
Pain Medicine

ANESTHESIOLOGY, V 132   •   NO 2 FEbruArY 2020 343

aBSTRacT
Background: Available treatments for neuropathic pain have modest 
efficacy and significant adverse effects, including abuse potential. Because 
oxidative stress is a key mechanistic node for neuropathic pain, the authors 
focused on the master regulator of the antioxidant response—nuclear factor 
erythroid 2-related factor 2 (NFE2L2; Nrf2)—as an alternative target for neu-
ropathic pain. The authors tested whether dimethyl fumarate (U.S. Food and 
Drug Administration-approved treatment for multiple sclerosis) would activate 
NFE2L2 and promote antioxidant activity to reverse neuropathic pain behav-
iors and oxidative stress-dependent mechanisms.

Methods: Male Sprague Dawley rats, and male and female wild type and 
Nfe2l2-/- mice were treated with oral dimethyl fumarate/vehicle for 5 days 
(300 mg/kg; daily) after spared nerve injury/sham surgery (n = 5 to 8 per 
group). Allodynia was measured in von Frey reflex tests and hyperalgesia in 
operant conflict-avoidance tests. Ipsilateral L4/5 dorsal root ganglia were 
assayed for antioxidant and cytokine/chemokine levels, and mitochondrial 
bioenergetic capacity.

Results: Dimethyl fumarate treatment reversed mechanical allodynia (inju-
ry-vehicle, 0.45 ± 0.06 g [mean ± SD]; injury-dimethyl fumarate, 8.2 ± 
0.16 g; P < 0.001) and hyperalgesia induced by nerve injury (injury-vehi-
cle, 2 of 6 crossed noxious probes; injury-dimethyl fumarate, 6 of 6 crossed;  
P = 0.013). The antiallodynic effect of dimethyl fumarate was lost in nerve-in-
jured Nfe2l2-/- mice, but retained in nerve-injured male and female wild 
type mice (wild type, 0.94 ± 0.25 g; Nfe2l2-/-, 0.02 ± 0.01 g; P < 0.001). 
Superoxide dismutase activity was increased by dimethyl fumarate after nerve 
injury (injury-vehicle, 3.96 ± 1.28 mU/mg; injury-dimethyl fumarate, 7.97 ± 
0.47 mU/mg; P < 0.001). Treatment reduced the injury-dependent increases 
in cytokines and chemokines, including interleukin-1β (injury-vehicle, 13.30 
± 2.95 pg/mg; injury-dimethyl fumarate, 6.33 ± 1.97 pg/mg; P = 0.022). 
Injury-impaired mitochondrial bioenergetics, including basal respiratory 
capacity, were restored by dimethyl fumarate treatment (P = 0.025).

conclusions: Dimethyl fumarate, a nonopioid and orally-bioavailable drug, 
alleviated nociceptive hypersensitivity induced by peripheral nerve injury via 
activation of NFE2L2 antioxidant signaling. Dimethyl fumarate also resolved 
neuroinflammation and mitochondrial dysfunction—oxidative stress-depen-
dent mechanisms that drive nociceptive hypersensitivity after nerve injury.
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ediTOR’S PeRSPecTiVe

What We Already Know about This Topic

• Oxidative stress is an important driver of neuropathic pain
• Dimethyl fumarate activates nuclear factor erythroid 2-related fac-

tor 2, increasing the expression of multiple antioxidant genes

What This Article Tells us That Is New

• Using a rat model of nerve injury, both male and female animals 
displayed reduced mechanical and nociceptive sensitization when 
given dimethyl fumarate

• Dimethyl fumarate administration increased superoxide dismutase 
activity while decreasing cytokine expression and improving mito-
chondrial bioenergetics

Neuropathic pain, caused by nervous system lesion or 
disease, has an estimated prevalence of 7 to 10% in the 

general population, and is a tremendous burden to the econ-
omy and to the patient’s quality of life.1,2 Pharmacologic 
treatment of such pain relies primarily upon monoamine 
reuptake inhibitors, anticonvulsant agents, and opioids.3 
These drugs have only modest efficacy and are also plagued 
by adverse effects and risk for misuse and abuse.3,4 Several 
strategies have been proposed to realize new and nonaddic-
tive treatments for chronic pain, including development of 
drugs that target endogenous pain resolution mechanisms 

and that simultaneously modify multiple pathophysiologi-
cal mechanisms that underlie pain.5,6

Drugs that target oxidative stress may meet these chal-
lenges. In rodent models of peripheral neuropathic pain, 
reactive oxygen species are elevated in dorsal root ganglia 
neurons and in glia and immune cells.7–9 Reactive oxygen 
species promote hyperexcitability of dorsal root ganglia 
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neurons via several mechanisms, including disrupted mito-
chondrial bioenergetics, which impairs energy production 
and ion homeostasis and leads to spontaneous activity and 
degeneration of nociceptors.7 These reactive species also 
indirectly induce neuronal hyperexcitability by promoting 
expression of neuroinflammatory mediators (e.g., activa-
tion of nuclear factor κ-light-chain-enhancer of activated 
B cells).7,8,10,11 Therefore, restoring redox balance has the 
potential to resolve multiple pain mechanisms.

There have been many attempts to pharmacologically 
control oxidative stress in chronic pain states; to date, none 
are in clinical use. Supplementation of individual antioxi-
dants has not only failed due to unfavorable pharmacoki-
netics and pharmacodynamics, but also because numerous 
antioxidants are required to restore homeostasis by collab-
oratively catabolizing reactive oxygen species.7,8 For this 
reason, we have focused on the transcription factor nuclear 
factor erythroid 2-related factor 2 (NFE2L2; Nrf2). Under 
physiologic conditions, NFE2L2 is sequestered in the cyto-
sol by Kelch-like ECH associated-protein 1 (Keap1) and 
ubiquitinated for degradation. However, oxidants and elec-
trophiles trigger release of NFE2L2 from Keap1, transloca-
tion to the nucleus, and binding to the antioxidant response 
element that initiates transcription of more than 200 anti-
oxidant-related genes.12,13 Thus, NFE2L2 is an attractive 
therapeutic target to stimulate endogenous production of 
the multiple antioxidants required to simultaneously detox-
ify a range of reactive oxygen species.

