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Experimental Trial
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Background: Chronic pain may be associated with diabetes mellitus and/or depression. Use of
therapies that target both comorbidities is encouraged.

Objective: This study was designed to investigate the potential antinociceptive, neuroprotective,
and antidepressant effects of combinations of pioglitazone or metformin with fluoxetine in chronic
constriction injury (CCl) in rats.

Study Design: Experimental trial in rats.
Setting: University lab in Saudia Arabia.

Methods: Two sets of experiments were performed. In each one, 9 groups of rats (n = 8) were used:
sham, CCl, and 7 CCl-treated groups. Treatments were given orally starting on day 7 post-surgery as
follows (mg/kg/day): fluoxetine (10, 20, and 40), pioglitazone (20), metformin (50), fluoxetine (20)
+ pioglitazone, and fluoxetine (20) + metformin. In the first set, on day 14 post-surgery mechanical
allodynia, thermal hyperalgesia, and serum cytokines were measured. Moreover, immunoreactivity of
glial fibrillary acidic protein (GFAP, a marker for astrocytic activation) in the spinal cord was assessed
and histopathological changes in the ipsilateral sciatic nerve were examined. In the second set, on
days 14 and 21 post-surgery the forced swimming test was done.

Results: In the first set, all treatments significantly decreased mechanical allodynia while all treatments
except F10 and F20 significantly decreased thermal hyperalgesia compared to the CCl group. The F20+M
group showed the highest decreases, however still significantly lower than those of the sham group.
The treatments didn’t impair motor function in the rotarod test. All treatments significantly decreased
serum levels of tumor necrosis factor-a, interleukin-6, and monocyte chemoattractant protein-1 while
increasing the level of interleukin-10. The CCl-induced marked increase of GFAP immunoexpression has
been reduced to moderate with fluoxetine (40) and pioglitazone, and to mild with metformin and the
combination groups. The CCl-induced changes in sciatic nerve were less in fluoxetine (40), pioglitazone,
and metformin groups, and least in the combination groups. In the second set, the immobility duration
was significantly reduced by F20, F40, P, F20+P, and F20+M compared to the CCl group. The F20+P
group showed the highest decrease, however still significantly lower than that of the sham group. The
treatments didn’t affect locomotor activity in the open field test.

Limitations: Measuring the cytokines levels only in blood and not in the spinal cord and sciatic
nerve and measuring the outcome measures in the first set of experiments at only one time-point.

Conclusions: Co-administration of pioglitazone or metformin with low-dose fluoxetine improved
mechanical allodynia, thermal hyperalgesia, and neurohistopathological changes while co-
administration of pioglitazone, but not metformin, improved the depressive-like behavior in the
peripheral nerve injury model of neuropathic pain in rats. Extrapolation of the current results to
clinical reality could be beneficial for pain patients with diabetes and/or depression, however this
needs further confirmatory studies.

Key words: Antidepressant, antinociceptive, chronic constriction injury, fluoxetine, GFAP,
metformin, neuroprotective, pain, pioglitazone, sciatic
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hronic neuropathic pain due to peripheral

nerve injury, manifested as hyperalgesia and

allodynia, occurs through increased excitability
in nociceptive pathways, constant stimulation of
spinal glial cells causing central sensitization (1,2),
and inflammatory cell infiltration into the nerve
(3). Activation of nuclear factor kappa B (NF-«B)
pathway (a chief element in glial activation) and
involvement of different immune cells result in release
of proinflammatory cytokines which trigger release
of pain-producing substances such as prostaglandins
and bradykinins (4). Tumor necrosis factor-a. (TNF-a),
interleukin-6 (IL-6), and monocyte chemoattractant
protein-1(MCP-1) act as proinflammatory cytokines,
while interleukin-10 (IL-10) acts as an anti-inflammatory
cytokine (5).

Activation of adenosine monophosphate-activated
protein kinase (AMPK) has been involved in reliev-
ing pain mainly through suppression of mammalian
target of rapamycin (mTOR) pathway (6). Being man-
aged by activation rather than inhibition, AMPK is a
good target for treatment of chronic pain (7). AMPK
activation also increases glucose uptake and improves
hyperglycemia. Pioglitazone and metformin, widely-
used oral antidiabetics, activate AMPK through differ-
ent signaling pathways (8). Pioglitazone has important
neuroprotective, antioxidant, and anti-inflammatory
properties independent of its insulin-sensitizing effect
(9). Metformin has anti-inflammatory and antinocicep-
tive effects in models of inflammatory nociception (10).
Pain is a common complaint in diabetic patients (11)
and they are more liable to depression (12). Moreover,
chronic pain is usually associated with depression (13).
Fluoxetine, a selective serotonin reuptake inhibitor
antidepressant, has antinociceptive effects in persis-
tent and neuropathic pain in animals through 5-HT:a
receptor stimulation (14). Research investigating use of
therapies that target both pain and its comorbidities is
encouraged (15).

The chronic constriction injury (CCl) is a commonly
used model of chronic neuropathic pain in rats. It has
both inflammatory and peripheral nerve injury compo-
nents. It mimics neuropathic pain in humans and thus it
is a useful model for study of neuropathic pain and its
treatment (16,17).

METHODS

Animals and Experimental Design
This work was designed to investigate the antinoci-

ceptive, neuroprotective, and antidepressant effects of
combinations of pioglitazone or metformin with fluox-
etine in a CCl model in rats. The protocol was approved
by the Institutional Research Ethics Committee and ad-
hered to the National Institute of Health guidelines for
the Care and Use of Laboratory Animals. All drugs and
chemicals were purchased from Sigma-Aldrich Corp. (St.
Louis, MO, USA) unless mentioned otherwise.

In the first set of experiments, 72 male Sprague-
Dawley rats (300 — 350 g) were used, 64 rats were
subjected to CCl operation while 8 rats were subjected
to the same procedure except for application of liga-
tures (sham, negative control group, received saline).
On day 7 post-CCl, mechanical allodynia and thermal
hyperalgesia were tested to confirm successful model
creation. Thereafter, CCl rats were randomly divided
into 8 groups (n = 8) treated by oral gavage as follows
(mg/kg/day): CCl (saline, positive control), F10, F20,
F40 (fluoxetine 10, 20, 40) (18,19), P (pioglitazone 20)
(20), M (metformin 50) (21), F20+P (fluoxetine 20 +
pioglitazone), and F20+M (fluoxetine 20 + metformin)
groups. On day 14 post-CCl, mechanical allodynia and
thermal hyperalgesia were reassessed. Later, blood was
collected for measurements of serum levels TNF-q, IL-6,
MCP-1, and IL-10. Finally, rats were anesthetized with
intraperitoneal sodium pentobarbital (50 mg/kg) and
sacrificed. The spinal cord was harvested for immu-
nohistochemical study of glial fibrillary acidic protein
(GFAP, a marker for activation of astrocytes) and the
ipsilateral sciatic nerve was excised for histopathologi-
cal examination. In order to exclude any possible effect
of the treatments on the motor function, which might
affect the nociceptive behavioral results, the rotarod
test was done on naive rats (ones without surgery or
previous exposure to the rotarod test).

