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Abstract— The effect of the lipid-lowering agent probucol in inflammatory hyperalgesia
and leukocyte recruitment was evaluated in a model of subacute inflammation by Complete
Freund’s adjuvant (CFA). As CFA induces long-lasting nociception characterized by periph-
eral and spinal cord inflammation, the anti-inflammatory activity of probucol was assessed at
both foci. Probucol at 0.3-3 mg/kg was administrated per oral daily starting 24 h after CFA
intraplantar injection. Mechanical and thermal hyperalgesia induced by CFA were determined
using an electronic anesthesiometer and hot plate apparatus, respectively. Post-treatment with
probucol at 3 mg/kg inhibited CFA-induced hyperalgesia over the course of 7 days as well as
paw edema. Overt pain-like behaviors, which were determined by the number of flinches and
time spent licking paw immediately following CFA injection, were also reduced by probucol
at 3 mg/kg administered as a pre-treatment. To investigate the mechanisms underlying the
analgesic effect of probucol, neutrophil recruitment to paw was assessed by myeloperoxidase
activity, cytokine production, Cox-2 expression, and NF-kB activation in both paw and spinal
cord by ELISA. Iba-1, GFAP, and substance P protein expression and nuclear localization of
phosphorylated NF-kB were evaluated in the spinal cord by immunofluorescence. Probucol
at 3 mg/kg attenuated neutrophil recruitment, cytokine levels, and NF-«B activation as well
microglia and astrocyte activation, and substance P staining in the spinal cord. Taken together,
the results suggest that probucol exerts its analgesic and anti-inflammatory activity in an
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experimental model of persistent inflammation by targeting the NF-kB pathway in peripheral

and spinal cord foci.
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INTRODUCTION

Pain is a cardinal feature of inflammation and an
evolutionary mechanism of self-preservation. Nonetheless,
persistence of noxious stimuli and impairment in resolution
processes underlie the pathogenesis of most chronic inflam-
matory diseases [1, 2]. Pathological pain is a comorbidity of
many chronic diseases and an emerging public health con-
cern with social and economic implications. Therefore,
treating chronic pain is of great importance as it affects
patient’s quality of life and productivity [3-5]. The side
effects associated with long-term use of steroidal or non-
steroidal anti-inflammatory drugs challenge the treatment
of chronic diseases [0, 7]. In that sense, developing alterna-
tive therapies is of great relevance worldwide. Experimental
models of subacute inflammation and persistent pain have
been useful to screen and characterize the analgesic and
anti-inflammatory potential of novel compounds or
repurposing drugs already available in the market.

Complete Freund adjuvant (CFA) is made of non-
metabolizable oils and heat killed Mycobacterium tuber-
culosis (MTB). MTB cell wall structures are sensed by at
least toll-like receptors (TLRs) 1, 2, and 4, among other
PRRs, such as NOD2 and Dectin-1 [8—11]. MTB cell wall
glycolipids and lipoproteins activate TLR2 leading to
TNF-« and IL-13 production in macrophages [12, 13].
Signaling through Dectin-1 and NOD?2 also induces pro-
duction of pro- and anti-inflammatory cytokines, e.g.,
TNF-«, IL-6, and IL-10 [10, 11]. Means et al. (2001)
demonstrated the crucial role of TLR2 and TLR4 in trig-
gering the NF-kB pathway in macrophages stimulated with
MTB [9].

CFA induces long-lasting nociception characterized
by glial activation, substance P mobilization, and spinal
cord production of pro-inflammatory mediators as early as
4 h culminating in thermal and mechanical hyperalgesia
for up to 14 days post-injection [14, 15]. Inflammatory
mediators increase upon CFA administration such as the
pro-inflammatory cytokines (IL-13, TNF-«, and IL-6) in
both peripheral tissues as well as the spinal cord [15].
Therefore, the CFA model is a well-established model
for evaluating the analgesic mechanisms of novel com-
pounds in all stages of the inflammatory response, i.e.,
acute, subacute and chronic.

Probucol is a synthetic polyphenolic compound first
exploited as a lipid-lowering agent [16]. However, the
beneficial effects of probucol were shown to go beyond
the lipid metabolism as its antioxidant and anti-
inflammatory mechanisms started to be unveiled. For in-
stance, probucol acts as a superoxide anion scavenger
in vitro [17]. It was also shown to inhibit the production
of pro-inflammatory and pro-hyperalgesic mediators as
well as expression of adhesion molecules and NF-«B
activation in vitro [18-23]. These mechanisms likely con-
tribute to the beneficial effects of probucol observed in
experimental models of atherosclerosis, neurodegenerative
diseases, and diabetes [24-27]. Furthermore, we have pre-
viously demonstrated the analgesic and anti-inflammatory
effect of probucol in models of acute inflammation [28,
29]. These studies, however, investigated the effect of
probucol as a pre-treatment, in a short-term period (no
longer than 6 h post-stimulus) and only peripheral mecha-
nisms were evaluated.