Investigation of the disease-modifying potential of NFE2L2 
activation for neuropathic pain is limited. NFE2L2 activators 
sulforaphane and cobalt protoporphyrin are antinociceptive in 
several rodent models of neuropathic pain.14–19 To date, these 
agents have not been clinically translated, and there has been little 
investigation of the therapeutic effects on known pain mech-
anisms. Here, we evaluated the therapeutic actions of dimethyl 
fumarate in the rat spared nerve injury model of peripheral neu-
ropathic pain. Dimethyl fumarate—approved by the U.S. Food 
and Drug Administration and the European Medicines Agency 
for treatment of relapsing-remitting multiple sclerosis20,21— 
activates NFE2L2 by disrupting the NFE2L2–Keap1 com-
plex.22,23 We hypothesized that dimethyl fumarate would reverse 
spared nerve injury–induced nociceptive hypersensitivity and 
attendant mitochondrial dysfunction and neuroinflammation 
in an NFE2L2-dependent manner. The primary outcome was 
mechanical allodynia, while the secondary outcomes were 
mechanical hyperalgesia and biochemical measures.

Materials and Methods
Animals

Pathogen-free adult male Sprague Dawley rats (10 weeks 
old on arrival; Envigo, USA) were used. Rats were housed 
two to three per cage in a light- and temperature-con-
trolled room (12:12-h light-dark cycle, lights on at 7:00 am)  
with food and water available ad libitum. Pretreatment weights 

ranged from 309 to 342 g. Male and female (10 to 14 weeks 
old) wild type and Nfe2l2-/- mice on a C57BL/6J genetic 
background (Jackson Laboratory, USA) were housed (five 
per cage) and bred at The University of Texas MD Anderson 
Cancer Center (Houston, Texas). The animal facility is patho-
gen-free and accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care. Pretreatment 
weights ranged from 19 to 26 g. To detect a reversal of von 
Frey threshold from 0.4 to 4 g with a SD of 0.41 g, a two-
tailed power calculation indicated that n = 5 rats per group 
would be sufficient with Type I error set at 0.05 and the 
power at 90%. The expected variance for biochemical out-
comes is smaller, and therefore a group size of 5 rats would 
be sufficient for these measures as well. The rats were ran-
domly assigned to groups using a random number genera-
tor (GraphPad, USA). No animals were excluded from this 
study for any reason. All procedures were approved by the 
MD Anderson Cancer Center Institutional Animal Care and 
Use Committee and conformed to the National Academy of 
Science Guide for the Care and Use of Laboratory Animals.

Spared Nerve Injury Surgery
Spared nerve injury surgery was performed as described 
for rats24 and mice,25 leaving the sural nerve intact, under 
inhaled isoflurane anesthesia (2 to 4% volume in 1 l · min−1 
oxygen). The surgical plane of anesthesia was verified by 
areflexia. Ophthalmic ointment was applied to the eyes 
before surgery commenced. Identical procedures were used 
for sham surgery, but the nerves were not ligated or tran-
sected. Naïve rats were left undisturbed in their home cages. 
Animals were monitored postoperatively until fully ambu-
latory before return to their home cage. All surgeries took 
place between 9:00 am and 2:00 pm. Postoperative analge-
sia was not provided so as not to confound the endpoints 
under study.

Drug Administrations

Dimethyl fumarate (Sigma-Aldrich, USA) was suspended in 
methylcellulose (viscosity 15 cP, 2% w · v-1 in water; ACROS, 
Belgium) and administered by oral gavage. In our prelim-
inary experiment, rats received escalating daily doses of 
dimethyl fumarate (days 1 and 2, 30 mg · 5 ml-1 · kg-1; days 3 
and 4, 100 mg · 5 ml-1 · kg-1; days 5 to 7, 300 mg · 5 ml-1 · kg-1)  
beginning 14 days after spared nerve injury/sham surgery. In 
all subsequent experiments, rats and mice were administered 
dimethyl fumarate for 5 days (300 mg · 5 ml-1 · kg-1; once per 
day), beginning 14 days after spared nerve injury/sham sur-
gery. Dosing took place from 8:00 to 10:00 am. Trigonelline 
(Cayman Chemical, USA) was suspended in methylcellulose 
and administered to rats by oral gavage for 5 days (300 mg · 
5 ml-1 · kg-1; twice per day), beginning 14 days after spared 
nerve injury/sham surgery. Dosing took place from 8:00 to 
10:00 am and 4:00 to 6:00 pm. Equivolume methylcellulose 
(2% w · v-1) was used as vehicle control for both drugs. An 
independent investigator dosed the rats in order to maintain 
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blinding to treatment groups for the other investigators who 
performed the behavioral testing and assays.

Mechanical Allodynia

Testing was conducted blind with respect to group assign-
ment. Rats received at least three 60-min habituations to 
the test environment before behavioral testing. Rodents 
were placed in a small plexiglass enclosure on a mesh stand. 
The von Frey test26 was performed as described previously 
for rats27,28 and mice,29 between 2 and 4 h of dosing and 
finishing before 12:00 pm. The behavioral responses were 
used to calculate absolute threshold (the 50% probability of 
response) by fitting a Gaussian integral psychometric func-
tion using a maximum-likelihood fitting method.30,31

Mechanical Conflict-avoidance

Voluntary aversion to a noxious stimulus was assessed using 
a commercial three-chambered apparatus, the Mechanical 
Conflict-Avoidance System (Noldus, USA). The apparatus 
presents rats with a choice in responding to two aversive 
stimuli—either to remain exposed to an aversive bright light 
in one chamber or to escape the light by crossing a middle 
chamber having a floor covered by a dense array of sharp 
probes, in order to reach a dark, safe chamber. Longer laten-
cies to escape the light chamber indicate increased motiva-
tion to avoid the probes, and this escape latency is currently 
the most common measure of pain-related behavior in this 
test. We performed the operant mechanical conflict-avoid-
ance test32 on rats with modifications as recently described 
in detail.33 Naïve rats were used in the control group, as we 
have previously shown that this assay is highly sensitive to 
postoperative pain after sham surgery.33 The test was per-
formed during 2 days, with each day consisting of three 
300-s trials. Testing was performed between 8:00 am and 
2:00 pm. In each trial: (1) a rat was placed inside the light 
chamber with the lid closed, the light off, and the exit door 
closed; (2) after 20 s the light was turned on; (3) after 15 s 
the exit door was opened when (or if) the rat faced the exit; 
(4) the rat freely explored all three chambers in the appara-
tus for 300 s; (5) the rat was returned to its home cage; and 
(6) the device was thoroughly cleaned with 70% ethanol 
and distilled water in preparation for the next trial. On day 
1 (the third day of drug treatment), the probe height was 
set to 0 mm for all three trials. On day 2 (the fourth day of 
drug treatment), the probe height was set to 0 mm for the 
first trial, and then raised to 4 mm for the second and third 
trials. Data are presented as the latency to enter the dark 
compartment during the third trial on day 2.

