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Abstract Most attempts at rational development of new

analgesics have failed, in part because chronic pain

involves multiple processes that remain poorly understood.

To improve translational success, one strategy is to select

novel targets for which there is proof of clinical relevance,

either genetically through heritable traits, or pharmacolog-

ically. Such an approach by definition yields targets with

high clinical validity. The biology of these targets can be

elucidated in animal models before returning to the patients

with a refined therapeutic. For optimal treatment, having

biomarkers of drug action available is also a plus. Here we

describe a case study in rational drug design: the use of

controlled inhibition of peripheral tetrahydrobiopterin

(BH4) synthesis to reduce abnormal chronic pain states

without altering nociceptive-protective pain. Initially iden-

tified in a population of patients with low back pain, the

association between BH4 production and chronic pain has

been confirmed in more than 12 independent cohorts,

through a common haplotype (present in 25% of Cau-

casians) of the rate-limiting enzyme for BH4 synthesis,

GTP cyclohydrolase 1 (GCH1). Genetic tools in mice have

demonstrated that both injured sensory neurons and

activated macrophages engage increased BH4 synthesis

to cause chronic pain. GCH1 is an obligate enzyme for de

novo BH4 production. Therefore, inhibiting GCH1 activity

eliminates all BH4 production, affecting the synthesis of

multiple neurotransmitters and signaling molecules and

interfering with physiological function. In contrast, target-

ing the last enzyme of the BH4 synthesis pathway,

sepiapterin reductase (SPR), allows reduction of patholog-

ical BH4 production without completely blocking physio-

logical BH4 synthesis. Systemic SPR inhibition in mice has

not revealed any safety concerns to date, and available

genetic and pharmacologic data suggest similar responses

in humans. Finally, because it is present in vivo only when

SPR is inhibited, sepiapterin serves as a reliable biomarker

of target engagement, allowing potential quantification of

drug efficacy. The emerging development of therapeutics

that target BH4 synthesis to treat chronic pain illustrates

the power of combining human and mouse genetics: human

genetic studies for clinical selection of relevant targets,

coupled with causality studies in mice, allowing the

rational engineering of new analgesics.
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Introduction

Most attempts to develop new analgesics based on rational

knowledge of pain pathways have failed, mainly due to

lack of efficacy in phase II clinical trials, despite robust

preclinical efficacy [1–3]. As a result, most analgesics

currently prescribed for chronic pain were discovered by

serendipity or empirical observation and consist of deriva-

tives of ancient remedies such as the opiates (e.g.

morphine), cannabinoids (e.g. sativex), cocaine analogues
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(e.g. lidocaine), and salicylates (e.g. aspirin). Further

examples include compounds developed for other indica-

tions that patients have found to be efficacious analgesics,

such as anticonvulsants (e.g. gabapentin and pregabalin)

and tricyclic antidepressants (e.g. nortriptyline) [4–8]. Each

of these treatments displays only moderate efficacy (30%

improvement on average) with numerous side-effects

(mostly due to disturbances in the central nervous system

(CNS)) and these issues lead to a high level of patient

dropout. In addition, some analgesics, notably opioid-

based, exhibit strong tolerance and a risk of addiction, a

particular worry in the control of chronic pain [9]. There is,

therefore, a critical need to identify new biological targets

to develop new classes of analgesics.

Why is Developing New Analgesics So Complex?

Although treatments conceived rationally have been very

successful for a wide variety of diseases such as cancer or

hypertension, most preclinical studies of pain in animals

have not translated well into effective human drugs [10].

There are many possible explanations, including the

following: chronic pain is caused by multiple processes,

many of which remain poorly understood; in many cases,

the mechanisms of drug action remain ambiguous; patient

variability due to genetic and/or environmental factors

results in differing drug responses; pain is notoriously

difficult to quantify accurately across patients; and the

source and/or original precipitating condition that results in

chronic pain is often ambiguous. Comorbidities such as

anxiety or depression further complicate chronic pain

diagnosis.