Given these previous studies, we sought to evaluate
the analgesic potential of probucol in the CFA model of
persistent pain, in a post-treatment regimen. To further
investigate the mechanisms involved in its antinociceptive
mechanisms, we evaluated the production of pro-
inflammatory and pro-hyperalgesic mediators as well as
NF-kB activation in peripheral tissue and in the spinal
cord. We have also evaluated the effect of probucol on
glial cell activation in the spinal cord as a readout of
inflammation.

MATERIALS AND METHODS

Animals

Male Swiss mice (20-25 g) from Universidade
Estadual de Londrina, Parana, Brazil, were used in this
study. Mice were housed in standard clear plastic cages,
and received food and water ad libitum under a 12:12 h
light/dark cycle at 21 °C. All behavior tests were per-
formed between 9 a.m. and 5 p.m. in temperature-
controlled room. The Animal Welfare and Ethics Commit-
tee of Londrina State University approved this study
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(process number 1012.2015.74). All efforts were made to
minimize the number of animals used and their suffering.

Drugs

Materials were obtained from the following sources:
Complete Freund Adjuvant (Sigma-Aldrich, St. Louis,
MO, USA), Diclofenac (Neoquimica, Anapolis, GO, Bra-
zil), Indomethacin (Sigma-Aldrich, St. Louis, MO, USA),
Acetaminophen (Santa Cruz Biotechnology, Dallas, TX,
USA), and Probucol (Santa Cruz Biotechnology, Dallas,
TX, USA).

Experimental Procedures

Mice were treated with probucol (0.3, 1, 3 mg/kg, per
oral) or vehicle (Tween 80 5% in saline) daily 24 h after the
administration of CFA (10 uL/paw). Mechanical
hyperalgesia, thermal hyperalgesia, and paw edema were
evaluated 3 h after treatment for 7 days. Paw skin was
removed to assess neutrophil recruitment by
myeloperoxidase (MPO) activity assay 7 days after CFA
injection. Protein expression of Iba-1, GFAP, and sub-
stance P were evaluated 3 days after CFA i.pl. injection.
Antioxidant effect (effect on the ability to scavenge the
ABTS radical, superoxide anion production [NBT assay],
and lipid peroxidation [TBARS assay]), cytokine produc-
tion (TNF-«, IL-6, IL-1f3, and IL-10), and NF-kB activa-
tion (p-NF-kB p65/total NF-kB p65 ratio and nuclear
localization of p-NF-kB p65) were evaluated in paw and
spinal cord (L4-L6) 3 days after CFA i.pl. Cox-2 expres-
sion was evaluated in paw and spinal cord (L4-L6) 3 and
1 day after CFA i.pl. injection, respectively. Overt pain-like
behavior was induced by CFA (10 puL/paw), and the num-
ber of flinches and time spent licking the paw were evalu-
ated during 30 min right after CFA injection. In these set of
experiments, particularly mice were treated with probucol
1 h before CFA stimulus. Doses of stimulus and time points
of sample collection were based on previous studies [15,
30, 31].

Mechanical Hyperalgesia Test

Mechanical hyperalgesia was assessed by an electron-
ic version of von Frey filaments [32]. A handheld force
transducer (electronic anesthesiometer; Insight, Ribeirao
Preto, SP, Brazil) adapted with a 0.5-mm?” polypropylene
tip was used to evoke hind paw nociceptive withdrawal
response. The intensity of the pressure (in g) at the moment
of paw withdrawal was automatically recorded. The
mechanical threshold was tested before (baseline) and after

CFA i.pl. administration (10 pL/paw). The results are
expressed as delta (A) withdrawal threshold (in g), obtain-
ed by subtracting the measurements at each time point (1 to
7 days after i.pl. CFA injection) from the baseline values.

Thermal Hyperalgesia Test

Animals were placed on a hot plate apparatus (Insight,
Ribeirao Preto, SP, Brazil) at a constant temperature of
52 °C. The end-point was characterized by removal of
the paw followed by flinching or licking the paw, and
latency time until the end-point reaction was determined
[33]. Maximum latency until end-point was set at 20 s to
avoid tissue damage. The results are expressed as means of
latency (s) within experimental groups.

Myeloperoxidase Assay

Myeloperoxidase (MPO) colorimetric assay was per-
formed as an indirect indicator of neutrophil recruitment to
paw tissue. Paw skin samples were collected 7 days after
CFA injection and homogenized in ice-cold K,HPO, buff-
er (400 pL, 50 mM, pH 6.0) containing HTAB (0.5%
weight/volume) using a tissue-tearor (Biospec, Bartles-
ville, OK, USA). Samples were centrifuged (16,100g x
2 min X 4 °C), and the supernatants were used. The MPO
activity assay was performed as previously described [34].
Briefly, 50 mM phosphate buffer, pH 6.0 containing
0.167 mg/mL o-dianisidine dihydrochloride, and 0.015%
hydrogen were added to samples, and the absorbance was
read at 450 nm (Multiskan GO Microplate Spectrophotom-
eter, Thermo Scientific, Vantaa, Finland). The values ob-
tained were compared to a standard curve of neutrophils,
and results are expressed as MPO activity (neutrophils x
10%/g of tissue).