Tissue Collection

Within 4 h of the final dose on day 5, rats were deeply 
anaesthetized with Beuthanasia-D (approximately 100 mg/
kg pentobarbital, 13 mg/kg phenytoin [intraperitoneal]; 
Merck, USA) and then perfused with ice-cold saline. The 

ipsilateral lumbar dorsal root ganglia (L4/5) were then iso-
lated. For immunohistochemistry, the saline perfusion was 
followed by ice-cold 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4).

Immunohistochemistry

L4/5 dorsal root ganglia were postfixed in 4% paraformal-
dehyde overnight at 4°C. Tissues were cryoprotected step-
wise in 15%, 22%, and 30% sucrose in 0.1 M phosphate 
buffer, supplemented with 0.01% sodium azide (Sigma-
Aldrich). After freeze-mounting in optimal cutting tem-
perature compound (Sakura Finetek, USA), tissues were 
serially sectioned at 10 µm across 10 slides. Each slide con-
tained five sections per dorsal root ganglia so that 10 sec-
tions, per animal, were analyzed. Sections were incubated 
with blocking buffer (2% bovine serum albumin [Sigma-
Aldrich], 5% normal goat serum [Abcam, USA], and 0.1% 
saponin [Sigma-Aldrich] in phosphate buffered saline) 
overnight at 4°C. Primary antibodies were added after 
washing and incubated at 4°C for 21 h. Subsequently, sec-
tions were washed, then incubated with secondary antibod-
ies for 2 h at room temperature. Primary antibodies used 
were anti-NFE2L2 antibody (1:500; rabbit polyclonal IgG; 
Abcam) and anti–activating transcription factor 3 (ATF3) 
antibody (1:500; mouse monoclonal IgG1; Santa Cruz 
Biotechnology, USA). Secondary antibodies used were 
goat antirabbit antibody and donkey antimouse antibody 
(1:500; ThermoFisher Scientific, USA). Fluorescent photo-
micrographs were captured using an SPE Leica Confocal 
Microscope (Leica Microsystems, USA) and an Olympus 
BX53 microscope with a mercury lamp (U-HGLGPS; 
Olympus Corporation, Japan). Sections were analyzed 
using LAS X software (Leica) and cellSens imaging soft-
ware (Olympus).

Western blotting

Nuclear fractions from ipsilateral L4/5 dorsal root ganglia 
of each rat were isolated with a NE-PER Nuclear and 
Cytoplasmic Extraction Kit (ThermoFisher Scientific), 
according to manufacturer instructions. Western blot-
ting was performed as previously described.28,34,35 In brief, 
extracted nuclear proteins were subjected to NuPAGE 
Bis-Tris (4 to 12%) gel electrophoresis under reducing 
conditions (ThermoFisher Scientific) and then electropho-
retically transferred to nitrocellulose membranes (Bio-Rad, 
USA). Nonspecific binding sites on the membrane were 
blocked with Superblock buffer containing 0.1% Tween-20, 
0.05% Tris-Chloride, and 0.03% 5 M NaCl for 1 h at 22° to 
24°C. Membranes were subsequently incubated overnight 
at 4°C with primary anti-NFE2L2 antibody (1:1,000; rab-
bit polyclonal IgG; Abcam) and antihistone H3 antibody 
(1:2,000; rabbit polyclonal IgG; Abcam) (loading control) 
in blocking buffer containing 0.1% Tween-20. The mem-
branes were then washed with phosphate buffered saline 
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containing 0.1% Tween-20, and probed with horseradish 
peroxidase secondary antibody (1:5,000; goat polyclonal 
IgG; Jackson ImmunoResearch, USA) in blocking buffer 
containing 0.1% Tween-20 for 1 h at 22° to 24°C. After 
washing with phosphate buffered saline containing 0.1% 
Tween-20, membranes were developed with enhanced 
chemiluminescent substrate (ThermoFisher Scientific), and 
scanned on an ImageQuant LAS 4,000 mini (GE, USA). 
Densitometry analysis was performed using ImageQuant 
TL software (GE). Data were normalized to loading control 
(histone H3).

real-time Polymerase Chain reaction 

Total RNAs were extracted using TRIzol (ThermoFisher 
Scientific) from the dorsal root ganglia tissues. One µg 
RNA was used for reverse transcription with iScript 
Reverse Transcription Supermix (Bio-Rad). Real-time 
polymerase chain reaction was carried out in a final vol-
ume of 20 μl with iTaq Universal SYBR Green Supermix 
(Bio-Rad) containing 2 μl of five times diluted cDNA and 
monitored by CFX Connect Real-Time PCR Detection 
System (Bio-Rad). The following cycling parameters were 
used: 95°C for 3 min, 40 cycles of 95°C for 5 s, and 60°C for 
30 s. Primer sequences are reported in Supplemental Digital 
Content 1 (http://links.lww.com/ALN/C136). The level 
of the target mRNA was quantified relative to the house-
keeping gene (Gapdh) using the ΔΔC

T
 method. Gapdh was 

not significantly different between treatments.

Assay Kits

Dorsal root ganglia were dissociated with a mortar and pes-
tle in tissue extraction reagent supplied with protease and 
phosphatase inhibitors as previously described.27,28 Assay kits 
for glutathione (703002; Cayman Chemical, USA) (detec-
tion range, 0.25 to 16 μM) superoxide dismutase (706002; 
Cayman Chemical) (detection range, 0.005 to 0.050 U/ml),  
DNA/RNA oxidative damage (589320; Cayman Chemical) 
(detection range, 10.3 to 3,000 pg/ml), interleukin-1 β (IL-
1β) (RLB00; R&D Systems, USA) (detection range, 5 to 
2,000 pg/ml), tumor necrosis factor (TNF) (RTA00; R&D 
Systems) (detection range: 5 to 800 pg/ml), and C-C motif 
chemokine ligand 2 (CCL2) (ab100778; Abcam) (detection 
range, 24.67 to 18,000 μM), were used according to manu-
facturer instructions. Results were normalized to total pro-
tein levels (Bradford protein assay).

Mitochondrial bioenergetics

Analysis of mitochondrial bioenergetics was performed in 
dissociated dorsal root ganglia neurons using the Seahorse 
assay as previously described.29,36 Oxygen consumption rate, 
including basal respiration, adenosine triphosphate–linked 
respiration, proton leak, and maximal respiratory capac-
ity, were determined as described previously by subtract-
ing nonmitochondrial respiration.29 Total protein levels 

quantified using standard Bradford protein assay in each 
well were used to normalize each oxygen consumption rate 
value.

