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i g h l i g h t s

GCH1 gene mutations decrease pain sensitivity in experimental models of pain in humans and mice.
GCH1 gene variants in the general population reduce pain sensitivity and chronic pain.
Reduced GCH1 function decreases pain only after pain sensitisation in experimental models or in injury-related pain conditions.
Inhibition of GCH1 enzyme activity causes antinociception in rat models of neuropathic and inflammatory pain.
Pharmacological inhibition of GCH1 causes less antinociception in mice than in rats.
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a b s t r a c t

Background: A great proportion of the variation in pain experience and chronicity is caused by heri-
table factors. Within the last decades several candidate genes have been discovered either increasing
or decreasing pain sensitivity or the risk of chronic pain in humans. One of the most studied genes is
the GCH1 gene coding for the enzyme GTP cyclohydrolase 1 (GCH1). GCH1 catalyses the initial and rate-
limiting step in the biosynthesis of tetrahydrobiopterin (BH4). The main function of BH4 is regulation of
monoamine and nitric oxide biosynthesis, all involved in nociceptive signalling.
Methods: In this topical review we focus on the implication of the GCH1 gene and BH4 in painful con-
ditions. We discuss experimental evidence from our group in relation to relevant research publications
evaluating the BH4 pathway in pain. Studies assessing the role of GCH1 and BH4 in pain consist of human
and animal studies, including DOPA-responsive dystonia (DRD) patients and hph-1 mice (a genetic mouse
model of DRD) having mutations in the GCH1 gene as well as preclinical studies with the GCH1 inhibitor
2,4-diamino-6-hydroxypyrimidine (DAHP). The hypothesis is that genetic and pharmacological reduction
of GCH1 would result in lower pain sensitivity.
Results: Previous studies have demonstrated that a particular “pain protective” GCH1 haplotype, found
in 15% of the general human population, is linked to decreased pain sensitivity. We further support
these findings in DRD patients, showing normal thresholds to mechanical and thermal stimuli, whereas a
trend towards lower pain sensitivity is seen following chemical pain sensitisation. Consistent with these

observations, non-injured hph-1 mice displayed normal mechano- and thermosensation compared to
wild-type mice. After peripheral inflammation with Complete Freund’ Adjuvant or sensitisation with
capsaicin the mutant mice exhibited lower sensitivity to mechanical and heat stimuli. Moreover, hph-1
mice showed decreased nociception in the first phase of the formalin test.

Several studies report analgesic effects of GCH1 inhibition with 90–270 mg/kg DAHP in rat models
of inflammatory and neuropathic pain. However, we could not completely replicate these findings in
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mice. Fairly higher doses of DAHP (≥270 mg/kg) were needed to reduce inflammatory pain in mice, but
the window between antinociception and toxic effects was small, since 400 mg/kg DAHP affected motor
performance and general appearance. Also, the analgesic effects were marginal in mice compared to that
observed in rats.
Conclusions: Variations in the GCH1 gene in both humans and mice appear to regulate pain sensitivity and
pain behaviours, particularly after pain sensitisation, whereas pain sensitivity to phasic mechanical and
thermal stimuli is normal. Moreover, pharmacological inhibition of GCH1 shows antinociceptive effects
in preclinical pain studies, though our studies imply that GCH1 inhibition may have a small therapeutic
index.
Implications: The implication of the GCH1 gene in pain may increase our understanding of the risk factors
of chronic pain development and improve current pain therapy by personalised medicine. In addition,
inhibition of GCH1 provides a potential target for analgesic drug development, though GCH1 inhibitors
should possess local or partial effects to avoid serious side-effects to the central nervous system and
cardiovascular system.
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. Introduction

There is a general consensus that there are individual dif-
erences in the development of chronic pain, experience of
ain and response to analgesic compounds. The reason(s) for
hese variations can be the genetic variability, previous pain
xperience, psychosocial factors, age and sex differences [1,2].
lthough many factors may contribute to the risk of chronic
ain, studies in rodent models of inflammatory and neuro-
athic pain [3,4] and acute nociceptive pain [4,5] as well as
win studies [6] imply that a great proportion (30–60%) of the
ariation in chronic pain conditions is caused by heritable fac-
ors.