Paw Edema

Paw edema was measured using a dial thickness
gauge 0-20 mm (Mitutoyo, Andover, Hampshire, UK).
The results are expressed as paw thickness (in mm). The
values were obtained by subtracting the baseline values
from the measurements obtained at each time point (1 to
7 days after i.pl. CFA injection).

Spinal Cord Immunofluorescence

Spinal cord samples were collected 3 days after
stimulus (CFA 10 uL/paw). Mice were perfused
through the ascending aorta with saline followed by
4% paraformaldehyde. The spinal cord (L4-L6) was
then dissected out, post-fixed, and replaced overnight
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in 30% sucrose. To obtain tissue sections, the spinal
cord segments were embedded in optimum cutting
temperature (O.C.T.) using Tissue-Tek® (Sakura®
Finetek, Torrance, CA, USA). Ten-micromolar sections
were obtained in a cryostat (CM1520, Leica
Biosystem, Richmond, IL, USA). For immunofluores-
cence processing, sections were blocked with buffer
solution (500 puL per slide, PBS, 0.1% Tween 20, 5%
BSA) for 2 h and further incubated with primary anti-
bodies against GFAP (180,063; Invitrogen, Life Tech-
nologies, Carlsbad, CA, USA), Iba-1 (PA5-27436;
Invitrogen, Life Technologies, Carlsbad, CA, USA),
phosphorylated NF-kB p65 subunit (sc-136,548; Santa
Cruz Biotechnology, Dallas, TX, USA), or substance P
(sc-21,715; Santa Cruz Biotechnology, Dallas, TX,
USA) overnight at —4 °C. 4’,6-Diamidino-2-
phenylindole (DAPI) was used for nuclear staining.
The following day, slides were washed and incubated
with secondary antibodies conjugated with Alexa Fluor
488 (#A-110088; Thermo Fisher Scientific, Waltham,
MA, USA) or Alexa Fluor 647 (#4418S; Cell signal-
ing, Danvers, Massachusetts, USA) for 1.5 h at room
temperature. Image capturing and quantitative analysis
were performed in a confocal microscope (TCS SP8,
Leica Microsystems, Mannheim, Germany) [35, 36].
For quantification of immunostaining, equivalent areas
of the spinal cord across the groups were selected, and
results were expressed as fluorescence intensity.
Pearson’s correlation coefficient was used as a measure
of the nuclear localization of p-NF-kB p65 subunit, as
observed by the colocalization between areas positive
for DAPI staining and p-NF-«kB p65 subunit.

Total Antioxidant Capacity

Antioxidant capacity was assessed by the ABTS
assay. This test was adapted to a 96-well microplate format
as previously described [31]. Paw skin and spinal cord
(L4-L6) samples were collected 3 days after stimulus
(CFA 10 pL/paw) and homogenized with a tissue-tearor
in ice-cold KCl buffer (500 uL, 1.15% w/v). Samples were
centrifuged at 835 g at 4 °C for 10 min, and supernatants
were used. ABTS assay was performed as an indicator of
the sample’s ability to scavenge the free radical ABTS.
Diluted ABTS solution was added to samples, and the
absorbance was measured at 730 nm after 6 min of incu-
bation at 25 °C (Multiskan GO, Thermo Scientific). The
results were equated against a standard Trolox curve
(0.02-20 nmol) and expressed as nanomole Trolox eq.
per milligram of tissue.
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Superoxide Anion Production

Superoxide anion production was assessed by the
NBT assay. Paw skin and spinal cord (L4-L6) samples
were collected 3 days after stimulus (CFA 10 puL/paw).
Samples were homogenized with a tissue-tearor in 500 uL.
of ice-cold KCl buffer (1.15% w/v), and the homogenates
were used for the assay. The test was adapted to a micro-
plate as previously described [37]. The NBT reduction was
measured at 600 nm (Multiskan GO, Thermo Scientific).
The results are expressed as optical density (OD) per
milligram of tissue.

Lipid Peroxidation

Lipid peroxidation was measured by the TBARS
(Thiobarbituric Acid Reactive Substances) assay. Paw skin
and spinal cord (L4-L6) samples were collected 3 days after
stimulus (CFA 10 pL/paw) and homogenized with a tissue-
tearor in ice-cold KCl buffer (500 uL, 1.15% w/v). The test
was adapted to a microplate as previously described [37].
The intermediate product of lipid peroxidation
malondialdehyde (MDA) was determined by subtracting
the absorbance at 535 nm from the absorbance at 572 nm
(Multiskan GO, Thermo Scientific). The results are
expressed as nanomoles of MDA per milligram of tissue.