Statistics

The Shapiro–Wilk test was performed to increase confi-
dence that the data were normally distributed, while the 
Grubbs’ test indicated that there were no outliers in our 
dataset. Mechanical allodynia was analyzed as the interpo-
lated 50% thresholds (absolute threshold). Where appro-
priate, one-way ANOVAs or unpaired t tests were used to 
confirm that there were no baseline differences in absolute 
thresholds between treatment groups. Differences between 
treatment groups were determined using repeated mea-
sures two-way or three-way ANOVA, followed by Tukey 
post hoc tests, where appropriate. For the mechanical conflict 
avoidance assay, the rats were divided into two groups: those 
that entered the dark compartment at any time during the 
300-s trial and those that did not. Data were analyzed using 
chi-square tests. For biochemical assays, data were analyzed 
either by unpaired t tests or by two-way ANOVA followed 
by Tukey post hoc tests, as appropriate. Analyses were per-
formed using Prism 8 (GraphPad). Complete statistical 
methods, comparisons, and results (F-statistics, P values, and 
95% CI) are presented in Supplemental Digital Content 2 
(http://links.lww.com/ALN/C137). There were no miss-
ing data. Results are expressed as mean ± SD. P < 0.05 was 
considered statistically significant.

Results
Effects of Dimethyl Fumarate on reflex and Operant 
Nociceptive Measures

We assessed the antinociceptive effect of oral dimethyl fuma-
rate treatment on established pain-related behaviors induced 
by spared nerve injury. In a preliminary experiment, cumu-
lative dose escalation of dimethyl fumarate was evaluated 
to identify an effective dose. Dimethyl fumarate attenuated 
spared nerve injury–induced allodynia (time × treatment: F

6, 

36
 = 2.79; P = 0.025; time, F

3, 36
 = 2.45; P = 0.079; treatment, 

F
2, 36

 = 166.9; P < 0.001). Post hoc analyses revealed that this 
drug was effective at 300 mg/kg, (P = 0.007), but not at 
lower doses (fig. 1A). To confirm the therapeutic efficacy of 
this dose in an independent experiment, dimethyl fumarate 
was administered daily for 5 days, beginning 14 days after 
spared nerve injury or sham surgery. Within 3 days, dimethyl 
fumarate treatment completely reversed mechanical allody-
nia (8.2 ± 0.16 g), compared to vehicle treatment (0.45 ± 
0.06 g), an effect that was maintained until dosing conclu-
sion (fig. 1B; time × injury × treatment, F

4, 80
 = 17.4; P < 

0.001; injury × treatment, F
1, 20

 = 96.6; P < 0.001; time × 
treatment, F

4, 80
 = 28.0; P < 0.001; time × injury, F

4, 80
 = 21.6; 

P < 0.001; treatment, F
1, 20

 = 138; P < 0.001; injury, F
1, 20

 =  
467; P < 0.001; time, F

4, 80
 = 23.5; P < 0.001). In this 
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experiment, we also noted a reduction in body weight in 
the dimethyl fumarate treated group (274 ± 13 g), compared 
to the vehicle treated group (325 ± 9 g; P < 0.001).

The operant mechanical conflict-avoidance test was 
used to further evaluate the antinociceptive properties of 
dimethyl fumarate in a task where mechanical stimulation 
is voluntary. Only two of six rats from the spared nerve 
injury–vehicle group crossed the 4-mm probes and entered 
the dark compartment. In contrast, six of six rats from the 
spared nerve injury–dimethyl fumarate group entered the 
dark compartment; this increased proportion of rats that 
crossed the noxious probes was statistically significant com-
pared to the spared nerve injury–vehicle group (P = 0.013) 
(fig. 1C). At 0 mm (i.e., probes absent), all rats entered the 
dark compartment within 15 s (data not shown).

NFE2L2 Activation by Dimethyl Fumarate in Dorsal root 
Ganglia 

To determine whether dimethyl fumarate could acti-
vate NFE2L2 in the dorsal root ganglia as predicted 
(that is, induce nuclear translocation), we next examined 
NFE2L2 colocalization with the nuclear stain 4′,6-diamid-
ino-2-phenylindole using immunohistochemistry (injury 
× treatment, F

1, 22
 = 7.01; P = 0.015; injury, F

1, 22
 = 0.428;  

P = 0.520; treatment, F
1, 22

 = 72.07; P < 0.001). Dimethyl 
fumarate treatment increased the proportion of NFE2L2+ 
nuclei in both the sham (51 NFE2L2+ nuclei of 81 total 
nuclei ± 22 of 29; P < 0.001) and spared nerve injury 
groups (60 of 125 ± 17 of 52; P = 0.002), compared to the 
sham-vehicle group (18 of 114 ± 10 of 34) (fig. 2A). We 
found that the proportion of NFE2L2+ nuclei increased in 
the sample nerve injury–vehicle group (22 of 102 ± 8 of 34) 
compared to sham-vehicle was not statistically significant  
(P = 0.538). Representative photomicrographs are pre-
sented in figure 2B.

We also measured NFE2L2 protein levels in the nuclear 
extracts using Western blotting as an orthogonal approach 
(fig. 2, C and D; injury × treatment, F

1, 16
 = 0.35; P = 0.561; 

injury, F
1, 16

 = 0.01; P = 0.966; treatment, F
1, 16

 = 33.0;  
P < 0.001). Post hoc tests showed that dimethyl fumarate 
treatment increased levels of NFE2L2 in the sham group 
(P = 0.002) and spared nerve injury group (P = 0.011). 
NFE2L2 levels were not increased in the spared nerve injury– 
vehicle group, compared to sham-vehicle (P = 0.969). 
Representative blots are presented in figure 2D.