This incomplete understanding at the clinical level has

complicated preclinical studies, generating ambiguity with

regard to critical design issues, including appropriate pain

outcomes for predictive studies and choice of animal

models for specific pain states. These factors are likely to

have contributed to the fact that some therapies designed

exclusively in pre-clinical models have subsequently

shown no utility in patients [11, 12]. Such issues have

greatly impeded rational pain drug design. Therefore,

specifying and understanding the salient issues is a crucial

first step towards future success.

How to Improve the Chance of Identifying a
Target Relevant for Pain Patients

One strategy to improve translational success in developing

drugs for pain is to select a target for which there is

preexisting clinical support. This kind of support includes

evidence from genetic association or congenic disease

[13, 14], clues from naturally-occurring analgesic com-

pounds in venoms or other sources [15, 16], and clinical

experience with existing drugs with incomplete effects or

that have been repositioned to treat pain [17–19]. Animal

research is essential to understand biological pathways and

formally demonstrate causality, but effective and efficient

translation can only be achieved by regularly cycling

model organism work with patient analysis, to keep the

questions asked in the animal models relevant to the task at

hand, namely developing new effective analgesics for

humans (Fig. 1).

Using Patient Genetics to Define New Rational
Drug Targets

Currently, two major approaches in human genetics are

used to define new molecular targets for pain drug

development. The first is to screen for phenotypes with a

strong effect size, but low population frequency, such as

the damaging mutations responsible for congenital insen-

sitivity to pain. These include recessive loss-of-function

mutations for the Na? channel Nav1.7 [20, 21] or nerve

Fig. 1 Reverse-engineering a

relevant pathway from pain

patients into rodents and back to

patients. A complex interplay

needs to be established between

the patient and the experimental

animal in order to achieve

rational therapy design most

efficiently.
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growth factor (NGF) signaling demonstrated by tropomyo-

sin receptor kinase A and NGF-beta mutations [22–24]

(Fig. 2A). Such drastic loss (or in some cases gain) of

function mutations are extremely rare in the population,

limiting the knowledge base that can be built from

scientific investigation of their mechanisms and a full

understanding of patient phenotype. However, modern

technologies such as patient-derived stem cells [25] and

CRISPR-mediated mutation modeling [26, 27] are begin-

ning to aid this research area immensely and should allow

high-throughput screening for mutations associated with

hypo- or hyperexcitablity of nociceptors, both in mouse

and human differentiated neurons (or other cell types of

interest) in vitro [28].

One potential confound of using highly penetrant

genetic diseases with large effect sizes to define targets is

that while the experimental aim is to reduce chronic pain

hypersensitivity, these genes often play a fundamental role

in protective, nociceptive pain transmission [14, 29, 30].

As a result, blocking these targets can block all nociceptive

sensation completely, or paradoxically, can block nocicep-

tive pain, with little or no effect on abnormal pathological

pain, such as neuropathic pain [31, 32]. The goal is to

develop medications for chronic pain that block abnormal

pain hypersensitivity while maintaining nociceptive pain.

A fundamental advantage of harnessing the power of

rare congenic disease is the relative ease of the clinical and

molecular research involved, consisting of family identi-

fication, patient phenotyping, and exome sequencing. Such

methods are straightforward relative to the complex

analysis of large patient groups with complex phenotypes

and mixed disease types. These extremely powerful

congenic methods have led to great advances in under-

standing Na? channel biology [33] and neuropathic pain

therapeutics [34, 35], as well as in the action of NGF in

pain mechanisms [36, 37]. However, targeting factors

Fig. 2 Human genetic studies for pain. A Strategies to identify pain-

relevant genes by screening for rare congenic mutations with high

effect size (e.g. congenital insensitivity to pain), or more common

genetic variations with more modest effect size (e.g. polymorphisms).

B Effects of GCH1 pain protective haplotype in various pain

conditions. xx, homozygous carriers.
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whose blockade can cause congenital insensitivity to pain

may also affect other biological systems. For example,

while pain therapies that inhibit NGF signaling have been

shown to be effective analgesics, some strong side-effects

in bone and cartilage have been reported and it remains to

be determined how common these are across wide groups

of patients [38, 39].