Within the last two decades, several candidate genes have been
dentified by single nucleotide polymorphism (SNP) association
tudies that either increase or decrease pain sensitivity or increas-
ng the risk of pain chronicity in humans. They include genes
ncoding several receptors, enzymes and ion channels implicated
n the transmission, processing and modulation of nociceptive

essages (for review see [7,8]). One of the most studied genes
s the GCH1 gene coding for the enzyme GTP cyclohydrolase

(GCH1) involved in the biosynthetic pathway of tetrahydro-
iopterin (BH4). This topical review focuses on the implication of

2. General aspects of BH4

BH4 is a low-molecular-weight (241.25 Da), non-protein
organic compound that belongs to the group of pteridines com-
posed of a pyrimidine and a pyrazine ring (Fig. 1). It participates in
enzymatic reactions as a donor or acceptor of chemical groups or
electrons [9]. Below is given a short introduction to the biosynthe-
sis, regulation and main functions of BH4.

2.1. Biosynthesis of BH4

The biosynthesis of BH4 is highly controlled by three main
pathways: (i) the de novo synthetic pathway, (ii) the salvage
pathway and (iii) the recycling pathway (Fig. 2). Biosynthesis of
BH4 proceeds from guanosine triphosphate (GTP) via three reac-
tions. The first and rate-limiting step is catalysed by GCH1, which
converts GTP to 7,8-dihydroneopterin triphosphate. This is subse-
quently converted to 6-pyruvoyl-tetrahydrobiopterin catalysed by
6-pyruvoyltetrahydrobiopterin synthase (PTPS). The final reaction
generates BH4 through reactions catalysed by sepiapterin reduc-
tase (SR) (Fig. 2). SR may also contribute to the salvage pathway by
catalyzing the conversion of sepiapterin into 7,8-dihydrobiopterin,
which is then transformed into BH4 by dihydrofolate reductase.
he GCH1 gene in painful conditions as well as down-stream effects
f BH4. Discussion of findings from our group in relation to rele-
ant research publications evaluating the BH4 pathway in pain is
resented.
Sepiapterin may also bind to the enzymes aldose reductase and
carbonyl reductase, alternatively synthesising BH4 through the
salvage pathway (Fig. 2). When BH4 for instance catalyses the
hydroxylation of aromatic acids (see Section 2.3), it is oxidised
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Fig. 1. Structure of tetrahydrobiopterin (BH4). BH4 is a small-molecule (241.25 Da)
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omposed of a pyrimidine (A) and pyrazine (B) ring. Mainly, the heterocyclic ring
ystem is involved in BH4 cofactor-dependent enzyme reactions [9].

o 4�-hydroxy-tetrahydrobiopterin. This in turn undergoes two
onformations catalysed by pterin-4a-carbinolamine dehydratase
PCD) and dihydropteridine reductase (DHPR) regenerating BH4
Fig. 2) [9].

.2. Regulation of BH4 biosynthesis

The initial reaction carried out by GCH1 is presumed to be the
ey regulatory step of BH4 biosynthesis [9]. Though under basal
onditions, sensory neuron activity of the synthetic pathway is low

ith the recycling and salvage pathways preserving BH4 homeosta-

is. New BH4 biosynthesis is therefore closely controlled [10]. The
ituation differs after injury or inflammation, as the GCH1 gene,
oding for GCH1, is markedly up-regulated in sensory neurons

ig. 2. The biosynthesis and main functions of BH4. Three main pathways control the bi
iii) the recycling pathway. BH4 is an essential cofactor for the aromatic amino acid hyd
ynthetic pathway include DAHP, NAS and SSZ. Abbreviations: GTP, guanosine triphosphat
epiapterin reductase; AR, aldose reductase; CR, carbonyl reductase; DHFR, dihydrofolate
henylalanine hydroxylase; TH, tyrosine hydroxylase; TPH, trypthophan hydroxylase; N
terin-4-acarbinolamine dehydratase; DHPR, dihydropteridine reductase; DAHP, 2,4-diam
urnal of Pain 5 (2014) 121–128 123

followed by increased GCH1 protein, GCH1 activity and BH4 biosyn-
thesis [11]. This is further supported by in vitro studies showing
substantial up-regulation of GCH1 in distinct cell cultures using
pro-inflammatory cytokines [12], forskolin [13] and lipopolysac-
charide [11].

