechanism responsible for
producing it is uncertain, However, another major factor may
be associated with the cytokine signaling pathway of apopto—
sis secondary to the axonal transport of pro—inflammatory
cytokines [2,12] and the activation of neuronal apoptosis
[13,14]. Caspase—3, which plays a major role in the proteo—
Iytic cleavage of many key proteins, is a key indicator of
apoptosis. Previous studies have reported that the inhibition
of caspase activity attenuates pain—related behavior [14,15].

Ethyl pyruvate (EP) is a stable, lipophilic derivative of
pyruvic acid with known anti—inflammatory and anti—
oxidant properties. EP reduces brain and spinal cord in—
juries in cerebral and spinal cord ischemic/reperfusion—in—
duced injury models and spinal cord compression injury
models [16-18]. In addition, EP inhibits the release of
TNF-q in brain and lung injury models [19,20] and reduces
apoptosis in various models of organ injury [18,21,22].
Therefore, we hypothesized that EP would have a beneficial
effect on neuropathic pain following peripheral nerve
injury. The specific aim of this study was to evaluate the
preemptive analgesic effects of EP on mechanical and cold
allodynia, TNF—a expression, and apoptosis in DRG after

spinal nerve ligation injury.

MATERIALS AND METHODS

1. Animals

The experimental procedures were approved by the
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animal care committee of our hospital, Male Sprague—Dawley
rats (160-180 g) were housed 3 per cage in a temper—
ature—controlled (21 + 1°C) vivarium with a 12-hour light/
dark cycle. Rats were provided water and food ad libitum
and were permitted to acclimate for 3 days prior to use

in experiments,

2. Experimental protocol

The rats were randomly divided into 3 groups (21 rats
per group): 1) the control group, which received only spinal
nerve ligation injury; 2) the pre—EP group, which received
spinal nerve ligation injury plus an intraperitoneally (ip)
administered dose of EP (50 mg/kg) 30 minutes before
surgery; and 3) the post—EP group, which received spinal
nerve ligation injury plus an ip administered dose of EP
(50 mg/kg) 30 minutes after surgery. EP (98% pure;
Sigma—Aldrich Co., St. Louis, MO, USA) was dissolved in
normal saline to a concentration of 10 mg/ml.

Behavioral tests were performed before and 4 and 7
days after surgery in order to measure behavioral re—
sponses to mechanical and cold stimuli, TNF—a protein
levels in DRG were determined by enzyme-—linked im—
munosorbent assay (ELISA), and DRG apoptosis was eval—
uated by immunohistochemical detection of activated cas—
pase—3 on postoperative day 7. All testing was performed

by 1 examiner who was blind to the study groups.

3. Surgery

The rats were anesthetized by ip injection of zoletil
(12.5 mg) and xylazine (3 mg). Spinal nerve ligation injury
was performed according to the procedure of a previously
published report [1]. Briefly, a midline skin incision to the
lower back and deep dissection through the paraspinal
muscles was performed, revedling the left L6 transverse
process, which was then removed. The left L5/6 spinal
nerves were exposed and both nerves were tightly ligated
using 6—0 black silk,

4, Behavioral tests

Behavioral testing was performed at the same time
during the day (10:00 AM—4:00 PM). Rats were positioned
in individual plastic cages with wire—mesh bottoms and
permitted to acclimate for 20 minutes, Baseline testing
was performed before surgery to verify that the animal re—
sponses were normal. All rats were tested 4 and 7 days

after surgery.
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To test for mechanical dllodynia, a von Frey filament
(Stoelting, Wood Dale, IL, USA) was used to stimulate the
plantar surface of the left hind foot. Eight calibrated von
Frey filaments (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50,
and 15.10 g) were sequentially applied to the foot (in as—
cending or descending order) and gently pressed against
the foot. Rapid withdrawal or flinching was interpreted as
a positive response, in which case the next—lightest fila—
ment was tested; a negative response led to the application
of the next—heaviest filament. Determination of the 50%
withdrawal threshold was made using the up—down meth—
od, as previously described [23]. Rats that demonstrated
a withdrawal threshold of less than 5.0 g were classified
as demonstrating mechanical allodynia.

