
The aftermath of sequencing the human genome has birthed many efforts to utilize an 
individual’s genetic information in order to tailor optimal treatment strategies — so-called 
personalized medicine. An individual’s genetic information may eventually help diagnosis and 
treatment, as well selecting optimal pharmacologic agents based partly on how well they reach 
their target, how well they will bind to and produce an effect at their targets, how well they 
will be metabolized, and the profile of their adverse effects. It also appears that clinicians may 
be able to utilize an individual’s genetic information to ascertain a subject’s risk or susceptibility 
of developing a particular medical condition. Although, this has not been widely utilized in 
pain medicine at this point, the future may revolutionize the role of genetic information in the 
evaluation and management of various pain conditions.

One reason for variations in therapeutic outcomes from different pharmacologic pain 
treatments is the different genetic disposition of patient to develop pain or to respond to 
analgesics. The patient’s phenotype may represent a conglomerate of several different genetic 
variants concomitantly present in an individual. Genetic variants may modulate the risk of 
developing a painful condition, or may modulate the perception of pain (e.g. OPRM1 or GCH1 
variants conferring modest “protection” from pain by increasing the tone of the endogenous 
opioid system or decreasing nitric oxide formation). Other genetic polymorphisms may alter 
pharmacokinetic mechanisms (e.g. CYP2D6 related prodrug activation of codeine to morphine), 
alter pharmacodynamic mechanisms (e.g. opioid receptor mutations), or alter other analgesic 
effects (e.g. diminished euphoric effects from opioids potentially due to DRD2 polymorphisms 
decreasing the functioning of the dopaminergic reward system).

This article theorizes that genetic alterations including functional polymorphisms of Nrf2 (a 
master regulator of the transcription of multiple antioxidants) may render certain subjects more 
or less susceptible to developing complex regional pain syndrome after surgery or trauma. If this 
hypothesis is correct, knowing this information may translate into significant and “far-reaching” 
effects on clinical decision-making surrounding the management of pain in patients who may 
be more susceptible to develop complex regional pain syndrome. Furthermore, it could lead to 
the development of novel prevention or intervention strategies, in efforts to prevent, abort, or 
ameliorate the development of and/or effectively treat complex regional pain syndrome.
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Nrf2, antioxidant, oxidative stress, NQO1, ARE, NF-κB.
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The “nature versus nurture” debate has been 
going on for many decades. It appears that 
there is general agreement that both gene-

host and gene-environment interactions may play 
significant roles in contributing to development as well 
as intensity/expression of various medical conditions. 

Additionally, there is a growing appreciation of the 
existence of various genetic functional polymorphisms 
that may significantly affect changes in crucial 
protein/enzyme expression resulting in altered clinical 
outcomes.
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codonalterations (non-synonymous variants) can lead 
to protein misfolding, polarity shift, improper phos-
phorylation, and other functional consequences. Vari-
ants located within non-coding regions of the genome, 
while mostly regarded as non-functional, can impact 
gene regulatory sequences such as promoters, enhanc-
ers, and silencers (11) and are termed regulatory SNPs 
(rSNPs) (12-15). In some cases, a SNP in a transcription 
factor binding site may increase or decrease the bind-
ing between transcription factors and transcription fac-
tor binding sites, leading to allele-specific gene expres-
sion (8). Thus, functional rSNPs in TF binding sites may 
predictably lead to differences in gene expression and 
phenotypes, and ultimately affect susceptibility to envi-
ronmental exposure (8). 

There are multiple instances where genetic varia-
tions may potentially modulate pain sensitivity/per-
ception and/or analgesic responsiveness. There are 
substantial individual differences in human responses 
to painful stimuli and to opiate drugs some of which 
are attributed to genetic variations in the mu-opi-
oid receptor (OPRM1). Shabalina et al (16) provide 
evidence for an essential role for MOR-1K isoforms in 
nociceptive signaling and suggest that genetic varia-
tions in alternative OPRM1 isoforms may contribute 
to individual differences in opiate responses. Huang 
and colleagues (17) suggested an association between 
the IVS2+31G > A SNP of the OPRM1 gene and pres-
sure pain sensitivity in healthy adult females. Ginosar 
and colleagues (18) demonstrated increased opioid re-
quirements for alfentanil in patients with the A118G 
SNP, who self-administered a higher dose, achieved 
higher plasma concentration, and yet complained of 
more severe pain, suggesting that A118G SNP impairs 
the analgesic response to opioids. Single-nucleotide 
polymorphism (A118G) in exon 1 of OPRM1 gene 
causes alteration in downstream signaling by mu-opi-
oid receptor (e.g. altered regulation of protein kinase 
A [PKA] and ERK½) and may contribute to the genetic 
risk for addiction. Walter and Lötsch (19) performed 
a meta-analysis and found no consistent association 
between OPRM1 118A>G genotypes and most of the 
phenotypes in a heterogeneous set of 8 clinical stud-
ies. This indicates that despite initially promising re-
sults, available evidence of the clinical relevance of the 
OPRM1 118A>G polymorphism is not supported by a 
meta-analysis (19). 

GTP cyclohydrolase (GCH1), recently implicated in 
shaping pain responses in rodents and humans, regu-
lates production of g(R)-L-erythro-5,6,7,8-tetrahydro-

The Endogenous Antioxidant System

The endogenous antioxidant system (EAS) consists 
of a number of proteins or peptides (e.g., enzymes) and 
small molecules (e.g., vitamins C and E) that maintain 
the reducing environment of the body (1). Classical 
antioxidant enzymes, including superoxide dismutase 
(SOD), catalase, and glutathione peroxidase (GPx) di-
rectly scavenge reactive oxygen species (ROS) and pre-
vent ROS-initiated reactions (1). Additionally, 2 bio-
logically important small thiol-containing compounds, 
glutathione (GSH) and thioredoxin (Trx), are involved 
in antioxidant defense by serving as substrates for anti-
oxidant enzymes such as GPx and Trx peroxidase in re-
dox cycles (1). The ratio of GSH to GSH disulfide (2GSH:
GSSG) has been regarded as a parameter of cellular re-
dox status (1). Trx is located in the inner mitochondrial 
membrane where it scavenges ROS, and is also known 
to activate mitochondrial antioxidants such as SOD2 (2). 
Overexpression of Trx or exogenous administration of 
Trx enhanced protective effects against oxidative stress 
and inflammation (3,4). Phase 2 detoxifying enzymes 
contribute to biosynthesis/ recycling of thiols or facili-
tate excretion of oxidized, reactive secondary metabo-
lites (e.g., quinones, epoxides, aldehydes, peroxides) 
through reduction/conjugation reactions during xe-
nobiotic detoxification (e.g. glutathione-S-transferase 
[GST] isozymes, and NADP(H):quinone oxidoreductase 
[NQO1]). Also, stress response proteins such as heme ox-
ygenase (HO)-1 and heavy (FTH) and light (FTL) chains 
of ferritin are cytoprotective against various oxidant or 
pro-oxidant insults (5,6).

SNPs

There exists significant variation in the human ge-
netic material of different individuals. Single nucleotide 
polymorphisms (SNPs) are exceedingly common poly-
morphisms and appear to contribute to approximately 
90% of genetic variation (7). For every 100 – 300 base 
pairs in the human genome one SNP seems to occur. This 
yields roughly over 11 million SNPs which are identified 
by the National Center for Biotechnology Information 
(NCBI) SNP database (dbSNP 127) in the human popula-
tion with over 5 million validated by multiple investi-
gators (8). This should result in approximately 165,000 
SNPs within the 20,000 – 25,000 estimated genes whose 
coding regions vocer approximately 1.5% of the human 
genome (9,10). 

