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Abstract
Oxaliplatin (OXL) is a third-generation chemotherapeutic agent commonly used to treat metastatic digestive tumors, but one of
the main limiting complications of OXL is painful peripheral neuropathy. The present study was to examine the inhibitory effects
of blocking microRNA-155 (miR-155) in the dorsal horn of the spinal cord on neuropathic pain induced by OXL in rats and the
underlying mechanisms. Behavioral test was performed to examine mechanical pain and cold sensitivity in rats. Real-time RT-
PCR and ELISAwere employed to determine miR-155 and products of oxidative stress 8-isoprostaglandin F2α (8-iso PGF2α)
and 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the dorsal horn. Western blot analysis was used to examine expression of Nrf2-
antioxidant response element (Nrf2-ARE), NADPH oxidases (NOXs), and transient receptor potential ankyrin 1 (TRPA1). In
results, intrathecal administration of miR-155 inhibitor attenuated mechanical allodynia and cold hyperalgesia in rats with OXL
therapy and this was accompanied with restoring of impaired Nrf2-ARE in the dorsal horn. A blockade of miR-155 also
attenuated expression of NOX subtype 4 (NOX4) and thereby decreased the levels of 8-iso PGF2α/8-OHdG in the dorsal horn
of OXL rats. In addition, inhibiting NOX4 decreased products of oxidative stress in the dorsal horn and attenuated upregulation
of TRPA1 induced by OXL. In conclusion, data show the critical role of miR-155 in regulating OXL-induced neuropathic pain
likely via oxidative stress–TRPA1 signal pathway, indicating that inhibition of miR-155 has potential benefits in preventing
neuropathic pain development during intervention of OXL.
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Introduction

One of the most common and distressing symptoms suffered by
patients with progression of cancer is pain (Hanna et al. 2013).
Cancer pain predominantly arises from a tumor compressing or
infiltrating tissue; from nerve and other changes caused by a hor-
mone imbalanceor immune response; and/or from treatments and

diagnostic procedures (Hanna et al. 2013; Pasetto et al. 2006). It
should be noted that chemotherapy and radiotherapy produce
painful conditions that persist long after treatment (Hanna et al.
2013;Hoskin2008;Portenoy2011).Therefore,howtoeffectively
manage cancer pain related to these therapies becomes an impor-
tant issue for treatment and management of cancer patients in
clinics.

Oxaliplatin (OXL) is an organoplatinum compound, and as a
third-generation chemotherapeutic agent, it is commonly used to
treat cancer (Bécouarn et al. 2001). Especially, it has a significant
activity against advanced and/or metastatic digestive tumors but
one of themain limiting complications ofOXL is painful neurop-
athy (Sereno et al. 2014). The signs of neuropathy start with par-
esthesia, followed by hyperesthesia (Pasetto et al. 2006). Also, a
heightened cold sensitivity is observed in cancer patients with
OXL treatment (Sereno et al. 2014). Overall, treatment options
for these abnormal sensations have been restricted, partly due to a
poor understandingof theunderlyingmechanisms responsible for
neuropathic pain induced by chemotherapeutic OXL.
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MicroRNAs (miRNAs) are small noncoding endogenous
RNA molecules that repress their target mRNA through com-
plementary binding in the message 3′-UTR (Bartel 2009).
miRNAs play important roles in multiple physiological pro-
cesses such as cell death and survival, cellular response to
stress, stem cell division, and pluripotency (Sayed and
Abdellatif 2011). miRNAs also contribute to disease process-
es including cancer, cardiovascular diseases, and neurological
disorders (Eacker et al. 2009; Farazi et al. 2011; Han et al.
2011). Due to their small size, relative ease of delivery, and
sequence specificity in recognizing their targets, miRNAs are
promising therapeutic targets with respect to drug develop-
ment (Gambari et al. 2011).

Among various miRNAs, miRNA-155 (miR-155) has
been particularly reported to play a role in numerous physio-
logical and pathological processes (Calame 2007; Elton et al.
2013; Faraoni et al. 2009; O'Connell et al. 2012). miR-155 is
involved in chronic immune response by increasing the pro-
liferative response of T cells through the downregulation of
lymphocyte-associated antigens (Sonkoly et al. 2010). In au-
toimmune disorders such as rheumatoid arthritis, a higher ex-
pression of miR-155 is presented in patients’ tissues and sy-
novial fibroblasts (Faraoni et al. 2009). In multiple sclerosis,
upregulated expression of miR-155 has been found in periph-
eral and central nervous system–resident myeloid cells, circu-
lating blood monocytes, and activated microglia (Moore et al.
2013). It has been suggested that miR-155 is implicated in
inflammation and overexpression of miR-155 leads to chronic
inflammatory state in human (O'Connell et al. 2012).