2.3. Functions of BH4

BH4 is an essential cofactor for the three aromatic amino acid
hydroxylases; phenylalanine hydroxylase (PAH), tyrosine hydrox-
ylase (TH) and tryptophan hydroxylase (TPH). It is also required for
the activity of the three isoforms of nitric oxide synthase (NOS), the
neuronal NOS, inducible NOS and endothelial NOS. Consequently,
BH4 is required for phenylalanine metabolism and for the synthe-
sis of serotonin, dopamine, epinephrine, norepinephrine and nitric
oxide (NO). Given the pleiotropic properties of BH4, induction or
reduction of BH4 has been implicated in several pathological con-
ditions such as pain [11,14], depression and anxiety (Nasser et al.,
unpublished work) as well as neurological diseases [9].

3. GCH1 gene variants and pain
The association of the GCH1 gene and pain was originally dis-
covered in rats by Costigan et al. [15] using microarray based gene
expression analysis. They demonstrated that the expression of the
GCH1 gene was considerably increased in dorsal root ganglia (DRG)

osynthesis of BH4: (i) the de novo synthetic pathway, (ii) the salvage pathway and
roxylases (PAH, TH and TPH) as well as for all isoforms of NOS. Inhibitors of the

e; GCH1, GTP cyclohydrolase 1; PTPS, 6-pyruvoyltetrahydrobiopterin synthase; SR,
reductase; Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan; Arg, arginine; PAH,
OS, nitric oxide synthase; DA, dopamine; 5-HT, serotonin; NO, nitric oxide; PCD,
ino-6-hydroxypyrimidine; NAS, N-acetylserotonin; SSZ, sulfasalazine.
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Table 1
Clinical studies investigating association of the “pain-protective” GCH1 haplotype
with experimental pain sensitivity, chronic pain and pain therapy.

References Outcome measure/assessment Phenotype/results

[11] Mechanical, heat and
ischaemic pain

↓ Sensitivity to mechanical
pain

Chronic pain after lumbar
discectomy

↓ Post-surgical pain

[18] Heat and cold pain No association
Pain after removal of third
molars

No association

[13] Mechanical, heat, pressure and
electrical pain

No association

Freeze lesion and capsaicin
sensitisation

↓ Pain hypersensitivity

[16] Chronic and recurrent acute
pancreatitis

No association

[29] Capsaicin-evoked pain scores ↓ Pain sensitivity

[19] Pain therapy in outpatients ↓ Duration of pain therapy

[17] Chronic widespread pain No association

[39] Pain related outcomes during
labour

No association

[20] Cancer pain therapy ↓ Need for opioid therapy

[40] ODI scores and NRS back pain
scores after surgery for DDD

↓ Post-surgical pain
↓ ODI scores

[41] Number of days until analgesia
after third molar extraction

↑ Number of days until
analgesia

[42] Cancer pain therapy No association

[43] Persistent pain after
mastectomy

No association

[44] HIV-associated neuropathy No association

[45] Pain sensitivity in PVD No association with pain
sensitivity
↑ Benefit from HC therapy

[46] Susceptibility and pain
sensitivity in FM

↓ Susceptibility and pain
sensitivity

[47] HIV-associated neuropathy No association

ODI: Preoperative Oswestry Disability; NRS, Numerical Rating Scale; DDD: degen-
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rative disc disease; PVD, provoked vestibulodynia (genital); HC, Hormonal
ontraception; FM, fibromyalgia syndrome.

eurons after peripheral nerve axotomy. Later the same group
eported that not only the GCH1 gene but also the SR gene was
p-regulated after nerve injury [11]. This was found to enhance
he biosynthesis of BH4 in DRG neurons. Below, we review human
nd mice studies investigating associations between GCH1 gene
ariants and pain.

.1. Pain protective GCH1 haplotype in the general population

Tegeder et al. [11] were the first to identify a particular haplo-
ype of the GCH1 gene in humans, found to attenuate post-surgical
ain after lumbar discectomy and pain sensitivity to mechani-
al pain in healthy controls (Table 1). This “pain protective” (PP)
CH1 haplotype was found in 15% of the studied population, and
onsisted of 15 SNPs located in several non-coding regions [11]. The
ecreased pain sensitivity in carriers of the PP GCH1 haplotype is
hought to be a result of decreased transcription of GCH1, evaluated
n ex vivo stimulated leukocytes, leading to reduced GCH1 func-

ion and BH4 biosynthesis [11,13]. Although several studies report
ositive association between GCH1 and pain, several other groups
ailed to replicate these findings in both experimental and chronic
ain conditions (Table 1). For instance, authors found no association
urnal of Pain 5 (2014) 121–128

with chronic pancreatitis [16], chronic wide spread pain [17] and
pain following extraction of the impacted third molar [18]. It is
difficult to define the cause of the negative results, but poor repli-
cation is a great caveat of association genetic studies [5]. It could
also be that the effect of the PP GCH1 haplotype depends on the
type of pain measured, with the order of “pain protection” being
neuropathic pain > inflammatory pain > acute nociceptive pain.