SNPs that affect gene expression occur in all re-
gions of the genome. SNPs located within the coding 
region of genes, including those that cause amino acid 
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biopterin (BH4), an essential cofactor for the synthesis 
of dopamine, serotonin, and nitric oxide (20). Tegeder 
et al (21) discovered a haplotype associated with re-
duced ratings of experimental pain stimuli in normal 
volunteers, and a favorable outcome with regard to 
long-term pain reduction in patients that underwent 
lumbar disc surgery. In another study, Tegeder and 
colleagues (22) showed that carriers of the particular 
GCH1 haplotype addressed in this study had higher 
thresholds to punctuate mechanical pain (von Frey 
hairs) following local skin inflammation (18.1±11.3 vs 
9±2.8g; P=0.005) and, to a lesser degree to heat pain 
following capsaicin sensitization (35.2±0.99 vs 36.6±2.4 
degrees C; P=0.026). However, Kim and Dionn (23) 
failed to replicate significant associations between the 
same GCH1 genomic variants and pain responses, both 
in assessment of experimental pain and in a postopera-
tive third-molar dental pain model. Campbell et al (20) 
analyzed the association of five previously identified 
GCH1 SNPs with ratings of pain induced by topical high 
concentration (10%) capsaicin applied to the skin of 39 
healthy human volunteers. Each of the GCH1 polymor-
phisms was associated with lower pain ratings. When 
combined, 3 of the 5 accounted for a surprisingly high 
35% of the inter-individual variance in pain ratings 
(20). Campbell and colleagues (20) concluded that SNPs 
of the GCH1 gene may profoundly affect the ratings of 
pain induced by capsaicin.

Diatchenko et al (24) suggested that the val( 158) 
met SNP plays a primary role in variation in temporal 
summation of pain, but that other SNPs of the COMT 
haplotype may exert a greater influence on resting 
nociceptive sensitivity. Treister et al (25) studied 30-bp 
repeat in the promoter region of the monoamine oxi-
dase-A gene (MAO-A), 40-bp repeat in the 3’-intrans-
lated region of the dopamine transporter gene (DAT-
1), and 48-bp repeat in the exon 3 of the dopamine 
receptor 4 gene (DRD4) and found significant associa-
tions between cold pain tolerance and DAT-1 (P=0.008) 
and MAO-A (P=0.024) polymorphisms; suggesting that 
low dopaminergic activity can be associated with high 
pain sensitivity and vice versa. 

Furthermore, there are numerous examples of 
rSNPs associated with disease susceptibility, including 
hypercholesterolemia (26), hyperbilirubinemia (27, 28), 
myocardial infarction (29), acute lung injury (30), and 
asthma (8, 31).

CRPS

Complex regional pain syndrome (CRPS) is one of 
the most mysterious and challenging pain syndromes 
facing clinicians. The old label reflex sympathetic dys-
trophy (RSD) was changed to CRPS in 1994 at a con-
sensus workshop in Orlando, Florida (32,33). The new 
name and diagnostic criteria was codified by the Inter-
national Association for the Study of Pain (IASP) task 
force on taxonomy (Table 1) (34). The new diagnostic 
entity of CRPS was intended to be descriptive, general, 
and not imply any specific etiology (including any di-
rect role for the sympathetic nervous system), since the 
pathophysiology of CRPS remains uncertain (35).

A factor analysis that was conducted in a series of 
123 CRPS patients indicated that signs and symptoms 
of CRPS actually clustered into four statistically distinct 
subgroups (36). The first of these subgroups is a unique 
set of signs and symptoms indicating abnormalities in 
pain processing (e.g., allodynia, hyperalgesia) (35). Skin 
color and temperature changes, which are indicative 
of vasomotor dysfunction, characterize the second sub-
group (35). Edema and sudomotor dysfunction (e.g., 
sweating changes) combined to form a third subgroup. 
A fourth subgroup included motor and trophic signs 
and symptoms (35). Clinical Diagnostic Criteria were 
endorsed by an invitation-only workshop which met in 
Budapest, Hungary in the fall of 2003 (summarized in 
Table 2).

Although, the mechanisms contributing to CRPS 
are not known, it is conceivable that ROS may contrib-
ute to CRPS pathophysiology. Free radical scavengers, 
N-acetyl-L-cysteine and 4-hydroxy-2, 2, 6, 6-tetrameth-
ylpiperidine, reduce signs of hyperalgesia and allo-

Table 1. IASP diagnostic criteria for complex regional pain 
syndrome (CRPS).*  

1. �The presence of an initiating noxious event, or a cause of 
immobilization

2. �Continuing pain, allodynia, or hyperalgesia in which the pain is 
disproportionate to any known inciting event

3. �Evidence at some time of edema, changes in skin blood flow, or 
abnormal sudomotor activity in the region of pain (can be a sign 
or symptom)

4. �This diagnosis is excluded by the existence of other condi-
tions that would otherwise account for the degree of pain and 
dysfunction 

* If seen without “major nerve damage” diagnose CRPS I; if seen in 
the presence of “major nerve damage” diagnose CRPS II.
Not required for diagnosis; 5–10% of patients will not have this.
Adapted from Merskey and Bogduk, 19949 (34)
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dynia in animal models of CRPS (37). Clinically, topical 
treatment with 50% dimethyl sulfoxide cream can be 
effective in decreasing the hypoxia-related production 
of free oxygen radicals (38). Coderre et al (39) found 
that ROS may contribute to CRPS pathophsyiology uti-
lizing an ischemia-reperfusion animal model of CRPS, 
(chronic post-ischemia pain [CPIP]), however, this model 
has been criticized as not being an ideal animal model 
correlate of human CRPS (40).

In a double-blind, prospective, multicenter trial, 
416 patients with 427 wrist fractures were randomly al-
located to treatment with placebo or treatment with 
200, 500, or 1,500 mg of vitamin C daily for 50 days. The 
effects of gender, age, fracture type, and cast-related 
complaints on the occurrence of CRPS were analyzed 
(41). Three hundred and seventeen patients with 328 
fractures were randomized to receive vitamin C, and 99 
patients with 99 fractures were randomized to receive a 
placebo. The prevalence of CRPS was 2.4% (8 of 328) in 
the vitamin C group and 10.1% (10 of 99) in the placebo 
group (P = 0.002); all of the affected patients were el-
derly women. Analysis of the different doses of vitamin 
C showed that the prevalence of CRPS was 4.2% (4 of 
96) in the 200-mg group (relative risk, 0.41; 95% CI, 0.13 
to 1.27), 1.8% (2 of 114) in the 500-mg group (relative 
risk, 0.17; 95% CI, 0.04 to 0.77), and 1.7% (2 of 118) 
in the 1500-mg group (relative risk, 0.17; 95% CI, 0.04 
to 0.75). Early cast-related complaints predicted the 

development of CRPS (relative risk, 5.35; 95% CI, 2.13 
to 13.42) (41). Zollinger et al concluded that vitamin C 
reduces the prevalence of CRPS after wrist fractures. A 
daily dose of 500 mg for 50 days is recommended (41).

CRPS and Oxidative Stress

Eisenberg and his colleagues (42) demonstrated 
very large increases in malondialdehyde, lactic dehydro-
genase, and cellular antioxidants (peroxidase, superox-
ide dismutase, and uric acid) in the serum, and especial-
ly in the saliva, of 31 CRPS-I patients versus 21 healthy 
volunteers. Malondialdehyde (MDA) is produced when 
the phospholipids of cell membranes are damaged by 
reactive oxygen species; it is a widely accepted marker 
for oxidative stress. Serum lipid peroxidation products 
(MDA) and all antioxidative parameters analyzed were 
significantly elevated in CRPS-I patients: median salivary 
peroxidase and superoxide dismutase (SOD) activity val-
ues, uric acid (UA) concentration, and total antioxidant 
status (TAS) values were higher in CRPS-I patients by 
150% (P = 0.01), 280% (P = 0.04), 60% (P = 0.0001), and 
200% (P = 0.0003), respectively, as compared with con-
trols (42). Lactic dehydrogenase levels are also known 
to increase in the presence of oxidative stress. Median 
salivary albumin concentration and median salivary 
LDH activities in the patients were 2.5 times (P = 0.001) 
and 3.1 (P = 0.004) times higher than in the controls 
(42). The collective data support the concept that free 

Table 2. Proposed clinical diagnostic criteria for CRPS.