In the second set of experiments, another 9 groups
of rats were used (exactly as mentioned before) to ex-
amine the effects of the tested drugs on the depressant
behavior in a CCl model using the forced swimming test
(FST). In order to exclude any possible effect of surgery
and/or treatments on the locomotor activity, which
might affect performance, the open field test (OFT)
was done immediately before FST. The FST was done on
day 7 post-CCl (to confirm development of depression),
and on days 14 and 21 post-CCl (after one- and 2-week
therapy) (22).

The Chronic Constriction Injury Model
Under anesthesia with pentobarbital sodium, a
skin incision was made 3 mm below and parallel to
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the left femur. Three loose ligatures (using chromic gut
50) were applied around the sciatic nerve. Within one
week, rats developed mechanical allodynia and thermal
hyperalgesia on the ipsilateral hindpaw (16,17,23).

Mechanical Allodynia

Rats were positioned on a mesh floor covered by
a transparent Plexiglas chamber. After 30 minutes of
habituation, 9 von Frey filaments (Stoelting, Kiel, USA)
equivalent to 0.6, 1, 1.4, 2, 4, 6, 8, 10, and 15 g bend-
ing forces were introduced in an ascending way to the
mid plantar skin surface of the ipsilateral hindpaw. Each
filament was applied with sufficient force to bend for
5 seconds (repeated at 5-minute intervals). The paw
mechanical withdrawal threshold (MWT, g) was defined
as the least filament size that caused at least 3 with-
drawal responses in 5 measurements. A cutoff value was
defined as 15 g because more force could cause paw
lifting (24).

Thermal Hyperalgesia

Rats were placed in a Plexiglas chamber over an
elevated transparent glass surface. After 30 minutes of
habituation, the mid plantar surface of ipsilateral hind-
paw was exposed to a beam of a light source beneath
the floor at least 3 times at 5-minute intervals. The ther-
mal withdrawal latency (TWL) was recorded as the time
for paw withdrawal. A cutoff time of 40 seconds was
used to avoid tissue damage (25).

Rotarod Test

A control (C, untreated, saline) group and 7 groups
(treated as previously mentioned) (n = 8) were utilized.
Fall-off latency (time spent until the rat fell off from the
rotarod) was calculated (26).

Serum Measurements

Commercially available ELISA kits for TNF-a (Koma
Biotech Inc., Korea), IL-6 (Anogen, Canada), MCP-1
(Thermo Scientific, USA), and IL-10 (DRG International
Inc., USA) were used.

Immunohistochemistry of the Spinal Cord

The activity and distribution of astrocytes were ex-
amined by measuring the immunoexpression of GFAP
in the lumbar region of the spinal cord (27). On day 14
post-CCl the spinal cord at the lumbar segments level
was removed, formalin-fixed, and paraffin-embedded
(28). Sections were processed as previously described
(29). The primary anti-GFAP antibody (anti-rat goat

polyclonal IgG, Dako Cytomation, USA) was used at a
dilution of 1:1000. Sections were counterstained with
hematoxylin. Negative controls were performed by
substituting the primary antibody with non-specific
IgG. Cells containing GFAP (e.g., astrocytes) appeared
brown and the nuclei appeared blue. The scale set by
Colburn et al (30) was used: “Score (0); resting state;
unperturbed astrocytes showing extensive fine pro-
jections, well-spaced, and neatly arranged. Score (+);
mild response; astrocytes exhibit numerous long but
thickening projections, less area between individual
astrocytes, and more apparent GFAP immunoreactiv-
ity. Score (++); moderate response; astrocytes are less
ramified/exhibit bold projections, increased density of
cells/occasionally overlapping, and prominent GFAP
immunoreactivity. Score (+++); intense response; as-
trocytes are rounded with few projections, densely
arranged/overlapping, and intense GFAP immunore-
activity.” A computerized image analyzer system (Pro
Plus image analysis software version 6.0) connected to
an Olympus microscope BX-51 with a digital camera
connected to a computer was used for photographing
and the morphometric study. Mean intensity (Ml) of
GFAP immune reaction was measured using an objec-
tive lens of x20 at magnification x100. Ten readings
from 5 non-overlapping sections from each rat were
examined.

Histologic Examination of the Sciatic Nerve

The left sciatic nerve was resected. Samples were
fixed with 4% paraformaldehyde, and then a piece
of the nerve was post-fixed with osmium tetroxide
to examine the myelin sheath while the other piece
was left without post-fixation. Both pieces were de-
hydrated and embedded in paraffin. Cross and longi-
tudinal sections were stained with hematoxylin and
eosin (HE) while those post-fixed in osmic acid was
left unstained. Samples were examined using light
microscopy regarding abundance, size, and arrange-
ment of nerve fibers. The state and thickness of epi-,
peri- and endo-neurium, and integrity of the myelin
sheath were examined (28).

Forced Swimming Test

The FST is a useful test for studying the antidepres-
sant effects. Rats were placed in a glass cylinder (20 cm
diameter and 45 cm high) filled with 30 cm deep water
(at 25°C). A 15-minute training session was done 24
hours before the test. During FST, rats were placed in
water for 6 minutes and the duration of immobility
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(described as making “only those movements essential
to keep head above water”) during the last 4 minutes
was recorded (31,32).

Open Field Test

The locomotor activity was recorded in an Opto-
Varimex apparatus (Columbus Instruments, USA). The
travelled distance and the number of vertical move-
ments were measured during 30 minutes (33).

Statistical Analysis

Data were given as mean values = SD. Student'’s
T-test and ANOVA with Bonferroni post-hoc test were
used for 2 groups’ and more than 2 groups’ compari-
son, respectively. SPSS 18.0 was used. P values of < 0.05,
< 0.01, and < 0.001 indicated grades of significance.

REesuLTs

Mechanical Allodynia and Thermal
Hyperalgesia

The ipsilateral hind paws in all CCl groups on day 7
post-surgery showed significantly reduced MWT (from
2.46 +£0.34t0 3.18 £ 0.41) and TWL (from 13.25 + 2.07 to
16.03 + 1.60) compared to sham rats (12.91 + 0.78 and
31.38 + 2.58, respectively) indicating successful model
induction. On day 14 post-CCl all treatments signifi-
cantly increased MWT compared to the CCl group, and
fluoxetine showed dose-dependent effects. All treat-
ments (except F10 and F20) significantly increased TWL
compared to the CCl group, and F40 and M showed
significant differences versus F20. The F20+M group
showed the highest increases, however still significantly
lower than those of sham group (Table 1).