Effects of Dimethyl Fumarate on Antioxidant Expression 
and Activity

Because NFE2L2 activation drives expression of anti-
oxidants, we evaluated the effect of dimethyl fumarate 
treatment on both the expression and activity of two rep-
resentative antioxidants in dorsal root ganglia after spared 
nerve injury: glutathione and superoxide dismutase. These 
antioxidants are responsible for catabolism of superoxide, 

Fig. 1. Effects of dimethyl fumarate treatment on reflexive and 
operant nociceptive measures after spared nerve injury (SNI). (A) 
beginning 14 days after SNI or sham surgery, dimethyl fumarate 
or vehicle was orally administered once per day for 7 days (days 
1 and 2, 30 mg/kg; days 3 and 4, 100 mg/kg; days 5 to 7, 300 mg/
kg). Mechanical allodynia was assessed using the von Frey test. 
SNI-induced allodynia was attenuated by dimethyl fumarate in a 
dose-dependent fashion. n = 4 rats/group. (B, C) beginning 14 
days after SNI or sham surgery, dimethyl fumarate or vehicle was 
orally administered for 5 days (300 mg/kg; once per day). (B) Von 
Frey thresholds for mechanical allodynia. n = 6 rats/group. (C) 
Latency to cross noxious probes and enter the dark compartment 
during the final 300-s mechanical conflict-avoidance test after 4 
days of treatment. n = 5 in the naïve-dimethyl fumarate group, 
n = 6 rats in all other groups. Data are mean ± SD or individual 
data points; *P < 0.05, **P < 0.01, ***P < 0.001.
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hydrogen peroxide and hydroxyl radicals.7 The expression 
of several genes involved in glutathione synthesis and activ-
ity were quantified. Dimethyl fumarate treatment increased 
expression of Gclm (fig.  3A; injury × treatment, F

1, 20
 = 

4.78; P = 0.041; injury, F
1, 20

 = 3.83; P = 0.065; treatment,  
F

1, 20
 = 11.13; P = 0.003) and Gclc (fig. 3B; injury × treat-

ment, F
1, 20

 = 0.26; P = 0.616; injury, F
1, 20

 = 1.65; P = 0.214; 
treatment: F

1, 20
 = 14.0, P = 0.001), which encode subunits 

of glutamate-cysteine ligase (the first rate limiting enzyme 
in glutathione synthesis). The gene encoding glutathione 
reductase, Gsr, which catalyzes the reduction of glutathi-
one disulfide to glutathione sulfhydryl, was not altered by 
dimethyl fumarate treatment (fig. 3C; injury × treatment, 
F

1, 20
 = 0.95; P = 0.341; injury, F

1, 20
 = 0.17; P = 0.687; 

treatment, F
1, 20

 = 1.94; P = 0.179). Gclm, but not Gclc or 
Gsr, was decreased in the spared nerve injury–vehicle group 
compared to sham-vehicle (P = 0.038) (fig.  3, A to C). 
Dimethyl fumarate treatment increased total glutathione 
protein levels in the dorsal root ganglia (4.23 ± 0.49 nmol/
mg protein) compared to spared nerve injury–vehicle (2.81 
± 0.37 nmol/mg protein) (fig. 3D; injury × treatment: F

1, 20
 

= 7.11; P = 0.015; injury, F
1, 20

 = 1.91; P = 0.183; treatment, 
F

1, 20
 = 15.44; P < 0.001). Furthermore, total glutathione 

protein levels were decreased by spared nerve injury com-
pared to sham-vehicle (3.68 ± 0.68 nmol/mg protein;  
P = 0.044) (fig. 3D). There was no effect of dimethyl fuma-
rate in the sham groups.

Dimethyl fumarate treatment rescued expression of Sod1 
(fig. 3E; injury × treatment, F

1, 20
 = 2.80; P = 0.110; injury, 

F
1, 20

 = 8.00; P = 0.010; treatment, F
1, 20

 = 13.82; P < 0.001) 
and Sod2 (fig. 3F; injury × treatment, F

1, 20
 = 10.5; P = 0.004;  

injury, F
1, 20

 = 3.23; P = 0.087; treatment, F
1, 20

 = 27.3;  
P < 0.001), which respectively encode the superoxide dis-
mutase isoforms found in the cytosol and mitochondria 
(fig. 3, E and F). Compared to sham-vehicle, Sod1 (P = 0.022)  
and Sod2 (P = 0.010) levels were both downregulated by 
spared nerve injury (fig. 3, E and F). Activity levels of total 
superoxide dismutase were also restored by dimethyl fuma-
rate treatment (injury-vehicle, 3.96 ± 1.28 mU/mg; inju-
ry-dimethyl fumarate, 7.97 ± 0.47 mU/mg), though enzyme 
activity was not attenuated by spared nerve injury compared 
to sham-vehicle (5.46 ± 1.50 mU/mg) (fig. 3G; injury × 
treatment, F

1, 20
 = 15.19; P < 0.001; injury, F

1, 20
 = 0.33;  

P = 0.573; treatment, F
1, 20

 = 24.72; P < 0.001). Once 
again, there was no effect of dimethyl fumarate in the sham 
groups.

Fig. 2. Nuclear factor erythroid 2-related factor 2 (NFE2L2) activation in lumbar dorsal root ganglia (DrG). (A to D) Ipsilateral L4/5 DrG were 
collected after 5 days of oral dimethyl fumarate treatment (300 mg/kg; once per day) or vehicle, which began 14 days after spared nerve 
injury (SNI)/sham surgery. (A) NFE2L2 and nuclei were immunofluorescently labeled in DrG sections. The number of DAPI-positive nuclei 
colocalized with NFE2L2 are expressed as a percentage of the total number of nuclei in each section. (B) representative fluorescent pho-
tomicrographs are presented (40×). Scale bar = 50 μm. (C) NFE2L2 protein levels were assayed in nuclear extracts using Western blotting. 
blot density (normalized to histone H3 loading control) and relative to the sham-vehicle condition is presented. (D) representative blots are 
presented. Data are mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; DrG from n = 6 rat/group.
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Finally, to test whether dimethyl fumarate treatment 
could attenuate oxidative stress, we examined oxidized 
DNA/RNA. 8-oxoguanine and 8-oxo-2-deoxyguanonsine 
are common nucleic acid lesions induced by reactive oxy-
gen species. Dimethyl fumarate treatment reduced DNA/
RNA oxidation (0.89 ± 0.02 ng/mg protein) compared 
to spared nerve injury–vehicle (1.14 ± 0.05 ng/mg pro-
tein) (fig. 3H; injury × treatment, F

1, 20
 = 5.04; P = 0.036; 

injury, F
1, 20

 = 2.91; P = 0.104; treatment, F
1, 20

 = 13.44;  
P = 0.002). Spared nerve injury nonstatistically significantly 
increased DNA/RNA oxidation compared to sham-vehi-
cle (0.98 ± 0.11 ng/mg protein; P = 0.051). There was no 
effect of dimethyl fumarate in the sham group compared to 
sham-vehicle.