Cytokine Measurement

Paw skin and spinal cord (L4-L6) samples were col-
lected 3 days after stimulus (CFA 10 pL/paw). Samples
were homogenized with a tissue-tearor in 500 pL of ice-
cold buffer with protease inhibitors followed by centrifu-
gation (835 g x 15 min x4 °C). The supernatants of paw
skin and spinal cord homogenates were used to determine
TNF-«, IL-6, IL-1f3, and IL-10 levels by enzyme-linked
immunosorbent assay (ELISA) using commercial kits
(eBioscience, San Diego, CA, USA). Absorbance was
measured at 450 nm (Multiskan GO, Thermo Scientific).
The results are expressed as picograms of cytokines per
100 mg of tissue.

Reverse-Transcriptase and Quantitative PCR

Paw and spinal cord tissue samples were collected 1
or 3 days after stimulus, respectively (CFA 10 uL/paw).
Samples were homogenized in TRIzol® reagent (Life
Technologies), and total mRNA was isolated according to
manufacturer’s directions. RNA purity was confirmed by
the 260/280 ratio. Reverse-Transcriptase PCR (RT-PCR)
was performed as previously described [33]. Quantitative
PCR (qPCR) was performed using GoTaq® 2-Step
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Fig. 1. Probucol inhibits CFA-induced mechanical and thermal hyperalgesia, neutrophil recruitment, and paw edema. Mice received probucol at doses 0.3, 1,
and 3 mg/kg (p.o.) daily 24 h after i.pl. injection of CFA (10 pL/paw). Mechanical (a) and thermal (b) hyperalgesia and paw edema (d) were evaluated 3 h
after treatment for 7 days. MPO (c) activity was assessed 7 days after CFA stimulus. Results are expressed as mean + SEM (n = 6 per group per experiment,
representative of two separate experiments). Two-way repeated measures ANOVA or one-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. saline

group. #p < 0.05 vs. vehicle group.
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Fig. 2. Probucol inhibits CFA-induced overt pain-like behavior. Mice received probucol at 3 mg/kg (p.o.) 1 h before i.pl. injection of CFA (10 uL/paw). The
number of flinches (a) and time spent licking the paw (b) were evaluated 0-30 min after i.pl. administration of CFA. Results are expressed as mean + SEM
(n =6 per group per experiment, representative of two separate experiments). One-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. saline group.

#p < 0.05 vs. vehicle group.

RTgPCR System (Promega) on a StepOnePlus™ Real-
Time PCR System (Applied Biosystems®). The relative
gene expression was measured using the comparative
27 (A2CD method. The expression of Gapdh
(glyceraldehyde 3-phosphate dehydrogenase) mRNA was
used as a reference gene to normalize data. The primers
used were the following: Gapdh, sense 5S'CATACCAG
GAAATGAGCTTG 3’, anti-sense 5" ATGACATC
AAGAAGGTGGTG 3'; and Cox-2, sense 5'
GTGGAAAAACCTCGTCCAGA 3’, anti-sense 5’
GCTCGGCTTCCAGTATTGAG 3'.

NF-kB Activation

Paw skin and spinal cord (L4-L6) samples were col-
lected 3 days after stimulus (CFA 10 pL/paw). Samples
were homogenized with a tissue-tearor in 400 pL of ice-
cold lysis buffer (Cell Signaling, Danvers, MA, USA)
followed by centrifugation (16,100 g x 10 min x 4 °C).
The supernatants were used for determination of phosphor-
ylated NF-kB p65 subunit and total NF-kB p65 subunit
levels using ELISA PathScan Kits (Cell Signaling, Dan-
vers, MA, USA) according to the manufacturer’s direc-
tions. Absorbance was measured at 450 nm (Multiskan
GO, Thermo Scientific). The results are expressed as [OD
ratio (p-NF-kB p65/total NF-kB p65).

Parameters of Drug Toxicity

To evaluate hepatotoxicity, plasma levels of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) were measured using a diagnostic kit from Labtest
(Lagoa Santa, Minas Gerais, Brazil) [38, 39]. Plasmatic
AST and ALT levels in probucol-treated mice were com-
pared to acetaminophen treatment (650 mg/kg, single
dose), a hepatotoxic drug. The results are expressed as
units per liter. In turn, nephrotoxicity was assessed by
measurement of urea and creatinine in plasma also using
a diagnostic kit from Labtest (Lagoa Santa, Minas Gerais,
Brazil) [40]. The results are expressed as milligram per
milliliter and were compared to diclofenac treatment
(200 mg/kg, single dose). Gastric lesion was evaluated by
performing the MPO kinetic-colorimetric assay as an indi-
rect indicator of neutrophil recruitment in stomach [30].
The results are expressed as neutrophils per gram of tissue
and were compared to indomethacin treatment.