It is well-known that the inflammatory process is involved
in neuropathic pain (Clark et al. 2013; Mika et al. 2013).
Proinflammatory cytokines (PICs) are elevated in the periph-
eral and central nervous system after nerve injury and/or in-
flammation, leading to mechanical and thermal hypersensiti-
zation (Moalem and Tracey 2006). Moreover, increases of
PICs in the peripheral and central nervous system have been
observed during application of chemotherapeutic agents (such
as OXL) and the elevation of PICs is accompanied with am-
plified oxidative stress (Duan et al. 2018; Kannarkat et al.
2007).

Prior studies have indicated that oxidative stress induced
by an imbalance in redox homeostasis is critically involved in
the induction of neuropathic pain (Jaggi and Singh 2011;
Kallenborn-Gerhardt et al. 2013). Oxidative stress occurs
due to overproduction of free radicals, i.e., reactive oxygen
species (ROS) such as superoxide anion or hydrogen peroxide
together with a failure of antioxidant defense mechanisms
(Altenhofer et al. 2012). Intracellular accumulation of ROS
and disturbances in the cellular redox state are likely to induce
neuronal degeneration and sensitization in pain conditions
(Salvemini et al. 2011). Prevention of ROS generation, rather
than scavenging already formed free radicals, may represent
another possibility to target oxidative stress (Altenhofer et al.

2015). Thus, balancing of ROS by antioxidants or free radical
scavengers and inhibition of ROS generation is necessary to
play a beneficial role in modulating neuropathic pain condi-
tions. Of note, transient receptor potential ankyrin 1 (TRPA1)
plays a functional role in regulating neurogenic inflammation
resulting from channel activation to compounds including
pungent agents, irritant chemicals, and products of oxidative
stress (Andersson et al. 2008; Sawada et al. 2008).

Accordingly, in this study, we targeted miR-155 by using
miR-155 inhibitor and further examined its effects on neuro-
pathic pain induced by OXL. Moreover, in order to determine
signal mechanisms leading to neuropathic pain via miR-155,
we examined if Nrf2-antioxidant response element (Nrf2-
ARE) and oxidative stress-TRPA1 signals are engaged in the
effects of miR-155. Since NADPH quinone oxidoreductase-1
(NQO1) is regulated by Nrf2, we also determined the levels of
NQO1 to assess effectiveness of Nrf2. We speculated that
OXL impairs Nrf2-ARE and Nrf2-regulated NQO1 in the
dorsal horn of rats. We also speculated that OXL amplifies
oxidative NADPH oxidase (subtype NOX4), and this thereby
increases 8-isoprostaglandin F2α (8-iso PGF2α, a product of
oxidative stress) and 8-hydroxy-2′-deoxyguanosine (8-
OHdG, a biomarker of protein oxidation) and upregulates
TRPA1 in the dorsal horn. We hypothesized that intrathecal
administration of miR-155 inhibitor recovers Nrf2-NQO1 and
attenuates NOX4, leading to decreases of 8-iso PGF2α/8-
OHdG and TRPA1. This further attenuates mechanical
allodynia and cold hyperalgesia in OXL rats. We further hy-
pothesized that blocking NOX4 decreases 8-iso PGF2α/8-
OHdG in the dorsal horn of OXL rats and attenuates TRPA1
and thereby improves neuropathic pain.

Methods

Animal

All animal protocols were in accordance with the guidelines of
the International Association for the Study of Pain and ap-
proved by the Institutional Animal Care and Use Committee
of Jilin University. Adult male Sprague-Dawley rats (200–
250 g) were housed in individual cages with free access to
food and water and were kept in a temperature-controlled
room (25 °C) on a 12/12 h light/dark cycle.