General definition of  the syndrome:
CRPS describes an array of painful conditions that are characterized by a continuing (spontaneous and/or evoked) regional pain that is seem-
ingly disproportionate in time or degree to the usual course of any known trauma or other lesion. The pain is regional (not in a specific nerve 
territory or dermatome) and usually has a distal predominance of abnormal sensory, motor, sudomotor, vasomotor, and/or trophic findings. The 
syndrome shows variable progression over time.

To make the clinical diagnosis, the following criteria must be met:
1. Continuing pain, which is disproportionate to any inciting event
2. Must report at least one symptom in 3 of the 4 following categories:
    Sensory: Reports of hyperesthesia and/or allodynia
    Vasomotor: Reports of temperature asymmetry and/or skin color changes and/or skin color asymmetry
    Sudomotor/Edema: Reports of edema and/or sweating changes and/or sweating asymmetry
    �Motor/Trophic: Reports of decreased range of motion and/or motor dysfunction (weakness, tremor, dystonia) and/or trophic changes (hair, 

nail, skin)
3. Must display at least one sign at time of evaluation in 2 or more of the following categories:
    �Sensory: Evidence of hyperalgesia (to pinprick) and/or allodynia (to light touch and/or temperature sensation and/or deep somatic pressure 

and/or joint movement)
    Vasomotor: Evidence of temperature asymmetry (>1°C) and/or skin color changes and/or asymmetry
    Sudomotor/Edema: Evidence of edema and/or sweating changes and/or sweating asymmetry
    �Motor/Trophic: Evidence of decreased range of motion and/or motor dysfunction (weakness, tremor, dystonia) and/or trophic changes (hair, 

nail, skin)
4. There is no other diagnosis that better explains the signs and symptoms

For research purposes, diagnostic decision rule should be at least one symptom in all 4 symptom categories and at least one sign (observed at 
evaluation) in 2 or more sign categories (ref 35).
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radicals are involved in the pathophysiology of CRPS-I, 
which is reflected both in serum and salivary analyses 
(42).

The increased levels of endogenous antioxidants 
almost certainly represent a compensatory response 
to the oxidative stress. Nitric oxide levels in fluids as-
pirated from artificial suction blisters, which occurred 
in the affected limb of patients with CRPS-I were sig-
nificantly lower, as compared to blisters in the con-
tralateral healthy limb (43). Free radicals, in turn, can 
increase vascular permeability, release neuropeptides 
(i.e. substance P), enhance inflammation, and cause 
further tissue damage (44,45). Multiple clinical trials 
have shown that the free radical scavengers, dimeth-
ylsulfoxide (DMSO), N-acetylcysteine (NAC), vitamin C, 
and mannitol, can reduce signs and symptoms of CRPS-I 
(38,46-50). Taken together, Coderre and Bennett (51) 
concluded that these data provide unequivocal evi-
dence that oxidative stress is present in CRPS-I patients. 
The data confirm a large amount of indirect evidence 
for the presence of oxidative stress in CRPS-I patients 
and strengthen the rationale for the use of antioxi-
dants and free radical scavengers in the treatment and 
prevention of CRPS-I (51).

Coderre et al (39) have proposed that at least some 
CRPS-I patients may have ongoing chronic, deep tissue 
inflammation due to microvascular pathology caused 
by ischemia–reperfusion injury. Their hypothesis comes 
from the work on an animal model of CRPS-I, chronic 
postischemic pain (CPIP) (39), where an ischemia–re-
perfusion (I-R) injury to the hind paw is produced by 
placing a tourniquet around the anesthetized animal’s 
ankle for 3 hours. Prolonged ischemia leads to the ac-
cumulation of oxidases, enzymes that produce free 
radicals (39). The return of oxygenated blood upon re-
perfusion results in the production of a burst of free 
radicals (superoxide, hydrogen peroxide, hydroxyl radi-
cal, perhydroxyl radical, singlet oxygen, and peroxyni-
trite anion) that causes an I-R injury to the endothelial 
cells of the microvasculature (i.e., the capillaries, arteri-
oles, and venules) (39).

Coderre and colleagues (52) provided evidence for 
the slow-flow/no-reflow effect in the hind paw muscles 
of CPIP rats and for the I-R evoked arterial hypersensi-
tivity to norepinephrine (similar to CRPS) (53-54). Addi-
tionally, they have detected elevated levels of malondi-
aldehyde in the hind paw muscles (52) and have shown 
that the animal’s pain hypersensitivity is reduced by 
free radical scavengers and antioxidant therapy (39).

Additional Support for the 
Antioxidant Vitamin C Having 
Therapeutic Utility in CRPS

A 5-year-old female with clinical and radiographic 
evidence of scurvy developed features of CRPS 2 years 
after a left ankle fracture which improved with the ad-
ministration of vitamin C (55).

Zollinger and colleagues (56) performed 32 arthro-
plasties for first carpometacarpal arthritis in 27 patients 
using a cementless total trapeziometacarpal joint pros-
thesis; a surgery that may be complicated by CRPS. In all 
their patients Vitamin C 500 mg daily was started 2 days 
before surgery and continued for 50 days. There were 
no cases of CRPS under vitamin C prophylaxis (56).

Besse et al (57) studied all patients (except patients 
with diabetes mellitus) having surgery on the foot or 
ankle in 2 groups, without (Group I) and with (Group 
II) 1 gm daily of preventative oral vitamin C treatment. 
420 feet (from 392 patients) were included in the study: 
185 in Group 1, and 235 in Group II. CRPS I occurred in 
18 cases in Group I (9.6%) and 4 cases in Group II (1.7%) 
(P <0.001) (57). Besse and colleagues (57) concluded 
that vitamin C is effective in preventing CRPS I of the 
foot and ankle since it was not an infrequent complica-
tion in their control group (9.6%).

Nrf2

Nuclear factor-erythroid 2 related factor 2 (Nrf2) is 
an ubiquitous master transcription factor that regulates 
antioxidant response element (ARE)-mediated expres-
sion of antioxidant enzyme and cytoprotective proteins 
(58, 59). Nrf2 belongs to the “cap’n collar” (CNC)-basic 
region/leucine zipper (bZIP) transcription factor fam-
ily (58, 59). In the cytoplasm of unstressed cells, Kelch-
like ECH associating protein 1 (Keap1) is a cytoplasmic 
cysteine rich, actin bound protein that sequesters Nrf2 
from activating factors by binding to the N-terminal 
Neh2 domain (59). Oxidative stress leads to activation 
of Nrf2 by phosphorylational mediation via several pro-
tein kinase pathways resulting in Keap1⋅ Nrf2 dissocia-
tion, Nrf2 nuclear translocation, and binding of Nrf2 to 
the cis-acting ARE (60).

Nrf2 must form a heterodimer with other bZIP 
transcription factors such as small Maf (58), c-Jun (61), 
activating transcription factor (ATF)-4 (62), c-Fos, or Fra-
1 (63) for ARE binding and target gene expression. Co-
activator proteins CREB binding protein (CBP)/p300 and 
ARE-binding protein-1 are presumed to interact with 
Nrf2·Maf to regulate ARE-dependent gene expression 
(64). Certain small Maf genes (e.g., mafG, mafF) ap-
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pear to be essential for the activation of antioxidant 
response element-dependent genes (65). Katsuoka and 
colleagues (66) demonstrated that mafG is itself an ARE-
dependent gene that is regulated by an Nrf2/small Maf 
heterodimer and suggested the presence of an auto-
regulatory feedback pathway for mafG transcriptional 
regulation. Katsuoka et al (65) developed triple-mutant 
fibroblasts that completely lack small Mafs which were 
highly susceptible to oxidate stress.

The Nrf2⋅Maf complex binds to the consensus se-
quence 5_GTG-ACNNNGC-3’ (known as aARE) to induce 
transcription of ARE-bearing detoxifying enzymes such 
as NAD(P)H:quinone oxidoreductase, certain gluta-
thione-S-transferases, and γ-glutamate cysteine ligase 
regulatory subunit, as well as classical antioxidant en-
zymes (e.g., catalase and superoxide dismutase) and 
heme oxygenase-1 (67,68). NRF2, thus, appears to be 
an essential regulatory element in response to oxidant 
injury (69).