Response to cold stimuli was examined using the ace—
tone method as previously reported [3]. Briefly, a drop of
acetone was lightly placed onto the plantar surface of the
left hind foot. Acetone was applied 5 times to the hind foot
at 5—minute intervals, Rapid withdrawal in response to the
application of acetone was considered a positive sign. The
percentage of the withdrawal response was calculated by
dividing the number of foot withdrawals by 5 (the total
number of trials) and multiplying the result by 100. Rats
that showed a withdrawal response greater than 40% were

classified as demonstrating cold allodynia.

5. ELISA immunoassay for TNF-a

An ELISA immunoassay was used to analyze the 42
rats used in the behavioral tests (n = 14 rats per group),
as previously described [3]. Briefly, rats were rapidly de—
capitated under anesthesia on postoperative day 7, and the
left L5/6 DRGs were removed and frozen in liquid nitrogen.
Tissue samples (each sample contained L5/6 DRGs from 2
rats) were homogenized in ice—cold RiPA buffer (R0278;
Sigma, St. Louis, MO, USA) that contained a protease in—
hibitor cocktail (P8340; Sigma), then centrifuged (13,000
rpm for 20 minutes) to obtain protein extracts. Commer—
cially available ELISA kits (Quantikine Rat TNF—o/TNFSFIA
Immunoassays, R&D System, Minneapolis, MN, USA; sen—
sitivity: 5 pg/ml) were used to measure the TNF—o protein
levels in DRGs. The total protein concentrations of the tis—
sue supernatant were determined using the Bradford pro—
tein assay. Microplates were assayed using a Victor3d V
Multilabel Counter (Model 1420; Perkin Elmer, Waltham,
MA, USA). Data were standardized in terms of picograms
of TNF—a per 200 pg of total protein in the supernatant.
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6. Double—label immunohistochemistry

The histological findings in the 21 rats used in the be—
havioral tests were also analyzed (n = 7 rats per group),
as previously described [3]. Briefly, under anesthesia, the
rats were transcardially perfused with 4% buffered paraf—
ormaldehyde on postoperative day 7. The left L5 DRG was
collected and subsequently fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned to a thickness of 4
um, After blocking with 5% goat serum, 0.3% Triton
X-100, and 1% bovine serum albumin in phosphate—buf—
fered saline (PBS-T), double—label immunofluorescence
was conducted by incubating the paraffin sections over—
night at 4°C with cleaved caspase—3 (Asp 175) antibody
(1 : 200; #9661, Cell Signaling Technology Inc., Danvers,
MA, USA) and GFAP antibody (I :200; #3670; Cell
Signaling) or NeuN antibody (1 : 200; MAB377; Chemicon,
Temecula, CA, USA), followed by incubation with Alexa
Flour 555 goat anti—rabbit IgG (red; 1 : 500; Invitrogen,
Carlsbad, CA, USA) and Alexa Flour 488 goat anti—-mouse
IgG (green; 1 : 500; Invitrogen) for 2 hours at 20°C. The
immunostained DRG sections were observed using a con—
focal microscope. Two sections were used in each evalua—
tion to count the number of NeuN—immunoreactive (IR),
GFAP-IR, and double—labeled cells at 400 X magnification.
The percentage of double—labeled cells in each DRG was
caleulated by dividing the number of double—labeled cells
by the total number of NeuN—IR and GFAP-IR cells within
the field and multiplying the result by 100,

7. Statistics

The data are presented as the means =+ standard
deviations, Behavioral data (withdrawal threshold to me—
chanical stimuli and withdrawal response to cold stimuli)
were evaluated by 2—way repeated measures analysis of
variance, TNF—o protein levels and the percentage of dou—
ble—labeled cells in the DRGs were analyzed using the
Kruskal-Wallis test followed by the Mann—Whitney U—test
to evaluate the between—group differences. P values less

than 0.05 were considered significant.

RESULTS

1. Behavioral tests
Treatment with EP reduced sensitivity to mechanical
and cold stimuli after spinal nerve ligation injury (Fig. 1).