A Model of Neuropathic Pain and Administration
of Drugs

Rats were anesthetized by intraperitoneal injection (i.p.) of
sodium pentobarbital (60 mg/kg) in order to implant intrathe-
cal catheter for administration of drugs. Briefly, one end of
polyethylene-10 tubing was inserted intrathecally through an
incision in the cisternal membrane and advanced 7–9 cm
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caudal until the tip of the catheter was positioned at the lumbar
spinal level (L5 to L6). The other end of the intrathecal tubing
was sutured to the musculature and skin at the incision site and
externalized to the back of the rat.

OXL (Tocris Biosci) was dissolved in a 5% glucose solu-
tion at a final concentration of 2 mg/mL. Acute neurotoxicity
was induced in rats by a single injection (i.p.) of OXL
(6 mg/kg), and mechanical and cold hypersensitivity were
fully developed 3 days after its injection (Duan et al. 2018).
Control rats received the same volume of i.p. injection of
glucose vehicle.

After the end of OXL injection, miR-155 inhibitor (5′AAU
UAC GAU UAG CAC UAU CCC CA-3′) and its scramble
for negative controls (2 μg, Biomics Biotech, Nantong,
China) were given by intrathecal injection each day for 5
consecutive days. NOX1/4 inhibitor GKT137831 (2 μg,
Cayman Chem) and TRPA1 inhibitor HC030031 (2 μg,
SigmaCo.) were given by individual intrathecal injection each
day for 5 consecutive days. In each experiment, a Hamilton
microsyringe (250μL) was connected to the intrathecal tubing
to make 100 μL of delivery using a syringe pump over 20 min
(5 μL/min; Model Elite, Harvard Apparatus Co.).

Behavioral Test

To quantify the mechanical sensitivity of the hindpaw, rats were
placed in individual plastic boxes and allowed to acclimate for >
30 min. Mechanical paw withdrawal threshold (PWT) of rat
hindpaw in response to the stimulation of von Frey filaments
wasdetermined.AseriesofcalibratedvonFreyfilaments (ranging
from0.4 to18g;BioSebCo.,Vitrolles,France;modelBio-VF-M)
were appliedperpendicularly to theplantar surfaceof thehindpaw
with an appropriate force to bend the filaments until paw with-
drew.Note that the filamentswere bent for 5–10 s in our protocols
and in general, they can be bent sufficiently for ~ 60 s. In the
presence of a response, the filament of next lower force was ap-
plied. In the absence of a response, the filament of next greater
forcewas applied. To avoid injury during tests, the cutoff strength
of thevonFrey filamentwas18g.The tactile stimulusproducinga
50% likelihood of withdrawal was determined using the Bup-
down^ method (Chaplan et al. 1994). Each trial was repeated 2
times at approximately 2-min intervals. Themean valuewas used
as the force produced a withdrawal response.

To examine cold sensitivity, Thermal Place Preference System
(Coulburn Instruments) was used to perform the thermal place
preference test in order to assess a cold avoidance behavior. Two
connecting metal plates were surrounded by a plastic enclosure.
The first plate was kept at neutral temperature (25 °C), and the
second plate was kept at cold temperature (12 °C). The test was
performed in darkness and each session lasted 3 min. During the
session, the rats were left free to explore both plates. The time
spentonthecoldplateduring theentire sessionwasrecordedusing
an infrared camera connected to a computer to determine cold

avoidance behavior. Thus, cold sensitivity was expressed as per-
centage time spent on the cold plate over 3min (time on cold plate
(seconds)/180 s×%). Tobetter control behavior test, the ratswere
repeatedly placed on the apparatus with both plates held at room
temperature (25 °C) during 3 min 2 days before the beginning of
the experiment. Note that rats spent an equal amount of time on
eachplateunder these conditions, suggesting that animals showed
no place preference. Also, to avoid learning or any place prefer-
enceunrelated tocold, the temperaturesof theplateswere inverted
between two consecutive sessions. Two trials were performed for
each of dosages and data were averaged. Note that the animal
experiments were conducted blindly in this report to prevent ex-
perimentalbias. Inall thebehavioral tests, theexperimenterhadno
knowledge about the treatments that the rats had received.