Although more complex, the second approach is to

focus on genetic variations with more modest effect sizes

but more commonly found in the general population (i.e.

polymorphisms) that are directly related to chronic pain

mechanisms (Fig. 2A). These genetic variations are

usually not associated with any major defect in nocicep-

tive pain, but instead with alterations of the risk of

developing chronic pain and/or modulations of ongoing

pain hypersensitivity. As such, characterizing them can

identify specific molecular cascades responsible for

inducing pathological pain hypersensitivity, ideal targets

for developing new analgesics. With the advent of

genome-wide-association studies in humans, several sin-

gle nucleotide polymorphism (SNP) candidates have been

identified in a non-biased manner for various chronic pain

states [40]. Among these, many had already been

implicated as pain-related genes in existing animal

studies, including catechol-O-methyltransferase (COMT),

opioid receptor mu-1 (OPRM1), and transient receptor

potential cation channel A1 (TRPA1) [30, 41, 42], but

several genes that were not previously associated with

chronic pain states have also been discovered, such as K?

voltage-gated channel modifier subfamily S member 1

(KCNS1) and Ca2? voltage-gated channel auxiliary sub-

unit gamma 2 (CACNG2) [43–45] and others reviewed in

[46].

One cascade that we have been interested in over the

past decade is the pathway leading to pathological

tetrahydrobiopterin (BH4) synthesis, which occurs in the

damaged somatosensory system and can lead to chronic

neuropathic and inflammatory pain. Through a combina-

tion of expression profiling and pharmacological analysis

in the rat, we identified BH4 upregulation in injured

sensory neurons and its rate-limiting enzyme GTP cyclo-

hydrolase 1 (GTPCH1 or GCH1) as important in chronic

pain signaling. Crucially, we also identified a specific

haplotype of the human GCH1 gene among patients with

low back pain which protected carriers from higher levels

of chronic pain [47]. The mechanistic link to chronic pain

in patients allowed us to define this cascade as potentially

drugable. Further, since our initial description of the

association of GCH1 with chronic pain in 2006, this link

has been confirmed in more than twelve cohorts, demon-

strating a robust link across multiple studies and popula-

tions [48–50] (Fig. 2B).

A Case Study in Rational Drug Design—Con-
trolled Inhibition of Tetrahydrobiopterin
Synthesis

GCH1 catalyzes the initial and rate-limiting step in the

synthetic pathway of the pteridin (6R)-L-erythro-5,6,7,8-

tetrahydrobiopterin (BH4) (Fig. 3A). BH4 is a critical co-

factor for aromatic amino-acid hydroxylases such as

phenylalanine hydroxylase [51–53], tyrosine hydroxylase

[54], and tryptophan hydroxylases 1 and 2 [55, 56], as well

as for all three isoforms of nitric oxide synthase [57–59],

and alkylglycerol monooxygenase [60], making it indis-

pensable for the synthesis of serotonin, epinephrine,

norepinephrine, dopamine, and nitric oxide, and for

adequate metabolism of phenylalanine and glycerolethers.

In defining the GCH1 pain-protective haplotype, we first

linked (associated) a genetic version (haplotype) of GCH1

with less pain in a group of back pain patients. A major

challenge is to move from an association of patient

phenotype with their genotype to a functional relationship

between a gene variant and its biological outcome. To

achieve this in our study, we used immortalized leucocytes

derived from the cohort participants as experimental proxies

for the genetic response of each patient. Immortalized

leucocytes from homozygous haplotype carriers (*2% of

population) displayed reduced basal GCH1 transcriptional

activity and decreased induction of BH4 upon stimulation.

Furthermore, heterozygous carriers of the GCH1 haplotype

(*22% of the population) produced intermediate levels of

BH4 and GCH1 transcription, whereas those without the

haplotype produced relatively high levels of BH4 and GCH1

expression. These results demonstrate a functional connec-

tion of BH4 synthesis upon cellular stimulation to the patient

pain levels, a link previously only associated with the SNPs

in the GCH1 gene [47] (Fig. 3A).

