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brain but not in the spinal cord. Treatment with paclitaxel 
reduced IL-6 transcript levels in the spinal cord but did not 
alter the transcript levels of other cytokines or chemokines 
in the brain, spinal cord or spleen. The coadministration of 
COL-3 with paclitaxel significantly increased the transcript 
levels of IL-6 in the spleen and decreased CX3CL1 transcripts 
in the brain in comparison to treatment with paclitaxel alone. 
 Conclusion:  Our results indicate that the MMP inhibitor COL-
3 protected against paclitaxel-induced thermal hyperalgesia 
and, thus, could be useful in the prevention of chemothera-
py-induced painful neuropathy. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Taxanes such as paclitaxel (Taxol � ), which are mitotic 
spindle inhibitors  [1] , are fundamental in the treatment 
of breast cancer and other solid tumors. However, their 
use is hampered by the development of dose-limiting 
painful peripheral neuropathy  [2, 3] . Paclitaxel preferen-
tially impairs sensory fibers and produces neuropathy in 
the distal extremities, hands and feet, presenting in a 
glove-stocking pattern  [4] . This peripheral neuropathy 
presents as a chronic painful neuropathic syndrome in 
some patients. 

  In rodent models paclitaxel-induced neuropathic pain 
(PINP) manifests as mechanical allodynia or thermal
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 Abstract 

  Objective:  To study the potential of chemically modified
tetracycline-3 (COL-3), a potent matrix metalloproteinase 
(MMP) inhibitor, to protect against the development of pac-
litaxel-induced painful neuropathy and its immunomodul-
atory effects.  Materials and Methods:  The reaction latency 
to thermal stimuli (hot plate test) of female BALB/c mice was 
recorded before and after treatment with paclitaxel (2 mg/
kg i.p.), paclitaxel plus COL-3 (4, 20 or 40 mg/kg p.o.) or their 
vehicles for 5 consecutive days. Gene transcripts of CD11b 
(marker for microglia), 5 cytokines (IFN- � , IL-1 � , IL-6, IL-10 and 
TNF- � ) and 3 chemokines (CCL2, CXCL10 and CX3CL1) were 
quantified by real-time PCR in the brains, spinal cords and 
spleens of mice sacrificed on day 7 after treatment.  Results:  
Treatment with paclitaxel reduced the reaction latency time 
to thermal stimuli (thermal hyperalgesia) for 4 weeks, with 
maximum effect on days 7 and 10. The coadministration of 
paclitaxel with COL-3 40 mg/kg, but not lower doses, pre-
vented the development of paclitaxel-induced thermal hy-
peralgesia. Treatment with paclitaxel alone or coadminis-
tration with COL-3 increased CD11b transcript levels in the
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hyperalgesia  [3, 5–7] . Various pathogenetic mechanisms 
have been proposed to play a role in the development of 
PINP, including glial cell activation in the central ner-
vous system  [8, 9] . Cytokines might also be involved in 
the pathogenesis of PINP since paclitaxel has been shown 
to induce cytokine expression  [10, 11]  and the adminis-
tration of cytokines such as IL-6 and IL-10 has been re-
ported to prevent the development of or attenuate PINP 
 [5, 11] . Recent studies implicate matrix metalloprotein-
ases (MMPs) and proteinase-activated receptors in the 
development of PINP  [12, 13] .

  Taking into consideration the recently suggested role 
of MMPs in the development of PINP, we evaluated the 
potential of COL-3 (6-demethyl-6-deoxy-4-dedimethyl-
aminotetracycline), also known as CMT-3, a potent MMP 
inhibitor  [14–16] , to prevent the development of PINP. 

  Animals and Methods 

 Animals 
 All animals (n = 166) used in this study were female BALB/c 

mice (8–12 weeks old; 20–30 g) supplied by the Animal Resourc-
es Center at the Health Sciences Center, Kuwait University, Ku-
wait. The mice were kept in temperature-controlled (24  8  1   °   C) 
rooms with food and water ad libitum. All experiments were per-
formed during the same period of the day (8:   00 a.m. to 4:   00 p.m.) 
to exclude diurnal variations in pharmacological effects. The an-
imals were handled in compliance with European Communities 
Council Directive 86/609 for the care of laboratory animals and 
ethical guidelines for research in experimental pain with con-
scious animals  [17] . 