Variations in the GCH1 gene do not only modulate pain sensi-
tivity, but also pain therapy (Table 1). It has been demonstrated
that carriers of the PP GCH1 haplotype showed shorter pain ther-
apy duration in outpatients with different chronic pain conditions
as well as longer interval between cancer diagnosis and initiation
of opioid treatment than heterozygous and non-carriers of the PP
GCH1 haplotype in cancer patients [19,20].

3.2. GCH1 mutations in humans

To further investigate the possible involvement of GCH1 in pain,
we utilised a different strategy evaluating if mutations in the GCH1
gene influences pain sensitivity in humans (Møller A, Nasser A,
Hellmund V, Bjerrum OJ, Jensen TS and Møller LB, unpublished
work). Contrary to the PP GCH1 haplotype leading to moderate
reduction of BH4 biosynthesis and only after stimulation [11,13],
autosomal dominant inherited “loss-of-function” mutations in the
GCH1 gene causes reduced baseline GCH1 activity and BH4 con-
centrations. This is associated with DOPA-responsive dystonia
(DRD) [21,22], a rare movement disorder with the “classical” clin-
ical characterisation of gait problem due to dystonia, mostly in
the lower extremities with onset in childhood [23,24]. Treatment
with l-3,4-dihydroxyphenylalanine (l-DOPA) either plain or with
a decarboxylase inhibitor remains the most effective treatment of
DRD [22,23].

The experimental human studies in patients suffering from DRD
are still on-going; however preliminary work indicates that acute
nociceptive thresholds to mechanical and thermal stimuli are sim-
ilar in DRD patients and controls, while a trend for lower pain
sensitivity was evident in patients following chemical pain sen-
sitisation (Møller et al., unpublished work).

3.3. Gch1 mutations in mice

We also used the hyperphenylalaninemia 1 (hph-1) mouse
model considered to be a model of DRD [9,25]. The mouse model
was originally developed using the sperm mutagen, N-ethyl-N′-
nitrosurea, which induces random point mutations [26]. Like DRD
patients, the mutant mice exhibit marked basal reduction in Gch1
expression accompanied by reduced GCH1 activity and BH4 biosyn-
thesis. In addition, both humans and mice display reduced TH
protein and TH activity in striatum associated with reduced pro-
duction of dopamine [27,28]. In contrast to the DRD patients, hph-1
mice do not appear to display any motor deficit or dystonia-like
symptoms [14].

To elucidate whether the findings in DRD patients translates
back to the hph-1 mouse we set out to investigate if hph-1 mice
displayed altered phenotype in mouse behavioural models of
acute and inflammatory pain. Comparable to the human stud-
ies, we demonstrated that non-injured mutant mice exhibited
normal mechano- and thermosensation compared to non-injured
wild-type mice. After peripheral inflammation with Complete Fre-
und’ Adjuvant (CFA) or sensitisation with capsaicin the mutant
mice exhibited lower sensitivity to mechanical and heat stimuli
[14]. These findings are not only consistent with findings in DRD

patients, but also with previous studies showing that the pain pro-
tective effect of the GCH1 haplotype appeared to be confined to pain
hypersensitivity following capsaicin sensitisation, whereas the
effect on acute nociceptive pain appeared subtle [13,29]. All these
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the paw was recorded during 50 min. For experimental details see [14]. Acute intraperitoneal administration of 270 mg/kg DAHP (Sigma–Aldrich) 60 min before formalin
injection did not significantly change the pattern of the formalin test (p > 0.05). Pairwise comparisons revealed a statistical significant reduction in licking behaviour at
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0 min after formalin injection (*p = 0.035). (B) The first phase and second phase we
ignificant difference was observed between DAHP- and vehicle-treated mice in both
ith two-way RM-ANOVA with pair-wise comparisons using Fisher’ LSD test or Stu

bservations suggest that GCH1 and hence BH4 modulates pain
ypersensitivity after an injury or pain sensitisation. In addition to
arlier findings, our studies imply that even though baseline GCH1
xpression and BH4 biosynthesis are substantially reduced, pain
ensitivity to mechanical and heat stimuli are still not influenced.
evertheless, an effect on acute nociceptive pain cannot be ruled
ut, since we demonstrated that hph-1 mice had lower pain-like
ehaviours in the first phase of the formalin test. This is thought
o correspond to acute nociceptive pain due to direct effects of
ormalin on the nociceptors [14].