While congenic disease is usually caused by a damaging

change in a gene’s protein coding sequence that directly

confers the phenotype, differences spotted by association

genetics can be two-fold. This method can not only identify

differences in gene sequence, but it can also find changes in

the genomic structure of the gene that alter gene expression

and therefore gene function. Our functional data linking the

level of BH4 production following patient leukocyte stim-

ulation to patient pain phenotype strongly suggest that our

haplotype is involved in GCH1 regulation, rather than

damaging loss-of-function mutations, which would present

as L-dopa-responsive dystonia (below) rather than lower

levels of chronic pain. The existence of healthy GCH1

haplotype carriers [50], combined with the understanding

that this haplotype acts specifically on new BH4 production,

suggests that targeting BH4 synthesis in patients may reduce

chronic pain without major side-effects.
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From a Clinically Relevant Pathway to Mouse
Genetic Studies

The specific contribution of excess BH4 production in pain

hypersensitivity was confirmed in transgenic mice in which

selective Cre recombinase expression allows specific over-

production or knockout of BH4 within a tissue of interest.

Forced BH4 over-expression in all sensory neurons (Advillin

lineage) or only in medium- and small-diameter sensory

neurons (Na(V)1.8 lineage) is sufficient to heighten heat pain

sensitivity in otherwise uninjured mice [61], supporting

previous observations showing that intraplantar or intrathecal

injection of BH4 increases pain sensitivity [47, 62, 63]. BH4

administered intraplantarly or intrathecally, however, is

Fig. 3 Tetrahydrobiopterin (BH4) is associated with pain hypersen-

sitivity. A BH4 de novo production pathway. In patients carrying the

pain-protective haplotype, stimulated lymphocytes produce less BH4

in patients who are less likely to develop chronic pain hypersensi-

tivity. B Use of transgenic mouse models to specifically target the

BH4 pathway reveals two major anatomical sites and cell types

responsible for pain hypersensitivity: injured sensory neurons and

macrophages within the sciatic nerve. Table describes existing rodent

studies into BH4 and pain mechanisms. GCH1, GTP cyclohydrolase

I; PTPS, pyruvoyl-tetrahydropterin synthase; SPR, sepiapterin reduc-

tase. vF, von Frey test; CF, calibrated forceps; HG, Hargreaves; HP,

hot plate; TG, thermal gradient. Doses are indicated in brackets.
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unstable and is very quickly reduced into BH2 [64]. BH2 and,

to some limited extent, BH4 are transported into the cells

through the nucleoside transporters ENT1 and ENT2 [65],

where BH2 is then transformed back into BH4 under the

action of dihydrofolate reductase or dihydropteridine reduc-

tase [66]. These multiple steps to function complicate

interpretation of studies in which BH4 is injected directly

into tissue in vivo.

The enhanced pain sensitivity caused by high intracellular

levels ofBH4 in uninjured sensory neurons ismostlymediated

by an increase in nitric oxide (NO) production, as the

administration of the NO synthase inhibitor L-NG-ni-

troarginine methyl ester can restore normal pain sensitivity

in mice that overexpress BH4 within their sensory neurons

specifically [61]. NO lowers the activation threshold for both

TRPV1 and TRPA1 ion channels via nitrosylation [67],

leading to increased Ca2? influx into the sensory neurons

following activation by various noxious stimuli (heat, low pH,

or chemical irritants). Increased intracellular Ca2? promotes

cellular excitability and activates several pro-nociceptive

cascades such as the phosphatidylinositol-3 kinases pathway

[68]. In the injured peripheral nervous system, increased BH4

levels can also lead to the overproduction of serotonin, most

likely produced by non-neuronal cells at the periphery, which

can in turn sensitizenociceptors throughactivationof5-HT2A

[69] and 5-HT3 [70] receptors. In addition, overproduction of

noradrenaline can increase the production of pro-inflamma-

tory cytokines through a1-adrenergic receptors on macro-

phages [71]. Intracellular BH4 can affect macrophages by

modulating the activity of the pro-inflammatory transcription

factor nuclear factor erythroid 2 [72] as well as their lipidome

through alkylglycerolmonooxygenase [60]. Finally, a chronic

increase in the cytoplasmic BH2:BH4 ratio can also cause the

‘uncoupling’ of NOS, leading to overproduction of reactive

oxygen species, which can damage cells [73–75] and sensitize

nociceptors.