  Drug Treatment and Assessment of Thermal Nociception 
 Paclitaxel (Tocris, Bristol, UK) was dissolved in a solution 

made up of 50% Cremophor EL and 50% absolute ethanol to a 
concentration of 6 mg/ml and stored at –20   °   C for a maximum of 
14 days. It was then diluted in normal saline (NaCl 0.9%) to a final 
concentration of 0.2 mg/ml just before administration. The ve-
hicle for paclitaxel was diluted at the time of injection with normal 
saline in the same proportion as the paclitaxel solution. Paclitax-
el 2 mg/kg or its vehicle were administered to the mice intraperi-
toneally, in a volume of 10 ml/kg, once per day for 5 consecutive 
days. This treatment regimen has been reported to produce pain-
ful neuropathy in mice  [6] . 

  COL-3 (a gift from Galderma, Research and Development 
SNC, Les Templier, France) was dissolved in 1% methylcellulose 
and administered to mice by oral gavage in a volume of 12.5 ml/
kg body mass. COL-3 (4–40 mg/kg) was coadministered with
paclitaxel or its vehicle daily for 5 days. The mice were assessed for 
the development of neuropathic pain (thermal hyperalgesia) and 
those that received paclitaxel plus COL-3 were compared with the 
mice treated with the paclitaxel plus vehicle (for COL-3) only. 

  Reaction latencies to the hot plate test were measured before 
treatment (baseline latency) and on days 7, 10, 14, 17, 21 and 28 
after the first injection of drugs (paclitaxel or COL-3). Briefly, the 

mice were individually placed on a hot plate (Panlab SL, Barce-
lona, Spain) with the temperature adjusted to 55  8  1   °   C. The time 
to the first sign of nociception, paw licking, flinching or jump re-
sponse to avoid the heat was recorded and the animal immedi-
ately removed from the hot plate. A cutoff period of 20 s was main-
tained to avoid damage to the paws .  The observer (S.S.P.) was 
blinded to the treatment the animal received. The percentage 
change in reaction latency was calculated as follows: [(response 
latency after drug treatment – pretreatment baseline latency)/pre-
treatment baseline latency]  ! 100.

  Gene Expression Analysis by Real-Time PCR 
 Gene transcripts of CD11b (a marker for microglia), 5 cyto-

kines (IFN- � , IL-1 � , IL-6, IL-10 and TNF- � ) and 3 chemokines 
(CCL2, CXCL10 and CX3CL1) were quantified by real-time PCR 
in the brains, spinal cords and spleens dissected out from the mice 
sacrificed at 7 days after the first administration of the vehicle, 
paclitaxel or paclitaxel plus COL-3 40 mg/kg. Total RNA was ex-
tracted from half of the fresh frozen brains and reverse-tran-
scribed as described previously  [18] . The transcript levels were 
quantified on an ABI Prism �  7500 sequence detection system 
(Applied Biosystems, Foster City, Calif., USA) as previously de-
scribed  [19] . The primer sequences which were used, listed in  ta-
ble 1 , were ordered from Invitrogen (Life Technologies, Carlsbad, 
Calif., USA). Threshold cycle (C t ) values for all cDNA samples 
were obtained and the amount of transcripts of individual animal 
samples (n = 4–6 per group) was normalized to cyclophilin ( � C t ). 
The relative amount of target gene transcripts was calculated us-
ing the 2 – �  � Ct  method as described previously  [20] . These values 
were then used to calculate the mean and standard error (SEM) 
of the relative expression of the target gene mRNA in the brain of 
the drug- and vehicle-treated mice. 

  Statistical Analyses 
 Statistical analyses were performed using the unpaired t test 

with Welch’s correction, one-way ANOVA followed by Newman-
Keuls multiple comparison test or two-way repeated measures 
ANOVA followed by Bonferroni posttests. The differences were 
considered significant at p  !  0.05. The results in the text and fig-
ures are expressed as the means  8  SEM.

  Results 

 Paclitaxel-Induced Thermal Hyperalgesia 
 Paclitaxel produced a significant reduction in re-

sponse latency time to thermal stimuli (thermal hyperal-
gesia) from 7 to 28 days after the first drug adminis-
tration compared to the baseline latency and from 7 to
21 days compared to the vehicle-only-treated animals in 
the hot plate test (p  !  0.01;  fig. 1 ).

  COL-3 Prevents the Development of
Paclitaxel-Induced Thermal Hyperalgesia 
 The treatment of the naïve mice with COL-3 40 mg/

kg by oral gavage daily for 5 consecutive days did not 
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Table 1.  PCR primer sequences of cyclophilin, CD11b, cytokines and chemokines

Gene Polarity Sequence 5� to 3� GenBank No.