Bach 1, the negative regulator of Nrf2, competes 
with Nrf2 for binding to the ARE in the human NQO1 
promoter. Antioxidants induced phosphorylation of 
tyrosine486 which leads to rapid nuclear export of 
Bach1 that slows Nrf2 access to bind to ARE and ac-
tivate/upregulate defensive genes that protect cells 
against oxidative and eletrophilic stress (70). Leucine 
zipper transcription factor 1 is a transcription repres-
sor that is conserved and ubiquitously expressed in tis-
sues (71-74). In the absence of cellular stress, Bach1 
heterodimers with small Maf proteins that bind to the 
ARE repressing defensive gene expression (71,72,75). 
There appears to be a competetitive interplay between 
the Bach1-containing repressor dimers and Nrf2-con-
taining activator dimers (72,76).

Stress inducing agents that activate antioxidant en-
zyme expression failed to further enhance Nrf2 mRNA 
levels above the basal level; therefore the data of Mar-
zec et al (69) are consistent with the contention that the 
-617 and -651 SNPs affect the basal Nrf2 message levels. 
Formation of protein-DNA complex was significantly 
diminished in heterozygotes (P < 0.001) and variants (P 
< 0.001) for the -617 polymorphism in the ARE-like se-
quence (69). The significant reduction of protein-DNA 
complex indicates that the -617 SNP affects efficient 
binding of proteins, such as Nrf2, to the ARE-like site 
(69). Thus, Nrf2 binds less efficiently to ARE-like se-
quences that contain the -617 polymorphism, as com-
pared with the wild-type allele. Supershift assays with 
anti- Nrf2 antiserum revealed binding of Nrf2 to the 
wild-type ARE-like sequence, suggesting that Nrf2 au-

toregulates transcription through this promoter region 
(69). In support of this notion, Kwak et al (77) showed 
that Nrf2 binds to the ARE-like element of the mouse 
Nrf2 promoter (-754) and up-regulates its transcription 
(69).

Marzec et al (69) identified 6 novel SNPs in Nrf2. 
Three promoter polymorphisms were predicted to have 
functional significance, and one (-617 [C/A]) significant-
ly affects basal NRF2 expression and function. These 
polymorphisms were also found in a Japanese popula-
tion by Yamamoto et al (78). The human -617 SNP was 
predicted to affect Nrf2 ARE-like promoter binding 
sites (69). 

Marzec and colleagues (69) found that the -617 
SNP was associated with an increased risk of developing 
acute lung injury (ALI) in a nested case-control study of 
at-risk patients with major trauma, suggesting a role for 
Nrf2 in development of the syndrome. The mechanism 
through which Nrf2 confers protection against oxidative 
stress likely relates to the ability of this transcription fac-
tor to regulate antioxidant and phase II enzyme genes 
that bear promoter AREs in their regulatory (promoter 
and/or enhancer) regions (79-81). It may be postulated 
that individuals with functional polymorphisms in Nrf2 
that alter basal expression of Nrf2, or the ability of Nrf2 
to translocate from the cytoplasm to nuclear binding 
sites, are at enhanced risk of oxidative stress and ALI. 
Consistent with this hypothesis, targeted disruption 
of Nrf2 significantly decreased antioxidant capacity in 
mice, and thus enhanced susceptibility to prooxidant, 
-fibrotic, and -carcinogenic agents (82-84). Diminished 
or dysfunctional Nrf2 may not only be involved in lung 
dysfunction but potentially may be involved in other 
pathophysiologic conditions. Impairment of Nrf2 activi-
ty may represent a major risk factor for the evolution of 
non-alcoholic steatohepatitis (NAFLD) or non-alcoholic 
fatty liver disease (NASH) (85).

Considering the role of Nrf2 in the protection 
against oxidative states and the potential benefit of 
antioxidants in the development and maintenance of 
CRPS it is conceivable that functional polymorphism of 
this transcription factor may be one of several altera-
tions affecting susceptibility to CRPS.

Regulation of the function of KEAP1 may affect 
overall Nrf2 activity and/or over-expression of Bach1 
may antagonize Nrf2 activity leading to repression of 
oxidants and thus affect susceptibility to CRPS. Other 
SNPs could also interact with previously discussed SNPs 
or separately affect susceptibility to CRPS. Alternatively, 
it is conceivable that there may be SNPs that exist which 
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could contribute to diminishing one’s risk of developing 
CRPS.

Reddy and colleagues found that the A/C SNP at 
-1221decreased in vitro transcription of NQO1 at base-
line and after exposure to hyperoxia and other oxidant 
stressors. Patients heterozygous for the -1221 C allele 
were at significantly lesser risk of ALI after major trau-
ma compared with patients with wild type alleles, even 
after adjustment for APACHE III score, and mechanism 
of trauma (OR, 0.46 [95% CI, 0.23, 0.90]; P = 0.024) (86).
Reddy et al (86) characterized functional promoter SNPs 
in the phase II antioxidant gene NQO1 (NAD(P)H:qui-
none oxidoreductase1) to evaluate its role in suscepti-
bility to ALI. Thus, it may be possible that subjects with 
the AC genotype at position -1221 in the NQO1 gene 
may be less susceptible to developing CRPS then the 
general population.

CRPS and NF-κB
Nuclear factor kappa B (NF-κB) has multiple similar-

ities to Nrf2, being a master transcription factor which 
usually regulates genes predominately related to in-
nate immunity, inflammation, and apoptosis. Also, like 
Nrf2, it is normally “sequestered” in the cytoplasm in 
an inactive state bound to inhibitors of NF-κB (IκB). IκB 
is analgous to Keap1. IKK may then phosphorylate IκB 
leading to dissociation of NF-κB and IκB.

NF-κB is involved in several pathogenic mecha-
nisms that are believed to underlie the CRPS, including 
ischemia, inflammation and sensitization (87). Chronic 
postischemia pain (CPIP) has been developed as an ani-
mal model that mimics the symptoms of CRPS-I (87). de 
Mos et al (84) studied the possible involvement of NF-
κB in CRPS-I using CPIP rats (with 3 hours of ischemia, 
followed by rapid reperfusion [IR injury]). The NF-κB 
inhibitor pyrrolidine dithiocarbamate (PDTC) was ad-
ministered systemically, intrathecally, and intraplantar 
injection to evaluate its effects on mechanical/thermal 
allodynia. At 2 and 48 hours after IR injury, NF-κB was 
elevated in muscle and spinal cord of CPIP rats com-
pared to shams (87). At 7 days, NF-κB levels were nor-
malized in muscle, but still elevated in spinal cord tis-
sue. Systemic PDTC treatment relieved mechanical and 
cold allodynia in a dose-dependent manner, lasting for 
at least 3 hours (87). Intrathecal — but not intraplan-
tar administration also relieved mechanical allodynia. 
de Mos and colleagues (87) delivered their results sug-
gested that muscle and spinal NF-κB plays a role in the 
pathogenesis of CPIP and potentially of human CRPS. 

CRPS AND Nrf2

Currently there is no evidence directly linking Nrf2 
to CRPS pathophysiology, however since Nrf2 is a major 
transcription factor regulating multiple endogenous 
antioxidants, the author feels that it is somewhat in-
tuitive that suboptimal Nrf2 activity may be involved in 
certain cases of CRPS.

CRPS and SNPs

The author proposes that there may exist SNPs such 
as the -617 polymorphism or other functional polymor-
phisms of Nrf2 which would result in reduced quantity 
and/or quality of antioxidant activity, which could po-
tentially lead to significant clinical consequences. A pa-
tient with such a functional polymorphism may exhibit 
Nrf2 activity resulting in an impaired endogenous anti-
oxidant “defense” system. Such a patient would be the-
oretically more susceptible to oxidative stress and thus, 
potentially more susceptible to develop CRPS (Fig. 1).