. Inhibition of BH4 biosynthesis and pain

A number of preclincal studies have demonstrated that inhi-
ition of enzymes involved in the biosynthetic pathway of BH4
roduces analgesic effects in different animal models of pain. These
tudies include acute and chronic administration of inhibitors
ither by systemic injections or intrathecal infusions. Inhibitors of
H4 have not yet been tested in clinical settings. Below, we review
he different preclinical studies.

.1. Inhibition of the GCH1 enzyme

Tegeder and co-workers were the first to discover BH4 as an
ndogenous regulator of inflammatory and neuropathic pain in
ats [11]. As mentioned in Section 3, the authors demonstrated
hat peripheral inflammation and nerve injury up-regulated GCH1
ctivity with the result of enhanced biosynthesis of BH4 in DRG
eurons. Inhibition of the enzyme GCH1 with 2,4-diamino-6-
ydroxypyrimidine (DAHP), markedly decreased this excess BH4
roduction. This was found to reduce pain responses in the for-
alin test and the CFA model of inflammatory pain. Moreover,

cute and chronic administration of DAHP attenuated mechanical
nd cold hypersensitivity in the spared nerve injury (SNI) model
f neuropathic pain [11]. Unlike injury-evoked pain conditions,
nhibition of GCH1 did not influence behavioural responses to pha-
ic heat and mechanical stimuli. The authors also demonstrated
hat intrathecal injection of BH4 induced heat hypersensitivity in
on-injured rats and increased pain-like hypersensitivity following
erve injury and inflammation [11]. These observations indicate

correlation between BH4 biosynthesis and chronic pain condi-

ions. GCH1 inhibition has also been proposed to improve opioid
reatment in cancer pain. Recently, a combination of GCH1 inhibi-
ion and morphine was found to increase and prolong the analgesic
ned as pain behaviour during 0–10 min and 10–50 min, respectively. No statistical
es (p > 0.05). Data are presented as mean ± SEM and + SEM, n = 6. Data were analysed
t-test.

effects of morphine in a murine model of cancer pain, suggesting
a possible co-therapeutic strategy of GCH1 inhibition and opioid
treatment in cancer patients [30].

Although Tegeder et al. [11] reported significant effects of DAHP
administration on inflammatory pain in rats, we were not able to
fully replicate these findings in mice. Fig. 3 shows the behavioural
responses in the formalin test using male C57BL/6 mice. Intraplan-
tar (i.pl.) injection of 2.5% (v/v) formalin produced the classical
biphasic response of licking and biting the paw with the first
and second phase defined as responses during 0–10 min and
10–50 min, respectively. Statistical analysis showed no significant
overall effect of 270 mg/kg DAHP treatment on formalin-induced
pain behaviour (p > 0.05, Fig. 3A). Pairwise comparisons revealed
a significant decrease in pain-like responses at 20 min after for-
malin injection (p = 0.035). The duration of nociceptive responses
in the distinct phases were also not altered by injection of
270 mg/kg DAHP (p > 0.05, Fig. 3B), whereas a dose of 180 mg/kg
inhibited nociception in this test in rats [11]. Increasing the dose
to 400 mg/kg significantly decreased formalin-induced nociception
in both phases compared with vehicle-treated mice. However, this
was confounded by motor impairment, since 400 mg/kg markedly
decreased performance in the rotarod test, a test used to evaluate
balance and coordination (Nasser et al., unpublished observations).

Fig. 4A shows the effect of 180–350 mg/kg DAHP on mechani-
cal pain hypersensitivity 24 h after CFA-induced paw inflammation.
Statistical analysis showed an almost significant overall effect of
DAHP treatment on mechanical hypersensitivity (p = 0.091). Sub-
sequent pairwise comparisons revealed a significant reduction in
mechanical hypersensitivity 180 min after injection of 270 mg/kg
DAHP as well as 30 and 90 min after injection of 350 mg/kg DAHP
(p < 0.05). Furthermore, we tested 270 mg/kg DAHP in the spinal
nerve transection model and found a weak effect on neuropathic
pain hypersensitivity (Nasser et al., unpublished observations).
With these doses we observed no effects on motor performance
in the rotarod test (Fig. 4B).