The withdrawal threshold to mechanical stimuli was sig—
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Fig. 1. Behavioral tests for (A) mechanical and (B) cold allodynia (n = 21 rats per group). Mechanical allodynia was tested
by the application of von Frey filaments to the plantar surface of the hind paw ipsilateral to the spinal nerve ligation injury.
Cold allodynia was tested by the application of acetone to the same site. POD, postoperative day. *P < 0.001 compared

with the control group.
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Fig. 2. TNF-a expression levels in the dorsal root ganglion
(DRG). The TNF-a. protein level in the ipsilateral (left)
DRGs of the L5/6 spinal segments was measured using
ELISA. *P < 0.001 compared with the control group.

nificantly increased in both the pre-EP (P < 0.00l) and
post—EP (P < 0.001) groups on postoperative days 4 and
7 in comparison with the control group. The withdrawal re—
sponse to cold stimuli was significantly lower in both treat—
ment groups on postoperative days 4 and 7 in comparison
with the control group (P < 0,001 vs. both treatment

groups).

2. ELISA immunoassay for TNF—a in DRGs
The TNF—a expression levels in the ipsilateral DRGs
on postoperative day 7 are shown in Fig. 2. The levels of
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TNF—-a in the pre—EP (4.7 + 1.2 pg/200 pg; P < 0.001)
and post—EP (6.4 + 1.8 pg/200 pg: P < 0.001) groups
were significantly lower than the control group (14.4 £ 1.2
pg/200 ng).

3. Immunohistochemical analysis of NeuN, GFAP, and

caspase—3 in the DRG

NeuN-IR cells (DRG neurons, green) and GFAP-IR cells
(activated satellite cells, green) were detected in the ipsi—
lateral DRG (Fig. 3A, D). GFAP-IR satellite cells were lo—
calized around DRG neurons, In all groups, caspase—3 im—
munoreactivity (red) was observed in DRG neurons and
satellite cells (Fig. 3B, E). Activated caspase—-3 was
co—localized with NeuN (Fig. 3C) and GFAP (Fig. 3F). The
percentages of neurons that co—locdlized with caspase—3
in the pre—EP (39.6% + 8.0%; P = 0.002) and post—EP
(42.6% =+ 6.1%; P = 0.002) groups were significantly lower
than those in the control group (73.3% * 11.0%) (Fig. 4).
A similar decrease in the percentage of satellite cells that
co—locdlized with caspase—3 was observed in the pre—EP
(36.4% + 6.5%; P = 0.002) and post—EP (49.9% =+ 8.8
%, P = 0.002) groups in comparison with the control group
(78.1% + 8.0%).

DISCUSSION

In the present study, EP alleviated mechanical and

cold allodynia and reduced TNF—a expression and DRG
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Fig. 3. Activated capsase-3 fluorescence in the dorsal root ganglion (DRG) of the control group. (A) NeuN (green) is a
marker of neurons. (D) GFAP (green) is a marker of activated satellite cells. (B, E) Activated caspase-3 (red) is an indicator
of apoptosis and was observed by fluorescent staining. Activated caspase-3 was co-localized in (C) DRG neurons and (F)
satellite cells. The black arrows indicate where activated caspase-3 is co-localized with NeuN, and the white arrows indicate
where activated caspase-3 is colocalized with GFAP. Bar indicates 50 um. POD, postoperative day.

100 Il NeuN/caspase-3
[1 GFAP/caspase-3
< 80
b E
o Ko} *
o .
%E 60 ) .
cC *
88 401
g o
Q
3
© 204
0 T 1
Control Pre-EP Post-EP
Group

Fig. 4. Percentage of neurons and satellite cells that co-
localized with caspase-3 in the dorsal root ganglion (n = 7 rats
per group). NeuN is a marker of neurons. GFAP is a marker
of activated satellite cells. The neurons and satellite cells that
co-localized with caspase-3 were counted and are expressed
as a percentage of the total neurons or activated satellite cells
per section. *P = 0.002 compared with the control group.
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apoptosis after spinal nerve ligation injury.

Peripheral nerve injury is associated with molecular
and cellular alterations to the peripheral and central nerv—
ous systems. Mechanical and thermal allodynia, and on—
going pain—related behaviors in association with periph—
eral nerve injury have been demonstrated to reflect, at
least in part, alteration in the excitability of primary af—
ferent neurons [24,25]. In addition, increased apoptosis in
the activated neuronal and satellite cells of DRG may be
associated with the induction and maintenance of neuro—
pathic hypersensitivity [26,27].