Preventing BH4 production specifically in sensory

neurons significantly attenuates the development of nerve

injury-induced tactile hypersensitivity (allodynia) [61]. The

ability to reduce these symptoms once they are fully

established, however, is an essential prerequisite for

effective therapeutic applications. To model this situation,

we used inducible tissue-specific Cre-expressing transgenic

mouse lines. We first established neuropathic pain symp-

toms in these mice and then blocked BH4 production

specifically in sensory neurons. This also alleviated tactile

pain hypersensitivity, confirming that targeting this path-

way is a relevant therapeutic strategy (Fig. 3B). The ability

to specifically modulate a target pathway in specific cell

types and temporally regulate it relative to nerve injury or

other experimental procedures, makes mouse genetic

models invaluable to us in defining the link between a

molecular pathway and specific pain phenotypes.

What is the Best Way to Systemically Reduce BH4
Production?

Since GCH1 is the rate-limiting enzyme for BH4 produc-

tion, it is a powerful tool for gain- and loss-of-function

studies allowing us to manipulate BH4 levels genetically in

specific cell types, while leaving synthesis intact in other

organs to limit confounding physiological factors. How-

ever, GCH1 is likely not the best target for reducing BH4

production systemically because it catalyzes an obligate

step in synthesis, which no other enzyme can perform.

Inhibiting GCH1 therefore carries a great risk of over-

inhibiting the BH4 pathway, resulting in pathological

rundown of BH4 in all cells, which will likely precipitate

serious side-effects similar to those seen in global genetic

BH4 deficiencies.

Inhibiting GCH1 systemically using 2,4 diamino-6-

hydroxypyrimidine administration transiently reduces neu-

ropathic and inflammatory pain hypersensitivity in rats [47]

and mice [76]. Sustained reduction of GCH1 activity is

associated with reduced inflammatory pain [76], as

observed in HPH-1 mice, where damage to transcription

control mechanisms involved in the basal expression of

GCH1 leads to chronic reduction of GCH1 in many tissues

[77–79]. However, it also leads to pulmonary hypertension,

hyperphenylalaninemia, and severely reduced mono-amine

production [79–82], which in turn dysregulates anxiety-

and depression-like behaviors [83]. This profile is coherent

with data from patients with a moderate reduction in global

BH4 levels caused by a dominant-negative mutation of

GCH1 (L-Dopa-responsive dystonia; also known as

Segawa’s disease [84]). Here, BH4 synthesis is chronically

inhibited but not prevented, causing relatively mild motor

dysfunction that can be treated by L-dopa administration

[85]. At the other end of the spectrum, recessive mutations

within the GCH1 gene leading to an almost complete loss

of function of the enzyme (and therefore a complete lack of

BH4), are associated with severe systemic deficiencies

including severe cognitive delays, dystonia and tremors

(with diurnal fluctuation), and hyperphenylalaninemia

[86–88]; problems that were likely created, if not seriously

exacerbated, by developmental loss of GCH1 expression

[89].

Alternative Ways to Modulate Pathological
Increases in BH4 Synthesis

The evidence from the GCH1 pain-protective haplotype,

where pathological BH4 synthesis is specifically absent only

in chronic pain conditions, and from other genetic conditions

that model systemic rundown of BH4, suggest that partial

148 Neurosci. Bull. February, 2018, 34(1):143–155
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rather than complete inhibition is key to effective analgesic