The reason (s) for the inconsistencies between our findings and
those of Tegeder et al. [11] is not clear. It is possible that variability
in pharmacokinetic properties, tissue distribution and metabolism
of DAHP between rat and mice contribute to the observed discrep-
ancy as well as species differences in both nociceptive and antinoci-
ceptive sensitivity. Additionally, C57BL/6 mice may be less sensitive

to the effects of DAHP, and the outcome could be different in other
mouse strains. In fact, the C57BL/6 mice have been shown to be less
sensitive to a number of known analgesic drugs compared to other
mouse strains [31]. Finally, methodological differences such as
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Fig. 4. Effect of DAHP on CFA-evoked mechanical hypersensitivity and motor function. (A) Mechanical pain hypersensitivity was measured using von Frey hairs and the
up-and-down method. For experimental details see [14]. DAHP (Sigma–Aldrich) 180–350 mg/kg or vehicle were given intraperitoneal 24 h after intraplantar injection of
CFA. The results showed that 270 mg/kg DAHP significantly changed mechanical pain hypersensitivity, but only 180 minutes after DAHP injection (p > 0.05). Administration
of 350 mg/kg DAHP showed statistical significant reduction in mechanical hypersensitivity 30 and.90 min after injection. *p < 0.05 vs. vehicle. n = 8–16. (B) 270 mg/kg and
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50 mg/kg DAHP was administered intraperitoneal and the latency time (sec) to f
xperimental details see [14]. Data revealed that 270 and 350 mg/kg DAHP did not
nalysed by two-way RM-ANOVA with pair-wise comparisons using Fisher’ LSD tes

ariation in the scored behavioural response (licking vs. flinching)
nd stimuli modality (heat vs. mechanical) might also contribute to
he observed discrepancy. Nevertheless, Tegeder et al. [11] did not
eport whether doses shown to have antinociceptive effects in rats
roduced motor impairment, and hence it cannot be ruled out that
he observed effects could be secondarily to motoric confounds.

In summary, animal studies imply that molecules capable
f inhibiting GCH1 may have antinociceptive properties. How-
ver, our findings that doses ≥270 mg/kg DAHP were required
o observe antinociceptive effects, and that doses >350 mg/kg
ecreased motor function and affected general appearance of mice,
uggest that the window between antinociception and toxic effects
ight be narrow. Compounds targeting GCH1 should therefore

ave local and/or partial effects in order to avoid side-effects related
o both the central nervous system and the cardiovascular system.
or instance, local disruption of GCH1 in DRG with small hairpin
NA introduced to the sciatic nerve have been demonstrated to
how analgesic effects in the rat SNI model, suggesting GCH1 mod-
lation as a potential gene therapy strategy for neuropathic pain
reatment [32].

.2. Inhibition of the SR enzyme

Competitive inhibition of the last step involving SR could also
e a potential target. There are several SR inhibitors [33], though
-acetylserotonin (NAS) is the only compound that has been eval-
ated in animal pain models. Intrathecal infusion of NAS decreased
he pathologically increased BH4 concentrations and resulted in
ttenuated inflammatory and neuropathic pain behaviours in rats
11]. An interesting hypothesis is that SR could be a more attractive
rug target than GCH1, since basal BH4 levels may be conserved by
he salvage pathway after SR inhibition (see Section 2.1 and Fig. 2),
ut not after GCH1 inhibition [10]. Therefore, further studies eval-
ating this hypothesis and testing the efficacy of SR inhibition in
hronic pain is needed. A potential drug is sulfasalazine, currently
sed to treat rheumatoid arthritis and colitis ulcerosa. Sulfasalazine
nd its metabolites sulfapyridine and N-acetylsulfapyridine have
ecently been shown to be inhibitors of SR, and they were found
o reduce intracellular BH4 concentrations in pheochromocytoma
ells. These compounds also exhibited higher potency than that of
AS [34]. Sulfasalazine has been reported to show analgesic effects
n streptozotocin-induced diabetic rats [35]. Since sulfasalazine is
well-known and relatively safe medicine, it is likely that it will

lso show clinical importance in the treatment of neuropathic pain
n humans [10].
the rotarod apparatus was tested 30, 60, 90, 180 and 300 min after injection. For
rotarod performance (p > 0.05). n = 6. Data are presented as mean + SEM, and were