Rotarod Test

There were non-significant differences among all
groups indicating that treatments didn’t impair motor
function (fall-off latencies ranged from 119.84 + 2.92 to
126.71 £ 2.12).

Serum Cytokines

The CCl rats showed significant increases in serum
levels of TNF-a, IL-6, and MCP-1 and a significant de-
crease in the level of IL-10 compared to sham group. All
treatments significantly reversed these changes mainly
with combination groups, and fluoxetine showed dose-
dependent effects (Table 2).

GFAP Immunoexpression in the Spinal Cord

The sham group showed GFAP immunoexpression
in astrocytes having many fine processes (score 0). The
astrocytic activity increased in the CCl group (score 3)
and MI of GFAP immunoexpression significantly in-
creased. The extent of CCl-induced changes were nearly
the same in the F10 and F20 groups, significantly re-
duced to moderate activity in the F40 and P groups, and
significantly reduced to mild activity in the M, F20+P,
and F20+M groups. P and M caused more significant
reductions than F40, and the combinations showed the
most significant reductions (Table 3 and Fig. 1).

Histopathological Changes in the Sciatic
Nerve

The cross and longitudinal sections of the sham
group showed abundant nerve fibers with large axons
and a thick myelin sheath, and the epi-, peri- and endo-
neurium appeared intact. The CCl group showed fewer
nerve fibers, smaller axons, some degenerated myelin

Table 1. Effects of treatments (mg/kg/day) on mechanical allodynia (MW, g) and thermal hyperalgesia (TWL, s) in rats on day

14 post-CCI.
Group Sham CCI F10 F20 F40 P M F20+P F20+M
MWT 13.06 + 2.44 + 391 + 5.18 + 6.99 + 7.05 + 7.50 + 9.79 + 10.25 +
0.70 025 0357 | 059t | 102t o3t | g5ttt [ g7 | g 7gtham
TWL 33.08 £ 13.25 + 14.55 + 15.71 = 20.19 £ 1991 + 21.60 £ 25.83 25.99 +
1.92 2.07% 2.23## 1.28%# .38 bt 1,58+t Q.77 | 4 ] D000 |3 G#E 000K

CCI (chronic constriction injury), F (fluoxetine 10, 20, 40), P (pioglitazone 20), M (metformin, 50), F20+P (fluoxetine (20) + pioglitazone),
F20+M (fluoxetine (20) + metformin) (n = 8). Data are expressed as mean + SD.

""P < 0.001: all groups vs. sham, "P < 0.001: all groups (except F10) vs. CCL "P P < 0.01: F10 vs. CCI (P = 0.003), "' P < 0.001: (F40, P & M) vs.
(F10 & F20), 'P < 0.05: F20 vs. F10 (P = 0.021), **"P < 0.001: combination groups vs. (F10, F20, F40, P & M).

*#*P < 0.001: all groups vs. sham, ***P < 0.001: all groups (except F10 & F20) vs. CCI, #* P < 0.001: M vs. F10, # P < 0.01: F40 & P vs. F10 (P = 0.001
& 0.003), and M vs. F20 (P = 0.001), *P < 0.05: F40 vs. F20 (P = 0.03), ** P < 0.001: F20+P vs. (F10 & F20), and F20+M vs. (F10, F20 &P), *P <
0.01: F20+P vs. (F40 & P) (P = 0.001 & 0.001), and F20+M vs. F40 (P = 0.001), *P < 0.05: F20+M vs. M (P = 0.037).
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Table 2. Effects of treatments (mglkg/day) on serum cytokines (pg/ml): tumor necrosis factor-o. (TNF-a.), interleukin-6 (1L-6),

monocyte chemoattractant protein-1( MCP-1), and interleukin-10 (1L-10) in rats on day 14 post-CCI.

Group TNF-a IL-6 MCP-1 IL-10
Sham 39.86 £ 5.92 19.31 £ 1.47 53.73 £3.01 81.45 +4.63
CCI 139.68 £ 7.50 98.88 + 3.48' 179.25 + 5.66 16.71 £ 1.48°°
F10 113.94 + 6.03* 87.10 + 7.67 143.74 + 12.30 25.10 £ 2.68 °oorp
F20 102.90 + 6.14%b0 75.05 + 6.23sss 112.96 + 6.97% 33.64 £ 4.93 coorrraa
F40 91.46 + 3.49%abbbec 64.71 + 6.75gszhh 102.26 + 4.87 kkk! 41.29 + 3.75 °c0opppaderr
P 80.03 + 6.4]%bbcccdd 53.73 + 3,01 Tseghhhii 91.71 + 3.42 Kkklilm 47.60 £ 4.72 coopppaaertr
M 69.76 + 3.35abbbeccdddd 45.65 + 5.10fesghbhili 80.50 + 2,75 Kkkllbmmm,mm 56.36 + 4.53 coopppaqarnr
F20+P 57.65 * 6.26%ddece 33.64 + 4.93sesii 70.50 + 2,31 Kkknnnn 67.51 £ 3.56 00opppsss
F20+M 54.31 £ 2.74%cce 29.58 + 1.93sesii 68.59 + 3.48 kkknnnan 70.60 £ 2.4] coopppsss

CCI (chronic constriction injury), F (fluoxetine 10, 20 and 40), P (pioglitazone 20), M (metformin 50), F20+P (fluoxetine (20) + pioglitazone),
F20+M (fluoxetine (20) + metformin) (n = 8). Data are expressed as mean + SD.

#P < 0.001: all groups vs. sham & CCI, bbp < 0,001: (F40,P &M) vs. F10, ®P < 0.01: F20 vs. F10 (P = 0.006), “P < 0.001: (P &M) vs. F20, “P < 0.01:
F40 vs. F20 (P = 0.004), 494P < 0.001: M vs. F40, %P < 0.01: P vs. F40 (P = 0.004), and F20+P vs. M (P = 0.002), P < 0.05: M vs. P (P = 0.016), P <
0.001: F20+P vs. (F10, F20, F40 & P) and F20+M vs. (F10, F20, F40, P & M).

fTp < 0.001: all groups (except F20+M) vs. sham, P < 0.01: F20+M vs. sham (P = 0.004), #PP < 0.001: all groups vs. (CCI & F10), ""P < 0.001: (P
& M) vs. F20, ™P < 0.01: F40 vs. F20 (P = 0.003), iP < 0.001: M vs. F40, P < 0.01: P vs. F40 (P = 0.001), 1P < 0.001: (F20+P & F20+M) vs. (F10,

F20, F40, P & M).