Real-time PCR

The lumbar spinal cord (L5 and L6) was removed and the dorsal
horn tissues were obtained under an anatomical microscope. The
tissues were processed for the extraction of total RNA (RNeasy
Mini Kit; Qiagen, CA). RT-PCR was performed using the
TaqmanW Universal PCR Master Mix (Applied Biosys). This
mix contains AmpliTaq GoldW DNA Polymerase,
AmpEraseW UNG, ROX passive reference, buffer, and dNTPs,
as well as gene-specific primers for miR-155 gene. In addition,
18 s rRNA (TaqmanW PDAR) was used as an endogenous con-
trol to correct for variations in the samples. RT-PCR was per-
formed in duplicate in 96-well plates containing 2 μL of cDNA.
The thermal conditions of the cycles were 50 °C for 2 min, 60 °C
for30min,and95°Cfor5min,andthiswas followedby40cycles
at 94 °C for 20 s and 62 °C for 60 s. The datawere collected in the
ABI PRISMSDS 7000 thermal cycler. Relative quantification of
target gene expressionwas performedusing the 2-ΔΔCt compar-
ative method, and the threshold cycle value was defined by the
point at which there was a statistically significant detectable in-
crease in fluorescence.

ELISA Measurement

The dorsal horn tissues (L5 and L6) were obtained under an
anatomical microscope. Total protein was extracted by ho-
mogenizing the sample in ice-cold immunoprecipitation assay
buffer with protease inhibitor cocktail kit. The lysates were
centrifuged, and the supernatants were collected for measure-
ments of protein concentrations using a bicinchoninic acid
assay reagent kit. The levels of 8-iso PGF2α and 8-OHdG
were examined using an ELISA assay kits (Promega Co.
and Abcam Co.) according to the provided description.
Briefly, polystyrene 96-well microtitel immunoplates were
coated with affinity-purified rabbit primary antibodies.
Parallel wells were coated with purified rabbit IgG for evalu-
ation of nonspecific signal. After overnight incubation, plates
were washed. Then, the diluted samples and 8-iso PGF2α/8-
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OHdG standard solutions (100 pg/mL–100 ng/mL) were dis-
tributed in each plate. The plates were washed and incubated
with anti-8-iso PGF2α/8-OHdG galactosidase. Then, the
plates were washed and incubated with substrate solution.
After incubation, the optical density was measured at
575 nm using an ELISA reader.

Western Blot Analysis

The dorsal horn tissues (L5 and L6) were removed and total
protein was extracted and measured. After being denatured,
the supernatant samples containing 20 μg of protein were
loaded onto gels and electrically transferred to a
polyvinylidene fluoride membrane. The membrane was incu-
bated with respective primary antibodies (at 1:500): rabbit
anti-Nrf2 (Cat# ab137550, Abcam), anti-NQO1 (Cat#
ab34173, Abcam), anti-NOX1 (Cat# ab131088, Abcam)/an-
ti-NOX2 (Cat# ab31092, Abcam)/anti-NOX3 (Cat# ab93388,
Abcam)/anti-NOX4 (Cat# ab154244, Abcam), and anti-
TRPA1 (Cat#NB110-40763, Novus Bio). The membranes
were washed and incubated with an alkaline phosphatase–
conjugated anti-rabbit secondary antibody (1:1000). The im-
munoreactive proteins were detected by enhanced chemilumi-
nescence. The bands recognized by the primary antibody were
visualized by exposure of the membrane onto an x-ray film.
The membrane was stripped and incubated with anti-β-actin
to show equal loading of the protein. Then, the film was
scanned and the optical densities of primary antibodies and
β-actin bands were determined using the NIH Scion Image
Software. Values for densities of immunoreactive bands/β-
actin band from the same lane were determined. Each of the
values was then normalized to a control sample.

Statistical Analysis

All data were analyzed using one-way measures analysis of
variance. Tukey’s post hoc analyses were used to determine
differences between groups. For all analyses, differences were
considered significant at P < 0.05. Values were presented as
means ± standard error of mean. All statistical analyses were
performed by using SPSS for Windows version 13.0 (SPSS
Inc.).

Results

The Changes of miR-155 After OXL Intervention

In the present study, a single intraperitoneal injection of OXL
was used to induce mechanical and cold hypersensitivity in
rats (Fig. 1A) and then, we examined the time course for
changes of miR-155 after OXL intervention. Figure 1 B
shows a stabilized increase in the levels of miR-155 of the

dorsal horn 3–5 days after the beginning of OXL intervention.
Based on this result, the time point of day 5 was selected for
intrathecal injection miR-155 inhibitor and its scramble, and
NOX4 and TRPA1 antagonists for the rest of the experiments.