It is well known that inflammatory cytokines, such as
TNF-a, play an important role in the development of neu—
ropathic pain following peripheral nerve injury. Increased
expression of TNF—a has been observed in animal models
12,26]
and nerve biopsies from patients with neuropathies [28].

of peripheral nerve induced neuropathic pain [3,5,6

A ]

Exogenous application of TNF-a to normal and com-—
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pression—injured DRG has been reported to induce me—
chanical hyperalgesia [7-9]. In addition, treatment with
the TNF antagonist has been shown to attenuate me—
chanical allodynia following peripheral nerve injury [10,11].
In a previous study, we demonstrated that TNF-o ex—
pression levels in DRG are significantly increased in rats
7 days after spinal nerve ligation injury (data are not
shown) [3].

EP, a stable, lipophilic derivative of the endogenous
metabolite pyruvate, has been studied as an effective an—
ti—inflammatory and cytoprotective agent. The proposed
mechanisms of the pharmacologic effects of EP include the
inhibition of redox—mediated cellular damage, the down-—
regulation of pro—inflammatory transcription factors, de—
creased expression of pro—inflammatory proteins, and the
inhibition of the up—regulated expression of pro—apoptotic
proteins [29]. Ulloa et al. [30] reported that the incubation
of lipopolysaccharide—stimulated RAW 264.7 murine mac—
rophage—like cells with EP inhibits the release of TNF and
decreases the steady—state levels of TNF mRNA, Cho et
al. [19] showed that EP reduces TNF—o expression levels
in the murine hippocampus after kainic acid—induced brain
injury. Shang et al observed that EP significantly reduces
the release of TNF-a in an endotoxin—induced murine
model of lung injury [20]. In the present study, pre— and
post—treatment with EP reduced the level of TNF—o protein
in DRG after spinal nerve ligation injury on day 7 post—
injury, and this finding coincided with decreased with—
drawal in response to mechanical and cold stimuli through—
out the observation period. These results are concordant
with previously reported results that demonstrate the an—
ti—inflammatory and cytoprotective effects of EP against
excitotoxic neuronal and organ damage.

Additionally, the increased expression of TNF—a is also
associated with DRG apoptosis, which plays an important
role in neuropathic pain following spinal nerve injury [31,32].
Caspase—3 is known to induce the proteolytic cleavage of
many key proteins, and its expression is regarded as a
distinct indicator of apoptosis. Caspase signaling pathways
are dlso associated with pain, as evidenced in a report
showing that the inhibition of caspases dlleviates pain—re—
lated behavior; TNF—a, which up—regulates the death re—
ceptor ligand, induces pain via this pathway [14].
Treatment with EP has been previously shown to reduce
spinal cord apoptosis after spinal cord compression injury

[18], myocardial apoptosis after ischemic—reperfusion in—
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jury [21], and hepatic apoptosis after liver ischemic—re—
perfusion injury [22]. The immunohistochemical analysis
presented here demonstrates that the percentage of neu—
rons and satellite cells that are co—localized with activated
caspase—3 (a potential indicator of progression to apopto—
sis) was significantly reduced by both pre— and post—
operative EP treatment. These results suggest that EP in—
hibits DRG apoptosis, at least in part, via the caspase sig—
naling pathway following spinal nerve ligation injury.

In this study, we sought to determine whether EP has
a beneficial effect on mechanical and cold allodynia,
TNF-0 expression, and DRG apoptosis following spinal
nerve ligation injury, However, we did not examine the be—
havioral effects of EP treatment after postoperative day
7, which is a possible limitation of the current study. Thus,
it is not clear whether increases in TNF—a and apoptosis
affect the recurrence of allodynia after 7 days. Therefore,
further studies are needed to evaluate the anti—allodynic
effect of EP beyond this point. Another potential limitation
is that ELISA, which was used to determine the role of
TNF-a, and the histological studies, which were used to
determine the effect of apoptosis on DRG neurons, were
only performed on postoperative day 7. This time point was
chosen because previous studies have shown that the peak
time for TNF—o expression and apoptosis is about 7 days
after nerve injury [5,32,33].

In conclusion, treatment with EP alleviated mechanical
and cold allodynia through the inhibition of TNF-o ex—
pression and apoptosis in DRG after spinal nerve ligation
injury. Therefore, the present study suggests that EP may
be an effective new drug for reducing allodynia after pe—

ripheral nerve injury.
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