role of NFE2L2 in the Antinociceptive Effects of 
Dimethyl Fumarate

The next experiments aimed to determine whether acti-
vation of the NFE2L2 antioxidant pathway mediated the 
antinociceptive effects of dimethyl fumarate. First, we 
administered the NFE2L2 inhibitor trigonelline together 
with dimethyl fumarate.37 Trigonelline prevented the 
reversal of allodynia induced by dimethyl fumarate (8.05 
± 0.21 g), compared to dimethyl fumarate treatment alone 
(0.46 ± 0.17 g) (fig. 4A; time × treatment, F

4, 40
 = 18.33;  

P < 0.001; time, F
2.541, 25.41

 = 20.53; P < 0.001; treatment:  
F

1, 10
 = 17.19; P = 0.002). Trigonelline did not alter von 

Frey thresholds in the absence of dimethyl fumarate in the 

sham (F
1.397, 5.587

 = 0.95, P = 0.405) or the spared nerve 
injury conditions (fig.  4A; F

2.583, 10.33
 = 0.28; P = 0.813). 

Compared to dimethyl fumarate treatment alone, trigonel-
line cotreatment also reduced the percentage of NFE2L2+ 
nuclei in the dorsal root ganglia from rats with spared nerve 
injury (fig. 4B). Representative photomicrographs are pre-
sented in figure 4C.

Next, we administered dimethyl fumarate to wild type 
and Nfe2l2-/- male and female mice, beginning 7 days after 
spared nerve injury when allodynia is fully established in 
this model.25 Dimethyl fumarate treatment failed to reverse 
allodynia in mice lacking Nfe2l2 (0.02 ± 0.01 g), while allo-
dynia was alleviated by the treatment in wild type mice 
(0.94 ± 0.25 g) (fig. 4D; time × treatment, F

4, 56
 = 38.26;  

P < 0.001; time, F
2.607, 36.50

 = 37.85; P < 0.001; genotype,  
F

1, 14
 = 92.70; P < 0.001). In this experiment, we also found 

that allodynia returned several days after the conclusion of 
dimethyl fumarate treatment in wild type mice (fig. 4D). 
There were no baseline differences in von Frey threshold 
between genotypes (P = 0.486). As there were no differ-
ences between the sexes, data were pooled for analysis.

Effects on Injured Dorsal root Ganglia Neurons

Activating transcription factor 3 (ATF3) is a commonly 
used surrogate marker for neuronal damage after peripheral 
nerve injury.38 Strikingly, treatment with dimethyl fuma-
rate reduced the proportion of ATF3+ nuclei in the spared 
nerve injury group (10 ATF3+ nuclei of 102 total nuclei 

Fig. 3. Effects of dimethyl fumarate treatment on antioxidants and oxidized DNA/rNA after spared nerve injury (SNI). Ipsilateral L4/5 dorsal 
root ganglia (DrG) were collected after 5 days of oral dimethyl fumarate (DMF) treatment (300 mg/kg; once per day) or vehicle (Veh), which 
began 14 days after SNI/sham surgery. Messenger rNA (mrNA) expression was quantified for enzymes involved in glutathione synthesis and 
activity (A) Gclm, (B) Gclc, (C) Gsr, (D) as well as total glutathione protein levels. mrNA for superoxide dismutase (SOD) isoforms (E) Sod1,  
(F) Sod2, and (G) total SOD activity were quantified. (H) Levels of 8-oxo-2-deoxyguanonsine (8-oxo-dG)/ 8-oxoguanine (8-oxo-G), a marker of 
DNA/rNA oxidative damage. Data are mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; DrG from n = 6 rats/group.
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± 1 of 30) compared to the spared nerve injury–vehicle 
group (39 of 107 ± 13 of 15) (fig. 5A; injury × treatment, 
F

1, 24
 = 50.50; P < 0.001; injury, F

1, 24
 = 141.3; P < 0.001; 

treatment, F
1, 24

 = 53.88; P < 0.001). In agreement with a 
previous study,39 we found that the percentage of ATF3+ 
nuclei in the dorsal root ganglia was increased by ~38 fold 
after spared nerve injury alone, compared to sham-vehicle 
(1 of 81 ± 1 of 30) and sham-dimethyl fumarate (1 of 118 
± 1 of 24) (P < 0.001) (fig. 5A). Representative photomi-
crographs are presented in figure 5B.

Impact to Mitochondrial bioenergetics in Dorsal root 
Ganglia Neurons

Redox imbalance disrupts mitochondrial bioenergetics, 
which is believed to contribute to neuropathic pain.7,29,40 
Therefore, we investigated whether dimethyl fuma-
rate treatment could restore mitochondrial bioenergetics 

after spared nerve injury in dorsal root ganglia neurons. 
Oxygen consumption rates were measured in cultured 
rat dorsal root ganglia neurons under different conditions 
(fig. 6A). Dimethyl fumarate treatment completely restored 
spared nerve injury–induced deficits in basal respiration 
(fig. 6B; injury × treatment, F

1, 18
 = 5.95; P = 0.025; injury,  

F
1, 18

 = 11.19; P = 0.004; treatment, F
1, 18

 = 3.78; P = 0.068), 
adenosine triphosphate–linked respiration (fig.  6C; injury 
× treatment, F

1, 18
 = 3.71; P = 0.070; injury, F

1, 18
 = 14.18; 

P = 0.001; treatment, F
1, 18

 = 11.58; P = 0.003), maximal 
mitochondrial respiration (fig.  6D; injury × treatment:  
F

1, 18
 = 7.17; P = 0.015; injury, F

1, 18
 = 4.41; P = 0.050; treat-

ment, F
1, 18

 = 4.41; P = 0.017) and spare respiratory capacity 
(fig. 6E; injury × treatment, F

1, 18
 = 5.28; P = 0.034; injury, 

F
1, 18

 = 1.90; P = 0.185; treatment, F
1, 18

 = 5.68; P = 0.028).  
Dimethyl fumarate treatment had no effect in the sham 
group.