Cyclophilin Sense GCTTTTCGCCGCTTGCT X52803
Antisense CTCGTCATCGGCCGTGAT

CD11b Sense TGCTTACCTGGGTTATGCTTCTG NM_008401
Antisense CCGAGGTGCTCCTAAAACCA

IFN-� Sense ACAATGAACGCTACACACTGCAT NM_008337 
Antisense TGGCAGTAACAGCCAGAAACA

IL-1� Sense TGGTGTGTGACGTTCCCATT NM_010554
Antisense CAGCACGAGGCTTTTTTGTTG

IL-6 Sense ACAAGTCGGAGGCTTAATTACACAT NM_031168
Antisense TTGCCATTGCACAACTCTTTTC

IL-10 Sense CAGCCGGGAAGACAATAACTG NM_010548
Antisense CCGCAGCTCTAGGAGCATGT

TNF-� Sense GGCTGCCCCGACTACGT NM_013693
Antisense GACTTTCTCCTGGTATGAGATAGCAAA

CCL2 Sense GGCTCAGCCAGATGCAGTTAAC NM_011333
Antisense CCTACTCATTGGGATCATCTTGCT

CXCL10 Sense GACGGTCCGCTGCAACTG NM_021274 
Antisense GCTTCCCTATGGCCCTCATT

CXC3CL1 Sense ATTGTCCTGGAGACGACACAGC NT_078575
Antisense TTGCCACCATTTTTAGTGAGGG

G enBank accession numbers of sequences used for primer design.

##

** ##

**

##

**

##

**

##

**

5

6

7

8

9

10

11

12

Re
ac

ti
on

 la
te

n
cy

 (s
)

Pretreatment 7 10 14 17 21 28

Time after first injection of paclitaxel (days)

Paclitaxel 2 mg/kg
Vehicle

  Fig. 1.  Paclitaxel-induced thermal hyperalgesia in BALB/c mice. 
Time course of the reaction latency time to the hot plate test after 
the administration of paclitaxel 2 mg/kg or its vehicle. Each point 
represents the mean  8  SEM of the values obtained from 14–16 
animals.  *  *  p  !  0.01 compared to drug vehicle on the same day 
after treatment;  ##  p  !  0.01 compared to pretreatment values. 
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  Fig. 2.  Time course of the reaction latency time to the hot plate 
test after the administration of COL-3 40 mg/kg or its vehicle. 
Each point represents the mean  8  SEM of the values obtained 
from 19–21 animals. There were no statistically significant differ-
ences in the percentage change in reaction latency between the 
COL-3-treated and the vehicle-treated animals.  *  p  !  0.05 com-
pared to drug vehicle on the same day after treatment. 
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cause any significant changes to the reaction latency 
compared to the pretreatment baseline values (p  1  0.05; 
 fig. 2 ). The COL-3-treated mice showed a slightly lower 
reaction latency compared to the vehicle-treated mice 
only on day 7 (p  !  0.05;  fig. 2 ). However, the percentage 
changes from pretreatment latencies were not different 
between the vehicle-treated and the COL-3-treated mice 
(p  1  0.05;  fig. 2  insert), indicating that COL-3 did not 
affect the mice’s reaction latencies to thermal nocicep-
tion.

  The mice treated with paclitaxel plus COL-3 (40 mg/
kg) had reaction latency times similar to the vehicle-only-
treated control animals, which were significantly higher 
than those of the mice treated with paclitaxel only (p  !  
0.01;  fig.  3 ). However, the reaction latency times of the 
mice treated with paclitaxel plus lower doses of COL-3
(4 or 20 mg/kg) were significantly lower than those of the 
vehicle-only-treated control animals (p  !  0.01), but the 
reaction latency of the mice treated with paclitaxel plus 
COL-3 at 20 mg/kg was significantly higher on day 7 after 
the first drug administration than those treated with
paclitaxel alone (p  !  0.01;  fig. 3 ). 

  Effects of COL-3 on Cytokine, Chemokine and CD11b 
Transcript Levels during Paclitaxel-Induced Thermal 
Hyperalgesia 
 Treatment with either paclitaxel alone or the coad-

ministration of paclitaxel plus COL-3 caused a significant 

increase in CD11b transcript levels (a marker for microg-
lia activation) in the brain compared to the vehicle-on -
ly-treated controls (p  !  0.01;  fig. 4 ). However, treatment 
with paclitaxel or the coadministration of paclitaxel plus 
COL-3 did not significantly affect the levels of CD11b 
transcripts in the spinal cord (data not shown). 
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  Fig. 3.  Coadministration of COL-3 with 
paclitaxel protects against the develop-
ment of paclitaxel-induced thermal hyper-
algesia.   Effects of coadministration of
paclitaxel with COL-3 on the development 
of paclitaxel-induced thermal hyperalge-
sia in BALB/c mice. Each point represents 
the mean  8  SEM of the values obtained 
from 17–23 animals.  *  *  p  !  0.01 compared 
to control mice;  ##  p  !  0.01 compared to 
mice treated with paclitaxel plus vehicle.  