Summary

Based on the above discussion, the author propos-
es that Nrf2 SNPs may occur in a subpopulation of pa-
tients with CRPS and that the occurrences of these SNPs 
may contribute to factors that may make these patients 
more susceptible to develop CRPS than the general 
population. CRPS is a complex disorder and thus, a SNP 
association could be due to the effects of other poly-
morphisms, both within Nrf2 and at nearby loci. Mar-
zec et al (69) identified functional polymorphisms in 
the promoter of Nrf2 that are found in relatively high 
frequency among multiple ethnic populations (69). In a 
nested case-control study, patients with the –617 A SNP 
had a significantly higher risk for developing ALI after 
major trauma (OR 6.44; 95% CI 1.34, 30.8; P = 0.021) 
relative to patients with the wild type (–617 CC).

The author proposed that the -617 variant and/or 
other functional polymorphisms may be instrumental 
in contributing to suboptimal Nrf2 activity and thus to 
patients that may represent humans who are at risk 
or susceptible to develop complex regional pain syn-
drome. If confirmed, this information could be clini-
cally important, as it could enable patients and health 
care providers to help make more informed clinical 
decisions affecting lifestyle and potential therapeutic 
strategies.

For example, if the author’s theory is correct and 
the patient’s -617 variant status is known for a particu-
lar patient: that patient may choose not to pursue a 
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career as a stuntman/stuntwoman where they may be 
subjected to repeated “potentially triggering” trauma, 
or choose to go on lifelong antioxidant therapy. Ad-
ditionally, clinicians may decide to aggressively treat 
these patients extremely early — at the first sign of any 
symptoms/trauma. Also, clinicians may decide to per-

form a “prophylactic”/pre-emptive preoperative sympa-
thetic block for such a patient undergoing surgery on an 
extremity (although the article which showed this tech-
nique to be potentially beneficial in patients undergo-
ing surgery with a history of CRPS may have had falsified 
data) (88).

Fig. 1. Hypothetical schematic of  potential effects of  functional polymorphism on susceptibility to CRPS.
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Contrariwise, subjects who possess the AC gen-
otype at position -1221 in the NQO1 gene with de-
creased transcription of NQO1 may potentially be less 
susceptible to the development of CRPS and perhaps 
could be observed by clinicians or treated by nonagres-
sive means initially upon the development of CRPS-like 
symptoms. The author encourages future translational 

investigations into the role of -617 variant and vari-
ous other functional polymorphisms contributing to 
suboptimal Nrf2 activity and increasing susceptibility 
for developing CRPS as well as roles in other oxidant-
related conditions or disease processes. These investi-
gations could conceivably lead to the development of 
novel prevention or intervention strategies for CRPS.

References

1.	 Cho HY, Kleeberger SR. Nrf2 protects 
against airway disorders. Toxicol Appl 
Pharmacol 2009; In Press. 

2.	 Hirota K, Nakamura H, Masutani H, Yo-
doi J. Thioredoxin superfamily and thio-
redoxin-inducing agents. Ann NY Acad 
Sci 2002; 957:189-199.

3.	 Yamamoto M, Yang G, Hong C, Liu J, 
Holle E, Yu X, Wagner T, Vatner SF, Sa-
doshima J. Inhibition of endogenous 
thioredoxin in the heart increases oxi-
dative stress and cardiac hypertrophy. J 
Clin Invest 2003; 112:1395-1406.

4.	 Liu W, Nakamura H, Shioji K, Tanito M, 
Oka S, Ahsan M.K, Son A, Ishii Y, Kishi-
moto C, Yodoi J.. Thioredoxin-1 ame-
liorates myosin-induced autoimmune 
myocarditis by suppressing chemokine 
expressions and leukocyte chemotax-
is in mice. Circulation 2004; 110:1276-
1283.

5.	 Otterbein LE, Kolls JK, Mantell LL, Cook 
JL, Alam J, Choi AM. Exogenous admin-
istration of heme oxygenase-1 by gene 
transfer provides protection against hy-
peroxia-induced lung injury. J Clin Invest 
1999; 103:1047-1054.

6.	 Thompson K, Menzies S, Muckentha-
ler M, Torti FM, Wood T, Torti SV, Hen-
tze MW, Beard J, Connor J. Mouse brains 
deficient in H-ferritin have normal iron 
concentration but a protein profile of 
iron deficiency and increased evidence 
of oxidative stress. J Neurosci Res 2003; 
71:46-63.

7.	 Collins FS, Brooks LD, Chakravarti A. A 
DNA polymorphism discovery resource 
for research on human genetic varia-
tion. Genome Res 1998; 8:1229-1231.

8.	 Chorley BN, Wang X, Campbell MR, Pit-
tman GS, Noureddine MA, Bell DA. Dis-
covery and verification of functional sin-
gle nucleotide polymorphisms in regu-

latory genomic regions: Current and de-
veloping technologies. Mutat Res 2008; 
659:147-57.

9.	 Lander ES, Linton LM, Birren B, Nus-
baum C, Zody MC, Baldwin J, Devon K, 
Dewar K, Doyle M, FitzHugh W, Funke R, 
Gage D, Harris K, Heaford A, Howland 
J, Kann L, Lehoczky J, LeVine R, McE-
wan P, McKernan K, Meldrim J, Mesirov 
JP, Miranda C, Morris W, Naylor J, Ray-
mond C, Rosetti M, Santos R, Sheridan 
A, Sougnez C, Stange-Thomann N, Sto-
janovic N, Subramanian A, Wyman D, 
Rogers J, Sulston J, Ainscough R, Beck 
S, Bentley D, Burton J, Clee C, Carter 
N, Coulson A, Deadman R, Deloukas P, 
Dunham A, Dunham I, Durbin R, French 
L, Grafham D, Gregory S, Hubbard T, 
Humphray S, Hunt A, Jones M,. Lloyd 
C, McMurray A, Matthews L, Mercer S, 
Milne S, Mullikin JC, Mungall A, Plumb 
R, Ross M, Shownkeen R, Sims S, Water-
ston RH, Wilson RK, Hillier LW, McPher-
son JD, Marra MA, Mardis ER, Fulton LA, 
Chinwalla AT, Pepin KH, Gish WR, Chis-
soe SL, Wendl MC, Delehaunty KD, Min-
er TL, Delehaunty A, Kramer JB, Cook 
LL, Fulton RS, Johnson DL, Minx PJ, Clif-
ton SW, Hawkins T, Branscomb E, Pred-
ki P, Richardson P, Wenning S, Slezak T, 
Doggett N, Cheng JF, Olsen A, Lucas S, 
Elki C, Uberbacher E, Frazie M, Gibbs 
RA, Muzny DM, Scherer SE, Bouck JB, 
Sodergren EJ, Worley KC, Rives CM, Gor-
rell JH, Metzker ML, Naylor SL, Kucher-
lapati RS, Nelson DL, Weinstock GM, 
Sakaki Y, Fujiyama A, Hattori M, Yada T, 
Toyoda A, Itoh T, Kawagoe C, Watanabe 
H, Totoki Y, Taylor T,  Weissenbach J, Hei-
lig R, Saurin W, Artiguenave F, Brottier 
P, Bruls T, Pelletier E, Robert C, Winck-
er P, Smith DR, Doucette-Stamm L, Ru-
benfield, M, Weinstock K, Lee HM, Du-
bois J, Rosenthal A, Platzer M, Nyaka-

tura G, Taudien S, Rump A, Yang H,  Yu 
J, Wang J, Huang G, Gu J, Hood L, Row-
en L, Madan A, Qin S, Davis RW, Fed-
erspiel NA, Abola AP, Proctor MJ, My-
ers RM, Schmutz J, Dickson M,  Grim-
wood J, Cox DR, Olson MV, Kaul R., Shi-
mizu N, Kawasaki K, Minoshima S, Ev-
ans GA, Athanasiou M, Schultz R, Roe 
BA, Chen F, Pan H, Ramser J, Lehrach H., 
Reinhardt R, McCombie WR, de la Bas-
tide M, Dedhia N, Blocker H, Hornisch-
er K, Nordsiek G, Agarwala R, Aravind 
L, Bailey JA, Bateman A, Batzoglou S, 
Birney E, Bork P, Brown DG, Burge CB, 
Cerutti L, Chen HC, Church D, Clamp M, 
Copley RR, Doerks T, Eddy SR, Eichler 
EE, Furey TS, Galagan J, Gilbert JG, Har-
mon C,  Hayashizaki Y, Haussler D, Her-
mjakob H, Hokamp K, Jang W, Johnson 
LS, Jones TA, Kasif S, Kaspryzk A, Ken-
nedy S, Kent WJ,  Kitts P, Koonin EV, Korf 
I, Kulp D, Lancet D, Lowe TM, McLysa-
ght A, Mikkelsen T, Moran JV, Mulder 
N, Pollara VJ, Ponting CP, Schuler G, 
Schultz J, Slater G, Smit AF, Stupka E, 
Szustakowski J, Thierry-Mieg D, Thier-
ry-Mieg J, Wagner L, Wallis J, Wheeler R, 
Williams A, Wolf YI, Wolfe KH, Yang SP, 
Yeh RF, Collins F, Guyer MS, Peterson 
J, Felsenfeld A, Wetterstrand KA, Patri-
nos A, Morgan MJ, de Jong P, Catanese 
JJ, Osoegawa K, Shizuya H, Choi S, 
Chen YJ. Initial sequencing and analy-
sis of the human genome. Nature 2001; 
409:860-921.