Kkp < 0.001: all groups vs. (sham, CCI, F10), "P < 0.001: (P & M) vs. F20, 'P < 0.05: F40 vs. F20 (P = 0.016), ™™P < 0.001: M vs. F40, ™P < 0.05: P
vs. F40 (P = 0.019), ™P < 0.01: M vs. P (P = 0.009),"P < 0.001: (F20+P & F20+M) vs. (F20, F40 & P),"P < 0.05: F20+P vs. M (P = 0.036), ™P <

0.01: F20+M vs. M (P = 0.004).

°°P < 0.001: all groups vs. sham, PPPP < 0.001: all groups (except F10) vs. CCI, PPP < 0.01: F10 vs. CCI (P = 0.002), 999P < 0.001: (F40, P & M) vs.
F10, 99P < 0.01: F20 vs. F10 (P = 0.001),™P < 0.001: (P & M) vs. (F20), and M vs. (F40), "P < 0.01: F40 vs. F20 (P= 0.006), and M vs. P (P = 0.001),

P < 0.001: (F20+P & F20+M) vs. (F10, F20, F40, P & M).

Table 3. Effects of treatments (mg/kg/day) on mean intensity of GEAP immunoexpression (lum) in the lumbar spinal cord in rats on

day 14 post-CCI.

Group | Sham CCI F10 F20 F40 P M F20+P F20+M
534+ 14.05 + 13.50 + 1333 + 12.93 + 12.66 + 9.08 + o | 585 %
GFAP | 457 0.55" 0.37" 0.76" 0.84" 071m | ggpuamenn | 602206 0.247

CCI (chronic constriction injury), GFAP (glial fibrillary acidic protein) F (fluoxetine 10, 20 and 40), P (pioglitazone 20), M (metformin 50), F20+P
(fluoxetine (20) + pioglitazone), F20+M (fluoxetine (20) + metformin) (n = 8). Data are expressed as mean + SD.

P < 0.001: all groups (except the combinations) vs. sham, **P < 0.001: M and combination groups vs. CCI, *P < 0.01: P vs. CCI (P = 0.001), *P <
0.05: F40 vs. CCI (P = 0.013), "*"P < 0.001: M vs. (F10, F20, F40 & P), ""P < 0.001: combination groups vs. (F10, F20, F40, P & M).

sheaths, many Schwann-cell nuclei, inflammatory cell
infiltrate, and increased thickness of the peri- and
endo-neurium. The extent of CCl-induced changes were
nearly the same in F10 and F20, less in F40, pioglitazone,
and metformin, and least in combination groups which
showed small nerve fibers suggesting regeneration of
myelin sheaths (Figs. 2 and 3).

FST and OFT

On day 7 post-surgery, all CCl groups showed sig-
nificantly increased immobility duration (from 185.88 +
8.48 to 197.38 + 2.62) compared to sham rats (122.13
+ 9.01), indicating development of depression-like

behavior. On day 14 post-CCl, there were insignificant
changes in the immobility duration indicating failure
of one week-therapy to reverse depression. On day 21
post-CCl (Table 4) the immobility duration was signifi-
cantly reduced by F20, F40, P, F20+P, and F20+M com-
pared to the CCl group. The F20+P group showed the
highest decrease, however still significantly lower than
that of sham group. F10 and M failed to exert any effect
while F20 and F40 showed non-significant differences
in-between. In OFT on days 7, 14, and 21 days post-CCl,
there were non-significant differences in locomotor ac-
tivity among all groups. The distance travelled ranged
from 2147.00 + 455.10 to 2618.75 + 252.1 cm, and the
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Fig. 1. Immunoexpression of glial fibrillary acidic protein (GFAP) in the lumbar spinal cord in CCI rats. (A) Negative
control showing score 0. (B, C & D) Positive control, fluoxetine (10), and fluoxetine (20) groups showing score (+++). (E &
F) Fluoxetine (40) and pioglitazone groups showing score (++). (G, H & 1) Metformin, fluoxetine (20) + pioglitazone, and
fluoxetine (20) + metformin groups showing mild score (+) (GFAP immnuostaining x1000).

number of vertical movements ranged from 144.00 +
12.24 to 168.25 + 7.31.

Discussion

Pain hypersensitivity to mechanical and thermal
stimuli could persist for at least 3 weeks post-CCl
(17,34,35). Following sciatic nerve injury, IL-6 mRNA in
spinal cord neurons and IL-6 levels in plasma and the
sciatic nerve increased (36). The immune cells produc-
ing IL-6 are sensitive to low doses of analgesics and
the decreased production of IL-6 may partially mediate
analgesics’ effects in CCl animals (37). The spinal TNF-a
protein level increased in CCl rats, however serum lev-
els of TNF-a and IL-6 remained unchanged. Rapamycin
reversed the increased spinal TNF-a level and exerted
antihyperalgesic and antiallodynic effects (38). AMPK

activation reduced proinflammatory cytokines in pri-
mary astrocytes, microglia, and macrophages (39). After
sham operation, IL-10 protein increased in the lumbar
dorsal root ganglia (40). In addition, CCl rats showed
prolonged immobility duration in the FST and normal
unimpaired locomotor activity (41-43). CCl mice devel-
oped thermal hyperalgesia and prolonged immobility
time in the FST (44).

The GFAP expression in astrocytes has been associ-
ated with chronic pain behaviors (45). In the current
study, the CCl markedly increased GFAP immunoexpres-
sion in the lumber spinal cord grey matter in agreement
with the findings from previous studies (28,30,46,47).
This increase was attributed to hypertrophy of astro-
cytes rather than proliferation or migration (30,47).
Examination of the sciatic nerve in CCl rats showed re-
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| SRR

Fig. 2. Cross sections and longitudinal inserts of the ipsilateral sciatic nerve in CCI rats. (A) Negative control showing
abundant nerve fibers with tidy arrangement, and intact epi-, peri-, and endo-neurium (thin arrow). (B, C, D & E) Positive
control, fluoxetine (10), fluoxetine (20), and fluoxetine (40) groups showing fewer nerves, increased thickness of epi- and
endo-neurium (thin arrow), inflammatory cell infiltrate (thick arrow), many Schwann-cell nuclei (arrow head), and scar tissue
(bifid arrow). (F, G, H & 1) pioglitazone, metformin, fluoxetine (20) + pioglitazone, and fluoxetine (20) + metformin groups
showing slightly increased number of nerve fibers (HE, x 400, insert x1000).

duced number of nerve fibers, nerve degeneration, and
demyelination in agreement with the findings from
Murakami et al (28). There were inflammation-induced
edema between nerve fibers and infiltration of inflam-
matory cells (48). CCl-treated animals showed more epi-
and endo-neurial integrity, more tidy-arranged fibers,
less inflammation, and less degeneration of myelinated
fibers (49).