Fig. 4. Effects of nuclear factor erythroid 2-related factor 2 (NFE2L2) on antinociceptive effects of dimethyl fumarate. (A) beginning 14 days 
after spared nerve injury (SNI) or sham surgery, the NFE2L2 inhibitor trigonelline (300 mg/kg; twice per day) or vehicle was administered 
together with dimethyl fumarate (300 mg/kg; once per day) or vehicle for 5 days. Von Frey thresholds for mechanical allodynia are presented. 
n = 5 rats in the sham-vehicle-trigonelline and SNI-vehicle-trigonelline groups; n = 6 rats in all other groups (B, C) Ipsilateral L4/5 dorsal root 
ganglia (DrG) were collected after 5 days of oral coadministration of the NFE2L2 inhibitor trigonelline (300 mg/kg; twice per day) or vehicle 
with dimethyl fumarate (300 mg/kg; once per day) or vehicle (Veh), which began 14 days after SNI surgery. NFE2L2 and nuclei were immu-
nofluorescently labeled in DrG sections. (B) The number of 4′,6-diamidino-2-phenylindole (DAPI)-positive nuclei colocalized with NFE2L2 are 
expressed as a percentage of the total number of nuclei in each section. DrG from n = 6 rats/group. (C) representative fluorescent photo-
micrographs are presented (40×). Scale bar = 50 μm. (D) beginning 7 days after SNI surgery, dimethyl fumarate (300 mg/kg; once per day) 
was administered for 5 days to wild type or Nfe2l2-/- male and female mice (n = 4 per sex). Von Frey thresholds for mechanical allodynia are 
presented with data pooled from both sexes. Data are mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 5. Activating transcription factor 3 (ATF3) levels in lumbar dorsal root ganglia (DrG). Ipsilateral L4/5 DrGs were collected after 5 days of 
oral dimethyl fumarate treatment (300 mg/kg; once per day) or vehicle, which began 14 days after SNI/sham surgery. ATF3 and 4′,6-diamid-
ino-2-phenylindole (DAPI) were immunofluorescently labeled in DrG sections. (A) The number of nuclei colocalized with ATF3 are expressed 
as a percentage of the total number of nuclei in each section. (B) representative fluorescent photomicrographs are presented (40×). Data are 
mean ± SD; *P < 0.05, ***P < 0.001; DrG from n = 6 rats/group.

Fig. 6. Effects of dimethyl fumarate treatment on mitochondrial bioenergetics after spared nerve injury (SNI). Ipsilateral L4/5 dorsal 
root ganglia (DrG) were collected and dissociated after 5 days of oral dimethyl fumarate treatment (300 mg/kg; once per day) or 
vehicle, which began 14 days after SNI/sham surgery. (A) A summary of mitochondrial bioenergetics is presented, and (B) basal respi-
ration, (C) adenosine triphosphate (ATP)-linked respiration (response to oligomycin), (D) maximal mitochondrial respiration (response 
to carbonyl cyanide-p-trifluoromethoxyphenylhydrazone [FCCP]), and (E) spare respiratory capacity (difference between maximal and 
basal oxygen consumption rate [OCr]) were quantified. Data are mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; DrG neurons from 
n = 5 rats in the sham-dimethyl fumarate and SNI-dimethyl fumarate groups, n = 6 rats in the sham-vehicle group, and n = 7 rats in 
the SNI-vehicle group.
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Effects on Cytokine mrNA Expression and Protein 
Levels

Proinflammatory cytokines and chemokines are induced 
downstream of reactive oxygen species, and promote dys-
functional synaptic plasticity that drives neuropathic pain.7,10 
We therefore quantified gene expression and protein levels 
of the cytokines IL-1β and TNF, and the chemokine CCL2, 
which have a well-characterized role in neuropathic pain.7,10 
Compared to spared nerve injury–vehicle, treatment with 
dimethyl fumarate reduced expression of Il1b messenger 
RNA (mRNA) (fig. 7A; injury × treatment, F

1, 20
 = 0.35;  

P = 0.559; injury, F
1, 20

 = 15.42; P < 0.001; treatment,  
F

1, 20
 = 17.00; P < 0.001) and levels of IL-1β protein (inju-

ry-vehicle, 13.30 ± 2.95 pg/mg; injury-dimethyl fumarate, 
6.33 ± 1.97 pg/mg) (fig. 7B; injury × treatment, F

1, 16
 = 6.42;  

P = 0.022; injury, F
1, 16

 = 20.6; P < 0.001; treatment,  
F

1, 16
 = 27.8; P < 0.001). Il1b mRNA and IL-1β protein 

were increased after spared nerve injury, compared to sham 
(fig. 7, A to C). Spared nerve injury–induced increases in 
Ccl2 mRNA (fig.  7C; injury × treatment, F

1, 20
 = 6.75;  

P = 0.017; injury, F
1, 20

 = 32.34; P < 0.001; treatment, F
1, 20

 
= 16.03; P < 0.001) and CCL2 protein levels (injury-ve-
hicle, 4.28 ± 0.30 ng/mg; injury-dimethyl fumarate, 2.30 
± 0.47 ng/mg) (fig. 7D; injury × treatment, F

1, 16
 = 43.41;  

P < 0.001; injury, F
1, 16

 = 140.5; P < 0.001; treatment,  
F

1, 16
 = 54.67; P < 0.001) were also alleviated by dimethyl 

fumarate treatment. Tnf mRNA expression was reduced by 
dimethyl fumarate (fig. 7E; injury × treatment, F

1, 20
 = 1.25;  

P = 0.28; injury, F
1, 20

 = 5.70; P = 0.027; treatment,  
F

1, 20
 = 20.53; P < 0.001), but TNF protein was not detected 

in any sample.

discussion
We discovered that dimethyl fumarate is an effective treat-
ment for neuropathic pain behaviors and mechanisms in rats 
and mice. This effect is mediated by activation of NFE2L2 
that can increase expression of antioxidants. Reactive 
oxygen species and their by-products are a key molecu-
lar node for neuropathic pain; they promote excitability in 
pain pathways by directly activating nociceptive neurons, 
impairing mitochondrial bioenergetics, and inducing tran-
scription of proinflammatory cytokines.7,8,10,11 Spared nerve 
injury did not consistently induce redox imbalance among 
the markers that we quantified, which may be a function of 
assay sensitivity and the single timepoint that was assessed. 
Nonetheless, we demonstrated that dimethyl fumarate alle-
viated pain mechanisms that are driven by oxidative stress, 
including injury to dorsal root ganglia neurons (ATF3+), 
disrupted mitochondrial bioenergetics, and increased levels 
of proinflammatory and pronociceptive cytokines.