In addition, we examine the effectiveness of miR-155 in-
hibitor used in this study. As compared with scramble, intra-
thecal administration of miR-155 inhibitor attenuated the
levels of miR-155 (Fig. 1C, P < 0.05, inhibitor vs. scramble;
n = 6–8 in each group).

Effects of miR-155 Inhibition on Mechanical and Cold
Sensitivity

PWT appeared to be less in OXL rats than that in control rats
2–5 days after injection of OXL (Fig. 2A). This figure also
demonstrates that PWTwas increased 2 days after injection of
miR-155 inhibitor in OXL rats, and the effects were observed
while miR-155 inhibitor was given for 3–5 days (P < 0.05,
OXL rats vs. OXL rats with inhibitor). As compared with
miR-155 inhibitor, its scramble did not alter PWT in OXL rats
(P > 0.05, OXL rats vs. OXL rats with scramble). In addition,
Fig. 2 B shows that OXL injection significantly decreased
percentage time spent on the cold plate as compared with
controls 2–5 days after OXL. Application of miR-155 inhib-
itor increased percentage time spent on the cold plate in OXL
rats (P < 0.05, OXL rats vs. OXL rats with inhibitor).
Likewise, miR-155 inhibitor scramble had no distinct effects
on percentage time spent on the cold plate in OXL rats
(P > 0.05, OXL rats vs. OXL rats with scramble).

Effects of miR-155 Inhibition on Nrf2-ARE and NOXs

We also examined the protein levels of Nrf2 and Nrf2-
regulated NQO1 as well as NOXs in the dorsal horn.
Figure 3 A and B show that the protein expression levels of
Nrf2 and Nrf2-regulated NQO1 were decreased in the dorsal
horn of OXL rats (P < 0.05, OXL rats vs. control rats; n = 8–
12 in each group). In contrast, the protein levels of NOX4 in
the dorsal horn of OXL rats were upregulated (P < 0.05, OXL
rats vs. control rats; n = 8 in each group) as shown in Fig. 3C
but no significant differences in NOX1, NOX2, and NOX3
were observed in control rats and OXL rats, i.e., expression of
NOX1, NOX2 and NOX3 (normalized toβ-actin) was 1.15 ±
0.12, 1.09 ± 0.10, and 1.12 ± 0.13 in the dorsal horn of OXL
rats; and 1.01 ± 0.10, 0.97 ± 0.12, and 1.05 ± 0.15 in the dorsal
horn of control rats (P > 0.05, OXL vs. control for each
NOXs; n = 6–10 in each group). In addition, Fig. 3 A–C dem-
onstrate that miR-155 inhibitor, but not its scramble, improved
impairment of Nrf2-NQO1 and attenuated upregulation of
NOX4 (P < 0.05, miR-155 inhibitor vs. scramble group; n =
6–12 in each group).
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Levels of Oxidative Stress Products

We further examined products of oxidative stress in the dorsal
horn ofOXL rats and control rats as shown inFig. 3D.This figure
demonstrates that 8-iso PGF2α and 8-OHdG were increased in
the dorsal horn of OXL rats as compared with control rats
(P < 0.05, OXL vs. controls; n = 15 in each group). As miR-155
inhibitor was given by intrathecal injection, increases of 8-iso
PGF2α and 8-OHdG were attenuated in OXL rats (n = 16).
Note that miR-155 inhibitor scramble had no effects on increases
of8-isoPGF2α/8-OHdGin thedorsalhornofOXLrats (P > 0.05,
OXL rats with scramble/n = 10 vs. OXL rats/n= 15).

Effects of Blocking NOX4 and TRPA1 on Mechanical
and Cold Sensitivity

Inordertodetermineengagementofoxidativestress–TRPA1signal
pathwaysintheeffectsofmiR-155,weexaminedifblockingspinal
NOX4orTRPA1canattenuatehypersensitivityofmechanicaland
coldstimulationinducedbyOXL.Figure4AandBshowthatOXL
decreased PWTand decreased percentage time spent on the cold
plate2–5daysafterOXL.AsGKT137831orHC030031wasgiven
by intrathecal injection, decreases in PWT and percentage time
spent on the cold plate were largely recovered in OXL rats
(P < 0.05,OXLratsvs.OXLratswithGKT137831orHC030031).
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Effects of Blocking NOX on Oxidative Stress Products
and TRPA1 Expression