10.	 I.H.G.S. Consortium, Finishing the eu-
chromatic sequence of the human ge-
nome. Nature 2004; 431:931-945.

11.	 Ponomarenko JV, Orlova GV, Merkulo-
va TI, Gorshkova EV, Fokin ON, Vasiliev 
GV, Frolov AS, Ponomarenko MP, rSNP_
Guide: an integrated database tools 
system for studying SNPs and site-di-
rected mutations in transcription fac-



Pain Physician: January/February 2010; 13:71-90

88 	 www.painphysicianjournal.com

tor binding sites. Hum Mutat 2002; 
20:239-248.

12.	 Wang X, Tomso DJ, Liu X, Bell DA. Single 
nucleotide polymorphism in transcrip-
tional regulatory regions and expres-
sion of environmentally responsive 
genes. Toxicol Appl Pharmacol 2005; 
207:84-90.

13.	 Wang X, Tomso DJ, Chorley BN, Cho 
HY, Cheung VG, Kleeberger SR, Bell 
DA. Identification of polymorphic anti-
oxidant response elements in the hu-
man genome. Hum Mol Genet 2007; 
16:1188-1200.

14.	 Knight JC. Functional implications of 
genetic variation in non-coding DNA for 
disease susceptibility and gene regu-
lation. Clin Sci (Lond) 2003; 104:493-
501.

15.	 Knight JC. Regulatory polymorphisms 
underlying complex disease traits. J 
Mol Med 2005; 83:97-109.

16.	 Shabalina SA, Zaykin DV, Gris P, 
Ogurtsov AY, Gauthier J, Shibata K, 
Tchivileva IE, Belfer I, Mishra B, Kise-
lycznyk C, Wallace MR, Staud R, Spiri-
donov NA, Max MB, Goldman D, Fill-
ingim RB, Maixner W, Diatchenko L. Ex-
pansion of the human mu-opioid re-
ceptor gene architecture: Novel func-
tional variants. Hum Mol Genet 2009; 
18:1037-1051.

17.	 Huang CJ, Liu HF, Su NY, Hsu YW, Yang 
CH, Chen CC, Tsai PS. Association be-
tween human opioid receptor genes 
polymorphisms and pressure pain sen-
sitivity in females. Anaesthesia 2008; 
63:1288-1295.

18.	 Ginosar Y, Davidson EM, Meroz Y, Blot-
nick S, Shacham M, Caraco Y. Mu-opi-
oid receptor (A118G) single-nucleotide 
polymorphism affects alfentanil re-
quirements for extracorporeal shock 
wave lithotripsy: A pharmacokinetic-
pharmacodynamic study. Br J Anaesth 
2009; 103:420-427.

19.	 Walter C, Lötsch J. Meta-analysis of the 
relevance of the OPRM1 118A>G ge-
netic variant for pain treatment. Pain 
2009; 146:270-275.

20.	 Campbell CM, Edwards RR, Carmona C, 
Uhart M, Wand G, Carteret A, Kim YK, 
Frost J, Campbell JN. Polymorphisms 
in the GTP cyclohydrolase gene (GCH1) 
are associated with ratings of capsaicin 
pain. Pain 2009; 141:114-118.

21.	 Tegeder I, Costigan M, Griffin RS, Abele 
A, Belfer I, Schmidt H, Ehnert C, Nejim 
J, Marian C, Scholz J, Wu T, Allchorne A, 

Diatchenko L, Binshtok AM, Goldman 
D, Adolph J, Sama S, Atlas SJ, Carlezon 
WA, Parsegian A, Lötsch J, Fillingim RB, 
Maixner W, Geisslinger G, Max MB, 
Woolf CJ. GTP cyclohydrolase and tet-
rahydrobiopterin regulate pain sensi-
tivity and persistence. Nat Med 2006; 
12:1269-1277.

22.	 Tegeder I, Adolph J, Schmidt H, Woolf 
CJ, Geisslinger G, Lotsch J. Reduced hy-
peralgesia in homozygous carriers of a 
GTP cyclohydrolase 1 haplotype. Eur J 
Pain 2008; 12:1069-1077.

23.	 Kim H, Dionne RA. Lack of influence of 
GTP cyclohydrolase gene (GCH1) vari-
ations on pain sensitivity in humans. 
Mol Pain 2007; 3:6.

24.	 Diatchenko L, Nackley AG, Slade GD, 
Bhalang K, Belfer I, Max MB, Goldman 
D, Maixner W. Catechol-O-methyltrans-
ferase gene polymorphisms are associ-
ated with multiple pain-evoking stimu-
li. Pain 2006; 125:216-224.

25.	 Treister R, Pud D, Ebstein RP, Laiba E, 
Gershon E, Haddad M, Eisenberg E. As-
sociations between polymorphisms in 
dopamine neurotransmitter pathway 
genes and pain response in healthy hu-
mans. Pain 2009; 147:187-193.

26.	 Ono S, Ezura Y, Emi M, Fujita Y, Takada 
D, Sato K, Ishigami T, Umemura S, Taka-
hashi K, Kamimura K, Bujo H, Saito Y. 
A promoter SNP (-1323T>C) in Gsub-
strate gene (GSBS) correlates with hy-
percholesterolemia. J Hum Genet 2003; 
48:447-450.

27.	 Sugatani J, Yamakawa K, Yoshinari K, 
Machida T, Takagi H, Mori M, Kakiza-
ki S, Sueyoshi T, Negishi M, Miwa M. 
Identification of a defect in the UGT1A1 
gene promoter and its association with 
hyperbilirubinemia. Biochem Biophys 
Res Commun 2002; 292:492-497.

28.	 Bosma PJ, Chowdhury JR, Bakker C, 
Gantla S, de Boer A, Oostra BA, Lind-
hout D, Tytgat GNJ, Jansen PLM, Elfer-
ink RPJO, Chowdhury NR. The genetic 
basis of the reduced expression of bili-
rubin UDP-glucuronosyltransferase 1 in 
Gilbert’s syndrome. N Engl J Med 1995; 
333:1171-1175.

29.	 Nakamura S, Kugiyama K, Sugiyama 
S, Miyamoto S, Koide S, Fukushima H, 
Honda O, Yoshimura M, Ogawa H. Poly-
morphism in the 50-flanking region 
of human glutamate-cysteine ligase 
modifier subunit gene is associated 
with myocardial infarction. Circulation 
2002; 105:2968-2973.

30.	 Marzec JM, Christie JD, Reddy SP, Jedlic-
ka AE, Vuong H, Lanken PN, Aplenc R, 
Yamamoto T, Yamamoto M, Cho HY, 
Kleeberger SR. Functional polymor-
phisms in the transcription factor NRF2 
in humans increase the risk of acute 
lung injury. FASEB J 2007; 21:2237-
2246.  

31.	 Jinnai N, Sakagami T, Sekigawa T, Kak-
ihara M, Nakajima T, Yoshida K, Goto 
S, Hasegawa T, Koshino T, Hasegawa 
Y, Inoue H, Suzuki N, Sano Y, Inoue I. 
Polymorphisms in the prostaglandin 
E2 receptor subtype 2 gene confer sus-
ceptibility to aspirin-intolerant asthma: 
a candidate gene approach. Hum Mol 
Genet 2004; 13:3203-3217.