Statistical Analyses

Results are presented as mean + SEM of measurements
made on four or six mice per group per experiment and are
representative of two independent experiments. Two-way
repeated measures analysis of variance (ANOVA) followed
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Fig. 3. Probucol inhibits CFA-induced glial activation in spinal cord. Mice received probucol at 3 mg/kg (p.o.) daily 24 h after i.pl. injection of CFA (10 pL/
paw). Spinal cord tissue (L4-L6) was removed 3 days after CFA. GFAP and Iba-1 expression were evaluated by immunofluorescence. Representative images
of GFAP and Iba-1 in the spinal cord of each experimental group is shown in panels a-c and e-g, respectively. Quantification of GFAP and Iba-1 fluorescent
intensity are shown in panels d and h, respectively. The 0 mg/kg of probucol group stands for vehicle group. Results are expressed as mean = SEM (n =4 per
group per experiment, representative of two separate experiments). One-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. saline group. #p < 0.05 vs.

vehicle group.

by Tukey’s post hoc was used to compare groups and doses
at all time points when responses were measured at different
time points after stimulus injection (mechanical and thermal
hyperalgesia tests and edema assessment). One-way
ANOVA followed by Tukey’s post hoc was performed for
data from single time point experiments. P < 0.05 was con-
sidered statistically significant. All data analyses were per-
formed using GraphPad Prism® 5.0 (GraphPad Software,
Inc., USA-500.288), as well as elaboration of figures.

RESULTS

Probucol Inhibits CFA-Induced Mechanical and Ther-
mal Hyperalgesia, Neutrophil Recruitment, and Paw
Edema

Mice were treated with probucol at doses of 0.3,
1, and 3 mg/kg p.o. or vehicle (Tween 80 5% in
saline) daily 24 h after i.pl. administration of CFA
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Fig. 4. Probucol does not inhibit CFA-induced ROS production in paw tissue and spinal cord. Mice received probucol at 3 mg/kg (p.o.) daily 24 h after i.pl.
injection of CFA (10 puL/paw). Paw skin and spinal cord tissue (L4-L6) were removed 3 days after CFA. ABTS (a, d), NBT (b, e), and TBARS (c, f) assays
were performed from paw skin and spinal cord. The 0 mg/kg of probucol group stands for vehicle group. Results are expressed as mean = SEM (n = 6 per
group per experiment, representative of two separate experiments). One-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. saline group. #p < 0.05 vs.

vehicle group. NS stands for non-significant statistical differences.

(10 uL/paw). At day 1, mechanical and thermal
hyperalgesia were evaluated 1, 3, 5, and 7 h after
treatment. The analgesic effect was more prominent
3 h after treatment; thus, this time point was chosen
to evaluate both mechanical and thermal hyperalgesia
in the following days (data not shown). Probucol at
3 mg/kg reduced CFA-induced mechanical
hyperalgesia at all time points, up to 45% (Fig. la).
Thermal hyperalgesia was also reduced at all time
points (up to 98%) (Fig. lb). Probucol at the doses
of 0.3 mg/kg or 1 mg/kg did not show analgesic
effect (p>0.05). Paw tissue was removed 7 days
after CFA stimulus, and the samples were used to
evaluate MPO activity, a marker of neutrophil re-
cruitment. Probucol at 3 mg/kg reduced MPO activity
in the paw skin (65%) similarly to the reference drug

indomethacin, which showed a 62% MPO activity
inhibition. In turn, the lower doses of probucol did
not affect neutrophil recruitment (p>0.05) (Fig. 1c).
Therefore, the dose of 3 mg/kg was chosen for the
next experiments. Paw edema was evaluated over the
course of 7 days as well. A significant reduction of
paw edema by probucol was only observed at days
1, 4, and 5 (up to 26%, at day 5). In turn, indo-
methacin inhibited edema at all time points (p <0.05)
(Fig. 1d).

Probucol Inhibits CFA-Induced Overt Pain-like
Behavior

Mice were treated with probucol at 3 mg/kg (p.o.) 1 h
before i.pl. injection of CFA (10 uL/paw). Overt pain-like
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Fig. 5. Probucol inhibits CFA-induced cytokine secretion and Cox-2 expression in paw tissue and spinal cord. Mice received probucol at 3 mg/kg (p.o.) daily
24 h after i.pl. injection of CFA (10 pL/paw). Paw skin and spinal cord tissue (L4-L6) were removed 3 days after CFA. TNF-«, IL-6, IL-1[3, and IL-10 levels
were measured in the paw skin (a-d) and in the spinal cord (f-1) by ELISA. Cox-2 mRNA expression was measured in the paw skin (e) and the spinal cord (j)
by qPCR and normalized to Gapdh expression. The 0 mg/kg of probucol group stands for vehicle group. Results are expressed as mean + SEM (n = 6 per
group per experiment, representative of two separate experiments). One-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. saline group. #p < 0.05 vs.

vehicle group.

behavior was evaluated over 30 min. Probucol inhibited
CFA-induced paw flinches by 43% and time spent licking
the paw by 42% (Fig. 2).