  Fig. 4.  Effects of coadministration of paclitaxel with COL-3 on 
relative CD11b mRNA expression in the brains of BALB/c mice 
on day 7 after the first administration of drugs. Each point repre-
sents the mean    8  SEM of the values obtained from 5–6 animals. 
 *  *  p  !  0.01 compared to control mice.      
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  Treatment with either paclitaxel alone or the coad-
ministration of paclitaxel plus COL-3 caused a significant 
reduction in IL-6 transcript levels in the spinal cord com-
pared to the vehicle-only-treated controls (p  !  0.01;  fig. 5 ). 
The spleens of the mice treated with paclitaxel plus COL-
3 had significantly higher levels of IL-6 transcripts com-
pared to those of the mice treated with paclitaxel only
(p  !  0.05;  fig. 5 ). However, treatment with paclitaxel or 
the coadministration of paclitaxel plus COL-3 did not 
significantly affect the levels of the transcripts of the oth-
er cytokines (IFN- � , IL-1 � , IL-10 and TNF- � ) in the 
brain, spinal cord or spleen (data not shown). 

  The brains of the mice treated with paclitaxel plus 
COL-3 had significantly low levels of CX3CL1 transcripts 
compared to those of the mice treated with paclitaxel plus 
vehicle or vehicle only (p  !  0.05;  fig.  6 ). On the other 
hand, treatment of the mice with paclitaxel alone or the 
coadministration of paclitaxel plus COL-3 did not sig-
nificantly affect the levels of the transcripts of the other 
chemokines (CCL2 and CXCL10) in the brain, spinal 
cord or spleen (data not shown). 

  Discussion 

 This study showed for the first time that the MMP in-
hibitor COL-3 protects against the development of pacli-
taxel-induced thermal hyperalgesia. It also provided evi-

dence that the coadministration of COL-3 with paclitax-
el increased IL-6 transcripts in the spleen and decreased 
the transcripts of CX3CL1 in the brains of mice com-
pared to treatment with paclitaxel only.

  Paclitaxel is a standard treatment, often in combina-
tion with carboplatin, for various cancers including lung, 
breast and ovarian cancer. However, its use is limited by 
the development of peripheral neuropathy which is pain-
ful in some patients  [4] . Treatment with paclitaxel has 
been previously shown to produce painful neuropathy, 
including thermal hyperalgesia, in mice  [6] .

  Currently, there are no clinically available effective 
treatments for the prevention or treatment of this dose-
limiting painful neuropathy. In order to find possible 
drugs for the prevention of PINP considerable research is 
being undertaken to understand its pathophysiology. The 
mechanism for the development of PINP is not clear, but 
various factors have been proposed, including the disrup-
tion of microtubule functions in axons, the generation of 
free radicals, glial cell activation, cytokine production 
and the upregulation of MMPs and activation of protein-
ase-activated receptors  [3, 8–13, 21] .

  We found that COL-3, a potent MMP inhibitor, pre-
vented the development of paclitaxel-induced thermal 
hyperalgesia, suggesting that MMPs are a plausible tar-
get for the prevention of PINP. Minocycline, a tetracy-
cline antibiotic with anti-inflammatory activities in-
cluding the inhibition of MMPs, though less potent than 
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  Fig. 5.  Effects of coadministration of paclitaxel with COL-3 on 
relative IL-6 mRNA expression in the brains, spinal cords and 
spleens of BALB/c mice on day 7 after the first administration of 
drugs. Each point represents the mean    8  SEM of the values ob-
tained from 4–6 animals.  *  *  p  !  0.01 compared to control mice; 
 #  p  !  0.05 compared to mice treated with paclitaxel plus vehicle.  

  Fig. 6.  Effects of coadministration of paclitaxel with COL-3 on 
relative CX3CL1 mRNA expression in the brains, spinal cords 
and spleens of BALB/c mice on day 7 after the first administration 
of drugs. Each point represents the mean    8  SEM of the values 
obtained from 4–6 animals.  *  p    !  0.05 compared to control mice; 
 #  p  !  0.05 compared to mice treated with paclitaxel plus vehicle. 
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dose of COL-3, 40 mg/kg, which we found to be effective 
for preventing paclitaxel-induced thermal hyperalgesia, 
was closer to the dose of COL-3 used for treating sarco-
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  Conclusion 

 Our results showed that the MMP inhibitor COL-3 
prevented the development of paclitaxel-induced thermal 
hyperalgesia. Therefore, this drug warrants further re-
search as a potential candidate to be used in combination 
with paclitaxel to prevent the development of painful pe-
ripheral neuropathy.
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