design. SPR is the last enzyme of the de novo BH4 synthesis

pathway and carries out two reduction reactions. First, SPR

converts 6-pyruvoyl-tetrahydropterin (produced by pyru-

voyl-tetrahydropterin synthase) to 1’-hydroxy-2’-oxopropy-

ltetrahydropterin (2’oxoPH4), then it catalyzes the reaction

towards the formation of 1’-oxo-2’-hydroxypropyltetrahy-

dropterin (1’oxoPH4; also known as 6-lactoyl tetrahy-

dropterin) to produce BH4. Unlike the case for loss of

GCH1 function, if SPR is absent or inhibited, 6-pyruvoyl-

tetrahydrobiopterin can still be alternately reduced into BH4

by several enzymes that collectively form the BH4 salvage

pathway [88, 90, 91] (Fig. 4A). This includes several

independent enzymatic routes: the first pathway described,

salvage pathway I, involves the successive action of an aldo-

keto reductase, a carbonyl reductase, and dihydrofolate

reductase (DHFR) [92–94]. Salvage pathway II relies on two

specific isoforms of aldo-keto reductase (AKR1C3 and

AKR1B1 in humans, respectively AKR1C18 and AKR1B3

in mice) to produce BH4 from 6-pyruvoyl-tetrahydropterin

[91]. The tissue expression and enzymatic activity of each of

these proteins are quite heterogeneous. As a result, it appears

that overall, the CNS has a lower BH4 salvage pathway

activity than peripheral organs, especially in humans

[91, 92, 94, 95].

For many years, autosomal recessive SPR deficiencies

were not recognized. However, in 2001, two patients were

characterized as homozygous carriers of loss-of-function

mutations within the SPR gene and a more detailed clinical

profile of the genetic effects of loss of this gene was

defined (Fig. 4B) [94]. Since then, more than 50 patients

with autosomal SPR deficiency have been documented,

many having been initially misdiagnosed as suffering from

cerebral palsy [96]. Common symptoms are mild motor

defects (dystonia) with diurnal variation (symptoms are

worse towards the end of the day) and oculogyric crises

[94, 96–103]. Cognitive delay can occur, but most only

have mild to moderate learning disabilities. Motor impair-

ments can be substantially improved with L-Dopa. In some

cases, patients also display mild hypersomnia and short-

ened ultradian cycles (12 h instead of 24 h) that can be

treated by with 5-HT therapies [96, 98, 104, 105] (Fig. 4B).

The profile of SPR-deficient patients is encouraging

with regard to the safety of therapeutic strategies targeting

Fig. 4 Targeting the BH4 pathway to reduce pain hypersensitivity.

A Description of the salvage pathways that can produce essential

cellular BH4 in the absence of SPR. Note that sepiapterin is not an

endogenous SPR ligand and can only be produced when SPR is

inactive. B Description of symptoms associated with recessive SPR

and GCH1 deficiencies and after sulfasalazine treatment, a recently-

identified SPR inhibitor. Most symptoms of SPR deficiency are

central and happen during development. C A potent inhibitor was

designed using a structure-based approach from N-acetyl-serotonin

(NAS) to better fit the active pocket of SPR, and this was confirmed

by co-crystal analysis. D Sepiapterin is a reliable biomarker for SPR

inhibition that can be measured in plasma and confirms target

engagement. Low levels of sepiapterin correspond to insufficient SPR

inhibition, high BH4 levels, and pain hypersensitivity. High levels of

sepiapterin indicate strong SPR inhibition, reduced BH4 levels, and

reduced pain hypersensitivity. At these doses, no major side-effects

were observed. PKU, phenylketonuria (= hyperphenylalaninemia).
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SPR in the periphery. Most of the side-effects of SPR

deletion in patients are limited to the CNS, while peripheral

function, such as phenylalanine metabolism and cardio-

vascular features, appear normal. Many of the cognitive

impairments are developmental and can be mitigated when

treated early enough [96], therefore these do not represent a

strong risk for the population in need of chronic pain

treatments. Later in life, if SPR-deficient patients stop their

L-dopa/5-HTP treatment, they only exhibit a return of mild

dystonia and hypersomnia, the latter being caused by a loss

of melatonin tone (for which 5-HT is a precursor), and

these symptoms disappear when treatment is reinitiated

[98].