Oral fluoxetine produced antiallodynic effects
without altering locomotor activity in CCl mice (22). The
increased 5-HT level in rat spinal dorsal horn and loss of
fluoxetine's antinociceptive effect in 5-HT-depleted ani-
mals confirm involvement of serotoninergic pathways
(50). Fluoxetine for 7 days suppressed inflammation

and decreased levels of TNF-a. and IL-6 in murine and
human arthritis (51). Fluoxetine attenuated mechanical
allodynia and thermal hyperalgesia without affecting
motor function in CCl rats. However, antidepressants
inhibiting reuptake of both 5-HT and noradrenaline
were more effective (19). Central 5-HT mediates both
pronociceptive and antinociceptive actions at the spi-
nal level through descending pathways (52). Peripheral
5-HT is mainly pronociceptive and thus not involved
in the antidepressants’ analgesia (53). In CCl rats,
chronic fluoxetine treatment (10 and 30 mg/kg for 14
days) reduced the immobile behavior in FST (43). The
locomotor activity didn't vary between sham, CCl, and
CCl-fluoxetine-treated mice (22). In CCl mice, acute oral
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Fig. 3. Cross sections of the ipsilateral sciatic nerve post-fixed in osmic acid in CCI rats. (A) Negative control showing abundant
nerve fibers with large axons and thick myelin (black rings). (B, C & D) Positive control, fluoxetine (10), and fluoxetine (20)
groups showing fewer nerves with smaller axons, degeneration in some myelin sheaths (thick arrow), and increased epi- and
endo-neurium connective tissue (thin arrow). (E, F, G & H) Fluoxetine (40), pioglitazone, metformin, fluoxetine (20) +
pioglitazone groups showing the same changes but to less extent. (1) fluoxetine (20) + metformin group showing large number of
intact nerve fibers as well as many smaller ones (osmic acid x1000).

fluoxetine exerted an antiallodynic effect but failed to
decrease immobility time in FST indicating dissociation
between the antiallodynic and antidepressant effects.
In contrast, antidepressants inhibiting reuptake of
both 5-HT and noradrenaline succeeded to suppress
immobility (54), indicating that selective block of 5-HT
reuptake is not enough to reverse depression in CCl
animals. Mechanisms other than changes in 5-HT level
may mediate fluoxetine’s effects. The fluoxetine’s anti-
inflammatory effect may be mediated with decreasing
levels of local inflammatory mediators (55) and affect-
ing the opioid system (56) while its antidepressant and
analgesic effects in CCl rats may be explained by de-
creasing nitric oxide (NO) levels through inhibiting NO

synthase (NOS) overexpression (57). In CCl rats, levels of
nitrate and nitrite increased in the injured sciatic nerve.
Drugs that increase NO level potentiated hyperalgesia
and allodynia while NOS inhibitors alleviated pain (58).
Moreover, NOS inhibitors potentiated fluoxetine's ef-
fects in FST in mice (59).

Oral pioglitazone attenuated mechanical hyperal-
gesia and reduced central TNF-a and NF-«B levels after
spinal nerve transaction in rats (60). Pioglitazone also
decreased levels of NF-kB, IL-6, MCP-1, and TNF-a.in mice
suggesting inhibition of glial cell activities (61). Piogli-
tazone in 2 sets of experiments (intraperitoneally for 7
days and orally for 7 weeks) dose-dependently reduced
mechanical hyperalgesia and allodynia resulting from
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Table 4. Effects of treatments (mgl/kg/day) on the immobility duration (s) in the FST in rats on day 21 post-CCI.

Group Sham CCI F10 F20 F40 P M F20+P F20+M
Immobility 125.63 193.38 189.38 179.38 178.13 166.50 185.88 153.13 176.25
duraion | £7.84 | +637" | +7.33" | 707" + 546" £8.9410" | £848" | +7.68M x| 17.85M

CCI (chronic constriction injury), FST (forced swimming test) F (fluoxetine 10, 20 and 40), P (pioglitazone 20), M (metformin 50), F20+P (fluox-
etine (20) + pioglitazone), F20+M (fluoxetine (20) + metformin) (n = 8). Data are expressed as mean + SD.

P < 0.001: all groups vs. sham. ***P < 0.001: P & F20+P vs. CCL. *P < 0.01: F40 & F20+M vs. CCI (P = 0.005 & 0.001). *P < 0.05: F20 vs. CCI (P =
0.015). "P < 0.05: F20+M vs. F10 (P = 0.032), and P vs. F20 (P = 0.039). "™"P < 0.001: F20+P vs. (F10, F20, F40, M & F20+M). P < 0.05: F20+P vs. P

(P =10.026).

nerve injury. It also reduced the increased GFAP expres-
sion in the spinal dorsal horn without affecting motor
function. Pioglitazone’s rapid effects, occurring after 7
days, are mediated by PPARy-dependent transcription-
independent mechanisms while its long-lasting effects
occur through PPARy-dependent transcription-depen-
dent mechanisms. Moreover, pioglitazone didn’t show
analgesic tolerance (62). In mice, sciatic nerve ligation
induced nerve inflammation, thermal hyperalgesia,
tactile allodynia, upregulation of TNF-a and IL-6, and
increased the number of activated microglia in the ip-
silateral spinal dorsal horn. Pioglitazone given during
the first 2 weeks post-ligation reversed these changes
through stimulation of PPARy receptors in neurons of
the spinal dorsal horn, adipocytes at the epineurium
of the sciatic nerve, and macrophages (3,63). More-
over, oral pioglitazone decreased immobility duration
in mouse FST without affecting locomotor activity
through PPARy activation, in brain areas involved in
pathogenesis of depression, and NOS inhibition (64).
Oral metformin activated AMPK, reversed tactile
allodynia, and increased apolipoprotein E (a protein
linked to nerve regeneration) after sciatic nerve injury
in rats (65). Metformin also activated AMPK, suppressed
inflammatory responses, and decreased serum TNF-o
and IL-6 in rats with myocardial infarction (66). In ani-
mals with peripheral nerve injury, metformin for 7 days,
possibly through activating AMPK and inhibiting mTOR
pathway in the spinal cord, alleviated tactile allodynia
and decreased sensory excitability without affecting
motor function (67) and thus a central mechanism
may be involved (68). Further, oral metformin didn’t
decrease immobility duration in FST and didn’t affect
locomotor activity in diabetic rats (69). In contrast, oral
metformin significantly reduced immobility duration
in mouse FST (70). The reported antidepressant effect
of chronic metformin therapy in depressed diabetic pa-
tients (71) may be attributed to cognitive improvement
induced by loss of weight and control of diabetes (72).

ConcLusION

In conclusion, co-administration of pioglitazone
or metformin with low-dose fluoxetine effectively
improved mechanical allodynia, thermal hyperalgesia,
and neurohistopathological changes while co-adminis-
tration of pioglitazone, but not metformin, effectively
improved the depressive-like behavior in a peripheral
nerve injury model of neuropathic pain in rats.