The beneficial effects of dimethyl fumarate are medi-
ated through activation of NFE2L2, as we showed that the 
antiallodynic effects were lost when the NFE2L2 inhib-
itor trigonelline was coadministered, or when dimethyl 

fumarate was administered to Nfe2l2-/- mice. The activation 
(nuclear translocation) of NFE2L2 by dimethyl fumarate 
was confirmed immunohistochemically and by quantify-
ing protein in nuclear extracts. While the morphology sug-
gests that NFE2L2 is activated in neurons, future studies 
could characterize the cell populations in which NFE2L2 
is activated after dimethyl fumarate treatment. In addition, 
dimethyl fumarate increased the expression and activity 
of antioxidants that are targets of NFE2L2, and decreased 
oxidized RNA/DNA. These data provide converging evi-
dence that activation of NFE2L2, rather than other possible 
mechanisms,42–44 is the major therapeutic target of dimethyl 
fumarate for spared nerve injury.

Dimethyl fumarate treatment attenuated levels of ATF3 
and restored mitochondrial bioenergetics in dorsal root 
ganglia neurons. There is precedent for these effects, as 
dimethyl fumarate was found to promote neuroregenera-
tion after sciatic nerve crush injury,41 and was cytoprotective 
in experimental autoimmune encephalomyelitis mod-
els.23 Future studies could therefore test whether dimethyl 
fumarate attenuates Wallerian degeneration in the spared 
nerve injury model. Restored mitochondrial bioenergetics, 
as found here, may also explain the reduction in injured 
neurons, as mitochondrial dysfunction is noted to cause 
degeneration of primary afferents;40 restored mitochondrial 
function may therefore be upstream of reduced ATF3 levels. 
That treatment was able to reverse existing functional defi-
cits of mitochondria, and possibly neuronal damage, high-
lights the disease-modifying potential of dimethyl fumarate. 
However, these antinociceptive mechanisms may not per-
sist, as allodynia returned when dimethyl fumarate was dis-
continued in mice.

Dimethyl fumarate activated NFE2L2 in the sham-op-
erated animals, but it did not cause a concomitant increase 
in expression or activity of antioxidants. These data suggest 
that despite nuclear translocation of NFE2L2, the antioxi-
dant response element may not be activated due to negative 
regulation. Nerve injury may be required for adequate levels 
of small musculoaponeurotic fibrosarcoma (sMaf) proteins 
that dimerize with NFE2L2 and facilitate DNA bind-
ing.12 The expression of sMaf gene transcripts is increased 
by proinflammatory cytokines45 that are elevated by nerve 
injury.10,11 This could lead to lower sMaf levels in the sham 
condition that reduce the ability for NFE2L2 to dimerize 
and activate the antioxidant response element. BTB domain 
and CNC homolog 1 (Bach1), a transcriptional repressor 
of the promoter region to which NFE2L2 binds,12,13 could 
serve as another regulatory factor. It is possible that Bach1 
displacement is facilitated after peripheral nerve injury to 
allow NFE2L2 binding, which would also account for our 
results. These hypotheses, however, require testing.

Relatedly, our data also reveal that NFE2L2 is only mod-
estly activated in response to spared nerve injury in the absence 
of drug treatment. Why this endogenous resolution mecha-
nism is not engaged in response to the oxidative stress that 
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occurs after peripheral nerve injury remains an open question. 
One explanation could be that total levels of NFE2L2 are 
reduced in the pain neuraxis after peripheral nerve injury, as 
reported by other groups.18,46 However, the mechanisms that 
may underlie downregulation of NFE2L2 require elucidation.

In this study, we restricted our mechanistic investigations 
to the dorsal root ganglia. However, monomethyl fumarate, 
the active metabolite of dimethyl fumarate, is central ner-
vous system–penetrant and likely affects nociceptive signal-
ing in the spinal cord, brainstem, and cortex. In support, 
direct infusion of monomethyl fumarate into the central 
nucleus of the amygdala alleviated vocalizations and neu-
ronal hyperactivity in a mouse model of arthritis.47 Future 
mechanistic studies will therefore be directed toward spi-
nal and supraspinal sites, after systemic administration of 
dimethyl fumarate.

Dimethyl fumarate successfully reversed allodynia in 
wild type mice of both sexes. We also found that dimethyl 
fumarate efficacy was abolished in Nfe2l2-deficient male 
and female mice. These data suggest that the therapeutic 
effects of dimethyl fumarate in the spared nerve injury 
model are gated through NFE2L2 in a sex-independent 
manner. However, a limitation of our study and potential 
source of bias was that the mechanistic experiments used 
only male rats as an economic consideration. A number 
of studies have now identified sex differences in mecha-
nisms that underlie nociceptive hypersensitivity after nerve 
injury, particularly with respect to neuroimmune mecha-
nisms.48–50 Thus, the NFE2L2-dependent antinociceptive 
effects of dimethyl fumarate could be driven by different 
mechanisms in each sex. These questions will be addressed 
in future studies.

Fig. 7. Effects of dimethyl fumarate treatment on expression of proinflammatory cytokines. Ipsilateral L4/5 dorsal root ganglia (DrG) were 
collected after 5 days of oral dimethyl fumarate treatment (300 mg/kg; once per day) or vehicle, which began 14 days after spared nerve 
injury (SNI)/sham surgery. Messenger rNA (mrNA) expression was quantified for (A) Il1b, (C) Ccl2, and (E) Tnf; protein levels for (B) IL-1β and 
(D) CCL2 were assayed. Data are mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001; DrG from n = 6 rats/group. 
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It should be noted that dimethyl fumarate may not be 
well tolerated in some patients. Common adverse effects 
include flushing, abdominal pain, nausea, and diarrhea, 
while leukopenia can occur under rarer circumstances.20 
In a Letter to the Editor, moderate-to-severe articular 
and musculoskeletal pain was reported in three patients 
after dimethyl fumarate treatment for relapsing–remitting 
multiple sclerosis,51 which runs counter to the results pre-
sented in this study. However, the frequency of painful 
adverse effects induced by dimethyl fumarate is unknown 
and needs to be quantitatively surveyed. Furthermore, it 
is not clear if painful effects only occur in patients with 
inflammatory disorders. Future studies could improve the 
tolerability of dimethyl fumarate by refining fumaric acid 
esters to develop new therapeutics with disease-mod-
ifying potential for peripheral neuropathic pain-related 
behaviors and underlying mechanisms.

In summary, we illustrate the ability for oral dimethyl 
fumarate to resolve behavioral signs of peripheral neu-
ropathic pain via activation of NFE2L2, with concom-
itant attenuation of several underlying pronociceptive 
mechanisms. An advantage of dimethyl fumarate is that 
it is already approved for multiple sclerosis by the U.S. 
Food and Drug Administration and European Medicines 
Agency; clinical investigations could commence to 
determine whether dimethyl fumarate can be repur-
posed for disease-modifying treatment of neuropathic 
pain.
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