Another strong argument in favor of the safety profile

expected from systemic SPR inhibition comes from the

recent discovery that sulfasalazine (SSZ), a Food and Drug

Administration-approved drug used to treat various inflam-

matory diseases such as rheumatoid arthritis (RA)

[106, 107], and sulfapyridine, its metabolite, are SPR

inhibitors [108, 109] (Fig. 4B). Administration of extre-

mely high doses of SSZ can in some rare cases lead to

some motor impairments (mostly dystonia) with concen-

trations of SSZ and sulfapyridine in the cerebrospinal fluid

(CSF) consistent with central SPR inhibition [108]. At

much lower doses than those required to reach pathological

exposure in the CNS, SSZ administration can reduce

chronic pain symptoms in RA patients in the clinic [110]

and diabetic neuropathic pain in rodents [111]. Since

(i) SSZ-related CNS side-effects are extremely rare, (ii)

motor symptoms caused by loss of SPR can be easily

treated by L-dopa administration, and (iii) the involvement

of BH4 in chronic pain states seems mostly limited to

peripheral tissues (sensory neurons and macrophages), SPR

inhibition appears to be a good logical approach to reduce

pathological BH4 production after nerve injury or during

chronic inflammation without causing systemic patholog-

ical BH4 deficiency.

We used a structure-based approach to find small

molecule compounds with improved affinity and potency

relative to the endogenous SPR inhibitor, N-acetyl-sero-

tonin, and identified SPRi3. Systemic administration of this

compound reduced pain hypersensitivity in mouse models

of neuropathic and chronic inflammatory pain [61]

(Fig. 4C). Systemic administration of SPRi3 to mice did

not alter motor, exploratory, or depression-like behaviors,

which are especially sensitive to BH4 deficiencies. In

addition, sub-chronic treatment (twice daily injections for 3

days) did not affect amine levels in the brain, or

phenylalanine metabolism [61]. SPR activity was reduced

in tissues of interest (dorsal root ganglia and sciatic nerve

for neuropathic pain, hindpaw skin for inflammatory pain

caused by intraplantar injection of complete Freund’s

adjuvant), and led to decreased BH4 levels [61]. SPRi3

administration significantly reduced the swelling caused by

ongoing inflammation as well as NO production in

macrophages, suggesting a possible disease-modifying role

of BH4 in inflammatory processes, similar to those seen for

SSZ [61]. Interestingly, methotrexate, which inhibits the

BH4 salvage pathway enzyme dihydrofolate reductase and

consequently reduces cellular BH4 levels, is a first-line

medication for inflammatory states such as RA [112, 113].

It is therefore tempting to speculate that BH4 production

could play a more pivotal role in chronic inflammation than

initially thought.

Sepiapterin: A Biomarker for Personalized
Medicine?