Limitations and Generalizability

Limitations of this study included measuring levels
of cytokines only in blood and not in the spinal cord and
sciatic nerve and measuring the outcome measures in
the first set of experiments at only one time-point. Ab-
sence of randomization, lack of power analysis, and
incomplete blinding are common flaws in animal
studies (73). If the present findings can be translated
to clinical reality, it could be valuable in treatment of
pain patients with comorbidities such as diabetes and/
or depression, however this translation needs further
confirmatory studies.

Disclosure of Conflicts of Interest

Author Contributions: Dr. Hussam Murad and Dr.
Nasra Ayuob had full access to all the data in the study
and take responsibility for the integrity of the data and
the accuracy of the data analysis. Dr. Hussam Murad
designed the study protocol, managed the literature
searches and summaries of previous related work,
conducted the pharmacological work, and wrote the
manuscript. Dr. Nasra Ayuob conducted the histopatho-
logical work and related writing.

The authors would like to thank the editorial board
of Pain Physician for review and criticism in improving
the manuscript.

www.painphysicianjournal.com

617



Pain Physician: November/December 2015; 18:609-620

REFERENCES

1.

10.

11.

Hald A, Nedergaard S, Hansen RR, Ding
M, Heegaard AM. Differential activation
of spinal cord glial cells in murine mod-
els of neuropathic and cancer pain. Eur ]
Pain 2009; 13:138-145.

Jensen TS, Baron R, Haanpaa M, Kalso
E, Loeser JD, Rice AS, Treede RD. A new
definition of neuropathic pain. Pain
2011; 152:2204-2205.

Takahashi Y, Hasegawa-Moriyama
M, Sakurai T, Inada E. The macrophage-
mediated effects of the peroxisome pro-
liferator-activated receptor-gamma ag-
onist rosiglitazone attenuate tactile allo-
dynia in the early phase of neuropathic
pain development. Anesth Analg 2011;
113:398-404.

Okun E, Griffioen KJ, Mattson MP. Toll-
like receptor signaling in neural plas-
ticity and disease. Trends Neurosci 2011;
34:269-281.

Zhou Z, Peng X, Hao S, Fink DJ, Mata
M. HSV-mediated transfer of inter-
leukin-10 reduces inflammatory pain
through modulation of membrane tu-
mor necrosis factor alpha in spinal cord
microglia. Gene Ther 2008; 15:183-190.
Tillu DV, Melemedjian OK, Asiedu
MN, Qu N, De Felice M, Dussor G, Price
T). Resveratrol engages AMPK to attenu-
ate ERK and mTOR signaling in sensory
neurons and inhibits incision-induced
acute and chronic pain. Mol Pain 2012;
8:5.

Price T), Dussor G. AMPK: An emerg-
ing target for modification of injury-in-
duced pain plasticity. Neurosci Lett 2013;
557:9-18.

Fryer LG, Parbu-Patel A, Carling D.
The anti-diabetic drugs rosiglitazone
and metformin stimulate AMP-acti-
vated protein kinase through distinct
signaling pathways. ] Biol Chem 2002;
277:25226-25232.

Garcia-Bueno B, Perez-Nievas BG, Leza
JC. Is there a role for the nuclear re-
ceptor PPARgamma in neuropsychiat-
ric diseases? Int ] Neuropsychopharma-
col 2010; 13:1411-1429.

Russe OQ, Méser CV, Kynast KL, King
TS, Stephan H, Geisslinger G, Nieder-
berger E. Activation of the AMP-activat-
ed protein kinase reduces inflammatory
nociception. ] Pain 2013; 14:1330-1340.
Ortiz MI. Synergistic interaction be-
tween metformin and sulfonylureas
on diclofenac-induced antinociception
measured using the formalin test in
rats. Pain Res Manag 2013; 18:253-258.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Siddiqui S. Depression in type 2 diabetes
mellitus-A brief review. Diab Metab Syn:
Clin Res Rev 2014; 8:62-65.

Maletic V, Raison CL. Neurobiology
of depression, fibromyalgia and neu-
ropathic pain. Front Biosci (Landmark
Ed) 2009; 14:5291-5338.

Anjaneyulu M, Chopra K. Fluoxetine at-
tenuates thermal hyperalgesia through
5-HT1/2 receptors in streptozotocin-
induced diabetic mice. Eur J Pharmacol
2004; 497:285-292.

Nicholson B, Verma S. Comorbidities
in chronic neuropathic pain. Pain Med
2004; 5:59-527.

De Vry J, Kuhl E, Franken-Kunkel P, Eckel
G. Pharmacological characterization of
the chronic constriction injury model of
neuropathic pain. Eur ] Pharmacol 2004;
491:137-148.

Austin P}, Wu A, Moalem-Taylor G.
Chronic constriction of the sciatic nerve
and pain hypersensitivity testing in rats.
J Vis Exp 2012; 61:3393.

Singh VP, Patil CS, Jain NK, Singh
A, Kulkarni SK. Paradoxical effects of
opioid antagonist naloxone on SSRI-in-
duced analgesia and tolerance in mice.
Pharmacology 2003; 69:115-122.

Pedersen LH, Nielsen AN, Blackburn-
Munro G. Anti-nociception is selectively
enhanced by parallel inhibition of mul-
tiple subtypes of monoamine transport-
ers in rat models of persistent and neu-
ropathic pain. Psychopharmacology 2005;
182:551-561.

Oliveira AC, Bertollo CM, Rocha LT, Nas-
cimento EB Jr, Costa KA, Coelho MM.
Antinociceptive and antiedematogenic
activities of fenofibrate, an agonist of
PPAR alpha, and pioglitazone, an agonist
of PPAR gamma. Eur ] Pharmacol 2007;
561:194-201.

Montes J, Pacheco K, Figueroa J, Inga V,
Ortega Y, Flores C, Acosta E, Torres V,
Salazar A. Analysis of the anti-inflamma-
tory and acute analgesic activity of met-
formin through the formalin test. Rev
Horiz Med 2012; 12:35-40.

Jesse CR, Wilhelm EA, Nogueira CW.
Depression-like behavior and mechani-
cal allodynia are reduced by bis selenide
treatment in mice with chronic constric-
tion injury: A comparison with fluox-
etine, amitriptyline, and bupropion. Psy-
chopharmacology (Berl) 2010; 212:513-522.
Bennett GJ, Xie YK. A peripheral mono-
neuropathy in rat that produces disor-
ders of pain sensation like those seen in

24.

25.

26.

27.

28.

29.

30.

w

32.

33.

1.

man. Pain 1988; 33:87-107.

Chaplan SR, Bach FW, Pogrel JW, Chung
JM, Yaksh TL. Quantitative assessment
of tactile allodynia in the rat paw. ] Neu-
rosci Methods 1994; 53:55-63.