32.	 Boas R. Complex regional pain syn-
dromes: Symptoms, signs and differ-
ential diagnosis. In Janig W, Stanton-
Hicks M (eds). Reflex Sympathetic Dys-
trophy: A Reappraisal. IASP Press, Se-
attle, 1996, pp 79-92.

33.	 Stanton-Hicks M, Janig W, Hassen-
busch S,  Haddox JD, Boas R, Wilson P. 
Reflex sympathetic dystrophy: Chang-
ing concepts and taxonomy. Pain 1995; 
63:127-133.

34.	 Merskey H, Bogduk N. Classification 
of Chronic Pain: Descriptions of Chron-
ic Pain Syndromes and Definitions of 
Pain Terms. IASP Press, Seattle: 1994.

35.	 Harden RN, Bruehl S, Stanton-Hicks M, 
Wilson PR. Proposed new diagnostic 
criteria for complex regional pain syn-
drome. Pain Med 2007; 8:326-331.

36.	 Harden RN, Bruehl S, Galer B, Saltz S, 
Bertram M, Backonja M, Gayles R, Ru-
din N, Bhugra MK, Stanton-Hicks M. 
Complex regional pain syndrome: Are 
the IASP diagnostic criteria valid and 
sufficiently comprehensive? Pain 1999; 
83:211-219.

37.	 Xanthos D, Francis L, Bennett G, 
Coderre T. Animal models of chron-
ic pain: chronic post-ischemia pain: A 
novel animal model of complex region-
al pain syndrome type 1 produced by 
prolonged hindpaw ischemia and re-
perfusion in the rat. J Pain 2004; 5: S1.

38.	 Zuurmond WW, Langendijk PN, Beze-
mer PD, Brink HE, de Lange JJ, van Io-
enen AC. Treatment of acute reflex sym-
pathetic dystrophy with DMSO 50% in 
a fatty cream. Acta Anaethesiol Scand 
1996; 40:364-367.

39.	 Coderre TJ, Xanthos DN, Francis L, Ben-
nett GJ. Chronis post-ischemia pain 
(CPIP): A novel animal model of com-



Role of Genomic Oxidative-Reductive Balance as CRPS Development Predictor

www.painphysicianjournal.com 	 89

plex regional pain syndrome-type 1 
(CRPS-1; reflex sympathetic dsytrophy) 
produced by prolonged hindpaw isch-
emia and reperfusion in the rat. Pain 
2004; 112:94-105.

40.	 Ludwig J, Gorodetskaya N, Schattsch-
neider J, Jänig W, Baron R. Behavioral 
and sensory changes after direct isch-
emia-reperfusion injury in rats. Eur J 
Pain 2007; 11: 677-684. 

41.	 Zollinger PD, Tuinebreijer WE, 
Breederveld RS, Kreis RW. Can vitamin 
c prevent complex regional pain syn-
drome in patients with wrist fractures? 
A randomized, controlled, multicenter 
dose-response study. J Bone Joint Surg 
Am 2007; 89: 1424-1431. 

42.	 Eisenberg E, Shtahl S, Geller R, Reznick 
AZ, Sharf O, Ravbinovich M, Erenreich 
A, Nagler RM. Serum and salivary oxi-
dative analysis in Complex Regional 
Pain Syndrome. Pain 2008; 138:226-
232.

43.	 Groeneweg JG, Huygen FJ, Heijmans-
Antonissen C, Niehof S, Zijlstra FJ. In-
creased endothelin-1 and diminished 
nitric oxide levels in blister fluids of pa-
tients with intermediate cold type com-
plex regional pain syndrome type 1. 
BMC Musculoskelet Disord 2006; 7:91-
98.

44.	 Van der Laan L, Kapitein PJC, Oyen WJG, 
Verhofstad AAJ, Hendriks T, Goris RJA. A 
novel animal model to evaluate oxygen 
derived free radical damage in soft tis-
sue. Free Radic Res 1997; 26:363-372.

45.	 Yonehara N, Yoshimura M. Effect of ni-
tric oxide on substance P release from 
the peripheral endings of primary af-
ferent neurons. Neurosci Lett 1999; 
271:199-201.

46.	 Geertzen JHB, de Bruijn H, de Bruijn-
Kofman AT, Arendzen JH. Reflex sympa-
thetic dystrophy: Early treatment and 
psychological aspects. Arch Phys Med 
Rehabil 1994; 75:442-446.

47.	 Goris RJA, Dongen LMV, Winters HAH. 
Are toxic oxygen radicals involved in 
the pathogenesis of reflex sympathet-
ic dystrophy? Free Radic Res Commun 
1987; 3:13-21.

48.	 Perez RS, Zuurmond WW, Bezemer PD, 
Kuik DJ, van Loenen AC, de Lange JJ, 
Zuidhof AJ. The treatment of complex 
regional pain syndrome type I with free 
radical scavengers: A randomized con-
trolled study. Pain 2003; 102:297-307.

49.	 Zollinger PE, Tuinebreijer WE, Kreis RW, 
Breederveld RS. Effect of vitamin C on 
frequency of reflex sympathetic dystro-

phy in wrist fractures: a randomized tri-
al. Lancet 1999; 345:2025-2028.

50.	  Zyluk A. The reasons for poor response 
to treatment of posttraumatic reflex 
sympathetic dystrophy. Acta Orthop 
Belg 1998; 64:309-313.

51.	 Coderre TJ, Bennett GJ. Objectifying 
CRPS-I. Pain 2008; 138:3-4.

52.	 Laferrière A, Xanthos DN, Coderre TJ. 
Short-term exercise increases hind paw 
muscle lactic acid and allodynia in rats 
with chronic post-ischemia pain. Post-
er presentation, IASP 12th World Con-
gress on Pain, Glasgow, UK, August 17-
23, 2008.

53.	 Xanthos DN, Coderre TJ. Sympathetic 
vasoconstrictor antagonism and vaso-
dilatation relieve mechanical allodynia 
in rats with chronic postischemia pain. 
J Pain 2008; 9:423-433.

54.	 Xanthos DN, Bennett GJ, Coderre TJ. 
Norepinephrine-induced nociception 
and vasoconstrictor hypersensitivity in 
rats with chronic post-ischemia pain. 
Pain 2008; 137:640-651.

55.	 Kumar R, Aggarwal A, Faridi MM. Com-
plex regional pain syndrome type 1 and 
scurvy. Indian Pediatr 2009; 46:529-
531.

56.	 Zollinger PE, Ellis ML, Unal H, Tuine-
breijer WE. Clinical outcome of cement-
less semi-constrained trapeziometa-
carpal arthroplasty, and possible effect 
of vitamin C on the occurrence of com-
plex regional pain syndrome. Acta Or-
thop Belg 2008; 74:317-322.

57.	 Besse JL, Gadeyne S, Galand-Desmé 
S, Lerat JL, Moyen B. Effect of vitamin 
C on prevention of complex regional 
pain syndrome type I in foot and ankle 
surgery. Foot Ankle Surg 2009; 15:179-
182.

58.	 Itoh K, Chiba T, Takahashi S, Ishii T, Ig-
arashi K, Katoh Y, Oyake T, Hayashi N, 
Satoh K, Hatayama M, Nabeshima Y. 
An Nrf2/small Maf heterodimer medi-
ates the induction of phase II detoxify-
ing enzyme genes through antioxidant 
response elements. Biochem Biophys 
Commun 1997; 236:313-322.

59.	 Itoh K, Wkabayashi N, Katoh Y, Ishii 
T, Igarashi K, Engel JD, Yamamoto M. 
Keap1 represses nuclear activation of 
antioxidant responsive elements by 
Nrf2 through binding to the amino-ter-
minal Neh2 domain. Genes Develop 
1999; 13:76-86.

60.	 Itoh K, Tong KI, Yamamoto M. Molecu-
lar mechanism activating Nrf2-Keap1 
pathway in regulation of adaptive re-

sponse to electrophiles. Free Radic Biol 
2004; 36:1208-1213.