Probucol Inhibits CFA-Induced Astrocyte and Mi-
croglia Activation in the Spinal Cord

Mice were treated with probucol at 3 mg/kg p.o. or
vehicle (Tween 80 5% in saline) daily starting 24 h after
i.pl. administration of CFA (10 uL/paw). At 3 days after
CFA 1i.pl. injection, mice were perfused with saline and 4%
paraformaldehyde and the spinal cord (L4-L6) was dissect-
ed for immunostaining of GFAP and Iba-1, which are
markers of astrocyte and microglia activation, respectively.
Probucol inhibited CFA-induced glial activation as dem-
onstrated by a reduction in both GFAP and Iba-1 fluores-
cence intensity in the dorsal horn of the spinal cord (Fig. 3).

Probucol Does Not Inhibit CFA-Induced ROS Pro-
duction in Paw and Spinal Cord

Mice were treated with probucol at 3 mg/kg p.o. or
vehicle (Tween 80 5% in saline) daily 24 h after i.pl.
administration of CFA (10 uL/paw). Paw skin and spinal
cord tissues were harvested 3 days after CFA i.pl. injection
to evaluate the following parameters of oxidative stress:
ABTS free radical scavenging ability, superoxide anion
formation by NBT reduction, and lipid peroxidation by
TBARS. CFA induced tissue oxidative stress in the paw
and spinal cord observed as reduction of ABTS scavenging
ability (22 and 40%, respectively) as well as superoxide
anion formation (NBT reduction, 80 and 167%, respective-
ly) and increase of lipid peroxidation (TBARS assay, 500
and 63%, respectively) compared to the saline group
(Fig. 4a—f). Probucol at the dose of 3 mg/kg neither
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Fig. 6. Probucol inhibits CFA-induced NF-kB activation in paw tissue (a) and spinal cord (b). Mice received probucol at 3 mg/kg (p.o.) daily 24 h after i.pl.
injection of CFA (10 pL/paw). Paw skin and spinal cord tissue (L4-L6) were removed 3 days after CFA. NF-«kB activation was evaluated by ELISA. The
0 mg/kg of probucol group stands for vehicle group. Results are expressed as mean = SEM (n = 6 per group per experiment, representative of two separate
experiments). One-way ANOVA followed by Tukey’s post hoc. *p <0.05 vs. saline group. #p < 0.05 vs. vehicle group.

restored tissue antioxidant capacity nor reduced ROS for-
mation (p > 0.05) (Fig. 4a—f).

Probucol Inhibits CFA-Induced Cytokine Production
and Upregulation of Cyclooxygenase-2 (Cox-2) mRNA
Expression in Paw and Spinal Cord

Mice were treated with probucol at 3 mg/kg p.o.
or vehicle (Tween 80 5% in saline) daily starting 24 h
after i.pl. administration of CFA (10 pL/paw). Paw
skin and spinal cord tissues (L4-L6) were removed
3 days after CFA i.pl. injection. Probucol inhibited
TNF- (28% and 58%), IL-6 (56% and 58%), IL-1f3
(28% and 42%), and IL-10 (51% and 50%) production
in the paw and spinal cord, respectively (Fig. 5Sa—d, -
i). To assess Cox-2 expression, spinal cord tissues
(L4-L6) were removed 3 days after CFA i.pl. injection
and paw tissues were removed 27 h after CFA, i.e.,
3 h after a single post-treatment with probucol at
3 mg/kg. Different timepoints for spinal cord and
paw tissues were based on time-response optimization
experiments (data not shown). Probucol inhibited
mRNA expression of Cox-2 in both paw and spinal
cord (Fig. Se, j, respectively).

Probucol Inhibits CFA-Induced NF-kB Activation and
Substance P Protein Expression

Mice were treated with probucol at 3 mg/kg p.o. or
vehicle (Tween 80 5% in saline) daily starting 24 h after
i.pl. administration of CFA (10 uL/paw). Paw skin and/or
spinal cord tissue (L4-L6) were removed 3 days after CFA
i.pl. injection. Probucol inhibited CFA-induced NF-«kB
activation in the paw tissue (36%) and spinal cord (29%)
demonstrated by a reduction of CFA-induced increase of p-
NF-kB p65/NF-kB p65 ratio (Fig. 6a, b, respectively).
Moreover, treatment with probucol reduced both activation
of NF-kB (i.e., phosphorylation of NF-kB) and nuclear
localization of phosphorylated NF-kB in the spinal cord
tissue (L4-L6) 3 days after CFA i.pl (Fig. 7). Substance P
expression in the spinal cord was also inhibited by daily
treatment with probucol (Fig. 8).