Hargreaves K, Dubner R, Brown F,
Flores C, Joris J. A new and sensitive
method for measuring thermal noci-
ception in cutaneous hyperalgesia. Pain
1988; 32:77-88.

Munro G. Pharmacological assessment
of the rat formalin test utilizing the clin-
ically used analgesic drugs gabapentin,
lamotrigine, morphine, duloxetine, tra-
madol and ibuprofen: Influence of low
and high formalin concentrations. Eur ]
Pharmacol 2009; 605:95-102.

Martin PM, O’Callaghan JP. A direct
comparison of GFAP immunocyto-
chemistry and GFAP concentration in
various regions of ethanol-fixed rat and
mouse brain. ] Neurosci Methods 1995;
58:181-192.

Murakami K, Kuniyoshi K, Iwakura
N, Matsuura Y, Suzuki T, Takahashi K,
Ohtori S. Vein wrapping for chronic
nerve constriction injury in a rat mod-
el: study showing increases in VEGF
and HGF production and prevention
of pain-associated behaviors and nerve
damage. ] Bone Joint Surg Am 2014;
96:859-867.

Makhlouf, NA. El-Beshbishy, RA.
Abousetta, Alaa. Ginkgo modulates
noise-induced hippocampal damage in
male albino rats: A light and electron
microscopic study. The Egyp ] Histol
2014; 37:159-174.

Colburn RW, DeLeo JA, Rickman A, Yea-
ger MP, Kwon P, Hickey WF. Dissocia-
tion of microglial activation and neuro-
pathic pain behaviors following periph-
eral nerve injury in the rat. J Neuroim-
munol 1997; 79:163-175.

Porsolt RD, Anton G, Blavet N, Jalfre M.

Behavioural despair in rats: A new
model sensitive to antidepressant treat-
ments. Eur ] Pharmacol 1978; 47:379-391.
Detke MJ, Johnson ], Lucki I. Acute and
chronic antidepressant drug treatment
in the rat forced swimming test model
of depression. Exp Clin Psychopharmacol
1997; 5:107-112.
Wedzony K, Makowiak M, Zajaczkows-
ki W, Fijat K, Chocyk A, Czyrak A. WAY
100135, an antagonist of 5-HT1A sero-
tonin receptors, attenuates psychotomi-
metic effects of MK-8o1. Neuropsycho-
pharmacology 2000; 23:547-559.

618

www.painphysicianjournal.com



Pioglitazone’s Co-Administration Improves Fluoxetine’s Effects

34.

35-

36.

37

38.

39-

40.

41.

42.

43.

44.

Lasko L, Huang X, Voorbach M), Lewis
LG, Stavropoulos J, Carriker J, Seifert TR,
Baker SJ, Upadhyay J. Multimodal as-
sessment of nervous and immune sys-
tem responses following sciatic nerve
injury. Pain 2013; 154:2782-2793.

Ning L, Ma LQ, Wang ZR, Wang YW.
Chronic constriction injury induced
long-term changes in spontaneous
membrane-potential oscillations in an-
terior cingulate cortical neurons in vivo.
Pain Physician 2013; 16:E577-E589.

Moini Zanjani T, Sabetkasaei M, Mosaf-
fa N, Manaheji H, Labibi F, Farokhi B.
Suppression of interleukin-6 by minocy-
cline in a rat model of neuropathic pain.
Eur ] Pharmacol 2006; 538:66-72.

Moini Zanjani T, Sabetkasaei M, Karim-
ian B, Labibi F, Farokhi B, Mossafa N.
The attenuation of pain behaviour and
serum interleukin-6 concentration by
nimesulide in a rat model of neuropath-
ic pain. Scand ] Pain 2010; 1:229-234.
Orhan CE, Onal A, Ulker S. Antihyper-
algesic and antiallodynic effect of siro-
limus in neuropathic pain and the role
of cytokines in this effect. Neurosci Lett
2010; 481:17-20.

Giri S, Nath N, Smith B, Viollet B,
Singh AK, Singh I. 5-Aminoimidazole-
4-carboxamide-1-beta-4-ribofuranoside
inhibits proinflammatory response in
glial cells: A possible role of AMP-acti-
vated protein kinase. ] Neurosci 2004;
24:479-48]-

Jancélek R, Dubovy P, Svizenska
I, Klusdkova I. Bilateral changes of TNF-
alpha and IL-10 protein in the lumbar
and cervical dorsal root ganglia follow-
ing a unilateral chronic constriction in-
jury of the sciatic nerve. ] Neuroinflam-
mation 2010; 7:11.

Zhu Q, SunY, Zhu J, Fang T, Zhang W,
Li J-X. Antinociceptive effects of sino-
menine in a rat model of neuropathic
pain. Sci Rep 2014; 4:7270.

Hu B, Doods H, Treede RD, Ceci A.
Depression-like  behaviour in rats
with mononeuropathy is reduced by
the CB2-selective agonist GW405833.
Pain 2009; 143:206-212.

Li Q, Yue N, Liu S-B, Wang Z-F, Mi W-L,
Jiang J-W, Wu G-C, Yu J, Wang Y-Q. Ef-
fects of chronic electroacupuncture on
depression- and anxiety-like behaviors
in rats with chronic neuropathic pain.
Evid Based Complement Alternat Med
2014;158987.

Zhao X, Wang C, Zhang JF, Liu L, Liu
AM, Ma Q, Zhou WH, Xu Y. Chronic

45.

46.

47.

48.

49.

50.

51.

52.

53

54.

curcumin treatment normalizes depres-
sion-like behaviors in mice with mono-
neuropathy: involvement of supraspinal
serotonergic system and GABAA re-
ceptor. Psychopharmacology (Berl) 2014;
231:2171-2187.

Ji FT, Liang ), Liu L, Cao MH, Li F. Cur-
cumin exerts antinociceptive effects by
inhibiting the activation of astrocytes
in spinal dorsal horn and the intracel-
lular extracellular signal-regulated ki-
nase signaling pathway in rat model of
chronic constriction injury. Chin Med ]
2013; 126:1125-1131.

Gwak YS., Kang J, Unabia G C,
Hulsebosch CE. Spatial and temporal
activation of spinal glial cells: Role of
gliopathy in central neuropathic pain
following spinal cord injury in rats. Exp
Neurol 2012; 234:362-372.

Liu T, Gao YJ, Ji RR. Emerging role of
Toll-like receptors in the control of pain
and itch. Neurosci Bull 2012; 28:131-144.
Shibayama M, Kuniyoshi K, Suzuki T,
Yamauchi K, Ohtori S, Takahashi K. The
effects of locally injected triamcino-
lone on entrapment neuropathy in a
rat chronic constriction injury model. J
Hand Surg Am 2014; 39:1714-1721.