Since the two reactions that convert 6-pyruvoyl-tetrahy-

dropterin into BH4 occur within SPR’s active pocket, the

intermediates 1’oxoPH4 and 2’oxoPH4 are normally not

present in the cytosol. In contrast, when SPR is blocked,

aldo-keto-reductases and carbonyl reductases in the sal-

vage pathways can produce these two compounds. How-

ever, 1’oxoPH4 and 2’oxoPH4 are very unstable and, in the

absence of enzymatic activity, 1’oxoPH4 oxidizes into

2-amino-4-hydroxyl-6-lactyl-7,8 dihydropteridin (also

known as sepiapterin), which can be further metabolized

into BH2 by carbonyl reductase, and then to BH4 by DHFR

through salvage pathway I. The name ‘‘sepiapterin’’ is

derived from the fact that it is the biochemical structure

found in the eye pigments of the mutant line of Drosophila

melanogaster ‘sepia’ [114–117]. The enzyme capable of

reducing sepiapterin in vitro was purified a decade later and

named sepiapterin reductase [118]. Sepiapterin is therefore

not the endogenous substrate for SPR [119] and actually

only accumulates when SPR is absent or blocked. While

carbonyl reductase and DHFR can carry out the reactions

from sepiapterin to BH4, their efficiency is much lower

than that of SPR. As a result, there is an accumulation of

sepiapterin, which increases in the cytosol, but is also

found extracellularly [61] (Fig. 3A). Extremely stable,

sepiapterin can be detected in CSF or urine from patients

with SPR deficiencies [94, 120], and in plasma from mice

after acute SPR inhibition [61]. Since sepiapterin is not

detectable when SPR is active, and its production is

strongly correlated with the amount of SPR inhibition, it

represents a reliable biomarker for target engagement by an

SPR-inhibiting compound. Such a biomarker could be

extremely helpful to titrate the degree of SPR inhibition

required for an adequate decrease in BH4 production

without over-inhibition (which would manifest with mild

motor defects) (Fig. 3D). Over time, it may be possible to

use the sepiapterin levels in blood or urine to correlate

levels of SPR inhibition in patients with effective pain
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relief to allow tailored dosing of an SPR-inhibiting drug.

Indeed, we used this biomarker to demonstrate that the

SPRi3 compound is a more effective SPR inhibitor than

SZZ at the maximum dose deliverable in mice, and this

difference correlates well with analgesic efficacy [61].

Combining Human and Rodent Genetics to Per-
form Personalized Medicine–A Path Forward

Chronic pain conditions have for too long been diagnosed

as essentially a single disorder, but many distinct diseases

exist within the ‘chronic pain’ diagnosis. To develop

effective treatments, each of these must be clearly defined

and studied so that clinicians can readily differentiate them

and achieve more efficient, personalized medicine [121].

While human genetics can identify potentially relevant

targets in patients, and preclinical studies can formally

demonstrate their action in animal models, the drugs

developed from these studies are not likely to work for all

manifestations of chronic pain. As new mechanistic

subtypes of ongoing pain are identified, further animal

model work will be required to understand the mechanisms

at play and how the drugs developed to target each new

cascade act. The use of treatment-specific biomarkers

should help in both the study and application of this

rational mechanism-based approach by identifying respon-

ders versus non-responders for each therapeutic class.

Genetic screening tools, behavioral evaluation, or ideally

both, will help improve patient phenotyping [122]. Improv-

ing our understanding of how individual mechanisms relate

to pain symptoms will likely require a more detailed

quantitative analysis of individual pain modalities, via a

more comprehensive use of quantitative sensory testing

across all pain patients [123–125].

To precisely phenotype individuals, we should consider

whole-genome sequencing for all patients as soon as it is

practically possible. Currently, our understanding of how

the structure of a genome is translated into a phenotype is

miniscule [126]. However, this knowledge will increase

with time, and the more people sequenced, the quicker we

will learn [127, 128]. Using genome-editing tools such as

CRISPR to alter in vitro reprogrammed cells derived from

pain patients could represent a breakthrough for mecha-

nism-based medicine, where screening to assess genetic

susceptibilities to abnormal pain development will be

coupled with functional genomics to formally confirm the

involvement of a specific pathway, such as pathological

BH4 synthesis [129]. However, while such approaches

would give access to human-derived cells which closely

mimic their endogenous counterparts, they will remain

in vitro assessments, which do not take into account the

physiological interactions that occur in vivo. Such

strategies will still need to be coupled with animal model

studies to understand how identified defects affect pain

pathways and the resultant symptoms in vivo.

Using genetic material from patients raises multiple

legal and ethical concerns that will need to be considered

before implementing these approaches systematically,

including privacy rights, the right to abstain, and life and

health insurance liabilities [128]. Environmental risk

factors are clearly key to triggering some types of chronic

pain, such as that induced by chemotherapeutic agents,

alcohol abuse, and diabetes, and for each we need an in-

depth knowledge of the precipitating mechanism. Again,

this will only be possible through collaborative efforts in

the laboratory and clinic. As our understanding develops,

we can look forward to the day when those at risk of certain

chronic conditions can be advised or treated ahead of time.

Until that point, we must push to develop specific strategies

to offer individualized treatment for those diseases we truly

understand at the molecular level. While still a formidable

task, the emergent success of controlled inhibition of

excess BH4 synthesis in chronic pain helps demonstrate

how the advent of molecular genetic medicine is making

this ever more achievable.
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