61.	 Jeyapaul J, Jaiswal AK. Nrf2 and c-Jun 
regulation of antioxidant response el-
ement (ARE)-mediated expression and 
induction of gamma-glutamylcysteine 
synthetase heavy subunit gene. Bio-
chem Pharmacol 2000; 59:1433-1439.

62.	 He CH, Gong P, Hu B, Stewart D, Choi 
ME, Choi AM, Alam J. Identification of 
activating transcription factor 4 (ATF4) 
as an Nrf2-interacting protein. Implica-
tion for heme oxygenase-1 gene regu-
lation. J Biol Chem 2001; 276:20858-
20865.

63.	 Venugopal R, Jaiswal AK. Nrf1 and Nrf2 
positively and c-Fos and Fra1 negative-
ly regulate the human antioxidant re-
sponse element-mediated expression 
of NAD(P)H:quinone oxidoreductase1 
gene. Proc Natl Acad Sci USA 1996; 
93:14960-14965.

64.	 Zhu M, Fahl WE. Functional character-
ization of transcription regulators that 
interact with the electrophile response 
element. Biochem Biophys Res Com-
mun 2001; 289:212-219.

65.	 Katsuoka F, Motohashi H, Ishii T, Abu-
ratani H, Engel JD, Yamamoto M. Ge-
netic evidence that small maf proteins 
are essential for the activation of anti-
oxidant response element-dependent 
genes. Mol Cell Biol 2005; 25:8044-
8051.

66.	 Katsuoka F, Motohashi H, Engel JD, 
Yamamoto M. Nrf2 transcriptionally ac-
tivates the mafG gene through an anti-
oxidant response element. J Biol Chem 
2005; 280:4483-4490.

67.	 Itoh K, Igarashi K, Hayashi N, Nishiza-
wa M, Yamamoto M. Cloning and char-
acterization of a novel erythroid cell-
derived CNC family transcription fac-
tor heterodimerizing with the small 
Maf family proteins. Mol Cell Biol 1995; 
15:4184-4193.

68.	 Cho HY, Reddy SP, DeBiase A, Yamamo-
to M, Kleeberger SR. () Gene expres-
sion profiling of NRF2-mediated pro-
tection against oxidative injury. Free 
Radic Biol Med 2005; 38:325-343.

69.	 Marzec JM, Christie JD, Reddy SP, Jedlic-
ka AE, Vuong H,  Lanken PN,  Aplenc R,  
T, Yamamoto M,  Cho H-Y,  Kleeberger 
SR. Functional polymorphisms in the 
transcription factor NRF2 in humans in-
crease the risk of acute lung injury. The 
FASBE J 2007; 21:2237-2246.

70.	 Kaspar JW, Jaiswal AK. Antioxidant In-
duced Phosphorylation of Tyrosine486 



Pain Physician: January/February 2010; 13:71-90

90 	 www.painphysicianjournal.com

leads to rapid nuclear export of bach1 
that allows Nrf2 to bind to the ARE and 
Activate defensive genes expression J 
Biol Chem 2009; In Press. 

71.	 Igarashi K, Hoshino H, Muto A, Suwabe 
N, Nishikawa S, Nakauchi H, Yamamo-
to M. Multivalent DNA binding complex 
generated by small Maf and Bach1 as 
a possible biochemical basis for beta-
globin locus control region complex. J 
Biol Chem 1998; 273:11783-11790.

72.	 Dhakshinamoorthy S, Jain AK, Bloom 
DA, Jaiswal AK. J Biol Chem 2005; 
280:16891-16900.

73.	 Oyake T, Itoh K, Motohashi H, Hayashi 
N, Hoshino H, Nishizawa M, Yamamoto 
M, Igarashi K. Bach proteins belong to 
a novel family of BTB-basic leucine zip-
per transcription factors that interact 
with MafK and regulate transcription 
through the NF-E2 site. Mol Cell Biol 
1996; 16:6083-6095.

74.	 Sun J, Hoshino H, Takaku K, Nakajima 
O, Muto A, Suzuki H, Tashiro S, Taka-
hashi S, Shibahara S, Alam J, Taketo 
MM, Yamamoto M, Igarashi K. EMBO J 
2002; 21:5216-5224.

75.	 Singh A, Rangasamy T, Thimmulappa 
RK, Lee H, Osburn WO, Brigelius-Flohé 
R, Kensler TW, Yamamoto M, Biswal S. 
Cell Mol Biol 2006; 35:639-650.

76.	 Sun J, Brand M, Zenke Y, Tashiro S, 
Groudine M, Igarashi K. Proc Natl Acad 
Sci USA 2004; 101:1461-1466.

77.	 Kwak MK, Itoh K, Yamamoto M, Kensler 
TW. Enhanced expression of the tran-

scription factor Nrf2 by cancer chemo-
preventive agents: role of antioxidant 
response element like sequences in 
the nrf2 promoter. Mol Cell Biol 2002; 
22:2883-2892.

78.	 Yamamoto T, Yoh K, Kobayashi A, Ishii Y, 
Kure S, Koyama A, Sakamoto T, Sekiza-
wa K, Motohashi H, Yamamoto M. Iden-
tification of polymorphisms in the pro-
moter region of the human NRF2 gene. 
Biochem Biophys Res Commun 2004; 
321:72-79.

79.	 Alam J, Stewart D, Touchard C, Boina-
pally S, Choi AM, Cook JL. Nrf2, a 
cap‘n’collar transcription factor, regu-
lates induction of the heme oxygenase-
1 gene. J Biol Chem 1999; 274:26071-
26078.

80.	 Chan K, Lu R, Chang JC, Kan YW. Nrf2, 
a member of NFE2 family of transcrip-
tion factors, is not essential for mu-
rine erythropoiesis, growth and devel-
opment. Proc Natl Acad Sci USA 1999; 
93:13943-13948.

81.	 Venugopal R, Jaiswal AK. Nrf2 and Nrf1 
in association with Jun proteins regu-
late the antioxidant response element-
mediated expression and coordinated 
induction of genes encoding detoxify-
ing enzymes. Oncogene 1998; 17:3145-
3156.

82.	 Cho H, Reddy SPM, Yamamoto M, Klee-
berger SR. The transcription factor 
NRF2 protects against pulmonary fi-
brosis. FASEB J 2004; 18:1258-1260.

83.	 Ramos-Gomez M, Kwak MK, Dolan PM, 
Itoh K, Yamamoto M, Talalay P, Kensler 
TW. Sensitivity to carcinogenesis is in-
creased and chemoprotective efficacy 
of enzyme inducers is lost in nrf2 tran-
scription factor-deficient mice. Proc 
Natl Acad Sci USA 2001; 98:3410-3415.

84.	 Chan K, Kan YW. Nrf2 is essential for 
protection against acute pulmonary 
injury in mice. Proc Natl Acad Sci USA 
1999; 96;12731-1273.

85.	 Chowdry S, Nazmy MH, Meakin PJ, Din-
kova-Kostova AT, Walsh SV, Tsujita T, 
Dillon JF, Ashford ML, Hayes JD. Loss 
of Nrf2 markedly exacerbates non-al-
coholic steatohepatitis. Free Radic Biol 
Med 2009; In Press.

86.	 Reddy AJ, Christie JD, Aplenc R, Fuchs 
B, Lanken PN, Kleeberger SR. Associ-
ation of human NAD(P)H:Quinone Ox-
idoreductase 1 (NQO1) Polymorphism 
with development of acute lung injury. 
J Cell Mol Med 2008; In Press.

87.	 de Mos M, Laferrière A, Millecamps M, 
Pilkington M, Sturkenboom MC, Huy-
gen FJ, Coderre TJ. Role of NFkappaB 
in an animal model of complex region-
al pain syndrome-type I (CRPS-I). J Pain 
2009;10:1161-1169.

88.	 Reuben SS, Rosenthal EA, Steinberg 
RB. Surgery on the affected upper ex-
tremity of patients with a history of 
complex regional pain syndrome: Aa 
retrospective study of 100 patients. J 
Hand Surg Am 2000; 25:1147-1151.