Cheng RD, Tu WZ, Wang WS, Zou EM,
Cao F, Cheng B, Wang JZ, Jiang YX, Ji-
ang SH. Effect of electroacupuncture
on the pathomorphology of the sciatic
nerve and the sensitization of P2X; re-
ceptors in the dorsal root ganglion in
rats with chronic constrictive injury.
Chin ] Integr Med 2013; 19:374-379.

Singh VP, Jain NK, Kulkarni SK. On the
antinociceptive effect of fluoxetine, a
selective serotonin reuptake inhibitor.
Brain Res 2001; 915:218-226.

Sacre S, Medghalchi M, Gregory B,
Brennan F, Williams R. Fluoxetine and
citalopram exhibit potent antiinflamma-
tory activity in human and murine mod-
els of rheumatoid arthritis and inhibit
toll-like receptors. Arthritis Rheum 2010;
62:683-693.

Suzuki R, Rahman W, Hunt SP, Dicken-
son AH. Descending facilitatory control
of mechanically evoked responses is en-
hanced in deep dorsal horn neurones
following peripheral nerve injury. Brain
Res 2004; 1019:68-76.

Sommer C. Serotonin in pain and anal-
gesia: actions in the periphery. Mol Neu-
robiol 2004; 30:117-125.

Benarroch EE. Descending monoami-
nergic pain modulation: Bidirectional
control and clinical relevance. Neurology

55

56.

57

58.

59-

60.

61.

62.

63.

64.

65.

2008; 71:217-221.

Bianchi M, Sacerdote P, Panerai AE.
Fluoxetine reduces inflammatory ede-
ma in the rat: Involvement of the pitu-
itary—adrenal axis. Eur ] Pharmacol 1994;
263:81-84

Abdel-Salam OM, Baiuomy AR, Arbid
MS. Studies on the anti-inflammatory
effect of fluoxetine in the rat. Pharmacol
Res 2004; 49:119-131.

Luo L, Tan RX. Fluoxetine inhibits den-
drite atrophy of hippocampal neurons
by decreasing nitric oxide synthase ex-
pression in rat depression model. Acta
Pharmacol Sin 2001; 22:865-870.

Naik AK, Tandan SK, Kumar D, Dudh-
gaonkar SP. Nitric oxide and its mod-
ulators in chronic constriction injury-
induced neuropathic pain in rats. Eur ]
Pharmacol 2006; 530:59-69.

Harkin A, Connor TJ, Burns MP, Kelly
JP. Nitric oxide synthase inhibitors aug-
ment the effects of serotonin re-uptake
inhibitors in the forced swimming
test. Eur Neuropsychopharmacol 2004;
14:274-281.

Jia H, Zhu S, Ji Q, Hui K, Duan M, Xu
J, Li W. Repeated administration of pio-
glitazone attenuates development of hy-
peralgesia in a rat model of neuropathic
pain. Exp Clin Psychopharmacol 2010;
18:359-365.

Dasu MR, Park S, Devaraj S, Jialal I. Pio-
glitazone inhibits toll-like receptor ex-
pression and activity in human mono-
cytes and db/db mice. Endocrinology
2009; 150:3457-3464.

Morgenweck J, Griggs RB, Donahue
RR, Zadina JE, Taylor BK. PPARy activa-
tion blocks development and reduces
established neuropathic pain in rats.
Neuropharmacology 2013; 70:236-246.
Maeda T, Kiguchi N, Kobayashi Y, Ozaki
M, Kishioka S. Pioglitazone attenuates
tactile allodynia and thermal hyperalge-
sia in mice subjected to peripheral nerve
injury. ] Pharmacol Sci 2008; 108:341-347.
Sadaghiani MS, Javadi-Paydar
M, Gharedaghi MH, Fard YY, Dehpour
AR. Antidepressant-like effect of piogli-
tazone in the forced swimming test in
mice: The role of PPAR-gamma recep-
tor and nitric oxide pathway. Behav Brain
Res 2011; 224:336-343.

Melemedjian OK, Yassine HN, Shy
A, Price T). Proteomic and functional
annotation analysis of injured periph-
eral nerves reveals ApoE as a protein
upregulated by injury that is modulated

www.painphysicianjournal.com

619



Pain Physician: November/December 2015; 18:609-620

66.

67.

68.

by metformin treatment. Mol Pain 2013;
9:14.

Soraya H, Clanachan AS, Rameshrad
M, Maleki-Dizaji N, Ghazi-Khansari M,
Garjani A. Chronic treatment with met-
formin suppresses toll-like receptor 4
signaling and attenuates left ventricular
dysfunction following myocardial in-
farction. Eur ] Pharmacol 2014; 737:77-84-.
Xu Q, Fitzsimmons B, Steinauer J, O’Neill
A, Newton AC, Hua XY, Yaksh TL. Spinal
phosphinositide 3-kinase-Akt-mamma-
lian target of rapamycin signaling cas-
cades in inflammation-induced hyperal-
gesia. ] Neurosci 2011; 31:2113-2124.
Melemedjian OK, Asiedu MN, Tillu
DV, Sanoja R, Yan J, Lark A, Khoutor-
sky A, Johnson ], Peebles KA, Lepow

69.

70.

T, Sonenberg N, Dussor G, Price TJ. Tar-
geting adenosine monophosphate-acti-
vated protein kinase (AMPK) in preclini-
cal models reveals a potential mecha-
nism for the treatment of neuropathic
pain. Mol Pain 2011; 7:70.

Rahul S, Vinay K, Dilpesha J, Kumar SA.
Antidepressant activity of karnim in dia-
betes associated depression in experi-
mental animals. Pharmacologia 2012;
3:413-419.

Adeyemi OO, Ishola 10, Adedeji HA.
Novel action of metformin in the pre-
vention of haloperidol-induced cata-
lepsy in mice: Potential in the treat-
ment of Parkinson’s disease? Prog Neu-
ropsychopharmacol Biol Psychiatry 2013;
S0278-5846(13)00235-2.

71.

72.

73.

Guo M, Mi J, Jiang QM, Xu JM, Tang
YY, Tian G, Wang B. Metformin may
produce antidepressant effects through
improvement of cognitive function
among depressed patients with diabe-
tes mellitus. Clin Exp Pharmacol Physi-
ol 2014; 41:650-656.

Ohaeri JU, Akanji AO. Metabolic syn-
drome in severe mental disorders.
Metab Syndr Relat Disord 2011; 9:91-98.
Currie  GL, Delaney A, Bennett
MI, Dickenson AH, Egan KJ, Vesterin-
en HM, Sena ES, Macleod MR, Colvin
LA, Fallon MT. Animal models of bone
cancer pain: Systematic review and me-
ta-analyses. Pain 2013; 154:917-926.

620

www.painphysicianjournal.com