Figure 4 C demonstrates that intrathecal infusion of
GKT137831 attenuated increases of both 8-iso PGF2α and
8-OHdG in the dorsal horn in OXL rats (P < 0.05, OXL rats
vs. OXL rats with inhibitor; n = 12 in each group). In addition,
Fig. 4 D shows that OXL upregulated protein expression of
TRPA1 receptors in the dorsal horn and intrathecal adminis-
tration of GKT137831 significantly attenuated amplification
of TRPA1 induced by OXL (P < 0.05, OXL rats/n = 12 vs.
OXL rats with inhibitor/n = 8).

Discussion

In general, miRNAs play a fundamental role in cellular biol-
ogy. They are critical modulators for a wide range of cellular
processes including development, differentiation, prolifera-
tion, metabolism, and apoptosis (Ambros 2004; Bartel
2004). miRNAs are small ~ 22 nucleotide RNA sequences

that regulate the expression of protein-coding mRNA se-
quences, often targeting numerous proteins within a particular
network or pathway. miRNA targeting is achieved when they
are guided to the 3′-UTR of mRNA sequences, where partial
or exact complementary base pairing of the miRNA results in
degradation or translational inhibition of the target mRNA
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molecules. Each miRNA is anticipated to bind to more than
200 mRNA target sequences, and as a result, overexpression
and/or inhibition of a single miRNA can have a wide effect on
cellular function (Chekulaeva and Filipowicz 2009; Winter
et al. 2009).

Major efforts have focused on understanding howmiRNAs
are induced in the cell, with an overall aim to reveal their
effects on targeted proteins and understanding which
miRNAs or panels of miRNAs are dysregulated in disease
or under pathophysiological conditions (Ambros 2004;
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Bartel 2004; Chekulaeva and Filipowicz 2009; Winter et al.
2009). In the similar way, the purpose of our current study was
to determine the role played by miR-155 in regulating oxida-
tive insult which induces neuropathic pain during intervention
of OXL. Thus, we examined the protein expression of NOX4
and further examined the levels of oxidative products 8-iso
PGF2α/8-OHdG in the dorsal horn of OXL rats. Our results
demonstrated that NOX4 is likely to be targeted by miR-155
since intrathecal administration of miR-155 inhibitor attenu-
ated the protein levels of NOX4 expression. In addition, Nrf2-
ARE is one of targeted signal pathways by miR-155 since we
showed that impairment of Nrf2-ARE signal was restored by
miR-155 inhibitor. These results are consistent with the find-
ings reported by recent studies, suggesting the effects of miR-
155 on oxidative damage through Nrf2mechanisms in various
tissues (Chen et al. 2019; Qiu and Zhang 2018; Yang et al.
2018). Taken together, it is speculated that NOX4 and Nrf2
genes are likely targeted by miR-155 for exaggerating oxida-
tive stress.

The role of oxidative stress in chemotherapy-induced pe-
ripheral neuropathy has been studied. As a non-specific ROS
scavenger, N-tert-butyl-α-phenylnitrone was reported to in-
hibit the development of chemotherapy-induced mechanical
hypersensitivity (Fidanboylu et al. 2011). In particular, the
antioxidant compound silibinin was reported to attenuate the
development and maintenance of OXL-induced mechanical
and thermal hypersensitivity (Di Cesare Mannelli et al.
2012). In addition, the painful peripheral neuropathy induced
by OXL was prevented by the antioxidant effects of flavo-
noids rutin and quercetin in the dorsal horn (Azevedo et al.
2013). Nonetheless, impairment of mitochondrial and cellular
endogenous antioxidant pathways in the peripheral nerves has
been observed after diverse chemotherapy including OXL
(Waseem et al. 2018). In our current study, we showed that
OXL impaired expression of Nrf2-NQO1 in the dorsal horn.
Of note, we further demonstrated the effectiveness of intrathe-
cal administration of miR-155 inhibitor and then miR-155
inhibitor improved impairment of this antioxidant signal path-
ways after OXL intervention and this thereby attenuated me-
chanical allodynia and cold hyperalgesia.