Probucol Treatment Does Not Alter Parameters of
Renal and Liver Function, Gastric Lesions

Mice were treated with probucol at 3 mg/kg p.o. or
vehicle (Tween 80 5% in saline) for 7 days. Plasma levels of
AST, ALT, creatinine, and urea were evaluated using com-
mercial diagnostic kits as markers of hepatotoxicity and
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Fig. 7. Probucol inhibits CFA-induced NF-«B phosphorylation and nuclear localization of phosphorylated NF-«B in the spinal cord. Mice received probucol
at 3 mg/kg (p.o.) daily 24 h after i.pl. injection of CFA (10 uL/paw). The spinal cord tissue (L4-L6) was removed 3 days after CFA. Phosphorylated NF-«kB
and nuclear localization of phosphorylated NF-«B in the spinal cord were evaluated by immunofluorescence. Representative images of DAPI and phospho-
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experiments). One-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. saline group. #p < 0.05 vs. vehicle group.

nephrotoxicity, respectively. Neutrophil recruitment in
stomach was assessed by MPO assay as a marker of gastric
lesion. Treatment with probucol did not alter any of the
parameters evaluated when compared to the vehicle-
treated group (p>0.05). Acetaminophen, diclofenac, and
indomethacin induced hepatotoxicity, nephrotoxicity, and
gastric lesion, respectively (p <0.05) (Fig. 9).

DISCUSSION

Up to 30% of adults suffer from chronic pain world-
wide [5]. Persistent pain often becomes a limiting factor in

most aspects of patients’ lives, characterizing a relevant
public health issue. Additionally, long-term treatment with
currently used anti-inflammatory drugs presents a wide
range of side effects also impairing patients’ quality of life
[6, 7]. In this context, we aimed to investigate the analgesic
and anti-inflammatory potential of probucol.

In the present work, we showed that probucol inhibited
CFA-induced thermal and mechanical hyperalgesia along
with overt pain-like behavior. These results are in agreement
with our previous findings, which investigated the periph-
eral effect of probucol in models of acute inflammatory pain
after a single treatment 1 h before the stimulus [28, 29]. In
this present work, however, we have evaluated both the
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group.

peripheral and spinal anti-inflammatory, antioxidant, and
analgesic activity of probucol in a model of persistent pain.
A low dose of probucol, given daily and starting 24 h after
the inflammatory stimulus, inhibited thermal and mechani-
cal hyperalgesia up to 7 days without causing any signs of
gastric or impairing renal and liver functions.

In addition to its analgesic effect, probucol inhibited
inflammation in the peripheral tissue (e.g., paw edema and
MPO activity) and spinal cord (astrocyte and microglia
activation) following CFA injection. In the peripheral in-
flammatory milieu, neutrophils secrete PGE, in response to
IL-13. In turn, PGE,, a lipid mediator generated from
arachidonic acid by COX-2, directly sensitizes nociceptors
triggering hyperalgesia [41]. Therefore, inhibition of neu-
trophil influx, IL-1f3 production, and Cox-2 mRNA ex-
pression in the paw tissue may contribute to the analgesic
effects observed. Additionally, CFA components interact
with a wide range of pattern recognition receptors (PRRs)
eliciting an inflammatory response that persists for weeks.
Previous studies have shown that CFA induces spinal
activation provoking mechanical and thermal hyperalgesia
in a NF-kB-dependent manner [15, 42]. At day 4 post-
CFA, Zhu et al. (2014) observed mechanical and thermal
hyperalgesia along with increased levels of TNF-«, IL-13,
and IL-6 in lumbar spinal cord. Additionally, mRNA ex-
pression and protein levels of Iba-1, a marker of microglia
activation, were increased at the same time point [43].
In vitro, probucol inhibits LPS-induced activation of pri-
mary mouse microglia and BV2 microglia mouse cell line.
Probucol inhibited LPS-induced NO release and

production of IL-1f3, IL-6, and PGE2 as well as inhibited
NF-kB, MAPK, and AP- activation [44]. Thus, our in vivo
data shows that probucol can inhibit glia cells activation,
which is consistent with previous in vitro evidence [44].
TNF-«, IL-13, and IL-6 were previously shown to be
augmented in the spinal cord of rats as early as 4 h post-
CFA [15, 45, 46]. Since no systemic levels of cytokines
were detected earlier than 24 h after CFA and the blood-
brain barrier permeability was not increased up to 5 days
post-stimulus, it is likely that these pro-inflammatory cy-
tokines are of central origin [47, 48]. In fact, microglia
activation occurs as early as 4 h after CFA and maintained
up to 14 days. In turn, astrocytes show a delayed activation,
at day 4 [15]. Hartung et al. (2015) demonstrated a role of
astrocyte-derived NF-kB in inhibiting expression of cate-
chol-o-methyltransferase, an enzyme that inactivates cate-
cholamines involved in nociception [42].