4.3. Inhibition of the PTPS enzyme

It is suggested that the PTPS enzyme is a less attractive tar-
get for drug development. The active site of the enzyme is more
open than that for GCH1 rendering it more difficult to develop
small molecules [33]. Additionally, the phosphate groups of dihy-
droneopterin triphosphate (Fig. 2) are central for effective substrate
binding with substantial reduction in affinity with for instance
dihydroneopterin monophosphate [33]. These observations may
explain why no small-molecule inhibitors of PTPS exist. Conse-
quently, PTPS inhibition has not yet been evaluated in preclinical
models of pain, and the expression pattern of PTPS following injury
is also not known.

5. Possible mechanisms of action of BH4

The exact mechanisms involved in the “pain producing” effect
of BH4 has yet to be identified. Based on the physiological effects
of BH4, it may act through mechanisms involving serotonin, cat-
echolamines and/or NO. These molecules are known to play a
complex role in pain signalling, exhibiting both facilatory and
inhibitory effects on the nociceptive system [36,37]. So far data sug-
gest that BH4 acts partly through NO related mechanisms [11]. After
nerve injury neuronal NOS was up-regulated in DRG neurons fol-
lowed by increased NO synthesis. This was completely reversed by
inhibition of BH4 synthesis. Moreover, calcium imaging with cul-
tured DRG neurons showed that BH4 concentration-dependently
induced intracellular calcium concentrations. This enhanced cal-
cium influx was partly reduced by the non-specific NOS inhibitor
N�-Nitro-l-arginine methyl ester [11]. The moderate reduction
in BH4-induced calcium influx by NOS inhibition suggests the
possibility of additional effects of BH4 unrelated to its cofactor
function. The potential involvement of NO is also supported by
experimental human studies showing that carriers of the PP GCH1
haplotype exhibited lower up-regulation of inducible NOS tran-
script in lipopolysaccharide stimulated leukocytes compared to
non-carriers [13]. It is therefore reasonable that reduced biosyn-
thesis of BH4 results in lower NO release, which in turn results in
decreased sensitisation of the nociceptive system during inflam-
matory and neuropathic pain conditions.

A direct effect of BH4 was noted by Tegeder et al. [13], whom

suggested that BH4 may activate transient receptor potential vanil-
loid 1 (TRPV1) at primary afferent terminals. This was based on
the fact that BH4 is a redox molecule and on studies demonstrat-
ing that TRPV1 can be activated by redox-active agents [38]. The
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onsequence of modulation of TRPV1 activity is facilitation of
eripheral sensitisation leading to increased pain hypersensitiv-

ty. In our laboratory, unpublished work support the assumption of
direct effect of BH4 on the nociceptors. Work is on-going to elu-

idate whether this effect is mediated by TRPV1 receptors and/or
ther ion channels located at the primary afferent terminals.

. Conclusions and future directions

Discovery of genetic variants that modulates pain sensitivity and
hronicity may provide not only an understanding of the risk factors
f chronic pain development, but also propose a more personalised
ain therapeutic approach and potential new targets for analgesic
rugs [5,8]. Our studies as well as other’ indicate that the GCH1
ene may be such a gene, though further studies are warranted to
lucidate the exact roles of such genetic variability as well as their
linical implications.

Preclinical studies show that BH4 inhibition with GCH1 and SR
nhibitors produce analgesic effects in rats. While this could indi-
ate that these enzymes are potential new targets for development
f analgesic drugs, we were not able to find significant analgesic
ffects of GCH1 inhibition in mice. Moreover, our studies imply that
CH1 inhibition may have a small therapeutic index. Therefore,

urther studies evaluating the effects of GCH1 and SR inhibition on
hronic pain is highly needed.

Understanding the exact mechanisms of the BH4 pathway
n pathological pain conditions is also important. Future studies
hould aim to explore its exact role in both the peripheral and cen-
ral nervous system. On-going work is investigating the possibility
f NO-related mechanisms and potential direct effects of BH4 on the
ociceptors. However, the potential involvement of the biogenic
mine neurotransmitters should not be neglected.
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