In addition to antioxidants and/or free radical scavengers, it
is interesting to determine the effects of decreasing ROS gen-
eration on OXL-induced mechanical and cold hypersensitivi-
ty. One source of ROS production is the enzyme family of
NOX. The rodent genome encodes four genes that contain
the catalytic NOX subunit, namely NOX1, NOX2, NOX3,
and NOX4 (Altenhofer et al. 2012). This electron-
transferring subunit is constitutively inactive in resting cells
and generates ROS only upon activation, e.g., after noxious
stimuli (Salvemini et al. 2011). While NOX2 activation is
predominantly associated with innate immunity–mediated
host defense and NOX1 with blood pressure control and re-
lated vascular mechanisms (Gavazzi et al. 2006; Lam et al.

2010), NOX4 was shown highly expressed under stress con-
ditions in the central nervous system (Suzuki et al. 2012).
Evidence has also identified activation of NOX4 as a causa-
tive factor that contributes to inflammation or neuropathic
pain in the nervous system (Kallenborn-Gerhardt et al.
2012). In the current study, we determined levels of NOX1,
NOX2, NOX3, and NOX4 in the dorsal horn of OXL rats. We
observed that NOX4 was upregulated after injection of OXL.
Moreover, intrathecal administration of miR-155 inhibitor at-
tenuated upregulation of NOX4 in the dorsal horn.

It is noted that TRPA1 has a functional role in regulating
pain and neurogenic inflammation resulting from channel ac-
tivation to a variety of compounds (Andersson et al. 2008;
Sawada et al. 2008). TRPA1 appears in peripheral and central
nervous systems and is engaged in the development of me-
chanical hypersensitivity and painfully cold temperatures
(Kwan et al. 2006; Story et al. 2003). Additional studies fur-
ther indicate that TRPA1 mediates mechanical and cold hy-
persensitivity induced by chemotherapeutic agents (Nassini
et al. 2015; Zhao et al. 2012). Thus, we examined the role of
TRPA1 in the engagement of the effects of OXL on oxidative
stress in the dorsal horn. We found that blocking NOX4 or
TRPA1 in the dorsal horn attenuated mechanical and cold
hypersensitivity in OXL rats and blocking NOX4 also atten-
uated expression of TRPA1 in the dorsal horn, suggesting
OXL-oxidative stress signal activates TRPA1.

Our current data showed that OXL amplified expression of
TRPA1 in the dorsal horn. Interestingly, intrathecal injection
of GKT137831 attenuated upregulation of TRPA1. The ef-
fects of GKT137831 were linked to the inhibitory effects of
NOX4 on products of oxidative stress 8-iso PGF2α and 8-
OHdG because we observed that intrathecal injection of
GKT137831 also decreased those oxidative stress products
in the dorsal horn. Of note, ROS are considered as endoge-
nously generated molecule mediators during oxidative stress
and/or inflammation and TRPA1 is responding to ROS

�Fig. 4 Effects of blocking NOX and TRPA1 on mechanical and cold
sensitivity. (A): PWT was less in OXL rats than that in control rats 2–
5 days after injection of OXL. Intrathecal injection of GKT137831 atten-
uated decreases of PWT in OXL rats. Likewise, HC030031 also attenu-
ated decreases of PWT evoked by OXL. (B): showing that % time spent
on the cold plate was less in OXL rats as compared with control rats 2–
5 days after injection of OXL. GKT137831 and HC030031 attenuated the
effects of OXL. *P < 0.05, OXL rats vs. control rats; #P < 0.05, OXL rats
vs. OXL rats with GKT137831 or HC030031. The number of rats in each
group is also shown. (C): OXL amplified the levels of oxidative products
8-iso PGF2α and 8-OHdG in the dorsal horn. As GKT137831 was given
via intrathecal injection, increases of 8-iso PGF2α and 8-OHdG were
attenuated. *P < 0.05, OXL rats (n = 12) vs. control rats (n = 10) and
OXL rats with GKT137831 (n = 12). (D): the protein levels of TRPA1
were amplified in the dorsal horn tissues of OXL rats and intrathecal
administration of GKT137831 decreased upregulation of TRPA1 in the
dorsal horn of OXL rats. *P < 0.05, OXL rats (n = 12) vs. control rats
(n = 8) and OXL rats with GKT137831 (n = 8)
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(Andersson et al. 2008; Sawada et al. 2008). Thus, it is well
reasoned that increases of 8-iso PGF2α and 8-OHdG induced
by OXL upregulated TRPA1 expression in the dorsal horn in
the current study.