In agreement with previous studies, we have observed
increased protein expression of Iba-1 and GFAP, i.e., acti-
vation of microglia and astrocytes, in the lumbar spinal cord
as well as increased levels of IL-1[3, TNF-«, and IL-6 and
Cox-2 mRNA expression. These mediators were shown to
play an important role in pain signaling by either direct
sensitization of nociceptors or by triggering production of
other hyperalgesic mediators [49-52]. Probucol-treated
mice showed reduced peripheral and spinal cord levels of
IL-1$3, TNF-«, IL-6, and Cox-2 mRNA expression as well
as reduced protein expression of GFAP and Iba-1. These
findings suggest that inhibition of glial activation and cyto-
kine production are involved in its analgesic mechanisms.
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Fig. 9. Treatment with probucol did not affect renal or liver function or caused gastric lesions. Mice received probucol at 3 mg/kg (p.o.) daily for 7 days.
Diclofenac (200 mg/kg, single dose, 24 h) was used as a positive control for nephrotoxicity. Acetaminophen (650 mg/kg, single dose, 10 h) was used as
positive control for hepatotoxicity. Indomethacin (5 mg/kg, daily for 7 days) was used as a positive control for gastric lesion. Plasma was obtained to evaluate
levels of urea, creatinine, ALT, and AST using commercial diagnostic kids. Stomach was removed to evaluate MPO activity. Results are expressed as mean +
SEM (n = 6 per group per experiment, representative of two separate experiments). One-way ANOVA followed by Tukey’s post hoc. *p < 0.05 vs. vehicle

group.

In order to investigate putative anti-inflammatory
mechanisms induced by probucol, we evaluated antioxi-
dant ability as well as IL-10 production in both spinal cord
and paw tissue. Despite previous evidence, we have not
observed an antioxidant effect at the anti-inflammatory/
analgesic dose chosen in this work [24, 53, 54]. Our
contrasting result can be explained by the use of a remark-
ably lower dose administrated for a short period (3 days) in
opposed to longer treatments with higher doses, up to
61 mg/kg/day in a model of inflammation following tran-
sient forebrain ischemia [24]. Therefore, our results

suggest that probucol exerts anti-inflammatory and anal-
gesic effects by employing mechanism other than its anti-
oxidant properties. With regard to IL-10 levels, probucol
inhibited its production in spinal cord as well as paw tissue
suggesting that it acts on an upstream target, possibly NF-
kB itself. In fact, probucol has been previously shown to
reduce NF-kB nuclear translocation in endothelial cells
[18, 23, 55].

The canonical NF-kB pathway is activated upon
stimulation of PRRs, IL-1R, and TNFRI1. Activated
NF-kB translocates to nucleus triggering transcription
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of adhesion molecules and pro-inflammatory mediators
(e.g., IL-1$3, TNF-«, IL-6, and COX-2). Moreover, the
NF-kB pathway displays a wide range of self-
modulatory mechanisms. For instance, NF-«B pro-
motes delayed transcription of anti-inflammatory me-
diators such as IL-10 [56, 57]. Indeed, by assessment
of the p-NF-kB p65/total NF-kB p65 ratio in both paw
and lumbar spinal cord, we have demonstrated the
inhibitory effect of probucol on NF-kB activation.
Probucol-treated animals also presented reduced nucle-
ar localization of phosphorylated NF-kB in the L4-L6
segments of the spinal cord following CFA stimulus.
To our knowledge, this is the first report to show
probucol-mediated inhibition of spinal NF-kB activa-
tion and nuclear localization of phosphorylated NF-«xB
in an in vivo model of inflammatory pain.

Finally, to further assess the spinal mechanisms
of probucol-induced analgesia, we evaluated the ex-
pression of substance P in the spinal dorsal horn.
Substance P is a neuropeptide released by afferent
sensory neurons in the dorsal horn of the spinal cord
[58, 59]. Substance P is involved in pain signaling
and subsequent mechanical hyperalgesia through ac-
tivation of the neurokinin receptor 1 in nearby neu-
rons, an effect counteracted by the Y1 receptor and
its ligand neuropeptide Y [60]. Intraplantar injection
of CFA has been shown to induce rapid mobilization
and biosynthesis of substance P at 4 h post-stimulus,
peaking at 4 days [14]. This effect was observed at
the protein but not at the gene level, as the transcript
level of substance P precursor, Tacl, remains un-
changed over the course of 14 days [14]. According-
ly, we observed increased protein expression of sub-
stance P 3 days after CFA. This effect was inhibited
by treatment with probucol. Thus, probucol-mediated
inhibition of substance P may also underlie the anal-
gesic activity of probucol, at the spinal level.

Taken together, our results strongly support that
probucol alleviates persistent pain by inhibiting spi-
nal and peripheral pro-hyperalgesic mediators in a
NF-kB-dependent manner. Importantly, daily treat-
ment with probucol did not affect renal or liver
functions or caused gastric lesions, which are com-
mon side effects of NSAIDs [7]. Thus, our results
broaden the clinical potential of probucol as a prom-
ising anti-inflammatory and analgesic drug. Neverthe-
less, it is also important to mention that probucol
may affect the production of other hyperalgesic mol-
ecules since evidence support its inhibitory effect
over AP-1 and MAPK [44].
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