Accumulated studies have suggested that a variety of
miRNAs play critical roles in regulating pain processing with-
in experimental models and clinical pain disorders (Andersen
et al. 2014). It has been reported that miR-203 is involved in
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regulating neuropathic pain development through targeting
Rap1a and its downstream signal pathways MEK/ERK (Li
et al. 2015). miR-21 is increased by nerve injury, and inhibi-
tion of miR-21 attenuates neuropathic pain in a rat model
(Sakai and Suzuki 2013). Increased miR-195 by peripheral
nerve injury aggravates neuropathic pain by inhibiting autoph-
agy (Shi et al. 2013). A recent study suggests that inhibition of
miR-155 decreases the levels of IL-1β, IL-6, and TNF-α in
the dorsal horn in a rat neuropathic pain model of chronic
constriction injury (Tan et al. 2015). Consistent with these
findings, we demonstrated that OXL amplifies miR-155 ex-
pression in the dorsal horn of rats and miR-155 inhibitor can
attenuate OXL-enhanced NOX4-TRPA1 signal pathways
leading to improvement of neuropathic pain. Nonetheless,
more investigations are warranted to delineate the networks
of miRNAs in regulating neuropathic pain development.

The neuronal cells in the spinal dorsal horn express
TRPA1, and intracellular miRNAs are key regulators of gene
expression (Park et al. 2014; Tai et al. 2008). In involvement
of pain, extracellular miRNAs play a role in neuronal activa-
tion and sensory behaviors via toll-like receptor-7 (TLR7) and
its coupling to TRPA1 ion channel (Park et al. 2014).
Specifically, inhibition of miR-155 in the spinal cord dimin-
ished mechanical allodynia and thermal hyperalgesia in rats
with chronic constriction injury (Tan et al. 2015). In addition,
overexpression of NOX4 is observed in the neuronal and
microglial cells after the spinal cord injury (Bermudez et al.
2016; Im et al. 2012). Both changes of Nrf2 and NQO1 are
found in the neuron after the spinal cord injury (Li et al. 2016;
Liu et al. 2018). Nonetheless, we observed that downregulated
Nrf2-NQO1 and amplified NOX4-TRPA1 at the spinal level
are engaged in neuropathic pain induced by OXL in the cur-
rent study. Inhibition of miR-155 at the spinal cord levels
improves neuropathic pain via those signal mediators.
Deletion of miR-155 in the primary sensory neurons is also
an interesting target to improve neuropathic pain after the
spinal cord injury (Gaudet et al. 2016).

Although OXL increased TRPA1 expression in the dorsal
horn likely through NOX4, it should be noted that some oxi-
dative stress products are known to activate and/or increase
other signal mediators rather than TRPA1. For example, the
previous findings demonstrate that accumulation of extracel-
lular oxidative protein products stimulates NOX-dependent
ROS production, which activate extracellular signal-
regulated kinase (ERK)1/2 and p38 mitogen-activated protein
kinase (MAPK), and thereby induce cell apoptosis by activat-
ing Caspase 3 and poly(ADP-ribose) polymerase (PARP)-1
(Ding et al. 2017; Sun et al. 2016).

In conclusion, OXL impairs Nrf2-antioxidant response and
Nrf2-regulated NQO1 in the dorsal horn of rats whereas OXL
can amplify NOX4. This process thereby leads to increases of
products of oxidative stress 8-iso PGF2α and 8-OHdG in the
dorsal horn. Intrathecal administration of miR-155 inhibitor

improves impaired antioxidant response and exaggerated ox-
idative stress signal and thereby attenuates mechanical
allodynia and cold hyperalgesia. OXL also increases expres-
sion of TRPA1 in the dorsal horn. Inhibition of oxidative
stress signal by intrathecal injection of NOX1/4 blocker atten-
uates TRPA1 expression with decreasing 8-iso PGF2α and 8-
OHdG and thereby attenuates allodynia and cold hyperalgesia
induced by OXL. We have revealed specific signal pathways
of miR-155 engagement in amplified products of oxidative
stress and upregulation of TRPA1 in the dorsal horn of rats
with mechanical allodynia and cold hyperalgesia after OXL
intervention. Overall, our data suggest that inhibition of miR-
155 has potential benefits in preventing neuropathic pain de-
velopment during OXL intervention.
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